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Abstract

The complexity of organic matter (OM) degradation mechanisms represents a significant challenge for developing biogeochemical
models to quantify the role of aquatic sediments in the climate system. The common representation of OM by carbohydrates
formulated as CHO in models comes with the assumption that its degradation by fermentation produces equimolar amounts
of methane (CH) and dissolved inorganic carbon (DIC). To test the validity of this assumption, we modeled using reaction-
transport equations vertical profiles of the concentration and isotopic composition (8C) of CH and DIC in the top 25 cm of
the sediment column from two lake basins, one whose hypolimnion is perennially oxygenated and one with seasonal anoxia.
Our results reveal that methanogenesis only occurs via hydrogenotrophy in both basins. Furthermore, we calculate, from CH
and DIC production rates associated with methanogenesis, that the fermenting OM has an average carbon oxidation state
(COS) below -0.9. Modeling solute porewater profiles reported in the literature for four other seasonally anoxic lake basins also
yields negative COS values. Collectively, the mean (£SD) COS value of -1.4 +- 0.3 for all the seasonally anoxic sites is much
lower than the value of zero expected from carbohydrates fermentation. We conclude that carbohydrates do not adequately
represent the fermenting OM and that the COS should be included in the formulation of OM fermentation in models applied
to lake sediments. This study highlights the need to better characterize the labile OM undergoing mineralization to interpret

present-day greenhouse gases cycling and predict its alteration under environmental changes.
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Key Points:

e Methanogenesis is dominated by hydrogenotrophy in the hypolimnetic sediment of the

studied oligotrophic boreal lakes.
e Substrates for methanogenesis have a negative carbon oxidation state.

e The carbon oxidation state of the substrate should be included in the formulation of

organic matter fermentation in biogeochemical models.
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Abstract

The complexity of organic matter (OM) degradation mechanisms represents a significant
challenge for developing biogeochemical models to quantify the role of aquatic sediments in the
climate system. The common representation of OM by carbohydrates formulated as CH,O in
models comes with the assumption that its degradation by fermentation produces equimolar
amounts of methane (CH,) and dissolved inorganic carbon (DIC). To test the validity of this
assumption, we modeled using reaction-transport equations vertical profiles of the concentration
and isotopic composition (8*°C) of CH, and DIC in the top 25 cm of the sediment column from
two lake basins, one whose hypolimnion is perennially oxygenated and one with seasonal
anoxia. Our results reveal that methanogenesis only occurs via hydrogenotrophy in both basins.
Furthermore, we calculate, from CH,4 and DIC production rates associated with methanogenesis,
that the fermenting OM has an average carbon oxidation state (COS) below —0.9. Modeling
solute porewater profiles reported in the literature for four other seasonally anoxic lake basins
also yields negative COS values. Collectively, the mean (+SD) COS value of —1.4 + 0.3 for all
the seasonally anoxic sites is much lower than the value of zero expected from carbohydrates
fermentation. We conclude that carbohydrates do not adequately represent the fermenting OM
and that the COS should be included in the formulation of OM fermentation in models applied to
lake sediments. This study highlights the need to better characterize the labile OM undergoing
mineralization to interpret present-day greenhouse gases cycling and predict its alteration under

environmental changes.

Plain Language Summary

Organic matter in aquatic sediments is a complex mixture of mainly uncharacterized molecules
and can be converted to greenhouse gases, for example methane and carbon dioxide, which can
be released into the atmosphere. In current models, organic matter is represented by
carbohydrates whose fermentation in oxygen-depleted sediments produces equal amount of
methane and carbon dioxide. In this study, we estimated the production rates of methane and
carbon dioxide during fermentation in lake sediments using concentration data and carbon
isotopes of these greenhouse gases. Our results show that fermentation in the sediment of the

deepest parts of the lake produces more methane than carbon dioxide, and that their relative
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production rates vary across sites. Hence, carbohydrates are not well-suited to represent organic
matter in current models. We therefore propose a new formulation for organic matter
fermentation in aquatic sediments to better quantify greenhouse gases release. A more precise
formulation for organic matter fermentation in aquatic sediments is crucial to better quantify

current greenhouse gas emissions as well as their fate under global climate change.

1 Introduction

Significant proportions of atmospheric methane (CH,) and carbon dioxide (CO,), two
powerful greenhouse gases, are thought to originate from freshwater lake sediments (Wuebbles
and Hayhoe 2002; Bastviken et al., 2004; Turner et al., 2015), but large uncertainties remain
concerning their contribution to the global CO, and CH,4 budgets (Saunois et al., 2016). The role
of these waterbodies in the global carbon (C) budget has been acknowledged for more than a
decade (Cole et al. 2007). Especially in the lake-rich boreal region, lakes are hotspots of CO, and
CH, release (Hastie et al., 2018; Wallin et al., 2018) and intensive sites of terrestrial C
processing (Holgerson and Raymond, 2016; Staehr et al., 2012). Using high-resolution satellite
imagery, Verpoorter et al. (2014) estimated to about 27 million the number of lakes larger than
0.01 km? on Earth and reported that the highest lake concentration and surface area are found in
boreal regions. Boreal lakes, which are typically small and shallow, are known to store large
amounts of organic C, to warm up quickly, and to develop anoxic hypolimnia in the warm season
(Schindler et al., 1996; Sabrekov et al., 2017). Owing to the great abundance of boreal lakes,
their sensitivity to climate change and foreseen important role in the global C cycle, there is a
need to further develop process-based models to better quantify C processing reactions in these

lakes and their alteration under warming (Saunois et al., 2016).

In aquatic environments, CH, is mainly produced (methanogenesis) in the sediment along
with CO, at depths where most electron acceptors (EAS) are depleted (Conrad, 1999; Corbett et
al., 2013). During its upward migration to the atmosphere, CH, is partly aerobically or
anaerobically oxidized to CO, (methanotrophy) in the upper strata of the sediments and in the
water column (Bastviken et al., 2008; Raghoebarsing et al. 2006; Beal et al. 2009; Ettwig et al.
2010; Egger et al. 2015). The oxidation of organic matter (OM) by EAs such as O,, NO3’,
Fe(l11), Mn(1V), SO,* and humic substances, as well as the partial fermentation of high

molecular weight organic matter (HMW OM) into lower molecular weight organic matter (LMW
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OM) are also potential sources of CO; in the sedimentary environment (Corbett et al., 2015).
Predicting fluxes of CH, and CO, from the aquatic sediments and water column to the
atmosphere is challenging considering the various transport processes and chemical and
microbially-mediated reactions implicated and the complexity of natural OM which serves as
substrate (Natchimuthu et al., 2017).

Process-based geochemical models taking into account both the numerous
biogeochemical reactions involving C and transport processes are powerful tools able to interpret
present-day sediment, porewater and water-column profiles of C species and offer a great
potential to forecast changes in cycling of this element under variable environmental scenarios
(Wang and Van Cappellen 1996; Arndt et al., 2013; Paraska et al., 2014; Saunois et al., 2016).
Nonetheless, the performance of these models depends on the correct formulation of the OM
mineralization reactions, particularly in terms of the metabolizable organic compounds involved.
Up to now, carbohydrates, represented as the simple chemical formula CH,O (or CgH120¢),
whose average carbon oxidation state (COS) is zero, are commonly assumed to be representative
of the bulk of metabolizable OM, including the substrates involved in fermentation reactions
(e.g., Arndt et al., 2013; Paraska et al., 2014; Arning et al., 2016 and references therein). The
capacity of CH,O to represent adequately the ensemble of labile organic compounds is,
nevertheless, becoming increasingly questioned in the literature given the variety and complexity
of organic molecules present in the environment (Alperin et al., 1994; Berelson et al., 2005;
Jorgensen and Parkes, 2010; Burdige and Komada, 2011; Clayer et al., 2016). Based on the
observation that methanogenesis produced CH, three times faster than CO, in the sediments of a
boreal, sporadically anoxic lake basin, Clayer et al. (2018) concluded that the fermenting OM
had a markedly negative COS value of —1.9. This COS value corresponds more closely to a
mixture of fatty acids and fatty alcohols than to carbohydrates (e.g., CH,O), which would have
yielded equivalent CH,and CO; production rates. The low COS value of metabolizable OM in
the sediment layer where methanogenesis occurred in this lake has been attributed to the nearly
complete consumption of the most labile organic components (e.g., carbohydrates, proteins)
during its downward transport through the water column and the upper sediment layers, thus
leaving only material of lower lability such as fatty acids and fatty alcohols available for
methanogenesis. Such interpretation, however, must be validated by investigating other lakes

before revising the formulation of the fermenting OM used in diagenetic models in order to
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improve model predictions of C cycling, including greenhouse gases production and emission

from these environments.

In this study, centimeter-scale vertical porewater profiles of the concentrations and of the
stable carbon isotope ratios (8*3C) of CH,4 and dissolved inorganic carbon (DIC), as well as those
of the concentrations of EAs were obtained in the hypolimnetic sediments of two additional
boreal lake basins showing contrasted O, dynamics: one whose hypolimnion remains perennially
oxygenated and the other whose hypolimnion becomes anoxic for several months annually.
Reaction-transport equations are used to quantify the rates of each OM mineralization pathway
and estimate the COS of the substrates fermenting in the sediments. Additional insight into the
COS of the fermenting OM in lakes is also provided by applying these equations to similar
porewater solute concentration profiles gathered from the scientific literature or from our data

repository.
2 Materials and Methods

2.1 Sites and sample collection

This study was carried out in two small, dimictic, oligotrophic and headwater lakes
located within 50 km from Québec City, Eastern Canada and having fully forested and
uninhabited watersheds (Fig. 1). Lake Tantaré (47°04°N, 71°32°W) is part of the Tantaré¢
Ecological Reserve and has four basins connected by shallow channels and a total surface area of
1.1 km? Lake Bédard (47°16°N, 71°07°W), lying in the protected Montmorency Forest,
comprises only one small (0.05 km?) basin. The samples for this study were collected at the
deepest sites of Lake Bédard (10 m) and of the westernmost basin of Lake Tantaré (15 m),
thereafter referred to as Basin A of Lake Tantaré to remain consistent with our previous studies
(e.g., Couture et al., 2008; Clayer et al., 2016). These two sampling sites were selected based on
their contrasting O, regimes (Fig. 1): Lake Bédard develops an anoxic hypolimnion early in the
summer (D'arcy, 1993), whereas the hypolimnion of Lake Tantaré Basin A is perennially
oxygenated (Couture et al., 2008). The O, diffusion depth in the sediments of Lake Tantaré
Basin A, as measured with a microelectrode, does not exceed 4 mm (Couture et al., 2016).
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Figure 1: Location map and bathymetry of Lakes Tantaré and Bédard. The bathymetric map of Lake Tantaré was
reproduced from the map C-9287 of the Service des eaux de surface of the Québec Ministry of Environment. The map of
Lake Bédard was reproduced from D’Arcy (1993). Dioxygen concentrations in the water column of Lake Tantaré basins
A and B, and of Lake Bédard are given for June (black lines) and October (red lines).

Sediment porewater samples were acquired by in situ dialysis in October 2015 with
peepers (Hesslein, 1976; Carignan et al., 1985) deployed by divers within a 25-m? area at the
deepest site of each lake basin. Bottom water O, concentrations were ~2.5 and < 0.1 mg L ™" in
Lake Tantaré Basin A and in Lake Bédard, respectively. The acrylic peepers comprised two
columns of 4-mL cells, filled with ultrapure water, and covered by a 0.2-pum Gelman HT-200
polysulfone membrane, which allowed porewater sampling from about 23-25 cm below the
sediment-water interface (SWI) to 5 cm above this interface (thereafter referred to as overlying
water) at a 1-cm depth resolution. Oxygen was removed from the peepers prior to their

deployment, as described by Laforte et al. (2005). Four peepers were left in the sediments of
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each lake basin for at least 15 d, i.e., a longer time period than that required for solute
concentrations in the peeper cells to reach equilibrium with those in the porewater (5-10 d;
Hesslein, 1976; Carignan et al., 1985). At least three independent porewater profiles of pH, of
the concentrations of CHy4, DIC, acetate, NO3, SO2~, Fe and Mn, and of the §"*C of CH, and DIC
were generated for the two sampling sites. In Lake Bédard, samples were also collected to
determine three porewater profiles of sulfide concentrations (XS(—II)). After peeper retrieval,
samples (0.9-1.9 mL) for CH4 and DIC concentrations and 8**C measurements were collected
within 5 minutes from the peeper cells with He-purged polypropylene syringes. They were
injected through rubber septa into He-purged 3.85-mL exetainers (Labco Limited), after removal
of a volume equivalent to that of the collected porewater. The exetainers were preacidified with
40-80 puL of HCI 1N to reach a final pH < 2. The protocols used to collect and preserve water
samples for the other solutes are given by Laforte et al. (2005).

