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ABSTRACT OF THE THESIS 

 

 

Mechanisms of Methane Release From Lake Sediments  

 

by 

 

 

Jacob Paul Shiba 

 

Master of Science, Graduate Program in Environmental Sciences 

University of California, Riverside, December 2015 

Dr. Michael A. Anderson, Chairperson 

 

 

Methane is a powerful greenhouse gas that can be produced in bottom sediments of lakes 

and reservoirs and released through ebullition and other properties. Many studies have 

quantified ebullition rates, however, the detailed mechanisms remain incompletely 

understood. This study was undertaken to better understand, through in situ and 

laboratory measurements, the mechanisms of gas ebullition from lake sediment. Four 

sites on Lake Elsinore, CA with different properties were evaluated through the use of in 

situ hydroacoustic measurements made using a BioSonics echosounder with a 201-kHz 

split-beam transducer. This transducer was rigidly mounted to a telescoping stand that 

allows highly precise measurements of position, rise velocity, and target strength (size) of 

bubbles as they are released from the sediment. Methane bubble release from cohesive 

sediments occurred via the viscoelastic-fracture mechanism with bursts of 2-4 bubbles 

released from specific locations in small increments of time, typically a few seconds. 

Target strength of bubbles across all sites was approximately normally distributed with a 

mean value of -54.6±4.4 dB, corresponding to an average bubble size of 0.073 cm
3
. Rise 

velocity was also quantified and averaged 0.21±0.2 m s
–1

. Properties of the sediment are  
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recognized to regulate the production, storage, and ebullition of methane. Undrained 

sediment shear strength, Cᵤ, was evaluated for its role in methane storage and transport 

using a fall cone apparatus for sediments from 3 sites on Lake Elsinore that vary in 

sediment properties. Values of Cᵤ for these soft cohesive sites were found to range from 

0.092-0.342 kPa. Systematic variation under controlled laboratory conditions of water 

content and temperature resulted in linear changes of Cᵤ. Values of Cᵤ were strongly 

correlated with sand content and inversely correlated with water content. Sediment shear 

strength was also influenced by temperature, and decreased at rates of 0.0024-0.0037 

kPa/°C for fine-textured cohesive sediment. Vertical bubble pressure was quantified and 

found to be less than sediment shear strength. Sediment shear strength affects the amount 

of methane stored in sediment and the mechanism of release. This was seen in the in situ 

target strength distributions of bubbles released from sediments, as well as laboratory 

core incubations of gas release from sediments.



 

viii 

 

Table of Contents 

Chapter 1 – Introduction ..………………….………..…………………... 1 

 References ………………………………………………….……..7 

Chapter 2 – Mechanisms of methane release from sediments in Lake  

Elsinore, CA…..………………………………………………………… 10   

Abstract…………………………………………..……………… 10  

Introduction…………………………………………..…………   11 

Study Sites………………………………………………………. 12   

Methods…………………………………………….......………... 13 

Results……………………………………………................…… 17 

Discussion…………………………………………….................. 28 

Conclusion………………………………………….………….... 33 

References…………………………………………….................. 34  

Chapter 3 – Undrained shear strength and methane ebullition from  

Lake Elsinore sediments……………………………………….……...… 38  

Abstract………...……………………….………………….……. 38 

Introduction…….……………………………………..…………. 39 

Study Sites…………………………………………….…………..40   

Methods………………………………………….….....………… 41 

Results & Discussion………………………………………….…. 45 

Conclusion……………………………………………….….....… 60 

References………………………………………………….......… 61  



 

ix 

 

List of Tables 

Table 2.1 – Study site locations and sediment properties on Lake  

Elsinore, CA ………………………………………….……..  …. 18  

Table 2.2 – Study site dates, sediment gas volumes, and ebullition  

rates for Lake Elsinore, CA.....….……………………….……  ... 20 

Table 3.1 – Lake Elsinore sampling sites …………...….…..……  ….…. 40 

Table 3.2 – Sediment Properties from study sites 1, 3, and 6 on 

Lake Elsinore.………………………..………….……........  ...…. 46 

Table 3.3 – Sediment shear strength………………………………......  ....47 

Table 3.4 – Correlation table of R values for sites 1, 3, and 6.  

P-values < 0.05 are highlighted ...……..………..……………  ….52 



 

x 

 

List of Figures 

Figure 2.1 – Quad pod apparatus resting horizontally with  

Transducer mounted to the top (right) ………………...…15 

 Figure 2.2 – Gas volume sampler ……………………………….16 

Figure 2.3 - Plot of bubble release from site 6 on Lake Elsinore  

after 30 minute measurement duration on  

September 23
rd

, 2014……………………………........…. 21 

Figure 2.4 – Cluster analysis plot of bubble release from the  

sediment at site 5 on Lake Elsinore ……………..…..….. 23 

Figure 2.5 – Bubble release from site 5 on Lake Elsinore  

representing 420 seconds collected  

September 23
rd

, 2014…………………………………..... 25 

Figure 2.6 – Bubble release from site 6 on Lake Elsinore over 

100 seconds on September 23, 2014………………….…. 26 

Figure 2.7 – Target strength distribution of all bubbles, across  

all sites, on all three sample dates...................................... 27 

Figure 3.1 – Sediment shear strength versus water content....…... 48 

Figure 3.2 - Sediment shear strength versus temperature..…...…. 50 

Figure 3.3 – Target strength distributions from Lake Elsinore  

on June 19
th

, 2015……………………………….………. 53 

Figure 3.4 – Sediment gas volume increase for incubated  

cores from sites 3 and 6…………………………………. 57 



 

 

xi 

Figure 3.5 – Still images of bubble release from incubated  

cores from Lake Elsinore …..……………………...….….58



1 
 

Chapter 1: Introduction 

 

Methane (CH4) is a very powerful greenhouse gas and when emitted to the 

atmosphere is 23 times more effective at trapping infrared radiation then carbon dioxide 

over a 100 year life time (St. Louis et al., 2000). Methane can be emitted to the 

atmosphere from anthropogenic and non-anthropogenic sources. Current estimates report 

that 60 % of methane emissions come from anthropogenic sources. According to the 

EPA’s 2015 Inventory of US Greenhouse Gas Emissions, the largest anthropogenic 

sources are industry, agriculture, and waste management. The largest natural sources 

include wetlands, termites, oceans, and freshwater systems. This last source has been 

largely unaccounted for and is now being considered as a major natural contributor to the 

global methane budget (Bastviken et al., 2011).    

According to the National Oceanic and Atmospheric Administration (NOAA), the 

highest daily global mean methane level for the period from January 1, 2015, to 

September 15, 2015, was 1,834 ppb (September 13, 2015). This is an increase of over 

250% since pre-industrial concentrations of 722 ppb (MacFarling 2006). This rise in 

atmospheric methane contributes to climate change that causes an increase in global 

temperatures and all the associated concerns (IPCC, 2007).  

The Kyoto Protocol is an international treaty that extended the 1992 United 

Nations Framework Convention on Climate Change (UNFCCC) to reduce greenhouse 

gas emissions. Signing of this treaty commits the country to reducing man-made 

emissions. The protocol was signed in Kyoto, Japan in December 1997 and fully 
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enforced in February 2005. This treaty limits the amount of methane that a country can 

emit to the atmosphere, but does not account for lakes and reservoirs. Research such as 

this can be used to help include these large sources of methane in such protocols.  

Fresh water sediments can become anoxic after the onset of stratification. When 

this occurs, the degradation of organic matter can produce gases such as CO2 and CH4. 

Martinez and Anderson (2013) found that approximately 85% of gas in Lake Elsinore 

sediments, a shallow freshwater mid-latitude lake, was methane. Other studies by Chau et 

al. (1977) and Poissant et al. (2007) found that at least 80% of gas in the sediments was 

methane. The remainder 20% or less was comprised of mainly CO2 and N2. Due to the 

low solubility of methane, very little dissolution into the water column occurs in shallow 

waters, allowing for majority of the methane to make it into the atmosphere (Martinez 

and Anderson, 2013). While this is true only for shallow waters, a study by Zheng et al. 

(2011) reported that 51-80% of the methane produced in deep water sediments (greater 

than 50 meters) was oxidized in the water column.  

Methane is formed in lake sediment through the anaerobic decomposition of 

organic matter (Whiticar et al., 1986; Wetzel, 2001; Ostrovsky et al., 2008). This process 

is known as methanogenesis, and the microbes responsible for this process are 

methanogens. These methanogens exist naturally in lake sediments and consume the 

byproducts of organic matter. As a result, methane gas is produced. However, to get to 

methanogenesis, the organic matter must be broken down via one of two pathways. The 

first involves hydrolysis of organic matter by acidogens, fermentive microbes, from 

polymers to monomers such as fatty and acetic acids. Acetogens then further break those 
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monomers down into CO2 and acetate. The second pathway involves decarboxylation of 

organic matter to CO2. Because CO2 is used as the terminal electron acceptor, both CO2 

and acetate can be utilized by the methanogens to produce methane (Whiticar et al., 

1986).  

Lakes and reservoirs can be both a sink and a source for carbon. Carbon is fixed 

by aquatic vegetation and can then die and sink to the bottom. Terrestrial vegetation can 

also make its way into surface waters. This plant material can then be decomposed and 

released back to the atmosphere as methane or carbon dioxide. Methanogenesis could 

account for 10–50% of the overall carbon mineralization in lake sediments (Whiticar et 

al., 1986). Several studies indicate that 20–59% of the total contribution of sestonic 

carbon to sediments is converted to CH4 (Whiticar et al., 1986; Wetzel, 2001).  

