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Modelling methane hydrate stability changes and gas release due to seasonal oscillations in bottom water temperatures on the Rio Grande cone, offshore southern Brazil

INTRODUCTION

Methane hydrates are solid crystalline compounds (clathrates) in which remarkable concentrations of methane and other small gas molecules (e.g. ethane, propane, CO2) are trapped within a cage-like structure formed by water molecules (Sloan, 2003). Hydrates are formed in the presence of water when appropriated gas saturation occurs and under high pressures and low temperatures, and so are found both in permafrost and in slope sediments worldwide [START_REF] Tréhu | Gas Hydrates in Marine Sediments[END_REF][START_REF] Hester | Clathrate Hydrates in Nature[END_REF]. On conservative assumptions, gas hydrates are estimated to form the largest reserve of carbon on Earth, mainly composed of methane, a powerful greenhouse gas [START_REF] Collett | Natural Gas Hydrates: A Review[END_REF]. In submarine settings, they are stable in water depths greater than 300-700 m, within a subsurface zone that thickens seaward in places to >1 km below seafloor and is sensitive to changes in water pressures and temperatures [START_REF] Kvenvolden | Gas hydrates-geological perspective and global change[END_REF]. Gas hydrates have mainly been sampled on continental slopes, where thick sedimentary successions containing organic matter favour the generation and supply of hydrocarbons by shallow biogenic or deep thermogenic processes [START_REF] Floodgate | The origins of shallow gas[END_REF].

The stability of methane hydrates in oceanic sediments is a topic of current research interest. Hydrates contain remarkable amounts of methane (and other light hydrocarbons, in smaller amounts)up to 180 m 3 of methane for each 1 m 3 of hydrate (Sloan, 2003), and are sensitive to changes in water pressures and temperatures that may result in their partial dissociation and the release of methane into the ocean and possibly the atmosphere [e.g. [START_REF] Reagan | Large-scale simulation of oceanic gas hydrate dissociation in response to climate change[END_REF][START_REF] Kretschmer | Modeling the fate of methane hydrates under global warming[END_REF], Ruppel, 2015;Marín-Moreno et al, 2015a]. Over long timescales (≥10 3 years), the gas hydrate stability zone has been shown to undergo changes in geometry in response to glacial-interglacial changes in sea level and bottom water temperatures, with maximum impact on the upper continental slope due to the post-glacial influx of warmer near-surface currents (e.g. [START_REF] Mienert | Ocean warming and gas hydrate stability on the Mid-Norwegian Margin at the Storegga Slide[END_REF][START_REF] Serov | Postglacial response of Arctic Ocean gas hydrates to climatic amelioration[END_REF]. A number of studies have proposed that seafloor gas seeps observed on upper continental slopes are a response to on-going retreat of the limit of the stability zone in response to contemporary climate change and ocean warming [START_REF] Westbrook | Escape of methane gas from the seabed along the West Spitsbergen continental margin[END_REF][START_REF] Reagan | Large-scale simulation of oceanic gas hydrate dissociation in response to climate change[END_REF][START_REF] Thatcher | Methane release from warming-induced hydrate dissociation in the West Svalbard continental margin: Timing, rates, and geological controls[END_REF]Berdnt et al, 2014). Numerical simulations of methane hydrate-bearing marine sediments over decadal timescales have shown that bottom water temperature increases of 1-3°C can induce hydrate dissociation, releasing significant amounts of methane into the ocean [START_REF] Reagan | Dynamic response of oceanic hydrate deposits to ocean temperature change[END_REF][START_REF] Reagan | Large-scale simulation of oceanic gas hydrate dissociation in response to climate change[END_REF]. However, bottom water temperatures on continental slopes may also vary significantly over shorter timescales, including within a single year, due to seasonal temperature oscillations related to spatial and temporal variation in ocean bottom currents. An understanding of the controls on gas hydrate stability zone is thus of interest for issues of global climate change, submarine geohazards and future resource exploitation.

The Rio Grande Cone, located in the western South Atlantic Ocean off southwest Brazil, is a large fanlike feature on the continental slope of the Pelotas Basin. The presence of gas hydrates in the Cone was first suggested by a regionally extensive bottom simulating seismic reflector [START_REF] Fontana | Hydrates offshore Brazil[END_REF], and has been recently confirmed by samples of gas hydrate recovered during surveys of two main areas (Figure 1; [START_REF] Miller | Natural gas hydrates in the Rio Grande Cone (Brazil): A new province in the western South Atlantic[END_REF]. The first, referred to as "Area A", is located on the central part of the cone, on the middle slope in water depths of 800 to 1700 m; the second, referred to as "Area E", is located on the upper to middle slope, in water depths of 400 to 1500 m [START_REF] Miller | Natural gas hydrates in the Rio Grande Cone (Brazil): A new province in the western South Atlantic[END_REF]. Area E contains a slope-parallel field of pockmarks in water depths of 500-600 m, up to 2 km wide and at least 19 km long, which corresponds to the upper limit of the methane hydrate stability zone [START_REF] Ketzer | Gas Seeps at the Edge of the Gas Hydrate Stability Zone on Brazil's Continental Margin[END_REF]. In both areas, the gas composition of the recovered hydrate is essentially methane (>99.78%) of biogenic origin, and sediments recovered with piston corer were dominantly of mud composition [START_REF] Miller | Natural gas hydrates in the Rio Grande Cone (Brazil): A new province in the western South Atlantic[END_REF].