2.2 Analyses

Concentrations and carbon isotopic composition of CH4 and DIC were measured as
described by Clayer et al. (2018). Briefly, the concentrations were analyzed within 24 h of
peeper retrieval by gas chromatography with a precision better than 4 % and detection limits
(DL) of 2 pM and 10 pM for CH, and DIC, respectively. The “*C/*2C abundance ratios of CH,
and CO, were determined by Mass Spectrometry with a precision of £ 0.2 %0 when 25 pmol of

an equimolar mixture of CH4 and CO, was injected, and results are reported as:
(13Csolute)
12C
solute sample
(13(:)
12-
¢ standard

where the subscript solute stands for CH,4 or DIC and the reference standard is Vienna Pee Dee

813C = 1000

-1 1)

Belemnite (VPDB). Acetate concentration was determined by ion chromatography (DL of 1.4
uM) and those of Fe, Mn, NO3, SO%~ and ZS(-1l), as given by Laforte et al. (2005).
2.3 Modeling of porewater solutes and the reaction network

The computer program WHAM 6 (Tipping, 2002) was used, as described by Clayer et al.

(2016), to calculate the speciation of porewater cations and anions. The solute activities thus
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obtained, together with solubility products (Ks), were used to calculate saturation index values
(SI = log IAP/Ks, where 1AP is the ion activity product).

The following one-dimensional mass-conservation equation (Boudreau, 1997):

0 d[solute]
(op, 0t

0x 0x

- )+ @tergation([s0luteeupe — [solute]) + R =0 (2

was used to model the porewater profiles of CH,4, DIC, O,, Fe and SO%™, assuming steady state
and negligible solute transport by bioturbation and advection (Clayer et al., 2016). In this
equation, [solute] and [solute].,pe denote a solute concentration in the porewater and in the
animal tubes (assumed to be identical to that in the overlying water), respectively, x is depth
(positive downward), ¢ is porosity, Dy is the solute effective diffusion coefficient in sediments,

Xyrrigation 1S the bioirrigation coefficient, and RSolute (jn mol cm™ of wet sediment s') is the

solute net production rate (or consumption rate if RS2t is negative). D, was assumed to be
¢@?D,, (Ullman and Aller, 1982), where D,, is the solute tracer diffusion coefficient in water. The
values of D, corrected for in situ temperature (Clayer et al., 2018), were 9.5 x10 ° cm?s ™', 6.01
x10° cm?s ' and 1.12 x107° cm?s ™" for CH,, HCO3 and CO,, respectively. The values of
Qirrigation IN Lake Tantaré Basin A were calculated as in Clayer et al. (2016), based on an
inventory of benthic animals (Hare et al., 1994), and were assumed to be 0 in Lake Bédard since

its bottom water was anoxic (Fig. 1).

The R$2te values were determined from the average (n = 3 or 4) solute concentration
profiles by numerically solving Eq. (2) with the computer code PROFILE (Berg et al., 1998).
The boundary conditions were the solute concentrations at the top and at the base of the
porewater profiles. In situ porewater O, profiles were not measured in Lake Tantaré Basin A. For
modeling this solute with PROFILE, we assumed that the [O,] in the overlying water was

identical to that measured in the lake bottom water and equal to 0 below 0.5 cm (based on O,

02
net

penetration depth; Couture et al., 2016). This procedure provides a rough estimate of R .2, at the
same vertical resolution as for the other solutes. The code PROFILE yields a discontinuous
profile of discrete RS2\t values over depth intervals (zones) which are objectively selected by
using the least square criterion and statistical F-testing (Berg et al., 1998). The fluxes of solute

transport across the SWI due to diffusion and bioirrigation are also estimated by PROFILE. In
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order to estimate the variability in RS2\ related to heterogeneity within the 25-m? sampling
area, additional R$2\"* values were obtained by modeling the average profiles whose values
were increased or decreased by one standard deviation. This variability generally ranges between

2 and 10 fmol cm > s,

The main reactions retained in this study to describe carbon cycling in the sediments of
the two lake basins are shown in Table 1. Once oxidants are depleted, fermentation of
metabolizable OM (rl) can yield acetate, CO, and H,. The partial degradation of high molecular
weight OM (HMW OM) into lower molecular weight OM (LMW OM) can also produce CO,
(r2, Corbett et al., 2013; Corbett et al., 2015). Acetoclasty (r3) and hydrogenotrophy (r4) yield
CH,. Moreover, CH, (r5) and OM (r6) can be oxidized to CO, when electron acceptors such as
O,, Fe(l11) and SO3~ are present. Note that the electron acceptors (EAs) NO3 and Mn
oxyhydroxides can be neglected in these two lake basins (Feyte et al., 2012; Clayer et al., 2016)
as well as the precipitation of metal carbonates whose saturation index values are negative
(SI <—1.5) except for siderite (r7) in Lake Bédard (SI = 0.0 to 0.7). Lastly, sulfide oxidation by
iron oxides (r8), which can be a source of SO%~ and H, (Holmkvist et al., 2011; Clayer et al.,

2018), is also considered.

CHy . .
net s IN the sediments is:

From Table 1, the net rate of CH,4 production, R

R+ — R, + R, — R (3)

net

where R; and R, are the rates of acetoclastic (r3) and hydrogenotrophic (r4) production of CHy,
respectively, and R is the rate of DIC production due to CH,4 oxidation (r5). The net rate of DIC

production, RPIC can be expressed as:

RDIC =R; +R, +R3; — R, +Rs + R¢ — R, (4)
where R,, R, and R are the rates of DIC production due to complete fermentation of labile OM
(r1), partial fermentation of HMW OM (r2) and OM oxidation (r6), respectively, and R is the
rate of DIC removal by siderite precipitation (r7). It can also be written that:

Roe = —2Rs — Ry (%)

where R9%, is the net reaction rate of all the oxidants (O, Fe(I11) and SO3~) consumption. For

simplicity, R9%, is expressed in equivalent moles of O, consumption rate, taking into account
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226  that SO%~ and Fe(I11) have twice and one quarter the oxidizing capacity of O, respectively. In

0, Fe(III) S0z~

227 practice, the value of RO%, was calculated by adding those of R 2, %Rnet and 2R ¢ Where
0, pFe(llD S0z~ . . . .
228 R 2, Rt ~and R, were estimated with PROFILE. In this calculation, we assumed that all

229  dissolved Fe is in the form of Fe(ll), and that the rate of Fe(ll) consumption through reactions r7

230 is negligible compared to those associated with reactions r5 and r6. Under these conditions,

231 RFCUID — _RFe

net

232 Table 1: Reactions (r1-r8) considered, their reaction rates (R;—Rg) and carbon isotopic fractionation factors (ot;—a).

Description Reaction 1D

CO, production due to complete fermentation of labile OM #

Ry
CxHy0, + (x+v; —2)H,0 — (
o

X = Vq

) CH;COOH + v,CO, + (% —z+2v; ) H, rl

CO, production due to partial fermentation of HMW OM °

R,
VzHMW oM — V3 LMW OM + V4C02 r2
%)
Methanogenesis via
R3
acetoclasty CH;COOH — CH, + CO, r3
a3
R,
hydrogenotrophy CO, + 4H, — CH, + 2H,0 r4
Oy
CO, production due to
Rs
methanotrophy CH, + 2 Oxidants — CO, + 2 Reducers r5
Us
R¢
OM oxidation OM + Oxidant — CO, + Reducer ré
g
R,
Precipitation of siderite Fe?* + CO, + H,0 — FeCO3() + 2H* r7
o7
H, production through a Fe-S cryptic cycle *¢
R
(16 + v5)H,S + 8FeO0H = 8FeS, + vsS02~ + (4 + 4vs)H, + (16 — 4v5)H,0 + 2vsH™ r8

233 *where v, can have any value between 0 and x, values for v,—v, are unknown and v can have any value between 0
234 and 1.

235 ® HMW OM and LMW OM designate high and lower molecular weight organic matter, respectively.

236  ®adapted from Holmkvist et al. (2011)
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2.4 Modeling of the 5'*C profiles

The §'*C profiles of CH4 (6"*C-CH,) and DIC (8"3C-DIC) were simulated with a
modified version of Eq. 1 (Clayer et al., 2018):

([13C]>
)
sample

<13c>
12
c standard

where [C] is the total CH,4 or DIC concentration ([**C] can be replaced by [C] since ~99% of C is

§13C = 1000 -1 (6)

12¢), and [13C] is the isotopically heavy CH,4 or DIC concentration. Equation 6 allows
calculating a §"°C profile once the depth distributions of [*3C] and [C] are known. This
information is obtained by solving the mass-conservation equations of C and *3C for CH, and
DIC. The one-dimensional mass-conservation of [C] is given by Eq. 2 where [solute] is replaced
by [C], whereas that for [**C] is the following modified version of Eq. 2 (Clayer et al., 2018):

5

9 DS 6[13(:] 13 13 Ri 613Cireactant 13c

% (‘PT P + (palrrigation([ C]tube - [ C]) + Z 0‘_1 1000 +1 12¢ =0 (7)
i=1 standard

where f, the molecular diffusivity ratio, is the diffusion coefficient of the regular solute divided

by that of the isotopically heavy solute, q; is the isotope fractionation factor in reaction r;, and
g13creactant s the §*3C of the reactant leading to the formation of the solute (CH4 or DIC) in
reaction ri. Input and boundary conditions used to numerically solve Egs 2 and 7 for [C] and
[*3C], respectively, via the bvp5c function of MATLAB® are described in section 3.4 and in

section S2 of the Supporting Information (SI).

The goodness of fit of the model was assessed with the norm of residuals (N.):

22.5

Npes = Z (813C,,, — 813C,)? (8)

x=0.5

where 813C,, and 8!3C; are the measured and simulated 5"°C values, respectively. The norm of

residuals (N..s) varies between 0 and infinity with smaller numbers indicating better fits.
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2.5 Data treatment of other data sets

To better assess the COS of the fermenting OM in lakes, relevant sets of porewater
concentration profiles (CH,4, DIC, EAs, Ca) available from the literature or from our data

repository have been modeled with the code PROFILE, as described in section 2.3, to extract

their RS0+ RPIC and RO, profiles. These porewater datasets, described in section S3 of the SI,
had been generated by sampling porewater in the hypolimnetic sediments of: i) Lake Bédard and
Basin A of Lake Tantare, at other dates than for this study (Clayer et al, 2016); ii) Basin B of
Lake Tantare (adjacent to Basin A; Fig 1), on four occasions (Clayer et al., 2016; 2018); iii)
Williams Bay of Jacks Lake (44°41° N, 78°02° W), located in Ontario, Canada, on the edge of
the Canadian Shield (Carignan and Lean 1991); iv) the southern basin of the alpine Lake Lugano
(46°00°N, 3°30°E) located in Switzerland, on two occasions (Lazzaretti-Ulmer and Hanselmann

1999). All lake basins, except Basin A of Lake Tantaré develop an anoxic hypolimnion.
3 Results

3.1 Solute concentration profiles

Differences among the replicate profiles of CH4, DIC, SO%~, £S(—II) and Fe (Fig. 2) at
the two sampling sites are generally small (except perhaps those of SO%~ in Lake Bédard) and
should be mainly ascribed to spatial variability within the 25-m? sampling area. Indeed, the main
vertical variations in the profiles are defined by several data points without the sharp
discontinuities expected from sampling and handling artifacts. Note that the acetate

concentrations, which were consistently low (< 2 uM), are not shown.

