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Abstract: Groundwater discharge, including submarine groundwater discharge, discharge to lakes
and rivers, and subglacial discharge, affects freshwater and marine ecosystems across the globe.
The implications for biogeochemistry include the transport of nutrients, metals, and gases to these
systems. The Arctic is one region of the globe that has been understudied with respect to groundwater
discharge until recently, when a handful of studies sought to understand the nature of groundwater
discharge and its impacts on aquatic ecosystems. Those studies are summarized here, and the
implications for biogeochemistry are synthesized. Carbon and nitrogen are the most frequently
studied solutes with respect to groundwater discharge in the Arctic. The transport of carbon and
nitrogen through groundwater discharge are discussed across study sites, and scientists expect their
transport through this mechanism to significantly change with the onset of climate change. The Arctic
is of special interest in terms of groundwater discharge, as climate change data predicts that it
will warm faster than other environments. Lastly, the effects of climate change on the physical and
biogeochemical aspects of groundwater discharge in the Arctic are discussed, as are research priorities.
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1. Introduction

Groundwater discharge significantly impacts environments spanning the globe, influencing
lake, river, and oceanic ecosystems in a significant manner [1–4]. In inland (terrestrial) environments,
discharging groundwater is typically fresh and driven by hydraulic gradients (Figure 1) in aquifers [5,6].
However, the discharge of saline water to fresh surface water systems also occurs [7]. In marine
environments, the process of discharging water is often referred to as submarine groundwater
discharge, as it is subject to different influences than strictly freshwater systems [4,8]. These influences
include wave and tidal pumping that force seawater into the coastal aquifer (Figure 1), which then
discharges when the tide/wave recedes [8,9]. Buoyancy-driven flow also influences submarine
groundwater discharge in the marine environment (Figure 1), but this is often a minor component of
the factors driving discharge [10]. Thus, submarine groundwater discharge can include freshwater,
seawater that has circulated through the coastal aquifer, or a mixture of both [8].
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Figure 1. A conceptual model of groundwater discharge in the Arctic, which can be driven by 
hydraulic gradients, tidal/wave pumping, and buoyancy differences. 

Inspiration for most studies of groundwater discharge came from the need to constrain solute 
fluxes to the ocean or surface water system. Biologically reactive solutes such as nitrogen, 
phosphorus, organic carbon, dissolved inorganic carbon (DIC), and trace metals such as iron (Fe) and 
copper (Cu) are often studied due to their influence on aquatic algae [4,8,11]. Studies on the impacts 
of these solutes transported by groundwater discharge found that it can spur growth in harmful algae 
and influence the location of oyster beds [12,13]. More recently, groundwater discharge was 
identified as a source of the pollutants and the pollutant-indicators mercury (Hg), caffeine, and fecal 
indicator bacteria, to ocean ecosystems [14–17]. Conversely, groundwater discharge can improve 
surficial water quality as well [18]. Lastly, groundwater discharge can be a source of the greenhouse 
gas methane (CH4) for terrestrial and marine environments [9,19,20]. 

