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Methane ebullition from lakes is an important contributor to atmospheric greenhouse gases. However, ebullition is typically sampled at intervals greater than the duration of ebullition events, limiting our understanding of the factors controlling this flux. Here, we present high-frequency ebullition data from a single site in a boreal pit lake during the open-water season between June 24 and 21 October 2018. We record ebullition every 30 min for the first 2 months, and then every minute for the next 2 months. During the 4-month period, 24 ebullition events were recorded. These events generally lasted 2–4 days in response to low atmospheric pressure systems. The peaks in ebullition corresponded to troughs in atmospheric pressure. We provide empirical equations that incorporate a pressure threshold to model the time-series of ebullition events. Minor and gradual variations in mud temperature had no apparent effect on the observed ebullition events.
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1 INTRODUCTION
Methane ebullition (bubbling) from lakes is an important contributor to atmospheric greenhouse gases (Bastviken et al., 2004; DelSontro et al., 2016; Rosentreter et al., 2021). However, ebullition is not often measured, adding uncertainty to estimated global lake emissions (DelSontro et al., 2018). Furthermore, given that ebullition is highly heterogenous in space and time, measurements of ebullition are not always representative (Ostrovsky, 2003). Ebullition events typically have a duration of 4 days or less (Varadharajan and Hemond, 2012; Zhao et al., 2021). However, longer sampling intervals have often been used, e.g., bi-weekly (Praetzel et al., 2021) or monthly (DelSontro et al., 2016), introducing uncertainties in the estimated ebullitive flux and our understanding of the driving factors (Varadharajan et al., 2010).
Methane ebullition from sediments is controlled by a complex sequence of processes. Biological and thermogenic processes generate methane (Etiope and Klusman, 2002). When methane concentrations exceed pore water solubility, bubbles form (Judd et al., 2002). Once these bubbles grow sufficiently large, they can migrate through the sediments by creating fracture paths, or making use of existing paths (Boudreau, 2012). Sediment temperature changes can affect methane production, solubility and bubble volume, and consequently affect ebullition (Fechner-Levy and Hemond, 1996; DelSontro et al., 2016). Ebullition can also be affected by pressure variations, which influence porewater solubility, bubble volume and bubble rise (Tokida et al., 2007; Boudreau, 2012).
In lakes, temperature variations (Wik et al., 2013; Natchimuthu et al., 2016; Praetzel et al., 2021), atmospheric pressure fluctuations (Mattson and Likens, 1990; Zhao et al., 2021), water level changes (Chanton et al., 1989; Harrison et al., 2017) or the combined effects of atmospheric pressure and water level (Varadharajan and Hemond, 2012; Delwiche and Hemond, 2017) have been shown to affect ebullition. However, the impact of these factors on ebullition varies from lake to lake. For example, Praetzel et al. (2021) studied ebullition in a small and shallow temperate lake (maximum depth 1.5 m). They concluded that temporal changes in ebullition were controlled by sediment temperature, and did not find a relationship between ebullition and pressure variations. Varadharajan and Hemond (2012) investigated ebullition in a dimictic lake (mean depth 15 m) and reported that ebullition was mostly regulated by hydrostatic pressure changes.
The impacts of different environmental factors on ebullition can be different in the open-water season from the ice-cover season. During open-water, changes in water and sediment temperature, wind speed, water level, and atmospheric pressure can simultaneously affect ebullition (McClure et al., 2020), whereas during ice-cover, the impacts of temperature, water-level, and wind speed are minimal. Zhao et al. (2021) have shown that during ice cover in Base Mine Lake, a boreal pit lake in Alberta, Canada, ebullition occurred almost exclusively when atmospheric pressure dropped below a pressure threshold; and when the pressure rose above the threshold, ebullition ceased.
The focus of the present study is ebullition during the open water season in Base Mine Lake. In Section 2, we describe the study site and our data collection methods. In Section 3, we show the time series of atmospheric pressure, water level, ebullition, water and mud temperature. We also present a pressure-driven ebullition model. In Section 4, we discuss the effect of pressure and mud temperature on ebullition in Base Mine Lake. We give our conclusions in Section 5.