Figure 1 -The Rio Grande Cone and the two areas surveyed (A and E). Area in blue represents the theoretical stability zone limits (510-760 mwd) as calculated by [START_REF] Ketzer | Gas Seeps at the Edge of the Gas Hydrate Stability Zone on Brazil's Continental Margin[END_REF], red contours represent pockmarks (areas with gas seepage and shallow methane hydrate occurrences). Adapted from [START_REF] Miller | Natural gas hydrates in the Rio Grande Cone (Brazil): A new province in the western South Atlantic[END_REF] and [START_REF] Ketzer | Gas Seeps at the Edge of the Gas Hydrate Stability Zone on Brazil's Continental Margin[END_REF].

In this study, we use numerical simulations to investigate the response of methane hydrate deposits to seasonal BWT oscillations near the upper limit of the MHSZ on the Rio Grande Cone, a major gas hydrate province on the southern Brazilian margin (Figure 1). This is, to our knowledge, the first study that uses numerical modeling to investigate hydrate formation and dissociation on the Brazilian continental margin. The objective was to investigate the dynamics of the MHSZ and its relation to seafloor gas seeps previously reported along its upper limit in this area [START_REF] Ketzer | Gas Seeps at the Edge of the Gas Hydrate Stability Zone on Brazil's Continental Margin[END_REF]. The study was carried out using TOUGH+HYDRATE [START_REF] Moridis | TOUGH+HYDRATE v1.2 User's Manual: A code for the Simulation of System Behavior in Hydrate-Bearing Geologic Media[END_REF] on a 2D model corresponding to a 1 km long transect of the upper slope including the upper limit of the MHSZ. The results illustrate how the MHSZ changes over time and how much methane (in both aqueous and gaseous phases) may be released from it into the ocean, in response to seasonal changes in bottom water temperatures.

METHODS

In order to investigate variations of the MHSZ due to seasonal BWT oscillations, we adopted a 2D approach, using the TOUGH+HYDRATE v1.25 (or simply "T+H", hereafter) code for the simulation of hydrate-bearing geologic systems [START_REF] Moridis | TOUGH+HYDRATE v1.2 User's Manual: A code for the Simulation of System Behavior in Hydrate-Bearing Geologic Media[END_REF]. T+H allows modeling of non-isothermal gas release, phase behavior and flow of fluids and heat for CH4-hydrate deposits in complex geological media in which Darcy's law is valid. The code is capable of simulating hydrate formation/dissociation using equilibrium or kinetic models, and accounts for heat and up to four mass components (water, CH4, hydrate and water-soluble inhibitors) partitioned among four possible phases (gas phase, liquid phase, ice phase and hydrate phase) [START_REF] Moridis | TOUGH+HYDRATE v1.2 User's Manual: A code for the Simulation of System Behavior in Hydrate-Bearing Geologic Media[END_REF].

Model Set Up and Properties

The model is 1,000 m (x) by 100 m (z), and has an inclination of 1.5°. The mesh has 20,800 grid blocks, with horizontal constant length dx = 5.0 m/cell (200 grid blocks). The vertical discretization is variable: 0.5 m/cell from 0 to 40 m, and then increasing from ≈ 0.72 m/cell to ≈ 6.7 m/cell, from 40 m to 100 m (104 grid blocks). The top of the model is an open boundary with dz = 1 cm (at z = 0), allowing mass and heat transfer between the sediment and the ocean, and the bottom of the model is a closed boundary with dz = 1 cm, at z = -100 m.

The calculated depth range of the upper limit of the MHSZ for the Rio Grande Cone based on water temperature measurements lies between 510-760 meters below sea level [START_REF] Ketzer | Gas Seeps at the Edge of the Gas Hydrate Stability Zone on Brazil's Continental Margin[END_REF]. The shallowest water depth at which hydrate was recovered was approximately 550 meters water depth (mwd) according to Miller et al. (2015, Fig. 3a), which is also the depth with the highest concentration of pockmarks in the area (Figure 1). Temperature data from the World Ocean Atlas Database in the Rio Grande Cone area vary from 4.5°C to more than 10°C at the same depth (Locarnini et al., 2010). In the specific region (Area E), temperatures measured by two oceanographic surveys varied from 6°C (registered in winter -July) to 7°C (registered late summer -March), at 550 m (unpublished results).

