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Abstract
As northern regions of the world experience warming climate, scientists look to
permafrost, a crucial component of arctic and subarctic ecosystems, as a source and sink of
atmospheric carbon. It is well-known that the thawing of permafrost from above as a result of

warming climate is a considerable source of greenhouse gases. However, few studies have
considered the production of methane, a potent greenhouse gas, beneath the permafrost. A

rugged permafrost bottom is proposed to favor the storage of gas in "pockets" that have been

formed through permafrost thaw and degradation from below. Sub (below)-permafrost methane
can migrate to reach the atmosphere when connections between the sub-permafrost and supra
permafrost open pathways from the pocket to the bottom of an open talik lake. We hypothesized

that the migration of methane occurs through advection and diffusion as a dissolved gas and by
movement as an immiscible fluid. Through measurement of environmental tracers in two

thermokarst lakes in Goldstream Creek Basin, Fairbanks, Alaska, we found that advection was

variable and was seasonally and climatically dependent demonstrating both upward and
downward groundwater flow within our study lakes. Measurements of dissolved methane

concentrations in the lakes demonstrated that diffusion of methane was not a significant transport

mechanism in the groundwater-to-lake pathway due to the extreme temporal and spatial

variability of methane concentrations. Immiscible flow of free-phase methane is likely the

dominant transport mechanism but is dependent on the lake sediment composition and the

formation of secondary pathways within the talik. Data obtained from this study allowed for a
better understanding of methane transport and thermokarst lake dynamics.
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1.1

Introduction
Motivation

Scientists and people around the world are focused on a present crisis, climate change, that

has the potential to impact the world we live in, but does climate change pose the same risks and
the same likelihood for change in all parts of the world? Many scientists would argue that the
northernmost latitudes are poised to see the largest impact from changing climate and rising

global temperatures (Holland and Bitz 2003; Houghton et al. 2001).

A driver in climate change is the release of methane (CH4), a potent greenhouse gas (GHG),
to the atmosphere. CH4 has the potential to impact global warming in multiple ways: not only is

atmospheric CH4 responsible for the absorption of energy, it can also be tied to increased ozone
(O3) production, and the production of water vapor due to CH4 oxidation (Ramaswamy et al.
2001). Over a 100-year time period, CH4 has 34 times more global warming potential than

carbon dioxide (CO2) (Myhre et al. 2013).
While regions with soils influenced by permafrost (ground at or below 0 degrees Celsius

[°C] for two or more consecutive years) could be largely impacted by climate change, these

regions may also be significant contributors to climate change through the release of CH4 from
thawing permafrost. While many have studied the release of CH4 from thawing permafrost, few

have considered the potential for CH4 storage and release from the bottom of permafrost.

Uncertainty exists about the volume of CH4 that may exist below permafrost and the transport
mechanisms by which the gas would be released to the atmosphere.

In this study, we explore the potential for release of CH4 from the sub (below)-permafrost

through the bottoms of thermokarst lakes in the sub-Arctic. We hypothesize this release of CH4
to the atmosphere can occur through three mechanisms which are deeply connected to the
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presence and flow dynamics of groundwater. These mechanisms will be discussed throughout
this document.

1.1.1 Climate Change
Arctic climate research has identified permafrost as a critical source of atmospheric carbon

and an important element in global climate change. Since the last glacial maximum, climate

warming has led to the degradation of permafrost and the subsequent release of global
greenhouse gases (Schuur et al. 2015). Greenhouse gases produced by thawing permafrost

contribute to uncertainty in global climate change predictions and create a need for ongoing and

extensive research on permafrost gas emissions. As permafrost thaws, gases once trapped within
the frozen ground are released, and ancient organic material is made available for microbial

activity, which contributes to the production of greenhouse gases.
The majority of research surrounding greenhouse gas production and release in Arctic and

sub-Arctic environments has focused on the deepening of the active layer (layer of ground
underlain by permafrost that experiences seasonal freezing and thawing) as warming
atmospheric temperatures drive heat into the ground (Schaefer et al. 2014). While warming
atmospheric conditions prompt the degradation of the top of permafrost, this occurrence is not

the only driver in permafrost thaw; geothermal heat flux from the Earth's core coupled with
warm sub-permafrost groundwater recharge stimulates the degradation of the bottom of
permafrost (Jorgenson et al. 2010). This degradation leads to the production and release of gases

from below the permafrost.
Thermokarst lakes are often classified as significant producers of greenhouse gases when

studying greenhouse gas emissions in Arctic and sub-Arctic environments (Walter et al. 2007b).
Thermokarst lakes typically develop a talik (perennially thawed zone) beneath them that allows
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for the production and ebullition (bubbling-up) of these gases in the thawed lake sediments. If
the talik beneath a thermokarst lake completely penetrates the permafrost, it is considered an

open talik which connects the lake bottom to the sub-permafrost zone. For this reason, open talik
thermokarst lakes can serve as outlets for sub-permafrost or “subcap” gases. Studies by Walter
Anthony et al. (2012) have shown that the production of sub-permafrost gases may contribute

significantly to total thermokarst lake gas emissions.
In a recent report, 3-D imaging of discontinuous permafrost in Interior Alaska showed that
the topography of the underside of permafrost was much more rugged than the topography of the

top of permafrost with the exception of thermokarst lakes and taliks (Figure 1)(Arcadis U.S. Inc.

2014).

Figure 1-1. Tanana Floodplain Permafrost Map. Map of 3-D permafrost extent (light blue), including the top of (left) and

bottom of permafrost (right) derived from geophysical electrical magnetism (EM) and borehole measurements near Fairbanks,

Alaska. Also shown are no permafrost (dark blue) and the outline of the Tanana River (gray). Yellow and green outlines are not
associated with this research (Arcadis U.S. Inc. 2014).

The sub-permafrost surface consists of thawed “pockets” that give it an undulating appearance.

These pockets are here hypothesized to serve as storage for gases produced in the sub-permafrost
environment - assuming there is sufficient production of methane to support the storage of
methane in the pockets and that there are limited factors causing the depletion of methane stored

in these pockets such as microbial methane oxidation, which consumes methane (Martinez-Cruz
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et al. 2015; Oh et al. 2020; Winkel et al. 2019) . The gases stored in these pockets could quickly

be released when the sub-permafrost environment is connected to the supra (above)-permafrost
environment as a result of the formation of an open talik.

The Goldstream Creek Basin in Fairbanks, Alaska is home to dozens of thermokarst lakes

and ponds in various stages of permafrost degradation that actively produce CH4 (SepulvedaJauregui et al. 2015). However, a portion of the CH4 ebullition observed in these lakes may be

the result of CH4 escaping the sub-permafrost environment. Predicting and estimating the impact

and magnitude of both sources requires an understanding of the transport mechanisms bringing
CH4 to the lake bottom.

1.1.2 Groundwater Hydrology and Dynamics
In addition to focusing on the interactions between CH4 and groundwater and their

potential to impact climate change, this thesis also serves to elucidate knowledge of groundwater

hydrology in northern latitudes.
Groundwater is a primary resource for drinking water in Alaska; according to the Alaska

Department of Environmental Conservation, groundwater provides almost 90% of rural
community drinking water (2008). In order to ensure Alaskan residents have access to safe

drinking water, protecting and understanding local groundwater resources is imperative.

However, the presence of permafrost, which acts as a barrier to groundwater flow, creates

several challenges for engineers and hydrologists modeling flow and remediating groundwater
that may become contaminated. The presence of taliks and the seasonal freeze-thaw cycles of the

active layer contribute to the complexity of groundwater flow in discontinuous permafrost
regions.
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A limited amount of data documenting groundwater dynamics in permafrost-influenced

regions of the world exists. While increasing interest in permafrost hydrology has produced
numerous studies on surface water in higher latitude environments, few studies address

groundwater dynamics in permafrost-influenced watersheds and, to a lesser extent, groundwater
dynamics between the sub- and supra- permafrost environments (Woo et al. 2008). Changing
climate has the potential to shift the boundaries between sub- and supra-permafrost aquifers, and

could have large impacts on the availability and quality of surface water (Clark et al. 2001;

Walvoord and Striegl 2007).
Although a handful of numerical and analytical modeling studies have sought to

characterize both supra-(above) permafrost and sub (below)-permafrost groundwater flow
(Bense et al. 2009; Bosson et al. 2013b; Ge et al. 2011; Liao and Zhuang 2017; Walvoord et al.

2012; Wellman et al. 2013), knowledge gained from these studies has been minimally supported
by field observations and data, and a detailed understanding of the complex flow patterns and
interactions between the two groundwater regimes has yet to be established. This study seeks to

utilize field data to characterize the interactions of supra- and sub-permafrost groundwater within

open taliks beneath thermokarst lakes in Goldstream Creek Basin located in Fairbanks, Alaska.
Data and knowledge gained from this project will aid in a better understanding of groundwater
dynamics in discontinuous permafrost regions.
1.2

Hypothesis and Objectives
This thesis will review previous research regarding groundwater dynamics and hydrology

in discontinuous permafrost regions. Chemical and physical characteristics of both sub
permafrost and supra-permafrost groundwater will be highlighted to support the studies of CH4

transport that will follow.
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This thesis also synthesizes studies of mass transport and immiscible fluids in porous

media to understand CH4 transport within sub-permafrost zones and open-talik lake sediments. A

visual representation of the transport mechanisms that are investigated are shown in Figure 1-2:
advection and diffusion of dissolved-phase CH4 in groundwater, and immiscible flow of freephase CH4 through the desaturation of pore-space. Two lakes within the Goldstream Creek

Basin, Doughnut Lake and Goldstream Lake, serve as study sites to show the presence of each
transport mechanism.

The study's hypothesis is as follows:

The transport of CH4 from the sub-permafrost environment will occur through three
mechanisms: 1) the advection of dissolved-phase CH4, 2) the diffusion of dissolved-phase CH4,

and 3) the immiscible flow of free-phase CH4.

6

7
Figure 1-2. CH4 Transport Conceptual Model. Advection (red), diffusion (blue), and immiscible-phase flow (yellow) are the three CH4 transport mechanisms hypothesized.

1.2.1 Advection
A direct indicator of the transport of dissolved-phase CH4 through advection in sub
permafrost groundwater is an upward pressure gradient from the sub-permafrost zone to the lake

bottom which can be measured using piezometers at varying depths within the lake sediments.
An indirect indicator of advection is the presence of chemical indicators unique to sub
permafrost groundwater found in the lake, indicating the mixing of sub-permafrost groundwater

and surface water. An analysis of environmental chemical tracers as well as pressure gradients
will show the significance level of advection as a CH4 transport mechanism in the groundwater-

to-lake flow path.

1.2.2 Diffusion
Mass transport through the process of diffusion is driven by a concentration gradient.

Upward movement of dissolved-phase CH4 from the sub-permafrost zone to the lake bottom may
occur if the concentration of CH4 in the sub-permafrost zone is greater than the concentration of

CH4 at the lake bottom. An analysis of dissolved CH4 concentrations at varying depths in lake

sediments will show the significance of diffusion as a CH4 transport mechanism in the
groundwater-to-lake flow path.
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1.2.3 Immiscible-Phase Flow
For flow of free-phase CH4 to occur, a flow path from a sub-permafrost CH4 pocket to
the lake bottom must be created through the desaturation of interconnected pore space between
the two boundaries. The desaturation of the pore space can only occur if gas storage pressures

reach sufficient magnitudes to overcome the soil displacement pressure unique to the soil media.
A review of relevant literature and the analysis of displacement pressures in representative soil

samples will show that immiscible-phase flow of CH4 is likely to occur in the groundwater-tolake flow path.

9
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2 Literature Review
2.1

Permafrost and Taliks

Permafrost is typically defined as ground (soil or rock) remaining at or below 0 °C for two
or more consecutive years (van Everdingen 1998; French 2007). Many other definitions of
permafrost exist and are often dependent on the field of study under which the definition is used

(Lunardini 1981). It is important to note that the definition above is broken into two components:

a temperature component and a time component. Ground below 0°C is typically frozen (cryotic),

but it may also contain liquid water below 0°C due to a depression in the freezing point resulting

from high mineral concentrations in the pore-water or a low moisture content (non-cryotic)
(French 2007). For the purposes of this hydrogeologic study, however, permafrost is defined as

“ground containing perennial ice or perennially frozen geologic substrate that impedes the flow

of water” (Walvoord et al. 2012).

Permafrost may be classified as continuous, discontinuous, sporadic, or isolated based on
its areal extent. Discontinuous permafrost, where this study will be focused, as defined by
Jorgenson et al. (2008), is a land area of which 50-90% is underlain by permafrost.
Discontinuities in permafrost can be a result of many processes, events, and conditions. Thawing

of permafrost can be initiated and perpetuated by events such as ground disturbances including
vegetation loss through human activities or fire, pooling of water in low-lying areas, and increase

in mean annual air temperatures (French 2007; Jorgenson and Osterkamp 2005; Jorgenson and
Shur 2007). Zones of thaw within the permafrost are known as taliks, a word of Russian origin.

Zhang (2011) defines a talik as “a layer or body of unfrozen ground occurring in permafrost

regions due to a local anomaly in thermal, hydrological, hydrogeological, or hydrochemical
conditions.” Unlike the classical definition of permafrost, the definition of talik, according to
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Zhang (2011) is not bound by temperature or time, but rather, by the phase of the moisture in the
ground, making the definition of talik compatible with hydrogeologic studies. However, for the

purposes of this thesis, a talik will be defined as perennially unfrozen ground to distinguish it

from the active layer (Woo 2012). Taliks described throughout this study will be placed into one
or more of the following categories: closed talik, open talik, lateral talik, and supra-permafrost
talik (French 2007; Lamontagne-Halle et al. 2018; Walvoord et al. 2019; Zhang 2011).
•

A closed talik is a thawed zone above the permafrost table that does not penetrate
through to the bottom of permafrost.

•

An open talik (through talik) is a thawed zone that penetrates the entire depth of
the permafrost, connecting the supra-permafrost zone with the sub-permafrost zone.

•

A supra-permafrost talik (perennial thaw zone) is a talik that forms above the
permafrost due to a greater depth of seasonal thaw than the depth of seasonal

freeze.
•

A lateral talik is a talik that extends laterally, particularly adjacent to water bodies,

and may occur above permafrost (lateral supra-permafrost talik) or within
permafrost.
2.2

Thermokarst Lakes
Thermokarst lakes typically form in ice-rich landscapes (Jorgenson and Shur 2007). They

form as a result of a combination of permafrost thaw and thaw-subsidence. The process of

forming thermokarst lakes is initiated by the same or similar processes and events by which
permafrost thaw is initiated (see Section 2.1). The initial thaw leads to the development of a

depression in the ground surface. Pooling water in the depression allows for continuous
conduction of heat into the adjacent soil. The conduction of heat will increase thaw and
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subsidence, leading to growth of the pond. Thermal erosion processes will further the expansion

of the thermokarst lake (Jorgenson and Shur 2007).
Thermokarst lake development and expansion can occur over decades to thousands of years

and is highly dependent on several variables including climate trends (atmospheric temperatures,
precipitation, etc.) and ice-content of the surrounding soil (Czudek and Demek 1970; Walter et

al. 2007a).

Permafrost underneath thermokarst lakes will generally continue to exist if the average

annual temperature of the bottom of the lake remains at or below 0° C. Lakes under these
thermal conditions are referred to as bedfast thermokarst lakes, meaning that they freeze to the

bottom in the wintertime (Arp et al. 2015). If the depth of seasonal thaw exceeds the thickness of
lake ice and the average annual temperature at the bottom of the lake rises above freezing, a talik
(or thaw bulb) will develop (Bouchard et al. 2017; Burn 2002; West and Plug 2008). Since
permafrost still exists beneath the talik, this type of talik is classified as a closed talik.

Deepening and widening of a thermokarst lake may continue which will allow for the
continued growth of the talik beneath the lake. Once the talik grows deep enough to penetrate

through the bottom of the permafrost it is classified as an open talik. The development of a
thermokarst lake may occur in a cyclical process (Jorgenson and Shur 2007). The initiation of the

cycle is typically defined by the degradation of ice wedges in ice-rich permafrost and the
subsequent formation of a depression that will be flooded to form a lake. Then, due to the
development of surface channels or subsurface connections, a lake may drain partially or fully

(Jones and Arp 2015; Jorgenson and Shur 2007). Drainage is then followed by aggradation of
frozen soil (Mackay and Burn 2002). After drainage and aggradation occurs, a secondary lake

may form within the primary lake basin. The degree to which this cycle is upheld varies greatly
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across climates, watersheds, and individual lakes (Jorgenson and Shur 2007). The cycle also
occurs very slowly such that a complete cycle may not occur during the span of tens of

thousands of years (Jorgenson and Shur 2007).

