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Abstract

Abstract

Lakes and reservoirs are important sources of methane, a potent greenhouse gas. Although
freshwaters cover only a small fraction of the global surface, their contribution to global
methane emission is significant and this is expected to increase, as a positive feedback to
climate warming and exacerbated eutrophication. Yet, global estimates of methane emission
from freshwaters are often based on point measurements that are spatio-temporally biased. To
better constrain the uncertainties in quantifying methane fluxes from inland waters, a closer
examination of the processes transporting methane from sediment to atmosphere is necessary.
Among these processes, ebullition (bubbling) is an important transport pathway and is a primary
source of uncertainty in quantifying methane emissions from freshwaters. This thesis aims to
improve our understanding of ebullition in freshwaters by studying the processes of methane
bubble formation, storage and release in aquatic sediments. The laboratory experiments
demonstrate that aquatic sediments can store up to ~20% (volumetric content) gas and the
storage capacity varies with sediment properties. The methane produced is stored as gas bubbles
in sediment with minimal ebullition until the storage capacity is reached. Once the sediment
void spaces are created by gas bubble formation, they are stable and available for future bubble
storage and transport. Controlled water level drawdown experiments showed that the amounts
of gas released from the sediment scaled with the total volume of sediment gas storage and
correlated linearly to the drop in hydrostatic pressure. It was hypothesized that not only the
timing of ebullition is controlled by sediment gas storage, but also the spatial distribution of
ebullition. A newly developed freeze corer, capable of characterizing sediment gas content
under in situ environments, enabled the possibility to test the hypothesis in a large subtropical
lake (Lake Kinneret, Israel). The results showed that gas content was variable both vertically
and horizontally in the lake sediment. Sediment methane production rate and sediment

characteristics could explain these variabilities. The spatial distribution of ebullition generally
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was in a good agreement with the horizontal distribution of depth-averaged (surface 1 m)
sediment gas content. While discrepancies were found between sediment depth-integrated
methane production and the snapshot ebullition rate, they were consistent in a long term (multi-
year average). These findings provide a solid basis for the future development of a process-
based ebullition model. By coupling a sediment transport model with a sediment diagenetic
model, general patterns of ebullition hotspots can be predicted at a system level and the
uncertainties in ebullition flux measurements can be better constrained both on long-term

(months to years) and short-term (minutes to hours) scales.



Introduction

1 Introduction
1.1 The significance of methane emission from inland waters

Counter-intuitive to the fact that inland waters cover only < 1% of earth’s surface
(Downing et al. 2006), their contribution to global carbon (carbon dioxide (CO2) and methane)
emissions is disproportionally high (Bastviken et al. 2004; Borges et al. 2015; Cole et al. 2007,
Deemer et al. 2016; Holgerson and Raymond 2016; Li and Bush 2015; Li et al. 2015; Tranvik
et al. 2009). While methane emission contributes only ~12% to the total (CO2 and methane) in
terms of mass, as a conservative estimate it corresponds to 25% of the terrestrial carbon sink
(Bastviken et al. 2011). This is because methane is 28-34 times CO:2 equivalent in terms of
global warming potential (Myhre et al 2013). Furthermore, enhanced methane emissions are
expected in response to the exacerbated global eutrophication and climate warming (DelSontro
et al. 2018; Sepulveda-Jauregui et al. 2018). In addition to methane’s significance in global
carbon cycling, in freshwaters methane also serves as a food and energy source in freshwater
food webs (Bastviken et al. 2003; Jones and Grey 2011; Mbaka et al. 2014). It is therefore
important to improve our understanding of methane cycling and quantify the magnitude of

methane fluxes from global inland waters.

1.2 The controls of methane flux from freshwaters

In typical freshwater systems, many processes (both biogeochemical and physical) should
be considered to make an accurate budget of methane cycling (see Figure 1 for a schematic

description of these processes).
1.2.1 The biogeochemical controls

Methane emitted from inland waters is typically of biogenic origin, i.e., by anaerobic
decomposition of organic matter in aquatic sediments as a result of microbial activities

(Whiticar et al. 1986; Yvon-Durocher et al. 2014), or by methane production under aerobic
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environments as a byproduct of complex biochemical processes (Donis et al. 2017; Grossart et
al. 2011; Tang et al. 2016). Anaerobic methanogenesis in sediments has been identified as a
significant source of methane in many freshwater systems (Bastviken et al. 2004; Bastviken et
al. 2008), particularly in impounded rivers and reservoirs where sediment deposition rates are
high (Deemer et al. 2016; DelSontro et al. 2011; DelSontro et al. 2010; Maeck et al. 2013;
Sobek et al. 2012). Before methane reaches the atmosphere, a portion can be eliminated by
oxidation in anoxic sediments by a number of potential oxidizers/reducers such as
iron/manganese (Beal et al. 2009; Sivan et al. 2011), sulfate (Kuivila et al. 1989; Lovley and
Klug 1983) and nitrate (Deutzmann et al. 2014). Methane can be also oxidized by oxygen in
the water column (Oswald et al. 2015; Rahalkar and Schink 2007). These methane production

and consumption processes determine the amounts of methane emitted from freshwaters.

1.2.2 The importance of ebullition in transporting methane

In spite of the fact that methane budgets in aquatic systems are primarily determined by
biogeochemical processes (Bastviken et al. 2008), accurate estimation of methane fluxes requires
a close examination on internal methane transport pathways. Methane can be transported by
diffusion, ebullition (bubbling), released by overturn mixing from hypolimnion storage or by
plants (Bastviken et al. 2004). Diffusive methane transport is limited by vertical mixing in the
water column and gas exchange at the air-water interface. In deep lakes, that experience
seasonal density stratification, dissolved methane can accumulate in the hypolimnion and be
emitted during lake overturn (Schubert et al. 2012). Compared to the slow diffusive transport,
ebullition has been considered much more efficient in transporting methane because bubbles
can rise fast in water and bypass oxidation (McGinnis et al. 2006). In many systems, bubble-
mediated flux is a large component of the total and even often dominates over other
pathways (Bednaiik et al. 2017; DelSontro et al. 2010; Maeck et al. 2013; Sobek et al. 2012;

Xiao et al. 2014).
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Similar to the well-accepted temperature dependence of methanogenesis (Yvon-Durocher
et al. 2014), methane ebullition has been found also highly temperature-sensitive. Temperate
mesotrophic mesocosms experiments suggested that ebullition can increase exponentially with
temperatures above 10 °C and begin to dominate diffusion, which is much less temperature
dependent (Aben et al. 2017). A positive feedback on ebullition is expected (Aben et al. 2017)
due to the fact that global lake water is displaying a warming trend over the last decades
(O'Reilly et al. 2015). However, ebullition from northern lakes and ponds cannot be simply
explained by this temperature dependence and the trophic states of ecosystems also play an
important role (DelSontro et al. 2016). Given the important role of ebullition yet poorly
understood governing processes, quantifying ebullition flux is crucial for better understanding

and more effectively constraining methane emissions from inland waters.

3) Ebullition 7) Diffusive emission
Air
t f f \V4
- Water

Oxic water
Mixed layer

SEESSSESSS

Sediment

X-ray CT
scanned
sediment

bubbles

2) Sediment CH, bubble storage
1) Oxidation Production

Figure 1. Schematic of production and consumption processes that affect methane emission in a typical
freshwater system (plant-mediated transport is not included here).
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1.3 Processes controlling ebullition: from formation of methane bubbles to their release
1.3.1 The formation of methane bubbles in aquatic sediments

Methane bubble formation in sediment is primarily governed by gas production rate and
diffusion (Boudreau et al. 2001; Li and Yortsos 1995; Van Kessel and Van Kesteren 2002).
Without a sufficient methane production to overcome diffusive limitations, porewater
oversaturation and bubble formation will never occur. This had been studied in artificial
sediments (van Kesteren and van Kessel 2002), showing that not only is the growth rate of
methane bubbles controlled by gas production rate, but also the distance between bubbles and

the size of bubbles.

Sediment characteristics and mechanical properties also play a role in sediment bubble
growth. Many mechanisms had been proposed. Firstly, methane bubbles can grow and migrate
in extremely weak sediment in analogy to bubbles in geo-fluids such as water (e.g., (Chanson
et al. 2006)) that was termed fluidization. As illustrated in Figure 2, the second mechanism
contends that in coarse-grained sediments, micro-bubbles (sub millimeter) form by pushing
porewater out of capillary pores which was termed capillary invasion (Choi et al. 2011; Jain
and Juanes 2009). The gas pressure allowing gas to enter a sediment pore is inversely related
to the sediment grain size (Jain and Juanes 2009). A third mechanism (Figure 2) asserts that in
cohesive fine sediments, capillary entry pressure is greater than the strength of sediment, large
bubbles (mm to cm, at least 10 times greater than sediment grain size) can grow by
elastic/plastic deforming surrounding sediment matrix (Wheeler 1988). In this case, the mixture
of porewater and sediment grains can be treated as one phase instead of two (Boudreau 2012).
Lastly, based on the phase approximation made in the third mechanism, linear elastic fracture
mechanics had been proposed to explain bubble growth as a result of tensile fracture. This
theory considers the combined strength of all the bonds, i.e., electrostatic, organic, water-based,

etc. (Barry et al. 2010; Johnson et al. 2002). Unlike the third theory, this one had been proven
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capable of predicting the shape and size of methane bubbles in aquatic sediments (Boudreau et
al. 2005; Gardiner et al. 2003). However, these studies (Algar and Boudreau 2009; Algar and
Boudreau 2010; Katsman 2015) were limited to an ideal case, i.e., a single bubble in
homogenized fine-grained marine sediments, which may not be applicable to multiple bubble

growth in freshwater sediments.

Apart from these fundamental studies, research on gas bubble growth and migration in
sediments has been scarce and limited to the effect of gas formation on storage capacity in
artificial sludge containers (Gauglitz and Terrones 2002; Van Kessel and Van Kesteren 2002;

Gauglitz et al. 2012; Johnson et al. 2017).

@ Solid particles ™ Water O Gas bubbles

Figure 2. Bubble formation in aquatic sediments by capillary invasion (left) and elastic/plastic

deformation (right).

1.3.2 Release of sediment methane bubbles and their fate in the water column

Methane bubbles leave the sediment as they grow sufficiently large, many mechanisms of
have been proposed for bubble rise in aquatic sediments (Figure 3). In weak slurries, bubbles
can rise by fluidization (Sherwood and Séaez. 2014). It has been first suggested by Wheeler
(1990) to calculate this critical size by assuming spherical bubbles rise in plastic sediment
driven by buoyancy. However, in aquatic sediments bubbles were predicted to be
unrealistically large (1 m diameter) in order to rise, which could not be supported by any
experiments (Boudreau 2012). It had been observed in later experiments that bubbles came

out through established channels/conduits (Van Kessel and Van Kesteren 2002) though the
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prediction of the maximum depth of the conduits did not succeed (Powell et al. 2014).
Further studies (Boudreau 2005; Algar et al. 2011a) demonstrated that bubbles rise could be
initiated by fracturing and these fractures could facilitate subsequent bubble rise. The
release of methane bubble from sediment could be triggered by pressure drop-induced pre-

existing conduit re-open (Algar et al. 2011b; Scandella et al. 2011).

After release from sediment, the rising methane bubbles exchanges with gases dissolved in
the water column. The fraction of methane eventually reaching the atmosphere depends
primarily on many factors affecting the gas exchange efficiency and is most sensitive to the
initial size of bubbles and water depth (Leifer and Patro 2002; McGinnis et al. 2006). This
partly explains the more frequently observed higher ebullition flux in the shallow zones of lakes.
A field study also suggested that large bubbles (initial diameter) are capable of transporting
more methane to the atmosphere than small ones though they are less frequent (Delsontro
et al. 2015), which could partly explain the spatio-temporal variabilities of ebullition flux. A
more recent study (Delwiche and Hemond 2017) demonstrated that bubble size distributions
were highly variable in space even at small spatial scales, suggesting a control of sediment
conditions on bubble size which is currently poorly understood.

(a) (b) (c)

Fluidization Fracturing Conduit dilation

O VW

O Gas bubbles

Soupy B Cohesive marine M Lake sediments
slurries sediments
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Figure 3. Schematic illustration of bubble release mechanisms: (a) fluidization in weak
sediments (Sherwood and Saez. 2014), (a) bubble rise by fracturing (Algar et al. 2011a) and (c)

bubble release by conduit dilation (Van Kessel and VVan Kesteren 2002; Scandella et al. 2011).

1.4 Current understanding about ebullition and research needs

Although ebullition is important for methane transport, it is extraordinarily difficult to
quantify accurately as it has been often described as sporadic and unpredictable both in time
and space (Scandella et al. 2016; Wik et al. 2013). Continuous one-year ebullition flux
measurements in River Saar captured an extreme ebullition event in a week that accounted for
~13% of the yearly total (Wilkinson et al. 2015). This suggests that flux estimates based on
short-term observations may have underestimated the emission potential from freshwaters
(Maeck et al. 2014; Wik et al. 2016). On the other hand, ebullition is also spatially
heterogeneous (Bastviken et al. 2008; Beaulieu et al. 2016; Tuser et al. 2017) which has often
been explained by sediment accumulation patterns (DelSontro et al. 2011; Maeck et al. 2013;
Wilkinson et al. 2015) and water depth (de Mello et al. 2018; Tuser et al. 2017), adding another
complexity to measurements. The difficulty in quantifying/predicting ebullition flux from
freshwaters is currently one of the major constraints in estimating methane emissions from

inland waters.