For simplicity, the model initial temperature at 550 mwd was defined so as to have the MHSZ limit reaching the upper left corner of the model (see Figure 2), which corresponds to 6°C. A geothermal gradient of 3.8°C/100m was assumed, as estimated by Dillon (1994, Fig. 2B) based on the depth of the BSR reported at one location on the Rio Grande Cone by [START_REF] Fontana | Hydrates offshore Brazil[END_REF]. Due to a lack of information on the Rio Grande Cone, some of the model properties, such as initial hydrate saturation, porosity, permeability and thermal conductivity, were defined based on a review of published studies [START_REF] Reagan | Dynamic response of oceanic hydrate deposits to ocean temperature change[END_REF][START_REF] Reagan | Large-scale simulation of oceanic gas hydrate dissociation in response to climate change[END_REF]Stranne et al., 2016a[START_REF] Stranne | Modeling fracture propagation and seafloor gas release during seafloor warming-induced hydrate dissociation[END_REF]. We defined a Base Case, referred to as case A, and three sensitivity tests, referred to as cases B, C and D, with different values of porosity, thermal conductivities and initial hydrate saturation, respectively. In the Base Case, initial hydrate saturation and porosity are respectively 5% and 60%, and the wet and dry thermal conductivities are 1.21 W.m - 1 .K -1 and 0.34 W.m -1 .K -1 , respectively (Stranne et al. 2016a[START_REF] Stranne | Modeling fracture propagation and seafloor gas release during seafloor warming-induced hydrate dissociation[END_REF]. Parameters and properties for each case are summarized in Table 1. The permeability used in all the cases is 1.00 x 10 -15 m 2 (≈1 mD).

Several authors have used a permeability range of 10 -14 to 10 -17 m 2 (e.g [START_REF] Reagan | Dynamic response of oceanic hydrate deposits to ocean temperature change[END_REF]Stranne et al. 2016a[START_REF] Stranne | Modeling fracture propagation and seafloor gas release during seafloor warming-induced hydrate dissociation[END_REF], therefore, we opted for an intermediate value. Figure 2 shows a schematic of the model (not to scale), including the initial MHSZ. 

Case

Simulation Approach

For each case, the system was initialized (i.e., an equilibrium state was obtained), prior to the simulations of BWT oscillations. Pressure was distributed based on a depth of 550 mwd (total pressure was considered), and 0.035 salinity (e.g. [START_REF] Reagan | Dynamic response of oceanic hydrate deposits to ocean temperature change[END_REF][START_REF] Reagan | Large-scale simulation of oceanic gas hydrate dissociation in response to climate change[END_REF][START_REF] Thatcher | Methane release from warming-induced hydrate dissociation in the West Svalbard continental margin: Timing, rates, and geological controls[END_REF][START_REF] Stranne | Modeling fracture propagation and seafloor gas release during seafloor warming-induced hydrate dissociation[END_REF]. The temperature distribution was based on the geothermal gradient of 3.8°C/100m and on the initial bottom water temperature of 6.0°C: during the temperature distribution run, the temperature of 6.0°C was set in the top boundary, and a temperature of 9.8°C was set at the bottom boundary at z = -100 m. The initial MHSZ was also obtained during the initialization process.

Below the MHSZ, only the methane saturated, aqueous phase is present (there is no free gas in the reservoir). With this assumption, we can investigate how much gas is released to the ocean due to the hydrate dissociation itself. In some published studies, the sulfate reduction zone (SRZ) was included in the models, by leaving 1-7 meters between the seafloor and the top of the MHSZ (e.g. [START_REF] Marín-Moreno | The response of methane hydrate beneath the seabed offshore Svalbard to ocean warming during the next three centuries[END_REF], 2015a, 2015b;[START_REF] Thatcher | Methane release from warming-induced hydrate dissociation in the West Svalbard continental margin: Timing, rates, and geological controls[END_REF]Stranne et al., 2016aStranne et al., , 2016b)). We did not consider the SRZ, in order to simplify the models and the initialization processes. Thus, in our models, the top of the MHSZ lies at the seafloor.

After initialization of the model for each case, we performed simulations for seasonal BWT oscillations.

We imposed a seasonal BWT oscillation of ±1.5°C/year for all cases, over 100 years. In order to investigate the effects of a lower thermal amplitude on the MHSZ and in gas release into the ocean, we performed a simulation with a seasonal BWT oscillation of ±0.5°C/year, over 100 years, but only for the Base Case, due to the long time needed to complete the simulation. We applied these seasonal BWT oscillations in each grid block of the top boundary of the models, while the pressure at the top boundary was held constant. Figure 3 shows the seasonal BWT oscillation curves of ±1.5°C/year and ±0.5°C/year, for a 1-year cycle, which were applied in each grid block of the top boundary of the models. Simulation parameters and properties that were used in all the cases are summarized in Table 2. 

