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Abstract

Methane, sulfate and chloride concentrations in sediment porewater from two coastal
mangrove ecosystems (Celestun and Chelem Lagoons) on the Yucatan Peninsula,
Mexico were measured. In these sediments methane exists in shallow sediments
where sulfate is not depleted, and sulfate reduction is actively occurring. A transport-
reaction model depicting the various production and consumption processes for

methane and sulfate is used to elucidate processes responsible for this observatiog o

The model illustrates that methane in the upper sediments is produced in-situ su
ported by high dissolved organic matter as well as by non-competitive substrates. In
addition methane is contributed to porewater in the upper sediments, where sulfate re-
duction occurs, by transport from deeper zones within the sedimentary column through
bubbles dissolution and diffusion. The shallow methane production and accumulation
depths in these sediments promote high methane fluxes to the water column and at-
mosphere.

1 Introduction

Wetlands are the largest natural source of methane (CH,) to the atmosphere, account-
ing for between 20-25 % of the global atmospheric methane budget (Fung et al., 1991;
Whalen, 200 he primary source of this methane is microbial activity within anaer-
obic wetlandsediments. Freshwater wetlands typically have much higher atmospheric
methane fluxes than brackish to saline coastal areas (Bartlett et al., 1987, 1985), due
primarily to the ability of sulfate-reducers to outcompete methanogens for shared sub-
strates. Therefore saline and brackish sediments are characterized by either lower
rates of methanogenesis, deeper zones of methanogenesis, or both (Holmer and Kris-
tensen, 1994; Martens and Klump, 1984). Methane can be oxidized both aerobically
and anaerobically within the sediments and water column, reducing emission to the at-
mosphere (Whalen, 2005). The depth at which methanogenesis occurs will determine
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the time of exposure to potential oxidizing conditions within the sediments, and can
have a large effect on how much of the total methane produced is released from the
sediments to the water column and atmosphere.

Despite brackish to marine salinities, high methane fluxes, comparable to those mea-
sured in freshwater wetlands, have been reported for coastal mangrove ecosystems
in several places around the world, including Florida (Barber et al., 1988), Puerto
Rico (Sotomayor et al., 1994), India (Biswas et al., 2004, 2007; Purvaja and Ramesh,
2000, 2001; Ramesh et al., 1997, 2007; Verma et al., 1999), Tanzania (Kristensen
et al., 2008), Thailand (Lekphet et al., 2005), China (Alongi et al., 2005), Andaman Is.
(Linto et al., 2014), Australia (Call et al., 2015) and the Yucatan Peninsula (Chuang
et al., 2015). The anaerobic and organic-rich sediments found in mangrove ecosys-
tems provide a suitable environment for methanogenesis, yet the extensive supply of
sulfate from seawater should favor sulfate reducers over methanogens in the shal-
low sections of the sediments, There are, however, several possible ways that coastal
wetland sediments can sustain relatively high methane fluxes despite high sulfate con-
centrations. If microbial activity of sulfate reducers is very high, sulfate may become
rapidly depleted in the upper few, centimeters of the sediment, allowing methanogens
to dominate just below this zone. Additionally, methanogens can co-exist with sulfate
reducers when noncompetitive substrates (those used only by methanogens and not
by sulfate reducers) are available within the sediment. The mechanism of gas release
from the sediment can also affect exposure time to oxidizing conditions in the sediment
and may therefore have a significant effect on the total methane flux to the atmosphere.
A large percentage of the methane produced in sediments is oxidized prior to reach-
ing the atmosphere, and in shallow-water systems, the oxidation takes place primarily
in the sediments and not in the water column (Martens and Klump, 1980). If enough
methane builds up within the sediment, it can be released in the form of bubbles (ebul-
lition), which can travel through the sediment and water column quickly, resulting in
minimal oxidation (Barnes et al., 2006; Martens and Klump, 1980).
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The purpose of this study was to examine porewater methane distribution within the
sediments of two mangrove-dominated coastal lagoons in Mexico in order to better
understand the processes controlling methane flux from these sediments to the wa-
ter column and atmosphere in these systems. By examining the spatial and temporal
differences in porewater methane distributions at the mangrove lagoons, and relating
them to sulfate concentrations and organic carbon content of the sediments, we can
gain a better understanding of the factors controlling atmospheric methane flux from
coastal mangrove ecosystems.

To do this we applied the transport-reaction model used in Wallmann et al. (2006)
and Chuang et al. (2013) to simulate porewater profiles in order to understand factors
controlling sources and sinks of porewater sulfate and methane and to assess rates of
biogeochemical reactions in this dynamic system. @

2 Study area

Sampling for this study was conducted in two mangrove-dominated coastal lagoons lo-
cated on the western Yucatan Peninsula, Mexico (Fig. 1). The typical climatological pat-
tern for this area consists of a dry season (March—May), a rainy season (June—October)
during which the majority of the annual rainfall (> 500 mm) occurs, and the “nortes”
season (November—February), which is characterized by moderate rainfall (20—60 mm)
and intermittent high wind speeds greater than 80 km h™ (Herrera-Silveira, 1994). Ce-
lestin Lagoon (20°52' N, 90°22" W) is long, narrow, and relatively shallow (average
depth = 1.2m). The inner and middle sections of the lagoon always have lower salini-
ties than the section near the mouth due to year-round discharge of brackish ground-
water from multiple submarine springs (Young et al., 2008). Salinity within the lagoon
fluctuates seasonally, with salinity in the inner zone ranging from 8.9 to 18.2 during the
course of this study, grading out to marine salinities at the mouth of the lagoon (Young
et al., 2008).
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Celestun Lagoon is surrounded by 22.3 km? of well-developed mangrove forest, and
has experienced relatively little disturbance from human development and/or pollu-
tion such as wastewater discharge (Herrera-Silveira et al., 1998). Sediments in Ce-
lestiin consist primarily of autochthonous carbonate ooze. Chelem Lagoon (21°15'N,
89°45' W), in contrast, receives very little groundwater input and the area surround-
ing the lagoon has been heavily impacted by urban development. Salinity in Chelem
ranges from brackish to hypersaline (24.8—40.3 during the study period), and vegeta-
tion surrounding the lagoon consists of scrub mangrove forest (Young et al., 2008). The
construction of Yucalpeten Harbor in 1969 (Valdes and Real, 1998) increased circula-
tion within the lagoon, and resulted in sandy marine sediments entering the lagoon.
Sediments in Chelem deposited since 1969 consist of a heavily bioturbated mix of
sands and autochthonous carbonate ooze, with a large number of shells of living and
dead burrowing organisms (Valdes and Real, 1998).