Bastviken et al. (2004) estimated that freshwater lakes contribute between 6-16% 

of the global non-anthropogenic CH4 emissions, and that lake emissions offset at least 

25% of the terrestrial greenhouse gas sink for carbon on a CO2 equivalents basis. When 

considering man-made reservoirs as anthropogenic sources, methane from them 

contributes 7% of anthropogenic global warming equivalents (St. Louis et al. 2000); this 

does not include ponds or natural lakes.  

Methane that is produced in these sediments can stored, consumed by 

methanotrophs, diffuse into the water column, or be released as bubbles into the water 

column (Bastviken et al., 2008). The overarching objective of these studies is to 

understand the mechanisms controlling methane release from sediments to the water 

column through ebullition, the process in which a bubble emerges from the sediment and 
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rises through the water column, ultimately making it into the atmosphere. Bubbles can 

also be released into the water column via a variety of mechanisms: any disturbance such 

as bioturbation and water currents, transport through plant aerenchyma, buoyant forces, 

and diffusion (Bastviken et al., 2004; Adams, 2005).    

Many factors affect CH4 production and release in lake sediments, including 

sediment organic carbon content, water temperature, sediment texture, water depth, 

sediment strength, geographic location, and seasonality (King and Wiebe, 1978; 

Bastviken et al., 2004; Yvon-Durocher et al., 2010; Martinez and Anderson, 2013). These 

factors vary from lake to lake and from different locations within the same lake. There 

are, however, latitudinal trends in methane release that are used to estimate global 

methane emissions from lakes and reservoirs (Bastviken et al., 2004). Seasonal trends are 

also observed, where methane ebullition is highest in the summer and often ceases in the 

winter (Sorrell and Boon, 1992; Martinez and Anderson, 2013).    

When ambient conditions allow for adequate methanogenesis, sediment properties 

such as texture and sediment strength begin to be the main contributing factors to 

methane ebullition. This release occurs via one of two mechanisms: capillary diffusion 

and viscoelastic fracture (Algar et al., 2011; Meier et al., 2011). Capillary diffusion 

occurs in coarse textured sediments while the viscoelastic fracture mechanism is found in 

fine textured sediments. In sandy sediments, dissolved gas accumulates in the pore fluid 

of the sediment. Small bubbles begin to form when the pore water becomes saturated. 

These bubbles then percolate upward through the relatively large pores of the sediment in 

a random spatial pattern and typically scale with grain size (Meier et al., 2011).  
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In cohesive sediments containing high proportions of silt and clay, ebullition 

occurs via viscoelastic fracture (Algar et al., 2011). Dissolved gas begins to accumulate 

in the pore fluid of the sediment, typically in the small cavities of clay and silt particles. 

The dissolved gases may then adsorb to the clay or silt particle. This aids in bubble 

formation when the pore water becomes over saturated. Micro bubbles then form and are 

limited in size first by the surface tension of the water. As bubble size increases, the 

surface tension decreases, allowing for the bubble to further grow. At this stage bubble 

growth is limited by the pore size of the sediment. Sediment texture has been found to be 

strongly correlated with methane storage and ebullition (Martinez and Anderson, 2013). 

If a stable menisci is formed between the gas and water interface then the sediment will 

fail in a tensile manner, resulting in deformation of the sediment. If the menisci between 

the gas and the water is not stable, then the increase in gas will expel pore water from the 

sediment, and the bubble can continue to grow or percolate through the pore space. When 

the buoyant force of these bubbles overcomes the strength of the sediment, it can be 

released into the water column through ebullition. The strength of the sediment has also 

been found to be strongly correlated with bubble development and release (Johnson et al., 

2011). The fracture left behind after the bubble rises can then seal back up or become 

filled with pore water. Either results in a weaker area of sediment that is now more 

susceptible to fracturing again. It is because of this process that the strength of the 

sediment, or its ability to resist deformation, is important in the storage and release of gas 

(Winterwerp and Van Kesteren, 2004).  
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Methane emissions from lake sediment can also contribute to the internal loading, 

or recycling, of nutrients through sediment disturbances (Douglas, 1994; Klein, 2005; 

Kavcar et al., 2009). These resuspended nutrients that were once settled on the lake 

bottom can then be utilized by organisms in the water column such as algae (Douglas, 

1994). This increases primary production causing a positive feedback cycle that allows 

for the growth and death of organic matter that can then settle to the sediment and 

decompose to form more methane (Liikanen et al., 2003). As a bubble is released it not 

only disturbs the sediment on the surface of the fracture, it also causes a divergent 

circular motion pattern to be set up (Cheng et al., 2014). This motion can resuspend the 

sediment that contains nutrients, and often contaminants, that surround the fracture. 

These nutrients can then lead to many water quality problems, such as eutrophication 

(Liikanen et al., 2003). 

Due to ebullition and its contribution of methane to the global greenhouse gas 

budget, and the sediment disturbance associated with it, these mechanisms need to be 

further studied. In situ observations of ebullition are very limited. The objective of this 

thesis is to better understand these mechanisms through in situ measurements and 

laboratory analysis. The property of sediment strength that governs this process also 

needs to be further studied, as it plays an important role in the formation, storage, and 

release of methane gas from lake sediments. As the climate warms, methane emissions 

will only increase, contributing to even more warming and worsened water quality 

(Yvon-Durocher et al., 2010).   
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Chapter 2 

Mechanisms of methane release from  

sediments in Lake Elsinore, CA 

Abstract 

Methane is a powerful greenhouse gas that can be produced in bottom sediments 

of lakes and reservoirs and released through ebullition. Many studies have quantified 

ebullition rates, however, the detailed mechanisms remain incompletely understood. This 

study was undertaken to better understand, through in situ measurements, the 

mechanisms of gas ebullition from lake sediment. Four sites on Lake Elsinore, CA with 

different properties were evaluated through the use of in situ hydroacoustic 

measurements made using a BioSonics echosounder with a 201-kHz split-beam 

transducer. This transducer was rigidly mounted to a telescoping stand that allows highly 

precise measurements of position, rise velocity, and target strength (size) of bubbles as 

they are released from the sediment. Methane bubble release from cohesive sediments 

occurred via the viscoelastic-fracture mechanism with bursts of 2-4 bubbles released 

from specific locations in small increments of time, typically a few seconds. Target 

strength of bubbles across all sites was approximately normally distributed with a mean 

value of -54.6±4.4 dB, corresponding to an average bubble size of 0.073 cm
3
. Rise 

velocity was also quantified and averaged 0.21±0.2 m s
–1

.   
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1. Introduction 

Methane gas is a very powerful greenhouse gas that is formed in lake sediment 

through the anaerobic decomposition of organic matter (Hanson et al., 1996; Schoell et 

al., 1988; Ostrovsky et al., 2008). Bastviken et al. (2004) estimated that lakes alone 

contribute between 6-16% of the global non-anthropogenic CH4 emissions, and that lake 

emissions offset at least 25% of the terrestrial GHG sink for carbon on a CO2 equivalents 

basis (Bastviken et al., 2011).   

Methane emissions from lake sediment can also contribute to the internal loading 

of nutrients to the water column (Kavcar et al., 2009). These resuspended nutrients are 

now available to be utilized by organisms in the water column (Douglas, 1994). The 

divergent circular motion pattern set up as a bubble is released, not only disturbs the 

sediment on the surface of the fracture, it also disturbs the sediments that surrounds the 

fracture (Cheng et al., 2014). These nutrients can then lead to many water quality 

problems.  

It has been shown in the laboratory that methane gas is released via two 

mechanisms. The first is capillary diffusion, where bubbles are released in a random 

spatial pattern through diffusion (Meier et al., 2011). Bubbles simply percolate up 

through the granular interstices and emerge with a size comparable to the grain size in 

coarse sandy sediments. In fine sandy sediments that are below a certain critical grain 

size, surface tension forces halt percolation and bubbles agglomerate in the bed until the 

buoyancy force on that much larger, agglomerated bubble overcomes the surface tension 

force (Meier et al., 2011). The second mechanism is viscoelastic fracture, where bubbles 
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are released when sediment particles are forced apart and this results in the initiation and 

propagation of a fracture (Algar et al., 2011). This has been shown in the laboratory to 

occur in fine textured, cohesive sediments. The majority of ebullition studies have been 

conducted in marine environments (Hovland et al., 1988; Middleburg, 1989; Judd et al., 

1997; Dingemans, 1998; Van Kesteren, 2002; Winterwerp and Van Kesteren, 2004; 

Cheng, 2013; Cheng et al., 2014). This study evaluated the mechanistic details of in situ 

methane release from sediment in Lake Elsinore, CA.       

 

2. Study Sites   

Lake Elsinore is located in Southwest Riverside County, east of the Santa Ana 

Mountains. The lake is hyper-eutrophic and polymictic, with a volume of 37 million 

cubic meters (30,000 AF) and an average depth of 4.8 meters, although lake level can 

fluctuate as much as 6.5 meters (Lawson and Anderson, 2007). Lake Elsinore is the 

largest natural lake in Southern California and is the end point of the San Jacinto River 

watershed that extends almost 2,000 km
2
. The watershed is comprised of urban, 

suburban, agriculture, and wilderness, although it has become more urbanized in recent 

years. Lake Elsinore also receives approximately 5,000 AF/yr of tertiary treated waste 

water near the southwest corner of the lake (EVMWD). Measurements were taken at 

Lake Elsinore, CA on July 17
th

 and September 23
rd

, 2014 and June 19
th

, 2015. Secchi 

disk depth averaged 20 cm on these dates. Hydroacoustic measurements were collected 

from sites 3, 4, 5, and 6 (Table 2.1). These sites all contain thick, cohesive sediments that 

http://en.wikipedia.org/wiki/Santa_Ana_Mountains
http://en.wikipedia.org/wiki/Santa_Ana_Mountains
http://en.wikipedia.org/wiki/San_Jacinto_River_(California)
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vary in depth and other sediment properties. A detailed map of these study sites can be 

found elsewhere (Martinez and Anderson, 2013).  