RESULTS

Case A (Base Case), 1-year Period

To investigate how the gas hydrate deposit responds to BWT oscillations over a single seasonal cycle, we performed Base Case simulations for a 1-year period for runs with BWT oscillations of ±1.5°C/year and ±0.5°C/year. Figure 4 shows the mass of hydrate within the reservoir, the volume of gas released within the reservoir, the cumulative volumes of gaseous and aqueous CH4 released into to the ocean and the gaseous and aqueous CH4 volumetric flow rates across the seafloor. Figures 5 and6 show the gas hydrate saturations and the gas saturations, respectively, for 0.00 (initial state), 91.25, 182.5, 273.75 and 365 days. The MHSZ (shown in red in Figure 5) has a typical wedge-like shape, due to the model inclination of 1.5°.

For the run of ±1.5°C/year, hydrates dissociated only at the top of the MHSZ (up to ca. 0.8 m from the seafloor), until approximately 180 days (Figure 4a and Figure 5), releasing gas within the reservoir (Figure 4b and6). Methane was released into the ocean in the gaseous and in the aqueous phases (Figure 4c and Figure 4d), resulting in 434 m 3 of gaseous methane released into the ocean (Figure 4e) and in 207 m 3 of aqueous methane released into the ocean (Figure 4f). The free gas that remained in the reservoir was trapped again in hydrates from approximately 180 days until 290 days, as BWT decreased (Figure 4a, Figure 5 and Figure 6).

A similar process occurred for the run of ±0.5°C/year, but the amount of gas hydrate that dissociated was smaller (Figure 4a and 5), as expected, as was the volume of gas released within the reservoir (Figure 4b and6). The volume of gaseous and aqueous methane released into the ocean (119 m 3 and 71.6 m 3 respectively, Figure 4c and Figure 4d) were also smaller for the run of ±0.5°C/year. For runs of ±1.5°C/year and ±0.5°C/year, there was a flow of aqueous methane across the seafloor until 182.5 days (Figure 4d), and a flux of gaseous CH4 across the seafloor until approximately 190 days, with no gaseous methane crossing the seafloor after this period (Figure 4c). Figure 5 -Base Case (A) gas hydrate saturations (SH) for seasonal BWT oscillations of ±1.5°C/year and ±0.5°C/year, for a 1-year period. Notice the hydrate dissociation at the top of the reservoirs in the first half of the simulation (warming period, ca. 180 days), which was more pronounced with a temperature variation of ±1.5°C/year (left-hand side). Hydrate forms again at the top of the reservoirs during the second half of the simulations (cooling period).

Figure 6 -Base Case, gas saturations (Sg) for seasonal BWT oscillations of ±1.5°C/year and ±0.5°C/year, for a 1-year period. Higher gas saturations are found near the sediment-water interface in the ±1.5°C/year owing to a more pronounced hydrate dissociation (see Figure 5).

Case A (Base Case), 100-year Period

To investigate the response to seasonal BWT oscillations of ±1.5°C/year and ±0.5°C/year for a longer period, we performed Base Case simulations for a 100-year period. The oscillations were applied throughout the entire 100-year period. Figure 7 shows the mass of hydrate within the reservoir, the volume of gas released within the reservoir, the cumulative volumes of aqueous and gaseous CH4 released into the ocean and the aqueous and gaseous CH4 volumetric flow rates across the seafloor, for a 100-year period. Figure 8 shows the gas hydrate saturations for 0.00 (initial state), 10, 25, 50 and 100 years, and Figure 9 indicates how methane from hydrate dissociation appears and then disappears as hydrate reprecipitates in the models over the period between 10 and 11 years, after gas seepage reduces to negligible values (see insets in Figure 7c).

The MHSZ varied periodically during the 100-year period due to the seasonal BWT oscillations, resulting in alternative hydrate dissociation and formation owing to yearly warming and cooling trends, respectively. During hydrate dissociation periods, significant amounts of gaseous methane were released into the ocean over the first 10 years, for both ±1.5°C/year and ±0.5°C/year oscillations. After this period, the fluxes and the volumes of gaseous methane released into the ocean for both BWT oscillations are insignificant (Figure 7c and insets, Figure 7e). During the first 10 years, approximately 1,000 m 3 of gaseous methane was released into the ocean, with the ±1.5°C/year oscillation, and approximately 334 m 3 for the ±0.5°C/year oscillation (Figure 7e). Although the release of gaseous methane into the ocean occurred only in the early times of the simulation, aqueous methane was released into the ocean over the 100 years simulated, for both ±1.5°C/year and ±0.5°C/year oscillations (Figure 7d). At t = 100 years, approximately 6,771 m 3 of aqueous CH4 was released into the ocean for ±1.5°C/year, and approximately 2,826 m 3 for ±0.5°C/year (Figure 7f).