Many methods exist to quantify and detect groundwater discharge. The most common methods 
include calculating a box model of radium (223Ra, 224Ra, 226Ra, 228Ra, half-lives of 11.4 days, 3.6 days, 
1600 years, and 5.8 years, respectively) and radon (222Rn, half-life 3.8 days); these solutes are typically 
rich in groundwater due to close rock–water interactions and cation exchange, and low or negligible 
in coastal waters due to radioactive decay [4,21–23]. Radon can be measured continuously on site 
with a Rad-7 from Durridge, whereas the measurement of radium requires filtering large quantities 
of water on a manganese (Mn) filter and measuring the radioactive decay on a Radium Delayed 
Coincidence Counter (RaDeCC) or via gamma spectroscopy [22,24]. As radon is an inert gas, it gives 
good estimates of fresh groundwater discharge in both terrestrial and marine environments, except 
for areas where gas exchange is quick or difficult to quantify [4]. Calculating groundwater discharge 
with radon requires knowledge of wind speed, which can be measured either by the researcher or a 
local weather station [22,25]. This requirement for radon presents a problem in remote locations. 
Conversely, radium is best used only in brackish and saline environments, as salt in the water is 
required to strip radium from the aquifer material via cation exchange [4,26]. As some of the radium 
isotopes have short half-lives, they must be measured within days of collection to ensure low error, 
which again presents an obstacle at study sites distant from the RaDeCC location. Additionally, 
calculating groundwater discharge using radium requires knowledge of the water residence time, 
which can be difficult to ascertain and thus a potentially large source of error in the calculation [27]. 
Another method of measuring groundwater discharge is seepage meters, which require simple and 
inexpensive equipment compared to tracers. However, they can be cumbersome in poor weather, 
deep water, areas of rocky bottom, or with large waves [6,28]. In lakes, where the inflow and outflow 
of all of the other sources of water are measured, and precipitation and evaporation can be calculated, 
implementing a water budget is possible [4,29]. With the advent of satellite imaging and remote 
sensing, detecting plumes of groundwater by their temperature difference from surrounding water 
is a new option [30]. This technique, while efficient at identifying groundwater hot spots, cannot yet 
be used to calculate discharge [30]. Advection-diffusion and heat flow modeling are also utilized to 
calculate groundwater discharge, but much less often than the most popular method of using tracers 
[4,10].  

Figure 1. A conceptual model of groundwater discharge in the Arctic, which can be driven by hydraulic
gradients, tidal/wave pumping, and buoyancy differences.

Inspiration for most studies of groundwater discharge came from the need to constrain solute
fluxes to the ocean or surface water system. Biologically reactive solutes such as nitrogen, phosphorus,
organic carbon, dissolved inorganic carbon (DIC), and trace metals such as iron (Fe) and copper (Cu)
are often studied due to their influence on aquatic algae [4,8,11]. Studies on the impacts of these
solutes transported by groundwater discharge found that it can spur growth in harmful algae and
influence the location of oyster beds [12,13]. More recently, groundwater discharge was identified
as a source of the pollutants and the pollutant-indicators mercury (Hg), caffeine, and fecal indicator
bacteria, to ocean ecosystems [14–17]. Conversely, groundwater discharge can improve surficial water
quality as well [18]. Lastly, groundwater discharge can be a source of the greenhouse gas methane
(CH4) for terrestrial and marine environments [9,19,20].

Many methods exist to quantify and detect groundwater discharge. The most common methods
include calculating a box model of radium (223Ra, 224Ra, 226Ra, 228Ra, half-lives of 11.4 days, 3.6 days,
1600 years, and 5.8 years, respectively) and radon (222Rn, half-life 3.8 days); these solutes are typically
rich in groundwater due to close rock–water interactions and cation exchange, and low or negligible
in coastal waters due to radioactive decay [4,21–23]. Radon can be measured continuously on site
with a Rad-7 from Durridge, whereas the measurement of radium requires filtering large quantities
of water on a manganese (Mn) filter and measuring the radioactive decay on a Radium Delayed
Coincidence Counter (RaDeCC) or via gamma spectroscopy [22,24]. As radon is an inert gas, it gives
good estimates of fresh groundwater discharge in both terrestrial and marine environments, except
for areas where gas exchange is quick or difficult to quantify [4]. Calculating groundwater discharge
with radon requires knowledge of wind speed, which can be measured either by the researcher or
a local weather station [22,25]. This requirement for radon presents a problem in remote locations.
Conversely, radium is best used only in brackish and saline environments, as salt in the water is
required to strip radium from the aquifer material via cation exchange [4,26]. As some of the radium
isotopes have short half-lives, they must be measured within days of collection to ensure low error,
which again presents an obstacle at study sites distant from the RaDeCC location. Additionally,
calculating groundwater discharge using radium requires knowledge of the water residence time,
which can be difficult to ascertain and thus a potentially large source of error in the calculation [27].
Another method of measuring groundwater discharge is seepage meters, which require simple and
inexpensive equipment compared to tracers. However, they can be cumbersome in poor weather, deep
water, areas of rocky bottom, or with large waves [6,28]. In lakes, where the inflow and outflow of
all of the other sources of water are measured, and precipitation and evaporation can be calculated,
implementing a water budget is possible [4,29]. With the advent of satellite imaging and remote
sensing, detecting plumes of groundwater by their temperature difference from surrounding water
is a new option [30]. This technique, while efficient at identifying groundwater hot spots, cannot yet
be used to calculate discharge [30]. Advection-diffusion and heat flow modeling are also utilized
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to calculate groundwater discharge, but much less often than the most popular method of using
tracers [4,10].