 

3. Methods 

3.1 Ebullition Measurements Using Hydroacoustics 

In this study we used a BioSonics DT-X echosounder coupled with a downward 

oriented 201 kHz split-beam transducer mounted to a telescoping stand. The transducer 

emits sound waves that can then interact and reflect off of any object in the beam path. 

The larger the density difference between the object and the water, the stronger the 

acoustic backscatter and the greater the target strength (Ostrovsky et al., 2008). Sound 

travels at a specific speed through water for a given temperature and salinity (Greenspan 

and Tschiegg, 1958). Thus, distance from the transducer, interpreted as depth of an 

object, is determined by the amount of time these sound waves take to travel from 

transducer to object and back to transducer. The transducer was calibrated using a 

tungsten-carbide sphere of known target strength prior to collection of acoustic data. The 

telescoping legs of the stand allow for measurements 1.8, 3.6, 5.4, and 7.3 meters above 

the sediment surface. The stand allows the transducer to be rigidly mounted at a fixed, 

stationary location, eliminating any movement from wind or waves. From this fixed 

location, the split beam transducer can provide a high resolution map of the locations and 

timing of bubbles released from the sediment. Sound was emitted at 5 pings per second 

and data collected at sampling periods of 30-60 minutes using Biosonics Visual 

Acquisition 6 software on a Dell ATG laptop. Bubbles were identified using Visual 
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Acquisition 6 on a Dell Studio Desktop using target strength, ranging from -65 to -45 dB, 

as indicated by Ostrovsky (2008) and Martinez and Anderson (2013). Bubbles were then 

further screened by echo range, interpreted as the distance from that region of the 

sediment. Bubbles within 10 cm of the sediment were considered as being released from 

the sediment. Individual bubbles were chosen and further filtered, taking out repeating 

targets, that represent the same bubble rising through the water column. Upon this final 

elimination, target X and Y angles were converted to X and Y coordinates based on the 

height of the transducer and bean angle, then plotted using Excel. These spatial plots 

allow for visual and geometric pattern analysis of bubble release. Target strength was 

analyzed, observing the strength and spatial distribution, as well as size variation, from a 

single specific location. Target strength was then converted to bubble size using the 

equation 

TS=9.7065 ln(D)-69.117          (2.1) 

where D is bubble diameter in mm (Ostrovsky et al., 2008). Ebullition rate calculations 

assume an average methane content of 85%, negligible diffusion into the water column, 

and an average bubble size of 0.097 cm
3
 following Ostrovsky et al. (2008) and Martinez 

and Anderson (2013).  

Bubble rise velocity was calculated by tracing individual bubbles and their ascent 

through the water column using echograms and target strength data. Dividing the change 

in echo range by the associated change in time allows for rise velocities to be calculated 

in cm s
-1

.       
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Fig 2.1 Quad pod resting horizontally with transducer mounted to the top (right)prior to deployment in 

Lake Elsinore.   

 

3.2 In Situ Sediment Gas Volumes 

Sediment gas volumes were quantified using the displacement and capture 

method following Martinez and Anderson (2013) (Figure 2.1). This gas sampler is 

comprised of a 3 kg stainless steel weight with a cross-sectional area of 62 cm
2
. When 

this weight is lowered about 25cm into the sediment, the bubbles within that volume of 

sediment are displaced and as they rise, are captured by an inverted funnel with a 27 cm 

diameter. The bubbles then collect in a clear plastic measuring tube with a 1.5 cm 

diameter that is labeled from 0 to 50 mL. Gas volume was then determined at the waters’ 

surface following 1-3 drops of the apparatus into different locations in the sediment, in 

order to not have any pre-disturbed sampling. Triplicates of each set of measurements 

were taken at each study site during sampling. Gas volume was assumed to be 85% 



16 
 

methane following Martinez and Anderson (2013). These volumes were also corrected 

for hydrostatic pressure based up the measured depth, using the ideal gas law.  

 

Fig. 2.2 Gas volume sampler. 

3.3 Statistical Analysis of Hydroacoustic Data 

To reveal spatial relationships between bubbles, coordinates were analyzed in 

SAS, using the Ward Cluster method. Cubic clustering criterion (CCC), pseudo F, and 

pseudo t
2 

statistics were used to determine the number of clusters in a given data set. CCC 

is a comparative measure of the deviation of the clusters from the distribution expected if 

data points were obtained from a uniform distribution (Sarle, 1983). The pseudo F is a 

ratio of the mean sum of squares between groups to the mean sum of squares, in other 

words the tightness of the clusters (Lattin et al., 2003). Pseudo t
2
 test is used to help 

determine if two different clusters should be combined (SAS, 2010).  After determining 
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the appropriate number of clusters, the final R
2 

value represents the percent of variance 

explained by that specific number of clusters.  

3.4 Sediment Grab Samples Analysis 

Sediment grab samples were collected from sites 3, 4, 5, and 6 using an Ekman 

dredge on three different collection dates. Samples were homogenized then transferred to 

glass chem jars and stored on ice for transport back to the laboratory. Water content, 

particle size, and organic carbon content were measured. Water content was determined 

in samples by weighing wet samples, oven drying them overnight at 105 ºC, and then 

reweighing them after. Particle size was measured using the hydrometer method (Gee and 

Bauder, 1986). Inorganic C and CaCO3 were determined manometrically (Loeppert and 

Suarez, 1996), while total C was measured by high-temperature combustion using a 

Thermo Flash elemental analyzer. Organic C was determined from the difference 

between total and inorganic C.  

 

4. Results 

Sediment properties, sediment gas volumes, and ebullition rates were quantified 

for Lake Elsinore at sites 4 and 6 on July 17
th

, 2014, sites 5 and 6 on September 23
rd

, 

2014, and sites 3 and 6 on June 19, 2015 (Tables 2.1 and 2. 2 below). Site 6 was the only 

site to have gas volume and ebullition measurements taken on all three dates. This was 

done because the sediment properties at site 6 represent the vast majority of the lake 

sediment (Anderson and Pacheco, 2011).  
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4.1 Sediment Properties 

Sediment properties of Lake Elsinore have been well studied and specific study 

sites remained the same (Lawson and Anderson, 2007; Anderson and Pacheco, 2011; 

Martinez and Anderson, 2013). Sediment texture across the lake has historically ranged 

from 0 to 88% sand and 3.3 to 65.4% clay (Lawson and Anderson, 2007). Due to the high 

variation in texture and known textural regime locations, sites 3, 4, 5, and 6 were chosen 

for this study (Table 2.1 below).  

 

These 4 sites represent cohesive sediments, those with high amounts of silt and clay, with 

varying textures and water contents. Martinez and Anderson (2013) found that sediment 

gas volume was most strongly correlated with silt content; these sites vary from 33.3 to 

82.9% silt and, thus, could show significant variation in gas volume. Organic carbon is 

necessary for methane production (Ostrovsky et al., 2008), and has been correlated with 

methane production (Bastviken et al., 2004). These sites range from 2.3 to 4.9% organic 

carbon (Table 2.1). Depth has also been correlated with methane storage and release, as a 

greater depth causes an increase in hydrostatic pressure effects (Martinez and Anderson, 

2013). These sites varied from 1.7 to 5.8 meters at the time of sampling (Table 2.1). 

 

 

Table 2.1- Study site locations and sediment properties for Lake Elsinore, CA

Site Location Depth Water Organic C Sand Silt Clay

(Lat,Long) (m) (%) (%) (%) (%) (%)

3 N33° 39.574' W117° 19.801' 1.7 67.6 2.3 0.8 82.9 16.3

4 N33° 39.334' W117° 20.565' 4.0 80.1 4.1 4.2 33.3 62.5

5 N33° 39.475' W117° 21.715' 3.7 80.1 4.9 4.3 36.0 59.7

6 N33° 40.130' W117° 21.072' 5.8 79.4 4.2 0.0 64.3 35.7
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4.2 Sediment Gas Volumes 

Gas volume measurements cannot be compared equally across all 4 study sites, as 

they were taken on three different sampling dates, and methane production varies 

strongly throughout the different seasons (Kelly and Chynoweth, 1981; Huttunen et al., 

2001; Martinez and Anderson, 2013). Gas volumes varied over the 4 sampling sites, 

ranging from 0.27 to 2.92 L/m
2 

(Table 2.2). Site 3, with the highest silt content, contained 

the largest volume of gas at 2.92 ±0.50 L/m
2
. This volume is 2 to 10 times larger than all 

other gas measurements made at any of the other 3 sites. Site 4, with the lowest silt 

content, contained the least amount of gas at 0.27 ±0.21 L/m
2
. Site 5 has sediment 

properties very similar to site 4. Unsurprisingly, it had a low sediment methane volume of 

0.35 ±0.04 L/m
2
. Gas volume averages for site 6 were 1.12 ±0.94 L/m

2 
in July, 2014, 

2.05 ±0.97 L/m
2
 in September, 2014, and 1.72 ±0.53 L/m

2
 in June, 2015 (Table 2.2). The 

first two gas volumes give us a slight glimpse of the temporal trends associated with 

methane in lake sediments.  As water temperatures warm during the summer, methane 

levels increase (Martinez and Anderson, 2013).  
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4.3 Ebullition Rates 

 

Methane ebullition rates have previously been shown to be correlated with 

sediment texture and surprisingly not correlated with sediment gas volume (Martinez and 

Anderson, 2013). At first glance it would appear that ebullition is correlated with gas 

volume, as site 3 has the highest gas volume and ebullition rate, at 730.8 mg C m⁻²d⁻¹. 

However, when running a correlation analysis of sediment methane volume and 

ebullition for all sites, we get an R value of 0.426, or no statistically significant 

correlation. Surprisingly, site 4, with the lowest sediment gas volume, had the second 

highest ebullition rate at 556.8 mg C m⁻²d⁻¹ (Table 2.2). Site 5 had the second lowest 

ebullition rate at 214.8 mg C m⁻²d⁻¹, which mirrored its low sediment gas volume. 