3 Sampling and analytical methods
3.1 Porewater solutes and organic carbon content

Sediment cores were collected along lengthwise transects in both lagoons during the
three different seasons. Sampling was conducted in Celestun and Chelem in April 2000
(dry season), December 2000 (nortes season), and October 2001 (late rainy season).

Sediments were sampled using hand-held acrylic push cores (7 cm inner diameter)
either 30 or 60cm in length. The push cores had holes drilled along the side at 2cm
intervals, which were sealed with electrical tape prior to sampling. Subsamples for
porewater [CH,] analysis were collected and methane concentrations were measured
as described in (Chuang et al., 2015). After subsampling, the cores were capped, the
holes were resealed, and the cores were transported back to the lab for sectioning and
porewater extraction. In the laboratory, the cores were extruded and sliced into 2.5cm
depth intervals, then transferred into centrifuge tubes for porewater extraction. Core
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length was measured immediately after collection and just prior to extrusion in order to
correct for compaction during transport.

Average compaction was 6 % of the @I core length, and never exceeded 20 %.
Porewater for sulfate (soi‘) and chloride (CI™) analysig was extracted by centrifuging
all the sediment from each depth interval to separate the porewater from the sediment,
then passing the porewater through sterile 0.20 um syringe filters inside an anaerobic
chamber. Porewater samples were kept in 20 mL acid-cleaned glass scintillation vials
and stored frozen until analysis.

Porewater [SOi‘] and [CI™] were measured by ion chromatography using a Dionex
DX-500 IC equipped with an lonpac AS9-HC column (4 mm) and AG9-HC (4 mm) guard
column. The samples were diluted 5-fold with Milli-Q water prior to analysis in order to
bring the [SOi'] and [CI7] within the appropriate analytical range for the ion chro-
matograph. After porewater extraction, sediment samples were dried and prepared for
analysis of organic carbon content (Cgganic) @s described in (Gonneea et al., 2004).

3.2 Sediment slurry incubation experiments

Sediment slurry incubations were performed in order to examine changes in methane
production over different time intervals and at different substrate concentrations (Ta-
ble 1). Incubations consisted of 3 competitive substrates (H,, acetate, formate), 2 non-
competitive substrates (methanol, trimethylamine (TMA)), and 4 types of controls. The
controls (preparation methods are described below) consisted of an unammended sed-
iment control under anaerobic conditions, an unammended aerobic control (partial oxy-
gen headspace), a killed control in which the sediment was autoclaved to kill all living
organisms in the sediment, and a chemical control in which biological methanogene-
sis was inhibited through the addition of 2-bromoethanesulfonic acid (BES) to a final
concentration of 40 mM within the slurry. Triplicate bottles were prepared for each con-
dition (controls and substrate additions), and methane headspace concentrations were
measured at 3—4 time intervals over the course of 29 days.
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All the sediment slurries were prepared semi-anaerobically by homogenizing sedi-
ment in a blender with artificial seawater mixture in a 1 : 1 ratio under continuous flow of
nitrogen gas. Large pieces of leaves, twigs, and shells were removed from the sediment
prior to homogenization. 70 mL glass Wheaton bottles were flushed with nitrogen gas
for 1 min prior to the addition of the sediment slurry. 30 mL of slurry was then added to
each bottle under continuous nitrogen flow, and the bottles were sealed using blue butyl
rubber stoppers and aluminum crimp seals. Substrate additions were made by inject-
ing substrate solution into the bottle immediately after sealing the bottles, except for the
H, gas treatment and the aerobic control. For the addition of H,, the entire headspace
of the bottles was flushed with 100 % H, gas. After each headspace sampling the H,
gas removed by microbial activity in the sediment was replaced by inserting a gas tight
syringe filled with 100 % H, gas into the bottles, and allowing the gas to be drawn
into the bottles until equilibrium pressure was reached. The aerobic controls were pre-
pared like the anaerobic, no amendment controls, except that 8 mL (20 % of the total
headspace) of 100 % O, was added to the bottles immediately after they were sealed.
In order to ensure that the sediment slurries remained aerobic, 100 % O, was added to
the bottles throughout the incubation period. The sediment slurries were kept at room
temperate (22°C) and agitated continuously on a shaker table throughout the course
of the incubations.

Headspace samples (0.25 mL) were extracted from the bottles at each time interval
using a gas-tight syringe. Methane concentrations were measured on an HP 5730A
gas chromatograph (GC) equipped with a flame ionization detector. GC calibration and
creation of standard curves were based on successive dilutions of 100 % CH,. Ana-
lytical error was approximately 5 % for CH, concentrations below 10 ppm-v (446 nM),
and less than 3% for CH, concentrations above 10 ppm-v as determined by repeat
analyses of standards and samples.
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4 Results
4.1 Porewater concentrations of dissolved species

Representative porewater methane profiles reported in Chuang et al. (2015) are
plotted alongside sulfate profiles in Fig. 2. Duplicate samples (1_1CH_Oct01 and
1_2CH_Oct01) were collected at station 1CH in Chelem lagoon. Porewater sulfate
concentrations ranged from 0.21 to 35.3mM in Celestun lagoon and from 4.13 to
33.5mM in Chelem lagoon and show different trends (Fig. 2). In many of the cores
higher sulfate is associated with lower methane particularly in cores located near the
mouth of the lagoons (16CEL_Jul02, 16CEL_Oct01, 14CEL_Oct01, 14CEL_Jul02 and
5CH_Apr00) and lower sulfate with high methane in the inner zone of the lagoons (e.g.
cores 1CEL_Jul02, 1CEL_Dec00, 3CEL_Jul02, 3CEL_Apr00, 1_1CH_Oct01, and 1_2
CH_Oct01).