While as mentioned above ebullition is primarily driven by gas production in the long term
(Wilkinson et al. 2015; Aben et al. 2017), its short-term dynamics has often been found closely
related to hydrostatic/atmospheric pressure changes (Chanton et al. 1989; Maeck et al. 2014;
Scandella et al. 2016; VVaradharajan and Hemond 2012). Forcing mechanisms of ebullition have
been explored and simulated with a simple mechanistic model by linking ebullition flux to
methane bubbles stored in sediment (Scandella et al. 2011), in which sediment bubbles dilate
as total hydrostatic pressure drops. However, pressure drops did not always trigger ebullition

and sometimes delays in response were observed (Maeck et al. 2014; Varadharajan and
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Hemond 2012). This suggested a potential role of sediment gas storage in regulating ebullition
dynamics. Field measurements demonstrated that lake sediments can store large amounts of
methane gas (Anderson and Martinez 2015), though the control of sediment gas content on

ebullition remained unclear (Martinez and Anderson 2013).

Regardless of our knowledge advancements in both fundamental and applied studies of gas
bubble formation mechanics in marine and artificial sediments, the controls on the dynamics of
methane bubble growth in freshwater sediments remain poorly understood. While convincing
observations in laboratory experiments (Scandella et al. 2017) supported the conduit opening
mechanism for bubble release from the sediment, to date direct observations of bubbles
movement in sediments have been scarce (Boudreau 2012) and little is known about the link
between sediment gas storage and bubble release. These small-scale single bubble-based

theories have difficulties predicting the large-scale dynamics of ebullition in freshwaters.

To improve our ability to understand/predict temporal dynamics and spatial distributions
of ebullition flux, all abovementioned empirical findings need to be refined. Examining further
to establish a linkage between sediment methane bubble storage and ebullition seems a
promising approach. To achieve this goal, detailed studies on the processes controlling methane

bubble formation and release in freshwater sediments are required.
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2 Hypotheses and research questions

This thesis aims to advance our mechanistic understanding about the dynamics of methane
bubble formation, storage and migration in freshwater sediments in lakes. The link between
sediment bubble storage behavior and gas ebullition has been explored both in the laboratory
and field. Four research questions are answered in present thesis corresponding to four

hypotheses.

Hypothesis 1: Aquatic sediments can store large amounts of free gas, which explains the

temporal dynamics of gas ebullition.

Question 1: How does sediment gas content evolve over time? How does gas ebullition

respond to sediment gas content development and hydrostatic pressure drops?

Hypothesis 2: Depending on hydrological and hydrodynamic settings, natural freshwater
sediments are characterized by a wide range of grain size from coarse sand (even gravel) to

fine-grained clay. Sediment gas content and gas ebullition vary with sediment texture.

Question 2: What controls gas storage capacity in freshwater sediments, grain size

distribution or sediment mechanical properties, or both?

Hypothesis 3: Previous studies suggested that bubbles either need to reach a critical size
in order to migrate, or they migrate through the pre-existing conduits. However, there are no
direct observations to support these theories. We hypothesize that once the gas storage capacity
of a sediment is reached, the established pore network structure can be used for future bubble
storage and migration. This would allow the formulation of a numerical model based on

volumetric gas content.

Question 3: How do methane bubbles grow and migrate in aquatic sediments?

11
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Hypothesis 4: Since sediment gas production and grain size distribution can potentially
control methane bubble formation and storage in sediment, we hypothesize that the spatial

distribution of gas ebullition can be linked to the pattern of in situ free gas content in surface

sediment.

Question 4: What gas content is expected in a natural lake sediment, where are the free

methane bubbles located and do the spatial distributions of gas and ebullition correlate?

12
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3 Outline

The experiments used to answer the research questions are divided into four parts and the
findings are presented in four articles. The articles, attached as Appendices, either have been
published/accepted or are under review by peer-reviewed journals. The research questions

addressed in each part are outlined below.

Part 1

A lab experiment was performed to investigate the development of gas content in different
types of sediment (Question 1). Gas storage capacity of freshwater sediments was quantified
(Question 2). The role of sediment grain size in bubble formation and storage was explored and
the response of ebullition to hydrostatic pressure drops was studied (Question 1 and 2).

Appendix | -

Liu, L., J. Wilkinson, K. Koca, C. Buchmann, and A. Lorke (2016). The role of sediment
structure in gas bubble storage and release. Journal of Geophysical Research: Biogeosciences

121: 1992-2005. doi: 1910.1002/2016JG003456.

Part 2

Another lab experiment was conducted to study detailed bubble formation and migration
in different types of sediment (Question 3). The role of sediment characteristics and mechanical
properties in collective bubble formation was investigated (Question 2 and 3).

Appendix I -

Liu, L. T. De Kock, J. Wilkinson, V. Cnudde, S. B. Xiao, C. Buchmann, D. Uteau, S. Peth
and A. Lorke (2018). Methane bubble growth and migration in aquatic sediments observed by
X-ray  uCT.  Environmental Science &  Technology 52: 2007-2015. doi:

2010.1021/acs.est.2007b06061.

Part 3

13
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In order to characterize sediment gas content, a novel freeze corer has been developed and
applied to Lake Kinneret, Israel (Question 4).

Appendix I -

Duck Y., L. Liu, A. Lorke, I. Ostrovsky, R. Katsman and C. Jokiel. A novel freeze corer for
characterization of methane bubbles and coring disturbances. Submitted to Limnology and

Oceanography: Methods, conditional acceptance, in revision.

Part 4

Two joint field campaigns were conducted in Lake Kinneret, Israel to measure sediment
gas content and characterize its relationship with gas ebullition. Hydroacoustic measurements
were used to determine the spatial distributions of both sediment gas bubbles and ebullition and
freeze coring was used to determine sediment gas content. In combination, the techniques
were used to profile sediment methane production, determine the spatial distribution of
sediment gas and investigate its relationship with gas ebullition (Question 4).

Appendix IV -

Liu L., K. Sotiri, Y. Duck, S. Hilgert, 1. Ostrovsky, E. Uzhansky, R. Katsman, B. Katsnelson,
R. Bookman, J. Wilkinson and A. Lorke. The control of sediment gas accumulation on spatial
distribution of ebullition in Lake Kinneret. Submitted to Limnology and Oceanography, under

review.
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4 Discussion

The present work advances our understanding of sediment methane bubble growth and

release in aquatic sediments with a series of laboratory experiments and field measurements

(Figure 4). The laboratory experiments focus on detailed sediment bubble growth behaviors in

homogenized natural sediments. Field measurements were conducted in Lake Kinneret to

validate the findings in the laboratory by taking the advantage of newly developed method to

characterize in situ sediment gas content.

Laboratory experiments

i Part Il - The control of sediment mechanical
' properties on bubble growth and release

Part | — The role of sediment characteristics in bubble storage

Stage 1 Stage It Stage 11T

Saeseeosd £
o % e+t £

Va

T T

(a) | l@,ﬁwqmi@ﬁ o d Bubble size distribution — in water column
1
|

Gor (%)
=

Stage | Stage Il

B

EnfPuor (%)

Stage Il

o

Water

Sedimem-

[k

Part IV — The control of sediment gas
content on ebullition in Lake Kinneret

Sitg 5

Part lll - Development of a
freeze corer to characterize
in situ sediment gas content

;N 1 “

Figure 4. Summary of the achievements in understanding bubble growth and release

32°5230°N o

32510N

32°4930°N

3280

32°46'30°N |

32°45'0°N o

3200330

31420 T T T T T T
IWOE IV 35°360° 35390°F

Fallifs el

sediments and their link to ebullition in this thesis.

15

n r| Gas content [%]

1
1

1

1

1

1

1

1

1

1

1

1

1
Ebulliton i
[mmol m2d?] '
1

.. 1

20 1

1

2 1

1

2 i

16 1

1

Ns 1

0 1
Sediment MP !
[mmol m? d] i
1

1

1

1

1

|

® w038
® 23
® %4
® 23

in aquatic



Discussion

4.1 Achievements and limitations in characterizing methane bubbles

Observing methane bubbles in aquatic sediments is challenging due to the opacity of
aquatic sediments. In this thesis, advanced methods were adapted/developed to overcome this

difficulty.

uCT enables direct detailed observation of methane bubble formation in aquatic sediments.
High spatial resolution allows visualization of methane bubble growth at the pore scale
(Appendix I1). A novel freeze corer was developed that preserves the sediment gas composition
(Appendix I11). To characterize gas content in lake sediments, traditional corers cannot be used
because they are not able to maintain hydrostatic pressure and gas content is altered. While a
pressurized corer (Anderson et al. 1998) would work, the new freeze corer provides a more
cost-effective alternative for obtaining detailed depth profiles of sediment gas content. To
complement the sediment gas profiles, hydroacoustic measurements were performed in Lake
Kinneret (Appendix V) to allow for characterizing the horizontal distribution of sediment gas

content and ebullition flux (Ostrovsky et al. 2008).

Methods of characterizing methane bubbles at different scales (pore to core scale and
system) each has strengths and limitations. For example, the high spatial resolution of uCT is
achieved at the cost of temporal resolution; scanning at a resolution of ~64 um requires ~20
min, but achieving a spatial resolution of ~20 um doubles the scan time (refer to Appendix Il
for details). This causes difficulties in characterizing initial bubble growth in sediments because,
at pore scale, bubble growth rate is a function of the square root of time (Brennen 2013) and
only a few minutes are required for a micro-bubble to occupy a ~10 um capillary pore at an
average gas supply rate (Boudreau 2012). The limitation in temporal resolution also applies to
hydroacoustic methods for characterizing bubbles, particularly when measuring ebullition,
which is extremely variable in time. Thus, the spatial distribution of ebullition flux measured

hydroacoustically can potentially be masked by temporal dynamics and should be interpreted
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with caution. Future developments that address these technical difficulties are needed for a more
complete understanding of the processes controlling sediment methane bubble formation and

release.

4.2 Sediment gas storage capacity: characterization and controlling factors

Sediment gas content has been measured in the lab experiments as high as ~20% in a
homogenized clayey sediment (Appendix 1). This high sediment gas content has never been
observed in natural systems though field measurements were few. In shallow gassy marine
sediments, e.g., Eckernforde Bay and Baltic Sea, gas content can vary in a wide range (~0.1-
3.4%) (Anderson et al. 1998; Best et al. 2004; T6th et al. 2014). An average of 6.17+2.19 L m"
2 (corresponding to 0.62+0.22% volumetric content) sediment gas content was estimated in
Lake Elsinore (Anderson and Martinez 2015). Relatively high sediment gas content (> 1%) in
the profundal zone of Lake Kinneret was estimated in this study (Appendix 1V), which is one
order of magnitude higher than previous estimate of < 0.2% using an acoustic method
(Katsnelson et al. 2017). This difference can be explained by the fact that the acoustic method
used by Katsnelson et al. (2017) could only provide a depth-integrated estimate, in contrast to
the present study that defines the first meter of sediment. In addition to the horizontal distribution
of sediment gas content, this work demonstrated a variability of the vertical distribution of
sediment gas, which has never been studied in freshwater systems. While an improved
understanding of sediment gas content distribution has been achieved, more field measurements
should be done to have a better knowledge of sediment gas storage capacity in other freshwater
systems, particularly in reservoirs that are characterized by high spatial heterogeneities in

sediment deposition and sediment characteristics.

In addition, the control of sediment grain size and mechanical properties on sediment gas
storage capacity has been revealed by the laboratory experiments (Appendix | and II). In

general, the storage capacity seems to increase with the increasing fraction of fine particles in
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the sediments. This has been validated in the study conducted in Lake Kinneret (Appendix 1V).
Little/no sediment gas content was detected in the littoral zone of the lake where sediments
were dominated by coarse sand (Ostrovsky and Tegowski 2010). The role of sediment
properties has been also demonstrated (Appendix II) as a higher gas content was observed in
clay that was chracterized with low sediment shear strengths (< 15 Pa) than in stiffer sand (shear
yield strength > 100 Pa). This is consistent to previous findings that the increase in sediment
shear yield strength allows bubbles to grow by internal fracturing, resulting in a reduction
in sediment gas storage (Gauglitz et al. 2012; Johnson et al. 2017). It is, however,
contrary to a former study (Sherwood and Séez 2014) showing that in weak sediments
(shear yield strength < 10 Pa), bubbles were unable to grow larger before leaving the

sediment.

4.3 The control of sediment gas storage on temporal dynamics of ebullition

While field-based ebullition data suggested a possible link to the sediment gas reservoirs
(Chanton et al. 1989; Maeck et al. 2014; Varadharajan and Hemond 2012), the experiments
explicitly demonstrated this control (Appendix I and 11). Sediment gas storage capacity must be
reached before intense bubble release is observed. During gas accumulation, the intensity of
ebullition is minimal. Simply stated, the sediment storage capacity defines the potential for gas
ebullition. This was demonstrated (Appendix I) with a controlled water level drop experiment;

the amount of ebullition scaled with the total volume of gas stored in the sediment.

Sediment gas storage capacity can be used to explain the temporal dynamics of ebullition.
In lakes and riverine impoundments, forcing of ebullition by hydrostatic/atmospheric pressure
reductions was seemingly well established. However, rather than a linear response of ebullition
decreasing pressure, no significant correlation was found between them (Maeck et al. 2014;

Varadharajan and Hemond 2012). This lack of correlation can be explained by sediment gas
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content, i.e., little or no ebullition is triggered while the sediment gas content is below the

storage capacity.

The gas storage-ebullition mechanism has important implications. It had been thought that
long-term ebullition flux depended on sediment temperature change (Aben et al. 2017
Wilkinson et al. 2015) and that short-term variability of ebullition did not alter total average
methane emission from freshwaters. This might be true for water bodies that experience
minimal water level fluctuations as in many freshwater lakes, but can lead to substantial
differences in reservoirs/impoundments with frequent water level fluctuations. Recent studies
(Beaulieu et al. 2018; Harrison et al. 2017) suggest that water level drawdowns could decrease
or increase methane emissions from reservoirs depending on the water level management

strategy of the reservoir.