After 100 years, the MHSZ receded approximately 100 m horizontally downslope from the tip of the wedge (for the ±1.5°C/year oscillation), and approximately 60 m for the ±0.5°C/year oscillation (Figure 8). Initially, there were approximately 316 tons of methane hydrates within the reservoir (approximately 3,2 % of the total reservoir model -10,000 m 3 ). After 100 years, the remaining hydrate is approximately 278 tons for the ±1.5°C/year oscillation, and approximately 300 tons for the ±0.5°C/year oscillation (Figure 7a), a reduction of ca. 12% and 5% from the initial amount, respectively. 

Sensitivity Tests -Cases B, C and D

Due to the lack of data about sediment properties for the Rio Grande Cone, and in order to investigate how different values of porosity, thermal conductivities and initial hydrate saturation affect the results, we performed three sensitivity tests. In each, we changed one of the referred parameters for the Base Case, assuming a seasonal BWT oscillation of ±1.5°C/year over 100 years (see Table 1).

In Figure 10-Figure 14 and Table 3 andTable 4, the Base Case results for ±1.5°C/year (section 3.2) were included to facilitate comparison. Figure 10 shows the mass of hydrate within the reservoir for cases A-D. Figure 11 shows the cumulative volumes of gaseous and aqueous CH4 released into the ocean, for cases A-D, and Figure 12 shows the gaseous and the aqueous CH4 volumetric flow rates across the seafloor, for cases A-D. Table 3 shows, for cases A-D, the initial and the final (after 100 years) amount of gas hydrates within the reservoir. Table 4 summarizes, for cases A-D, the cumulative volumes of aqueous and gaseous CH4 released into the ocean and the time interval in which significant amounts of gaseous methane were released into the ocean.

Case C (which has higher thermal conductivities in comparison to the Base Casesee Table 1) had the largest reduction in the mass of hydrate within the reservoir (approximately 18% -Figure 10 and Table 3) and the highest volumes of gaseous and aqueous methane released into the ocean (1,270 m 3 and 10,314 m 3 , respectively, Figure 11 and Table 4). For cases A, B and C, significant amounts of gaseous methane were released into the ocean until approximately 10 years (Figure 11a and Figure 12 and Table 4). After this period, only negligible amounts of gaseous methane flowed through the seafloor (less than 10 m 3 /y), disappearing completely after ca. 20 years (Figure 12 (A.1), (B.1), (C.1) and insets, Table 4). For case D, significant fluxes of gaseous methane accross the seafloor last for approximately 5 years, and disappear after ca. 10 years (Figure 12 (D.1) and insets, Table 4). Cases B and D had the lowest cumulative volumes of gaseous and aqueous CH4 released into the ocean: approximately 764 m 3 and 4,196 m 3 (respectively) for case B, and approximately 74 m 3 and 5,029 m 3 (respectively) for case D (Figure 11, Table 4). It is worth noting that, although gaseous methane was released into the ocean only in the first years of the simulations, aqueous methane release, in turn, persisted over the 100 years simulated, for all the cases (A-D) (Figure 11 and Figure 12). Table 4 -Cumulative volumes of aqueous and gaseous CH4 released to the ocean and the approximate time interval in which significant amounts of gaseous methane releases into the ocean occurred, for cases A-D with seasonal BWT oscillation of ±1.5°C/year, over 100 years. Figure 13 shows the gas hydrate saturations at t = 0 (initial state), 25, 50 and 100 years, for cases A-D, for a seasonal BWT oscillation of ±1.5°C/year, and Figure 14 shows the gas saturations for cases A-D, at t = 100 years, for the ±1.5°C/year oscillation. For all the cases, the MHSZ changed according to the seasonal BWT oscillation. After 100 years, the MHSZ receded downslope for all the cases (Figure 13).

Case Initial mass of hydrates within the reservoir [tons]

Mass of hydrates within the reservoir after 100 years [tons]

The low values of gas saturations in the models after 100 years (Figure 14) are due to hydrate formation owing to cooling BWT, at the end of the simulations. 

DISCUSSION

Several previous numerical studies have been carried out to understand how gas hydrates may be related to gas release from the seafloor to the water column and potentially to the atmosphere, over timescales of tens to hundreds of years (e.g. [START_REF] Reagan | Dynamic response of oceanic hydrate deposits to ocean temperature change[END_REF][START_REF] Reagan | Large-scale simulation of oceanic gas hydrate dissociation in response to climate change[END_REF][START_REF] Thatcher | Methane release from warming-induced hydrate dissociation in the West Svalbard continental margin: Timing, rates, and geological controls[END_REF][START_REF] Marín-Moreno | The response of methane hydrate beneath the seabed offshore Svalbard to ocean warming during the next three centuries[END_REF], 2015a, 2015b;Stranne et al., 2016aStranne et al., , 2016b[START_REF] Stranne | Modeling fracture propagation and seafloor gas release during seafloor warming-induced hydrate dissociation[END_REF]. However, only two of them [START_REF] Thatcher | Methane release from warming-induced hydrate dissociation in the West Svalbard continental margin: Timing, rates, and geological controls[END_REF]Marín-Moreno et al., 2015a) investigated the effect of seasonal BWT oscillations on the methane hydrate stability zone (MHSZ). [START_REF] Berndt | Temporal Constraints on Hydrate-Controlled Methane Seepage off Svalbard[END_REF] used field data and a numerical model applied to an area of seepage at the upper limit of the MHSZ off Svalbard, to conclude that seasonal BWT fluctuations may cause periodic gas hydrate formation and dissociation. The authors suggested the existence of both a permanent and a seasonal MHSZ in the studied area, the latter extending beyond the edge of the permanent stability zone.