2.3

Thermokarst Lake CH4 Emissions

Thermokarst lakes are significant sources of CH4 emissions (Walter Anthony et al. 2016;

Walter et al. 2007a, 2008). Similar to lakes developed in unfrozen soils, growth and death of

aquatic life contributes to the accumulation of organic matter in the bottom of the lake and within
the lake's water column (Heslop et al. 2015). Deposit of organic matter into the lake from
vegetation on the shoreline as well as from surface runoff also contributes to the accumulation
(Heslop et al. 2015). Microbial and non-microbial degradation of accumulated organic matter

within lakes allows for the formation and emission of gases (Bastviken et al. 2004; Beaulieu et
al. 2019). Unique to regions with permafrost soils, thermokarst lakes also accumulate organic
material as a result of permafrost thaw and the resulting deepening and widening of lakes'

margins throughout formation and growth (Heslop et al. 2015; Walter et al. 2007a). Permafrost
contains ancient organic material that becomes exposed when it thaws. Strauss et al. (2017)

compiled the radiocarbon ages of Alaskan ice- and carbon-rich permafrost (yedoma) deposits
and found that they ranged in age from 10,000 to 50,000 years before present. Permafrost thaw

allows for decomposition of the recently exposed material.
A wide variety of gas emissions can be detected from thermokarst lakes. Both aerobic and
anaerobic processes allow for the decomposition of organic material within the lake. However, a
decrease in dissolved oxygen near the bottoms of lakes (hypolimnion) due to eutrophication

promotes anaerobic decomposition of organic material (Beaulieu et al. 2019). Gases such as CO2
and CH4 are often produced as a result of anaerobic mineralization (Heslop et al. 2015).
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CH4 production and release from lakes can occur in several different manners: molecular

diffusion, ebullition (bubbling), and gas-conduction in emergent plants (Chanton 2005). Arctic
and sub-arctic lakes primarily emit CH4 through molecular diffusion and ebullition (Bastviken et
al. 2004; Walter et al. 2007b).
Thermokarst lakes have only recently been considered as significant contributors to the

global budget of atmospheric CH4 (Walter et al. 2007a). Estimates of emissions from northern
lakes as a result of molecular diffusion were relatively small in comparison with other high-

latitude source estimates such as wetland emission estimates and CH4 hydrate emission estimates
(Walter et al. 2007a). Several researchers have used two-layer film theory to estimate the

transport of CH4 from decaying sediments to the atmosphere by molecular diffusion from lakes

(Chanton 2005; Kling et al. 1992; Sebacher et al. 1983). However, these estimates from
thermokarst lakes omit or underestimated the contribution of ebullition to thermokarst lake

emissions.

There is a great deal of uncertainty related with emissions from thermokarst lake ebullition.

Quantifying ebullition presents difficulties due to the spatial and temporal variability of sources
and emissions (Walter Anthony et al. 2010, 2012; Walter et al. 2006, 2007b; a, 2008). Walter et
al. has developed several methods to reduce the uncertainty associated with ebullition. Ebullition

can be classified as either background ebullition or point source ebullition (discrete seeps).
Background ebullition occurs randomly throughout the lake and typically emits low volumes of

gas that are likely produced in the surface sediments near the sediment-water interface (Walter et
al. 2008). Discrete seeps consist of largely concentrated ebullition from one location at the
sediment-water interface and may be comprised of continuous bubbling or intermittent seepage.

In northern lakes, evidence of discrete seeps is readily apparent in winter lake ice. Where
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continuous ebullition occurs in high volumes from a discrete seep (hot spot), it is possible that no

ice or only thin ice will form over the seep (Walter et al. 2006). Ice formed over lower volume or
discontinuous seeps will entrap CH4 bubbles in the ice which will be visible from the cleared

surface of the ice. These open areas in the ice are identified by the Russian name, koshka.
Observations, surveying, and quantification of these seeps has shown that hot spots will

typically occur along thermokarst margins of the lakes. In addition, Walter et al. (2008) found
that CH4 emitted from hot spots along thermokarst margins exhibited radiocarbon ages indicative

of Pleistocene-age carbon. Brosius et al. (2012) found that the decomposition of recently thawed
material was a much greater contributor to CH4 production than the decomposition of young
material deposited on the bottom of the lake or suspended within the water column. These

conclusions indicate that carbon released through the thawing and sloughing of Pleistocene-age

carbon from the thermokarst lake margins is labile and is a primary source of carbon for CH4

production in thermokarst lakes.
Determining the source of thermokarst lake CH4 emissions requires the use of multiple
techniques. Primary methods for determining the source of CH4 include employing radiocarbon

dating and analyzing concentrations of stable isotopes of carbon (C13 - CH4) and hydrogen (DCH4). It is important to note that in thermokarst lakes, the isotopic signature of CH4 can be
impacted by the isotopic composition of the lake water and vice versa (Brosius et al. 2012;

Siegel et al. 2001).
Gas seeps with anomalously high flux rates have been observed on some northern lakes
(Edwards et al. 2009; Walter Anthony et al. 2012; Walter et al. 2006, 2007a, 2008). While it is

unclear what the origin of these seeps is, radiocarbon dating of CH4 from these seeps indicates
that the gas is of ancient origin indicating extremely old carbon sources or even thermogenic
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CH4 sources (Walter Anthony et al. 2012). Gas seep CH4 radiocarbon signatures with such a

small percent of modern carbon (~0 %) could be sourced from CH4 trapped beneath or within the
permafrost and is continuously released into the lake through an open talik beneath (Walter

Anthony et al. 2012). Numerous authors have indicated that permafrost could serve as a "cap" for

CH4 and other gases (Flores et al. 2004; Lacroix 1993; Walter Anthony et al. 2012).

Ebullition events have been correlated with a number of environmental factors; drops in
atmospheric pressure or hydrostatic pressure have been observed as a trigger for ebullition events

(Bartlett et al. 1988; Chanton 2005).
CH4 may also be consumed through microbial processes in the lake sediments and water

column. Analysis of sediment samples along the permafrost thaw front of a central Alaskan lake

showed that anaerobic methane oxidation (AOM) occurs at depth within the sediments(Winkel et
al. 2019). AOM typically occurs at the boundary of oxic and anoxic water (Martinez-Cruz et al.
2015). Winkel et al. (2019) attributed the occurrence of AOM in subarctic lakes to the trapping

of dissolved-phase CH4 in low hydraulic conductivity silt-dominated sediments and found that
the rates of CH4 oxidation were similar to those of lakes in warmer climates. Martinez-Cruz et al.
(2018) found that 12 to 87% of CH4 produced in freshwater lake sediments were consumed by
AOM. Overall, studies have shown that CH4 oxidation mitigates the release of CH4 to the

atmosphere in Arctic climates (Oh et al. 2020; Winkel et al. 2019).

2.4

Permafrost Hydrogeology

The presence of permafrost plays a large role in the movement, storage, and formation of

water bodies including lakes, streams, rivers, and groundwater. Similarly, the flow dynamics of
water bodies greatly influence the presence of permafrost. However, there are a limited number

of studies focused on permafrost hydrology and fewer that document the interactions between
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surface water and supra- and sub-permafrost groundwater (Woo et al. 2008). There is especially

limited data and knowledge pertaining to sub-permafrost groundwater due to the lack of wells
previously installed in sub-permafrost aquifers and the cost of drilling through permafrost

(Callegary et al. 2013).

2.4.1 Groundwater Recharge

Permafrost acts as an impermeable barrier to flow and limits the interaction between surface
water and groundwater. It also limits the interactions between supra- and sub-permafrost
groundwater. Supra-permafrost groundwater may receive contributions from recent precipitation

and snowmelt due to its proximity to the surface and will typically have a very short residence
time (Cochand et al. 2019); it is also susceptible to other phase-change processes including

evaporation. As a result, relatively rapid exchange of water occurs in the supra-permafrost
aquifer. The recharge of sub-permafrost groundwater is limited, however, by the presence of

permafrost. Infiltration to sub-permafrost groundwater will primarily occur in areas where
permafrost is absent. Studies have shown that sub-permafrost groundwater recharge typically
occurs in high-elevation, south-facing slopes where permafrost is absent (Hinzman et al. 2006;

Woo 2012). As a result of the longer recharge pathway, sub-permafrost groundwater will
typically have longer residence times than supra-permafrost groundwater. The time scales of
residence times can vary greatly from days to thousands of years depending on the volume of

recharge and the extent of connections to sources of recharge. A study of the Yukon Flats Basin

in Alaska showed that supra-permafrost groundwater in the region had a residence time on the

order of 100 years while sub-permafrost groundwater had a residence time on the order of 1,000
to 10,000 years (Walvoord et al. 2012). A study conducted in the Lena River basin of eastern
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Siberia showed that supra-permafrost and intra-permafrost groundwater had a residence time
between 1 and 55 years (Hiyama et al. 2013).

Recharge of the sub-permafrost aquifer may also occur through open taliks beneath streams,

rivers, and lakes. Open taliks can also serve as connections between supra-permafrost and sub
permafrost groundwater and allow for the mixing of the two aquifers (Barnes 2014; Callegary et

al. 2013; Kane and Slaughter 1973). Determining respective groundwater flux magnitudes of

supra- and sub- permafrost flow can be difficult due to the mixing and coalescence of the

aquifers in open taliks.
2.4.2 Groundwater Flow Complexity
In general, the presence of taliks leads to more complex groundwater flow paths causing
vertical flow, steep gradients, and sharp turns in some areas. Carlson and Barnes (2011)

demonstrated the complexity of supra-permafrost groundwater flow due to the topography of the

top of permafrost and the presence of open and closed taliks.

2.4.3 Groundwater-Surface Water Interactions

Another important set of interactions in permafrost hydrology occur between groundwater
and surface water bodies. Groundwater flow above the permafrost typically ceases in mid-winter
time due to complete freezing of the active layer to the top of permafrost, while the presence of a

supra-permafrost talik allows for year-round flow of groundwater above the permafrost (Kane

and Slaughter 1973). Flow in a supra-permafrost talik is still limited by the freezing of the active
layer which creates a seasonal confining layer on the top of the supra-permafrost aquifer. During

winter, as the active layer freezes, supra-permafrost groundwater may be extruded above ground
in the form of aufeis. This icing is a result of the increased pore-water pressure created in the
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supra-permafrost aquifer by the confining layer formed by seasonal freeze (Woo 2012). Aufeis

serves as temporary surface water storage in the wintertime.
Many other surface water bodies are also connected to either supra-permafrost groundwater,
sub-permafrost groundwater, or both and can be classified as either gaining or losing. This
connection is most commonly studied in streams and rivers which may be gaining or losing with

respect to both sub-permafrost and supra-permafrost groundwater (Glass et al. 1996; Liao and
Zhuang 2017; Nakanishi and Lilly 1998). A gaining stream, river, lake, or pond receives
discharge from groundwater, while a losing stream, river, lake, or pond discharges to

groundwater.
Several studies have explored the impact of climate change on the contributions of supra
permafrost groundwater to streams (Bense et al. 2009; Ge et al. 2011; McKenzie et al. 2007).

These studies hypothesize that streams and rivers will likely see an increase in contributions
from groundwater as permafrost degrades. Clark et al. (2001) observed increased winter
groundwater contributions to the Big Fish River in Canada as a result of permafrost degradation

and expansion of taliks.

2.4.4 Permafrost Degradation as a Result of Groundwater Flow
Groundwater flow and direction can also have large impacts on convective heat exchange

and furthermore it can have large impacts on the extent of ice in both the supra-permafrost and
sub-permafrost zones (Fedorov et al. 2014; McKenzie et al. 2007; Paturi 2017; Wellman et al.
2013). Supra-permafrost taliks can form without the flow of groundwater, while many supra

permafrost taliks often form and are perpetuated due to groundwater flow in the active layer

(Walvoord et al. 2019).
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2.4.6 Flow Direction in Open Taliks
Few field studies have eluded to the potential of vertical flow of groundwater in open
taliks, particularly sub-lake open taliks. Even fewer studies have attempted to measure vertical

flow in the field. Kane and Slaughter (1973), however, installed piezometers and temperature
sensors in a central Alaskan lake and observed upward flow of groundwater within the lake
seeing a positive correlation of hydrostatic head with depth of the piezometer. They also

observed increased temperature with depth which is an indicator of upward flow.
Deming et al. (1996) explored the concept of groundwater discharge underneath large,

deep lakes on the coastal plain, but does not provide physical data or modeling support.
Yoshikawa and Hinzman (2003) investigated the drainage of thermokarst lakes near

Council, Alaska. The study established evidence of lake connections with sub-permafrost
groundwater through remote sensing, ground penetrating radar, and field-based data collection.

They also observed downward flow in open taliks using piezometer data. Barnes (2014) also
used stable isotopes and temperature sensors to observe upward flow of groundwater through an

open talik underneath a slough channel in the Tanana River floodplain. This study is further

discussed in Section 2.5.
Although vertical flow was not measured, Bosson et al. (2013a) demonstrated with a high
degree of confidence downward vertical flow of groundwater through a lake's open talik in the
Kangerlussuaq region of western Greenland. The study utilized extensive meteorological and

hydrological data to develop a comprehensive water balance of the lake.

Additionally, downward flow of groundwater was measured in Two Boat Lake catchment
in Kangerlussuaq in West Greenland using one piezometer and measurement of lake water level
(Johansson et al. 2015). The study compared field results with results from a coupled MIKE
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SHE-MIKE 11 model. The modeling portion of the study showed that flow direction within the
open talik fluctuated between upward and downward depending on climate conditions,
particularly precipitation. They observed upward flow in a simulation employing abnormally low

precipitation during the year. However, they observed downward flow during all other
simulations.

Paturi (2017) utilized total head measurements from pressure transducers to determine
three-dimensional groundwater gradients in a talik located in the Tanana River floodplain. From

this analysis, the study showed a bifurcation of the vertical flow at the interface of permafrost. A
vertical groundwater divide located at a depth below the top permafrost defined the division

between the groundwater flowing into the supra-permafrost portion of the aquifer and water

flowing into the sub-permafrost portion of the aquifer indicating both upward flow and
downward flow.

Additional numerical model simulations were conducted by Walvoord et al. (2012) and
Wellman et al. (2013). Walvoord et al. (2012) employed a MODFLOW-2000 model to develop a

sequence of simulations with varying degrees of permafrost coverage in the Yukon Flats Basin.

With decreasing permafrost coverage, the occurrence of open taliks beneath water bodies

increased and the volume of groundwater discharge from open taliks to surface water bodies in
the lowlands increased. The study indicates that upward flow of groundwater through open taliks

is more prevalent in lower elevation water bodies and that groundwater discharge from lowland
water bodies may increase as permafrost degradation increases.
Wellman et al. (2013) conducted thirty-six (36) simulations using SUTRA to determine the

effects of groundwater flow and other physical parameters on the development of sub-lake taliks
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in the Yukon Flats Basin. The study simulated both upward and downward flow in open sub-lake

taliks and observed increased thaw rates as a result, particularly in downward flow simulations.
2.5

Environmental Tracers
Northern watersheds are comprised of unique chemical and physical water compositions.

Surface water interactions with the high latitude climate and permafrost make it possible for

water to be traced through the environment with a variety of different environmental chemical

tracers. Similarly, the separation of surface water and supra-permafrost water from sub
permafrost water also leads to distinct differences in water quality and chemical composition.

These differences can be used as an advantage to trace water sources through their hydrological
paths.