The relationship between porewater salinity (represented by chloride concentration),
porewater [CH,], and porewater [SOi'] appears to be spatially and temporally variable
(Figs. 2 and 3). Higher sulfate is associated with higher chloride in cores located near
the mouth of the lagoons and lower sulfate with lower chloride in the inner zone of
the lagoons (Fig. 3a). Despite these general trends there are no clear consistent rela-
tionships between methane and chloride (Fig. 3b) and sulfate and methane (Fig. 3c)
when all the data is considered together. The lack of consistent trends between chlo-
rine (salinity), sulfate and methane in the cores suggest multiple processes impacting
the distribution of these parameters, including physical processes such as mixing and
dilution with seawater or groundwater and biological processes that are not sensitive
to salinity such as sulfate reduction and methane production and oxidation. Specifi-
cally, brackish groundwater enters the lagoon through at least 30 subsurface discharge
points (Young et al., 2008), and the chloride profiles suggest that some of this ground-
water may seep through the sediments, resulting in localized decline in porewater salin-
ities.
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To account for mixing with seawater and enable deciphering the physical and bio-
logical processes controlling the distribution of porewater solutes, observed sulfate de-
pletion ([SOi‘ de p]oss) relative to seawater were calculated as the difference between
the expected sulfate concentration contributed from seawater (determined based on
porewater chloride analysis) and the measured sulfate concentration:

2 (SO lew) 2
[SO,” geploss = m x [CI™](measured) =[SO} limeasured): (1)

o_
where 0.05171 is applied for the w ratio (Pilson, 1998).
(sw)

Positive values indicate that sulfate has been removed from the porewater, most
likely through sulfate reduction. Observed sulfate depletion when considered together
with methane fall into five different trends (Fig. 2). In Group-1, sulfate depletion profiles
show positive values (e.g. sulfate consumption or loss) with methane profiles mirroring
the sulfate concentration profiles. The peaks for methane, sulfate and sulfate depletion
are at the same depth. In Group-2, sulfate depletion is close to zero at surface depths
and then increase with increasing depth which indicate sulfate input from the overly-
ing water column and sulfate consumptions at depth. Methane concentrations for this
group are scattered showing no relation to sulfate profiles. In Group-3, positive sulfate
depletion values appear at the surface sediments and then decrease to almost zero at
deeper depths. Methane profiles do not show strong relations with respect to sulfate
depletion profiles in this group. In Group-4, the trend for sulfate depletion is similar to
that of Group-3 with decreasing values toward the deeper sediment but starting from
zero right at the surface. The negative sulfate depletion values and porwater sulfate
concentrations above seawater values (> 28 mM) imply extra sulfate input from deeper
depths. In Group-5, there is almost no sulfate depletion from the surface to the deeper
depths and methane concentrations are low (< 0.25mM) increasing from surface to
deeper depths.
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4.2 Organic matter content

Representative sediment organic matter content profiles from each lagoon presented
as dry weight percent organic carbon (DW% Cganic) are shown in Fig. 4. The profiles
typically show a trend of increasing organic carbon content toward the deeper sections
of the sediment. For example organic matter content varies from 0.06 % at the surface
to 7% at 15¢cm in core 2CEL_Dec00. In cores 1CH_Oct01 and 1CH_Dec00 organic
carbon decreases from 5 to 10 cm and then increased between 10 and 15cm.

4.3 Sediment slurry incubation experiments

All the sediment slurries with added substrates showed increases in methane
headspace concentrations significantly greater than those seen with either the no
amendment aerobic and anaerobic controls or the treated controls (Fig. 5). The great-
est increases in headspace [CH,] were seen with additions of the two noncompeti-
tive substrates, TMA and methanol. The H, treatment showed the next highest CH,
production rate, followed by formate then acetate. Of the four control conditions, the
no amendment, anaerobic treatment had the highest overall increase in headspace
[CH,]. The aerobic treatment had an initial higher increase in headspace [CH,] than
the no amendment, anaerobic treatment, although there was no detectable change in
the headspace [CH,] in the aerobic treatment between 150 and 700 h. Both the au-
toclaved and BES treatments did not show any changes in headspace [CH,] greater
than the instrumental detection limits.

5 Discussions

5.1 Co-existence of methane and sulfate in sediments

Seawater mixing through diffusion and irrigation into the sediment has clear effects on
porewater solutes. Specifically the mixing results in dilution of the methane in the pore-
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water and enrichment of sulfate from seawater, hence masking any sulfate depletion
values (e.g. rates of sulfate replenishments surpass sulfate reduction rates). This pro-
cess is best seen near the mouth of the lagoon where low methane is associated with
close to zero sulfate depletion. Negative sulfate depletion indicates mixing with water
that is rich in sulfate relative to seawater and does not carry significant amounts of
methane. Such conditions are seen primarily in the middle zone of Celestun Lagoon
where groundwater springs input that is rich in sulfate due to anhydrite dissolution in
the aquifer has been recorded (Perry et al., 2002, 2009). Positive sulfate depletion
profiles occur at sites located in the inner zone of the lagoon suggesting significant
sulfate reduction at rates higher than any replenishment from sulfate rich groundwater
or seawater.

It is surprising that at some site particularly in the inner lagoon (1CEL, 2CEL, 3CEL
and 1CH) high concentrations of methane and sulfate co-occur at the same depth in
the sediment. This is not expected and not typically observed since methanogenesis
and sulfate reduction do not tend to co-exist because sulfate reduction is more ener-
getically favorable than methanogenesis and anaerobic oxidation of methane (AOM)
coupled with sulfate reduction occurs in sulfate containing environments (Capone and
Kiene, 1988; Valentine and Reeburgh, 2000). Previous research has shown that sul-
fate reducing microbes will out-compete methanogens for competitive substrates such
as hydrogen and acetate; it is possible therefore that the high methane concentrations
measured in sulfate rich porewater may be supplied by high rates of methanogenesis
occurring at greater depths within the sediment below the sulfate reduction zone, or
this may result from high abundance of competitive substrates in the sulfate reduction
zone, hence reducing competition (Oremland and Polcin, 1982). The other possibility is
that methanogens use various noncompetitive substrates (Oremland and Polcin, 1982;
Wellsbury and Parkes, 2000). Indeed it has been reported that methanogens can use
noncompetitive substrates, including methanol, trimethylamines and dimethylsulfide, in
sulfate containing mangrove sediments and coastal lagoons (Lyimo et al., 2000; Mo-
hanraju et al., 1997; Purvaja and Ramesh, 2001; Torres-Alvarado et al., 2013). Our
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sediment slurry incubation experiments demonstrated that in sediments from Celestun
the methanogenic community is capable of producing methane from a wide range of
substrates, including: H,, acetate, formate, methanol, and trimethylamine (Fig. 5). Both
methanol and trimethylamine are not utilized by sulfate reducers, which could allow
methanogens to function at the same sediment depths as sulfate reducers (Fig. 5).
The use of non-competitive substrates by the methanogenic community has important
implications for methane flux to the atmosphere as it allows for methane production at
shallow depths in the sediment reducing the potential for oxidation. Although processes
and trends similar to those described above have been reported for other mangrove
sediments, the reports remain qualitative in nature. To better quantify the processes
determining methane fluxes from mangrove sediments, we use a transport-reaction
model to simulate porewater data in these permanently submerged sediments.