The scales of studies of groundwater discharge vary greatly. Most studies focus on determining the
magnitude of discharge and associated solute fluxes for a particular section of beach, bay, or lake [1,3,4].
Several hundred studies were published with this goal in mind. The intensive study of a small
section of coastal aquifer, and the influence of hydraulic gradient, mixing, and tidal/wave pumping,
can result in several studies that fully describe the biogeochemistry of an aquifer and implications for
groundwater discharge [4,8,11]. Waquoit Bay, Massachusetts, is one such site of intensive study [31–33].
In contrast, large-scale studies seek to quantify discharge to an entire ocean basin, while the scientific
community moves towards creating a global model of groundwater discharge to the ocean [23,34,35].
Most of these large-scale studies focus on the Northern Atlantic basin, and other easily accessible
ocean basins [23,35]. Even the most extensive study in terms of scale neglected the Arctic Ocean in its
calculations [34]. Herein lies the issue addressed in this paper. Despite the size of the Arctic Circle
(~30 million km2), only a limited number of studies have been conducted on both fresh (terrestrial) and
marine groundwater discharge, and most of these were published in the preceding decade. This paper
will review several of those studies, synthesize their results, investigate gaps in research, and predict
how the changing Arctic will affect groundwater discharge.

The Arctic Circle is unique when considering groundwater discharge. The terrestrial areas of
the circle are generally underlain by continuous permafrost (permanently frozen ground), which has
implications not only for groundwater flow, but solute composition as well [36]. Permafrost can act as
a barrier to groundwater flow, or limit groundwater flow in the active layer (the topmost layer that
thaws seasonally) above the permafrost during warmer months [37]. Permafrost may also act a source
of water and solutes to groundwater in the active layer as it thaws, a process that is progressing as
the Arctic climate warms [36]. Indeed, a permafrost thaw of 1–4 ◦C was observed in the preceding
decades on the Alaskan North Slope [38,39]. The Arctic Ocean collects 11% of the global river discharge,
and groundwater was shown to rival river discharge in the Atlantic Ocean basin [23,40]. If this ratio of
groundwater to river water discharge is similar in the Arctic, this means that groundwater may play
an important role in terrigenous water and solute delivery to the Arctic Ocean.

2. Studies in the Arctic

A total of 16 peer-reviewed studies concerning groundwater discharge in the Artic are reviewed
here, most of them published in the previous 10 years. Several of the studies overlap in location
(Table 1), and most of them had a study site in North America (Figure 2). Of the 11 sites studied,
six were terrestrial (fresh water) in nature and the remaining five were marine, which is also how the
next section of text is separated.

Table 1. Study sites of Arctic groundwater discharge.

Figure 2
Number Location Groundwater Discharge Reference(s)

Terrestrial

1 Toolik Lake

1.6–2.1 × 104 m3 day−1

1.25 ± 1.15 cm day−1

not calculated
3.64 × 104 m3 day−1

Paytan et al. [20]
Dimova et al. [41]
Lecher et al. [42]

Whalen and Cornwell [29]

2 Shellabear Lake not calculated Dugan et al. [43]

3 Yukon River Basin up to 50% of river flow Walvoord and Striegl [2]

4 Werenskiold Glacier not calculated Kies et al. [44]

5 Leverette Glacier 1–5% of river flow Linhoff et al. [45]

6 ‘N’ Glacier 3.4–26% of outflow Bhatia et al. [46]
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Table 1. Cont.