2 METHODS
2.1 Study Site
Base Mine Lake is located at [image: image], in Alberta, Canada (Figure 1). The lake is 10 m deep on average and has a surface area of 7.8 km2. The lake was formed by backfilling a mined-out pit with tailings, which were capped with water in 2012. The tailings have similar density, mean particle size, and clay fraction as the fine-grained sediments in natural lakes and estuaries (Dompierre and Barbour 2016). The open-water season of the lake normally starts around the beginning of May and lasts until mid-November. The lake exhibits the same seasonal stratification and mixing as natural northern lakes (Tedford et al., 2019).
[image: Figure 1]FIGURE 1 | Base Mine Lake (A) location, (B) bathymetry. Water temperature, mud temperature, and acoustic ebullition data are collected at Platform P2.
The degeneration of residual hydrocarbon inside the tailings (mud) layer produces methane. Clark et al. (2021) measured a median methane flux of 10 mg m−2 h−1 between 2017 and 2019 using an eddy covariance system. Francis et al. (2022) have measured dissolved methane concentration inside the porewater that reaches 90–110% saturation 1–3 m below the mud-water interface. Bubbles have been observed to rise through the water column using echo sounding (Lawrence et al., 2016; Zhao et al., 2021). In their modelling of methane dynamics in Base Mine Lake, Slater et al. (2021) have assumed that the rising bubbles were: “composed either entirely of methane, or of 75% methane and 25% nitrogen (by volume), based on the results of the preliminary gas analyses (unpublished data)”.
2.2 Data Collection
2.2.1 Ebullition Data
Ebullition was measured using a downward facing, single beam 400 kHz echosounder (Echologger EA400), which is capable of autonomously logging high-frequency acoustic data over an extended period. We deployed the echosounder three times during the open-water season between June 24 and October 21. The settings for these deployments were a burst of 100 pings over 50 s once every 30 min between June 24 and August 15, a burst of 50 pings over 25 s once every minute between August 16 and September 18 and between September 20 and 21 October 2018.
Rising bubbles emerged from pockmarks at the lakebed (Figures 2A,B). These rising bubbles were recorded by an echosounder, that was attached to Platform P2 and was suspended 8.5 m above the lakebed. With a 5° beam angle, the echosounder monitored an area of 0.7 m radius if it stays stationary. However, the platform can drift under the impacts of wind and waves. Therefore, the area monitored by the echosounder shifted with the movement of the platform.
[image: Figure 2]FIGURE 2 | Pockmarks and rising bubbles. (A,B) show two images of pockmarks in the lakebed. Bubbles emerge from these pockmarks. The red and black instrument on the left bottom corner of each image is a RBR Concerto data logger, which is partially covered by mud. (C) shows a sample echogram obtained by the echosounder over a 25-s burst at 13:25, 11 October 2018 (Mountain Standard Time). The diagonal lines are bubbles rising at a speed of approximately 25 cm/s.
A sample echogram is shown in Figure 2C. The diagonal lines show the backscatter intensity of rising bubbles, whereas the nearly horizontal lines are the result of unknown reflectors. The backscatter intensity is a unitless measure equivalent to the strength of the reflected signals. To estimate ebullition intensity, the nearly horizontal lines are filtered out, and then the backscatter intensity between 6.8 and 10.7 m depth is averaged over each 25-s burst. The ebullition intensity represented by Figure 2C is marked as a red dot in Figure 3A.
[image: Figure 3]FIGURE 3 | (A) atmospheric pressure variations (green line), total pressure variations (blue line) and ebullition intensity (grey lines). The total pressure variation is the atmospheric pressure plus the pressure variation caused by water level changes. The vertical grey lines show the instantaneous ebullition intensity, obtained from each burst of echo-sounding. The red dot represents the instantaneous ebullition intensity obtained from Figure 2C. The width of each shaded area is 1 day. (B) shows the smoothed ebullition intensity, which is obtained by applying a 24-h moving average to the instantaneous ebullition intensity. (C) shows the water level variations, where a 0.1 m change in water level is equivalent to a 0.98 kPa pressure change. (D) shows the temperature measured at the 11 m depth in the water column, 0.5 m into the mud beneath lakebed, 1 m into the mud and 5.5 m into the mud. The lake is around 12 m deep at the location (Platform P2) of temperature measurements.