In fact, both sediment gas storage capacity and water level management strategy can affect
methane emission from reservoirs by altering the fraction of methane transported by bubbles.
While the sediment gas storage capacity in aquatic sediments has been poorly characterized, it
was estimated for Lake Lacamas, that sediments can hold 50-700% of the annual ebullition flux
during periods with no drawdown (Harrison et al. 2017). With storage capacities that are large
relative to the average ebullition flux in natural systems, water level drawdowns can create short
periods of intense ebullition and increase the fraction of methane transported by bubbles. This
bypasses diffusive transport, decreasing the proportion of methane oxidized compared to water
bodies with more stable water levels. Reservoirs with large storage capacities, such as Three
Gorges Reservoir (Liu et al. 2012), have annual drawdown up to 30 m and remain at a low level
for an extended period. These systems are especially prone to sediment methane bubble
formation and ebullition. Given the global boom in large dam constructions for hydropower

and flood control (Zarfl et al. 2015), understanding the temporal dynamics of ebullition flux
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from reservoirs is increasingly important for supporting development of management practices

that mitigate methane emission.
4.4 Factors affecting spatial distributions of gas ebullition

The experiment included in Appendix | show how sediment structure controls sediment

gas content. The follow-up field study (Appendix IV) in Lake Kinneret confirmed this finding.

The finding that gas ebullition is inactive in the littoral zone of Lake Kinneret is contrary
to what others reported from many other lakes. In typical freshwater lakes, the shallow littoral
zones have been recognized as hot spots for ebullition (Bastviken et al. 2004; Walter et al. 2006;
Wang et al. 2006; Wik et al. 2013). The shallower water depths favor methane bubble formation
because of the resultant lower gas saturation limits and the exposure to solar radiation. In Lake
Kinneret, the change in sediment grain size from coarse sand in the littoral zone to fine clay
towards the profundal zone of the lake (Ostrovsky and Tegowski 2010) provides a plausible
explanation for this unusual spatial variability of ebullition in a natural lake. The low sediment
gas content in the littoral zone suggests a control of sediment structure on gas storage in
sediment. The similar has been found in Lake Elsinore, CA, a small eutrophic temperate lake,
where sediment texture showed a strong influence on sediment gas content, i.e., sediment gas
content increases with the increasing fraction of fine-grained sediments (Martinez and

Anderson 2013).

While it has been demonstrated by the present work that sediment ebullition can be linked
to sediment gas content, more field measurements are required to validate these findings. So far
direct measurements of sediment gas content in freshwater lakes are limited in number. The
only quantitative study was performed in Lake Elsinore (Martinez and Anderson 2013) and
suggested a strong correlation between gas ebullition and sediment gas content at individual
sites, while no simple correlation occurred across the entire lake. Surprisingly, they also found

that ebullition rates were positively correlated to sand content in sediment (Martinez and
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Anderson 2013). This suggests a potential role of sediment gas storage capacity in regulating
gas release regime: the highest sediment volumetric gas content was ~1% in the central part of
this lake where clay content was high in the sediment (Anderson and Martinez 2015) though
the actual sediment storage capacity in this lake was unknown. The higher ebullition rates from
the sandy sediment could be the result of a lower sediment gas storage capacity that can be

easier to reach compared to the clay-bearing sediment in this lake.

It should also be noted that sediment structure can affect size distribution of bubbles
(Appendix 1). The predominance of small bubbles was observed from the coarse-grained
sediment, in contrast to the transition to increasing fraction of large bubbles from the fine-
grained sediment. This small-scale variability of bubble size distribution has been also observed
in lake sediments (Delwiche and Hemonde 2017). The size of methane bubbles eventually
contributes to the spatial heterogeneity of ebullition flux in natural freshwaters: small-diameter
bubbles can hardly reach the water surface due to the re-dissolution of rising methane bubbles
(McGinnis et al. 2006) and large methane bubbles thus make a more significant contribution to

the total flux though they are less frequent in occurrence (DelSontro et al. 2015).
4.5 Implications to future modelling work

The present work provides a basis for a process-based ebullition model. The sediment
storage capacity can be set to an upper limit for sediment volumetric gas content and the
temporal dynamics of ebullition can be explained by the interplay between the three factors:
gas supply rate (bubble formation), pressure reductions (bubble expansion) and historic storage
(sediment gas content). This model is, if historical sediment gas content data is available,
unlike previous models that considered only gas volume/mass change in response to

pressure reductions (Scandella et al. 2011; Tang et al. 2010).

The control of sediment properties (and associated sediment gas storage capacity) on

ebullition (Appendix | and 1V) suggests another possibility for model development. The
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methods used in this thesis (coupling hydroacoustic measurements with sediment freeze coring,
Appendix 1V) should be applied in different freshwater systems, so that general patterns can be
discerned for sediment gas content and its relation to gas ebullition. More information on
sediment characteristics (e.g. grain size distribution and organic matter content) can and should
be extracted from the hydroacoustic measurements (Hilgert 2015) to provide additional
evidence for explaining the spatial variabilities of sediment gas content and ebullition. By
coupling a sediment transport model with a sediment methane production model, the spatial

distribution of ebullition could be predicted at a system level.

Estimates on global methane fluxes can benefit from the development of such process-
based models. Methane emissions can be better constrained by using a “bottom-up” approach
that integrates the key methane production (from sediment), consumption (due to oxidation)
and transport processes (Figure 1). Instead of measuring highly variable fluxes that limits the
ability to do measurements at a large scale with a sufficient temporal resolution, the rates of
methane production, consumption and transport can be integrated into a 1D process-based
model. This enables the possibility of (1) an improved process-based understanding of controls
on methane emissions across systems, (2) a more accurate upscaling (compared to empirical
models), (3) a better prediction of methane emissions from inland waters under a changing
climate (e.g. extended ice-off time periods in northern lakes; longer and stronger stratification
in temperate deep lakes and direct warming of sediments in well-mixed shallow waters) and (4)
a better understanding of the effects of human perturbations (e.g. sediment and water level
management in reservoirs; eutrophication) on methane emissions and seeking for possible

mitigation strategies.

22



Conclusions

5 Conclusions

This thesis project advances our understanding of formation, storage and migration of
methane bubbles in freshwater sediments. It revealed the role of sediment structure in methane
bubble formation. Micro-bubbles form in coarse-grained sediments by capillary invasion and
larger bubbles form in fine-grained sediments by elastic/plastic deformation of the sediment-
water mixture. Consequently, cohesive fine-grained sediments can store more gas than sandy
sediments. Furthermore, the role of sediment mechanical properties in the formation of large
bubbles was characterized. In sediments characterized by a relatively low shear yield strength
(< 100 Pa), large bubbles can form and even dominate. Gas ebullition was found to be closely
related to methane bubble formation and storage. Followed by initial growth by capillary
invasion, bubbles continue to grow by deforming the surrounding sediment matrix. This is
associated with the development of interconnected methane bubble networks and minimal
ebullition was observed during this phase. Once the sediment gas storage capacity was reached,
intense ebullition was observed. The bubble networks then serve as void spaces for bubble
formation and provide preferential paths for bubble movement. Field measurements of the
spatial distribution of gas ebullition and sediment gas content in Lake Kinneret validated
laboratory findings, i.e., gas ebullition was only detected in areas where free gas had
accumulated in surface sediment.

The research revealed the importance of sediment gas storage in explaining ebullition
dynamics in freshwaters. Sediment gas storage capacity can be used to predict the timing of gas
ebullition. A quiescent period occurs when sediment gas content is lower than the storage
capacity. This concept also applies to the interpretation of spatial distributions of ebullition.
Future work is needed to (1) test this theory by setting up an extended laboratory incubation
experiment in which sediment gas content and ebullition flux are continuously tracked and (2)

development of a process-based ebullition model that includes the role of sediment gas storage.
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|. ABSTRACT

Aquatic ecosystems with organic-rich sediments are a globally significant source of methane
to the atmosphere. Particularly in shallow waters, ebullition is often a dominant emission
pathway, although current knowledge on the processes controlling gas bubble formation,
persistence and release in aquatic sediments is limited. A prerequisite for accurate quantification
of the structure and quantity of methane bubbles in aquatic sediments is to preserve the ambient
in situ conditions during recovery and analysis. A novel freeze corer has been developed, which
is facilities sampling of gas-bearing and water saturated sediments for laboratory analysis of
gas bubble characterization using X-ray computer tomography. The corer freezes the sediment
inside of a double-walled corer by a mixture of dry-ice and ethanol, added into the space
between the corer walls. This corer offers several advantages: moderate costs, simple and robust
design that allows the deployment from small boats and the ability to preserve the in situ
features of the sediment. To validate application of the freeze coring technique for gas bubble
observations, laboratory experiments were conducted to investigate the effect of freezing on
sediment gas content, bubble size and geometry by comparing computer tomography scans of
frozen and unfrozen cores. The performance of the sediment freeze corer was evaluated under
field conditions in Lake Kinneret (the Sea of Galilee, Israel). The results demonstrate the
capability of the freeze-coring method for the sampling of gas-bearing sediments, but also
suggest the need for further investigations on physical disturbances of the sediment column

during corer penetration.
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I1. INTRODUCTION

In recent years, aquatic ecosystems (e.g. lakes, reservoirs, rivers and coastal waters) have
been recognized as an important source of methane (Bastviken et al. 2011). Methane is formed
in aquatic sediment through anaerobic decomposition of organic matter (Martens and Berner
1974), and can be stored and released as bubbles. In shallow waters, ebullition (bubbling) can
be a dominant pathway for methane emissions (Martens and Berner 1974; Martens and Albert
1995; DelSontro et al. 2010; Maeck et al. 2013; Xiao et al. 2014). Ebullition-mediated flux is
often highly variable in space and time (Maeck et al. 2014; Varadharajan and Hemond 2012;
Wilkinson et al. 2015), with sediment gas storage being an important parameter for explaining
this dynamics (Liu et al. 2016). In addition, experiments demonstrated that gas formation and
transport in sediments can be described as a function of gas bubble shape, orientation and size
distributions (Algar et al. 2011; Boudreau et al. 2005; Liu et al. 2016). To apply these
experimental and theoretical findings to natural lakes, in situ sediment gas content and bubble
size distribution in aquatic sediments need to be characterized.

To preserve gas bubbles in sediment samples, an appropriate coring technique with minimal
disturbance is required. Wever et al. (1998) demonstrated that sediment gas content can increase
up to six fold in half an hour in response to a pressure reduction of 0.5 bar, corresponding to
recovery of a sediment core from relatively shallow waters. The gas bubble expansion resulting
from the decreased hydrostatic pressure during core recovery can change the size and position
of bubbles (Scandella et al. 2011), while destroying sediment structure and layering. In addition,
new bubbles may form from dissolved gas in the porewater due to the rise in temperature (lake
bed is usually colder than the temperature at the surface of the aquatic system), causing
reduction in methane solubility (Lane and Taffs 2002) and increased gas production. Therefore
none of traditional coring techniques (e.g., gravity corers, percussion corers, vibra-corers and
drill corers) is capable of taking intact cores without causing significant disturbances in gas-
bearing sediment. Moreover, common tube samplers are not suitable for taking undisturbed
cores of water-saturated sediments, if cohesion is low (Strasser et al. 2015), where the sample
liquefies and can be lost during core recovery. For this purpose, regular (non-pressurized) cores
are not desirable.

These drawbacks can be avoided by preserving in situ hydrostatic pressure in closed coring
devices. Pressure corer have been developed for characterizing gas-bearing sediments in the
Baltic Sea (Abegg and Anderson 1997). The in situ hydrostatic pressure was preserved by
capping a pressure tight aluminum transfer chamber at the seabed floor with the help of divers.

However, the application of pressure cores obtained by divers are limited to shallow depths
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(Abegg and Anderson 1997). Various pressure corers have been developed and deployed in
marine environments, such as the Pressure Coring Barrel developed by the Deep Sea Drilling
Project and the Pressure Coring Sampler developed by the Ocean Drilling Program (Li et al.
2016). Such pressure corer requires expertise and a dedicated working platform, which makes
it expensive, though the average core recovery ratio for these pressure corer is less than 60%
(e.g. Yamamoto et al. 2012; Riedel et al. 2006).

As an alternative technique, freeze corer have been introduced for detailed stratigraphic
analysis of lake sediments (Lisle 1989) and for sampling of fluffy sediment. When taking freeze
cores, sediment is frozen to the surface of the sampler, which is filled with a coolant such as
liquid nitrogen (Pachur et al. 1984) or dry ice, preferably mixed with ethanol. Freezing the
sediment preserves gas bubbles under in situ hydrostatic pressure and thus provides information
on bubble population in sediment samples.

Freeze coring potentially has additional advantages in comparison to other coring techniques.
The vertical sediment structure is not disturbed by gas bubble expansion and release upon lifting
the corer through the water column (Wright 1993). Freeze coring can facilitate sampling of
undisturbed sediment cores, which are unaffected by the fast degassing that occur after a drop
in hyrostatic pressure (Verschuren 2000), particularly in lakes and reservoirs with organic-rich
sediments (which favors methane production under anaerobic conditions). Compared to
pressure corers, freeze coring has lower costs, requires less equipment (a small fishing boat is
sufficient), is easier to handle (2-3 people without requiring much expertise) and can be applied
over a wide range of water depths.

Although extensive research has been carried out on freeze core sampling, little is known
about how freezing affects the amount and size distribution of free gas in sediments. Here we
present a new freeze corer, which allows sampling of gas-bearing lake sediment. With
laboratory experiments, we evaluated the cooling effect (approx. from +14°C to -78°C) on gas
bubble volume, shape, size distribution and on the total gas content in sediment cores. The
freeze corer was tested in Lake Kinneret, Israel, to characterize methane bubbles in lake

sediment.

I1l. MATERIALS AND PROCEDURES

A. Freeze Corer: Design and Components

The novel freeze coring technique is a further development of the remote-controlled freeze
corer described by Lotter et al. (1997). The corer consists of four main components (Fig. 1):
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(A) tripod as a supporting frame; (B) freeze corer, (C) pulley system and (D) underwater video

camera.