Ebullition trends for site 6 did not follow the seasonal trends found by Martinez and 

Anderson (2013), as ebullition was higher in July then September. This could indicate 

that ebullition began earlier in 2014 and was on decline in September. Ebullition was 

lowest in June 2015 at 141.6 mg C m⁻²d⁻¹ and highest in September 2014 at 464.3 mg C 

m⁻²d⁻¹. Ebullition did not increase significantly from July to September in 2014.      

 

 

Table 2.2- Study site dates, sediment gas volumes, and ebullition rates for Lake Elsinore, CA

Site Date Depth CH

₄

 Vol. Ebullition Ebullition

(m) (L/m²) (mg C m

⁻

²d

⁻

¹)  (Bubbles m

⁻

²d

⁻

¹)

3 June 19, 2015 1.7 2.92 730.8 15728

4 July 17, 2014 4.0 0.27 556.8 9786

5 September 23, 2014 3.7 0.35 214.8 3941

6 July 17, 2014 6.2 1.12 406.8 6316

6 September 23, 2014 5.9 2.05 210.0 3327

6 June 19, 2015 5.8 1.72 141.6 2253
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4.4 Ebullition Mechanism   

Ebullition is known to occur via viscoelastic fracture and capillary diffusion. The 

former has been shown in laboratory studies to occur in cohesive sediments. Monitoring 

the release of bubbles from an ensonified area at sites 3, 4, 5, and 6, one notes that release 

of bubbles from sediment tended to occur at well-defined regions in pulses, supporting 

the viscoelastic fracture mechanism (Fig. 2.3).  

 

Fig. 2.3 Plot of bubble release from site 6 on Lake Elsinore after 30 minute measurement duration on 

September 23
rd

, 2014. Axes are in meters, blue dots represent bubbles released, and outer circle represents 

the ensonified area.   

 

Site 6 release shows a non-random distribution of bubbles (Fig. 2.3). Releases 

tend to occur in clusters. As one bubble is released, it can create a fracture that disturbs 



22 
 

the structure of the sediment. Fig. 2.3 suggests the presence of such fractures, as seen in 

the linearity of loci of bubble release. This fracture can then close on itself or remain 

open, acting as a pathway for adjacent bubbles to be released (Algar et al., 2011). The 

general pattern of pulsating bubble release from lake sediment can be seen in Figs. 2.4-

2.6. Here, bubble release through time was plotted, focusing on the bursts of bubbles of 

matching color that occurred in discrete locations.       

Cluster analysis of these bubble releases (Figs. 2.4-2.6) allows for quantification 

of the amount of variance associated with a specific number clusters and their variation 

from a random spatial distribution. For example, cluster analysis of bubbles released over 

a 30 minute data collection period from site 5 on September 23
rd

, 2014 yielded 14 

clusters with an R
2 

value of 0.976 (Fig. 2.4). Cluster size ranged from 1-7 with an average 

of 3. The number of clusters was chosen based on the CCC, pseudo F, and pseudo t
2 

statistics, as outlined by SAS. Fig. 2.4 below shows the color coordinated plot of these 

clusters.  



23 
 

 

Fig. 2.4 Cluster analysis plot of bubble release from the sediment at site 5 on Lake Elsinore. Data was 

collected for 30 minutes on September 23
rd

, 2014. Each color represents a unique cluster.   

 

This plot clearly shows a non-random spatial distribution of bubble release. 

Further separation of these clusters shows that there are bursts from specific locations in 

short amounts of time, less than 5 seconds. Some of these locations then show another 

pulse of bubbles released, minutes after the first, while other locations have one burst and 

then cease for the duration of our data collection. All bubble release pulses in Fig. 2.5 

below fell into their own cluster. We can conclude that majority of clusters represent the 

release of multiple bubbles from one discrete location over multiple segments of time. 
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Echograms are the images created from data collected by hydroacoustics using 

Visual Acquisition 6 Software (Fig. 2.5a below). The x-axis of the echogram represents 

pings and because the transducer sends sound at 5 pings per second, this becomes a time 

series. The left y-axis represents target strength in decibels and the right y-axis represents 

the distance from the transducer, interpreted as depth. In this echogram we see the 

strongest backscatter strength (yellow) toward the bottom of the figure due to the 

sediment. Streaks of lighter blue can represent bubbles, fish, or any object in the beam 

path. Methane bubbles, however, have a unique trajectory, relative to the sediment, and 

are clear and narrow, shown here within the highlighted rectangles (Fig. 2.5a) 

(Ostrovsky, 2009; Martinez and Anderson, 2013).    
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Fig. 2.5 Bubble release from site 5 on Lake Elsinore representing 420 seconds collected September 23
rd

, 

2014: a) echogram of bubble release with colored boxes and associated numbers representing a single pulse 

b) bubble release plot representative of the echogram from Fig. 2.5a with color coordinated and numbered 

clusters.  
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Fig. 2.6 below shows a snap shot in time of a pulse release of 4 bubbles. These 

bubbles appear to be released from a single fracture on the order of 20 cm in length (Fig. 

2.6b). The thicker streak that emerges from the bottom left corner and continues at an 

approximate 45° angle most likely represents a fish (Fig. 2.6a).   

 

Fig. 2.6 Bubble release from site 6 on Lake Elsinore over 100 seconds on September 23, 2014: a) echogram 

of a single pulse of bubbles b) bubble release plot of the 4 bubbles seen in Fig. 2.6a. 

 

 

4.5 Bubble Size and Rise Velocity 

Target strength is a measure of the acoustic backscatter between an object in the 

beam path and the water; the larger the density difference, the stronger the acoustic 

backscatter and the greater the target strength (Ostrovsky et al., 2008). Average target 

strength across all sites was -54.59 dB. Fig. 2.7 below shows the target strength 

distribution of these bubbles. Although the agglomeration of all bubbles follows an 

approximate normal distribution, distributions from individual sites varied.  
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Fig. 2.7 Target strength distribution of all bubbles, across all sites, on all three sample dates.   

 

A less negative target strength indicates a larger bubble and a more negative 

target strength, a smaller bubble. When corrected for hydrostatic pressure, average bubble 

size was calculated to be 0.073 cm
3
 with a minimum bubble size of 0.002 cm

3
 and a 

maximum of 1.5 cm
3
.   

Bubble pulses seen in Figs. 5, 6, and 7 were also analyzed for trends in target 

strength. It appeared that there were no trends in target strength values over time. That is, 

the release pattern appears to be random, as larger sized bubbles were released first just 

as often as small or medium sized bubbles.     

Rise velocity of bubbles from Lake Elsinore was calculated by tracing an 

individual bubbles ascent through the water column. The average across all sites was 

found to be 0.21±0.02 m s
–1

.   
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5. Discussion  

Sediment properties such as texture and water content, have been found to be 

correlated with methane storage and release (Bastviken et al., 2004; Algar et al., 2011; 

Meier et al., 2011; Martinez and Anderson 2013; Corella et al., 2014). Four sites selected 

for study on Lake Elsinore all varied in water content, organic carbon content, depth, and 

texture.     

Martinez and Anderson (2013) found that gas volume in Lake Elsinore sediments 

was most strongly positively correlated with silt content. This trend was seen across all 

sites at Lake Elsinore during this study. Site 3 sediment, having the highest silt content, 

contained the highest volume of methane and the site with the lowest silt content, site 4, 

contained the lowest sediment methane volume. Martinez and Anderson (2013) found an 

average gas volume almost 8 times greater than what we found at site 4 (2.05 L/m
2
), also 

in July. This significantly lower volume stands in contrast to the trends seen in all other 

sites, as our results have been generally higher than the study by Martinez and Anderson 

(2013). However, site 6 results were very similar to those previously reported for Lake 

Elsinore by Martinez and Anderson (2013). They also found that gas volume in 

sediments was positively correlated with water content and organic carbon content, 

sediments with mid-range water contents and high organic carbon content having the 

highest gas volumes, although not as strongly as silt content. This trend also persisted, as 

site 3 had a moderate water content of 67.6%. As expected, site 5, with the second lowest 

silt content and high water content, had the second lowest sediment methane volume. 

This low volume could also be due to the sampling date, as methane volumes tend to 
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increase as summer continues (Kelly and Chynoweth, 1981; Huttunen et al., 2001; 

Martinez and Anderson, 2013). Water depth also influences both methane storage and 

ebullition (Martinez and Anderson, 2013). A greater water depth causes an increase in 

hydrostatic pressure, thus allowing for larger bubbles to form; this could explain why site 

6 contained a larger volume of methane in the sediment than site 5 on the same sampling 

date, as these two sites have similar water content, organic carbon content, and texture. 

The difference in water depth during our sampling was approximately 2.5 meters lower 

than when Martinez and Anderson (2013) studied Lake Elsinore, which could account for 

the differences seen between the two studies. For site 6, the June 2015 methane volume 

was higher than the July 2014 volume, leading to the possibility that methane production 

will be even greater during the summer 2015 months than previous years. This could be 

the result of climate change, which can cause methane emissions to increase (Yvon-

Durocher et al., 2010).     