Figure 2
Number Location Groundwater Discharge Reference(s)

Marine

7 Barrow 13.0 ± 0.2 m3 day−1 m−1

1.0 ± 0.3 cm day−1

Lecher et al. [9]
Dimova et al. [41]
Lecher et al. [47]

8 Laptev Sea not calculated Charkin et al. [48]

9 North Slope of Alaska not calculated Deming et al. [49]

10 Mackenzie River Mouth 60–140 m3 yr−1 m−1 Frederick and Buffett [10]
Frederick and Buffett [50]

11 Cambridge Fjord 0.14 m3 s−1 Hay [51]

Hydrology 2017, 4, 41  4 of 15 

 

9 North Slope of Alaska not calculated Deming et al. [49] 

10 
Mackenzie River 

Mouth 
60–140 m3 yr−1 m−1 Frederick and Buffett [10]  

Frederick and Buffett [50] 
11 Cambridge Fjord 0.14 m3 s−1 Hay [51] 

 
Figure 2. Locations of studies, as viewed from the geographic North Pole. Numbers correspond to the 
study sites in Table 1. Figure made using Ocean Data View (Schlitzer, R., Ocean Data View, 
http://odv.awi.de, 2016). 

2.1. Terrestrial Sites 

The most studied terrestrial system in the Arctic with respect to groundwater discharge was 
Toolik Lake (1 on Figure 2), largely due to the Long Term Ecological Research Station (LTER) that 
provides scientific support, and its accessibility by truck via the Dalton Highway, an eight-hour drive 
north of Fairbanks. Toolik Lake is a kettle lake on the tundra of the North Slope of Alaska and is 
approximately 1.5 km2 in surface area. The first study of groundwater discharge of this lake appeared 
in 1985 in a research article by Whalen and Cornwell [29], which sought to describe nutrient cycling 
within the lake. Groundwater discharge to the lake was only quantified due to an unaccounted source 
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2.1. Terrestrial Sites

The most studied terrestrial system in the Arctic with respect to groundwater discharge was
Toolik Lake (1 on Figure 2), largely due to the Long Term Ecological Research Station (LTER) that
provides scientific support, and its accessibility by truck via the Dalton Highway, an eight-hour drive

http://odv.awi.de


Hydrology 2017, 4, 41 5 of 16

north of Fairbanks. Toolik Lake is a kettle lake on the tundra of the North Slope of Alaska and is
approximately 1.5 km2 in surface area. The first study of groundwater discharge of this lake appeared
in 1985 in a research article by Whalen and Cornwell [29], which sought to describe nutrient cycling
within the lake. Groundwater discharge to the lake was only quantified due to an unaccounted source
of water in a water budget conducted at the lake [29]. Therefore, although the study of groundwater
discharge was not the explicit purpose of this study, it was the first to identify groundwater discharge
and create a standard against which future studies could be compared.

Toolik Lake again became the focus of studies regarding groundwater discharge more recently,
when a slew of studies were published that sought to characterize the importance of groundwater
discharge to lake methane balance [20,41,42]. Dimova et al. [41] characterized groundwater flow
through the tundra and discharge to the lake using a box model based on the radon isotope content of
the lake and surrounding saturated active layer and resistivity measurements of the tundra, from which
changes in temperature with depth could be assessed. Paytan et al. [20] computed the flux of methane to
Toolik Lake using box models based on radium and radon isotopes paired with methane concentrations
in groundwater from the active layer. Lecher et al. [42] compared the flux of methane to the lake through
groundwater discharge to that of diffusion from lake bottom sediments; their study determined the
governing processes of methane concentrations in groundwater surrounding the lake with a mixing
model of methane in the lake based on carbon (C) and hydrogen (H) isotopes in methane from
the lake, active layer groundwater, and bottom sediments. Cumulatively, these studies found that
groundwater discharge is a significant source of methane to the lake, providing up to 70% of total
methane inputs. Groundwater enters the lake at the shoreline, where the lake to air flux of methane is
also the highest, and methane in groundwater is created via the bacterial methyl-type fermentation
pathway [20,41,42]. A scaling analysis of the fluxes across all Arctic lakes showed that the flux of
methane from groundwater to the atmosphere through lakes could be a significant source of methane
to the atmosphere across the Arctic, but more investigation of this mechanism is required across other
Arctic lakes, as the fluxes were only derived from Toolik Lake [20]. This is especially true as Toolik
Lake is a kettle lake (a type of lake formed by glacial processes and relatively deep compared to its
surface area), and therein has different biogeochemical dynamics than the abundant thermokarst lakes
(which are formed by permafrost thaw processes and relatively shallow compared to their surface
areas) of the Arctic [36].