2.5.1 Stable Isotopes
Stable isotopes of water, deuterium (2H) and oxygen-18 (18O), are commonly used

environmental tracers. Stable isotopes undergo fractionation as a result of phase changes such as

evaporation, condensation, sublimation, deposition, freezing, and thawing. Fractionation leads to
different ratios of heavy and light isotopes (i.e. the ratio of deuterium to protium, the ratio of
oxygen-18 to oxygen 16). The ratios resulting from fractionation can be indicators of the age of

the water or the climate from which the water came (Clark and Fritz 1997; Coplen et al. 2000).
Barnes (2014) utilized stable water isotopes to trace upwelling of sub-permafrost

groundwater in open taliks within the Tanana River floodplain in Interior Alaska. The study
differentiated supra-permafrost and sub-permafrost groundwater due to the relatively depleted
signature (low concentrations of heavy stable isotopes) of sub-permafrost groundwater compared

with supra-permafrost groundwater and surface water. The significantly depleted signature of the
sub-permafrost groundwater (approximately -180‰ to -170‰ δ2H [Vienna Standard Mean
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Ocean Water] and -25‰ and -22‰ δ18O VSMOW). The stable isotope results from the study

were also used to identify the locations of discontinuities in the permafrost. Discontinuities that
were likely open taliks, which were caused by the presence of water bodies, included the Chena

River, Tanana River, and Chena Slough. However, the conditions applied to the data were based
on the assumption that upward flow of groundwater would occur at all discontinuities. The study

did not investigate discontinuities where downward flow or recharge of groundwater may occur.

Mackay and Lavkulich (1974) used δ18O results and ionic tracers, discussed in Section
2.5.2, to track the aggradation of permafrost and show that the fractionation of isotopes could aid
in understanding the history of permafrost sites. The study showed distinct differences in surface
water and sub-permafrost groundwater. Sub-permafrost groundwater (between -29‰ and -27‰
δ18O VSMOW) was significantly more depleted than the surface water (between -22‰ and -

19‰ δ18O VSMOW).
Clark et al. (2001) also paired stable isotope results with ionic tracers to evaluate the

relative contributions of sub-permafrost groundwater, shallow groundwater, and shallow supra
permafrost drainage to the Fish Hole study site of Big Fish River near Aklavik, N.W.T. Similar

to studies previously mentioned, the study was able to distinguish distinct stable isotope
signatures of groundwater and surface runoff. Groundwater deuterium values ranged between 175‰ and -165‰ δ2H VSMOW and surface runoff ranged between -165‰ and -145‰ δ2H

VSMOW.
Deuterium and oxygen-18 can also be used to identify the sources of other substances

besides water. Brosius et al. (2012) utilized measurements of deuterium in CH4 to determine the
source of the CH4 in thermokarst lakes. They showed that the hydrogens of CH4 were typically

sourced from the water present in the lake.
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2.5.2 Ionic Tracers
Groundwater quality is largely driven by the local geology; the groundwater quality will

typically reflect the composition of the local bedrock and have relatively high ion concentrations
(Cochand et al. 2019; Mackay and Lavkulich 1974). In contrast, surface water and supra
permafrost groundwater is influenced by decomposing biomass, precipitation, snow melt, and
permafrost thaw. Such contributions lead to relatively low concentrations of dissolved ions, but

relatively high concentrations of dissolved organic carbon (DOC) in surface water and supra
permafrost groundwater (Clark et al. 2001; Cochand et al. 2019).

Mackay and Lavkulich (1974) used conductivity and dissolved ion concentrations to
distinguish surface water, sub-permafrost groundwater, and permafrost. The study showed

significant differences in specific conductance between sub-permafrost water (1224-1714 μ
mho/cm) and surface water (134-188 μ mho/cm). The study also showed significant differences
in chloride (Cl-), magnesium (Mg2+), potassium (K+), calcium (Ca2+), and sodium (Na+).

Clark et al. (2001) observed distinct geochemical facies that were unique to each water

source; the study documented sodium chloride (Na-Cl) facies associated with thermal
groundwaters in close contact with shale bedrock, calcium sulfate (Ca-SO4) facies associated

with limestone springs, and calcium bicarbonate (Ca-HCO3) facies associated with supra
permafrost drainage. In general, all groundwater sources had relatively high concentrations of

sulfate (178 mg/L to 540 mg/L) compared with supra-permafrost drainage water (0.9 mg/L to 7.4
mg/L). The study ultimately found based on mixing ratios of each of the facies that shallow
groundwaters were a dominant component of river baseflow in the summer, but not in the winter.

Hinkel et al. (2016) employed a variety of approaches to determine the extent of talik
development beneath lakes on the Arctic Coastal Plain of northern Alaska. The study attempted
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to utilize ionic concentrations within the various lakes to confirm whether each lake had on open
or closed talik. The study assumed that open talik lakes would have upward flow of groundwater
into the lake causing higher concentrations of ions in the lake water. However, the study was not
able to confirm or disprove that higher concentrations of ions in lake water are correlated to the

extent of the talik development.

2.5.3 Water Temperature
Temperature is also a powerful environmental tracer in arctic and subarctic watersheds.
Sub-permafrost groundwater will typically maintain constant temperatures, while supra
permafrost groundwater and surface water will fluctuate greatly between freezing and summer

air temperatures. Due to these distinct differences between sub-permafrost and supra-permafrost

water temperatures, temperature can provide numerous clues about the source of water feeding a

water body. Fedorov et al. (2014) showed that rivers with extensive floodplain talik development
will have stabilized water temperatures, with lower temperatures during the summer and warmer
temperatures during the winter relative to rivers with minimal talik water exchange.

In addition to using stable water isotopes to identify discontinuities in permafrost, Barnes
(2014) also monitored water temperature in clustered wells within the Tanana floodplain. The

study showed that areas with highly depleted stable isotope signatures tended to coincide with

increasing temperature with depth. Areas underlain with permafrost exhibited decreasing
temperatures with depth in the water table.

2.5.4 Combining Environmental Tracers

Cochand et al. (2019) completed a review of existing literature related to groundwater
hydrogeochemistry in permafrost areas. The review highlights eighteen major publications and

their approaches to studying and using groundwater hydrogeochemistry. The review highlights
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that several hydrogeochemical tracers, alone or in combination, can be useful in understanding

flow patterns, recharge areas, and discharge areas. These tracers include but are not limited to
major ions, stable isotopes of carbon and water, radioactive isotopes for dating, noble gases, and
temperature. The review also covers hydrochemistry of surface water noting that cations can be

used to identify contributions of deeper groundwater to surface water. The authors also note that

surface waters typically have higher concentrations of DOC and K+ than groundwater. Several
studies referenced throughout the review use combinations of ionic tracers, total dissolved solids

(TDS), radioactive isotopes (3H and 14C), and stable isotopes of water and carbon for studying
the interactions of supra-permafrost, sub-permafrost, intra-permafrost (located in taliks), and

surface water (Claesson Liljedahl et al. 2016; Kane et al. 2013; Larsen et al. 2017; Ma et al.
2017).

2.6

Gas Transport in Saturated Media

Studies of immiscible flow of gas in the subsurface have originated in two practical uses;
understanding free-phase flow in groundwater systems is crucial to the design of remediation
systems engineered to remove volatile contaminants in a process known as air sparging; it is also

crucial to engineering systems to trap or sequester gases in the subsurface, such as in CO2
sequestration. Air sparging, a facet of environmental engineering, and gas sequestration, a facet

of petroleum engineering, employ similar theories and calculations regarding the flow of gases in
the subsurface.

Unconsolidated porous aquifers are comprised of regularly- or irregularly shaped soil

grains. Soil characteristics, such as grain size, shape, and packing density control the porosity the volume of void space per total volume - of the soil matrix. Moreover, the same soil

characteristics control the spatial characteristics of the void space in the soil matrix. This void
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space is made up of pore throats and pore bodies in an assortment of sizes and shapes (Figure
2-1).

Figure 2-1. Pore throats and pore bodies

Gas and water exist in pore space as two separate immiscible fluids. At the pore scale,

water will preferentially wet the soil grain surface and gas will occupy the relatively larger pore

bodies. Under these conditions, water is the wetting-phase fluid and gas is the non-wetting phase
fluid. For gas to move through a saturated soil as an immiscible fluid, the gas pressure needs to

exceed the hydrostatic pressure enough to desaturate interconnected pore throats and bodies.
This pressure is known as the air entry pressure, which is the minimum capillary pressure
required to induce air flow into a saturated porous medium. Air-entry pressures are dependent on

soils structure and range from a few centimeters of head for course sandy soil to several meters

of head in low permeability clayey soils. In a study that examined the movement of forced air

through saturated porous media, Ji et al. (1993) determined that in almost all soils, air moves
through water-saturated porous media in multiple desaturated pore channels as a continuous
phase. The established flow paths are circuitous following the largest diameter pore channels

(Figure 2-2a). This flow pattern is counter to air moving through water-saturated porous media
as discrete bubbles: a flow pattern that only occurs in very coarse grain soils (Figure 2-2b).
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Figure 2-2. Immiscible flow visualizations. (a) Drawing of air channels at low air injection rate in 0.75 mm uniform bead
medium (left). (b) Drawing of instability of air bubbly flow at high air injection rate in 4 mm uniform bead medium (right) (Ji et

al. 1993).

There are two primary fields of study that require an understanding of the fundamentals of
gas movement through water-saturated soils. One of these fields of study is associated with
remediation of groundwater aquifers contaminated with volatile organic compounds (VOCs)
(Speight 2020) This remediation technique forces air into the saturated zone through screened

wells to enhance the volatilization of the VOCs in the groundwater and is known as air sparging.
The other field of study is carbon dioxide (CO2) sequestration (Rackley 2010). This technique
forces CO2 into water-saturated soil below impermeable barriers (caps) with the goal of

removing CO2 from the atmosphere.
Both fields of study agree upon the physical manifestation of immiscible flow. However,
the immiscible-phase flow patterns as described in both fields of study does not agree with all
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literature produced about the ebullition of CH4 which is likely an immiscible flow process.
Ebullition literature describes the flow of free-phase CH4 in sediments as a concentration of

multiple bubbles (Walter Anthony et al. 2010). In engineering, this theory is known as

coalescing bubble theory (Majumder 2016). Engineering studies have shown that coalescing
bubbles is rarely the mode by which gas is transported through saturated soils (Ji et al. 1993).
Typically, gas flows through interconnected pore space as a singular fluid rather than multiple

bubbles as demonstrated by Ji et al. (1993). Once the CH4 reaches the sediment-water interface,
density differences will carry the CH4 to the surface in the form of bubbles.

If the pressure of a CH4 pocket falls below the necessary pressure to develop channelized

flow, channels will collapse, trapping CH4 in pore spaces throughout the formation. The freephase CH4 would then dissolve into the surrounding water. A portion of the free-phase trapped

CH4 will dissolve into the surrounding pore-water up to the solubility limit (0.0415 g CH4/kg
water at 0°C and 1 atm to 0.0313 g CH4/kg water at 10°C and 1 atm) (Haynes 2010). Along the
desaturated pore channels created by the flowing CH4 gas, CH4 will also dissolve into
surrounding pore-water and slowly diffuse away from the pore channel. Dissolution of CH4 from

gas phase into pore-water and subsequent diffusion into areas of lower CH4 concentration or
areas that are devoid of CH4 may also have significant impacts on dissolved-phase concentration

gradients observed in the study lakes. Concentration gradients caused by the collapse and

consequent dissolution of CH4 may be larger than those caused by vertical diffusive transport

alone.
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3

Methods

3.1 Site Description
Goldstream Creek Basin located in Fairbanks, Alaska north of the Tanana River and

southwest of the Yukon-Tanana Uplands. The basin is a discontinuous permafrost valley
landscape with numerous thermokarst lakes. The basin is characterized by the presence of

yedoma.

3.1.1 Climate
Goldstream Valley is considered a subarctic environment. The average annual

temperature measured at the Ester 5 Northeast Weather Station from 1997 to 2020 is -4.5 degrees
Celsius (°C)(National Oceanic and Atmospheric Administration 2020). The average maximum

temperature occurring in the summer months (June, July, and August) is 20.2 °C. The average
minimum temperature occurring during the winter months (December, January, and February) is
-19.7 °C. Fairbanks, from 1976 to 2013, received an annual average snowfall of 159 centimeters

(cm), however, the average of daily snow depth measurements from was 18.8 cm over the same
time period (Western Regional Climate Center 2013). Annual average rainfall totals 32.8 cm

(National Oceanic and Atmospheric Administration 2020).
During the years in which the study was conducted (2015-2017), the average annual
temperature was -3.2°C, the average annual rainfall was 38.0 cm, and the average annual

snowfall was 175 cm.

3.1.2 Geology and Permafrost Features
Hoekstra et al. (1975) documented that typical soil stratigraphy in Goldstream Valley

includes silt varying in thickness from 1 m on hill tops to 50 m in the valley. Much of this silt is
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underlain by gravel beds. Bedrock consists of highly fractured Birch Creek schist (Hoekstra et al.
1975). The valley consists of Plesitocene-age syngenetic permafrost, formed by the simultaneous

deposition of soil and downward freezing of the ground (Strauss et al. 2017). Deposition of large

amounts of vegetation and organic rich soils during the Pleistocene epoch led to the formation of
yedoma and the subsequent storage of large deposits of carbon. Strauss et al. (2017) found that

up to 130 gigatons of organic carbon is stored in yedoma worldwide. The organic material stored

in the permafrost is labile and ideal for microbial decomposition and the production of gases at
the onset of thaw (Heslop et al. 2015). Permafrost was reported in 1975 to start at approximately
1 meter and extend to greater than 50 meters in some locations. The active layer was reported to

be approximately 0.45 to 1.22 meters (Hoekstra et al. 1975).
The area is laden with other permafrost features such as aufeis in the wintertime, high

centered ice wedge polygons, and open-system pingos. A collapsed pingo in the southwestern
lowland portion and aufeis in various parts of the valley serve as evidence of vertical flow of

groundwater and groundwater seeps. The collapsed pingo, which formed O'Brien Pond is seen
discharging water from its silty bottom in the summer and early fall with extensive icing in

winter. The water discharges from discrete mounds ("mud volcanos") that have been formed by
the uplift and deposit of silt from the subsurface. The ice mound periodically cracks, providing

new pathways for groundwater to escape and freeze. Geochemical samples of the water,
collected as part of this study, support that it is likely of groundwater origin due to high dissolved

anion concentrations and a relatively depleted isotope signature.
The discrete "mud volcanos" where groundwater is discharged in the summer are
frequently opened, closed, and relocated and typically do not exceed 1-2 meters in radius. The

relocation of discharge points is an indication that groundwater is moving through fractures in
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the silt. The relocation is a result of intermittent reductions in groundwater pressure allowing

collapse of the fractures. The buildup of pressure after collapse may cause a new fracture to
form. Advection of groundwater is typically slower and less significant in fine-grained materials,

yet water and gas can still escape in large quantities through fractures in the material. The

presence of similar fractures could be caused by a variety of phenomena such as pressure
cracking, fault-fracturing, and vegetation growth and retreat.

Figure 3-1. Mud volcanos on O'Brien Pond
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3.1.3 Vegetation
The valley is characterized by typical vegetation of Interior Alaska including black
spruce, white spruce, tussock-type tundra, willows, quaking aspen, balsam poplar, and white

birch. Deciduous trees exist on hill slopes with well-drained soils while evergreens exist in
saturated fine-grained soils. Low-lying areas are also characterized by berry bushes and ground

cover of moss and sedges (Anderson 1970).

3.1.4 Main Study Sites
This study focused on two thermokarst ponds in the Goldstream Valley informally named
Doughnut Lake and Goldstream Lake (Figure 3-2). Samples were also collected from residential
drinking water wells, O'Brien Pond, and O'Connor Creek. Samples collected from each of these

locations will have a location identification (ID) associated with the name of the location. These
prefixes displayed in Table 3-1 may be used in figures throughout this thesis.
Table 3-1. Location identification prefixes

Location
Doughnut Lake
Goldstream Lake
Residential Wells
O'Brien Pond
O'Connor Creek
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Location ID
Prefix
DN
GS
RW
OB
OC
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Figure 3-2. Main sampling locations

Doughnut Lake (64.899° N, 147.908° W), located on private property on the western side

of the valley serves as one of the primary study sites. The elevation of the lake is approximately

180 m above mean sea level (amsl). The lake is considered a low point in the valley. The lake
area is approximately 44,000 square meters. Doughnut Lake is believed to be a partially drained

lake originating in yedoma (Sepulveda-Jauregui et al. 2015). Airborne electromagnetic imaging
of this lake indicates that it is underlain by an open talik (Emond et al. 2018). The lake is situated

adjacent to O'Connor Creek and is positioned within the alluvial fan of the creek and is likely

underlain by sands and gravels at depth. The lake bottom is comprised of some fine-grained soils
and organic material but appears to be silty sand based on core samples taken. The lake also

appears to be located on a fault line that separates the lake into contrasting deep (southeast) and
shallow (northwest) pools. The lake water is generally clear in color. Sloughing soil and leaning

trees are observed on the south side of the lake, indicating thermokarst processes. The lake has
an outlet on the southwest edge of the lake but does not have an evident surface water inlet.