Compared to manually examined bubble traps or acoustic instruments that require external power, the advantage of our echosounder (Echologger EA400) is that it continuously monitors ebullition at a high frequency. Low ebullition intensity indicates low volumetric flux, and stronger ebullition intensity indicates higher volumetric flux. The single-beam echosounder provides the opportunity to directly observe ebullition at high-frequency over extended periods.
2.2.2 Other Data
To analyze the physical factors that affect ebullition, water level, atmospheric pressure, water temperature and mud temperature data were collected. The atmospheric pressure data were collected at nearby Fort McMurray Airport (47 km away). The variations in atmospheric pressure at the lake and the airport are almost identical (Zhao et al., 2021).
Water temperature and mud temperature were measured at Platform P2. Bottom-water temperature was measured at 11 m depth using an RBRsolo logger. Note, the lake was 12 m deep at Platform P2. The mud temperature was also measured at 0.5, 1, and 5 m depths beneath the lakebed by Francis et al. (2022) using 3001 L T Levelogger Edge M30 and HOBO Water Temperature Pro V2 sensors.
3 RESULTS
3.1 Field Observations
Variations in atmospheric pressure, water level, total hydrostatic pressure (atmospheric pressure plus water level) and ebullition intensity are presented in Figures 3A–C. Over the 4-month period, 24 ebullition events were identified. These ebullition events were caused by hydrostatic pressure variations and had a duration of 2–4 days. Of the 24 observed ebullition events, 22 peaked when hydrostatic pressure was at a local trough. The other 2 events (9 and 14) peaked while the pressure was decreasing. Even though the water level varied by 0.36 m (corresponding to 3.5 kPa) during the period of record, the rate of pressure change caused by water level fluctuations was generally much less than the rate of change in atmospheric pressure (Figures 3A,C). Consequently, the ebullition events were primarily caused by the passage of low atmospheric pressure systems of duration of 2–4 days.
3.2 Empirical Ebullition Model
The close correspondence between ebullition peaks and pressure troughs suggests that pressure variations are strong predictors for ebullition events. However, assuming a linear relationship between ebullition intensity and hydrostatic pressure over our 4-month study period yields a low correlation coefficient (R2 = 0.13). Varadharajan and Hemond (2012) and Zhao et al. (2021) observed that ebullition generally occurred when pressure dropped below a threshold. Zhao et al. (2021) proposed that during ice cover ebullition could be modelled using
[image: image]
where, [image: image] is the modelled ebullition intensity; [image: image] is a proportionality constant; [image: image] is the pressure threshold; and [image: image] is the total hydrostatic pressure.
Applying Equation 1 with a constant pressure threshold, Zhao et al. (2021) were able to model the magnitude and timing of major ebullition events in Base Mine Lake during ice cover. However, the history of ebullition events can affect the pressure threshold. For example, when a low-pressure event causes a significant ebullition event, the storage of methane in the mud decreases. In order to trigger the next ebullition event a lower pressure needs to be reached, i.e., the pressure threshold is reduced. On the other hand, when the pressure remains high, the storage of methane in the mud increases. Consequently, the next ebullition event is triggered at a higher pressure, i.e., the pressure threshold is increased. In the present study, this is the case between Day 204 and Day 209 after a sudden increase in water level and atmospheric pressure (Figures 3A,C). To model the effects of the past pressure on methane storage, we use a varying pressure threshold
[image: image]
where [image: image] is an empirically determined site-dependent parameter.
Despite the simplicity of the above model, the timing and magnitude of major ebullition events are well captured, as shown in Figure 4. The model parameters are obtained by minimizing the root mean square error (RMSE) between the observations and predictions:
[image: image]
where [image: image] is the observed ebullition intensity and N = 2,751 is the total number of observations at hourly intervals. This yields k = 0.39 [image: image] and [image: image] = 8.5 days, and a correlation coefficient R2 = 0.56.
[image: Figure 4]FIGURE 4 | Comparisons between model results and field observations. (A) shows the total pressure variations and the varying pressure threshold. (B) shows the comparison between model results and field observations.