Another study of groundwater discharge to an Arctic lake was conducted at Shellabear Lake
on Melville Island in the Canadian Arctic (2 on Figure 2), which was also the highest latitude
terrestrial study at 74◦50′ N [43]. Shellabear Lake is a hypersaline lake that is seasonally isolated and
approximately half the size of Toolik Lake at 0.59 km2 [43]. Here, Dugan et al. [43] sought to field test
using radon as a tracer of groundwater discharge in an extremely remote Arctic lake. They found that
radon concentrations in the lake increased with the onset of snowmelt, implying that groundwater
discharge to the lake increased at that time [43]. Furthermore, like Toolik Lake, groundwater mostly
enters the lake from the perimeter. However, flux from the bottom of the lake through the thaw bulb
(Figure 1) below it is a possibility as well [43]. Although groundwater discharge was not calculated
at this site, as only radon concentrations were measured in the lake, it does show the possibility of
conducting such tracer studies in remote areas of the Arctic.

Terrestrial studies of groundwater discharge in the Arctic are not limited to lakes. The largest
scale of the terrestrial study conducted by Walvoord and Striegl [2] encompassed the entire watershed
(853,300 km2) of the Yukon River (3 on Figure 2) in both Alaska and Canada. In this study, the authors
utilized a water budget computed from the differences in winter and summer flow collected from
stream gauges to compute the percent of water in the rivers within the watershed sourced from
groundwater (Figure 3) [2]. Utilizing over 30 years of data, they found the contribution of groundwater
discharge to rivers increased significantly in most rivers as time progressed, even though annual river
flow remained the same [2]. This increase was attributed to warmer Arctic summer temperatures,
which thawed permafrost and increased the active layer [2]. If these trends are representative of
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most of the Arctic, they imply a shift to a more groundwater-dominated system across the Arctic in
the future, a prediction reflective of other studies [36,52,53]. Combining their data with previously
reported data on nutrients in the Yukon River basin, Walvoord and Striegl [2] predicted that dissolved
organic carbon and nitrogen (DOC and DON) export will decrease, and dissolved inorganic carbon
and nitrogen (DIC and DIN) export will increase. These biogeochemical changes have implications for
the Bering Sea, as the Yukon eventually drains to it.Hydrology 2017, 4, 41  6 of 15 
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Figure 3. Calculated contributions of groundwater to river flow in the Yukon River watershed from
Walvoord and Striegl [2]. Reprinted with permission.

The final terrestrial environment where groundwater discharge has been measured is in glacial
environments. There are two types of subglacial flow: channelized and distributed system flow [54–56].
Channelized flow is the faster of the two types, and consists of melt water and precipitation traveling
beneath the glacier through crevices, caverns, and other openings [54–56]. Distributed system flow
is the slower type of flow, and is a type of groundwater that flows through the subglacial till and
sediments at the glacier bed [54–56]. Distributed system flow is thought to occur through the first few
meters of sediment beneath the glacier, but can vary glacier to glacier. Although deeper groundwater
flow can occur beneath glaciers, distributed system flow was the focus of the studies reviewed here.

An early study of Werenskiold Glacier (4 on Figure 2) by Kies et al. [44] explored the applicability
of pairing measurements of radon with electrical conductivity to describe the pathways of subglacial
meltwater at discharge sites at the glacier’s terminus [44]. Discrete samples of electrical conductivity
and radon were measured in water at the outflow at various times and compared. The results of
this study showed that water at the discharge site was high in radon, and its electrical conductivity
was indicative of water in close interaction with the subglacial till, even flowing through the till
as distributed system flow (groundwater) [44]. Conversely, water low in radon and electrical
conductivity at the discharge sites was more representative of water that transited through the
subglacial environment in channels [44]. Water with intermediate levels of these parameters, or a mix
of high and low, was indicative of a mix of the distributed system and channelized flow or other
processes [44]. As this study used only discrete samples, distributed system discharge could not be
quantified. At a subarctic site in Alaska, the electrical conductivity of glacial outflow was also used
to explore the relationship between distributed system flow and glacier movement, which shows the
value of electrical conductivity in exploring multiple aspects of subglacial distributed system flow [57].