5.2 Transport-reaction model setting and model results of methane and sulfate
dynamics in mangrove sediments

In order to understand methane production and consumption and how these processes
relate to sulfate dynamics in the lagoon sediments, we apply a transport-reaction model
to simulate porewater data for profiles characterized by Group-1 and Group-2 trends
where methane and sulfate co-occur (Fig. 2). Data for these two groups have pos-
itive net sulfate depletion rates indicative of sulfate reduction within the zone where
methane concentrations are high. We also simulate net sulfate input and methane pro-
duction/oxidation rates for data in Group-3, Group-4 and Group-5. Reactions consid-
ered in the model include organic matter (expressed as CH,O in the equations below)
degradation, organoclastic sulfate reduction (SR), methanogenesis, and anaerobic ox-
idation of methane (AOM). The following reactions are used for these processes:
Organoclastic sulfate reduction (SR):

2CH,0 +SO3™ — 2HCO; +H,S (R1)
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Methanogenesis:

2CH,0 — CO, + CH, (R2)
Anaerobic oxidation of methane (AOM):

CH, +S0%™ — HCOj +HS™ +H,0 (R3)

The following equations were solved to quantify the rates of reaction and rates of trans-
port of dissolved CH, and SOi‘ and organic carbon (solid symbols; Fig. 4) in the upper
20 cm of the sediments (Berner, 1980; Boudreau, 1997):

CD-% B 8 (d-Ds- %) (@ -v-C)
ot ox ox

d((1-®)-w-G
(1-). 28 201D 1 _0)h, ©

+®d-A,, (2)

where x is sediment depth, ¢ is time, ® is porosity, D is the solute-specific diffusion
coefficient in the sediment, C is the concentration of solutes in the porewater, G is the
organic content in dry sediment, v is the burial velocity of porewater, w is the burial
velocity of solids, A, is the sum of reactions. Sediment burial results in the downward
movement of both sediment particles and porewater relative to the sediment water
interface. Since we simulate [SOi' dep] to derive organoclastic sulfate reduction rates

and [SOi' dep] is determined by seawater ([CI"]) any upward advection of fluids (typi-
cally low in Cl and high in sulfate) was not included in model. Solutes were simulated
in moles L' of porewater (M) and organic contents in wt % (details of all the reaction
terms and parameters are in Appendix).

Model derived [SOi'dep], [SOi'] and [CH,] are shown in Fig. 2 by solid and dashed
lines, respectively. Modeled porewater data in Group-1 sediments show that methane

generated from active organic matter degradation within the upper sediments is more
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important than methane diffusing from below and gas bubble dissolution as seen in
the sensitivity analysis from 1CEL_Jul02 and 2CEL_Jul02 (Fig. 6). In 1CEL_Jul02,
gas dissolution of methane transported from deeper in the core does not need to be
included in the model to achieve a good fit and in-situ methanogenesis alone can repro-
duce methane concentrations similar to the measured data. Indeed if we only consider
gas dissolution without methanogenesis in the model for 1CEL_Jul02, the maximum
methane that can be generated is not sufficient as depicted in the gray solid line be-
cause the maximum methane that can be dissolved from gas bubbles is 1.10 mM under
the temperature, pressure and salinity of 1CEL_Jul02.

The modeled methane profile for 2CEL_Jul02 (black dashed line) requires the in-
clusion of methanogenesis (R);), gas dissolution (Ryg) and anaerobic oxidation of
methane (Raom)- The black solid line represents only Ry and Raoy in the simula-
tion of methane. The gray solid and dashed lines represent only gas dissolution and
Raom in the methane reaction terms (no methanogenesis within the modeled column
(20cm). The gray dashed line can fit methane concentrations below 10 cm depth and
the gray solid line can fit methane concentrations in the upper 5 cm. Comparing results
of the black solid and dashed lines, methanogenesis plus some gas dissolution are
both needed for reproducing the methane distribution in core 2CEL_Jul02.

Table 2 lists the calculated depth-integrated turnover rates and fluxes for the in-
dividual modeled cores. Results for profiles in Group-1, methane sources include
methanogenesis within the upper 20 cm and/or methane transported from deeper sec-
tions (>20cm) via bubble dissolution or diffusion. Methane can be supported fully
by methanogenesis without gas bubble dissolution within the modeled upper 20cm
in cores 1CEL_Dec00, 1CEL_Jul02, 1_1CH_Oct01 and 1_2CH_Oct01. Gas bub-
ble dissolution and transport from deeper sediments contributes more methane than
methanogenesis in cores 1CEL_Apr00, 1CEL_Oct01, 2CEL_Dec00 and 3CEL_Jul02.

Methane sinks are AOM, methane emission to the water column or methane diffusion
into deeper sediments (> 20cm). Less than 5% of methane was consumed by AOM
showing that AOM is the, minor sink for methane for cores in Group-1. The major sink
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for methane is methane emission to the water column aeeeunting for over 90 % of
methane produced within the 20 cm sediment column (e.g. 1CEL_Apr00, 1CEL_Oct01,
3CEL_Apr00 and 3CEL_Jul02).

Sulfate sinks include organoclastic sulfate reduction and AOM, but AOM also plays
a minor role for sulfate reduction. Organoclastic sulfate reduction, ranging from 1.1 to
24 mmol SOi' m'2d'1, is the major sink for sulfate and organic carbon in most cores.
If organoclastic sulfate reduction js converted to C units this process can account for
2.2-50mmolC m™2d~" of inorganic C release; in the same range of that reported for
most mangrove sediments (Kristensen et al., 2008). Specifically in this system there
are indications for additional sulfate inputs to the porewater (low CI high sulfate ground-
water) hence the calculated net sulfate reaction rates (Fgate (net)) @re underestimated
of the actual reduction rates (e.g. cores 1CEL_Dec00, 1CEL_Oct01, 2CEL_Dec00 and
2CEL_Jul02).