The low Fe (< 5 uM; Fig. 2f) and CH4 (< 2 uM; Fig. 2a) concentrations as well as the
relatively high SO%~ concentrations (36 + 2.1 uM; Fig. 2e) in the sediment overlying water of
Lake Tantaré Basin A are all consistent with the [O,] (~2.5 mg L") measured in the bottom
water and are indicative of oxic conditions at the sediment surface. The sharp Fe gradients near
the SWI indicate an intense recycling of Fe oxyhydroxides (Fig. 2f; Clayer et al., 2016) and the

concave-down curvatures in the SO3~ profiles (Fig. 2e) reveal SOZ™ reduction near the SWI.
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281 Figure 2 : Replicate porewater profiles of CH4 (a and i), 813C-CH4 (b and j), DIC (c and k), 13C-DIC (d and 1), SO%~ (e and m), Fe and XS(-II) (f and n), and
282 comparison of the modeled (blue lines) and average (n = 3) measured (symbols) concentration profiles of CH4 (g and o) and DIC (h and p) in Lakes Tantaré Basin A (a—
283 h) and Bédard (i—p). Different symbols indicate data from different peepers and empty symbols are for concentrations below detection limit. The horizontal dotted line
284 indicates the sediment-water interface. The thick and thin blue lines represent the net solute reaction rate (R$%"*¢) and the modeled concentration profiles, respectively.

285 The red area fills correspond to the sediment zones Z2.
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In contrast to Lake Tantaré Basin A, high Fe (> 200 uM), measurable CH4 (> 200 uM)
low SO%~ (2.7 + 1.4 uM) and detectable ©S(—II) concentrations in the overlying waters of Lake
Bédard (Fig. 2i, m and n) are consistent with anoxic conditions at the sediment surface. The
absence of a sharp Fe gradient at the SWI in Lake Bédard suggests that Fe oxyhydroxides were

not recycled in these sediments when porewater sampling occurred.

In the two lake basins, SO%~ concentrations reach a minimum between the SWI and 5 cm
depth (Fig. 2e and m), and increase below these depths. Alongside, all Fe profiles show a slight
increase downward (Fig. 2f and n) indicating that solid Fe(l11) is reduced to produce dissolved
Fe. In Lake Bédard, the £S(—II) concentrations decrease from the SWI to ~10 cm depth and
remain relatively constant below that depth at 0.08 + 0.06 uM for two of the profiles and at

0.71 £ 0.18 uM for the other one (grey filled triangles in Fig. 2n).

The concentrations of CH,4 (< 1.5 mM; Fig. 2a and i) are well below saturation at 4°C and
in situ pressure (4.4-5.5 mM; Duan and Mao, 2006), implying that CH, ebullition is a negligible
CHy, transport process. The CH, values increases from < 2 uM in the overlying water to 0.18—
0.20 mM at the base of the Lake Tantaré Basin A profiles (Fig. 2a), and from 0.2-0.5 mM to
1.0-1.4 mM in those of Lake Bédard (Fig. 2i). The three CH, profiles from Lake Tantaré Basin
A (Fig. 2a) show a modest concave-up curvature in their upper part, close to the SWI, indicative
of a net CH4 consumption, and a convex-up curvature in their lower part, typical of a net CH,
production. Such trends, however, are not observed in Lake Bédard sediments. The CH, profiles
from this lake exhibit a convex-up curvature over the whole sediment column, although more

pronounced in its upper part (Fig. 2i).

The DIC concentrations consistently increase from 0.27-0.32 mM and 1.2-1.5 mM in the
sediment overlying water to 0.76-0.83 mM and 3.5-4.3 mM at the bottom of the profiles in Lake
Tantaré Basin A and Lake Bédard, respectively (Fig. 2c and k). All DIC profiles show a similar
shape with a slight concave-up curvature in their lower segment and a convex-up curvature in

their upper portions.

3.2 Modeled CH,4 and DIC concentration profiles

The modeled [CH,4] and DIC profiles accurately fit the average (n = 3 or 4) data points

CH,
net

(r* > 0.996 and r* > 0.998 for CH, and DIC, respectively; Fig. 2g,h,0 and p). The R .* profiles
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reveal three zones in each lake basin numbered Z;, Z, and Z; from the sediment surface whose
boundaries match those defined by the RPIC profiles. For Lake Tantaré Basin A, Z; corresponds
to a net CH4 consumption and Z, and Z3 to net CH, production, with the highest rate in Z, (Fig.
29). In contrast, the three zones in Lake Bédard show net CH, production with the highest rate in
Z, and the lowest in Z3 (Fig. 20). The RPIE profiles in both lake basins show a zone of net DIC
consumption below two zones of net DIC production with the highest rate values in the Z; and

Z, for Lake Tantaré Basin A and Lake Bédard, respectively.

The RIClI:t“ and RPIE profiles displayed in Figure 2 are, among all the possible solutions,
the ones that give the simplest rate profile while providing a satisfying explanation of the
averaged solute concentration profile as determined by statistical F-testing implemented in the

code PROFILE (P value < 0.001 except for the RDI¢ profile in Lake Bédard whose P value is <
0.005). As an additional check of the robustness of the depth distribution of RS# and RPIS

net
provided by PROFILE, we used another inverse model, i.e., Rate Estimation from
Concentrations (REC; Lettmann et al., 2012) to model the average CH4 and DIC profiles. Note
that the statistical method, implemented in REC to objectively select the depth distribution of the

net reaction rates, i.e., the Tikhonov regularization technique, differs from that of PROFILE.

CH,

et and RDLE profiles,

Figure S1 (SI) shows that the two codes predicted mutually consistent R

S0~

with rate values of similar magnitude. PROFILE was also used in this study to estimate R| .| ,

REe, and R9%, in order to calculate the value of R9%, in each zone at both sampling sites (see
section 2.3 for details). The modeled [SO3~] and [Fe] profiles are not shown but, again, they
accurately fit the data points (r? > 0.983). As expected from the contrasting O, regimes of the
two lake basins, R9%, values for Lake Tantaré Basin A were one to two orders of magnitude
higher than those for Lake Bédard. Note that R92, was by far the highest contributor to the value

of Rgé‘t in Lake Tantaré Basin A with values of —290 and —72 fmol cm > s ! in the Z; and Z,

respectively. The values of RS#, RRIC and RO, estimated in each zone of each lake basins are

reported in Table 2.
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Table 2: Net production rates (R$%Mt) of CH,, DIC and oxidants obtained with the code PROFILE in the three CH,
consumption/production zones (Z;, Z, and Z;) for both sampling sites.

Sampling sitt Zones  Depth  RBIS Rﬁ‘,j: ROX,
([0]inmg L™

(cm) (fmol cm3s™)
Tantaré Basin A Z; 0-3.6 223 -7 -335
(25) Z, 3672 113 39  -103
Z, 72215 -2 1
Bédard Z; 0-3.6 65 100 6.5
(<0.1)

Z, 3672 167 50 —45
Z, 72215 -13 5

3.3 The 5™°C profiles

The 8"3C-DIC values increase from —28.2 + 0.4 %o and —17.2 + 0.7 %o in the overlying
water to —5.1 £ 1.0 %o and 3.6 + 1.7 %o at the base of the profiles in Lake Tantaré Basin A and
Lake Bédard, respectively (Fig. 2d and 1). Similarly, the §**C-CH, values in Lake Bédard
increase steadily from —82.5 + 3.3 %o in the overlying water to —74.0 = 1.5 %o at 24.5 cm depth
(Fig. 2j). Regarding Lake Tantaré Basin A, the CH, concentrations above 1.5 cm depth were too
low for their *C/**C ratio to be determined. Starting at 1.5 cm depth, the 8**C-CH, values first
decrease from —91.1 £ 11.1 %o to —107.0 £ 6.8 %o at 2.5 cm depth and then increase
progressively to —83.5 £ 1.6 %o at the base of the profiles (Fig. 2b). Note that a shift toward more
positive 8**C-CH, values upward, generally attributed to the oxidation of CH, (Chanton et al.,
1997; Nordi et al., 2013), is only observed in the profiles of Lake Tantaré Basin A (Fig. 2b).

As shown in Fig. S2 (Sl), the isotopic signatures of nearly all samples from the two lake
basins fall within the ranges reported for hydrogenotrophic methanogenesis, i.e., CO, reduction,
in a 8**C-CO, vs §**C-CH, graph similar to that proposed by Whiticar (1999). Indeed, the values
of 8*C-CH,4 which are lower than -70 %o over the whole profiles in the two lake basins, and the
large difference (67 to 92 %o) between the 8*3C of gaseous CO, (§'*C-CO,) and §"*C-CHy,
strongly contrast with the typical 8*3C-CH, values (—68 to =50 %o) and with the difference
between 8**C-CO, and §C-CHy (39 to 58 %) reported for acetoclasty (Whiticar, 1999). The
8"3C results reported previously for another basin of Lake Tantaré (Basin B; Clayer et al., 2018)

show also in the hydrogenotrophy domain in Fig. S2.
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3.4 Modeled §*3C profiles

In order to model the §"C profiles with Eq. 6, accurate profiles of [C] and [*3C] need first
to be determined by numerically solving Egs. 2 and 7, respectively. The modeled profiles of

[CH4] and DIC obtained with Eqg. 2 replicated well the measured profiles of these two solutes

when the depth distributions of R¢2# or RPIC provided by PROFILE (Table 2) and those of Dy,

net
Xyrrigation @Nd @ were used as inputs in Eq. 2, and when measured CH,4 or DIC concentrations at
the top and bottom of the profiles were imposed as boundary conditions. Getting a truthful
profile of [*3C] with Eq. 7 requires, however, accurate values of §13CI®actant . and R; for each
of the reactions given in Table 1, and of f for both CH, (f-CH,4) and DIC (f-DIC). The multi-step
procedure followed to obtain the best [**C] profiles for CH, and DIC is described in section S2
(SI). This modeling exercise revealed that R; = 0 for all the zones in the sediments of both lake
basins, thus confirming that practically all CH, is produced through hydrogenotrophy, as inferred

above from the §3C values.

The best fits between the simulated and measured §*3C profiles of CH, and DIC for Lake
Tantaré Basin A and Lake Bédard (red lines in Fig. 3) were obtained with the f, a; and R; values
displayed in Table 3. The optimal o; and f values were within the ranges reported in the literature
for both lake basins, except for the lower-than-expected value of o, (0.984) in the Z, of Lake
Bédard. Note that o is not given in Table 3 since the modeling of the §"*C profiles of CH, and
DIC indicates that R3 = 0 (see section S2.2.2.1 in the Sl). Optimal values for a4, as and f-CH,4 for
both lake basins were also similar to those reported in our previous study on Lake Tantaré Basin
B (Clayer et al., 2018).
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Figure 3 : Comparison of the simulated (lines) and measured average (n = 3) 8*3C profiles of CH, (circles) and DIC
(squares) in the porewater of Lake Tantaré Basin A (a) and Lake Bédard (b). The horizontal dotted line indicates the
sediment-water interface. The variability in §"3C values (+ one standard deviation — o) related to the spatial heterogeneity
within the sampling area is shown by the grey area fills. The zone Z, is delimited by the blue area fill. In panel b, the blue
lines are the profiles simulated with the default rate values and optimal o; and f values as described in section S2.2.1. The
red lines in panel (b) are the profiles simulated with a, values of 0.980-0.984 (see section 4.1 for details).
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390 Table 3: Molecular diffusivity ratio of CH, (f-CH,) as well as the isotopic fractionation factors (o4, o, 04~0a7) and rates
391 (R1, Ry, Ri~R7; fmol cm s‘l) of each reaction involved in OM mineralization in each zone and for the whole sediment
392 column (ZR; ; fmol cm™2s™) corresponding to the lowest values of N, At both study sites, R; was shown to be negligible.
393 See section S2 of the Sl for details.