Figure 3-3. Thermokarst evidence on Doughnut Lake
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Goldstream Lake (64.916° N, 147.847° W), located on the east side of the valley was

chosen due to its contrasting features. The lake sits at approximately 190 m amsl and has an

approximate area of 10,000 square meters. This lake is dominated by fine-grained soils and
organic rich bottom deposits. Sediments cored from beneath the lake appear to be semi-

homogeneous organic-rich silt. The lake water often appears dark yellow or orange in color. The
shoreline of the lake is comprised of steep banks with an obvious thermokarst margin on the
northeast side of the lake where trees and soil are leaning and caving into the lake.

3.2

Data Collection Locations
At both Doughnut Lake and Goldstream Lake, sampling locations and equipment

installation locations were placed in and around the lake. Water samples were taken from the top
(surface) and bottom of the water column, the pore-water of talik sediments, and supra

permafrost groundwater in the active layer surrounding the lake. Sediment core samples were

also taken from the talik sediments. Monitoring equipment was placed in the lake water column,
talik sediments, and supra-permafrost groundwater in the active layer surrounding the lake. The

infixes in Table 3-2 may be used throughout this thesis to identify the sampling and monitoring
locations within and around each lake. For example, samples taken from the supra-permafrost

groundwater in the active layer around Doughnut Lake may be identified by the prefix and infix

“DNAL,” while samples taken from the bottom of the water column in Goldstream Lake may be
identified by the prefix and infix “GSWCB.” Sampling and equipment locations are shown on

Figure 3-4 and Figure 3-5 for Doughnut Lake and Goldstream Lake, respectively.
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Table 3-2. Location identification infixes

Lake Location
Top (Surface) of Water
Column
Bottom of Water Column
Talik Sediment Pore-water
near Shore of Lake
Talik Sediment Pore-water
near Middle of Lake
Active Layer Groundwater
Sediment Coring Locations

38

Infix
WCT

WCB
P1
P2

AL
C
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Figure 3-4. Doughnut Lake sampling locations
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Figure 3-5. Goldstream Lake sampling locations

3.2.1 Lake Water Column Samples
Samples were periodically taken from two locations within the Doughnut Lake and

Goldstream Lake water columns: surface (top) and benthic (bottom) water. Samples obtained

from the benthic portion of the water columns were taken using a Van Dorn horizontal water

sampling bottle (Figure 3-6). Surface water sampling was conducted within the first 20 cm of the
water column. Bottom water sampling occurred at approximately 2 to 3 m deep in both lakes. All
water column sampling was conducted near the middle of each lake. DNP2 and GSP2 were used
as guidance and to stabilize the boat or kayak for water column sampling. Sampling metadata is
included in

Figure 3-6. Collection of benthic water samples on Goldstream Lake
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Table 3-3. Water column sampling information

ID

DNWCT
DNWCB
GSWCT
GSWCB

Depth
(cm)
0-20
~300
0-20
~200

Approximate
Latitude (°)
64.8983
64.8983
64.9157
64.9157

Approximate
Longitude (°)
-147.9079
-147.9079
-147.8484
-147.8484

3.2.2 Lake Sediment Poles

Sampling poles were installed at two locations within each study lake. The poles were

installed during the winter to take advantage of stable ice cover platform. Each is driven to a
different depth within the sediment ranging from 3 meters to 4.5 meters. Each sampling pole was

outfitted with five Rhizon soil solution samplers (RSSS) in order to obtain water samples from
within the sediments using a process similar to the methodology described by Alberto et al.
(2000). The RSSS are comprised of 5-cm long porous polymer tubes with pore sizes of
approximately 0.2 μm. A photograph of one outfitted pole is pictured below in Figure 3-7.
To monitor flow direction of groundwater, one pole near the shore of each lake is also

outfitted with vibrating wire piezometers (Geokon 4500 ALV) within the sediments; three were
connected to the Goldstream Lake pole, and four were connected to the Doughnut Lake pole. To

supplement the vibrating wire piezometers in Goldstream Lake, a pressure-based water level
logger (HOBO Onset U20) was also installed on the pole. The locations and depths of the
equipment are described in Table 3-4. The vibrating wire piezometers were installed on the lake
sediment poles with a vertical separation distance of 1 meter each with the uppermost piezometer

(Doughnut Lake) and water level logger (Goldstream Lake) located directly below and directly
above the sediment-water interface respectively. The piezometers were secured with zip ties,

electrical tape, and tapered PVC covers. The poles were hammered into the sediments of each
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lake using a fence post driver which may have caused some piezometers to move upward from
their intended depths. This movement was confirmed to have occurred with one piezometer in
Doughnut Lake. Affected data has been corrected where possible.

The piezometers measured hydrostatic pressure head within the lake sediments. The

vibrating wire piezometer and water level logger installed near the sediment-water interface in

each lake measured the lake water levels.
The piezometers were vented and were therefore automatically corrected for barometric
pressure. The water level logger, however, required correction from absolute pressure to gauge
pressure. Barometric pressure was measured at a weather station installed at each lake by the

Institute of Northern Engineering and was used to correct the water level logger pressure data.

3.2.3 Temperature Loggers
Temperature measurements within the water column and within the lake taliks were also
collected on multiple devices. Thermistors (HOBO TidbiT v2) were installed at GSP1 and

DNP2. Four sensors were installed on a braided wire, 0.61 meters apart in each lake. The string

of sensors in Goldstream Lake were affixed directly to the near-shore pole. The string of sensors

in Doughnut Lake were connected to a buoy which fluctuated in elevation with the water level in
the lake. Temperature measurements were also taken at the sediment-water interface in the

sediments below the lakes by all vibrating wire piezometers and water level logger. A summary
of the depths and locations of all temperature measurements are reported in Table 3-4.
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Figure 3-7. Installation of sampling poles in Goldstream Lake
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Table 3-4. Lake equipment information

Lake

Goldstream

Doughnut

Goldstream

Doughnut

Goldstream

Doughnut**

Equipment
Type
PT
VWP
VWP
VWP
VWP
VWP
VWP
VWP
RSSS
RSSS
RSSS
RSSS
RSSS
RSSS
RSSS
RSSS
RSSS
RSSS
RSSS
RSSS
RSSS
RSSS
RSSS
RSSS
RSSS
RSSS
RSSS
RSSS
TL
TL
TL
TL
TL
TL
TL
TL

ID

Depth below
Sediment
Water Interface
(cm)

-0.8
91.0
191.2
291.9
4.5
112.6
212.6
250.0
90.6
141.6
191.6
242.8
292.6
90.5
140.1
190.6
240.9
290.6
170.6
220.6
270.6
320.6
370.6
296.3
346.1
396.8
447.8
497.9
-223.3
-162.34
-101.38
-40.42
-210
-175
-114.04
-53.08

GSP1-0
GSP1-1
GSP1-2
GSP1-3
DNP1-0
DNP1-1
DNP1-2
DNP1-3*
GSP11
GSP12
GSP13
GSP14
GSP15
GSP21
GSP22
GSP23
GSP24
GSP25
DNP11
DNP12
DNP13
DNP14
DNP15
DNP21
DNP22
DNP23
DNP24
DNP25
GSTL1
GSTL2
GSTL3
GSTL4
DNT1
DNT2
DNT3
DNT4

Elevation
(m)

192.3766
191.4586
190.4566
189.4496
186.3889
185.3079
184.3079
183.3079
191.4626
190.9526
190.4526
189.9406
189.4426
191.8808
191.3848
190.8798
190.3768
189.8798
185.3079
184.8079
184.3079
183.8079
183.3079
182.8029
182.3049
181.7979
181.2879
180.7869
194.6016
193.992
193.3824
192.7728
187.8659
187.5159
186.9063
186.2967

PT - pressure transducer
RSSS - Rhizon soil solution sampler
TL - temperature logger
VWP - vibrating wire piezometer
*DNP1-3 shifted during installation and is less than 1 meter from DNP1-2.
**Doughnut Lake temperature loggers are attached to a float which causes fluctuations in
their depth with respect to the sediment-water interface.
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Latitude
(°)

Longitude
(°)

64.9160

-147.8475

64.8990

-147.9081

64.9160

-147.8475

64.9157

-147.8484

64.8990

-147.9081

64.8983

-147.9079

64.9160

-147.8475

64.8983

-147.9079

3.2.4 Active Layer Drive Point Wells
To obtain samples from the supra-permafrost groundwater, four drive point wells were

installed adjacent to the Doughnut Lake site named DNAL-1 through 4 and four drive point
wells were installed adjacent to the Goldstream Lake site named GSAL-1 through 4 (Goldstream

Active Layer 1 through 4). Each drive point well consisted of 2.5 cm inner-diameter PVC with a
fitted drive point tip and a 61-cm section with 0.64-cm holes to act as a screen. An example of a

drive point well is depicted in Figure 3-8. Installation information is provided in Table 3-5.

Active layer well installation information. Pressure transducers (HOBO Onset U20) were
installed in each well to monitor supra-permafrost groundwater level in the active layer. Data
collected from the pressure transducers was used to determine the groundwater flow direction

around each lake. This data is provided in the Appendix, Figure A-1 and Figure A-2.

Figure 3-8. Active layer well sampling at Goldstream Lake
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Table 3-5. Active layer well installation information

ID

DNAL1
DNAL2
DNAL3
DNAL4
GSAL1
GSAL2
GSAL3
GSAL4

Top of Casing Total Depth
(m amsl)
(cm bgs)
187.5559
35.2
187.9226
31.6
188.2846
42.8
188.6469
32.9
198.7527
22.2
195.9205
16.5
196.7191
47.9
197.8784
62.7

Stickup
(cm)
92.1
90.0
94.5
98.3
91.7
96.5
94.4
88.5

Latitude
(°)
64.8999
64.8965
64.8976
64.8980
64.9155
64.9151
64.9160
64.9166

Longitude
(°)
-147.9137
-147.9109
-147.9120
-147.9058
-147.8463
-147.8494
-147.8500
-147.8499

Notes:
amsl - above mean sea level
bgs - below ground surface
cm - centimeters
m - meters

3.3

Residential Wells
Two residential wells (RW05 and RW14) were sampled regularly throughout the project.

Both wells were believed to be upgradient (north) of Doughnut Lake and connected with the
groundwater flow in the vicinity of Doughnut Lake. RW05 is 71 meters deep with an

approximate depth to water of 50 meters below ground surface at the time of installation in July
1992. A boring log for RW14 is not available but is believed to be greater than 30 meters deep

and is an artesian well. An additional residential well (RW17), located near Goldstream Lake and

installed through to the bottom of permafrost, was sampled once to support existing project data.
RW17 is 73 meters deep with an approximate depth to water of 25 meters below ground surface
at the time of installation in July 2007. A summary of installation information is provided in

Table 3-6. Residential well installation information
Table 3-6. Residential well installation information

ID
RW05
RW14
RW17

Total Depth Depth to Water
(m bgs)
(m bgs)
71
52.7
>30
0 (artesian)
73
26.2
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Latitude (°)

Longitude (°)

64.9223
64.9130
64.9162

-147.9309
-147.9109
-147.8718

3.4

Sediment Core Sampling

Sediment core samples were obtained in three (3) key locations on each lake during a
sampling campaign in March 2017. Core samples were taken using a percussion core system

aided by a quadrapod support (Figure 3-9). The locations and lengths of each of the six cores are
shown in Table 3-7. Additional core samples were taken during the March 2017 using a

Vibracore system, but the data from these samples is not included in this thesis and will not be

discussed further. Collected cores were capped on both top and bottom using fluorofoam to
minimize mixing and disturbance of core structure. Despite such precautions, loose, saturated
silty soils from Goldstream Lake were observed mixing on the outer edges of some of the core
samples. The soil-type of Goldstream Lake core samples did not maintain the same integrity as

those from Doughnut Lake. Goldstream Lake cores exhibited minimal layering and appeared to

be comprised of homogenous fine-grained silt with high organic content (Figure 3-10).
Doughnut Lake cores exhibited more layering and coarser grained silts and sands (Figure 3-11).
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Figure 3-9. Quadrapod setup for retrieving hammer core samples on Goldstream Lake. Photo Credit: Matthias Winkel.

Table 3-7. Core sample data

ID

DNC1
DNC2
DNC4
GSC1
GSC3
GSC4

Collection
Date
3/13/2017
3/13/2017
3/13/2017
3/17/2017
3/17/2017
3/17/2017

Sample
Date
3/15/2017
3/15/2017
3/15/2017
3/20/2017
3/20/2017
3/20/2017
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Latitude
(°)
64.8989
64.8977
64.8984
64.9160
64.9158
64.9156

Longitude
(°)
-147.9083
-147.9091
-147.9081
-147.8475
-147.8485
-147.8496

Length
(cm)
165
200
94
163
196
197

Figure 3-10. Goldstream Lake core sample example from GSC1

Figure 3-11. Doughnut Lake core sample example from DNC1
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3.5

Water Sampling Procedures
A set of sampling procedures for each water sample source is delineated below. These

procedures are unique to the source and the meteorological conditions.

3.5.1 In-Situ Pore-water Sampling
Lake sediment water (in-situ pore-water) samples were obtained by attaching acid-

washed 60-mL syringes to the Rhizon soil solutions system sampling points. A vacuum was

applied to each sampling point and the syringes were held open with customized PVC pipe.
Syringes were left to come to equilibrium over a period of 3 to 5 days before samples were
collected. The amount of water collected form each syringe varied greatly, but generally was not
enough to analyze for all chemical tracers discussed in Section 3.6.

Figure 3-12. Lake sediment pore-water sample collection using Rhizon soil solution samplers and syringes at Goldstream
Lake
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3.5.2 Ex-Situ Pore-water Sampling
Sediment cores were transported to a cold room kept below 6°C. At this location, 1/8”
holes were drilled every 20 cm along the length of the core and Rhizon soil solution samplers

were installed and sealed in each hole within 3 days of recovering the core (Figure 3-13). Suction
was applied to each RSSS utilizing 60-mL syringes. Pore-water accumulated in the syringes for

at least 8 hours. The pore-water was then separated for analysis.

Figure 3-13. Sediment core pore-water sampling with Rhizon Soil Solution Samplers and 60-mL syringes with CPVC
stoppers and zip ties

3.5.3 Groundwater Samples

All water samples obtained from residential wells were collected prior to any treatment
system such as water softeners and were collected according to ASTM D4448 standard guide
(ASTM International 2013). In the absence of any water treatment, samples were taken from the
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resident's tap outlet. All residential wells were regularly used which dictated that minimal well
purging procedures were necessary. However, active layer wells (DNAL and GSAL wells)
required the removal of three (3) well volumes of water according to ASTM D6452 standard

guide in order to reduce chemical artifacts induced by well-construction materials and infrequent
pumping (ASTM International 2012); this purge method was not necessary at any residential
well due to the wells' regular use for domestic water supply. Plumbing associated with

residential wells was purged by turning on a faucet for at least 5 minutes prior to sampling to

remove stagnant water.

3.5.4 Soil Sampling for CH4 Analysis
All cores were cut down the center lengthwise to expose the lithology of the sediment. Soil
samples were collected using 3-mL syringes (Figure 3-14). Samples were taken at least every 20
cm and at selected locations in order to distinguish CH4 concentration differences in soil layers.
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Figure 3-14. Sediment sampling from Doughnut Lake hammer core (DNC4) for dissolved CH4 analysis. Photo Credit:

Matthias Winkel.