A) Tripod
B) Freeze-Carer

C) Pulley System

D) Video Came
L. .

1]

)
(Ilf’

160 ¢cm

Figure 1. Left: Sketch of the tripod and corer with position before and after penetration; Right: Photo of sediment

sampling at Lake Kinneret, Israel, showing the recovery of a core.

Tripod

The tripod (height 160 cm) is made of low-weight modular aluminum profiles, which can
easily be assembled and extended. The three bars, with stabilizing crossbars, have a length of
50 cm. All components can be fitted in two aluminum cases with a total weight of 40 kg. Round
plates with a diameter of 30 cm are mounted below the legs to prevent the tripod from sinking
into the sediment, which is important for representative sampling (Blomqvist 1991;
Flannagan 1970). After deployment at the lake bottom, the tripod remains loosely tethered to
an anchored boat. This prevents that rolling and pitching of the vessel cause coring disturbances,
although care must be taken that the sampler does not hit the lake bed and causes disturbance
before the corer actually enters the sediment (Hessler and Jumars 1974; Snider et al. 1984).
Depending on the consolidation status of the sediment, additional weights can be attached to
improve stability.

A high penetration velocity increases the risk of washing away the surficial sediment layer
before impact due to a hydraulic shock wave (Mcintyre 1971; Glew et al. 2002). To reduce this
effect, corer penetration is controlled manually by a static rope. With a 4-way pulley system, a

transmission of 1:4 is achieved and a precise penetration with constant force is facilitated. With
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this, the hydraulic impulse induced by penetration can be minimized and the corer is driven at
a constant velocity of approx. 7 cm/s into the sediment to reduce the risk of core shortening
(Blomqvist 1991).

Corer

The corer is made of 2 mm thick stainless steel to ensure sufficient penetration strength. It
mainly consists of a (1) cutting edge, (2) a double-walled tube and a (3) corer head. Contrary to
common freeze corer designs, where a lance or wedge type corer freezes the sediment at the
outside of the wall, the sediment is frozen within the corer walls in the present design. This
ensures a defined sample volume, reduces the freezing time, because the sediment freezes
radially to the center of the core, while a sharp cutting edge reduces disturbances to sediment
structure.

(1) Cutting edge: To reduce penetration resistance, the lower end of the corer was beveled to

a 45° angle edge (inner diameter 72 mm, length 75 mm). Above the cutting edge, the tube

outer diameter increases gradually from 76 to 100 mm to reduce friction.

(2) Double-walled tube: The double-walled tube is a container for the cooling agent, which

starts 75 mm above the cutting edge. The length of the tube is 70 cm, but can be adjusted to

collect longer sediment cores. The 72 mm inner diameter was chosen to allow for a relatively

low wall friction and a reduced freezing time (< 30 min).

(3) Corer head: The corer head is a massive (10 mm) stainless-steel flange. It is equipped with

two overpressure valves and a junction to connect the corer to the tripod. Two overpressure

valves mounted on the lid of the corer head allow the release of CO2 as a result of sublimation

of dry ice at excess pressure.

Video camera

An underwater video camera is used to obtain an optimum position for tripod deployment, to
avoid disturbance of the sediment structure before penetration and to support the penetration
procedure. A low-cost underwater video camera (GoPro 4 Black: up to 4K/30 fps; waterproofed
up to 40 m water depth) and illumination system is mounted on the tripod (Fig. 1). For real-
time video transmission, a coaxial cable is mounted at the backside of the camera to transmit
the WiFi signal under water. The signal can be received at the other end of the cable using a
common smartphone or tablet. This supports the optimum placement of the tripod on the
sediment surface and the control of penetration speed as well as measurement of corer

penetration depth to determine the extent of core shortening. Penetration depth can be measured
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with the camera using a ruler, which is attached to the corer. Furthermore, the degree of
disturbance caused by corer penetration can be evaluated by observing the amount of released

gas bubbles during penetration.

B. Lab Experiment: Setup

A lab experiment was conducted to evaluate quantitatively the effects of freezing on the
number and size distribution of sediment gas bubbles. Three types of homogenized natural
sediments were used, which differed in predominant grain size (clay: Dso =20 um, silt:
Dso = 200 um and sand: Dso = 400 um, where Dso denotes the median grain diameter). To fuel
biogenic gas production and bubble formation, the sediments were amended with air-dried leaf
litter (10 g L of wet sediment) (Liu et al. 2016).

Triplicates of each sediment were prepared in identical Plexiglas tubes (6 cm diameter;
25 cm long). The tubes were filled with a 10 cm (0.3 L) wet sediment and a5 cm (0.15 L) layer
of tap water. An initial 10 cm high headspace was left to allow the water level to rise due to gas
bubble formation in sediment. The tubes were kept upright and capped at both ends to create an
anaerobic environment for methane production. A 1 L inflatable gas bag was connected to the
top cap to collect gas and to avoid gas pressure build-up. The sediment cores were stored in

darkness at a constant temperature of 19°C for one week to allow for gas bubble formation.

Lab Experiment: X-ray CT scan

After an incubation period of one week, the cores were carefully transported to a local clinic
for X-ray computed tomography (CT) scanning. The cores were fitted into a plastic frame and
scanned simultaneously with a medical CT scanner (Simons AS, 120 kV, exposure time 1 s,
slice thickness 0.6 mm). The spatial resolution (voxel size) of the CT image was 0.04 mm?3
(0.2732 x 0.6 mm3). After the initial scan, the cores were placed into a plastic box containing
dry ice mixed with ethanol (temperature ~ -78°C). After 45 min, the cores were completely

frozen and a second CT scan was performed.

Lab Experiment: Data analysis

Bubble size (Deq: equivalent sphere diameter) distribution in the sediments before and after
freezing were analyzed using Blob 3D (Ketcham 2005). Raw CT images were converted to
gray-scale images (gray-scale value 0 - 255) and then imported to Blob 3D software. By
selecting areas on CT images representing gas bubbles, an averaged gray-scale value for gas

phase was determined. Binary images were then created by applying a global threshold to the
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gray-scale images, resulting in black-white images that separate gas bubbles from sediment
matrix. Bubble volume distributions were calculated using three-dimensional object
identification and classification features of the Blob 3D software. Depth profiles of volumetric
gas content (&) in sediment cores were calculated from the fraction of black area on each vertical
slice. A global threshold (image intensity < 5) was chosen for all cores for meaningful
comparison according to the histogram of all intensity distributions. 3D visualizations of

sediment gas bubbles were created using the ImageJ 3D volume viewer (Schmid et al. 2010).

Lake Kinneret: Study Site

Lake Kinneret is a large meso-eutrophic and moderately deep (maximum depth ~ 42 m)
freshwater lake, located in the northern part of the Afro-Syrian Rift Valley (Figure 2). The lake
is thermally stratified during April - December, resulting in anoxic conditions in the
hypolimnion during May - June. Lake Kinneret sediments are rich in authochthonous organic
material (Sobek et al. 2011) and contain large amount of gaseous methane (Ostrovsky and
Tegowski 2010; Katsnelson et al. 2017). Sediments are usually sandy in the shallower zone,
and silty-muddy in the pelagic zone (Ostrovsky and Yacobi 1999). The mineralogical
compositions of sediments differs between shallow sites (especially those close to the Jordan
River inlet, Figure 2), and the lake center. The sediments in the shallow northern part contain a
high proportion of heavy iron-rich silicates and rutile, both of terrestrial origin. At the central
site of the lake, the sediment is richer in light silicates (containing sodium and potassium) and
calcite, typical of autochthonous plankton debris, massively precipitating in spring (Koren and
Ostrovsky 2002). Other shallow sites (away from the Jordan inlet) contain a mixture of these
groups of minerals (Sobek et al. 2011).

Close to the Jordan inflow, mineral surface area (36.6 m2 g%) is about two-fold larger than
that at other sites in the lake. Sedimentation rates are highest at locations close to the River inlet
(6.3 mm yr?), lower at other shallow sites of the lake (2.0 - 2.8 mm yr?), and intermediate at
the lake center (4.5 mm yr?) (Sobek et al. 2011).

Lake Kinneret: Field Masurements

In December 2016, the freeze corer was tested during a field campaign at Lake Kinneret,
Israel. Four freeze cores were taken along a North-Western (Figure 2) radial offshore transect
from shallow to deep at 11.5, 19, 35.8 and 35.9 m water depth, respectively, to cover the
variability in sediment type. An additional freeze core (using a hollow lance filled with coolant)

was taken close to the Jordan River inflow, for visual inspection of sediment bubble distribution.
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Figure 2. Map of Israel and neighboring countries with the location of Lake Kinneret. The map on the right hand

side shows depth contours and the location of the sampling sites for freeze cores Adapted from (Ron et al. 2007).

The corer was operated on an 18 m long fishing boat equipped with a crane, which was used
to deploy and to recover the tripod. 60 kg weights were attached to the tripod for stabilization.
The boat was anchored at two sides (front and back) before coring.

The double-walled tube of the corer was filled with dry ice, while ethanol was slowly added
(mixing ratio ~ 5:1 resulting in a temperature of approx. -78°C). The mixture of dry-ice and
ethanol was stirred continuously until a homogenous viscous fluid was observed. After filling,
the corer was attached to the tripod, lowered to the lakebed and then pushed into sediment.
Figure 3 shows an image sequence of corer penetration. No gas bubbles were observed during

the descending of tripod and corer penetration.
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Figure 3. Image sequence showing the corer penetration process, recorded with an underwater camera.

The time for freezing was estimated based on preliminary experiments that showed that 30
minutes are sufficient to completely freeze the sediment within the corer. After freezing, the
corer was recovered onto the boat and detached from tripod. Warm water was filled into the
double-walled tube of the corer to melt the core skin and retrieve it from the corer. The cores
were then wrapped in aluminum foil and stored in a cooling box filled with dry ice. The frozen
cores were transported to the nearest hospital for CT scans (Simons AS, 120 kV) to visualize
the sediment structure and characterize sediment methane bubbles. Methane bubbles can be
clearly visible by using X-ray CT, because the large density difference between gas and solid

sediment matrix causes a large difference in X-ray attenuation (Liu et al. 2018).

IV. ASSESSMENT

A. Laboratory Investigations

The effects of freezing on gas bubbles (void structures in the sediment core) were assessed
under laboratory conditions by comparing CT scans of mechanically undisturbed sediment
columns before and after freezing. The highest depth-averaged gas content (6) was observed in
clay (> 15%), compared to much lower in silt (1.3%) and sand (2.3%). A consistent reduction
of @during freezing by 27.1 + 6.1% (mean and standard deviation of triplicates) occurred at all
depths in the clay cores (Figure 4). The effect of freezing on 6 was more variable for silt and
sand, where the relative change in dat freezing varied between -37.2 - 14.5% and -9.3 - 42.2%,

respectively.
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Figure 4. Depth profiles of volume gas content () in the sediment cores (clay, silt and sand) before (blue lines)

and after (red lines) freezing.

Most abundant bubbles (in terms of volume) before freezing were constrained to a small size
range (Deq <1 mm) with very few large bubbles with equivalent diameters up to 15 mm (Fig.
5). The bubbles in clay were significantly larger compared to silt and sand. In clay, the largest

bubbles reached 12.7 - 15 mm in diameter, in contrast to 5.1 - 7.4 mm in silt and sand.

Freezing caused changes to the size distribution of gas bubbles by increasing the volume of
small bubbles. On average (for all 3 clay cores), the volume of small bubbles (Deq < 1.3 mm)
increased by 50.5% (from 2220 to 3326 mm?), compared to the very little volume change (2.2%)

in silt and small volume contraction (-21%) in sand. This is in contrast to the volume decrease
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for the large bubbles (Deq > 3 mm): -43.2% was observed in clay and -14.5% and -2.8% in silt

and sand, respectively.
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Figure 5. Bubble size (volume) distribution in sediment cores (clay, silt and sand) before (blue lines) and after

(red lines) freezing. Deq is the equivalent spherical diameter of bubbles.

There are three possible explanations for the observed change in bubble size distribution:

1. The change in gas volume: The decrease of sediment gas content due to freezing can be
estimated from Charles’ Law by assuming that the pressure (and mass) in the gas voids did not
change: Vafter = Vbefore- T after/ Thefore. AS @ result of a temperature change from +20 before freezing
(Thefore=293 K) to -78°C after freezing (Tarter=195 K), the reduction of gas volume from before
freezing (Veefore) to after freezing (Varter) IS 33 %, which is in the range of the observed changes
in clay cores.

2. The expansion of sediment porewater at freezing: Stephanson et al. (1996) stated that ice
crystal formation due to freezing may cause a migration of sediment porewater towards the
freezing front, whereas solids can be excluded. In addition, the expansion of water occurs

mainly during freezing when the density suddenly decreases by 8.3% and is followed by a
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steady expansion of the ice volume while the temperature decreases to -78°C. The expansion
of ice may result in a relocation of bubbles and solids and/or compression of gas bubbles, due
to the large compressibility of gas. The latter also changes bubbles internal pressure and thus
increase gas dissolution. Freezing-induced deformations in soils have been found to be affected
by different processes, including isotropic expansion (or contraction) of the sediment matrix,
continuous phase transition at the ice-water phase boundary, and the temperature-induced
deformation of the internal microstructures (Grechichsev 1972, 1973). However, considering
that, in clay, water content is highest (65.6%) compared to sand (28.6%) (Liu et al. 2018), the
decrease in bubble volume in clay due to freezing can be expected most significant (Figure 5).
Alternatively, because expansion within the steel framed corer is limited to the vertical direction
(as in a state of uni-axial strain), and the cores were frozen inward, the inner part of the core
can be squeezed and pushed either up- or downwards or both.