Study site  Zones f-CH, oy Ol Oy Os Og o7 R, R, R4 Rs Rs R
Tantaré Z 1.003 1000 - 1094 1024 1000 - 132 - 119 126 84 -
BasinA 7z, 1003 1.000 - 1087 1005 1000 - 126 - 78 39 26 -

Z; 1.003 - - 108 - - - - - 1 - - -
IR; 931 - 721 592 394 -
Bédard Z 1.003 1000 - 1074 - - - 165 - 100 - - -

Z, 1.003 - 0984 1074 - - - 72° 145 50 - - -
Z; 1.003 - - 1074 - - 0995 - - 5 - - 8
IR; 853 522 612 - - 114

394 ‘®the optimal value of ay, given here is for a COS value of —1.5, varies slightly with the COS value (see section

395  S2.2.2.3 of the SI).

396 bthe value of R, and R,, given here is for a COS value of —1.5, varies with the COS value (see section S2.2.2.3 of the

397 SI).

398 4 Discussion

399 4.1 Organic matter mineralization pathways at the sampling sites

400 The porewater data as well as the combined modeling of carbon isotopes and

401 concentration profiles, allows to highlight key OM mineralization mechanisms and to quantify

402 the relative contribution of methanogenesis and fermentation to OM degradation at both

403 sampling sites The **C isotopic signatures, i.e., highly negative values of 8"*C-CH, and large

404  differences between °C-CO, and 8*3C-CH, (section 3.3 and Fig. S2 in the SI), as well as the

405 modeling of the §"3C-CO, and §*3C-CH, profiles (section S2.2.2.1 and Fig S4a and b in the SI)

406  all point to hydrogenotrophy as being the only pathway for methanogenesis in the two lake

407  basins. The dominance of hydrogenotrophy is consistent also with the finding that acetate

408  concentrations were close to or below DL in the porewater samples. Under the condition that

409  acetocalsty is negligible (i.e., x = v,), reaction r1 from Table 1 becomes:

R1 y
CxHy0, + 2x —2)H,0 - xCO, + (2x + 5~ z)H, 9)

410 Methanogenesis was also reported to be essentially hydrogenotrophic in the sediments of

411  Basin B of Lake Tantaré (Clayer et al 2018). The absence of acetoclasty in the sediments of the

412 oligotrophic lakes Bédard and Tantare is consistent with the consensus that hydrogenotrophy

413 becomes an increasingly important CH,4 production pathway: i) when labile OM is depleted
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(Whiticar et al., 1986; Chasar et al., 2000; Hornibrook et al., 2000), ii) with increasing
sediment/soil depth (Hornibrook et al., 1997; Conrad et al., 2009), or iii) with decreasing rates of

primary production in aquatic environments (Wand et al., 2006; Galand et al., 2010).

The modelling of concentrations and 8*3C profiles revealed that oxidative processes
occurred essentially in the upper 7 cm of the sediments of the perennially oxygenated Lake
Tantaré Basin A, i.e., mainly in the Z; and, to a lesser extent, in the Z, (Table 3 and sections
S2.1.2.1 and S2.1.2.2 of the SI). Moreover, it showed that methanotrophy was the dominant
oxidative reaction in these sediment layers since 75% of the oxidants were consumed through r5
(section S2.2.2.2 of the Sl). This outcome is consistent with several studies showing that
methanotrophy occurs at higher rates than OM oxidation at low EA concentrations (Sivan et al.,
2007; Pohlman et al., 2013; Kankaala et al., 2013; Thottahil et al., 2019). Methanotrophy is also

evidenced in the Z; of this lake basin by the negative RS"# value and by a shift of the §"*C-CH,
profiles to more positive values in their upper part (Fig. 2b and g). Use of Eq. 2 to model the EAs
profiles with the code PROFILE predicts that O, was by far the main EA involved either
directly, or indirectly via the coupling with the Fe or S cycles, in the oxidative processes. Indeed,
comparing the values of R%%, and R9%, (see Section 3.2 and Table 2) shows that O, accounts for
87% and 70% of the oxidants consumed in the Z; and Z, of Lake Tantaré Basin A, respectively.
Since O; penetration in the sediment by molecular diffusion is limited to ~4-mm, a significant
amount of O; is predicted by Eq. 2 to be transported deeper in the sediment through bioirrigation.
The predominance of O, among the EAs consumed in the sediments is consistent with our
previous study in this basin of Lake Tantaré (Clayer et al., 2016). Given that methanotrophy is
the dominant oxidative process and that O, is the main oxidant consumed, it is probable that
aerobic oxidation of methane prevails over its anaerobic counterpart in this lake basin. This is in
line with the common thinking that CH,4 oxidation in freshwater lake sediments is carried out by
methanotrophs essentially in the uppermost oxic sediment layer (Bastviken et al., 2008 and

references therein).

The sharp upward depletion in *C-CHj leading to a minimum &C-CH, value at 2.5 cm
depth in Lake Tantaré Basin A sediments (Fig. 3a) was unanticipated since, according to the
modeling with the code PROFILE, it occurs in the methanotrophic zone, i.e., where the

remaining CH, is expected to be *C-enriched as a result of CH, oxidation. Marked **C-CH,
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depletions at the base of the sulfate-methane transition zone, where CH, is consumed via SO3~
reduction, have often been observed in marine sediments (Burdige et al., 2016 and references
therein). Such features are generally attributed to the production of CH4 by hydrogenotrophy
from the **C-depleted DIC resulting from the anaerobic CH, oxidation, a process referred to as
intertwined methanotrophy and hydrogenotrophy (e.g., Borowski et al., 1997; Pohlman et al.,
2008; Burdige et al., 2016). Here the modelled *C-CH, profile captured the minimum in §*3C-
CHy, in the Z; by simply assuming concomitant hydrogenotrophy and methanotrophy in this zone
and an upward-increasing o4 value from 1.085 in the Z3 to 1.094 in the Z; (section S2.2.1 of the
SI). These a4 values remain within the range reported for this isotope fractionation factor (Table
S1 in the SI). A small variation with sediment depth in the fractionation factor o4 is arguably
possible since its value depends on the types of microorganisms producing CH,4 (Conrad 2005).
The possibility that a depth variation in this isotope fractionation factor could explain some of

the minima in 8**C-CH, reported in other studies should be considered.

In the Z, of Lake Bédard, the net rate of DIC production (i.e., 167 fmol cm > s™') was

more than 3 times that of CH, production (50 fmol cm™ s'; Table 2). Given that the R9%, was

CH, __
net

negligible in this zone (i.e., Rs = Rg = 0), we obtain from Eqs 3 and 4 and Table 2 that R

R, = 50 fmol cm~3 s~ and RP!¢ = R; + R, — R, = 167 fmol cm~3s~? (see section S2.1.2.2
of the SlI). Should we assume that DIC production by r2 is negligible, i.e., R, = 0, a R1/R4 ratio of
4.3 would be obtained. This high ratio indicates that DIC was not produced by hydrogenotrophy
(r4) coupled to fermentation (r1) alone in the Z; of this lake. Indeed, methanogenesis through the
coupling of these two reactions yields a R1/R, ratio of 2 if the fermenting substrate is
carbohydrates (COS of 0) and lower than 2 if the fermenting substrate has a negative COS value.
We thus attributed the production of the additional DIC to the partial fermentation of HMW OM,
an assumed non-fractionating process reported to occur in wetlands (Corbett et al., 2015). The
better fitting of the 5*C-DIC profile when as is set to 0.980—0.984 rather than to 1.000 in the Z,
(compare the blue and red lines in Fig. 4b) suggests that C fractionates during this partial

fermentation process.

Table 3 displays the depth-integrated reaction rates (XR;) over the top 21cm of the

sediment column which are given by:



473
474
475
476
477
478
479
480
481
482
483
484
485
486
487
488

489

490
491
492
493
494
495
496
497
498
499

Confidential manuscript submitted to Global Biogeochemical Cycles

3
=1

where Ax; (cm) is the thickness of the zone Z;. In this calculation, we assume that other zones of

CH, or DIC production are absent below 21 cm. Values of XR; clearly show that anaerobic
carbon mineralization reactions (fermentation and methanogenesis) are important contributors to
the overall OM mineralization in the two studied lake basins. Indeed, the sum of the rates of CH,4
production (XR4), DIC production due to CH4 formation (XR; — £R4) and HMW OM partial
fermentation (XRy7) represents 49% and 100% of the total OM degradation rate (XR; + XR, + XRs5
+ XRg) in the sediment of lakes Tantaré Basin A and Bédard, respectively. The contribution of
anaerobic mineralization for Lake Tantaré Basin A is about 1.6 times higher than the average of
30% reported for this lake basin in a previous study (Clayer et al., 2016). This significant
discrepancy arises because these authors, in the absence of isotopic data to adequately constrain
the R; values, assumed that R4 = 0 in the net methanotrophic zone Z;. Should we make the same
assumption in the present study, we would also estimate that fermentation and methanogenesis
represent only 30% of the total rate of OM degradation in the oxygenated Lake Tantaré Basin A
and we would thus underestimate the importance of methanogenesis. The inclusion of 83C data
in the present modeling study thus allowed to better constrain the effective rates of CH,

production (Ry).

4.2 Organic substrates for methanogenesis at the sampling sites

Table 3 indicates that hydrogenotrophy (r4) coupled to the complete fermentation of OM
(r1) produces CHj, at higher rates (Rs) than DIC (R1 — Ry) in the Z; and Z; of both lake basins.
This outcome is inconsistent with the equimolar production of CH, and DIC expected from the
fermentation of glucose (CsH120¢), the model molecule used to represent labile OM in diagenetic
models (Paraska et al., 2014), thus suggesting that the fermentation of this compound is not the
exclusive source of the H, required for hydrogenotrophy. Had OM been represented by C¢H1206
in r1, the rate of H, production by this reaction would have been twice that of CO,, i.e., 2R;. For
its part, the rate of H, consumption through hydrogenotrophy is four times that of the CH,4
production, i.e., 4R,. Hence, an additional H, production at rates of up to 212 and 70 fmol cm™

s! ie., 4R, — 2Ry, is needed to balance the H, production rate expected from the fermentation
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of CsH1,06 and the H, consumption rate by hydrogenotrophy observed in the sediments of Lake
Tantaré Basin A and Lake Bédard, respectively. As discussed by Clayer et al. (2018), this
additional production rate of H, could be provided by a cryptic Fe-S cycle such as r8 (Tablel), or

by the production of CH, via the fermentation of organic substrates more reduced than glucose.

The progressive downward increases in dissolved Fe and SO3~ (Fig. 2e, f, m and n)
below ~5 cm depth and decrease in £S(—II) (Fig. 2n) observed in the porewaters support a
production of H, from r8 in both lakes. However, modeling the appropriate solute profiles with
the code PROFILE indicates that the production rates of dissolved Fe (<10 fmol cm™ s') and
S04% (<1 fmol cm™ s™') and the consumption rate of £S(—II) (<1 fmol cm™ s ') are about one
order of magnitude too low to explain the missing H, production rate in both basins. Moreover,
in the Z; and Z, of Lake Tantaré Basin A, the rate of solid Fe(I11) reduction (<3 fmol cm™ s ";
calculated from Liu et al. 2015) is much lower than that required from r8 (i.e., 1 to 2 times the
additional H production of 4R, — 2R;; 70-424 fmol cm ™ s') to produce sufficient amounts of
H, to sustain the additional hydrogenotrophy. Given these results, we submit that a cryptic Fe-S
cycle, if present, would contribute only minimally to the missing rate of H, production, and that
the fermentation of reduced organic compounds could provide a better explanation to the

imbalance between the H, production and consumption rates.

Since CHy is produced by hydrogenotrophy in the two lake basins (xy = 1), Egn. S15
(section S2.2.2. of the Sl) describing the COS of the fermenting organic substrate CxH,O,

simplifies as:
CH 1
2 (G = 7XMR%%) — Ry
Ry

COS = —4 (11)

where xy is the fraction of oxidants consumed through methanotrophy. Combining Eqgs. S7 and
S5 of the SI with Eq. 11, we obtain:

(12)

RPIC 4 RCH4

Rier — RDIC — RO +R, )
net net +(1— XM)Rgfe(t — R,

COS = —4( net

Introducing the values of R¢H+ RPIC ROX and R, (Table 2 and 3) into Eq. 12, we

calculate COS values of —3.2 and —0.9 for the Z; and Z, of Lake Tantaré Basin A, respectively,
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and of —1.0 to —1.1 for the Z; of Lake Bédard, respectively. Note that we were unable to
constrain with Eq. 12 the COS for the Z, of Lake Bédard since we had to assume a COS value to
estimate R, and the COS has no influence of the modelled 8*3C profiles (section $2.2.2.3 of the
SI). Negative COS values between —0.9 and —1.1 suggest that fermenting OM in the sediments
of the two lake basins would be better represented by a mixture of fatty acids and fatty alcohols
than by carbohydrates, as suggested by Clayer et al. (2018) for the sporadically anoxic Lake
Tantaré Basin B. For its part, the highly negative COS value of —3.2 calculated for the Z; of
Lake Tantaré Basin A is unreasonable, and the inaccuracy of the COS determination in this lake

basin is discussed in section 4.3.