3.6

Environmental Tracers

Environmental tracers can be used to identify different sources of water as a result of their

unique chemical compositions. To identify the flow of sub-permafrost water into open-talik
lakes, stable isotopes, cations, anions, alkalinity, and field parameters served to differentiate

between sub-permafrost water, supra-permafrost and surface water. In samples where the volume
of water obtained limited the number of analyses performed, stable isotopes and cations were
prioritized.
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3.6.1 Stable Isotopes
A series of stable isotope samples for deuterium (δ 2H) oxygen-18 (δ 18O) in water were
collected and analyzed unfiltered to understand local flow patterns within the Goldstream Creek

Basin. These samples enable the differentiation of lake surface water, sub-permafrost
groundwater, and supra-permafrost groundwater in Doughnut Lake (Barnes 2014; Mackay and

Lavkulich 1974). These were collected from domestic wells at homeowner taps, from the
surfaces and bottoms of both lakes, as well as from the pore-water collected in-situ and from the
sediment cores collected in the March 2017 sampling campaign. These were collected in 5-mL

polyethylene bottles with no headspace. The Alaska Stable Isotope Facility analyzed water

samples for stable isotopes. Standard deviations of each sample were calculated from four (4)

instrument replicates.
Sample results were compared to precipitation data collected in 2010 through 2013 and

provided by Tom Douglas at the U.S. Army Corps of Engineers Cold Regions Research
Engineering Laboratory. A visual of the data is provided in Appendix Figure A-3. The average

isotopic signature of precipitation was -17.40‰ δ18O and -138.02‰ δ2H with standard
deviations of 2.35‰ δ18O VSMOW and 15.40‰ δ2H. The average isotopic signature of snow is

-26.16‰ δ18O and -198.52‰ δ2H with standard deviations of 5.04‰ δ18O and 40.63‰ δ2H.

3.6.2 Ionic Tracers
Ionic tracer samples were collected in 500-mL polyethylene bottles. Once the samples

were returned to the lab, they were divided into smaller bottles for separate analyses.

Inductively coupled plasma atomic emissions spectroscopy (ICP-AES) was used to
analyze the samples for metals including magnesium (Mg2+), potassium (K+), calcium (Ca2+),

and sodium (Na+). Samples were preserved in the lab with 5% nitric acid. Samples collected for
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analysis were separated into multiple filtered and unfiltered versions. All ionic concentrations
reported in this thesis are were filtered on 1.5-micron filters. Data from all other filtered and

unfiltered versions are not discussed in this thesis.
Cation concentrations were determined from a calibration curve consisting of 7 standards.
Four replicates of each sample analysis were performed to determine the standard deviations of
instrument error.

Dissolved chloride (Cl-) and sulfate (SO42-) concentrations were determined using ion

chromatography (IC). Concentrations were determined from a calibration curve of between 4 and
7 standards. The 50% standard of the calibration curve was used as a continuing calibration

verification (CCV) between every 10 samples. Variations in the CCV were used to calculate a

percent standard deviation (%SD) which was applied to each sample to represent the accuracy of
each sample.

3.6.3 Dissolved-Phase CH4
Dissolved CH4 samples in sediment porewater and in lake water columns can be used to
trace diffusion. Samples were collected in 20-mL glass bottles with stoppers and crimp caps in

order to perform headspace equilibrium analyses. Gas chromatography with flame ionized

detection (GC-FID) was used to determine concentrations of dissolved CH4 and CH4 isotopes
within the lake sediments, domestic wells, and supra-permafrost well points. The calibration

curve shown in Figure 3-15 was developed by analyzing 4 CH4 gas standards at least 3 times
each and developing a linear regression through the origin (Figure 3-15). The calibration was

verified periodically by analyzing a CCV.
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Figure 3-15. CH4 calibration curve

3.6.4 Alkalinity
The alkalinity of water samples obtained in the field were measure in the laboratory using
a Hach Alkalinity kit. This kit included bromocresol green-methyl red indicator and sulfuric acid

and measures alkalinity ranging from 10 to 4000 mg/L as CaCO3 (Hach Company 2015).

3.6.5 Field Parameters
Typical field parameters were measured at each sampling location corresponding with

other samples taken excluding active layer and sediment pore-water samples due to the limited

amount of water available. These parameters include but are not limited to electrical

conductivity, pH, DO, ORP, temperature, and barometric pressure. These measurements were
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taken using a handheld multiparameter probe (YSI 556 MPS). The pH and conductivity were
checked against standards on a regular basis.
3.7

Development of Soil Moisture Characteristic Curves
Data obtained from Tempe cell and pressure plate analyses were used to develop soil

moisture characteristic curves for a fine-grained silt and a coarse-grained gravel. These curves

show the relationship between capillary pressure and soil-moisture content. Ultimately, these

curves allowed for the determination of the displacement pressure (Pd) (incipient capillary
pressure at which water begins to drain from soil pore space). Displacement pressure is
characteristic of each soil type and is dependent on grain size, interfacial tension between
immiscible fluids, and the contact angle between the soil grain and the wetting fluid. The

purpose of determining the displacement pressure of soils local to Goldstream Valley was to
understand the potential for immiscible phase flow to occur from the source of CH4 production
or storage (below permafrost or within thermokarst lake taliks) to the sediment-water interface.

Procedures for Tempe cell and pressure plate analyses were modified from Klute (1986).

3.7.1 Soil Sampling
The predominant soil-types in Goldstream Valley are windblown and fluvially deposited

silts and fluvially deposited gravels. Goldstream Lake sediments are largely composed of fine
silts while we believe Doughnut Lake sediments are composed coarser-grained silts and sands.
However, grain-size distribution data was not obtained for this thesis. In order to obtain

representative soil samples in large quantities, two soil samples were collected from the Fox

Permafrost Tunnel on the eastern boundary of the Goldstream Creek Basin (Figure 3-16). The
permafrost tunnel extends below the ground surface approximately 12 to 17 meters (U.S. Army
Corps of Engineers 2012). A coarse-grained soil sample consisting of sub-rounded gravel and
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sand was collected to represent the predicted soils beneath Doughnut Lake. This gravel was

taken from what is believed to be the abandoned creek bed and outwash of Goldstream Creek,
accounting for the presence of some rounded gravel. A fine-grained soil sample consisting of

high organic-content silt was collected to represent the soil observed in Goldstream Lake. Each

sample was collected in loose, unconsolidated form in buckets from the walls of the tunnel.
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Figure 3-16. Permafrost Tunnel location

3.7.2 Sample Preparations
Both soil types from the Permafrost Tunnel were prepared in similar manners for both the
Tempe cell and pressure plate tests. Gravel samples, however, contained large diameter rocks

and pieces that were not suitable for Tempe cell or pressure plate tests. Gravel samples were
sieved to remove all pebbles and rocks above 0.64 cm. Samples were thoroughly stirred to obtain
homogenous mixtures and mixed with deionized water to optimize packing and consolidation of
the samples. These samples were then packed in 3 to 4 lifts (layers) into 5.72-centimeter outer
diameter by 3-centimeter tall rings and contained by cheesecloth and rubber bands. Gravel

samples for pressure plate analysis were prepared directly on the porous plates without
cheesecloth or rubber bands. Samples were soaked in deionized water in closed, covered

containers for at least 2 days (Figure 3-17). To minimize air entrapment in the sample pore

space, water was filled initially to half the ring's height, allowed to sit for a day, and then filled

nearly to the top of the ring.

Figure 3-17. Sample preparation of Goldstream silts
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3.7.3 Tempe Cell Tests
Tempe cells were used to apply pressure to individual soil samples incrementally. Soil
samples were placed in the cells on saturated, porous, ceramic plates designed to desaturate at
approximately 1 meter of head (9.8 kilopascals [kPa]). Pressures were applied at 2, 4, 6, 8, 10,

20, 30, 40, and 50 kPa consecutively. The weights of the samples were measured several times at

each pressure until the weight stabilized. Stabilization could take up to several hours at each

pressure. Upon completion of each test, the samples were removed from the cells and placed in
tins for weighing and drying. The weight of the sample was measured before and after drying to
determine the final moisture content.
Two soil samples were prepared and tested at a time. Four Goldstream silt tests were
conducted for a total of 8 silt samples. Two Goldstream gravel tests were conducted for a total of

4 gravel samples.

Figure 3-18. Tempe cell with silt sample after final pressure application
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3.7.4 Pressure Plate Analysis
The pressure plate analyses consisted of applying pressures to a saturated soil sample
placed on a porous plate and allowing the system to come to equilibrium (Figure 3-19). For each

pressure applied to a plate, pressure equilibrium was reached in 3-10 days. The amount of time

needed for each soil type at each pressure was determined on a trial-and-error basis. Samples left

in the system beyond the optimal time were susceptible to evaporative processes despite
measures taken to minimize them. Two pressure plate vessels were used: a 5-bar pressure plate

and a 15-bar pressure plate. Using the 5-bar pressure plate, 40 kPa, 50 kPa, 100 kPa, 200 kPa and
300 kPa were applied to the samples. Using the 15-bar pressure plate 300 kPa, 500 kPa, 800 kPa,

and 1,000 kPa were applied to the samples. The sample is then removed from the apparatus and

sacrificed to measure the moisture content by weighing the sample before and after placing it in
an oven for drying.

Two soil samples were prepared for each subsequent pressure setting. Two sets of
pressure plate tests were conducted on the Goldstream silt samples. A total of 32 silt samples

were prepared and tested. Goldstream gravel samples were only tested on the 5-bar pressure
plate during two tests. A total of 20 Goldstream gravel samples were tested.
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Figure 3-19. Pressure plate testing analyzing Goldstream silt samples. 5-bar pressure plate apparatus pictured left. 15-bar

pressure plate apparatus pictured right.

3.7.5 Brooks-Corey Model
This study fit the Brooks-Corey equation (3-1) to the capillary pressure and soil moisture
data for each Permafrost Tunnel soil type to develop soil-moisture curves. In Equation (3-1), θ is

volumetric water content, θs is saturated volumetric water content, θr is residual volumetric

water content, hc is the capillary head or air entry pressure head, h is the pressure head, and λ is
the pore size distribution index.

The fit was determined using RETC (van Genuchten et al. 1991). Displacement pressure,
residual volumetric water content, porosity, and pore-size distribution index are determined from

the best fit line.
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4 Results and Discussion
4.1

Advection

This section discusses the results of data collected to investigate the potential of advection

as a transport mechanism of CH4 from sub-permafrost pockets into open-talik thermokarst lakes.

Both environmental chemical tracers and physical tracers were used to understand the role of
advection. Residential well samples, lake water samples, active layer well samples, and other

samples were taken monthly from April 2016 to March 2017. Samples were analyzed for stable

isotopes of water, anions, alkalinity, and standard water quality parameters. Additionally,
hydrostatic head and temperature were monitored within the water columns and taliks of the

lakes from July 2016 through May 2017.

4.1.1 Stable Isotopes
In Figure 4-1, stable isotope measurements were plotted against the local meteoric water
line (LMWL; δ2H = 7.51 * δ18O - 3.19), which was determined from 33 rainwater and 153

snow samples collected in 2010 through 2013 (Appendix, Figure A-3)(Douglas, unpublished

data, 2013). The local evaporation line (LEL; δ2H = 3.73 * δ18O — 79.83) is the best fit line
that was calculated from samples collected in 2015 through 2017 including all samples

associated with Doughnut and Goldstream Lakes.
Several groupings are obvious within Figure 4-1. Most residential well groundwater

samples fall at the intersection of the LMWL and the LEL. O'Connor Creek samples and some
of the active layer water samples from both Doughnut Lake and Goldstream Lake also fall on the

LMWL. The remainder of the samples generally fall on the LEL. Those samples that fall on the
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LMWL may be sourced from precipitation or snowmelt and likely have minimal evaporative

influence.
Doughnut Lake samples (shown in warm colors) are grouped in the upper right on the

local meteoric water line and are comparatively less depleted than other samples; Goldstream

Lake samples (shown in cool colors) are comparatively more depleted grouping between the
Doughnut Lake samples and the intersection of the LMWL and the LEL. The difference in

grouping of Doughnut Lake and Goldstream Lake is likely due to the differences in water
contributions to each lake and the amount of evaporation to which each is subject. Goldstream

Lake likely receives greater contributions from thawing permafrost, which will be discussed
further in this section. Doughnut Lake, however, is warmer and shallower than Goldstream Lake

on average. These physical differences likely lead to a greater fraction of Doughnut Lake water

evaporating. Yang et al. (2019) found that thermokarst lakes with larger areas and shallower
water depths experienced greater evaporative influence, resulting in isotopic enrichment.
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Figure 4-1. Stable isotope results for all sampling locations. Results from samples taken across both lakes and from other sample sites in the basin show distinct differences

between Doughnut Lake and Goldstream Lake. Doughnut Lake is subject to a greater amount of evaporation and Goldstream Lake receives contributions from melting pore ice.

The least depleted samples in Figure 4-1 are ex-situ pore-water samples from Doughnut

Lake sediment cores with a maximum deuterium value of -116.38‰ δ2H VSMOW and a

maximum oxygen-18 value of -9.04 δ18O VSMOW. The most depleted samples are ex-situ pore
water samples from Goldstream Lake sediment cores with a minimum deuterium value of 178.13‰ δ2H VSMOW and a minimum oxygen-18 signature of -23.28‰ δ18O VSMOW The

relatively less depleted isotopic values of the Doughnut Lake sediment cores and the depleted
isotopic values of the Goldstream sediment cores are also shown in Figure 4-2 and Figure 4-3,
respectively.

Stable water isotope values obtained from core samples show large differences between
Goldstream and Doughnut Lakes (see Figure 3-4 and Figure 3-5 for core locations). Doughnut

Lake isotope values near shore (DNC1) also show a positive correlation with depth (increasing
deuterium values with increasing depth; R2=0.72). Goldstream Lake isotope values near shore

(GSC1), conversely, show a negative correlation with depth (R2=0.61). Goldstream Lake ex-situ
talik pore-water values at GSC3 and GSC4 are similar to each other and show neither an
increasing nor decreasing deuterium signature with increasing depth. The lack of trend in GSC3

and GSC4 samples is likely due to the mixing and loss of core structure that occurred within

individual cores discussed in Section 3.4.
Stable water isotopes measured from both in-situ pore-water samples and sediment core
pore-water samples within the Doughnut Lake talik were overall less depleted than Doughnut

Lake water samples. The deuterium signature of many of the Doughnut Lake pore-water samples

is similar to the deuterium values of rainwater sampled in Goldstream Valley between 2010 and
2013, however, the oxygen-18 values are significantly less depleted than rainwater. While it is
unknown what the cause of this relatively enriched pore-water signature was, several
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possibilities exist. Brosius et al. (2012) showed that microbial production of CH4 preferentially

incorporates lighter hydrogen isotopes from environmental water into the structure of CH4. If
light isotopes are preferentially removed from water, the surrounding pore-water would

experience isotopic enrichment. This enrichment has also been observed in a study by Siegel et
al. (2001). However, enrichment of oxygen-18 was not observed in either study. Another
consideration would be that another relatively enriched water source feeds the water within the

talik. One such source in Doughnut Lake may have been O'Connor Creek. While collection of
O'Connor Creek samples was not originally incorporated into the study, analysis of two water
samples and a duplicate taken during June and August 2016 show that it was unlikely that

O'Connor Creek was the enriched source. O'Connor Creek's isotope signature is much closer to
the isotope signature of groundwater. Another unknown water source subject to significant

evaporation or a microbial process may have led to the significant enrichment of both deuterium
and oxygen-18 in both in-situ and ex-situ sediment core samples.

However, one sample from GSC3 taken at 11 cm, is a likely candidate for deuterium

enrichment resulting from CH4 production. Siegel et al. (2001) noted that pore-water samples

which underwent deuterium enrichment as a result of CH4 production fell above the LMWL. As
seen in Figure 4-1, one Goldstream core pore-water sample falls above the LMWL indicating

that it is relatively enriched in deuterium but is not proportionally enriched in oxygen-18. While

other samples may have undergone a similar process, the trend may be obscured due to the
complexity of processes affecting those samples.
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Figure 4-2. Doughnut Lake core sample deuterium concentrations with depth. Error bars signify the standard deviation of
four replicate instrument readings.