The ebullition rate for site 3, 730.8 mg C m⁻² d⁻¹, was very similar to 3 other 

lakes in North America studied by Bastviken et al. (2004). This rate is also 65% higher 

than the rate found by Martinez and Anderson (2013), also for site 3. The sediment water 

content and organic carbon content have remained similar to prior years, but the silt 

content is now higher at Lake Elsinore (Lawson and Anderson, 2007). This increase in 

silt may have come from influxes from the San Jacinto River and may have also 

contributed to the increase in methane storage and release. Ebullition rates for site 4 are 

near identical when comparing with the Martinez and Anderson (2013) study. This is 

surprising, as the majority of rates appear to be changing. Site 5 had the second lowest 
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ebullition rate, which may be impacted by its low silt and high water content. When 

comparing site 5 ebullition rates for September, we see that our results were much higher 

than those found by Martinez and Anderson (2013). This could indicate that methane 

production is continuing longer into the fall season due to increased levels of organic 

matter or warmer waters and subsequently, more persistent stratification. With continuing 

anoxia and adequate organic matter, methane production can continue (Whiticar et al., 

1986). Site 6 ebullition trends did not match its sediment gas volume, as the highest 

ebullition rate was found in the July sampling, which had the lowest sediment methane 

volume. When methane volume was highest in September, the ebullition rate was low. 

These trends therefore show no significant correlation between sediment methane volume 

and ebullition. Methane ebullition has also been measured at site 6 in December 2010, 

July 2011, and September 2011 and found to be less than 0.24, 160.8, and 45.6 mg C m
-2

 

d
-1

, respectively (Martinez and Anderson, 2013). When comparing July and September 

rates for 2014 and 2011, we see that 2014 ebullition rates are significantly higher. This is 

most likely due to the decreased water depth. This fits the trend seen in site 5 as well, 

more ebullition and ebullition continuing longer into the fall. This could be due to a 

warmer climate, as average air temperatures have increased by almost 1.3°C, and longer 

stratification, as sediment properties have remained largely unchanged. Impacts of 

climate change may be affecting all lakes around the world (Yvon-Durocher et al., 2010). 

Temporal trends in methane release can be seen for site 6. Here, methane release is seen 

as rising from July to September.  
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Spatial and temporal analyses of Lake Elsinore sediments support the viscoelastic 

fracture mechanism. In situ measurements using a stationary split beam transducer thus 

demonstrate that bubbles are released in pulses, from discrete locations (Figs. 2.5 and 

2.6). These results are similar to the in lab results reported by Algar et al. (2011), who 

observed bubble release in cohesive sediment cores via viscoelastic fracture. Bubbles are 

released in clusters from single discrete locations (Fig. 2.4). The pressure gradient that 

exists between the top and bottom of the bubble, in addition to the density differences 

between the gas and sediment, results in the development of a pseudobuoyant force 

(Weertman, 1971a, 1971b). When this buoyant force becomes greater than the strength of 

the sediment, the bubble is released. Not only is the bubble that caused the rupture 

released, but adjacent bubbles now have a pathway to escape (Algar et al., 2011). This is 

seen clearly in Figs. 2.5, 2.6, and 2.7. Initial bubble pulses typically consist of 1 to 3 

bubbles and then become dormant for a period of a few seconds to minutes, where 

another pulse is then seen.  

The fracture seen in Fig. 2.6b, approximately 20 cm in length, appears to be 

almost 10 times larger than the fractures found in the laboratory study of Barry et al. 

(2010). In that study, in-lab injections of gas into sediment cores from the Minas Basin in 

Canard, Nova Scotia, yielded fractures 1.5 mm wide and 21 mm long.  

Analysis of target strength shows that there is no apparent trend in bubble size 

with release, as larger sized bubbles were released first just as often as small or medium 

sized ones. This indicates that smaller bubbles may be released first, creating a channel 

that is easier for larger bubbles to escape, and oppositely, that larger bubbles ,with larger 
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buoyant forces, may be required to break through the sediment surface, then allowing 

smaller bubbles to escape. The reason for large or small bubble release first is currently 

unknown. This lack of a trend was seen across all texture regimes.  

Average target strength for all sites at Lake Elsinore was -54.59 dB. This is 

similar to the average target strengths found by Ostrovsky (2009) and Martinez and 

Anderson (2013) of -52.6 dB and -55 dB, respectively. This average target strength 

corresponds to a bubble size of 0.073 cm
3
. Bubbles have historically averaged 0.094 cm

3
 

from Lake Elsinore (Martinez and Anderson, 2013). Del Sontro et al. (2011) indicated an 

average bubble size at Lake Wohlen to be 0.108 cm
3
, a deeper lake. The differences in 

average bubble size from this study and Martinez and Anderson (2013) could be 

attributed to the differences in water depth, as the lake level was over 2.5 meters higher 

during their study and as mentioned earlier, a greater depth causes an increase in 

hydrostatic pressure effects that can result in the formation of larger bubbles (Martinez 

and Anderson, 2013). 

Rise velocity of methane bubbles in Lake Elsinore (0.21 m s
-1

) was very similar to 

those speeds found by Ostrovsky (2003) and Martinez and Anderson (2013), both at 0.22 

m s
-1

. An average rise velocity of 0.21 m s
-1

 means that bubbles rising from Lake Elsinore 

sediments are only spending between 7 and 27 seconds in the water column. This could 

be a large contributing factor to why negligible dissolution of methane into the water 

column occurs at Lake Elsinore (Martinez and Anderson, 2013), thus allowing most of 

the methane to make it into the atmosphere (McGinnis et al., 2006).    
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5. Conclusion 

Methane from fresh water lakes constitutes a large amount of the total greenhouse 

gas budget and offsets at least 25% of the terrestrial carbon sink, when comparing in CO2 

equivalents (Bastviken et al., 2011). The ebullition rates from Lake Elsinore measured in 

this study average 419 mg C m
-2

d
-1

, a rate in the lower range when compared to 11 lakes 

in North America, studied by Bastviken et al. (2011), that averaged just under 3,800 mg 

C m
-2

d
-1

. Viscoelastic fracture was the dominant mechanism of methane release from 

Lake Elsinore sediments. 

  Methane emissions from lakes are thought to be currently underestimated and 

ebullition results such as those found in this study can help create a more holistic and 

accurate global methane budget (Bastviken et al., 2011). Methane emissions will continue 

to increase as the earth’s temperature rises (Yvon-Durochur et al., 2011), which is seen 

when comparing these results with the previous Lake Elsinore study by Martinez and 

Anderson (2013). The release of these methane bubbles from the sediment not only 

contributes to climate change, but impacts the water quality of the lake. Upon release of 

bubbles from sediments, sediment, which contains nutrients, is resuspended into the 

water column and can then impact the biogeochemistry of the lake (Richardson and 

Davis, 1998; Joyce and Jewell, 2003). Determining the mechanism of bubble release can 

help to estimate ebullitions contribution to nutrient resuspension from the sediment. 

Further research is needed to quantify the disturbance associated with these specific 

ebullition processes.     
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Chapter 3 

Undrained shear strength and methane  

ebullition from Lake Elsinore sediments 

 

Abstract 

Release of methane bubbles from bottom sediments through ebullition can 

liberate a potent greenhouse gas to the atmosphere and cause disturbances in the sediment 

that contribute to internal nutrient loading. Properties of the sediment are recognized to 

regulate the production, storage, and ebullition of methane. Undrained sediment shear 

strength, Cᵤ, was evaluated for its role in methane storage and transport using a fall cone 

apparatus for sediments from 3 sites on Lake Elsinore that vary in sediment properties; 

values were found to range from 0.092-0.342 kPa. Systematic variation under controlled 

laboratory conditions of water content and temperature resulted in linear changes of Cᵤ. 

Values of Cᵤ were strongly correlated with sand content and inversely correlated with 

water content. Sediment shear strength was also influenced by temperature, and 

decreased at rates of 0.0024-0.0037 kPa/°C for fine-textured cohesive sediment. Vertical 

bubble pressure was quantified and found to be significantly lower than sediment shear 

strength. Sediment shear strength affects the amount of methane stored in sediment and 

the mechanism of release. This was seen in the in situ target strength distributions of 

bubbles released from sediments, as well as laboratory core incubations of gas release 

from sediments.  
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1. Introduction 

Due to the chemical properties of methane, it allows for the trapping of infrared 

radiation within the atmosphere. Methane is in fact 23 times more effective at trapping 

infared radiation than carbon dioxide over a 100 year life time (St. Louis et al., 2000). 

The predominant natural sources of methane include wetlands, termites, oceans, and 

freshwater systems. Of these freshwater systems, lakes and reservoirs contribute an 

estimated 6-16% of the global non-anthropogenic CH4 emissions (Bastviken et al., 2004). 

When considering man-made reservoirs as anthropogenic sources, they contribute an 

estimated 7% of global warming equivalents (St. Louis et al., 2000). Due to the 

significant contribution of lakes and reservoirs, the factors that govern methane storage 

and release need to be better understood. 

Cohesive sediments, those composed mainly of silt and clay sized particles, 

comprise a major part of the surface of the Earth, including, but not limited to: lake, 

reservoir, river, and ocean bottoms. The cohesiveness of these sediments can be 

quantified through sediment strength, defined as its ability to resist deformation. This is 

an important property of the sediment that can control lake bottom and seafloor 

topography, underwater construction and structure stability, and storage and release of 

methane (Winterwerp and Van Kesteren, 2004). Nonetheless, a systematic evaluation of 

the relationship between sediment shear strength and methane storage and release has not 

been conducted. Tensile fracture toughness (KIC), defined as the ability to resist fracture 

failure, is also a valuable measurement of sediment strength, but KIC is a mechanical 
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property that is not typically measured in soft sediments. Undrained shear strength (Cᵤ) 

was measured, as this property is more commonly used to describe the failure of soft 

sediment (Johnson et al., 2011). However, Johnson et al. (2011) found that sediment 

strength (Cᵤ) and tensile fracture toughness (KIC) are strongly linearly correlated with an 

R
2
 value of 0.878. This study quantifies sediment shear strength and its relation to the 

storage and release of methane. 

 

2. Study Sites 

Sediment samples from 3 sites on Lake Elsinore, sites 1, 3, and 6, were taken 

from Lake Elsinore on April 4
th

 and June 19
th

, 2015 (Table 3.1). Sites 3 and 6 are the 

same sites from the previous study in chapter 2. The new site, site 1, is located on the 

southwest corner of the lake and was 1.2 meters deep during the time of sampling. It is 

the shallowest site and has been previously studied by Martinez and Anderson (2013). 