3. The behavior of dissolved gas in sediment porewater during freezing: Gas solubility in
ice is at least two orders of magnitude smaller than in water (Killawee et al. 1998) and freezing
can be expected to result in bubble formation. Boereboom et al. (2012) showed that nucleation
of methane bubbles can occur in winter lake ice, when the ice-water interface becomes
supersaturated. Carte (1961) observed the nucleation and entrapment of gas bubbles at an
advancing ice-water interface. Therefore, bubbles may form at the water-ice boundary when
the water at the interface becomes supersaturated. The critical oversaturation was determined
to be about 30-fold (Lipp et al. 1987). Beside this, bubble concentration and sizes were found
to depend on the rate of freezing (Carte 1961). After nucleation, bubble growth is controlled by
gas adsorption and thus limited by diffusive transport of dissolved gases towards the bubble
surface as well as by bubble migration with the advancing ice front. At higher freezing rates,
less time is available for bubble growth and bubbles are “trapped” in the ice. Lipp et al. (1987)
found that the bubble sizes were <40 um for freezing velocities (propagation velocity of the
ice-water interface) exceeding 30 um s™. Thus, this maximum expected bubble size due to
nucleation in our experiments was smaller than the spatial resolution of the CT scanner (voxel
size: 0.04 mms).

The relative role of the aforementioned processes in the observed changes of bubble size
distributions during freezing in our experiments (Figure 5) cannot be precisely evaluated.
Nevertheless, our results show, that the reduction in bubble size due to freezing (Charles Law)
should be taken into consideration for correcting gas content observed by CT scanning of frozen

cores to that in situ conditions at the core sampling site.
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B. Field application

Analyses of CT scans

X-ray CT scanning of free cores sampled in Lake Kinneret revealed the presence of gas

bubbles in all cores (Figure 6). 3D visualization of the sediment bubbles in the cores reveals

that the depth distribution of bubbles varied from site to site. In Core #1 (11 m water depth,

north-west of Lake Kinneret, close to lake shore) significant accumulations of bubbles were

observed below ~4 cm depth into the sediment, similar to Core #4 (in the central part of the

lake). The depth below which bubbles could be detected increased to ~10 cm in Core #2 and to
~15 cm in Core #3.
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Figure 6. Bubble distribution in four frozen cores sampled in Lake Kinneret (Core #1 to Core #4, see Figure 2

for location of the sampling sites). Left: Cross-sectional view of the X-ray CT images. Gas bubbles are black.

Core #1 and #4 show strong coring disturbances, which caused radial up- and downward displacement of

sediment layers. Right: 3D visualizations of gas bubbles in the 4 cores.

Low gas content in the top 15 cm of Cores #2 - #4 was observed, whereas the depth where

gas content was maximal slightly increased and was at a depth of 40 cm in Core #4 (Figure 8).

At the inflow of the Jordan River into the lake (Figure 2), an additional freeze core were taken

using a different corer design (freezing lance). Visual observation of the cores confirmed the
increasing amount of gas bubbles with increasing depth (Figure 7).

50



Figure 7. Freeze core obtained with a freezing lance (dimensions in cm).

In general, the shape of bubble size distributions quantified from CT scans in the four cores
are quite similar (Figure 9). In all cores, the smallest detectable bubbles were around
0.8 - 0.9 mm in diameter and certainly limited by the spatial resolution of the CT scanning. The
largest bubble present in Core #1 - #4 were 7.9, 6.6, 5.6 and 9.5 mm in size, respectively (Figure
9). Bubbles in Core #3 and #4, which were taken in a close proximity to each other, were found
mainly below 20 cm depth with Deq~ 2.3 - 2.4 mm and were larger than those in Core #1 and
#2 (1.5 mm and 2.0 mm, respectively). This is consistent with smaller bubbles usually found in
coarse-grained sands (e.g., Core #1 and #2), vs. larger bubbles in fine-grained cohesive muds
(e.g., Core #3 and #4) (Boudreau 2012).
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\Figure 8. Depth profiles of volumetric gas content (0) in freeze cores from Lake Kinneret. The depth averaged
gas content of Core #1 to #4 were 0.4, 0.5, 0.5 and 1.3 %, respectively. 0 cm indicates the position of sediment-
water interface; the upper 12 cm of Core #1 were excluded from analysis because the frozen core broke in this

region during core handling.
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Figure 9. Bubble size - density distribution in the frozen cores collected in Lake Kinneret. Bubble density is

defined as total number of bubbles normalized by analyzed sediment volume (mL2).

Comparison of freeze core data with quantifications of sediment gas content in Lake
Kinneret

Gas content and bubble size distributions in Lake Kinneret have been estimated for the first
time using a direct (freeze core) method. Their validity is estimated by comparing the results to
those obtained in other studies. The variations in gas content revealed in this study (Figure 8)
was correlated with the spatial pattern of organic carbon distribution in sediments of the Lake
Kinneret, which fuels methane production by anaerobic decomposition. Organic carbon is
generated in the lake mostly by primary production (Yacobi et al. 2014). Although the
productivity of the lake is considered to be spatially homogeneous except the Jordan River inlet
zone, where phytoplankton biomass is higher in spring (Ostrovsky and Yacobi 2010), the
organic-rich particulate material is concentrated to the profundal zone due to complex
hydrodynamic interactions (Ostrovsky and Yacobi 2010). While the shallow sites (Core #1 and
#2) in Lake Kinneret have been found to have similar organic carbon content (mean 1.6 - 1.9
%, Sobek et al. 2011), the deep site (Core #3 and #4) has a higher organic carbon (3.9 %).
Similarly, Ostrovsky and Tegowski (2010) found that the organic carbon content of the
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uppermost sediment layer increased along the north-west transect sampled in the present study
from the shallowest location to a water depth of ~18-22 m to ~12%, and then slightly varied
with depth, still showing a maximum organic carbon content at the deepest location.

The spatial differences in gas content between Core #1 - #4 are also in line with acoustic
measurements of Katsnelson et al. (2017), who found that sediment gas content decreased from
the lake center toward its periphery, and, the maximum gas content was measured in the deepest
part of the lake. However, a direct comparison of the gas contents is not appropriate, as the new
acoustic method used by Katsnelson et al. (2017) has not yet been validated by direct gas
content measurements. In addition, gas content at the same locations can vary over time due to
partial sediment degassing at low water levels (Ostrovsky et al. 2013). Apart from the insights
discussed above, the knowledge about free gas within the sediment of Lake Kinneret is rather
limited. Adler et al. (2011) found bubbles between depths 7-15 cm into the sediment at the
deepest part of the lake by visual inspection of sediment cores. Core sampling in that study has
been conducted with a rather short non-pressurized corer and, therefore, the bubble distribution
within this core might be disturbed due to bubble expansion and/or ebullition caused by drop in

hydrostatic pressure during core retrieval.

Coring disturbances

Coring disturbances, which usually occur when using gravity or piston corer, may partially
differ from those of the new freeze core method (Jutzeler et al. 2014). A common coring
disturbance is core shortening, also termed “core compaction” or “entry deficit”, describing the
phenomenon in which the length of the retrieved sediment column is shorter than the corer’s
penetration depth. Shortening occurs due to the frictional force, which increases inside of the
tube with increasing length of the sediment column in the corer (Glew et al. 2002). The
magnitude of core shortening can be up to 50% of the core length (Wright 1993;
Skinner and McCave 2003). The length of the recovered cores in Lake Kinneret are 48 cm of
Core #1, 46 cm of Core #2, 39 cm of Core #3 and 49 cm of Core #4. As the corer penetrated
the lake-bed up to the maximum depth of 60 cm, shortening varied between 18 and 35 % and
was small in comparison to Emery and Dietz (1941), who observed that the core-length varied
from 40 to 70% of the depth of penetration and Emery and Hulsemann (1964), who found an
average shortening factor of 50%.

The cross-sectional view of Core #4 (Figure 6) showed distinct deformations of CaCOs layers
(CaCOs intensively precipitates in Lake Kinneret in March - April) at the lower third of the core

image. The downward bending increased with increasing depth. The vertical displacement of
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the outer layer relatively to the inner layer was of approximately 30 — 40 mm. The same effect
was observed in the lower half of Core #1. It can be ruled out that the deformation of the layer
is the result of friction between the corer and the sediment. Such deformation would appear as
downward bends at the outer perimeter of the sediment core, which increases radially from the
center of the core (Acton et al. 2002). The reason for the coring artifact observed in Core #1
and #4 is probably the volume expansion of pore water during freezing. As the core freezes
from the outside to the inside, the expansion can result in vertical (up- and downward)
displacement of the unfrozen sediments in front of the radially propagating freezing front. In
the upper few centimeter of the core, freezing advances more slowly because of convective heat
transport from the overlaying water. Below this region, water content can be expected to
decrease with increasing depth and therefore freezing of the sediment is proceeding more slowly
with higher depths.

This assumption is supported by the cross-sectional CT images (Figure 10), which show an
accumulation of gas bubbles around a conically shaped surface in all cores. The circular
arrangement of gas voids may be an artifact of the freezing because it coincided with a sharp
interface of different X-ray absorption (darker shade of gray), which may indicate higher water
content, and the inner circle, where the frozen water, sediment and bubbles are located. This
finding corroborates to the hypothesis of Stephanson et al. (1996), who stated that ice crystal
formation causes a flux of the sediment porewater into the center of the core, excluding some
solids. This effect may also result in a lateral displacement of gas bubbles from the outer

perimeter into the center of the core.
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Figure 10. Gas voids are arranged along a circle, which is exemplarily shown for cross section at the upper part
of Core #1, #2, #3, and lower part of Core #4.

V. CONCLUSIONS AND RECOMMENDATIONS

The novel freeze corer proved its applicability as an inexpensive and easy to use tool for
sampling sediment cores for gas bubble characterization using X-ray CT. The sediment gas
content generally followed previously described spatial patterns in sediment organic carbon
content and hydro-acoustic gas content estimates in Lake Kinneret. Therefore, this corer and its
further improvement, can open a new field for studies aiming at a quantitative understanding of
the structure and quantity of methane bubbles in aquatic sediments under in situ conditions.

The cost of this freeze corer including the tripod was approximately 1400 €, which is
comparable or even less expensive than a commercial gravity or piston corer. Compared to
pressurized corers, the price is orders of magnitude lower and its application requires less

technical effort and operational costs (e.g., expenses for a boat or working platform). As the
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corer is light-weighted, easy to disassemble and transport, only few additional facilities are
needed, including a winch or an A-frame and sufficient working space, which are commonly
available on fishing boats or working platforms.

Laboratory tests confirmed the capability of the new freeze corer in characterizing sediment
gas bubbles. The effects of freezing on sediment gas content, bubble size and geometry, were
investigated by comparing CT scans of frozen and unfrozen cores under laboratory conditions.
The results showed that freezing caused a volume contraction of gas bubbles and an increase in
number of small bubbles, but the general shape of the bubble size distribution remained almost
unchanged.

Freezing of gas-bearing sediment may potentially result in the formation of methane hydrate,
which requires appropriate pressure-temperature conditions, as well as sufficient water and the
presence of methane in excess of its solubility in surrounding pore water (Ruppel and Kessel
2017; Zatsepina and Buffett 1998). According to the phase equilibrium P-T curve of methane
hydrate stability, gas hydrate can form where local thermal conditions are colder than the gas
hydrate stability curve at any given pressure (see Siazik et al. 2017). These are not attained
under the operating conditions at the Lake Kinneret.

In the present study, the corer has only been tested in one lake with soft and gassy sediment.
The corer described here can easily be adapted or modified for other study sites and other
research questions. The corer inner diameter can be increased up to 100 mm, as a maximum
possible core diameter, because it can be frozen with a mixture of dry ice and ethanol within
reasonable time (< 80 min) (Renberg and Hansson 1993). An increasing diameter improves
coring quality considerably, as large-diameter coring tubes minimizes wall friction, down-
bowing of sediments along the tube walls and core shortening (Baxter et al. 1981; Pedersen
1985; Blomqvist 1991; Chaney and Almagor 2015). The amplitude of structural disturbances
can therefore be reduced in comparison to common used lance freeze corer, where Liernur et
al. (2017) found a high variability of the vertical displacement of the sediment layer with an
average of 3.7 (= 1.2 cm).

The length of the corer can be increased up to 2 m. Compared to a gravity corer, the resistance
of the double-walled freeze corer increases more rapidly with increasing depth due to the
increasing diameter of the corer above the cutting edge. The core depth is limited by the type
of sediment, as the resistance to penetration can increase with depth as well as sediment grain
size distribution (and sediment compactness).

Two effects were observed which need further investigation: Firstly, the X-ray CT revealed
that the sediment layers within the sediment column were bended up- and downward, which
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indicates disturbances of the sediment structure caused by the freezing processes. These
disturbances may affect the vertical distribution of the gas bubbles within the sediment column.
However, the core integrity is not affected by freezing and X-ray CT scanning allows a
reconstruction of the initial sediment structure. Such a reconstruction is not possible for
sediment cores sampled with common tube samplers, where the sediment structure has been
disturbed by gas bubble expansion during core recovery. Secondly, the size and shape of the
bubbles changed during the freezing process and may not correspond to the in situ size
distributions of methane bubbles. However, X-ray CT scanning facilitated the identification of
disturbances in the sediment structure and bubble distribution.

The results of the laboratory experiments suggest that the cooling effect on sediment bubble
size follows Charles Law and thus can be mathematically corrected (approx. 33% contraction
of gas volume). Additional corrections could be applied to remove vertical displacement of
bubbles caused by coring disturbances, as it is related to sediment water content.