Figure 4-3. Goldstream Lake core sample deuterium concentrations with depth. Error bars signify the standard deviation of
four replicate instrument readings.
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As previously mentioned, the relatively depleted isotopic signature of core samples from

GSC1 is an indicator of permafrost thaw and contribution to the lake water. Brosius et al. (2012)
found that the deuterium signature of ice wedges and texture ice from primary lakes within
permafrost were -192‰ δ2H VSMOW and -177‰ δ2H VSMOW respectively. Because all other

sources of water sampled during this study were less depleted than groundwater (greater than 164‰ δ2H VSMOW), the depleted isotopic signature of the sediment cores in Goldstream Lake

are likely due to the thawing of permafrost, particularly, Pleistocene-age ice wedges. Although

the volume of water contributed by ice wedge thaw is likely very small by comparison to other
sources of water, a lack of mixing within the talik could maintain the depleted isotopic signature

in the talik pore-space.
The use of stable water isotopes in this study demonstrated that the sources of water to

each lake are likely more complex than originally hypothesized and may complicate the
understanding of the advective transport of CH4.

4.1.2 Ionic Tracers

Sampling of ionic tracers in each lake revealed that Doughnut Lake has relatively low
concentrations of ions. Measurements of specific conductance in Doughnut Lake ranged from

133 to 656 μS∕cm at 25°C at the surface of the water column and from 234 to 659 μS∕cm at 25°C

at the bottom of the water column. Conversely, Goldstream Lake has a relatively high
concentration of ions. Measurements of specific conductance in Goldstream Lake ranged from
601 to 1287 μS∕cm at 25°C at the surface of the water column and from 1184 to 1390 μS∕cm at

25°C at the bottom of the water column. Groundwater samples taken from residential wells
ranged from 344 to 1036 μS∕cm at 25°C and was highly dependent upon the location.
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Figure 4-4 shows the dissolved Mg2+ concentrations in groundwater from residential wells,
the top and bottom of both lakes, in the talik pore-water, and in the active layer around each lake.

Doughnut Lake water column samples, Doughnut Lake active layer well samples, and residential

well groundwater samples all had relatively low concentrations of Mg2+. Goldstream Lake water
column samples and Doughnut Lake pore-water samples, on the other hand, had moderately high

concentrations of Mg2+. Goldstream Lake talik pore-water samples had very high concentrations
of Mg2+. Goldstream Lake also appears to be stratified, while Doughnut Lake appears to be well

mixed.

The high concentration of dissolved cations and anions in Goldstream Lake, excluding
SO42-, may be explained by four possible source contributions: (1) the lake could be receiving
septic wastewater from nearby homes, (2) degradation of permafrost could be contributing high

concentrations of ions to the water (Pewe and Sellmann 1973), (3) salts from the nearby road
could be migrating with surface runoff or subsurface flow into the lake, or (4) high ionic

concentrations in the talik sediments are causing diffusive flux of anions and cations into the lake
water column.

Due to the high volume of septic waste that would be necessary to significantly increase

ionic concentrations in the lake and the lack of observed evidence of such contamination, it is

unlikely septic waste is the primary reason for the high ionic concentrations in Goldstream Lake.
However, there is evidence of permafrost degradation and thermokarst processes on the northeast

end of the lake. While ion exclusion may result in ground ice with low concentrations of ions

(Cochand et al. 2019), a study in the Fairbanks area showed that silts adjacent to ion-depleted
ground ice may retain more ions than do sands and gravels (Pewe and Sellmann 1973). Water
from thawing permafrost may not directly contribute high ionic concentrations to the lake, but
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the erosion of the silty permafrost soils may significantly contribute to the high ionic

concentrations observed in the lake.

The highest ionic concentrations exhibited in the in-situ talik pore-water samples in
Goldstream Lake are likely the result of SO42- reduction and mineral dissolution from sediments
and decomposing materials accumulated at the bottom of the lake. Ionic enrichment of pore
water due to SO42- reduction and mineral dissolution and the subsequent ionic enrichment of the
water column by diffusion was also observed in Devils Lake, North Dakota (Lent 1994).
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Figure 4-4. Dissolved Mg2+ concentrations within and around Doughnut and Goldstream Lakes. GSWCT = Goldstream Top of Water Column, GSWCB = Goldstream
Bottom of Water Column, GSAL = Goldstream Active Layer Well, GSP1 = Goldstream Sediment Pore-water near shore, GSP2 = Goldstream Sediment Pore water near center,

DNWCT = Doughnut Top of Water Column, DNWCB = Bottom of Water Column, DNAL = Doughnut Lake Active Layer Well, DNP1 = Doughnut Sediment Pore-water near
shore, DNP2 = Doughnut Sediment Pore-water near center, RW = Residential Well

While most ionic tracers were present in higher concentrations in Goldstream Lake than
in Doughnut Lake, this was not true for dissolved SO42-.Groundwater samples taken from
residential wells throughout the sampling period had an average SO42- concentration of 32.8

mg/L with a minimum of 16.2 mg/L and a maximum of 64.2 mg/L. Because groundwater had

relatively high concentrations of SO42-, any body of water primarily sourced from groundwater

would likely have significant concentrations of SO42-.
Figure 4-5 shows dissolved SO42- concentrations in lake water measured at the surface

and bottom of Doughnut Lake (left) and Goldstream Lake (right). In Doughnut Lake, there is a

clear difference between the SO42- concentrations measured in the surface water compared to the

water at the bottom of the lake in April 2016. Following this initial sample date, the

concentrations in both regions of the lake trend similarly with a slight difference between the two
measurements occurring in August 2016. The initial large difference in concentrations may be an
indication of sub-permafrost groundwater flowing up into Doughnut Lake. Clark et al. (2001)

found higher concentrations of dissolved SO42- in sub-permafrost groundwater (thermal spring
water) compared to supra-permafrost groundwater at the Fish Hole study site located on the Big

Fish River in Canada. The authors of this study attributed the higher SO42- and other dissolved

solid concentrations to the leaching of dissolved solids from bedrock in contact with the
groundwater.

Where Doughnut Lake SO42- concentrations in the top of the lake are similar to the
bottom of the lake (June 2016 through March 2017), the lake water column is likely well mixed.

This well-mixed condition is particularly true in the fall when turnover occurs. Turnover is a
thermally driven process in which water in the epilimnion (top of the water column) becomes
colder than water in the hypolimnion (bottom of the water column) causing mixing of the water
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column. This process leads to generally more uniform chemical composition of the water.
Downward flow of water through the lake talik could also lead to uniform concentrations of
SO42- in the top and bottom of the water column.

Goldstream Lake SO42- concentrations remain below 6 mg/L throughout the sampling

period. Samples from the surface and bottom of the water column also follow a similar trend
through much of the sampling period. It is likely that this lake does not receive the same deep
groundwater that Doughnut Lake does because of the relatively low concentrations of SO42- in

Goldstream Lake. Instead, Goldstream Lake may receive a larger portion of precipitation, supra

permafrost groundwater, shallow groundwater, permafrost meltwater, or a combination thereof.

It is also possible that the low concentrations of SO42- in both Doughnut and Goldstream
Lakes from October 2016 to March 2017 are a result of anaerobic SO42- reduction. Due to the ice

cover on the lakes during this time period, both lakes experienced a decrease in dissolved oxygen
in the water column prompting a higher level of anaerobic activity.

Ionic tracers increase our understanding of each lake as a unique system. They indicate
that Doughnut Lake may be recharged by groundwater from below as demonstrated by the high
SO42- concentrations in the bottom of the lake in April 2016. Advection of CH4 into the lake

from sub-permafrost groundwater may be possible during this time. Advection of CH4 from the

sub-permafrost is unlikely to have occurred in Goldstream Lake or in Doughnut lake during the
remainder of the study period (June 2016 to March 2017) because there is no indication of

upward flow of groundwater. The lack of upward groundwater flow is evidenced by a lack of
difference in the SO42- concentrations between the surface and bottom of the lake.
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Figure 4-5. Dissolved SO42- concentrations in lake water columns. GSWCT = Goldstream Top of Water Column, GSWCB = Goldstream Bottom of Water Column, GSAL =
Goldstream Active Layer Well, DNWCT = Doughnut Top of Water Column, DNWCB = Bottom of Water Column, DNAL = Doughnut Lake Active Layer Well

4.1.3 Combining Chemical Tracers
Numerous analyses were completed that combined several different types of chemical
data in order to better classify and understand the mixing and composition of each source. Cl- is a

conservative tracer that is naturally occurring in certain soils but may also be in numerous

anthropogenic sources (Anderson et al. 2019). Comparing dissolved Cl- and deuterium results in
Figure 4-6, we see clear differences between Doughnut Lake sources, Goldstream Lake sources,
and groundwater sources. Doughnut Lake clusters in the upper left portion of the graph
indicating isotopically less depleted, Cl--deficient water, while Goldstream Lake samples cluster
to the mid right portion of the graph indicating isotopically depleted, Cl--rich water.
Groundwater samples cluster at the lower left portion of the graph indicating isotopically

depleted, Cl--deficient water. Both lakes exhibit deviations from their normal clusters towards
the lower left portion of the graph highlighted by black circles. In Doughnut Lake, the deviation

occurs in the bottom of the water column during the months of April and May 2016 and in the
top of the lake during May 2016. In Goldstream Lake, this deviation occurs primarily in the top

of the water column during the months of April, May, and June 2016.
These deviations are strong indicators of each lake's unique connection with groundwater

due to their geochemical similarity to groundwater samples. Doughnut Lake appears to be

connected with sub-permafrost groundwater at the bottom of the lake during the months when
baseflow is dominated by groundwater and there are minimal inputs from surface water. The

deviation in the top of the water column in May in Doughnut Lake is likely a result of continued
upward flow from the bottom of the lake to the top of the lake.

It is apparent from the lack of deviation in the bottom of Goldstream Lake that it does not
receive groundwater in the bottom of the lake at any time during the study period, however, it

78

does receive groundwater in the top of the lake in April, May, and June. We believe this is an

indication that there is a lateral talik on the eastern side of Goldstream Lake that allows for
groundwater from the northeast to enter the top of the lake. Physical evidence of the lateral talik

is the obvious thermokarst margin on the northeastern corner where soil is sloughing into the
lake and trees are leaning into the lake. Using a permafrost probe on the eastern side of the lake,
the depth to permafrost was determined to be more than three meters deep indicating that there is
likely a year-round supra-permafrost aquifer on this side of the lake. During installation of the

active layer drive point wells, none were installed deeper than one meter below ground surface.
All Goldstream active layer drive point wells encountered supra-permafrost groundwater except
GSAL1 which was installed on the southeastern side of the lake. GSAL1 was dry during both

sampling events indicating that the water table was deeper in this location than it was at the other

active layer drive point well locations.
Figure 4-7 further supports our observation of groundwater flow into the top of

Goldstream Lake through a lateral talik. Goldstream Lake samples group in the upper right of the

figure with high Mg2+ and Cl- concentrations while Doughnut Lake and groundwater samples
group in the lower left with low Mg2+ and Cl- concentrations. Three Goldstream Lake samples

from the top of the water column deviate from the Goldstream Lake sample grouping and trend

towards groundwater suggesting the top of the lake received groundwater. These samples are,
again, from April, May, and June of 2016.

One anomaly found in both Figure 4-6 and Figure 4-7 is the deviation of GSAL2 towards
the groundwater grouping. GSAL2 has similar geochemical composition to groundwater. The

cause of this deviation is unclear but suggests that GSAL2 is temporarily connected to
groundwater through some discontinuity in the permafrost. However, there is not enough data to
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draw conclusions about the cause of this deviation. We can conclude that this deviation likely
does not impact Goldstream Lake water due to the prevailing supra-permafrost groundwater flow

direction which is to the southwest (Figure 3-5).

Correlation plots were also created for comparing multiple tracers in the tops and bottoms
of each lake with groundwater for Doughnut Lake (Figure 4-8) and Goldstream Lake (Figure

4-9). Significant correlations (p <0.05 and R2>0.7 or R2<-0.7) were observed in both Doughnut

and Goldstream Lakes. Dissolved Cl- in the top of Doughnut Lake is positively correlated with
deuterium in the bottom of Doughnut Lake. Similarly, Cl- in the top of Goldstream Lake is

positively correlated with deuterium in the bottom of Goldstream Lake. These correlations

indicate that as deuterium values become less depleted in the bottom of the lake, Clconcentrations in the surface of the lake increase. This relationship is likely related to deuterium

enrichment of lake bottom water from precipitation and snowmelt.
Negative correlation of SO42- concentrations in both the top and bottom of Doughnut

Lake with Cl- concentrations in groundwater indicates that as sulfate concentrations increase in
groundwater recharging the lake, Cl- concentrations in the lake water decrease. Sulfate in the top

of Goldstream Lake is negatively correlated with deuterium in the bottom of Goldstream lake.

This correlation indicates that as sulfate increases in Goldstream Lake water the deuterium
values in the lake become more depleted. This result is consistent with our understanding that

groundwater flow into the lake will bring higher SO42- concentrations and more isotopically
depleted water into the lake. This result may also be a result of increased permafrost thaw from

groundwater flowing into the top of the lake causing the release of depleted permafrost

meltwater into the bottom of the lake.
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Figure 4-6. Deuterium vs. dissolved Cl- concentrations. GSWCT = Goldstream Top of Water Column, GSWCB = Goldstream Bottom of Water Column, GSAL = Goldstream
Active Layer Well, DNWCT = Doughnut Top of Water Column, DNWCB = Bottom of Water Column, DNAL = Doughnut Lake Active Layer Well, DNP2 = Doughnut Sediment

Pore-water near center, RW = Residential Well
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Figure 4-7. Dissolved Cl- vs. dissolved Mg2+ concentrations. GSWCT = Goldstream Top of Water Column, GSWCB = Goldstream Bottom of Water Column, GSAL =
Goldstream Active Layer Well, DNWCT = Doughnut Top of Water Column, DNWCB = Bottom of Water Column, DNAL = Doughnut Lake Active Layer Well, DNP2 =
Doughnut Sediment Pore-water near center, RW = Residential Well
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Figure 4-8. Doughnut Lake chemical tracer correlations. Correlation plots are in the upper right half of the correlation matrix, while R- and p-values are in the lower left half of

the matrix. The correlation between two tracers can be found by tracing from one of the tracers located in the diagonal to the intersection of another tracer in the diagonal. The

numbers in the diagonals represent the locations of the samples associated with the tracer: 1 = top of water column samples, 2 = bottom of water column samples, 3 = residential
groundwater well samples. Blue text indicates a significant positive correlation while red text indicates a significant negative correlation. Axes on the edge of the plots are in the

following units: Cl- and SO42- = milligrams per liter, d2H = ‰ VSMOW.
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Figure 4-9. Goldstream Lake chemical tracer correlations. Correlation plots are in the upper right half of the correlation matrix, while R- and p-values are in the lower left half

of the matrix. The correlation between two tracers can be found by tracing from one of the tracers located in the diagonal to the intersection of another tracer in the diagonal. The
numbers in the diagonals represent the locations of the samples associated with the tracer: 1 = top of water column samples, 2 = bottom of water column samples, 3 = residential

groundwater well samples. Blue text indicates a significant positive correlation while red text indicates a significant negative correlation. Axes on the edge of the plots are in the
following units: Cl- and SO42- = milligrams per liter, d2H = ‰ VSMOW.

Combining tracers is a powerful analysis tool that allows for visualization of trends that
may otherwise not be apparent. Through the combination of deuterium and Cl- and the
combination of Mg2+ and Cl-, we can infer that upward flow from sub-permafrost groundwater

into the lake does occur in Doughnut Lake but does not occur in Goldstream Lake. However, the

upward flow into Doughnut Lake does not occur year-round. This observation indicates that
advection of CH4 from the sub-permafrost into Doughnut Lake may only occur seasonally.