Our results indicate that, as suggested by [START_REF] Berndt | Temporal Constraints on Hydrate-Controlled Methane Seepage off Svalbard[END_REF] for Svalbard, the Rio Grande Cone also presents both a permanent and a seasonal MHSZ along its upper limit in Area E (Figure 15). This division of the MHSZ probably exists in any system with similar topography and temperature oscillations. Due to the low inclination (1.5°) and relatively small horizontal extension (1 km), the seasonal zone extends downslope rapidly to the edge of the model and beyond. Within this zone, our model shows alternate hydrate formation and dissociation, during periods of cooling and warming BWTs, respectively. As this process occurs during the 100-year simulations, the seasonal region increases both in the horizontal (ΔX) and in the vertical (ΔZ) directions (Figure 15), while the permanent zone decreases, with its wedge left tip shrinking downslope, and its upper boundary moving downwards, away from the seafloor (Figure 13). Our results indicate that these horizontal and vertical variations in the seasonal MHSZ (ΔX and ΔZ, respectively, in Figure 15), depends on (1) the seasonal BWT oscillation amplitude, (2) on the sediment properties (porosity, thermal conductivities) and initial hydrate saturation, and (3) on the time in which the system is exposed to the BWT oscillation. In approximately 10 years (for the Base Case), the alternate formation-dissociation cycles reach a moment in which part of the gas released during the hydrate dissociation process (warming stages) is unable to reach the top of the model, and it is trapped again as hydrate in the cooling stages. As a result, significant amounts of gaseous CH4 are released into the ocean only up to 10 years. The other part of the gas released from hydrate dissociation during the warming stages dissolves in the aqueous phase, and aqueous methane escapes to the ocean over the 100 years simulated. Grande Cone, stating that they are apparently the main conduits for the methane that forms hydrates near the seafloor, which means that gas may be migrating upward within the sediments from deeper regions, which may explain the existence of seepage features in the studied area too [START_REF] Ketzer | Gas Seeps at the Edge of the Gas Hydrate Stability Zone on Brazil's Continental Margin[END_REF]. Our current models do not account for either free gas below the MHSZ, nor for faults or chimneys, and did not include a methane generation or flow from deeper regions. These features would influence significantly the results, especially the amount and the time intervals of methane releases into the ocean: with fluxes and pathways facilitating migration upward within the sediments, more gaseous CH4 could reach the seafloor and escape to the ocean. In addition, the time intervals in which significant amounts of gaseous CH4 were released into the ocean would be greater than the 10 years indicated by our results. Without considering these features, and constrained to the limitations of the models, our results indicate that hydrate dissociation itself can release gaseous methane into the ocean due to seasonal BWT oscillations for up to a few decades. Therefore, persistent gas seeps over longer timescales require either a continuing supply of free gas from deeper regions, or a longer-term BTW increase (e.g., contemporary climate change) that continuously changes the MHSZ and destabilizes the hydrate deposits.

Due to a lack of information available on the Rio Grande Cone, some of the model's properties, such as initial hydrate saturation, porosity and thermal conductivities were taken from other published modeling studies and thus, sensitivity tests were carried out to investigate the influence of these parameters. The Base Case was set up with an initial hydrate saturation of 5%. Klauda and Sandler (2005) calculated a global average value of 3.4% for hydrate saturation, different from the common a priori assumption of 5% for an overall global value. [START_REF] Reagan | Dynamic response of oceanic hydrate deposits to ocean temperature change[END_REF] (2009) used 3.3 W.m -1 .K -1 and 1.0 W.m -1 .K -1 for wet and dry thermal conductivities, respectively. However, in other modeling studies, authors used lower values: 1.0-1.5 W.m -1 .K -1 (approximately) for wet thermal conductivity and 0.34 W.m -1 .K -1 and 0.55 W.m -1 .K -1 for dry thermal conductivity [START_REF] Marín-Moreno | The response of methane hydrate beneath the seabed offshore Svalbard to ocean warming during the next three centuries[END_REF], 2015a, 2015b;Stranne et al., 2016aStranne et al., , 2016b[START_REF] Stranne | Modeling fracture propagation and seafloor gas release during seafloor warming-induced hydrate dissociation[END_REF]. Our results indicate that, for seasonal BWT oscillations scenarios, thermal conductivities play an important role in the volumes of gaseous and aqueous methane released into the ocean, since the case with higher thermal conductivities (the same values used by Reagan and[START_REF] Reagan | Dynamic response of oceanic hydrate deposits to ocean temperature change[END_REF][START_REF] Reagan | Large-scale simulation of oceanic gas hydrate dissociation in response to climate change[END_REF], showed the largest volumes of CH4 released into the ocean, as a larger region of the stability zone is reached by the temperature oscillations. However, our results indicate that thermal conductivities do not affect significantly the time interval during which the gaseous methane release into the ocean occurs, since the case with higher thermal conductivities showed the same time interval of significant gaseous methane release into the ocean as the other cases with the same initial hydrate saturation (approximately 10 years). Porosity changes are directly linked to conductivity. A decrease in porosity (Case B vs. Case A) has a similar effect as increasing conductivity (Case C vs. Case A), as the contribution of rock conductivity for heat transfer is higher. In both situations, the amount of hydrate dissociation is higher than in the Base Case, as observed in Table 3 reduction in mass hydrate goes from -11.9% to -15.4% when porosity is reduced to 30%, and to -17.9% when conductivity is increased to 3.3 W.m -1 .K -1 . This relationship was already indicated by Stranne et al (2016).