4.3 Reduced organic compounds as methanogenic substrates in lake sediments

In order to better appraise the COS of the fermenting OM in lakes, relevant datasets of
porewater solute concentration profiles were gathered from our data repository and from a
thorough literature search. To be able to obtain by reactive-transport modeling the R$o\ute
required to calculate the COS with Eq. 12, the datasets had to: (i) comprise porewater
concentration profiles of CH, and DIC and, ideally, those of the EAs; (ii) reveal a net
methanogenesis zone, and iii) enable the carbonate precipitation/dissolution contribution to the
DIC concentrations to be estimated. Detailed information on the origin and processing of the 17
selected datasets, acquired in 6 different lake basins from one sub-alpine and three boreal lakes
sampled at various dates and/or depths, is given in section S3 of the SI. The CH4 and DIC
porewater profiles determined at hypolimnetic sites of these lake basins and their modeling with

the code PROFILE are shown in Fig. 4, whereas the RS™#, RPI¢ and RO, values determined

from this modeling are regrouped in Table 4. The COS values displayed in Table 4 for all lake

basins and dates were calculated by substituting the appropriate Rﬁ‘;‘;, RPIC and RO%, values in
Eq. 12 and assuming that R, = 0. This latter assumption was not required Lake Tantaré Basin A
(October 2015) and Lake Bédard (October 2015) for which R; values were known (Table 4).
Equation 12 indicates that any DIC contribution from r2 would yield lower COS values than
those reported in Table 4. The value of yv was assumed to be alternately 0 and 1 to provide a
range of COS values. The only exception was Lake Tantaré Basin A in October 2015 for which

ym 1S known to be 0.75 (section S2.2.2.2 of the Sl). Note that although Eq. 12 was derived with
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the assumption that methanogenesis was hydrogenotrophic (x4 = 1), assuming that CH4 was

produced by acetoclasty (yn = 0) would yield the same expression.

Table 4: Net reaction rates (R%ute; fmol cm™ s™') of CH,, DIC and oxidants in the zone with the highest production rate
of CH, as well as the O, concentration in the bottom water ([O,] in mg L™), the R, rates (fmol cm™ s™!) and the average
carbon oxidation state (COS) of the fermenting OM at the origin of CH,4 calculated with Eq. (12) at both study sites, Lake
Tantaré Basin B (Fig. 1), Jacks Lake (Carignan and Lean 1991) and Lake Lugano (Lazzaretti-Ulmer & Hanselmann
1999) for various sampling dates.

Lake Basin Sampling date [O;] RBI¢ RSM+ RO R, Reference Vin Ma
Tantaré Basin A, 15 m Oct 2015 - Z; 35 223 -7 =33 0 this study -3.2 -3.2
Oct2015-27, 35 113 39 -103 0  thisstudy -0.9 -0.9

Jul 2012 6.0 143 245 —66 - 1 -2.1 -1.7

Sep 2006 4.0 89 33 45 - 1 0.4 0.6

Oct 2005 3.1 202 48 —44 - 1 1.8 2.1

Sep 2004 4.6 99 45 60 - 1 -0.3 -0.2

Tantaré Basin B, 22 m  Oct 2014 <01 42 116 -1 - 2 -1.9 -1.9
Oct 2011 04 279 783 -12 - 1 -2.0 -19

Jul 2007 4.1 283 1147 20 - 1 -2.5 -2.5

Oct 2006 <01 442 825 -2 - 1 -1.2 -1.2

Bédard, 10 m Oct2015-2; <0.1 65 100 -6.5 0 this study -11 -1.0
Oct 2003 <01 205 408 -13 - 3 -1.4 -14

Jacks Lake, 15 m Sep 1981 na 284 514 - - 4 -1.2 -1.2
Jacks Lake, 22 m Sep 1981 na 904 2030 - - 4 -1.5 -1.5
Lugano, Melide, 85 m  Mar 1989 2.0 228 388 83 - 5 -1.8 -1.6
Lugano, Melide, 85 m  Jun 1989 <01 45 97 -1 - 5 -15 -15
Lugano, Figino, 95 m  Mar 1989 40 1168 1903 -234 - 5 -1.4 -1.3
Lugano, Figino, 95 m Jun 1989 <01 237 355 -19 - 5 -1.0 -0.9

& Minimum and Maximum COS values were obtained by setting yy to 0 and 1 in Eq. (12), except for Tantaré Basin
A in October 2015 for which yy, is known to be 0.75.
References: (1) Clayer et al. (2016), (2) Clayer et al. (2018), (3) see Supporting Information, (4) Carignan and Lean
(1991), (5) Lazzaretti-Ulmer & Hanselmann (1999).
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Figure 4 : Comparison of the modeled (blue lines) and average (n = 3) measured concentration profiles of CH4 (squares) and DIC (circles) in Lakes Tantaré Basin A (a—

d) and Basin B (a—h), Bédard (i), Jacks Lake (j—k) and Lake Lugano (I-0) at various sampling dates. The thick red lines represent the net solute reaction rate (R$2ute),
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According to Table 4 the COS values are systematically negative at all dates for Lake
Tantaré Basin B, Lake Bédard, Jacks Lake and the two sites of Lake Lugano, and they vary
generally between —0.9 and —1.9, with the exception of a value of —2.5 obtained for Lake
Tantaré Basin B in July 2007. This latter value is likely too low to be representative of
fermenting material and should be rejected. The mean (+ SD) COS values are —1.7 & 0.4 for
Lake Tantaré Basin B, —1.4 + 0.4 for Lake Bédard, —1.4 + 0.2 for Jacks Lake and —1.4 + 0.3 for
Lake Lugano. These COS values, representative of a mixture of fatty acids (COS of —1.0 for C4-
fatty acids to about —1.87 for C32-fatty acids) and of fatty alcohols (COS = —2.00), strongly
supports the idea that methanogenesis in boreal lakes sediments, as well as in the sediments of
other types of lakes, is fueled by more reduced organic compounds than glucose. Lipids such as
fatty acids and fatty alcohols with similar COS are naturally abundant in sediments to sustain the
estimated rates of CH4 and DIC production during fermentation (Hedges and Oades, 1997;
Cranwell, 1981; Matsumoto, 1989; Burdige, 2006). As discussed by Clayer et al. (2018) the most
labile organic compounds (i.e., proteins and carbohydrates) can be rapidly degraded during their
transport through the water column and in the uppermost sediment layer, leaving mainly lipids as
metabolizable substrates at depths where fermentation and methanogenesis occurs. This
interpretation is consistent with thermodynamic and kinetic evidences that proteins and
carbohydrates are more labile and are degraded faster than lipids (LaRowe and Van Cappellen,
2011).

The COS values determined for the perennially oxygenated Basin A of Lake Tantaré
(mean of —0.6 +1.1; range of —3.2 to 2.1; Table 4) are much more variable than for the five other
lake basins which undergo seasonal anoxia. Moreover, the COS values estimated for October
2015 in the Z; (—3.2), September 2016 (0.4—0.6) and October 2005 (1.8-2.1) are unrealistic.
Indeed, the very negative value of —3.2 does not correspond to any degradable compound under
anoxic conditions, whereas the positive values of 0.4—0.6 and 1.8-2.1 would involve either
amino acids and nucleotides which are very labile (Larowe and Van Cappellen 2011) and tend to
be degraded in the water column (Burdige 2007) or oxidized compounds, such as ketones,
aldehydes and esters, known to be quickly reduced to alcohols. These observations indicate that
the COS determination in this lake basin is unreliable. The misestimation of the COS can
probably not be explained by the presence of O, itself at the sediment surface of Lake Tantarée

Basin A. Indeed, the sediment surface was also oxic at the sites Melide and Figino of Lake
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Lugano in March 1989 (Table 4) as revealed by detectable bottom water [O,] (Table 4), and by
low [Fe], undetectable £S(—1I) and [CH4] and relatively high [SO4*] in overlying water
(Lazzaretti et al., 1992; Lazzaretti-Ulmer and Hanselmann, 1999). Despite this, the COS values
determined for the two sites of Lake Lugano appear to be realistic and coherent with those
calculated for Lakes Tantaré Basin B, Bédard and Jacks. However, we know that benthic
organisms are present in Lake Tantaré Basin A (Hare et al., 1994) but lacking at the two sites of
Lake Lugano, as shown by the presence of varves (Span et al., 1992) and the absence of benthos
remains in the recent sediments at these sites (Niessen et al., 1992). Clayer et al. (2016) provided
evidences that sediment irrigation by benthic animals is effective in Lake Tantaré Basin A and
that it should be taken into account in modeling the porewater solutes profiles. However, these
authors also point out the difficulty to properly estimate the magnitude of solute transport by
bioirrigation. The term used in Eq. 2 to calculate this contribution, i.e., Q@irigation ([SOlUtE]tube —
[solute]), is indeed an approximation of intricate 3-D processes (Meile et al. 2005). And, in the
conceptualization of this bioirrigation term, it was notably assumed that benthic animals
continuously irrigate their tubes to maintain solute concentrations in their biogenic structures
([solute]iyne) identical to those in the water overlying the sediments. But microbenthic animals
are generally reported to irrigate the sediments in a discontinuous manner and the solute
concentrations in their biogenic structures may be highly variable with time (Boudreau and
Marinelli 1994; Forster and Graf 1995; Riisgard and Larsen 2005; Gallon et al. 2008). Hence,
owing to the imperfection of the representation of bioirrigation in Eq. 2, COS values estimated
for the sediment of Lake Tantaré Basin A should be treated with caution, especially in the Z;
where the bioirrigation coefficient takes the highest value. Another potential bias in the
estimation of COS values for the oxygenated basin is the possibility of DIC production through
HMW OM fermentation (reaction r2; Corbett et al. 2013). Note that fitting with Eq. 6 the
experimental 5"°C data does not allow partitioning the production of DIC between r1 and r2
since the two processes share the same value of fractionation factor (o1 = o3 = 1.000). It was
possible to attribute unequivocally the excess of DIC production rate over that of CH, production
in the Z, of Lake Bédard in October 2015 (Table 4 and Section S2.1.2.2 of the SI) to HMW OM

CH,

et and RDLE, which is not the

fermentation merely because R9%, was negligible compared to R
case for Lake Tantaré Basin A (Table 4). Equation 12 indicates that to obtain negative COS

values for Lake Tantaré Basin A in September 2006 and October 2005, R, should be >11 fmol
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cm? st and >110 fmol cm™ s, respectively. These R, values correspond to transferring >9%
and >44% of the rate of DIC production from R; to R, for September 2006 and October 2005,
respectively. The above discussion underlines several factors that can explain the unreliability in
the actual COS estimation for the perennially oxic Lake Tantaré Basin A, and further research is
needed to better assess the importance of these factors. However, it does not dismiss that the
substrate for methanogenesis in this lake basin may have a negative COS value.

5 Conclusions

Our results show that fermentation and methanogenesis represent nearly 50% and 100%
of OM mineralization in the top 25 cm of the sediments at the hypolimnetic sites in Lake Bédard
and in Basin A of Lake Tantaré, respectively and that methane is produced only by
hydrogenotrophy at these two sites. An earlier study reached similar conclusions about the
pathways of methanogenesis and the contribution of this process in OM mineralization in Basin
B of Lake Tantaré (Clayer et al. 2018).

Reactive-transport modelling of porewater solutes from three boreal lakes, i.e., Bédard,
Tantaré (Basin B) and Jacks, as well as of the sub-alpine Lake Lugano (Melide and Figino sites)
consistently showed that the main substrates for sediment methanogenesis at deep seasonally
anoxic hypolimnetic sites have a mean COS value of —1.4 + 0.3. Mineralization of the most
labile compounds during OM downward migration in the water column and in the uppermost
sediment layers likely explains why reduced organic compounds fuel methanogenesis in these

sediments.