Site 1 is characterized as a sandy sediment, unique to the vast majority of Lake Elsinore 

sediments (Martinez and Anderson, 2013). Site 3 is located near the San Jacinto River 

inlet and was 1.7 m deep. Site 6 is the deepest site at 5.8 m and is located near the 

northeast end of the lake. Secchi disk depth averaged 20 cm during the time of sampling. 

(For a detailed map, refer to Martinez and Anderson (2013)).   

 

 

Table 3.1- Lake Elsinore sampling sites.

Site Location Depth

(lat,Long)  (m)

1 N33° 38.875' W117° 20.332' 1.2

3 N33° 39.574' W117° 19.801' 1.7

6 N33° 40.130' W117° 21.072' 5.8

http://en.wikipedia.org/wiki/San_Jacinto_River_(California)


41 
 

 

3. Methods 

3.1 Sediment Sample Collection and Analysis 

Sediment cores were collected from sites 3 and 6 using an Ekman dredge and 

carefully transferring the sediment to large plastic tubs, in order to keep the sediment 

intact. Sediment grab samples collected from sites 1, 3, and 6 using an Ekman dredge. 

Grab samples were homogenized then transferred to 500 mL glass jars with 

polypropylene lids and stored on ice for transport back to the laboratory. Water content 

was determined in samples by weighing wet samples, oven drying them overnight at 105 

ºC, and then reweighing them. Particle size was measured using the hydrometer method 

(Gee and Bauder, 1986). Wet and dry bulk density, ρb, was calculated by weighing a 

known volume of wet/dry sediment and multiplying by 1 minus the water content. 

Porosity, φ, was then calculated using the following equation  

φ= (1-
  

  
 )*100        (3.1) 

where ρb is bulk density and ρp is average particle density, both in g cm
-3

. Inorganic C 

and CaCO3 were determined manometrically following Loeppert and Suarez (1996), 

while total C was measured by high-temperature combustion using a Thermo Flash 

elemental analyzer. Organic C was determined from the difference between total and 

inorganic C. 
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3.2 Sediment Strength Analysis 

Undrained sediment shear strength, Cᵤ, was determined using the fall cone 

method (Hansbo 1957). The fall cone method was chosen over other methods due to the 

weak cohesive sediments in the top 10 cm according to Zreik (1998). Hansbo (1957) used 

the equation  

Cᵤ =9.8K(M/p
2
)        (3.2) 

where Cᵤ is sediment strength in kPa, K is the unitless cone constant,  M is the mass of 

the cone and shaft in grams and p is depth of penetration in millimeters. The value of K 

for a 90° smooth cone is 0.12 according to Wood (1985) and was used as a reference 

when determining the K value of our cone, as our 90° cone is designed for grease testing 

and has a slightly different geometry than the cone used by Wood (1985). A Humboldt 

aluminum 90° cone weighing 32.52 g with a 47.5 g shaft was attached to a Humboldt 

drop-cone penetrometer and used to determine the depth of penetration. This 90° 

aluminum cone was necessary, as the 30° stainless steel cone penetrated too far into the 

sediment from sites 3 and 6, due to the weak sediment shear strength. The cone constant 

was empirically determined by testing a sediment sample from site 1 with a 30° smooth 

cone of known K (0.8) from Wood (1985). The 30° cone had a mass of 80.08g and was 

attached to the same Humboldt drop cone penetrometer. Sediment shear strength for site 

1 was measured 50 times and averaged using the 30° cone. The Cᵤ equation was then 

manipulated in order to solve for K for the 90° cone. Using the known sediment strength 

value, an additional 50 measurements with the 90° cone were completed and the average 

K value of 0.079±0.02 was found. This K was used for the 90° cone in all subsequent Cᵤ 
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evaluations. Sediment samples were tested in small plastic tubs with a 13 cm diameter 

and 6.5 cm depth allowing for a final volume of 862 cm
3
. Sediment was stirred between 

each measurement and each sample was measured 5-10 times, giving us the remolded 

sediment strength. Intact sediment cores were also tested from sites 3 and 6, allowing for 

quantification of the in situ sediment strength. The tip of the cone (1.5 cm) is a 30° angle 

and was placed into the sediment. At this point the 30° tip transitions to the 90° portion of 

the cone and was placed adjacent to the surface of the sediment before dropping it in the 

center of the core. Depth of penetration values were reported as degrees on the 

penetrometer and converted to millimeters, as one degree equals 0.1 mm. These values 

were then used with the Cᵤ equation (equation 3.2) to calculate sediment strength. Intact 

sediment strength was measured on cores from sites 3 and 6. Remolded sediment samples 

from sites 1, 3, and 6 were tested. Water content was systematically varied for sites 1 and 

6 ranging from 45.2-48.8% and 74.2-81.2%, respectively and Cᵤ quantified. Temperature 

was also systematically varied from 4 to 25°C and Cᵤ quantified for sites 3 and 6. 

Correlations were determined for Cᵤ, water content, % sand, % silt, % clay, ρb
wet

 (g/cm³), 

ρb
dry

 (g/cm³), and porosity %, using Excel.  

 

3.3 Ebullition Measurements  

In this study we used the same BioSonics DT-X echosounder coupled with a 

downward oriented 201 kHz split-beam transducer mounted to a telescoping stand as the 

previous study in Chapter 2 (Fig. 2.1). Acoustic data was collected for 60 minute 

sampling periods using the same Biosonics Visual Acquisition 6 software on a Dell ATG 



44 
 

laptop. Bubbles were identified using the same method found in section 3.1 of Chapter 2. 

Final target strength distribution was analyzed for two study sites. Bubble size was 

calculated using equation 2.1 from Chapter 2 (Fig. 2.2). Ebullition rate calculations 

assume an average methane content of 85%, negligible diffusion into the water column, 

and an average bubble size of 0.097 cm
3
 following Ostrovsky et al. (2008) and Martinez 

and Anderson (2013).       

 

3.4 In Situ Sediment Gas Volumes 

Sediment gas volumes were quantified using the same displacement and capture 

method following Martinez and Anderson (2013) as Chapter 2. Gas volume was 

determined at the waters’ surface following 1-3 drops of the apparatus into different 

locations in the sediment. Triplicates of each set of measurements were taken at each 

study site during sampling. Gas volume was assumed to be 85% methane following 

Martinez and Anderson (2013). These volumes were also corrected for hydrostatic 

pressure based up the measured depth, using the ideal gas law.  

 

3.5 Vertical Bubble Pressure 

 Critical bubble force was calculated in Newtons using equation 3.1 below 

Fb =ρg VB          (3.1) 

where ρ is the wet density of the sediment in kg m
-3

, g is the acceleration due to gravity in 

m s
-2

, and VB is the volume of the bubble in m
-3

. This force can then be divided by the 
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bubble cross-sectional area in meters to get the vertical bubble pressure in Pascals. This 

pressure was then compared with sediment shear strength.  

 

3.5 Core Incubations and Qualitative Analysis 

Duplicate laboratory prepared cores of sediments from sites 3 and 6 were 

incubated. Active dry yeast was added to approximately 500 grams of sediment from 

sites 3 and 6, then homogenized and put into cores. Cores were 30.5cm tall with a 

diameter of 6.2cm giving a total volume of 920 cm
3
. Yeast was added such that a 0.6% 

yeast concentration was obtained on a mass to mass basis following Flury et al. (2015). 

Tap water was then added until maximum volume reached. Cores were incubated at room 

temperature, approximately 20°C, in the dark. Sediment expansion was recorded daily in 

order to quantify the volume of gas produced. Upon notice of gas release, videos and 

photos were taken using a Gopro Silver Hero 3+ mounted to a tripod from both outside 

and inside the core. Cores were recorded in 2 hour increments. Digital content was then 

viewed and edited using the Gopro Studio software.   

 

4. Results and Discussion  

4.1 Sediment Properties 

Sediment properties have been well studied on Lake Elsinore (Lawson and 

Anderson, 2007; Anderson and Pacheco, 2011; Martinez and Anderson, 2013). Due to 

these well quantified properties, these three specific sites were chosen primarily due to 

their differences in texture (Table 3.2).  
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Texture has been found to be strongly correlated with sediment gas volume and 

ebullition (Martinez and Anderson, 2013). These sites also vary in water content and 

porosity, both of which have been correlated with Cᵤ (Zreik, 1991; Torbahn and Huhn, 

2014). Marine sediments typically have larger sediment strength values than lake 

sediments (Winterwerp and Van Kesteren, 2004).This could be attributed to their higher 

sand content and lower water content (Zreik, 1991; Torbahn and Huhn, 2014). Thus, we 

would expect site 1 to have the highest sediment strength due its lower water content and 

higher sand content (Table 3.2). The high silt content of site 3 (82.4%) allows for 

possible correlation of this texture to Cᵤ, in addition to already being correlated with 

sediment gas volume (Martinez and Anderson, 2013). Site 6 has the highest water and 

clay content of the study sites. 

 

4.2 Sediment Strength  

4.2.1 Intact and Remolded Sediment Strength 

Intact cores from sites 3 and 6 were measured and it was found that these intact Cᵤ 

values were larger than the remolded Cᵤ for the same sites at their initial water content 

(Table 3.3). The high percent of sand in site 1 sediment did not allow for intact cores to 

Table 3.2- Sediment properties from study sites 1, 3, and 6 for Lake Elsinore.