Organoclastic sulfate reduction and methanogenesis derived from the rate of organic
matter mineralization range from 3.4 to 113 mmolC m~2d~". However, the organic mat-
ter content in the sediments increase with depth and accumulates in the deeper sedi-
ments, inconsistent with expected consumptions trends (Fig. 4). Organic carbon degra-
dation rates for data in Fig. 4 were quantified by Eq. (A11). Results show negative val-
ues which means organic carbon accumulates and is buried in the deeper sediments
(as observed) (Table 2). Organic carbon burial rates derived from the model for both
lagoons (Table 2) are in the same range as those reported in Gonneea et al. (2004) (9—
16mmolCm~2d~" in Celestin Lagoon and 15-24 mmolCm~2d™" in Chelem Lagoon).
The measured organic carbon content may contain high amount of refractory carbon
yet the degradation rates (Rpoc; EQ. A7) converted from sulfate depletion rates likely
represent the more labile organic carbon pool which is no longer present in the sedi-
ment or dissolved organic matter which was not considered (or measured) in this study.
A wide range of substrates, including: H,, acetate, formate, methanol, and trimethy-
lamine which are not included in the sedimentary organic matter measured in the core
can be utilized for methane production and/or sulfate reduction (Fig. 2) the high cal-
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culated organic carbon oxidation rates are therefore not surprising. Indeed mangrove
systems in general (e.g. Dittmar et al., 2006; Dittmar and Lara, 2001; Lee, 1995; Odum
and Heald, 1975) and the lagoons in Yucatan in particular are dominated by high
DOC (Young et al., 2005). Although the (1 -fgo,) term in Eq. (A8) may indicate that
methanogenesis is inhabited by sulfate (R), is from competitive substrates) it can also
be explained as the portion of organic carbon degradation (R)) from non-competitive
substrates within the modeled length.

Methane concentrations are not reproduced as well for cores in Group-2 (in com-
parison to Group-1) in our model. No methanogenesis is seen in the upper sedi-
ments as suggested by the negative value of Fgg. Different combinations of methano-
genesis and methane input from below are needed to explain the trends. For ex-
ample gas dissolution is the major source of methane in core 1CH_Dec00, while
methanogenesis and gas dissolution are both needed for core 1CH_Apr00. AOM is
the major reaction in cores 2CH_Dec00 and 5CH_Apr00. Sensitivity analysis (Fig. 6)
shows that methane concentrations in the model are much lower than the measured
data (observations) gas dissolution is not included in 1CH_AprO0 and 1CH_DecO00.
Model derived methane concentrations far exceed measured methane concentrations
in 2CH_Dec00 and 5CH_Apr00 when methanogenesis is included which implies that
organoclastic sulfate reduction takes place in these cores, but the availability of non-
competitive/competitive substrates is too low above the 20 cm (Fig. 6). This may imply
that other mechanisms in addition to methanogenesis, gas dissolution, or AOM affect
methane concentrations in cores from this group. Such mechanisms may include high
organic content of substrates such as DOC that support methane production and were
not included in the methanogenesis term in cores 1CH_Dec00 and 1CH_Apr00 and
methane degassing or dilution by low methane groundwater in cores 2CH_Dec00 and
5CH_Apr00.

Although sulfate depletion values for cores in Group-3 are positive, sulfate concen-
trations are high suggesting sulfate input from deeper sediments so that Agp and Rgg
are negative (Table 2). As noted before, this enrichment could be from sulfate rich
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groundwater flow (Perry et al., 2002, 2009; Young et al., 2008). Cores in Group-4 and
Group-5 also show negative or zero sulfate depletion values and are most likely similar
to cores in Group-3 for which methanogenesis rates and sulfate reduction rates are
underestimated due to the low sulfate depletion (Rgg) estimates resulting from sulfate
addition from groundwater.

Depth-integrated methane production or consumption rates (FCH4) and net sulfate
inputs (Fsof;) calculated from Eqgs. (A12) and (A13) for cores in Group-3, Group-4 and

Group-5 are listed in Table 2. Methane and sulfate net production/consumption rates
ranged from 0.012—11 mmol CH, m2d~" and 0.83—10 mmol SOi‘ m2d". Negative
values indicate net sulfate or methane consumptions. AOM plays a minor role in cores
i, Group-3, Group-4 and Group-5 like in Groups 1 and 2. Although specific sources
of methane and sulfate can not be identified using this approach,independent studies
suggest that sulfate can be added from external sources specifically groundwater in
this region (Gonneea et al., 2014; Perry et al., 2009, 2002; Young et al., 2008). The
major sink for methane in these cores is methane emission to the water.

6 Conclusions

The variable trends observed in porewater chemistry indicate a very dynamic sys-
tem and can be explained by different rates of operation of physical processes such
as mixing and dilution with seawater or groundwater and biological processes (bac-
terial methane production and methane and sulfate consumption). Although organic
carbon degradation rates are dominated by organoclastic sulfate reduction in these
cores, methanogenesis both in shallow and deeper sediments is prevalent. The co-
occurrence of methane and sulfate reduction (documented by sulfate depletion) in
shallow sediments in this system is explained by high methane production rates sup-
ported by non-competitive substrates and ample dissolved and labile organic matter
in the shallow sediments as well as the contributions of methane from deeper sedi-
ment through bubbles dissolution and diffusion. AOM is a minor sink for sulfate and
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methane. The major sink for methane is methane efflux to the water column. Build-up
of methane at shallow depths may reduce the fraction of methane that is oxidized prior
to entering the water column, thereby increasing the flux to the atmosphe, and it may
also encourage methane flux through bubble release, which can also result in a larger
fraction of the methane produced reaching the atmosphere without being lost to ox-
idation. Specifically, the ability of the microbial community in these sediments to use
non-competitive substrates may contribute to the higher than expected atmospheric
methane flux measured from these mangrove lagoons.