4.1.4 Hydrostatic Pressure
Hydrostatic pressure was measured in Doughnut Lake and Goldstream Lake near the

shore of each lake starting in late July 2016. Data collected from July 2016 through May 2017
are shown in Figure 4-10 (Doughnut Lake) and Figure 4-11 (Goldstream Lake). Hydrostatic
pressure results for reveal complex flow with depth in each lake talik. Both lakes exhibit

primarily negative pressure heads with respect to the lake water level during the period of
monitoring indicating downward flow. However, large hourly and daily fluctuations are

apparent, particularly in Goldstream Lake. Goldstream Lake also exhibits a positive pressure

head between August and November 2016, which would indicate upward flow. Doughnut Lake,
compared with Goldstream Lake, exhibits larger pressure gradients (difference in pressure head

with depth) indicating stronger downward flow. However, a consistent flow gradient is not
apparent in either Doughnut Lake or Goldstream Lake. This result differs greatly from the
gradient observed in a central Alaskan lake studied by Kane and Slaughter (1973). Kane and

Slaughter demonstrated a consistently increasing hydrostatic head with increasing depth

indicating upward flow.
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Figure 4-10. Doughnut Lake hydrostatic heads
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Overall, there appears to be downward flow in both lakes through most of the study

period, but Doughnut Lake exhibits a stronger downward gradient than Goldstream Lake. These
trends are shown by a decrease in fluid potential with depth beneath the lake bottoms which
indicates that water is moving from shallow zones (higher potential) to deeper zones (lower

potential). This flow pattern may reflect the relatively high amount of precipitation this
watershed received in the preceding winter (Winter 2015) and the summer of 2016. However,

both lakes show unexpected patterns of alternating higher and lower pressures with depth. This
pattern may be indicative of soil layers with highly contrasting hydraulic conductivities. It may
also indicate complex flow patterns including the presence of and input from lateral taliks,

causing variability in the flow rate of various source waters. A lateral talik in Doughnut Lake
may be correlated with a connection to O'Connor Creek to the east of the lake (Figure 3-4). In
Goldstream Lake, the data primarily indicate downward flow, however, it is still very complex.

This observation may be correlated with a deep supra-permafrost talik at the thermokarst margin
on the northeast side of the lake and possibly an open talik beneath the lake. Extreme short-term

variability in Goldstream Lake may also be the result of CH4 bubble formation and release from
the subsurface. These data highlight the complexity of groundwater flow in thermokarst lake

systems but are consistent with chemical tracer findings between July 2016 and May 2017 which
show that downward flow may be occurring during that time period

4.1.5 Temperature
Temperature measurements were collected within each lake's water column and within

each lake's talik. Doughnut Lake water column temperatures were taken near the middle of the
lake while Goldstream Lake water column temperatures were taken near the north eastern shore
of the lake. Both Doughnut Lake and Goldstream Lake talik temperatures were taken near the
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shores of each lake. Temperature measurements taken within the Doughnut Lake water column

shows deep penetration of relatively high temperatures (greater than or equal to15°C) during the
summer months. Conversely, Goldstream Lake water column temperatures are relatively low
compared to Doughnut Lake throughout the year. Doughnut Lake also exhibits uniform
temperatures throughout the water column between September and mid-October 2016 suggesting

that there is a significant amount of mixing and turnover occurring during this time period.
Goldstream Lake appears to have much more stratification ranging approximately 5°C across the

water column, but turnover of the lake also appears to occur in October.
The observed temperatures within both the water columns and taliks indicate a lack of

upward flow throughout duration of monitoring. Kane and Slaughter (1973) observed increasing
temperature with depth in the lake water column and in the lake sediments year-round with the
exception of the top meter of the lake. Increasing temperature with depth was only observed in
Goldstream and Doughnut Lakes during the winter months which is a result of surface water

cooling. While the results do not confirm downward flow, downward flow would exhibit similar

temperature patterns to those seen in our study. However, these temperature patterns could
simply indicate a lack of flow as well. If the observation period for water and talik temperatures

had included the Spring of 2016, trends seen in ions and stable isotopes may have been
confirmed by showing a shift in the temperature regime indicating a shift from upward flow in

the Spring to downward flow in the summer.
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Figure 4-12. Doughnut Lake temperature contours
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Figure 4-13. Goldstream Lake temperature contours

4.2

Diffusion

Diffusion was investigated as one of the possible transport mechanisms for CH4 in the sub
permafrost to lake surface pathway. We hypothesized that high concentrations of dissolved-

phase CH4 would form below the permafrost as a result of large quantities of free-phase CH4

being trapped in pockets underneath the permafrost. The resulting concentrations of dissolvedphase CH4 below permafrost would drive diffusion of CH4 from below the permafrost to the

sediment-water interface of the lake and from the sediment-water interface to the lake surface.
To investigate this possible transport mechanism, pore-water samples were taken in-situ from the

talik sediment monthly from April 2016 to March 2017. pore-water samples were also taken ex

situ by collecting core samples in March 2017. Pore-water samples, both in-situ and ex-situ were
analyzed for dissolved CH4 concentrations and were used to understand diffusion from the

bottom of permafrost to the sediment-water interface of each lake. Additionally, samples were
taken from the surface and bottom of the water column and were analyzed for dissolved CH4
concentrations. Water column samples were used to investigate the diffusion of CH4 from the

bottom of the water column to the surface of each lake.
Dissolved CH4 concentrations within each lake water column and within the active layer
around each lake are shown in Figure 4-14. In April 2016, both lakes exhibit higher

concentrations of dissolved CH4 in the bottom of the water column than in the top of the water
column. During this sampling event, diffusion would have been a likely transport mechanism for

CH4 to travel from the bottom of the water column to the surface of the lake. July 2016 through
November 2017, Goldstream Lake continues to exhibit a significant concentration gradient

where CH4 concentrations are much greater in the bottom of the lake than in the top of the lake

with the exception of the June 2016 sample which may be the result of a sampling error. The

91

concentrations of dissolved CH4 observed in Goldstream Lake during the study period are
generally consistent with a previous study of the lake that found dissolved CH4 concentrations
generally ranged from 0 to 6000 μg∕L (Greene et al. 2014). However, no significant

concentration gradient exists in Doughnut Lake throughout the rest of the study period and the

concentrations of CH4 in the top and bottom of the lake follow a similar trend. A similar
temporal trend can also be seen in both Doughnut Lake and Goldstream Lake surface water

throughout the entire study period with low concentrations of dissolved CH4 in the summer
months and higher concentrations of CH4 in the winter months. This trend is due to the presence
of seasonal ice cover on each lake in the winter months and the lack of ice cover in the summer

months. The ice cover typically forms in October and melts in May which is consistent with
what was observed at Doughnut and Goldstream Lakes during the study period. During the icefree months, the low concentrations of CH4 in the top of the water column is also due to the

partitioning of CH4 to the atmosphere.

The lack of difference in CH4 concentration between the top and bottom of Doughnut
Lake could be the result of several different phenomena in combination: low concentrations of
CH4 in the bottom of Doughnut Lake during the summer months could be due to (1) a lack of
CH4 production at the bottom of the lake, (2) downward flow of generally fresher water with low

concentrations of CH4 from precipitation and snowmelt, (3) CH4 oxidation, or (4) mixing of lake

surface and benthic water.
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Dissolved CH4 concentrations obtained from core samples in both lakes exhibit low

correlation with depth when examined individually and in each lake (Figure 4-15 and Figure

4-16). Similarly, in-situ pore-water samples also exhibit significant spatial and temporal
variability in both lakes (Figure 4-17). Concentrations of dissolved CH4 in the active layer
around Doughnut Lake appear to generally be higher than those in Goldstream Lake.
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Figure 4-14. Dissolved CH4 concentrations in water column and active layer. GSWCT = Goldstream Top of Water Column, GSWCB = Goldstream Bottom of Water Column,
GSAL = Goldstream Active Layer Well, DNWCT = Doughnut Top of Water Column, DNWCB = Bottom of Water Column, DNAL = Doughnut Lake Active Layer Well
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Figure 4-15. Doughnut Lake dissolved CH4 concentrations with depth in talik sediments. DNC1 = Doughnut Lake Core 1, DNC2 = Doughnut Lake Core 2, DNC4 =

Doughnut Lake Core 4.
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Figure 4-16. Goldstream Lake dissolved CH4 concentrations with depth in talik sediments. GSC1 = Goldstream Lake Core 1, GSC3 = Goldstream Lake Core 2, GSC4 =

Godlstream Lake Core 4.

Figure 4-17. Dissolved CH4 concentrations at primary sampling locations. GSWCT = Goldstream Top of Water Column,

GSWCB = Goldstream Bottom of Water Column, GSAL = Goldstream Active Layer Well, GSP1 = Goldstream Sediment Pore
water near shore, GSP2 = Goldstream Sediment Pore water near center, DNWCT = Doughnut Top of Water Column, DNWCB =

Bottom of Water Column, DNAL = Doughnut Lake Active Layer Well, DNP1 = Doughnut Sediment Pore-water near shore,

DNP2 = Doughnut Sediment Pore-water near center, RW = Residential Well

Groundwater samples from the residential wells appear to have very low concentrations

and, in many cases, undetectable concentrations of CH4. This trend indicates that groundwater is

not a significant source of CH4 to the bottoms of the lakes. There are significantly higher
concentrations of CH4 in the lake sediment pore-water and in the lake water columns.

The lack of dissolved CH4 detected in groundwater samples may indicate that lakes do not

receive CH4 from groundwater through either advection or diffusion. However, dissolved CH4
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concentrations in groundwater may be impacted by sampling methods and locations. All

groundwater samples were obtained from residential drinking water wells. Most of these samples

were taken from wells in permafrost-free areas (RW5 and RW14) which means they are not
representative of dissolved CH4 concentrations below permafrost. Pumping processes from these

wells also may have contributed to degassing of the water samples prior to collection. Each

residential well was also connected to a different type of distribution system that may have had a
different effect on the groundwater samples. For this reason, groundwater cannot be ruled out as

a source of dissolved CH4 to the lakes. Ideally, dissolved-CH4 measurements should be taken

from core samples or the aquifer at the bottom of permafrost. This sample type would be most
representative of dissolved CH4 concentrations below permafrost.

The significant variability of dissolved CH4 concentrations observed in in-situ pore-water
samples, ex-situ pore-water samples, and lake water samples all indicate that diffusion is not a

significant mechanism for the transport of CH4 from the sub-permafrost, nor the talik, to the
sediment-water interface. Numerous factors could be influencing the observed variability.

Sampling methodology for in-situ pore-water samples may have affected dissolved CH4
concentrations. The use of syringes to apply a vacuum to the RSSSs may have caused the
partitioning of dissolved-phase CH4 to free-phase CH4. Bubbling of CH4 was also apparent at

one of the RSSS locations, often filling the syringe with greater than 30-mL of free-phase CH4

which likely affected the concentration of dissolved-phase CH4 within the water that was
collected in the syringe. The amount of time that the syringes were left to equilibrate (3-5 days)

may have also allowed for microbial activity to take place in the syringes affecting the
concentrations.
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The variability in dissolved CH4 concentrations is also likely a result of the spatial and
temporal variability in CH4 production throughout the talik, lake margins, and water column.

Production of CH4 can also be affected by SO42- reduction which typically has an inverse

relationship with CH4 production (Kuivila et al. 1989). In addition to CH4 production, other
factors affecting the concentrations of dissolved CH4 include CH4 oxidation occurring in the

water column (Chanton 2005; Martinez-Cruz et al. 2015). While CH4 oxidation must occur in the

presence of oxygen and will most likely occur in the water column, fall and spring turnover
processes within lakes may allow for deeper mixing of oxygen into the talik sediments.
Conversely, CH4 oxidation will be minimized in the water column during the winter months
when ice cover allows for the depletion of dissolved oxygen in the water column and minimizes

mixing and replenishment of dissolved oxygen.
4.3 Immiscible Flow

Immiscible flow was investigated as a potential transport mechanism for sub-permafrost
CH4 into open talik lakes. Within each of the lakes, background ebullition, point source

ebullition was observed. Strong ebullition seeps occur in Doughnut Lake along the eastern shore,
just south of DNP1. In Goldstream Lake, hotspots occur noticeably along the thermokarst margin
near the northeastern shore of the lake. During the winter, open holes remain over these hotspots.
Koshkas (ice-trapped ebullition bubbles) were also observed throughout each lake (Figure 4-18).

There are currently no direct methods for the measurement of immiscible flow from the
sub-permafrost zone into the lake. CH4 bubbling may be captured and measured at the sediment
water interface of the lake. Sepulveda-Jauregui et al. (2015) measured ebullition from
Goldstream Lake in the summer to be 13.4 g m-2 yr-1 and in the winter to be 6.7 g m-2 yr-1.

However, for any direct ebullition measurements taken, the source of the CH4 is unknown and
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requires further investigation which may include using stable isotopes of CH4, radiocarbon

dating, or other methods.
In this study, immiscible flow was investigated indirectly by determining the conditions
necessary to allow for flow of free-phase CH4 in pockets beneath the permafrost to enter open

talik lakes.

Figure 4-18. Koshka (ice-bubble) observation on Goldstream Lake

4.3.1 Measurement of Displacement Pressures
Silt and gravel samples from the Permafrost Tunnel were analyzed to determine their
respective displacement pressures. Results from Tempe cell and pressure plate tests analyzed
using RETC reveal drastic differences in the sorting and displacement pressures of both soil
types tested (van Genuchten et al. 1991). The retention curve determined from Goldstream silt

samples is shown in Figure 4-19.
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Figure 4-19. Goldstream silt retention curve

The curve was predicted from 36 sample points at 16 different pressure values. The R-

squared of the curve is 0.9021. From this curve, the displacement pressure (Pd) is determined to
be 226.76 cm. The saturation water content (θs), also known as porosity, is determined to be
0.50713. The pore size distribution parameter (λ) is determined to be 0.33475. The residual

water content (θr) was found to be less than 0.001 and was therefore forced to 0, which is not

realistic. This anomaly is likely a result of not having tests at high enough pressures. The 95%

confidence limits for these parameters are displayed in Table 4-1. Within the 95% confidence
limits the displacement pressure of the Goldstream silt ranges from 166.67 cm to 357.14 cm.
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Table 4-1. Goldstream silt retention curve parameters

95% Confidence
Limits

Value
Upper
Lower

Θr
0
NA
NA

Θs
0.5071
0.5327
0.4815

Pd
226.76
357.14
166.67

λ
0.4555
0.2697
0.6413

Figure 4-20. Goldstream gravel retention curve

The displacement curve determined from Goldstream gravel samples is shown in Figure

4-20. The curve was predicted from 32 sample points at 13 different pressure values. The Rsquared of the curve is 0.9616. From this curve, the displacement pressure (Pd) is determined to
be 8.39 cm. The saturation water content (θs) is determined to be 0.2933. The pore size

distribution parameter (λ) is determined to be 0.4555. The residual water content (Θr) was found
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to be 0.0135. The 95% confidence intervals for these parameters are displayed in Table
4-2.Within the 95% confidence limits the displacement pressure of the Goldstream silt ranges

from 5.72 cm to 15.75 cm.
Table 4-2. Goldstream gravel retention curve parameters

95% Confidence
Limits

Value
Upper
Lower

Θr
0.0135
0.0437
-0.0166

Θs
0.2933
0.3142
0.2723

Pd
8.39
15.75
5.72

λ
0.4555
0.2697
0.6413

These results indicate that immiscible flow will occur more readily in Goldstream gravels
than in Goldstream silts because the displacement pressure of silt is one to two orders of
magnitude higher than the displacement pressure of gravels. The actual displacement pressures

within Goldstream and Doughnut Lake taliks is likely between the values silt and gravel values
that were calculated. If Goldstream Lake is comprised of finer-grained soils in comparison to
Doughnut Lake, immiscible flow will likely occur more readily within the pore-space of the
Doughnut Lake talik. However, immiscible flow may also occur in fine-grained sediments

through secondary pore channels which may exist for several reasons. Some examples of
secondary pore channels include channels created by melting pore-ice, fractures created by

seismic disturbances, channels created by redistribution and erosion of fine-grained particles, and
channels created plant root growth and decay.

4.3.2 Application of Caprock Seal Capacity Theory
As mentioned in Section 2.6, immiscible-phase flow is studied in the application of air
sparging and gas sequestration. In the practice of gas sequestration, gas is injected beneath a

“caprock,” which is a media (typically rock or soil) that has a low permeability. The caprock has
a limited capacity for gas that may be stored beneath it before the displacement pressure of the

103

caprock is reached and “breakthrough” of the gas occurs. Treating talik sediments as a caprock,

we can calculate the pressure needed for CH4 trapped beneath or within the lake talik to break

through and reach the sediment-water interface. Equation (4-1) calculates the height of a column
of CH4 necessary to initiate immiscible flow where Pd is the displacement pressure of the soil, g

is the acceleration due to gravity, pw is the density of water, and pcH4 is the density of CH4.