Site  H₂O  Sand  Silt  Clay ρb
wet 

ρb
dry

Porosity 

(%) (%) (%) (%) (g/cm³)  (g/cm³) (%)

1 46.3 55.0 45.0 0.0 1.50 0.80 69.7

3 69.4 12.2 82.4 5.4 1.23 0.38 85.8

6 82.6 3.0 72.1 24.9 1.15 0.20 92.5
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be taken. Intact cores could only be measured once; therefore, these strength values could 

have a larger error associated with them than the remolded Cᵤ. 

 

At 20°C, site 1 remolded Cᵤ averaged 0.342 ±0.064 kPa at its initial water content of 

46.3%. This strength is low when comparing with values reported by Corella et al. 

(2014), who found sediment strength values ranging from 4.1 to 5.4 kPa for fine textured 

sediment with 25-35% water content for Lake Geneva, Switzerland/France. However, 

sediment strength has been found to be strongly negatively correlated with water content 

(Wood, 1985). Effects of water content on sediment strength are considered later in this 

study. Site 3 intact sediment shear strength was 20% higher than site 3 remolded Cᵤ at 

20°C which was found to be 0.172 kPa and 0.136 ±0.001 kPa, respectively, at a water 

content of 69.4%. The high silt and water content of this site appear to decrease the 

sediment strength relative to site 1. Sediment strength has also been shown to decrease 

with increasing porosity (Torbah and Huhn, 2014). Site 3 has a higher porosity than site 

1, 85.8% and 69.7% respectively. At the highest water content and porosity, site 6 

expectedly had the lowest intact and average remolded Cᵤ values of 0.157 and 0.092 

±0.005 kPa at 20°C. Site 6 intact Cᵤ was 41% higher than remolded Cᵤ, a difference 

double that of site 3. Site 6 is a silty texture with only 3% sand and almost 5 times the 

amount of clay as site 3. Intact Cᵤ was higher than remolded Cᵤ for both measured sites.  

Table 3.3- Sediment shear strength, Cᵤ

Site In Situ Cu Remolded Cu 

(kPa) (kPa)

1 N/A 0.342 ± 0.064

3 0.172 0.136 ± 0.001

6 0.157 0.092 ± 0.005
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 The intact Cᵤ value represents in situ conditions and is known as the peak strength 

value of the sediment. Remolding of the sediment causes disturbances to the matrices in 

the sediment such as clay, silt, polysaccharides, and proteins (Winterwerp and Van 

Kesteren, 2004). Site 6 remolded Cᵤ decreased twice as much as site 3. This could be due 

to the almost 5 times higher clay content at site 6, as the high specific surface area and 

electrical charge distribution of clay minerals can be responsible for majority of cohesion 

(Winterwerp and Van Kesteren, 2004). Therefore, large disturbances in the sediment, 

such as mud flows or dredging, can decrease the sediment strength, allowing for less 

storage of methane.   

 

4.2.2 Water Content Dependence of Cᵤ 

The effects of water content on sediment strength have been previously studied 

and show an inverse linear relationship, as water content increases, Cᵤ decreases 

(Jefferson and Rogers, 1997; Feng, 2000; Van Kesteren, 2004). Results of systematic 

variation of water content for sites 1 and 6 from Lake Elsinore agree with these previous 

studies (Fig. 3.1).  

  

Fig. 3.1- Sediment shear strength versus water content: a) site 1 and b) site 6. 

b) a) 
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The fit of the line for site 1 was not as strong as site 6, with R
2
 values of 0.80 and 

0.95 at p-value <0.05, respectively. Site 1 also has a steeper slope, indicating that changes 

in water content affect sandy sediments more strongly than cohesive sediments. This is 

most likely due to the larger pore sizes of sandy sediment and lack of clay particles that 

aid in water retention (Winterwerp and Van Kesteren, 2004). Although sediment water 

content does not significantly fluctuate throughout the year at Lake Elsinore, water 

content from site to site varies significantly (Anderson and Pacheco, 2011; Martinez and 

Anderson, 2013). This strong dependence of Cᵤ on water content may contribute to the 

sediments ability to store and release methane. For any given textural regime, it appears 

that Cᵤ could be estimated with known water content, although water content varies in a 

complex way with texture, thus requiring information about both variables. Jefferson and 

Rogers (1997) used a penetrometer to measure liquid limit and also found that depth of 

penetration (interpreted as sediment strength) varied inverse linearly with water content. 

 

4.2.3 Temperature Dependence of Cᵤ  

Lake Elsinore is a shallow warm polymictic lake with water column temperatures 

that range from approximately 10°C in the winter to 25-28°C in the summer (Lawson and 

Anderson, 2007). Since the lake is generally relatively well-mixed, the temperatures of 

surficial bottom sediments also vary markedly over the year (Lawson and Anderson, 

2007). Sediments in Lake Elsinore have water contents ranging from 15.6% to 83.1% 

(Anderson and Pacheco, 2011). The viscosity of water is strongly influenced by 

temperature and decreases with increasing temperature (Hatschek, 1928). Therefore, the 



50 
 

overall viscosity of the sediment may also decrease with increasing temperature; if the 

viscosity of the sediment decreases with increasing temperature then this effect should be 

seen in the strength of the sediment. Sites 3 and 6 were systematically varied as a 

function of temperature between 4-20°C, as this range of temperatures encompasses the 

typical range of sediment temperatures for polymictic lakes (Wetzel 1975; Stewart 2003; 

Lawson and Anderson, 2007). Sediment shear strength varied linearly with temperature 

for both sites (Fig. 3.2).  

 

Fig. 3.2- Sediment shear strength versus temperature: a) site 3 and b) site 6.  

Site 3 had an R
2
 value of 0.87 (p-value <0.05) indicating a strong linear 

relationship, as temperature increases, sediment strength decreases. The change in Cᵤ was 

slightly greater than 0.03 kPa (23%) and this could cause an increase in gas storage as 

sediment temperatures cool and vise versa. Sediment temperatures warm during the 

summer months, thus decreasing Cᵤ, and this could be a contributing factor to the 

increase in ebullition seen during the summer (Bastviken et al., 2004; Martinez and 

Anderson, 2013). Site 6 exhibited an even stronger linear relationship between Cᵤ and 

temperature, with an R
2 

value of 0.92 (p-value <0.05). The slope of the line was slightly 

greater than site 3. This is most likely due to the higher water content in site 6. These 

b) a) 
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results match those found by Wood (1985) who saw a negative sloping linear relationship 

with water content and sediment strength. Jefferson and Rogers (1997) also found that 

depth of penetration varied inverse linearly with temperature.  

 

4.2.4 Correlation Analysis 

A correlation analysis was conducted between Cᵤ values and sediment properties. 

Given the low sample size (n=3), R-values greater than 0.805 were statistically 

significant (Table 3.4), following Pearson’s correlation coefficient table for a 95% 

confidence interval. Here we see many strong correlations between the 8 variables 

quantified for the 3 study sites. The strongest correlation is that of Cᵤ and sand content, 

having an R value of 1, although water content, bulk density, and porosity had R-values 

greater than 0.98, all being very strong predictors of Cᵤ. It should also be noted that 

sediment texture is typically strongly correlated with water content, bulk density, and 

porosity (Winterwerp and Van Kesteren, 2004; Johnson et al., 2011). Due to the 

relationship between water content, bulk density, and porosity, these three variables will 

be discussed together in their relationship with Cᵤ. As seen in Fig. 3.1, there is a strong 

relationship between water content and Cᵤ. Thus, an increase in porosity allows for an 

increase in water content, directly affecting Cᵤ. It was surprising that clay content was not 

significantly correlated with Cᵤ, as clay content can strongly influence the cohesiveness 

of sediment (Winterwerp and Van Kesteren, 2004). Correlations between water content 

and dry/wet bulk density, and porosity and dry/wet bulk density will not be discussed, as 

these variables are calculated using the other.   
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4.3 Methane Ebullition 

4.3.1 In Situ Methane Volumes 

Sediment gas volume measurements were made at sites 3 and 6 on June 19
th

, 2015 

and at site 1 on July 17, 2014 as previously described in Chapter 2. Gas volumes varied 

over the 3 sampling sites, ranging from 1.018 to 2.92 L/m
2
. Site 3, with the highest silt 

content, contained the largest volume of gas at 2.92 ±0.50 L/m
2
. Of the two cohesive 

sediment sites, site 3 also has the larger Cᵤ value. Sediment gas volume for site 6 was 

1.72 ±0.53 L/m
2
, following the correlation that decreased Cᵤ allows for less methane to 

be stored. Site 1 gas volume was 1.018±0.22 L/m
2
, a surprisingly low number given that 

site 1 has the highest sediment strength. Sediment gas volume has been found to be 

negatively correlated with sand content (Martinez and Anderson, 2013). Even though the 

high sand content and low water content of site 1 give it a higher sediment strength value, 

the lack of cohesiveness may inhibit methane storage.   

 

 

Table 3.4- Correlation table of R values for sites 1, 3, and 6. P-values < 0.05 are highlighted.

Cᵤ (kPa)20°c % H2O % Sand % Silt % Clay ρb 
wet

ρb 
dry

Porosity %

Cᵤ (kPa)20°c 1

% H2O -0.98 1

% Sand 1.00 -0.98 1

%Silt -0.91 0.80 -0.91 1

%Clay -0.78 0.89 -0.78 0.44 1

ρb 
wet

 (g/cm³) 1.00 -0.99 1.00 -0.87 -0.83 1

ρb
dry

 (g/cm³) 0.99 -1.00 0.99 -0.85 -0.85 1.00 1

Porosity% -0.99 1.00 -0.99 0.85 0.85 -1.00 -1 1
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4.3.2 Bubble Target Strength Distribution and Size Analysis 

In addition to influencing methane retention within sediments, Cᵤ may also 

influence the size of bubbles released from the sediments when buoyant forces exceed 

sediment strength. Target strength of bubbles was captured from sites 3 and 6 on Lake 

Elsinore on June 19
th

, 2015. The stronger the acoustic backscatter, the greater the target 

strength and thus the larger the bubble (Ostrovsky et al., 2008). Fig. 3.3 below shows 

these target strength distributions.  