Appendix: Modeling procedure used in the evaluation of the
mangrove-dominated tropical coastal lagoons, Yucatan, Mexico data

Details of the modeling procedure and parameters are described in the following equa-
tions and Tables A1-A3. In Egs. (2) and (3), sediment porosity decreases with depth
due to steady-state compaction:

D = D, + (Dy - Dy)- 077, (A1)

where @; is porosity below the depth of compaction (0.78 for Celestun and 0.83
for Chelem), @, is porosity at the sediment surface (0.90 for Celestun and 0.89 for
Chelem) and p (1/15cm_1) is the depth attenuation coefficient of porosity. These pa-
rameters were determined from the measured porosity data at each site or nearby site.

Under the assumption of steady state compaction, the advection of fluids was calcu-

lated as in (Wallmann et al., 2006):
V= M (A2)
(o)
(1—¢y) wy
=T 7 A3
" a9 -
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where w; is the sedimentation rate of compacted sediments calculated from #10py
dating of sediments (0.25 cmyr'1 for Celestun and 0.35 cmyr‘1 for Chelem; Gonneea
et al., 2004).

The sediment diffusion coefficient of each solute (D) was calculated according to
Archie’s law considering the effect of tortuosity on diffusion (Boudreau, 1997):

Dg = ®%- Dy, (A4)

where D,, is the molecular diffusion coefficient at the in situ temperature, salinity and
pressure (Table A1) calculated according to (Boudreau, 1997). The net reaction terms
(Rc in Eq. A2) of modeled species are given in Table A2 and boundary conditions used
in the model are listed in Table A3.

Since net sulfate consumption is observed in Groups 1 and 2 profiles (Fig. 2). We
use the following calculations to obtain sulfate depletion rates (Rgp) which are set to be

proportional to the difference between modeled (C (SOZ' )) and measured con-

4 dep
. 2_
centrations (C(SO4 dep

(kgp = 100-500 y‘1) so that concentrations calculated in the model are always very
close to measured values.

Rsp = Ksp- (C (Soi_dep>OBs -C <Soi_dep)>

In Wallmann et al. (2006), Michaelis—Menten kinetic limitation terms were used to de-
fine how the rate of organic carbon degradation (Rpoc) is coupled to rate of organoclas-
tic sulfate reduction (Rgg) and methanogenesis (R),). Agg is obtained by Eq. (A5) for
sites where [SOZ' p]OBS is positive. Since AOM may play a minor role in the methane

>OBS). The corresponding kinetic constant is set to be high

(A5)

4 de
and sulfate rich sediment and R ,qy Was included in the net reaction rates of methane

and sulfate this is justified.

Rer = Rep (c (sof; dep)OBS > o) (A6)
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Though organic carbon profiles were not simulated in this study due to limited mea-
sured data (data available only for a few cores), Rpoc can be obtained via the
Michaelis—Menten kinetic limitation term:

Rsr
, A7
POC ™ 0.5 fg - fge- (A7)
Csoﬁ‘ . . . N
where fsq2- = =——— is the Michaelis—Menten rate-limiting term for sulfate reduc-
SO4 CSO?‘_ +kSR

tion, kgg is the Michaelis—Menten kinetic constant for organoclastic sulfate reduction

(in mM), 7o = % is the factor used to convert between solid and dissolved

species concentrations, where MW, is the molecular weight of carbon (12 g mol'1) and

ds is the density of dry solids (2.590m'3) (Wallmann et al., 2006), Michaelis—Menten
kinetic limitation term used for methanogenesis (R);) is expressed as:

Ru =0.5-fc-Rpoc - (1 = fsz-)- (A8)

The rate of AOM (Rpom) Was simulated using bimolecular kinetics (Regnier
etal., 2011):

Raom = knom - Ce, - Cso- (A9)

where kpoy is kinetic constant for Aoy (20 yr "M™"). Since gas bubbles were ob-
served in the field and ebullition fluxes were measureable by floating chambers
(Chuang et al., 2015), dissolution of the gas bubbles rising through the sediment was
considered to occur:

CH4(g) — CH4 |fCH4 < LMB (R4)

Methane dissolution (Ryg):

Rve = kus* <LMB - CCH4) (A10)
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where Lyg is the in situ methane gas solubility concentration (Haeckel et al., 2004)
calculated using the algorithm of (Duan et al., 1992a and b) and the site-specific salin-
ity, temperature and pressure of the bottom water. The rate of gas dissolution (Ryg)
depends on the difference between L,z and the in situ methane concentration using
a first-order rate constant kyg. kg is a fitting parameter that lumps together the rate of
gas dissolution in addition to diffusion of dissolved gas in the bubble tubes and walls.

We use the same approach as that used for obtaining sulfate depletion rates
(Rgp) to calculate organic carbon degradation (Cgganic) rates in cores 2CEL_Dec00,
3CEL_Dec00, 1CH_Dec00 and 1CH_Oct01 (Fig. 4) where organic carbon data is avail-
able.

= kCorganic ) (CorganiCOBS - Corganic) (A11)

Corganic

Organic carbon degradation rates (Roorganic) are set to be proportional to the differ-

ence between modeled (Coganic) @and measured concentrations (C ). The cor-

responding kinetic constant K¢ yqanic is 0.01 yr .

organicops

Net methane and sulfate reaction rates for porewater data in Group-3, Group-4 and
Group-5 are expressed as:
Rch, = Ken, - (CCH4OBS - CCH4> : (A12)
Rsoz = ksoz+ (Cooi-oms = Csot ) (1)

In Egs. (A12) and (A13), methane and sulfate rates (/?CH4 and Rsoﬁ-) are set to be pro-
portional to the difference between modeled (Ccy, and Csof;) and measured concen-
trations (Ccp, ogg @Nd Cgp,2- ozg)- The corresponding kinetic constant ¢y, and kg, 2-
are listed in Table A1. AOM rates are estimated via Eq. (A9) by using the modeled
methane and sulfate concentrations from Egs. (A12) and (A13).

Fixed concentrations were imposed for all solutes at the upper and lower boundaries
which were set to values measured at or near the sediment—-water interface and at
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20 cm. The method—-of-lines was used to transfer the set of finite difference equations
of the spatial derivatives of the coupled partial differential equations to the ordinary
differential equation solver (NDSolve) in MATHEMATICA v. 7.0. All models were run
for 1 x 10° yr to achieve steady state using a grid spacing which increased from ca.
0.015cm at the sediment surface to 0.38cm at depth. Mass balance was typically
better than 99.5 %.
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Table 1. Experimental conditions and sampling time intervals for methane headspace concen-

tration analysis of sediment slurry incubations.