CONCLUSIONS

In this study, we used numerical simulations to investigate how seasonal BWT oscillations affect the methane hydrate stability zone, as well as how much gaseous and aqueous methane is released into the ocean over a timescale of 100 years. TOUGH+HYDRATE was used to model a 2D section across the upper limit of the MHSZ on the Rio Grande Cone, Pelotas Basin, offshore southern Brazil. We defined a Base Casecase A, and three sensitivity testscases B, C and D, in which we used lower porosity, higher thermal conductivities and lower initial hydrate saturation, respectively. For the Base Case, we also ran a simulation with a seasonal BWT oscillation of ±0.5°C/year, over 100 years, in order to compare to the results of ±1.5°C/year. We also presented results for a single seasonal BWT oscillation cycle (i.e., 1-year period), for the Base Case, for ±1.5°C/year and ±0.5°C/year. Since we did not consider either free gas in the system during initialization, nor methane generation or upward flow from deeper regions, we could investigate how much methane was released into the ocean due to hydrate dissociation alone, triggered by the seasonal temperature variations. Simulations that include methane recharge scenarios in the models are currently under way.

The results indicate that:

 The MHSZ varied periodically due to the seasonal BWT oscillations and receded downslope in all the cases simulated, over the 100-year period. The BWT oscillations causes variations in hydrate and gas saturations in the MHSZ, defining a permanent and a seasonal MHSZ. A larger permeant region of the MHSZ remains mostly unaffected.

 Significant volumes of gaseous methane were released into the ocean during the first 10 years On the other hand, aqueous methane was released into the ocean during the 100 years simulated.

 Seasonal BWT oscillations alone could not account for long-term (e.g., century scale) gas seeps from the MHSZ upper limit. A continuous supply of free gas from deeper regions, or a constant temperature increase due to, for instance, global climate change or natural variations, would be necessary to explain the observed seeps.

With regard to the sensitivity tests, the results indicate that:

 For a lower porosity (case B; porosity = 30%), the volumes and the fluxes of gaseous and aqueous methane released into the ocean were smaller than those for the Base Case (porosity = 60%) were. The percentage of reduction in hydrate mass, however, is higher when porosity decreases, as the contribution of rock conductivity is higher leading to increased heat flow.

 For higher thermal conductivities (case C; 3.3 W.m -1 .K -1 ) related to the Base Case (1.21 W.m - 1 .K -1 ), the volumes and the fluxes of gaseous and aqueous methane released into the ocean were the largest of all the cases studied. This indicates that thermal conductivities play an important role in methane release into the ocean, for seasonal BWT oscillation scenarios.

 For a lower initial hydrate saturation (case D; 3%) relative to the other cases (5%), the volume and the flux of gaseous methane released into the ocean were the smallest of all the cases studied. Significant gaseous methane flows into the ocean, for case D, occurred up to 5 years, unlike cases A, B and C, for which gaseous methane flows into the ocean occurred up to 10 years (for a BWT oscillation of ±1.5°C/year, over 100 years). This indicates that initial hydrate saturation is an important parameter for seasonal BWT oscillation scenarios, since it plays an important role in methane release into the ocean.

Figure 2 -

 2 Figure2-Model scheme with the MHSZ extent for the 2D system, with 1,000 m (x) by 100 m (z), and inclination of 1.5° (not to scale), which represents part of a methane hydrate deposit in a shallow region (Area E) across the upper edge of the methane hydrate stability zone in the Rio Grande Cone. The methane hydrate stability zone is in red and the hydrate-free zone in blue.

Figure 3 -

 3 Figure3-Seasonal BWT oscillation for ±1.5°C/year, and for ±0.5°C/year, for a 1-year period, that were applied in each grid block of the top boundary of the models.