  

Fig. 3.3- Target strength distributions from Lake Elsinore on June 19
th

, 2015: a) site 3 b) site 6.  

Converting target strength to bubbles size, we see that sites 3 and 6 release 

bubbles ranging from 0.001-0.083 cm
3
. Similar ranges for bubbles have been found by 

Ostrovsky (2009) and Martinez and Anderson (2013). For site 3, with high silt content 

and intermediate water content (Table 3.2), we see a random distribution of target 

strengths for the 54 bubbles. This is contrary to what Martinez and Anderson (2013) 

found for site 3, which was a normal distribution of target strength. Noting again that a 

smaller target strength value indicates a smaller bubble, site 3 releases more bubbles with 

sizes that fall into the upper and lower quartiles, than site 6. For site 6 sediment, having 

the highest water content, we see a slightly skewed left distribution for the 107 bubbles. 

Martinez and Anderson (2013) also found that target strength of bubbles from site 6 

a) b) 
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followed a slightly skewed, but near normal distribution. The much larger number of 

bubbles from site 6 is due mainly to the size of the measured area, as site 6 was almost 3 

times deeper than site 3. When ebullition is normalized for area and depth, site 3 had a 

rate almost 7 times that of site 6, 15,728 and 2253 bubbles m⁻²d⁻¹, respectively.  

However, average target strength was very similar for both sites 3 and 6 (-54.6 and -54.2 

dB, respectively). Due to the different depths of each site, average bubble size varies 

much more than target strength upon correction for hydrostatic pressure. Site 3 bubble 

size averages 0.0449 cm
3
 and site 6 averages 0.0295 cm

3
. As stated in section 4.2.1, site 3 

has a greater Cᵤ than site 6. 

 The occurrence of larger bubbles from site 3 could be due to the greater sediment 

strength, as this site is over 4 meters shallower than site 6, which should have caused site 

6 to contain greater gas volumes with larger bubbles released (Martinez and Anderson, 

2013). As a bubble grows and the menisci between the gas and the water remains stable, 

an increase in gas volume can result in the failure of the sediment structure (Winterwerp 

and Van Kesteren, 2004). However, this does not mean that the bubble will be released. 

This may allow for larger bubble growth until the buoyant force becomes great enough to 

then rupture the surface of the sediment, releasing the bubble. The occurrence of smaller 

bubbles can also be explained by the greater sediment strength of site 3. If a stable 

menisci is not formed between the bubble and water, then as the bubble grows it can 

expel pore water from the sediment and percolate through the pore space (Winterwerp 

and Van Kesteren, 2004; Meier et al., 2011). Due to the relatively small pore spaces in 
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the sediment, the bubbles that are then released can be proportional to the pore and 

subsequently, the grain size (Meier et al., 2011).  

 

4.3.3 Bubble Vertical Pressure  

 A bubble that is formed in the sediment has a buoyant force that scales with the 

size of the bubble. This bubble is then released when it reaches its critical buoyant force 

(Martinez and Anderson 2013). Using equation 3.1 we calculated this critical force for 

sites 3 and 6 and found values of 0.00054 N and 0.00035 N, respectively. We then 

calculated the vertical pressure that this bubble applies to the sediment and found that site 

3 bubbles averaged 35.5 Pa and site 6 bubbles averaged 22.7 Pa. When comparing these 

pressures with the in situ sediment strength for sites 3 and 6 (172 Pa and 157 Pa, 

respectively), we see that the vertical bubble pressures are significantly lower. The 

sediment strength quantified represents an average strength on a macroscopic level. 

Bubbles form on a microscopic level, typically in the pore spaces and weaker parts of the 

sediment (Winterwerp and Van Kesteren 2004). These weaker areas of the sediment 

allow for bubble growth, migration, and eventual release, even though the vertical bubble 

pressure is less than the sediment strength. Larger bubbles have greater vertical pressures, 

some as large as 100 Pa. These larger bubbles may cause the initial fractures to form, 

creating weaker areas in the sediment that then allow for bubble release with less vertical 

buoyant force.     
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4.6 Laboratory Assessment of Methane Production and Ebullition 

Sediment cores prepared in the laboratory to promote methane production and 

ebullition allowed for quantitative analysis of sediment expansion and qualitative analysis 

of the mechanistic details of bubble release. Both cores showed no gas production for the 

first 2 days (Fig. 3.4). Site 3 showed production of gas on day three and continued until 

the end of the experiment (day 6). Site 6 began to show production of gas on day 4 and 

also continued through the end of the experiment (day 6). Sites 3 and 6 generated total 

gas volumes of 120.8 mL and 90.8 mL, corresponding to 40.0 and 30.0 L/m
2
, 

respectively. These extremely large volumes of gas, over 10 times the values found in 

Lake Elsinore, can be attributed to the yeast that was added to artificially stimulate 

methane production. It appeared after 5 days that ebullition began and a steady state was 

reached after 6 days, as sediment height did not change with bubble release. Flury et al. 

(2015) saw ebullition occurring from their incubated cores after approximately 10 days, 

with final gas contents of 7-50% on a volume/volume basis. Our results were similar; site 

3 and 6 sediment gas volumes were 27.5% and 20.6%, respectively. Our shorter methane 

production time could be due to varying sediment properties and possibly a greater 

population of bacteria. Site 3 had a greater sediment strength than site 6 and this may be 

the largest contributing factor to the volume of methane that a cohesive sediment can 

store.  
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Fig. 3.4- Sediment gas volume increase for incubated cores from sites 3 and 6. 

Two general trends were noticed during the processing of video footage. Site 3 

cores consistently released bubbles that were smaller and larger than site 6 (Fig. 3.5), 

while site 6 bubbles released tended to be in the medium size range when comparing with 

bubbles from site 3.This bubble size distribution is also supported by in situ target 

strength distributions from sites 3 and 6 (Fig. 3.3). Stronger sediment can resist 

deformation, inhibiting bubble growth, and allow for more percolation through pore 

space. Stronger sediment may also lead to increased bubble growth. Sediment strength is 

not uniform throughout the sediment, therefore a bubble may deform the adjacent weaker 

sediment, but not rupture the surface. This bubble can continue to grow in the weakened 

zone until its vertical pressure is strong enough to rupture the sediment surface.   
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Fig. 3.5- Still images of bubble release from incubated cores from Lake Elsinore: a) bubble pulse from site 

3 b) bubble pulse from site 6.  

 

These images clearly indicate that ebullition causes disturbances in the sediment. 

The initial bubble released brings sediment entrained with it and causes a divergent 

circular motion to be set up (Fig. 3.5). Both sediments types are clearly disturbed by 

bubble release. It was visually noticed that larger bubbles caused more disturbance, and 

subsequently increased sediment resuspension. Thus, nutrients that were once settled can 

b) 

1 cm 

a) 

1 cm 
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then impact the biogeochemistry of the water body (Liikanen et al., 2003). Majority of 

studies have found that ebullition increases internal loading of nutrients to the water 

column (Douglas, 1994; Klein, 2005; Kavcar et al., 2009; Cheng et al., 2014). However, 

Flury et al. (2015) found that gas in sediments can decrease the pore water exchange of 

dissolved species. The bubbles increase the tortuosity of the sediment and inhibit 

movement, reducing internal loading. This was found true only for dissolved species, as 

low soluble species utilize gas bubbles as a shortcut from the sediment to the water 

column, increasing internal loading (Flury et al., 2015).   

Another clear distinction between site 3 and 6 cores was the vertical fractures 

seen in site 6, having lower Cᵤ and higher clay and water content. These fractures are on 

the order of 3-4 cm in length in the uppermost layers of the sediment. The weaker 

sediment can be more easily compressed, in the horizontal direction, from a rising 

bubble, and the greater cohesiveness may allow for the compressed walls to better retain 

their fractured shape. However, the core walls in these incubations may affect these 

fractures by allowing them to remain open more readily than in situ conditions, however, 

these fractures were not seen in site 3.  

Both sites exhibited multiple bubble release from the same fracture, supporting 

the viscoelastic fracture mechanism. As a single bubble, or group of bubbles, is released 

from the sediment, a fracture is left behind that then acts as a canal for other adjacent 

bubbles to be released (Algar et al., 2011). In situ conditions will vary from those 

depicted here due to addition of yeast to the cores and only having water depths of around 

20 cm. However, these images give great insight into the mechanisms of ebullition from 
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cohesive sediments, showing pulses of bubbles released simultaneously and additional 

pulses occurring from the same fracture. Clear differences were seen between sites 3 and 

6, owing mainly to differences in Cᵤ and texture, as other sediment properties were 

similar. 

 

5. Conclusion 

Sediment shear strength, Cᵤ, is an important characteristic that influences the 

storage and release of methane from sediments. This study found that Cᵤ is strongly 

positively correlated with sand content and strongly negatively correlated with water 

content. Texture and water content can therefore be used as prediction factors for Cᵤ. 

These two properties can vary drastically across a lake and from lake to lake, therefore it 

is important that we understand the role these factors play in Cᵤ, as it can influence both 

the amount of methane a sediment can store, and the mechanism of ebullition. Sediment 

strength was also found to decrease with increasing temperature. Bubbles form, migrate, 

and are released in the weaker parts of the sediment. Cohesive sediment with greater 

strength can force bubbles to grow in the pore space of sediments, resulting in 

percolation. These stronger sediments can also resist deformation, allowing for increased 

bubble growth prior to release. Weaker cohesive sediments may become deformed with 

less buoyant force than stronger ones, resulting in ebullition of more medium sized 

bubbles. Fall cone analysis is a simple, inexpensive way to quantify Cᵤ that can then be 

used to assess sediment methane storage and release mechanisms.  
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