Although the model performs well, it has limitations. Firstly, the amount of methane that is stored within the mud layer and released during ebullition events is likely to be affected by the in-situ mud characteristics. Therefore, [image: image] and k should be site-dependent parameters. Secondly, we use the parameter [image: image] to capture the changes in the pressure threshold, which reflects the variations in the methane storage compared to the total storage capacity. However, we cannot expect it to capture these effects with great accuracy using a single parameter.
4 DISCUSSION
4.1 Sampling Frequency and Pressure Effects on Ebullition
The close correspondence between ebullition and pressure observed during ice cover in Base Mine Lake (Zhao et al., 2021) is also observed during the open-water season (Figure 3). Using a simple relationship (Eq. 1), where ebullition internsity is proportional to the pressure deficit below a threshold, we find that the predicted ebullition agrees well with our field observations (Figure 4). Our results are consistent with the observations in Upper Mystic Lake in Massachusetts by Varadharajan and Hemond (2012). In these studies, ebullition was sampled at high frequency (1–30 min samping intervals), sufficient to capture the response of ebullition to rapid atmospheric pressure variations.
However, when sampling intervals increase to weekly (Casper et al., 2000; Matthews et al., 2005), bi-weekly (Praetzel et al., 2021; Natchimuthu et al., 2016) or monthly (DelSontro et al., 2016; Descloux et al., 2017), the chances of omitting ebullition peaks increase. For example, Natchimuthu et al. (2016) who sampled ebullition once every 2 weeks state: “Importantly, although this study is extensive in its temporal coverage, compared with most previous studies, the measurements still just covered 7% of the time during the 2 yr study period. Thereby many low pressure induced flux events were likely missed …". Note that, if the objective of any field campaign is to better understand the response of ebullition to low atmospheric pressure events (typically 2–4 days), then ebullition needs to be sampled at least once per day.
4.2 Temperature Effects on Ebullition in Base Mine Lake
Increased sediment temperature decreases methane solubility, increases bubble volume, and enhances the methane production rate; all of which can lead to increased ebullitive flux (Fechner-Levy and Hemond, 1996). In shallow lakes, temperature variations have been shown to affect ebullition by Wik et al. (2013), Natchimuthu et al. (2016), and Praetzel et al. (2021). Praetzel et al. (2021) measured sediment temperatures between 3.5 and 23.2 C over an 18-month period in a shallow temperate lake (Lake Windsborn), and concluded that temporal variations in ebullition were strongly controlled by these sediment temperature variations.
In Base Mine Lake, during the period of our record (Day 222–283, August 10th - October 10th), the mud temperature varied by less than 1.5 C (Figure 3D). These fluctuations in mud temperature had no apparent effect on ebullition. The correlation coefficient (linear regression) between ebullition intensity and mud temperature is R2 = 0.01 at 0.5 m, R2 = 0.02 at 1 m, and R2 = 0.00 at 5.5 m. An important difference between Base Mine Lake and Lake Windsborn is that the average depth of Base Mine Lake is 10 m (12 m deep at measurement site), whereas the maximum depth of Lake Windsborn is 1.5 m. Base Mine Lake is sufficiently deep that it is strongly thermally stratified in summer (Tedford et al., 2019) such that the bottom water temperature is nearly constant and the heat flux into the sediments is minimal. Also, in fall the water column in Base Mine Lake cools less than Lake Windsborn, as do the sediments.
5 CONCLUSION
Using continuous high-frequency acoustic data, we show the strong effects of atmospheric pressure variations on ebullition in Base Mine Lake. Over a 4-month period, 24 peaks in ebullition were observed, of which 22 peaks corresponded to local troughs in atmospheric pressure. These intense ebullition events generally had a duration of 2–4 days, corresponding to the passage of low atmospheric pressure systems. Despite the strong correspondence between ebullition peaks and pressure troughs, a simple linear correlation does not yield high correlation coefficients (R2 = 0.13) between pressure and ebullition. Incorporating the concept of a pressure threshold, we developed a two-parameter model of the time-series of ebullition events. This model yields R2 = 0.56 for our 4-month dataset.
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