Treatment Initial concentration Experiment Number
length (days) of measurements

Controls No amendment (anaerobic) N, headspace 29 3

Autoclaved N, headspace 29 3

Aerobic- O, gas 16 % O2 headspace (0.36 mM) 29 3

BES 40mM 29 3
Competitive H, gas 100 % headspace (1.8 mM) 29 3
substrates

Acetate 10mM 29 3

Formate 10mM 29 3
Noncompetitive Methanol 10mM 29
substrates

TMA 10mM 29 4
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Table 2. Depth-integrated turnover rates (mmolm'zd'1) and contributions of methanogenesis
to net methane production (%) and organoclastic sulfate reduction to POC degradation (%).

Length Fsp Fu Fsr Feoc  Faom Fus Frnethane top) ~ Fmethane (bottom) ~ F w/(FutFue)  2Fsr/Froc  F Coganic Fe £ Fe CH,
of model col-
umn (cm)
Group-1
1CEL_Apro0 20 37 013 37 81 0017 0.41 059 0.06 25% 92%
1CEL_Dec00 20 22 29 12 30 0.051 0 22 -0.65 100 % 77%
1CEL_Oct01 20 6.2 016 12 25 0.014 032 043 -0.03 33% 96 %
1CEL_Jul02 20 3.6 8.1 3.6 24 0.11 0 7.7 -1.97 100 % 30%
2CEL_Dec00 20 1.1 0.087 10.0 21 0.027 0.77  0.56 -0.26 10% 97 % -13.81
2CEL_Jul02 20 1 0.094 13 28 0.0066  0.050 0.11 -0.03 65% 95%
3CEL_Apr00 20 1.3 029 13 3.4 0.021 024 0.67 0.16 55% 79%
3CEL_Julo2 20 71 025 7.1 14 0.067 2 3.0 0.64 10% 100 %
1_1CH_Oct01 14 24 31 24 113  0.19 0 11 -19.54 100 % 42% -0.5
1_2CH_Oct01 20 3.0 27 3.0 63 0.40 0 21 -5.75 100 % 10%
Group-2
1CH_Dec00 20 =71 0 =71 -53 0.16 20 12 -7.0 -10
1CH_Apr00 20 1.9 0.016 1.9 4 0.0022  0.018 0.011 -0.02
2CH_Dec00 20 22 0 22 7.8 0.00025 0O -0.00012  0.00013
5CH_Apr00 20 22 0 22 7.8 0.00026 0 -0.00012  0.00013
Group-3
2CEL_Oct01 20 -2.1* -2.1* 0.082 11 -0.01 3.9 1
14CEL_Julo2 20 -2.6* -1.2* 0.016 0.27 -0.0032 3.7 0.27
16CEL_Dec00 20 -0.23* -0.23* 0.0015 -0.047 0.013 -1.8 -0.060
Group-4
5CEL_Apr00 10 0.0028 0.014 -0.01 -69  0.028
14CEL_Dec00 20 0.22 3.4 -0.13 10 3.6
14CEL_Oct01 20 0.0034 0.088 -0.01 29 010
Group-5
16CEL_Julo2 20 0.011 0.096 0.02 6.1 0.072
16CEL_Oct01 20 0.0003 —-0.000016 —0.0000073 0.83 -0.000011
7CH_Oct01 20 0.0029 0.13 -0.0071 2.6 0.14
8CH_Dec00 20 0.0015 0.006 -0.0056 0.85 0.012
3CEL_Dec00 20 -22

Rgp is net sulfate depletion rate (mmol m=2d~" of SOf‘). Fy is methanogenesis rate (mmolm'zd'1 of CH,). Fgp is organoclastic sulfate reduction rate
(mmolm'zd'1 of SOi'). Rpoc is total POC mineralization rate (mmol m=2d~" of C). Faowm is anaerobic oxidation of methane (mmolm'2 d™" of CHy).

Fyg is gas dissolution (mmol m=2d7" of CHy). Fnethane (top) IS Methane flux emitted to water column (mmolm'2 d™" of CHy,). Negative values in Freinane (top)
represent methane enter sediments from water column. Fiethane (bottom) i Methane flux from 20 cm to deep sediments (mmolm'2 d™" of CHy).

Negative values in Finethane (bottom) rePresent methane buried to deep sediments (> 20cm). chamc: organic carbon degradation rates (mmol m=2d7" of C).

Fsoﬁ’ is net sulfate input rates (mmolm’zd’1 of SOf’) and Fgy, is net methane production rates (mmolm’2 d™' of CH_) for cores in Group-3 to Group-5.

* Values were obtained from Egs. (A5) and (A6) and were not included in Fig. 2.
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Comment on Text
Maybe you should use R instead of F for the reactions. It's quite confusing to see FAOM while it actually means depth-integrated rates but flux. 
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Pay attention to the  significant digits and make all of them consistent. Are you sure your model can be this accurate? 

Administrator
Comment on Text
What does a negative sulfate reduction rate mean? sulfate is being produce from sulfate reduction? that doesn't make sense. 


Table A1. Imposed and best-fit parameters in each core.

T S P Dm(soﬁf) Dpcny) Dm(SOﬁ’—dep) Lvwg  ksr Kwe ksp Kcu, Ksor-
Group-1
1CEL_Apr00 273 176 1.06 354 598 354 12 01 1 500
1CEL_DecOO 222 164 1.06 367 523 367 13 01 0 400
1CEL_Oct01 312 139 1.1 382 659 382 136 0.1 06 500
1CEL_Julo2 30 211 1.01 374 640 374 11 01 O 500
2CEL_Dec00 22 177 1.06 315 520 315 131 01 16 500
2CEL_Julo2 28.7 20.8 1.01 364 619 364 112 01 0.1 500
3CEL_Apr00 28.6 20.2 1.07 363 618 363 119 01 09 400
3CEL_Julo2 304 182 1.01 377 646 377 1.09 0.1 50 500
1_1CH_Oct01 29.8 32.1 1.01 372 636 372 11 01 O 500
1_2CH_Oct01 29.8 32.1 1.01 372 636 372 1.1 01 O 500
Group-2
1CH_Dec00 252 248 1.05 318 526 318 123 0.1 500 100
1CH_Apr00 26.3 394 1.09 347 583 347 125 0.1 0.03 500
2CH_Dec00 239 275 1.08 329 547 329 129 01 0 100
5CH_Apr00 29.6 38 1.04 382 659 382 114 01 0 500
Group-3
2CEL_Oct01 312 143 1.1 382 659 1000 500
14CEL_Jul02 315 274 1.01 385 663 1000 300
16CEL_DecOO 22.6 31.2 1.02 319 529 1000 300
Group-4
5CEL_Apr00 26,5 211 1.06 348 586 1100 3000
14CEL_Dec0O0 235 31.1 1.06 326 541 1000 300
14CEL_Oct01 31.1 139 1.07 382 657 1000 500
Group-5
16CEL_Jul02 30.3 30.5 1.01 376 644 600 300
16CEL_Oct0O1 29.7 282 1.06 319 529 1000 300
7CH_Oct01 29.6 31.3 1.01 371 633 500 300
8CH_Dec00 244 313 1.05 333 555 500 300