The current representation of the fermenting OM, i.e., CH,0, in process-based
biogeochemical models entails a significant risk of misestimating sedimentary CH4 and CO,
production and release to the bottom water and, to a certain extent, of mispredicting evasion of
these greenhouse gases to the atmosphere under transient environmental scenarios. To better
constrain CH, and CO, production within sediments, we suggest taking specifically into account
the COS of the fermenting OM in formulating the reactions of methanogenesis associated with
fermentation in these models. For example, the rates of CH, (R¢H+) and DIC (RP!) production

during fermentation coupled to hydrogenotrophy can be expressed as:
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4 —COS
RCHs = R, = TRl (13)

4 —COS
RPIC =R, —R, =R, (1 — T) (14)

Given these rate expressions, the stoichiometric formulation of a typical fermentation

reaction producing methane becomes:

4 — COS 4 + COS
4 (—) CO, (15)

CH,O —————CH

wherea =2 — %, b=1+ %. Note that the same stoichiometric formulation would be

obtained for acetoclastic methanogenesis.

The approach used to estimate the COS of the fermenting OM, although successful for
the seasonally anoxic basins, failed to produce reliable COS values when applied to the
perennially oxygenated Basin A of Lake Tantaré. We attribute this peculiarity to a misestimation
and/or misrepresentation of the benthic irrigation and to the impossibility to partition the DIC
production between reactions rl and r2 which share the same fractionation factor value. Similar
problems would likely be encountered also in other lake ecosystems such as epilimnetic
sediments and wetlands where solute transport processes remain ill-known. Indeed, these
shallow aquatic environments are subject to enhanced benthic activity (Hare 1995), to plant-
mediated transport of CH, and O, (Chanton et al. 1989; Wang et al. 2006), as well as to
turbulence (Poindexter et al. 2016) which complicates the estimation of CH4 and CO; production
and consumption rates. Hence, the remaining challenge resides in the robust estimations the COS
of the fermenting OM in epilimnetic sediments and shallow freshwater environments (e.g.,
ponds, wetlands), since these environments were shown to be the main contributors to freshwater
CHy, release to the atmosphere (Del Sontro et al., 2016, Bastviken et al., 2008). One potential
solution is to investigate trends in the oxygen isotope signatures in the sedimentary DIC in
addition to 5"3C values since it is also influenced by the source of the OM undergoing
degradation (e.g., Sauer et al., 2001).
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S1. Additional figures
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Figure S1: Comparison of concentration profiles generated with the codes PROFILE (blue line) and
REC (white line) with the average (n = 3) measured concentrations (symbols) of CH4 (a and c) and DIC
(b and d) for Lake Tantaré Basin A (a and b) and Lake Bédard (c and d). The horizontal dotted line
indicates the sediment-water interface. The thick red (PROFILE) and dark red (REC) lines represent
the net solute reaction rate profiles.
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Figure S2: §'3C-CHa versus 83CO> graph showing the hydrogenotrophy (blue) domain (modified from
Whiticar 1999) along with the measured 6'°C data (symbols) in Lake Tantaré Basin A (triangles) and
Basin B (squares; data from Clayer et al., 2018), and in Lake Bédard (circles). Empty symbols
correspond to datapoints above the sediment-water interface. The 6*3C of gaseous CO2 (6*3CO: on the
vertical axis) was calculated from the 8'3C-DIC according to Hélie (2004) and Mook et al. (1974).



S2. Procedure for modeling the 8°C profiles

Modeling the §!3C profiles with Eq. 7, as described in section 2.4, requires first
obtaining accurate [C] and [**C] profiles by solving numerically, via the bvp5c function

of MATLAB®, Egs. 2 and 7 for [C] and [**C], respectively. Equation 2 is readily solved

CH,
net

for [C] if we use in that equation the depth distributions of R} or RPL¢ provided by the
code PROFILE (Table 2) and those of Dg and ayrigation, and if we impose the measured
CHs or DIC concentrations at the top and bottom of their profiles as boundary conditions.
The CH4 and DIC profiles simulated this way are very similar to those generated by the
code PROFILE, and thus to the measured distributions of these two solutes. However,
extracting truthful [3C] profiles from Eq. 7 is more complicated because it requires
obtaining the best estimate values for the parameters f, §13C®2°a"t o; and R; which are

inherent to that equation. The approach adopted to select the best estimate values

involves several steps described below.

S2.1. Simulating the 8°C profiles with default parameter values in
Equation 7
The first step is to perform an initial simulation of the §*3C profiles using credible

values (hereafter referred to as default values) for the f, §13Cre2¢®@™ q; and Rj in Eq. 7.

For the f, §13Cle2°® "t and o, the default values were educated guesses based on the

literature. For the rates, they were Ri values constrained with Egs. 3-5 and the Rﬁle{t‘*, RDIC

and R9%, values provided by PROFILE (Table 2).



S2.1.1. Default values for the f, §13¢leactant apd o

The values reported in the literature for the f-CHas and f-DIC as well as for the
st3creactant and the oi of each of the ri outlined in Table 1, are summarized in Table S1
together with the default values. The value of f—~CH4 was estimated to be less than 1.003
(Happell et al., 1995), and that of f-DIC, lower than 1.001 (O'Leary, 1984; Jahne et al.,
1987). Consequently, we chose 1.000 as the default value for both. The values of
st3creactant ysed were —28%o for OM (Joshani, 2015), and —38%o and —18%o for the
methyl and carboxyl groups of acetate (Conrad et al., 2014), respectively, and the
measured 5'°C values for CH4 and DIC. We assumed no carbon fractionation during OM
fermentation and oxidation, i.e., a; = a, = ag = 1.000 (Lapham et al., 1999). Methane
produced through acetoclasty (r3) and hydrogenotrophy (r4) is typically depleted in $3C
by 21-27%o and 50-95%o, respectively (i.e., a3-CH4 and o4 ranges are 1.021-1.027 and
1.050-1.095, respectively) compared to its substrate (Krzycki et al., 1987; Gelwicks et
al., 1994; Whiticar, 1999). In addition, CO, and CH4 production through acetoclasty
appears to undergo similar $3C depletion (Blair and Carter, 1992; Gelwicks et al., 1994).
Consequently, the same intermediate fractionation factor was chosen as the default value
for 03-CH4 and 03-COy, i.e., 1.024. In agreement with Conrad et al. (2014), we used 1.075
as the default value for a4. Several studies showed that as can vary from 1.005 to 1.031
(Alperin et al., 1988; Whiticar, 1999); a default value of 1.005 was selected as in
Whiticar and Faber (1986). For siderite precipitation, we calculated a composite a7 value
using the fractionation factors reported for calcite precipitation from CO> (0.990) or from
HCO3 (0.998) and taking into account the relative proportion of HCO3 and CO»

concentrations (Bottinga, 1969; Emrich et al., 1970).



S2.1.2. Default values for the Ri

Given that methanogenesis is dominated by hydrogenotrophy (see section 3.3), and that
porewaters in all sediment zones at Lake Tantaré Basin A and in the Z; and Z; at Lake
Bédard are undersaturated with respect to siderite, we assume that R; = R, = 0 in all the
zones of the two lake basins. The only exception is for the Z3 of Lake Bédard where we
infer that siderite is precipitating (see details below). In addition, we consider that R, = 0
in all the zones of the two lake basins, except in the Z, of Lake Bédard where reaction r2
is required to explain the DIC net production rate (see details below). The default R;

values, obtained as described below, are reported in Table S2.

Table S1: Values of the *°C of organic matter (OM), the carboxyl group (Ac-carboxyl) and the methyl
group (Ac-methyl) of acetate, and those of the molecular diffusivity ratios (f) and the isotopic
fractionation factors (ai) used as input parameters in Eq. 7.

Parameters Range References Default

313C of OM (%o V-PDB) -28 a -28

513C of Ac-carboxyl (%o V-PDB) -18 b.c -18

8'3C of Ac-methyl (%o V-PDB) —-38 b,c —-38

f-DIC 1.000-1.001 de 1.000
f-CH4 1.000-1.003 f 1.000
o1, o2 and o 1.000 g.h;i 1.000
a3-CHa 1.021-1.027 ikl 1.024
a3-CO2 1.021-1.027 km 1.024
o4 1.050-1.095 le 1.075
as 1.005-1.031 Ln,o 1.005
oz 0.990-0.998 P 0.995

References: (a) Joshani (2015), (b) Conrad et al (2007), (c) Conrad et al. (2014), (d) O'Leary (1984), (e)
Jahne et al. (1987), (f) Happell et al., 1995, (g) Lapham et al. (1999), (h) Werth and Kusyakov (2010), (i)
Conrad et al. (2012), (j) Krzycki et al. (1987), (k) Gelwicks et al. (1994), (I) Whiticar (1999), (m) Blair and
Carter (1992), (n) Alperin et al. (1988), (0) Whiticar and Faber (1986), (p) Bottinga (1969), (q) Emrich et al.
(1970).



S2.1.2.1. Zone of net methanotrophy

According to Fig. 2g and o, net methanotrophy is observed only in the Z; (0-
3.6 cm) of Lake Tantaré Basin A. The net rate of DIC production in that zone (223 fmol
cm 3 s71) is much larger than the net rate of CH4 consumption (7 fmol cm3s™1) as
reported in Table 2. According to Egs. 3 and 4, the difference between the net rates of
DIC and CH4 production is:

RRIC _ RS — R, 4+ R, — 2R, + 2R + Ry (S1).

Given the large net rate of oxidant consumption (R9%, = —335 fmol cm3s?), we
assume that the contribution of Rz in Eqg. S1 can be neglected compared to that of the
oxidative processes (2Rs + Re). In addition, the differences between the values of the
313CO; and those of the 8*C-CH4 (67-92%o), the large 13C-CHa negative values (—91 to
—107%o) and their upward depletion between 4.5 and 2.5 cm depth (Fig. 2b), as well as
the fact that these isotopic data fall in the CO> reduction domain (Fig. S2), all indicate
that CH4 production by hydrogenotrophy is also active in the Z; of Lake Tantaré Basin A,
i.e., that R4 # 0. To simplify, we assume for now that the main oxidative process is
methanotrophy and that the contribution of Re in Eq. S1 is negligible compared to that of
2Rs; the effect of a possible contribution of OM oxidation to DIC will be considered in
section S2.2.2.2. With the assumption that R2 = Rs = Rg = R7 = 0, we obtain from Eq. 3-5
the default values R1 = 216 fmol cm™3 s}, R4 = 161 fmol cm ™ s* and Rs = 168 fmol
-3

cm3st



Table S2: Rates (Ri—R7; fmol cm™ s71) of reactions involved in OM mineralization and of siderite
precipitation in each sediment zone of the two sampling sites. For each reaction rate, a default value is
given and, when applicable, the range of rate values tested in modeling the 8'°C profiles. yy and xy
are the fractions of oxidants consumed by methanotrophy and of CH4 produced by hydrogenotrophy,
respectively.

Lake Tantaré Basin A Lake Bédard
Zones Default Range? Default Range
2 Ry 216 —105 + x;(335xy — 14) 165 —35+ 200xy
R, 0 0
335
Rs 0 (1 —xu) (TXM - 7) 0 100 — 100y
335
R« 161 it (T Yog — 7) 100 100y
335
Rs 168 xm 0
2
Re 0 335 — 335)y 0
Ry 0 0
Z 100C0S(x — 1) — 400y
R1 152 —29 + x4 (78 + 103xy) 100 i H
COS — 4
Ro 0 117 117 + 100y — R,
103
Rs 0 (1 —xw) <39 + TXM) 0 50 — 50xy
103
1
Rs 51.5 EXM 0
2
Rs 0 103 — 103xy 0
Ry 0 0
Z3 R 0 0
R, 0 0
Rs 0 0
R4 1 5
Rs 0 0
Re 0 0
Ry 0 8

aNote that y cannot take values below 0.36 to avoid negative rate values for Ry according to Equation S8.



S2.1.2.2. Zones of net methanogenesis

Figure 2g—h and Table 2 indicate that the value of the RPL¢ (113 fmol cm3s7?) is

much larger than that of the RS (39 fmol cm ™3 s2) for the Z; of Lake Tantaré Basin A.

net

Since oxidants are consumed at a substantial rate (R9%, = —103 fmol cm™ s7!; Table 2),

we conclude that DIC must be mainly produced through oxidation of CH4 and/or OM
(e.g., r5 and/or r6 in Table 1) in addition to fermentation (r1) and that R> can be neglected
in Eqg. S1. For now, we assume, as for the Z; of Lake Tantaré Basin A, that the only
source of DIC in addition to fermentation (rl) is methanotrophy, and thus that R = 0;
the effect of a possible contribution of r6 to DIC will be considered in section S2.2.2.2.
Thus, with the assumptions R2 = R3 = Rs = R7 = 0, we obtain from Egs. 3-5 the default
values Ry = 152 fmol cm™> s!, R4 = 90.5 fmol cm™ s ! and Rs = 51.5 fmol cm > s 7.