For all coring methods based on tube samplers, further research is needed to quantify and to
minimize coring disturbances. The extent of sampling bias that occurs when obtaining cores
will largely be the result of the choice of corer design, water depth and mechanical properties
of the sediment. Many authors have questioned the validity of results obtained from sediment
core analysis because of the potential sampling bias associated with the coring device
(Baxter et al. 1981; Blomqvist 1985; Buckley et al. 1994; Ostrovsky 2000). This study has
identified questions for further investigations. The coring disturbances of this freeze corer and
the freezing effect on sediment should be analyzed by further laboratory experiments and in-

situ sampling for a broader range of sedimentary conditions.
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Abstract

In freshwater lakes, ebullition is an important pathway for biogenic methane (CHs) from
sediment to reach the atmosphere. However, its high spatial and temporal variability limits our
ability to accurately measure or to predict CH4 fluxes from lakes. To explore the factors controlling
the spatial distribution of ebullition, we investigated free gas accumulation in the bottom sediment
of Lake Kinneret, Israel. Sediment cores were collected along an offshore transect. Sediment
porewater was analyzed for dissolved CH4 concentration and porewater chemistry. Anaerobic CHg
production (MP) rates in sediment were determined by incubating sediment sub samples in the
laboratory. Hydroacoustic measurements at various frequencies were conducted at the coring sites
and along multiple transects over the entire lake for characterizing in situ sediment volumetric gas
content. A minimum in MP depth profiles was observed that coincided with enriched porewater
sulfate in the upper 30 cm of sediment. The depth-integrated sediment MP provided a robust
estimate for the long-term ebullition flux from sediment, while short-term variability is associated
with seasonal lake level change. Acoustic measurements revealed the absence of free gas
accumulation in sediments of the littoral zone and low ebullition rates in the shallow water zones.
For the first time, this study reports the role of MP in determining the spatial variability of free gas
content in freshwater sediments. The results further demonstrate the importance of sediment gas

content in explaining spatial variability of gas ebullition in lakes.
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Introduction

Methanogenesis in anoxic sediments is a major source of methane (CH4) in lakes and other
freshwater systems (Bastviken et al. 2008; Maeck et al. 2013). CH4 provides an alternative carbon
and energy source in aquatic food webs (Jones et al. 2008; Mbaka et al. 2014). Freshwater CH4
emissions constitute the most important source of uncertainty on the global CH4 budget (Saunois
et al. 2016), with lakes making up the largest contribution (~70%) of freshwater CH4 emissions
(Bastviken et al. 2011). Accurate CH4 budgets (production, storage and release) are, therefore,
required to better constrain the contribution of lakes to global CH4 emissions and their sensitivity
to climate change, eutrophication and other human influences (DelSontro et al. 2018; Sepulveda-
Jauregui et al. 2018).

Direct measurements of CH4 fluxes across the air-water interface are associated with high
uncertainties due to the complexities of fluxes mediated by different pathways and their spatial and
temporal variability (Bastviken et al. 2004; Natchimuthu et al. 2016; TusSer et al. 2017). This is
particularly true for bubble-mediated flux. Compared to diffusive transport, ebullition is much
more variable in time and space (DelSontro et al. 2011; Maeck et al. 2014; Varadharajan and
Hemond 2012). Recent continuous long-term ebullition measurements demonstrated a close
agreement between the average ebullitive flux and the rate of anaerobic CH4 production in
sediment, which is largely controlled by sediment temperature seasonality (Wilkinson et al. 2015).
Instantaneous ebullition rates can substantially deviate from the production potential, indicating
the importance of sediment gas storage (Varadharajan and Hemond 2012; Wilkinson et al. 2015),
which had been confirmed by laboratory experiments (Liu et al. 2018; Liu et al. 2016). The spatial
heterogeneity of ebullitive flux has been related to sedimentation pattern in lakes and reservoirs
(de Mello et al. 2018; Maeck et al. 2013). Based on the observation that ebullition is controlled by
the pressure-driven release of free gas accumulating in sediment until a sediment-specific gas
storage capacity is reached (Liu et al. 2016), we hypothesize that the spatial distribution of
ebullition is linked to sediment volumetric gas content and hydrostatic/atmospheric pressure
changes act as a driver.

Anaerobic CHg production in aquatic sediments can play an important role in free gas
accumulation in sediment, which has been well documented in marine sediments (Abegg and
Anderson 1997; Anderson et al. 1998; Flury et al. 2016) where gas fronts were often observed
below the sulfate-reduction (SR) zone. In contrast to the apparent SR zone in marine sediments,

where anaerobic CHj4 oxidation (AMO) acts as a major sink for CH4 (Barnes and Goldberg 1976;
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Conrad 2009), low sulfate concentration is an important reason for the higher CH4 production rates
in freshwater sediments. In lakes, the missing SR zone can result in the accumulation of free gas
in the surficial sediments (Anderson and Martinez 2015). Yet, slight enrichment of sulfate in
sediment porewater has been reported in many freshwater lakes, though the concentrations are low
(Adler et al. 2011; Kuivila et al. 1989; Schubert et al. 2011) and it is confined to the uppermost
surface layer (< 20 cm) (Whiticar and Faber 1986). At these low sulfate concentrations (< 1 mM),
sulfate-reducing bacteria can outcompete methanogens (Lovley and Klug 1983). It is still unclear,
to what extent SR affects the CHs4 budget in freshwater sediments and whether this process affects
the vertical distribution of sediment gas content.

Ebullition in Lake Kinneret (LK) has been intensively studied by hydroacoustic measurements
(Ostrovsky 2003; Ostrovsky et al. 2008). The seasonal and inter-annual variability of ebullition has
been found to be correlated to lake level (Eckert and Conrad 2007; Ostrovsky et al. 2013),
suggesting a potential control of ebullition dynamics by sediment gas storage (Ostrovsky and
Tegowski 2010). In addition, recent process-based modelling demonstrated a significant
contribution of ebullition to total CH4 emissions from the lake, regardless of its relatively large
depth (Schmid et al. 2017), which makes this lake an ideal site for testing our hypothesis. With two
field campaigns, we mapped the spatial variability of free gas accumulation in lake sediment,
quantified the vertical distribution of sediment CH4 production rates and examined the linkage

between ebullition and the spatial variability of free gas in sediment.

Materials and Methods
Study site

Affected by subtropical Mediterranean climate, LK is a meso-eutrophic lake located in Israel
(32°50'N, 35°35'E, Fig. 1). The lake level varies seasonally and inter-annually between -209 m
amsl (above mean sea level) and -213 m amsl due to water abstraction for irrigation and drinking
water (Berman et al. 2014) and severe reginal droughts persisting in recent years. It is a deep
(maximum water depth is 41.7 m at water level of -209 m amsl) monomictic lake featuring strong
thermal stratification from March-April to December and full mixing from January to February-
March (Rimmer et al. 2011). Water temperature is 14-16 °C in the hypolimnion throughout the year
and 24-30 °C in the epilimnion during the period of stratification (Imberger and Marti 2014).
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Sediment sampling

During December 1-8, 2016, a field campaign was conducted to characterize sediment
volumetric gas content in LK. To resolve the gradient of sediment properties from the littoral to
the profundal zone, three freeze cores were taken at water depth of 11, 19 and 36.7 m (at station H,
F and A, respectively in Fig. 1). Sediment cores (7 cm in diameter, 45-60 cm in length) were frozen
while the corer was in the sediment to preserve in situ sediment volumetric gas content (Y. Diick
unpubl.). The frozen cores were transported to the Baruch Padeh Medical Center in Poriya for gas
content characterization using a medical X-ray computed tomography (CT) scanner (Simons AS,
120 kV). The CT images were analyzed for volumetric gas content by thresholding the 3D radiation
intensity distribution (Liu et al. 2018).

A second field campaign was performed during November 27 - December 4, 2017 to collect
an additional set of sediment cores for sediment CH4 production (MP) rate measurements and
chemical analyses. Duplicated cores (> 1 m in length, 6 cm in diameter) were taken using a gravity
corer (Uwitec, Austria) by revisiting the station H, F and A. An additional core was taken at a site
near the Jordan River inflow (station G, 20 m water depth, Fig. 1). Sediment temperature was
measured at discrete depths (through taped predrilled holes) using a handheld thermistor,
immediately after the cores were recovered. One set of cores was sliced at 2 cm depth intervals and
sediment subsamples were transferred to 50 mL Falcon tubes. The samples were stored in darkness
at 4 °C before sending to Germany for incubation and analyses. The second set of cores was
sampled immediately after recovery at defined depth intervals (2 cm in the upper 30 cm sediment
layer and 4 cm below) for porewater dissolved CH4 (DCH4) concentration. A 3 mL plastic cutoff
syringe was used to extract sediment through predrilled holes on the side wall of the corer tube. To
preserve DCH4 in sediment porewater, 3 mL wet sediment samples were immediately transferred
to 20 mL glass vials that were filled with 4 mL NaOH solution (2.5%). The vials were sealed with
butyl rubber stoppers and aluminum caps and kept upside down for storage. Samples were taken
to Germany to measure CH4 concentration and stable carbon isotopes (8'°C) in CHy in the head
space of the vials using a gas analyzer (Picarro G2201-i Analyzer, USA). The saturation limit of
porewater DCH4 was calculated according to the formula provided by Dale et al. (2008), which
was adapted from (Duan et al. 1992).

MP and CO; production (CP) rates were determined by incubating sediment samples
anaerobically at constant temperature (19.2 + 0.3 °C) in darkness. Lab incubations were started

within one week after sampling to avoid uncertainties caused by long-term sample storage.
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Duplicated samples (3 mL) were incubated under anoxic condition in 120 mL serum bottles
(Wilkinson et al. 2015). Weekly measurements were performed by taking a small sub sample (0.1
mL) from the headspace with a gas-tight syringe. The gas samples were measured with a
greenhouse gas analyzer (Los Gatos Research, US) using the closed-loop operation method
(Wilkinson et al. 2018). MP and CP rates were estimated from the increase of headspace CH4 and
CO: concentration over time. For calculating in situ sediment MP rates, corrections for in situ
sediment temperature were made according to temperature dependence of MP in freshwater
sediment. A temperature coefficient of 1.12 was adopted by averaging literature values reported
for subtropical and temperate zones (Aben et al. 2017).

Sediment particulate organic carbon (POC) content was determined using a CHNS analyzer
(Vario MicroCUBE, Germany). The remaining material was centrifuged to extract sediment
porewater. Porewater electrical conductivity and pH were measured using a multi-probe sensor
(WTW, Germany). After filtration using membrane filters (0.45 um pore size), the water samples
were analyzed for concentrations of sulfate and nitrate using ion chromatography (881 Compact
IC pro, Metrohm, Switzerland), dissolved organic carbon (DOC) (multiNC 2100S, Analytik Jena,
Germany), iron and manganese (Q-ICP-MS XSeries2, Thermo Fisher Scientific, Germany).

Hydroacoustic measurements for gas ebullition

In December 2016, the spatial distribution of gas bubbles in the water column was
characterized using a split-beam scientific echo sounder (120 kHz, Simrad EY60, USA). Acoustic
measurements were performed along 14 transects covering the entire lake area (for transect
trajectories see Ostrovsky and Walline (2001)). The pulse width was set to 0.256 ms with a
sampling rate of 5 pings s'. The lower threshold for data collection was set to -75 dB and minimum
bottom-scattering strength of -35 dB for bottom detection. Data were collected in a 4-m water
stratum above the lakebed. For more details of the method refer to (Ostrovsky et al. 2008).

Acoustic data were processed with Sonar 5-Pro (http://folk.uio.no/hbalk/sonar4_5/), non-

bubble targets were removed using the erasing tools in the software and then the method of echo
integration (Simmonds and MacLennan 2008) was applied to quantify bubble density. The volume
backscattering coefficient, sv, was calculated in vertical bins of 4 m width and about 500 pings
defining 4-9 sampling units along each transect. The volumetric concentration of bubbles in the

near-bottom water, V (mL m™), was calculated using the empirical V-s, correlation (Ostrovsky et
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al. 2008). Near-bottom gas bubble flux was quantified as volumetric bubble density multiplied by
bubble rise velocity (25 cm s™!). Bubble volume was corrected for in situ hydrostatic pressure to
calculate the CH4 bubble flux to the atmosphere by assuming 90% CHs concentration in gas

bubbles at the near-bottom depth (Ostrovsky et al. 2008).

Hydroacoustic measurements for estimating sediment gas content

Additional hydroacoustic surveys were conducted in December 2016 to characterize the spatial
distribution of sediment gas content. Two instruments were used in parallel: the first one was a
single-beam dual-frequency linear echo sounder (EA400, Kongsberg Maritime, Norway); the
second was a sub-bottom profiler (SES2000 Compact, Innomar, Germany). The EA400 (beam
angle 7°x13°) emits two primary sound pulses from two transducers with frequencies of 38 and
200 kHz. SES2000 is a single-beam nonlinear (parametric) system featured with primary
frequencies of 100-115 kHz and secondary frequencies of 4-15 kHz. Because of non-linearities in
sound propagation at high sound pressure, both signals interfere and generate a low-frequency
acoustic pulse (secondary frequency). This secondary frequency (10 kHz in our measurements) can
penetrate deeper into sediment while still preserving a small footprint (Wunderlich and Miiller
2003; Wunderlich et al. 2005). In the absence of free gas in the sediments, many meters of
penetration can be expected. However, the echo pulse is strongly attenuated creating the so-called
“acoustic turbid layer” if free gas is present (Toth et al. 2015; Toth et al. 2014; von Deimling et al.
2013). The parametric system was used to support sediment classification results, by the linear
system with focus on free gas detection.

Stationary acoustic profiles were recorded for 30 s (> 300 pings) at the four coring stations
(Fig. 1). To produce optimal results, a wide range of different pulse lengths were used (Table S1).
In addition, a whole-lake acoustic survey (Fig. 1) was performed for characterizing the spatial
distribution of sediment gas content.