For the purposes of this study, the gas is assumed to be pure free-phase CH4 and is
assumed to be compressible. The density of CH4 is modeled using a set of empirical equations
developed by Azizi et al. (2010) and is a function of both temperature and pressure. The

temperature is assumed to be 4°C, a standard temperature for sub-permafrost groundwater. The

pressure is assumed to be 1 atmosphere of pressure, accounting for barometric pressure, plus the
hydrostatic pressure exhibited by the column of water above the CH4 source. These assumptions

yield the result shown in Figure 4-21. The column height of CH4 required to overcome the
displacement pressure and initiate immiscible flow is slightly greater than the displacement

pressure in both soil types and increases minimally with increasing depth.
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Figure 4-21. CH4 column height required for immiscible flow. Depth is reported below the sediment-water interface.

The column of CH4 required can then be converted to a pressure of CH4 required. Figure

4-22 shows the pressure of CH4 required to overcome the displacement pressure and initiate

immiscible flow at depth within a lake talik. Goldstream silt exhibits a significantly higher
required pressure to initiate immiscible flow.

105

Figure 4-22. CH4 pressure required to initiate immiscible flow. Depth is reported below the sediment-water interface.

The calculated pressures shown in Figure 4-22 can also be used to calculate the
concentration of dissolved CH4 needed to initiate the formation of free-phase CH4 at depth using

Henry's Law. Equation (4-2) calculates the concentration of dissolved CH4 necessary to saturate
the groundwater and come out of solution where ccH4 is the concentration of dissolved CH4,

PcH4 is the partial pressure of CH4, and Kh is Henry's constant at a given temperature.

Kh can be calculated using Equation (4-3) for which d(ln(KH))/d(1∕T) is the temperature

dependence constant and K°h is Henry's law constant for solubility in water at 25°C.
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The temperature is assumed to be 4°C. The temperature dependence constant and K°h are

taken from a compilation of Henry's law constants by Sander (2015) and are 1600 K and

1.4 × 10-5 mol ∙ m-3 ∙ Pa-1, respectively. These calculations result in Figure 4-23 which
shows the saturation concentration of CH4 which would be the minimum concentration required
for CH4 to come out of solution and form free-phase gas storage at depth within the lake talik.

Figure 4-23. Dissolved CH4 saturation concentration with depth. Depth is reported below the sediment-water interface.

Sediments in Goldstream Lake resemble primarily low hydraulic conductivity silts. This
observation may explain the lack of communication with sub-permafrost groundwater observed

in this lake. While there likely is some vertical flow evidenced by hydrostatic pressure data in
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Goldstream Lake, these flows are likely much lower than those observed in Doughnut Lake
whose sediments are believed to be primarily silty sands with higher hydraulic conductivity.
The higher hydraulic conductivity assumed from the presence of primarily sandy

sediments could be used to explain the complex pressure heads observed in the lake's talik.

While it is likely that much of immiscible-phase flow CH4 is sourced from degrading

permafrost at the margins of the lake, some of this CH4 may also be sourced from the sub
permafrost. While studies have shown that hotspots along the thermokarst margins of lakes
typically has a Pleistocene-age radiocarbon signature, the assumption that this CH4 is from the

decay of the thermokarst margin may not be the full picture. This CH4 could also be produced

beneath the lake. Background bubbling in the centers of lakes may also be sourced from the sub
permafrost. However, Walter et al. (2006, 2008) showed that background ebullition (bubbling
that did not occur along the lake margins) produced relatively young CH4. If CH4 were being

produced or released from the sub-permafrost, it is expected to have a Pleistocene-age
radiocarbon signature or display properties of thermogenic production.
In particular, Walter et al. (2008) demonstrated that CH4 ebullition of higher fluxes were

directly correlated with older CH4 radiocarbon ages. This correlation indicates that

methanogenesis utilizing Pleistocene-age carbon sources produces larger quantities of CH4 and is
released from large CH4 storage pockets within lake sediments or below permafrost.
Walter et al. (2008) addresses the volume of Pleistocene-age sediment that would be

required to sustain the ebullition observed from hot spots. However, it has not previously been
addressed what volume, column height, or pressure of free-phase CH4 stored within the
sediments that would be required to displace pore-water and sustain an open channel to the
sediment lake interface where ebullition could be observed or captured.
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We propose from our studies and observations, that CH4 can be transported as an
immiscible fluid through either a series of connected pore spaces. For this transport to occur,
however, the stored gas must exceed the displacement pressure of the soil.

The density of CH4 will have a large impact on the amount of CH4 that can be stored

within the subsurface before the displacement pressure is reached. However, the density is

variable based on the temperature of the gas itself and the depth at which it is accumulating.
Density of free-phase CH4 will be a function of depth below ground surface and depth of the
water column above the point of storage. Changes in water level in the lake, such as a decrease in
water level of the lake, will decrease the density of the CH4, increasing the difference between

CH4 density and water density, thereby increasing buoyant forces. This process is the reason for

correlations between water level, atmospheric pressure, and ebullition (Bastviken et al. 2004;
Casper et al. 2000; Fendinger et al. 1992; Mattson and Likens 1990). When atmospheric pressure
decreases or water level decreases, this process should, in theory, make it easier for CH4 to

overcome the displacement pressure. Due to the geothermal gradient, temperature should

increase with depth below an open talik lake. Temperature also affects the density of CH4, but
not to the extent that pressure does.

Results from the Tempe cell and pressure plate tests show that Goldstream gravels have
very low displacement pressures (8.39 cm of water). The displacement pressure for the original
gravel samples likely would have been negligible considering that pebbles and rocks larger than
¼ inch were removed from the samples prior to analysis. Goldstream silt has a significantly

higher displacement pressure (226.76 cm of water) than the Goldstream gravel. This result
indicates that a larger column of CH4 is required within or beneath a lake talik to cause

immiscible flow given the same density of CH4. The soil retention curves may be improved by
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determining water content at higher pressures for both gravel and silt. It is unlikely that
Goldstream silt has a soil water retention of 0. However, the organic content of this soil may

have contributed to the lack of soil water retention. Based on basic knowledge of the soils, it
would also be expected that the gravel would have a lower soil water retention than the silt. The

discrepancy between expectation and reality is likely a lack of data points in higher pressures. To
obtain these would require more advanced sorption testing.
4.4

Overall Transport
The geological and cryological structures setting greatly affects the flow dynamics within

each lake. Goldstream Lake is likely an open talik lake, which is evidenced by pressure
transducer data that indicates downward flow with a shallow gradient. However, the lack of

observed contributions from groundwater to the bottom of the lake indicate that it has low

hydraulic communication with the sub-permafrost. The state of the Goldstream Lake talik is
likely a result of its fine-grained sediment bottom (Hinkel et al. 2016; Wellman et al. 2013). In
contrast, Doughnut Lake's potentially coarser-grained lake bottom composition would allow for

connection and flow between the lake and the sub-permafrost. The extent of talik development is
also dependent on the age of each lake, however, the age of each lake was not investigated.

It is also very likely that elevation of the lakes with respect to the recharge zone has a large
impact on the lake's ability to act as a groundwater discharge point exhibiting upward flow

through the lake talik. Bosson et al. (2010, 2013a) noted that open talik lakes at a relatively
higher elevation may exhibit downward flow while lakes at a relatively lower elevation may

exhibit upward flow. Goldstream and Doughnut Lakes may exhibit this trend, where upward
flow is more likely to occur in Doughnut Lake due to its lower elevation within the valley.
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The identification of upward flow in Doughnut Lake in April and May of 2016 indicates
that the flow direction in open talik lakes is likely a function of seasonal effects and climatic

drivers. Years and seasons with less precipitation and less input from snowmelt will allow water
systems in the valley to be dominated by groundwater baseflow. It is reasonable to assume, due

to the seasonal nature of these processes, that advection of CH4 is likely not a significant
transport mechanism in the groundwater-to-lake pathway.

Our studies also suggest that diffusion is not a significant transport mechanism in the
groundwater-to-lake pathway. The large spatial and temporal variability of dissolved CH4

concentrations within and around each lake indicates that there is not a consistent or long-term

CH4 gradient in most parts of the lake system. Concentrations of dissolved CH4 in the talik

sediments below each lake did not show a correlation between concentration and depth. If CH4
diffusion were a significant transport mechanism in the groundwater-to-lake pathway, we would
likely observe increasing dissolved CH4 concentrations with increasing depth in the talik

sediments. However, the lack of correlation may be affected by the shallow nature of our
sampling depths. Talik pore-water samples were all taken at depths of less than 4 meters below

the sediment-lake interface. Deeper samples may reveal a concentration gradient.

Immiscible flow in the form of ebullition has been identified as the dominant pathway of
CH4 emissions in many lakes (Bastviken et al. 2004; Sepulveda-Jauregui et al. 2015; Walter et
al. 2006). However, most studies only consider immiscible flow from CH4 produced within the
lake. Our indirect study of immiscible flow suggested that a lake with coarser-grained soils, as

we believe Doughnut Lake is, would require less storage of CH4 beneath permafrost to initiate

immiscible flow of free-phase CH4 from the sub-permafrost zone to the bottom of the lake.

Immiscible flow of CH4 from the sub-permafrost zone to the bottom of a fine-grained soil lake,

111

as we believe Goldstream Lake to be, is still possible but may be limited to areas where silt

particles are shifted or secondary pore channels are created from melting pore ice, fracturing, or
plant root growth and decay. Immiscible flow of CH4 is likely the most significant transport

mechanism from the pockets below the permafrost to the bottoms of the lakes.
Advection and diffusion of dissolved CH4 and immiscible flow of free-phase CH4 all occur

simultaneously. Advection and diffusion occur over larger-scale areas of the talik than

immiscible flow. Immiscible flow occurs in discrete flow paths and will occur independent of the

direction of advective flow, however, the pressure gradient resulting in downward advective flow
of groundwater will increase the necessary pressure of CH4 storage to cause immiscible flow in
the groundwater-to-lake pathway.

Diffusion may also occur anywhere in the groundwater-to-lake pathway. As dissolved-phase

CH4 moves towards the lake, lower hydrostatic pressures may allow CH4 to come out of solution
and be stored as free-phase CH4 beneath permafrost or within the lake talik. Therefore,

immiscible flow may occur at any point in the groundwater-to-lake pathway given that the
groundwater is saturated with dissolved-phase CH4.
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5 Future Work
This study has brought new information to several different areas of climate and hydrology
studies, while much more research needs to be done to understand the transport of CH4 in and
beneath thermokarst lakes, and to understand groundwater dynamics in discontinuous permafrost
regions. The results from this study could be improved upon by more comprehensive spatial data

collection, temporal data collection, CH4 source characterization, characterization of talik
extents, identification of dominant biological and chemical processes within individual lakes,

identification of gas pockets and storage of CH4 under permafrost, laboratory testing of

immiscible flow, and additional data analysis techniques.
•

Spatial Data Collection - This study was limited by data collection from only two

thermokarst lakes. To gain a better understanding, more lakes within the Goldstream Valley
as well as within other watersheds throughout the arctic and subarctic should be sampled for
the same physical and chemical data.
•

Temporal Data Collection - This study was also limited by the length of the study period.
Data should be collected on thermokarst lakes for several consecutive years and with greater

frequency.
•

CH4 Source Characterization - Collection of free-phase CH4 from background and point

source ebullition should be done in conjunction with an extensive chemical sampling plan.
Radiocarbon dating of dissolved CH4 samples and analysis stable isotopes of CH4 should
also be conducted to better understand the sources of CH4 within the lakes
•

Characterization of Talik Extents - Delineating the talik boundaries of study lakes should
be completed to better understand the relationship between talik development and the

occurrence of each of the CH4 transport mechanisms. Ground-based geophysical techniques
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with a higher resolution may be useful in determining the extent of taliks (Parsekian et al.
2013). Drilling adjacent to and within the lake talik may also provide an increased

understanding of the talik boundaries.
•

Identification of Dominant Biological and Chemical Processes - The dominant biological
processes greatly affect the amount of dissolved and free-phase CH4 observed in each lake

and may obscure evidence of CH4 mechanisms. One method to study the dominant processes

includes studying the redox chemistry of each lake. Geophysical techniques can also be used
to identify biological communities in groundwater (Allen et al. 2007).
•

Identification of Gas Pockets and Storage of CH4 under Permafrost - Similar processes

as may be used in the delineation of talik boundaries may also be used in the identification of

gas pockets and storage of CH4 under permafrost. Geophysics may be used to identify

potential gas-pocket locations, and drilling can be used to confirm. Drilling may also be used
for sampling sub-permafrost groundwater to determine concentrations of dissolved-phase

CH4 in order to determine if the groundwater is saturated which may be proof of free-phase

gas storage.
•

Laboratory Testing of Immiscible Flow - Additional testing to refine soil retention curves

would include sorption testing to increase test pressures and hanging water column tests for
applying smaller pressures to capture displacement pressure of gravel. Additional soils

testing could include measuring the contact angle of talik sediments, free-phase CH4, and

water. Other novel methods of lab testing immiscible flow may include compiled
tomography imaging of simulated immiscible flow.
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•

Additional Data Analysis Techniques - Numerous data analysis techniques exist for the
analysis of groundwater-surface water interactions and complex flow dynamics. Results from

stable isotopes of water could be analyzed for deuterium excess which is a great indicator of
water sources and evaporative influence. Mixing models could also be developed using
several chemical tracers.
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6 Conclusion
In this study, we hypothesized that CH4 trapped in pockets beneath the permafrost could

reach the atmosphere through three different transport mechanisms: advection of dissolved-phase
CH4 in the sub-permafrost groundwater-to-lake pathway, diffusion of dissolved-phase CH4
within the lake talik to sediment-water interface, and immiscible flow of free-phase CH4 from
the pockets to the bottom of the lake.
Quantifying each mechanism was not part of the scope of this study, while the relative
significance of each mechanism was determined. Examining advective processes, this study

showed that upward vertical groundwater flow from the sub-permafrost into thermokarst lakes is
not a feature of all open-talik thermokarst lakes, nor is it pervasive throughout the year. Vertical

flow directions can change throughout the year as a result of significant increases or decreases in

precipitation and may also be a function of the elevation of the lake and the groundwater

recharge zone. This observation eliminates advection as a significant contributor to CH4

transport, as it is not a significant mechanism in the study lakes during the study period.
Similarly, diffusion can be eliminated since CH4 gradients observed in the study lakes were

highly inconsistent and did not indicate high concentrations of dissolved CH4 below lake taliks.

Diffusion would lead to transport of CH4 throughout the thermokarst lake system, but likely

would not be a large contributor to upward vertical movement of dissolved CH4 from the sub
permafrost zone. Eliminating these two mechanisms indicates that immiscible flow processes

likely dominate transport of CH4 to the atmosphere from within thermokarst lakes as well as

from the sub-permafrost zone.
In addition to gaining a better understanding of CH4 transport mechanisms, this study
elucidated the complexity of groundwater-surface water interactions in thermokarst lakes.
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Individual tracers revealed minimal information about the flow dynamics at each of the study
sites, but the combination of tracers revealed strong patterns that otherwise may not have been

identified. Unexpected pathways for groundwater advection were observed in Goldstream Lake

where deep groundwater likely entered the lake through a lateral talik, and Doughnut Lake
demonstrated evidence of both upward and downward vertical flow through its talik.
Continued study of these transport mechanisms and the complexity of thermokarst flow
dynamics is important in predicting the future of discontinuous permafrost regions and the

impact that climate change may have on these regions. We can expect that continued thawing of
permafrost will have large impacts on the ecology and infrastructure of the sub-Arctic.
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Appendix: Supporting Data

135

Figure A-1. Doughnut Lake active layer drive point wells

136

Figure A-2. Goldstream Lake active layer drive point wells

137

136
Figure A-3. Stable isotopes of precipitation in 2010 through 2013

This data was provided by Tom Douglas at the U.S. Army Corps Cold Regions Research and Engineering Laboratory.

Figure A-4. Piper Diagram of water column and active layer sources

Plotting geochemical data in the form of a Piper diagram, shows that water sources

including lake water column samples, groundwater samples, and active layer samples can be
classified as samples with temporary hardness. All samples fall within the region of the diagram

that is also termed the magnesium bicarbonate type. Minimal differences between the sources

can be observed using this plotting method.
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