Note that R1 > R4 does not necessarily mean that the sum of fermentation (r1) and
methanogenesis via CO> reduction (r4) produces more DIC than CHa since the net rates
of DIC and CH4 production by the coupling of these two reactions are equal to R1 — R4

and R4, respectively. For example, when glucose (CsH120¢) is the fermenting substrate,

CH, __

the coupling of r1 and r4 produces equimolar amounts of CHs and DIC, i.e., R ¢ =

RPIC “and the value of R is then equal to twice that of R4 (R1 = 2R4). The case when R; <

2R4 is discussed in section 4 while the case when Ry > 2Ry is discussed below.

For the Z; of Lake Bédard, the R¢%+ (100 fmol cm™ s™!) and the RPIC

net

(65 fmol cm s71) are much larger than the R9%, (—6.5 fmol cm ™ s7!), suggesting that the
reaction rates of the oxidative processes Rs and Re can be neglected in these reduced
sediments. Thus, if we assume that R, = R; = R = R¢ = R, = 0, EQs. 3 and 4 yield Ry

=165 fmol cm™3 s~ and R4 = 100 fmol cm~3 s~ as default values.



CH,
net

For the Z of Lake Bédard, R9%, (—4.5 fmol cm 3 s!) is much smaller than R
(50 fmol cm s7') and RPIE (167 fmol cm™ s7'), indicating that, as in the Z1, Rsand Re
can be neglected. With the assumptions that R; = Rs = R¢ = R, = 0, we obtain from
Egs. 3 and 4 the default values R; + R, = 217 fmolcm™3s 1 and R, =
50 fmol cm™3 s™1. In this case DIC production rate is more than four times larger than
R4 (RRIC >> 2R,), which cannot be explained by methanogenesis alone or, given the low
R9%,, by oxidation reactions. Similar unanticipated DIC production has been previously
attributed to the partial fermentation of HMW OM (r2, Corbett et al., 2015). Calculating
individual default values for Ry and Rz requires an assumption about the nature of the
fermenting substrate. For now, we assume that glucose is that substrate. i.e., that Ry =
2Ry4; the effect of considering more reduced fermenting substrates will be examined in
section S2.2.2.3. With this latter assumption, the default values R1 = 100 fmol cm™ s™!
and Rz = 117 fmol cm™ s™! are obtained.

Finally, in the Zs of each lake basin, the net DIC consumption rate (2 fmol cm™
s 'and 13 fmol cm™ s7!, for Lake Tantaré Basin A and Lake Bédard, respectively) and
the simultaneous net CH4 production rate (1 fmol cm™ s™! and 5 fmol cm™ s7!, for Lake
Tantaré Basin A and Lake Bédard, respectively) indicate that hydrogenotrophy is active
in these zones. The negative values of the RPI¢ and the fact that the R9%, = 0 suggest that
the rates of the reactions producing DIC, i.e., r1, r2, r5 and r6, can be neglected. The
presence of DIC in the Zz is likely due to its diffusion from deeper porewater (Fig. 2c and
k), but not to its production in the Z3 through the reactions listed in Table 1. Considering
that R, = R, = Ry = Ry = 0, the value of Rq is estimated with Eq. 3 to be 1 fmol cm™

s 'and 5 fmol cm™ s7!, for Lake Tantaré Basin A and Lake Bédard, respectively. Note
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that in the Z3 of Lake Bédard, the net rate value of DIC consumption exceeds by

8 fmol cm™3 s7! that of CH4 production suggesting that DIC is consumed by another
process, in addition to hydrogenotrophy. Given that porewater is oversaturated with
respect to siderite in that zone (see section 2.4) and that modeling the average Fe
concentration profiles with the code PROFILE yields a net Fe consumption rate of —3
fmol cm™ s7! only in that zone (data not shown), we infer that siderite is precipitating at a

rate of 8 fmol cm™> s7! in the Z3 of Lake Bédard, i.e., Rz =8 fmol cm ™3 s,

S2.1.3. Modeled 8*3C profiles with the default values

The measured (symbols) §*3C profiles and those simulated with the default values
(purple lines) are displayed in Figure S3. A simulated profile is considered acceptable
when it falls within the variability related to the sediment heterogeneity at the sampling
sites (grey area fills in Fig. S3). Fig. S3a and b shows that the §*3C profiles modeled with
the default values do not fit adequately the datapoints in both lake basins except for the
313C-CHa profile in Lake Bédard. These discrepancies can be due to inaccuracy of the

default f and a; and in the R; values, a possibility that is tested below.
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Figure S3: Comparison of the simulated (lines) and measured average (n = 3) §'°C profiles of CHs4
(circles) and DIC (squares) in the porewater of Lake Tantaré Basin A (a) and Lake Bédard (b). The
horizontal dotted line indicates the sediment-water interface. The variability in 8'3C values (+ one
standard deviation — o) related to the spatial sediment heterogeneity at the sampling sites is shown by
the grey area fills around the data points. The zone Z; is delimited by the blue area fill. The purple
lines are for the profiles modeled with the default rate and parameter values displayed in tables S1 and
S2, the blue lines are for the profiles simulated with the default rate values and optimal a; and f values
as described in section S2.2.1, and the red lines are for the profiles modeled with xy = 0.75 (panel a;
see section S2.2.2.2 for details) or with a, values of 0.980-0.984 in the Z. (panel b; see section S2.2.3
for details). Note that the blue and red lines are overlapped for the 8*3C-DIC profile in panel a and
that the purple, blue and red lines are overlapped for the §*C-CHa4 profile in panel b.
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S2.2. Improving the fit between modeled and measured 8*C profiles

S2.2.1. Optimizing the ai and f values

Additional simulations were achieved using in Eq. 7 the default R; values while
varying as, oy, as and f-CH4 within the range reported in the literature (Table S1) to
improve the fits between the modeled and measured §'3C profiles. Two optimization
procedures, based on the minimum Ny values, calculated with Eq. 8 for both the 3C-
CHa and the §*3C-DIC profiles, were used. One, involved varying sequentially by hand
first a, and a3, and then the less influential parameters, i.e., as and f-CH4 (see Clayer et
al., 2018 for details). The other one used a MATLAB® genetic algorithm of the global
optimization toolbox, where the algorithm repeatedly provides a population of parameters
within the ranges given in Table S1 to perform several hundreds of simulations. At each
iteration, the genetic algorithm selects the best performing parameters from the current
population and uses them as parents to produce the children parameters for the next
generation. Over successive generations, the population of parameters "evolves™ toward
an optimal solution. The two optimization procedures yielded very similar results and
thereafter, we used the MATLAB® genetic algorithm to optimize the parameters and
reaction rate values. Note that, during optimization for Lake Tantaré Basin A, a, was
allowed to take different values in the Z1, Z»> and Zs.

Figure S3 shows that optimizing the f and a; values greatly improves the fit for
Lake Tantaré Basin A only and that the modeled profiles (blue lines in Fig. S3a) capture
the main tendencies of the 5*3C profiles measured in this lake basin. Small discrepancies

persist between the modeled and measured profiles (e.g., the §**C-DIC profiles for Lake
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Bédard) leaving the possibility that better fits could be reached if more accurate R; values

than the default values were selected.

S2.2.2. Optimizing the Ri values

Uncertainties in the R; values may result from the assumptions that: i) all the CH4
was produced by hydrogenotrophy in the sediments of both lake basins (sections S2.1.2.1
and S2.1.2.2), ii) OM oxidation was not a source of DIC in the Z; and Z; of Lake Tantaré
Basin A (section S2.1.2.1 and S2.1.2.2), and iii) the fermenting substrate was glucose in
the Z, of Lake Bédard (section S2.1.2.2). The mathematical expressions of the R; have to
be modified if we assume that a proportion of methanogenesis occurs via acetoclasty, that
a fraction of DIC is produced through OM oxidation, or if the fermenting substrate is
more reduced than glucose. The modified expressions for R; are derived below and
summarized in Table S2 for the Z1 and Z: of both lake basins.

Introducing into Eq. 5, the fraction of oxidants consumed by methanotrophy (xu)

which can take any value between 0 and 1, we can write:
1 Ox 2
Rs = EXM X (—Rpet (S2)

and:

Re = (1 —xm) X (—RR&) (S3)

Combining Eg. 3 and S2, we obtain:

1
CH, o X (—RO (S4)

R; + Ry = Rnet 2 net

Introducing into Eq. S4, the fraction of CH4 produced through hydrogenotrophy (xy), we

can write:
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1
Ry = i (RE = 5100R%%) (s5)

and:

1
Ry = (1 — i) (ROEY = 5 RS (56)

By combining Egs. 3-5, and assuming that R7 = 0, Ry can be expressed:

net

Combining Egs. S5 and S7, we obtain:

Ry = RRIE—REE: + RO, + xu(2R55¢ — xmRO%) — R, (S8)
The expressions for the ranges of the R1—Re values displayed in Table S2, with

the notable exception of Ry in the Z, of Lake Bédard, were obtained by substituting into

CH,
net’

Egs. S2, S3, S5, S6 and S8 the appropriate values of R, RPLC and RO%, from Table 2. It
may be recalled that in deriving these expressions, the following assumptions were made,
in accordance with section S2.1.2: i) R2 = R7 = 0 in the Z; and Z> of Lake Tantaré Basin
A; ii) Rs=Rs=R7=0inthe Z; and Z; of Lake Bédard,; iii) R2 =0 in the Z1 , but not in
the Z, of Lake Bédard. In order to calculate the values of Ry with Eq. S8 for the Z; of

Lake Bédard, we had to express R as a function of the COS of the fermenting substrate

as described below.

The rate of Hz production required through rl to sustain hydrogenotrophy is given

by:

(4\)1 +y—2z

2V1 ) R1 = 4‘R4_ (89)

Combining Egs. S5 and S9, we obtain:
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cH, 1
2xu (RS — 2xuR%%) — Ry

Ry

y = 4v, + 2z (S10)

The rate of acetate production through rl (Table 1) to sustain acetoclasty is given by:

(x - V1) R, =R, (S11)

Combining Egs. S6 and S11, we can write:

xRy

vV, =
i (512)
2(1 — i) (RS — 2XmR%%) + Ry

Replacing v, in Eq. S10 by its expression in Eq. S12, we obtain:

CH 1
2R (R — 7 XmR%%) — Ry
& 2R, (1 — RO+ L1, Rox) iR 2
1( XH) net 2XM net + 1

4x + 2z (S13)

The COS of an organic molecule is given by:

n.
COS = — E 0S; — (S14)
. rlC
l

where OS; is the oxidation state of the element i and ni/nc is its molar ratio to carbon.
Assuming that the COS of the fermenting molecule is defined only by H and O atoms,
whose OS are respectively +1 and —2, it can be written:

1
( 2R Xn (chll:f - 7XMRg)e(t) - R12 >4 +2
X z

CH 1
2R (1 — xu) (Rnef - iXMRg:t) + R12

X (+1) + (2) x (=2)

COS = — . (S15)
Eq. S15 can be simplified as:
1
Ry (2C0S(1 - xir) + 8xu) (OB — ZxwR%% ) + (COS—R,* =0 (S16)

Eg. S16 has two solutions which are R; = 0, and:
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1 CH
 _ (2COS(1 — xgy) + 8xy) (EXMRggt - Rnet4) (S17)
1 COS —4

The expression of Ry for the Z» of Lake Bédard given in Table S2 was obtained by

substituting into Eq. S17 the appropriate values of Rﬁlgg’ and R9%, from Table 2, and that
of Rz using Eqg. S8.

Below, the general expressions of Ri—Re displayed in Table S2 for the Z; and Z>
of both lake basins are used to perform additional §*3C simulations and examine the

effect of varying the values of yy, Xy and COS on the modelled 5'3C profiles.