Hydroacoustic parameters were calculated from stationary acoustic profiling at each coring
station (averaged from all pings) and then correlated to sediment physical properties. The measured
echo from EA400 was divided into 3 phases (Hilgert et al. 2016). Phase 1: Attack - from the
moment the pulse reached the lakebed until the time when the bottom is reached by the back slope
of the pulse. It has a duration of ~1 pulse length and it starts from the bottom detection point or
SWI. Phase 2: Decay - starts from the end of the attack phase, a distance of one pulse length from

SWI, and lasts until the time when the leading edge of the pulse reached the boundary of the ideal
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beam pattern (~3 pulse lengths). Phase 3: Release - lasting until the time when the pulse completely
entered the bottom. Phase 3 was not included as the calculated algebraic values can be neglected
(Burczynski 1999).

Mean volume backscatter strengths (Sv in dB) were calculated separately for the first two
phases of the first echo, i.e., Sv during the attack (AttackSv1); Sv during decay (DecaySv1), using
the formulas provided in (Hilgert et al. 2016). The calculations were performed using the software
Sonar 5-Pro. For visualization and post-processing of SES2000 data ISE2 software (Innomar,

Germany) was used.

Lake Kinneret bathymetry/_ P
v ' <« inflow

w
N
(9]
w
T
d

Lebanon

Banas River
Hulah Valley

Syria

DeadSea  Jordan
3246 N\\NN /77 N 1 | L.
32.45
0 20 40 80
32.44 -— 1 km
3243 —— Profile B - B

: : . Transect trajectories
35.32 3534 3536 35.38

Longitude®

Fig. 1. Bathymetric map of Lake Kinneret. Black lines show water depth contours at water level of
-213.7 m amsl. The inset map shows the geographical location of the lake at larger scale. The four
coring stations are marked by red filled circles. Freeze cores were taken at station H, F and A.
Gravity cores were collected at all four stations. Stationary hydroacoustic measurements were
performed at all coring stations. Blue lines show trajectories of cruising hydroacoustic surveys with

a transect B - B” highlighted with a red line (see text).
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Results
The control of methanogenesis on the vertical distribution sediment gas content

Oversaturation of CH4 in sediment porewater under in situ hydrostatic pressure and sediment
temperature was observed at all four sites (Fig. 2): Persistent CH4 oversaturation starting from 25-
30 cm below the SWI was observed at the deeper sampling sites (water depth > 15 m, station F, A
and G). Strong spikes of in situ porewater DCH4 concentration further suggest the presence of gas
bubbles in these layers. Depth profiles of in situ sediment volumetric gas content obtained from
freeze cores confirmed this finding. At station A and F, the sediment volumetric gas content tended
to increase below 30 cm sediment depth and had a maximum value of 7% near the lower end of
the core (~40 cm depth) at station A. At station F, even a narrow peak in volumetric gas content at
~40 cm depth coincided with a spike of DCH4 concentration and both measures showed a minimum
between depths 30-40 cm. The good agreement between depth profiles of porewater DCH4
concentration and in situ gas content indicates that the oversaturation in DCH4 can be a good

predictor for the distribution of free gas content in sediment.
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Fig. 2. Depth profiles of in situ porewater dissolved CH4 concentration (DCHas; solid black line
with open symbols) at the four stations (sampled during November-December 2017) and
volumetric gas content (red line) characterized by freeze coring at station H, F and A (collected in
December 2016). Depth profiles of the CH4 saturation limit are shown by dashed lines. Porewater

DCHjy4 saturation limits were calculated according to in situ hydrostatic pressure (and sediment

load) and sediment temperature.

MP rates showed a sub-surface minimum at ~10-20 cm sediment depth in all four cores, though

less pronounced at station F (Fig. 3a). At this depth, MP rates clearly deviated from a power-law
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(MP = a x depth®; R*> > 0.83) describing depth-dependent production rates below the minimum
layer. The CH4 production minimum in the surface layer coincided with elevated concentrations of
sulfate (SO4%), suggesting the presence of a SR zone. As for other potential CHs oxidizers and
production inhibitors (alternative terminal electron acceptors) such as NOjs", Fe** and Mn*", the
concentrations (data not shown) were at least one order of magnitude lower than sulfate and no
correlation was found between these concentrations and MP. By fitting a power-law decay of MP
over sediment depth (with the exclusion of upper 30 cm), the MP inhibition in the upper 30 cm
layer of sediment was estimated by considering inhibition as the difference between predicted
(extrapolation using the derived MP-depth equations below 30 cm sediment depth) and actual MP
(Fig. 3b). The depth-integrated MP (corrected for in situ sediment temperature) in the surface 1 m
sediment ranged 22.3-40.8 mmol m™ d! at the four sites, the highest MP inhibition rate of 1.3
mmol L' d"! was found at station G and the lowest (< 0.1 mmol L d!) at station A (Table S2). In
total, the MP inhibition in SR zone could account for 25-59 % of the depth-integrated potential MP
(Table S2).

The in situ sediment temperature profiles (Fig. S1) showed a strong spatial gradient from the
littoral zone to the profundal zone. Sediment temperature profiles at station F and G (water depth
20 m) were similar and ~4-5 °C warmer than at station A (water depth 36.7 m), while > 2 °C lower
than at station H (water depth 11 m). The consistent overlying water (5 cm above the SWI)
temperature at station F, G and H agrees with a well-mixed water column at water depth <20 m at
the time of sampling. Sediment temperature was affected by overlying water temperature at all
sites except station H. At station H, sediment temperature was increasing with sediment depth,
suggesting a strong winter cooling effect on the sediment.

CO; consumption (i.e., negative production) was observed at various depths and was most
apparent in the upper 40-50 cm layer, except for station H (Fig. 3¢c). At station H, positive CP was
observed over the entire sediment depth. In general, low concentrations of acetate (< 6 uM) in the
SR zone (< 40-60 cm at station A and G) were observed, while the concentrations were slightly
higher at the other two sites (up to 18.7 uM). Below the SR zone, significant enrichment of acetate
(> 30 uM at all sites) was observed, resulting in lower pH values relative to the SR zone, while a
slight increase in pH with increasing acetate concentration below 50 cm depth was observed (Fig.
3¢). The relatively high POC content (up to 600 mmol g!) in the upper layer of the sediment (Fig.

S2a-b) and low porewater DOC concentration (Fig. S2¢) suggests that MP minima in the surface
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layer is not constrained by POC source, but more by the rate of sequential utilization of labile DOC
for methanogenesis. In addition, the obvious acetate enrichment at larger sediment depth (Fig. 3c)
suggests that methanogenesis is not substrate limited.

Depletion of 8'3Ccra was observed at the three sites (station A, F and G) with mean values
ranging from -61.2 to -62.1 %o. At station H, the relatively low 8'3Ccrs (mean -68.5%o) indicates
the absence of strong SR and predominance of methanogenesis. At the other three sites, 8'3Ccpa
showed depth gradients. A slight enrichment of 3'*Ccus was observed at station A (from mean -
62.4 to -60.3%o0) and at station G (from -61.7 to -60.7%o) below 50 and 36 cm depth, respectively;
while at station F, from -63%o in the upper 10-60 cm layer to 61.7%o below 60 cm depth with

enrichment in the uppermost 10 cm layer of the sediment (mean -60.5%o).
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Fig. 3. (a) Depth profiles of CH4 production rates (MP, black symbols) and porewater sulfate
concentration (red line). Dashed black lines show a power-law fit (MP = a x depth”) of MP over
the lower depth range (depth > 30 cm; filled black symbols), which was extended over the sulfate-
enriched layer (open black symbols). The dashed blue lines mark the threshold concentration (0.03
mM) for sulfate-reduction (Lovley and Klug 1986). (b) Depth profiles of MP and MP inhibition
(MPI) rate. Open black circles are MP rates corrected for in situ sediment temperature; red thick
lines are MPI rates calculated as the difference between predicted (by extrapolation according to
the power-fit equations derived from depth > 30 cm) and actual MP. (c) Depth profiles of CO>
production (CP), acetate and pH. (d) Depth profiles of 8'3Ccns value of porewater DCHa.
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Fig. 4. (a) Linear regression between in situ porewater DCH4 concentration (sampled during
November 28-29, 2017; depth-averaged over 1 m sediment depth) and acoustic backscatter

parameter DecaySv1 at the four stations. The acoustic backscatter parameter DecaySvl was
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estimated from stationary acoustic measurements at the four coring sites during December 3-5,
2016. (b) Linear regression between sediment volumetric gas content (&,; depth-averaged from
freeze core measurements) and porewater DCH4 concentration at the three stations (A, F and H;

averaged over the corresponding length of freeze cores) where freeze cores were taken.
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Fig. 5. Acoustic parameters along a selected transect (B - B’, Fig. 1) of the acoustic survey showing
the transition of free gas accumulation in deep waters to the gas free shallow zone. (a) Echogram
of the100 kHz transducer showing intense ebullition at zones where water depth > 15 m (cf. Fig.
6a for detail), while no bubbles were observed in the water column in shallow zones. (b) The 10
kHz echogram shows deep acoustic penetration into the sediment in the gas-free, shallow zone,
while the penetration is blocked in the first meter of the sediment in deeper zones. (¢c) Computed
mean porewater DCH4 concentration (in surface 1 m sediment) estimated using the regression
equation (DCH4 = 0.82 x DecaySv1 + 19.18) (Fig. 4). The saturation concentration is indicated by
the dotted line. The vertical dashed line marks the transition from presence to absence of free gas

in the sediment at 15 m water depth.
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Fig. 6. Details of the transition zone of gas accumulation from Fig. 5a-b: (a) Intense ebullition near
the lakebed detected with the 100 kHz echo sounder along the B - B transect where water depth >
17 m. Gas bubbles were clearly visible in the water column; (b) Sharp transition at 15 m water
depth from gassy sediments to gas-free sediments. Shallow acoustic penetration in the deep zones
(water depth > 15 m) suggests presence of free gas in the surface layer of the sediments. Deep

acoustic signal penetration in the sediments indicates a gas-free zone.

Spatial (horizontal) distribution of sediment gas content

The backscatter strength during the second phase of the echo observed with the linear echo
sounder (EA400) was positively correlated to porewater DCH4 concentration (depth-averaged over
1 m sediment depth) (Fig. 4a). An equation was derived for calculating DCH4 concentration
according to acoustic parameter DecaySv1, while no correlation was found between the acoustic
parameters and sediment MP rates. It is noticeable that no significant correlation was observed

between sediment volumetric gas content, i.e. void fraction (from freeze core analysis) and acoustic
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parameters. This could be explained by the limited length of the freeze cores that may result in
inaccurate estimates of depth-averaged volumetric gas content.

The cruising acoustic measurement along a selected transect (B - B’, Fig. 1) exemplifies the
good correlation between porewater DCH4 concentration and sediment free gas accumulation and
gas ebullition (Fig. 5). At water depth > 15 m, the DCH4 concentration estimated from acoustic
decay coefficients (DecaySv1) varied between 5-9 mM with a mean ~7 mM that well above the
depth-dependent saturation limit (< 6 mM) (Fig. 5¢). Following a sharp decrease at water depth of
~15 m, porewater DCH4 concentration remained below the saturation limit in the shallower zone.
A clear shift in acoustic penetration (10 kHz) was observed at the similar water depth: i.e., from
strong reflection in the surface layer of the sediment at water depth > 15 m to deep acoustic
penetration at shallower depths (Fig. 5b, Fig. 6b). This indicates the presence of free gas in the
sediment at water depth > 15 m, in contrast to the absence of free gas content in sediment at the
shallower water depths. This further suggests that porewater DCH4 concentration can serve as a
predictor of free gas accumulation in the surface sediment. The intense ebullition observed in the
zone where free gas is present (Fig. 5a, Fig. 6a) suggests a potential for linking spatial variability

of ebullition to the spatial pattern of sediment volumetric gas content.

Spatial patterns of ebullition and sediment free gas accumulation

We found a good linear correlation (Fig. 4b and Fig. S3) between in situ sediment volumetric
gas content (void fraction) and in situ porewater DCH4 concentration. The equation was then
applied to depth-averaged (over 1 m sediment depth) porewater DCH4 concentrations that were
inferred from the acoustic decay parameter DecaySv1 (Fig. 4a). From the map of depth-averaged
porewater DCH4 concentration from DecaySv1, sediment volumetric gas content was calculated
(Fig. 7). The 10 m isobath is approximately the boundary between gas-enriched sediment (sediment
volumetric gas content > 1%) and gas-free sediments in the shallower areas (Fig. 7). In the eastern
part of the lake, the boundary between gassy and gas free sediments occurred at water depth of 15
m (Fig. 5). Sediment volumetric gas content was low (0-1%) in the areas shallower than 10-15 m
and it increased toward the profundal zone. Transient ebullition flux measured using acoustic
method generally followed the spatial distribution of sediment volumetric gas content, although
ebullition flux showed a rather high variability. The highest ebullition flux was detected in the
northern part of the lake, close to Jordan River inflow (station G). At this site, MP and ebullition
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flux were rather similar (> 40 mmol m d'!). At other sites the overall ebullition fluxes were lower

than MP (by ~60-85%)).
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Fig. 7. Map of Lake Kinneret shows the spatial distribution of ebullition flux (grayscale) and

sediment volumetric gas content (colored lines) in December 3-5, 2016. Each data point of

sediment gas content was calculated by averaging 10 individual measurements. Sediment CHy4

production (MP) rate is shown by filled circles, where circle area scales with MP. The dashed lines

show isobaths (m). Gas ebullition and sediment volumetric gas content were assessed using

acoustic methods.
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Discussion
Extended depth of sulfate-reduction zone attributable to historical anthropogenic perturbations

In LK, the upper 30 cm layer of sediment was slightly enriched with sulfate (< 0.3 mM),
coinciding with reduced methanogenesis rates. In this SR zone, lower porewater DCHg4
concentrations were observed, consistent with a surface minimum of sediment free gas content
(Fig. 2). The apparent linkage between SR and gas content minima in surface sediments has not
been described before in freshwater lakes. The deep SR zone in LK is uncommon compared to
other freshwater lakes, where methanogenesis rate often declines sharply over depth in anoxic
sediments. In these systems, sulfate concentrations are typically < 30 uM, e.g. (Falz et al. 1999),
and free gas accumulates near the sediment surface (Anderson and Martinez 2015).