T is temperature (°C). S is salinity (-). P is pressure at sediment-water interface (bar). D, o2~ is molecular diffusion coefficient for SOf'
4

(cm2 yr’1 )- Din(cr,) is molecular diffusion coefficient for CHy (cm2 yr’1 ). Dm(SOZ’—dep)
s
L is equilibrium concentration for dissolved—gaseous CH, (mM). kgp is sulfate half-saturation constant for POC degradation (kgg, mM). kyg is

is molecular diffusion coefficient for SOf’de

o (cmzyr’1).

kinetic constant for methane gas dissolution (yr’1 )- ksp is kinetic constant for sulfate depletion rate (yr’1 ). ken, N is kinetic constant for methane

production rate (yr’1). kgp2- is kinetic constant for sulfate consumption rate (yr'1 )
4
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Table A2. Rate expressions applied in the differential equations.

Variable Rates Applied cores

SOi' —Rsr — Raom Group-1 and Group-2

CH, +Ry — Rpom + Aug Group-1 and Group-2

SOi' dep +Rsp Group-1 and Group-2

Corganic +AC, e 2CEL_Dec00, 3CEL_Dec00, 1CH_Oct01 and 1CH_Dec00
SOi' +F”so§- Group-3, Group-4 and Group-5

CH, +Acy, Group-3, Group-4 and Group-5
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Table A3. Boundary conditions used in the model.

SO} (top) CHj (top)  SOf,,, (top) SO (bottom) ~ CH, (bottom)  SOF™ Corganic (10P)  Corganic (bottom) ~ Unit
Group-1
1CEL_Apro0 5 0 4.8 85 0.5 5.534 mM
1CEL_Dec00 15 0.16 -2.2 5 0.56 2 mM
1CEL_Octo1 15 0 -2.3 75 0.295 46 mM
1CEL_Jul02 15 0.1 2.5 7.8 0.35 5.368 mM
2CEL_Julo2 18 0.02 107° 185 0.035 -2 mM
3CEL_Apro0 6.5 0.25 6.7 35 0.825 5.766 mM
3CEL Julo2  13.8 0.31 2 6.5 1.3 35 mM
1_1CH_Octo1  15.1 0 12.4 13.2 0.0295 12.03 mM
1_2CH_Octo1 12 0.01 16 10 1 14.641 mM
2CEL_Dec00 21 0.01 -6.4451 7.6 0.25 46 mM
Group-2
1CH_DecO0 115 0.102 7.33 9.2 0.522 15.39 mM
1CH_Apro0 32 0.006 -0.0001 125 0.006 5.495 mM
2CH_Dec00  19.9 0.00213  1.19 7.96 2.23 4.8 mM
5CH_Apr00 31.7 0.00415 -0.001 29.1 0.0145 4.925 mM
Group-3
2CEL Octo1 5.0 0.511 7.88 0.734 mM
14CEL_Jul02 183 0.085 315 0.02 mM
16CEL_Dec00 8.8 0.038 8.81 0.025 mM
Group-4
5CEL_Apro0 17 0.047 1.6 0.0275 mM
14CEL_Dec00 20.5 2.1 34.9 0 mM
14CEL_Octo1 20 0.01 33 0.012 mM
Group-5
16CEL_Julo2 21 0 25.65 0.070 mM
16CEL_Octo1 23 0.00139 25.8 0.0015 mM
7CH_Octo1 205 0.00477 19.1 0.01 mM
8CH_Dec00  18.6 0 19 0.013 mM
2CEL_Dec00 0.06 4.64 Wt%
3CEL_Dec00 3.12 3.78 Wt%
1CH_Octo1 3.83 3.8 wt%
1CH_Dec00 37 6.97 wt%
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Figure 1. Maps of (a) the Yucatan Peninsula with lagoon locations, (b) Celestun Lagoon and
(c) Chelem Lagoon showing the sampling stations (circles) of sediment cores.
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The figure is quite small too read. Especially there are so many details here. I would suggest to spread them to more pages. 
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Figure 2. Depth profiles of modeled (lines) and measured/calculated (symbols) concentration
of dissolved methane (dashed line; open circle), sulfate (solid line; solid circle) in the upper
panel and sulfate depletion (solid line; solid circle), zero sulfate depletion (dashed line) and
chloride (open circle) in the lower panel for each profile type (Groups 1-5, see text). Measured
dissolved methane data from Chuang et al. (2015).
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Figure 6. Sensitivity of methane concentrations for cores in Group-1 and Group-2 to the differ-
ent processes: (a) Agu, = —Raom + Ayp (gray solid line; kyg = 1000yr™"), (b) Rgy, = —Raom +
Rys (gray solid line; kyg = 0.5yr™"), Rch, = —Raom + Rus (gray dashed line; kyg = 0.2 yr™ ") and
RCH4 = _RAOM +HM (b|aCk SO|Id I|ne), (c) RCH4 = _RAOM +RM (gray SO|Id I|ne), (d) RCH4 = _RAOM
(gray solid line), (€) Acn, = —Aaom + An (gray solid line), (f) Rcy, = —Raom + Au (gray solid
line). Black dashed curves denote the standard simulation results: (a) Rcy, = —Raom + Ay and
(b) R, = —Raom + Aup + A (kyg = 0.1yr™).
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