S2.2.2.1. Constraining yy the fraction of CH4 produced through hydrogenotrophy

Figure S4a and b displays the Nres values for §*3C simulations with x comprised
between 0.8 and 1 in the Z; and Z; of both lake basins. Note that the f and o; values were
optimized as described in section S2.2.1 for each yy value tested. Whereas, the Nres of the
313C-CHa for Lake Tantaré Basin A and Lake Bédard does not vary with xy (dotted blue
line in Fig. S4a and b), that of the 5'3C -DIC increases significantly as the value of xy
decreases (dashed blue line in Fig. S4a and b). This finding supports our contention that
the contribution of acetoclasty to methanogenesis is negligible in both lake basins, i.e.,

xg = 1 (see section 3.3 and Fig. S2).
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Figure S4: Norm of residuals (Nres), calculated with Eqg. (8), for the 8*C-DIC (dashed line) and the
813C-CHg4 (dotted line) profiles, and the sum of Nres for the two profiles (solid lines). In panels a and b,
the Nres values are displayed as a function of xy for the Z1 and Z2 of both lake basins, in panel ¢, as a
function of yy for the Z; and Z: of Lake Tantaré Basin A, and in panel d, as a function of the COS for
the Z> of Lake Bédard.
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S2.2.2.2. Constraining yy the fraction of oxidant consumed through methanotrophy

In section S2.1.2.2, we neglected OM oxidation as a source of DIC in the Z; and
Z, of Lake Tantaré Basin A. Figure S4c shows that the sum of Nres for the 53C-CH, and
the 8*3C-DIC profile displays a minimum at a y; value of about 0.75, when xy is varied
between 0.36 and 1, while maintaining xy at 1 and optimizing the f and o as in section
S2.2.1. Fig S3a (red line) shows that using xy = 0.75 in the simulation results in a
slightly improved fit of the §*3C-CHa profile. This x value implies that about 25% of the
oxidant are consumed through OM oxidation in the Z; and Z; of Lake Tantaré Basin A.
Assuming that x,; = 0.75, we calculate with the equations reported in Table S2 that: Ry =
132 fmolcm™>s!, Ry = 119 fmol cm s7!, Rs = 126 fmol cm ™ s and Re = 84 fmol cm™
s linthe Zy and Ry =126 fmol cm™> s™!, R4 = 78 fmol cm™ s7!, Rs = 39 fmol cm ™ s7!

and Re = 26 fmol cm™ s7! in the Z, (Table 3).

S2.2.2.3. Influence of the COS in the Z, of Lake Bédard

Figure S4d shows that varying the value of the COS between —1.5 and +0.5, while
maintaining xy at 1 and optimizing the f and o as in section S2.2.1 has no influence on
the modelled 8:3C profiles, i.e., it yields similar Nres values. This result was expected
given that the COS only affects the values of R1 and Rz and that we assumed no
fractionation for reactions rl and r2, as generally proposed in the literature (Lapham et
al., 1999; Werth and Kusyakov, 2010; Conrad et al., 2012; Corbet et al., 2015). However,
Fig. S3b exhibits a discrepancy between the measured and modeled 5'3C-DIC profiles of
Lake Bédard. To test if an isotopic fractionation of the DIC assumed to be produced by
partial fermentation of HMW OM in the Z; of lake Bédard, could explain this

discrepancy, we varied a2 in the simulations. Figure S5 reveals that a minimum Nes IS
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obtained at a value of a2 = 0.980 for a COS value of 0, as assumed in section S2.1.2.2,
and Fig. S3b (red line) shows that using this a2 value in the simulation results in an
improved fit of the §**C-DIC profile for Lake Bédard. The optimum az value vary
slightly with the COS value inferred. For example, for a COS value of —1.5, the optimum
a2 value would be 0.984 (Fig. S5). Varying the COS within reasonable values, however,
does not influence significantly the fitting of the 53C-DIC profile for Lake Bédard shown
by the red line in Fig. S3d. Assuming that the COS = —1.5 in the Z; of Lake Bédard, we
calculate with the equations reported in Table S2 that: Ry = 72 fmol cm™ s7!, Rz = 145
fmol cm™ s and R4 = 50 fmol cm™ s~! (Table 3). Note that, considering an a2 value
between 0.980 and 0.984 for the DIC produced through reaction r2 and a §*3C signature
of —28%. for the HMW OM is equivalent to assuming no isotopic fractionation (i.e., a2 =

0) and a 813C signature of —8%o to —12%o for the source material.

Lake Bédard

2 S esnninnssssee essseam ssssanwinnnes Y

0.980 0.990 1.000
a, in the Z,

Figure S5: Norm of residuals (Nres), calculated with Eq. (8), for the simulated 8*C-DIC (dashed line)
and the 3C-CHjy (dotted line) profiles, and the sum of Nres for the two profiles (solid line) as a function
of the value of a, in the Z; of Lake Bédard.
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S3. Other data from Lakes Tantaré, Bédard, Jacks and

Lugano used to calculate the COS.
S3.1. Relevant data available and lake characteristics.

Porewater profiles of solutes relevant to the COS calculation, measured by our
group in Lakes Tantaré and Bédard at other dates than in the present study, are available
from our earlier publications or from our data repository. Profiles of porewater CH4, DIC,
S04, sulfides (XS(—11)) and Fe, determined at the deepest site in the perennially oxic
Basin A of Lake Tantaré in September 2004, October 2005, September 2006 and July
2012, have been reported by Clayer et al. (2016). Vertical profiles of the same solutes
measured at the deepest site in the sediments of Basin B of Lake Tantaré in October
2006, July 2007, October 2011 and October 2014 can also be found in Clayer et al. (2016
and 2018); the 5'3C profiles of CH4 and DIC are also provided for the October 2014
campaign (Clayer et al. 2018). Basins A and B of Lake Tantaré, the two westernmost
basins of Lake Tantaré, are connected by a shallow channel. This lake is oligotrophic,
with a planktonic primary production of 50 mg C m~2 d™* measured in Basin A (Hare et
al. 1994). Bottom water in Basin B, in contrast to that of Basin A, becomes occasionally
anoxic in late summer (Couture et al., 2008). Also, its 2!°Pb profile reveals no mixing in
the uppermost sediment layers and the *¥’Cs, 2**Am and mid-19" century Upper
Mississippi Valley Pb isotope chronostratigraphic markers, all display sharp peaks
(Gobeil et al., 2013). Collectively, these observations indicate that benthic invertebrates
are virtually absent at that site and that solute transport across the sediment-water
interface (SW1) should be by molecular diffusion alone. Couture et al. (2010) provide

porewater SO42~, ZS(—11)), and Fe profiles determined in June 2004 at the deepest site in
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Lake Bédard, and an unpublished set of porewater profiles of CHa, DIC, SO4>", ZS(—II)
and Fe obtained in October 2003 by our group with the methods described by Clayer et
al. (2016) is also available from our archives. The profiles of 21%Ph, *3’Cs, and stable Pb
isotope (Gobeil et al., 2013) all point out to the absence of benthic invertebrates in Lake
Bédard sediments.

Carignan and Lean (1991) reported porewater DIC, CH4, NH4, ZS(-1I), P, Si, Fe,
Mn, Ca, Mg, K and pH profiles obtained in September 1981 with peepers at 5 sites of
varying depth (4, 10, 15, 20.2 and 21.7 m) along a transect in the Williams Bay of Jacks
Lake (44°41° N, 78°02° W). This lake is located ~65 km north of Peterborough, Ontario,
on the fringe of the Canadian Shield and the bedrock of its forested watershed comprises
mainly felsic rocks with minor limestone outcroppings (Pick et al., 1984). The dimictic
Williams Bay is mesotrophic, with a **C primary production of ~900 mg C m~2 d?, and it
develops an anoxic hypolimnion from mid-June to September. The presence of XS(—1I) in
the water overlying the sediments indicates anoxia at the sediment surface of all stations
in September. Carignan and Lean (1991) mention that macrobenthos activity at the two
shallowest stations should be suspected from the 2*°Pb and the DIC and CHj profiles, and
that a loss of CH4 may have occurred during retrieval and sampling of the peepers and
have altered the lower part (below ~30 cm) of the CHj profiles at the three deepest
stations. The authors identified by SEM/EDAX solid Fe sulfide particles (FeSz¢) and
FeS(s)) in the sediments of the three deepest stations but were unable to detect carbonates
(FeCOg3() or CaCOgss)).

Porewater profiles of CHa4, DIC, Ca, Fe, SO4>~ and =S(—I1) have been obtained

with peepers (Lazzaretti et al., 1992; Lazzaretti-Ulmer and Hanselmann, 1999) in June
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1989, September 1989 and March 1990 at two sites (Melide, 85 m depth and Figino, 95
m depth) located in the southern basin of Lake Lugano (46°00°N; 03°30’E; Switzerland).
This lake basin is monomictic, with the overturn occurring in February. It was originally
oligotrophic but it had become eutrophic in 1989 for more than 30 years due to increasing
nutrient loads, and it showed a primary production rate of up to ~1260 mg C m2d*
(Barberi and Mosello, 1992; Niessen et al., 1992). As shown in the papers by Lazzaretti
et al. (1992) and Lazzaretti-Ulmer and Hanselmann (1999), the redox conditions at the
SWI varied markedly with time. In the overlying water, in March 1990, [O2]
concentration was ~2 and 4 mg L™* at the Figino and Melide sites, respectively, and
YS(—I1), CHa, Fe(Il) and Mn(I1) were absent in the lake bottom water, supporting
oxidizing conditions at the SWI at the two sites at that date. In contrast, in June and
September 1989, the SWI at the two sites was anoxic since XS(—I1), CHa, Fe(ll) and
Mn(I1) were present in the overlying water (except Fe in June at the Figino site). The
sediments at the two sites are characterized by the presence of carbonate and clay varves
(Span et al., 1992) and by the absence of benthos remains in the pre-1970 layers (Niessen

et al., 1992), indicating the absence on benthic animals.

S.3.2. Data treatment

The relevant porewater profiles for Lake Bédard and for the two basins of Lake
Tantaré were gathered from our archives or from our earlier publications. For Williams
Bay of Jacks Lake and for Lake Lugano, the published plots of the porewater solutes of
interest were enlarged electronically, and the coordinates of the data points were
determined to reconstruct the solute concentration vs depth profiles. The measured CHa

and DIC profiles for Lakes Tantare, Bédard, Jacks (Williams Bay) and Lugano along
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with their respective modeled profiles using the code PROFILE are displayed in Fig. 4.
For Williams Bay, only the profiles reported at 15 m and 22 m were retained in this
study; those from the two shallowest sites (4 m and 10 m) were ignored because of
sediment bioirrigation (Carignan and Lean 1991), whereas those from the 20-m site were
discarded because modeling with PROFILE predicted an extremely low net DIC
production rate. For Lake Lugano, the data pertaining to March 1990 and June 1989 were
kept; those reported for September 1989 were rejected because the CH4 and DIC
concentration profiles were almost linear and modeling with PROFILE did not show any
zone of significant net CH4 production. The R9%, values were calculated, as described in
section 2.3, from the consumption rates of the electron acceptors (EAS; Oz, Mn(1V),
Fe(111) and SO4?") obtained by modeling the porewater depth distributions of Oz, Mn(11),
Fe(11) and SO+~ with the code PROFILE. To estimate the contribution of the O,
consumption rate to R9%, in March at the two sites of Lake Lugano, we assumed that the
[O2] at the sediment surface was 2 mg.L™! at Figino and 4 mg.L ™! at Mélide, i.e., the
concentrations measured in the water column, near the sediment surface at these sites
(Lazzaretti et al, 1992). The absence of sulfate data for Williams Bay prevented us from
calculating R9%,. The production rate of DIC due to carbonate dissolution in the
porewaters was calculated by modeling with PROFILE the porewater Ca profiles for the
two sites in Lake Lugano, and its contribution was removed from the RP¢; this
calculation was unnecessary for Williams Bay where this dissolution reaction did not
occur. In modeling with PROFILE, we assumed that airrigation Was negligible, even in

March for the two sites at Lake Lugano, given the evidence that macrobenthos is absent.

Note that the RPIS and RO%,values are weighed average values calculated over a zone of

net methanogenesis. The RS+, RDIC and RO, values are regrouped in Table 4 for the

various lake basins.
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