Figure 4 -

 4 Figure 4 -Results for Case A (Base Case), seasonal BWT oscillations of ±1.5°C/year (blue line) and ±0.5°C/year (orange line), over a 1-year period: (a) mass of hydrate within the reservoir, (b) volume of gas released within the reservoir, (c) gaseous CH4 volumetric flow rate across the seafloor, (d) aqueous CH4 volumetric flow rate across the seafloor, (e) cumulative volume of gaseous CH4 released into the ocean, and (f) cumulative volume of aqueous CH4 released into the ocean.

Figure 7 -

 7 Figure 7 -Results from Case A (Base Case) simulations with seasonal BWT oscillations of ±1.5°C/year (blue line) and ±0.5°C/year (orange line), over 100 years: (a) mass of hydrate within the reservoir, (b) volume of gas released within the reservoir, (c) gaseous CH4 volumetric flow rate across the seafloor, (d) aqueous CH4 volumetric flow rate across the seafloor , (e) cumulative volume of gaseous CH4 released into the ocean, and (f) cumulative volume of aqueous CH4 released into the ocean.

Figure 8 -

 8 Figure 8 -Base Case (A) gas hydrate saturations (SH) for seasonal BWT oscillations of ±1.5°C/year and ±0.5°C/year, over 100 years.

Figure 9 -

 9 Figure 9 -Base Case (A) gas saturations (SG) for seasonal BWT oscillations of ±1.5°C/year and ±0.5°C/year, for the time interval between 10 and 11 years.

Figure 10 -

 10 Figure 10 -Mass of hydrate within the reservoir for cases A-D, for a seasonal BWT oscillation of ±1.5°C/year, over 100 years.

Figure 11 -

 11 Figure 11 -Cases A-D, (a) Cumulative volume of gaseous CH4 released into the ocean, and (b) Cumulative volume of aqueous CH4 released into the ocean, for a seasonal BWT oscillation of ±1.5°C/year, over 100 years.

Figure 12

 12 Figure 12 Gaseous (1) and aqueous (2) CH4 volumetric flowrates across the seafloor for the Base Case (A.1 and A.2), for case B (B.1 and B.2), for case C (C.1 and C.2) and for case D (D.1 and D.2), for a seasonal BWT oscillation of ±1.5°C/year, over 100 years.

Figure 13 -

 13 Figure 13 -Cases A-D, gas hydrate saturations (SH) at 0.00, 25, 50 and 100 years, for a seasonal BWT oscillation of ±1.5°C/year, over 100 years.

Figure 14 -

 14 Figure 14 -Cases A-D, gas saturations (SG), at t = 100 years of a seasonal BWT oscillation of ±1.5°C/year.

Figure 15 -

 15 Figure 15 -Schematic representation of the permanent and seasonal MHSZ.

  [START_REF] Miller | Natural gas hydrates in the Rio Grande Cone (Brazil): A new province in the western South Atlantic[END_REF] state that the relatively continuous bottom-simulating reflector (BSR) in the area of the Rio Grande Cone represents the boundary between gas hydrate at the base of the MHSZ and free gas accumulations beneath. The authors also discuss the presence of faults and chimneys in the Rio

  

  

Table 2 -

 2 Simulation parameters and constant properties for cases A-D.

Table 3 -

 3 Initial and final mass of hydrates, and mass variation, within the reservoir, for cases A-D, for a seasonal BWT oscillation of ±1.5°C/year, after 100 years.

		Cumulative volume of
	Case	aqueous CH4 released
		into the ocean [

m 3 ] Cumulative volume of gaseous CH4 released into the ocean [m 3 ] Approximate time interval [years] during which significant amounts of gaseous CH4 were released into the ocean

  

	A	6,771	1,000	10
	B	4,196	764	10
	C	10,314	1,270	10
	D	5,029	74	5

  investigated the effect of different initial hydrate saturations in 1D methane hydrate-bearing systems, exposed to different BWT linear increasing scenarios. They found that deposits with higher initial hydrate saturation could result in larger methane releases at the seafloor. Our results indicate that, for seasonal BWT oscillations scenarios, initial hydrate saturation also plays an important role in the volume of gas released into the ocean and in the time interval in which this release occurs. The case with initial hydrate saturation of 3% showed the smallest volume of gaseous methane released into the ocean and the smallest time interval during which significant amounts of gaseous methane were released into the ocean (approximately 5 years). Considering that the area E pockmark field has an estimated area of roughly

	38 km 2 (Ketzer et al., 2019), the average annual release (up to 5 years) was calculated between 0.56
	million m 3 /year (Case D) and 4.82 million m 3 /year (Case C) of methane. Field data are not yet available
	for comparison.

Another important parameter is thermal conductivity.

[START_REF] Reagan | Dynamic response of oceanic hydrate deposits to ocean temperature change[END_REF] 

and

Reagan et al. 
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