Except for the shallow station H, sulfate concentration on the porewater of LK showed a clear
maximum at ~15-30 cm depth, whereas near-surface concentrations were lower. This explains
previous findings showing that sulfate-dependent AMO does not occur in the uppermost few
centimeter of the sediment of LK (Adler et al. 2011; Schwarz et al. 2007). The lower concentration
at the sediment-water interface appears to be contrary to the assumption that lake water is the direct
source of porewater sulfate, although a comparable depth of the SR zone (25 cm) has previously
been observed in sediment of a lake with higher sulfate concentrations (2 mM) (Schubert et al.
2011). Several possible mechanisms are proposed here for the depth profiles of sulfate in LK
sediment. The unexpected low sulfate concentrations in the uppermost sediment could be explained
by sediment-water exchange induced dilution by hypolimnion water, since lower sulfate
concentrations were found in the hypolimnion during winter mixing (Hadas and Pinkas 1995).
Enhanced solute flux across the SWI due to turbulent mixing was previously investigated in the
shallow zones of LK (water depth < 10 m), where a reduction in porewater sulfate concentration
in the uppermost 8.5 cm of the sediment was simultaneously observed (Mortimer et al. 1999).
Internal wave induced convective porewater mixing is likely the reason for the enhanced sulfate
exchange between sediment porewater and overlying water. The depth affected by intermittent
warming and cooling due to internal waves has been found to reach 10 cm below the SWI in Lake
Stechlin, Germany (Kirillin et al. 2009).

Besides seasonal variations, the sulfate concentration in lake water has been affected by
historical anthropogenic perturbations. The most recent event was the construction of a pump
station for taking water from LK to the National Water Carrier in 1967 (Berman et al. 2014).

Onshore saline springs were diverted directly to the outlet of LK to prevent lake water from
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becoming more saline. Consequently, the salinity of LK water declined consistently over the last
six decades. In the center of the lake (station A), sulfate concentrations were enhanced down to 30
cm depth, where also turning points were observed in the depth profiles of wet bulk density and
porewater salinity (Fig. S2d). Assuming a sedimentation rate of 4.5 mm yr"!, which was determined
in LK using uranium lead dating (Erel et al. 2001), this depth is equivalent to a time span of ~67
years. The turning points can thus be dated to 1950’s, which is ~17 years before the diversion
system was built. However, from 1951-1958 the upstream Lake Hula and surrounding swamps
were drained (Berman et al. 2014) and nutrient-enriched water from these swamps was discharged
into the lake. This caused dramatic changes in the biogeochemistry of lake water and sediment,
e.g., sulfur content in the upper 25 cm layer of sediment at station A increased three-fold in the
year 2000 (Nishri 2011).

In addition to the above-mentioned mechanisms, another possible factor could be ebullition-
mediated porewater mixing. This was once reported in marine sediments where bubble release
caused intense mixing of sediment porewater in the SR zone (Haeckel et al. 2007). Given the fact
that increased gas content was observed below 30 cm depth in the sediment of LK, the release of
gas bubbles from lower depth is likely a cause for the deepened sulfate-enriched layer. A recent
modelling study based on X-ray scanned sediment pore structure also demonstrated that the
formation and release of CH4 bubbles can significantly enhance hydraulic conductivity (Mahabadi

et al. 2018), which can eventually cause enhanced solute exchange across the SWI.

Sediment-water interface CHy flux: the importance of deep methanogenesis

Our estimates of depth-integrated MP rates (8.2 - 14.9 mol m™ yr'!) are in good agreement
with previous long-term averaged ebullition measurements (15.4 mol m? yr'!) (Schmid et al. 2017)
as well as with ebullition flux measurements (10 mol m yr'!) (Ostrovsky et al. 2008). The spatial
variability in sediment MP can be explained by the spatial pattern of sedimentation and in situ
sediment temperature. Influenced by the Jordan River inflow, the highest sedimentation rate of 6.3
mm yr'! was reported for station G, followed by the central station A (4.5 mm yr'!) due to
concentrated algae deposition rates (Koren and Klein 2000; Sobek et al. 2011). The low
sedimentation rate (2 mm yr') reported for the shallow water site (station H), however, did not
cause a significant reduction in MP. This is due to the high sediment temperature (mean 23.6 °C).

The observed increase of sediment temperature over depth (Fig. S1) indicates the presence of
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localized warm saline springs, which have been found in the littoral zone of LK (Ben-Avraham et
al. 1986).

While sediment MP rates were low below the SR zone, overall they contribute 30-48% to the
MP integrated over 1 m sediment depth (the sum of MP between depths 0.3 - 1 m in relation to the
MP integrated over 1 m; MP below 1 m was assumed to contribute negligible to the total CH4 flux
across the SWI). In LK, ~80% CHa flux across SWI was found to be bubble-mediated (Schmid et
al. 2017). Our measurements demonstrate a maximum sediment gas volumetric content below the
SR zone, suggesting a large potential contribution of CH4 bubbles from deep sediment to the
ebullition flux across the SWI. The bubble growth and release from the deep gas-charged layer can
be affected by sediment mechanical properties (Boudreau 2012; Katsman et al. 2013), and should
be considered in future investigations.

While previous studies provided valuable information on sediment methanogenesis and AMO
in LK, most of them were restricted to relatively shallow sediment depths (< 30 cm), i.e., the
sediment below the SR zone has rarely been studied with only one recent study (Bar-Or et al. 2017)
reaching 40 cm depth. By using sediment cores > 1 m long, our measurements provide new insights
on some open questions about sediment methanogenesis, which have been raised in previous
studies (Adler et al. 2011; Eckert and Conrad 2007; Niisslein et al. 2003).

Our measurements suggest concurrent SR and MP in LK sediment at low sulfate
concentrations (< 0.3 mM). A potential pathway of MP in the SR zone is CO/H-based
methanogenesis coupled to sulfate-reducing process. The low acetate concentrations (< 6 uM) in
the SR zone suggests an inhibition effect of acetate-based methanogenesis by sulfate-reducing
bacteria that outcompete methanogens for acetate (Lovley and Klug 1986; Oremland and Polcin
1982; Winfrey and Zeikus 1977). Meanwhile, CO2 produced by sulfate reducers can be used for
methanogenesis, but its rate can be limited by the rate of sulfate reduction Niisslein et al. (2003).
This pathway is supported by the observed CO> consumption in the SR zone with rates that were
in the same order of magnitude as MP. This syntrophic acetate CH4 formation has been
hypothesized to cause a isotopic signature of 6'3Ccus ~-62 %o (Niisslein et al. 2003), which is
comparable our measurements (Fig. 3d).

Given the historic origin of porewater sulfate, which reduces MP by 25-59.1% (Table S2),
CH4 emissions from LK are likely to increase in the future as the sulfate pool depletes. Future work

should integrate both processes and make a further evaluation of the effects of draining the Hula
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swamps on carbon cycling in LK and other freshwater system, which are subject to anthropogenic

alterations.

Linking the spatial variability of ebullition to bubble formation

Volumetric gas content in LK sediment is characterized by high spatial heterogeneity, which
in general may affect the spatial variability of ebullition. The absence of free gas in the sediment
and gas ebullition in littoral sediments (Fig. 7), however, is contrary to what have been observed
in other natural lakes, where ebullition is often found most active in littoral zone (Natchimuthu et
al. 2016; Wik et al. 2013). The active bubbling in shallow zone in lakes results from a combination
of high temperature and low hydrostatic pressure. Higher water temperature is often observed in
the littoral zone of deep stratified lakes, which enhances MP in the sediment. In addition, lower
dissolved gas concentrations are required for reaching oversaturation and bubble formation in
shallow waters. The unique pattern in LK, that the littoral zone is dominated by sandy sediments
with low organic matter content, is likely related to the geological settings of the lake with warm
saline springs at the lakebed of the littoral zone (Ben-Avraham et al. 1986). In addition, LK is
exposed to strong wind in summer, which generates surface and internal waves that tend to focus
organic materials from the littoral zone toward the profundal zone (Ostrovsky and Yacobi 1999;
Ostrovsky and Yacobi 2010). Deep penetration of low-frequency sound waves was observed in
these shallow zones (Fig. 5 and 6) and has also been also been reported from former acoustic
surveys (Ben-Avraham et al. 1986).

It should be noticed that the spatial distribution of both ebullition and sediment gas content
can be masked by the temporal variability of gas ebullition. Hydrostatic pressure changes have
been demonstrated to cause strong temporal variability of ebullition (Maeck et al. 2014; Scandella
et al. 2011; Varadharajan and Hemond 2012). In LK, strong dependence of the ebullition flux on
water level change has been found and quantified; with the highest flux being observed in summer
and fall due to the favorable conditions for bubble formation and release from sediment at
decreasing water level (Ostrovsky et al. 2013; Ostrovsky and Tegowski 2010). This explains the
disagreement between sediment MP and ebullition flux we observed in winter 2016. The ebullition
dynamics results from the interplay between the recharge of sediment gas voids by CH4 formation
and its dissolution, and gas release by breaking through sediment matrix (Scandella et al. 2011).
Sediment can store a large amount of free gas (Anderson and Martinez 2015). The gas storage

capacity of sediment is related to sediment structure and mechanical properties (Liu et al. 2018;
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Liu et al. 2016). Bubble formation is a slow process that is governed primarily by sediment MP
and bubble release is a fast process controlled by hydrostatic pressure changes. This means that,
assuming a similar volumetric gas storage capacity, gas ebullition in the littoral zone is more
sensitive to pressure changes than in the profundal zone (Ostrovsky 2003). This might explain the
lower ebullition rate in the pelagic zone of the lake where higher sediment gas content was observed
(Fig. 7). Thus, the short-term ebullition dynamics can be temporarily decoupled from the dynamics
of sediment MP and strongly dependent on historical gas inventory in the sediment. E.g., at station
A, ~5 months is required to recharge the 2.3% sediment volumetric gas content (estimated from
the depth profile of porewater DCH4 concentration according to the equation on Fig. 4b), assuming

that the gas inventory is completely emptied by an extreme ebullition event.

Conclusions

By combining freeze coring, in situ porewater DCH4 concentration profiling with
hydroacoustic measurements, we successfully mapped sediment volumetric gas content in LK.
This suggests a promising approach to predicting spatial patterns of ebullition by characterizing
sediment gas accumulation. For the first time, we explored the linkage between ebullition and
sediment gas content in a freshwater lake. Sediment volumetric gas content in LK is heterogeneous
both vertically and horizontally. A large depth gradient was observed with free gas accumulated
below 30 cm, above this depth gas content was notably lower. The low gas content in the upper 30
cm layer of the sediment can be explained by the sediment MP minimum there, potentially caused
by sulfate reduction. The slight enrichment of sulfate (< 0.3 mM) in the upper 30 cm of sediment
may be a consequence of sulfate-enriched water drained from the Hula swamps entering the lake
in the 1950’s. Our results suggest that SR zone is reducing depth-integrated MP in the sediment by
25-59.1%. Depth-integrated sediment MP is in close agreement with the CH4 flux across the SWI.
The high contribution (30-48%) to the total CH4 flux coming from the gas-charged layer below the
SR zone suggests that the gassy layer is an important source of gas ebullition. A large horizontal
gradient of sediment volumetric gas content was identified with the hydroacoustic measurements.
Free gas was absent in the littoral zone, where ebullition rates were low, and the gas content
increased to > 1% towards the profundal zone. This gradient can be explained by the predominance
of coarse-grained sediment with low organic matter content and the presence of underwater springs

in the littoral zone.
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Table S1. Configurations for pulse length and corresponding echo resolution for the EA400 linear

echo sounder during the stationary measurements at the coring sites.

200 kHz 38 kHz
Pulse Echo Pulse Echo
Pulse Pulse
Configuration | duration resolution duration resolution
length [m] length [m]
[ms] [m] [ms] [m]
I 0.064 0.096 0.012 0.256 0.384 0.048
Il 0.128 0.192 0.024 0.512 0.768 0.096
1] 0.256 0.384 0.048 1.024 1.536 0.192
v 0.512 0.768 0.096 2.048 3.072 0.384

Table S2. Depth-integrated rates of anaerobic methane production (MP) and MP inhibition in
sediment. MP inhibition rate is calculated by normalizing MP inhibition with total methane

production potential.

. MP inhibition MP MP inhibition rate
e mmolm2d? molm?yr! mmolm?d?! molm2yr?! %
Station A_1st 10.6 39 30.9 11.3 25.5
Station A_2nd 8.1 3.0 25.0 9.1 24.5
Station F 10.1 3.7 22.3 8.2 31.2
Station G 59.0 21.6 40.8 14.9 59.1
Station H 154 5.6 26.4 9.6 36.9
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Fig. S1. Depth profiles of in situ sediment temperature (the uppermost values were measured in the
overlaying water). At station A, temperature was measured in two separate cores, whereas the

second core was sampled one day after the first one.
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Fig. S2. (a), (b) Depth profiles of particulate organic carbon (POC). (¢) Depth profiles of porewater

dissolved organic carbon concentration (DOC). Line and symbol color are identical to those shown

in the legend of a) and b). (d) Depth profiles of mean wet bulk density (black line) and mean salinity

(red line) for the 4 cores.
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Fig. S3. Linear regression between sediment volumetric gas content (&) and porewater DCH4

concentration at different sediment depths of the three freeze-coring sites (station A, F and H). For

each freeze core, data points of &, were extracted by averaging every 1 cm sediment depth (to

reduce the noise). Data points were extracted from 6, at different depths of freeze cores and

corresponding depths of in situ porewater DCH4 concentration profiles. Red dots represent data

points for station A, light blue for station F and black for station H.
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