The first studies to translate measurements of radon and other tracers to measurements of
distributed system flow at a glacial outflow and in a proglacial river occurred at two glaciers in
Greenland, Leverette and ‘N’ Glacier (5 and 6 on Figure 2 respectively) [45,46]. At ‘N’ Glacier,
Bhatia et al. [46] used a mixing model of radon and stable isotopes in water (oxygen-18 and deuterium)
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to determine the contribution of distributed system flow to water at the outflow. Although the sampling
was discrete, they were able to determine that distributed system flow comprised 3.4–26% of water
discharging at the glacial outflow throughout the May to July field season [46]. At Leverette Glacier,
Linhoff et al. [45] modified an analytical radon model used to calculate groundwater discharge to a river
to calculate the contribution of distributed system flow through the subglacial till to the proglacial river,
which they estimated to be 1–5% of river flow. Furthermore, this contribution increased drastically
after the occurrence of large surface melt events, and the amount of water in the distributed system
influenced movement of the glacier [45]. They were able to make the advancement of quantifying
distributed system discharge by collecting continuous measurements of radon concentrations at the
outflow [45].

Cumulatively, these glacial studies show that groundwater flow occurs below glaciers in the
form of distributed system flow and can contribute a substantial amount of water at the outflow.
Furthermore, the close rock–water interaction of water below the glacier affects the geochemical
content (specifically radon, water isotopes, and conductivity) of water at the outflow, and these
geochemical characteristics change throughout the thaw season. Although, the solutes studied so far
have not been biologically reactive, other studies have shown ice sheets and glaciers are a source of iron
to the ocean, which may be especially important, as many areas of the ocean are iron limited [58,59].
Additionally, a subarctic study in Iowa found that glaciers also increase recharge of confined aquifers,
further exploring how glaciers affect groundwater systems [60].

2.2. Marine Sites

Some of the studies at marine sites focused on groundwater discharging from the active layer
above the permafrost, and other studies evaluated discharge from the unfrozen aquifer below the
permafrost (subpermafrost groundwater). The most studied location with respect to flow through the
active layer was Barrow, Alaska on the Arctic Ocean (7 on Figure 2) [9,41,47]. Barrow, Alaska sits at
the intersection of the Beaufort Sea and Chukchi Sea, and is the most northern point in the United
States. Lecher et al. [9] quantified submarine groundwater discharge to the Arctic Ocean at this site as
12 ± 4 m3 day−1 m of shoreline−1, and the associated methane flux to be up to 11.8 ± 3.9 mg day−1

m of shoreline−1, through using a radium isotope-based box model and methane concentration data
from active layer groundwater. This study, while being the first to account for the total submarine
groundwater discharge to the Arctic Ocean (fresh groundwater + recirculated groundwater), found
it to be a relatively minor source of methane to the Arctic Ocean [9]. Dimova et al. [41] further
characterized submarine groundwater discharge to the Arctic at this site by calculating a specific
discharge of 1.0 ± 0.3 cm day−1 with a radon isotope box model and resistivity measurements of the
tundra coastline, as at Toolik Lake. The studies agreed that the effect of tidal pumping on groundwater
discharge at Barrow was negligible due to the low tidal range, and that submarine groundwater
discharge there must be driven by other factors, such as permafrost melt [9,41]. These studies were
followed later by Lecher et al. [47], which paired the submarine groundwater discharge fluxes from
Lecher et al. [9] with coastal groundwater nutrient and trace metal data from the same location to
determine the importance of submarine groundwater discharge as a source of these solutes to the
Arctic Ocean. While this study was successful in identifying submarine groundwater discharge as
a source of nitrate (NO3), silicate (SiO4), phosphate (PO4), iron (Fe), and nickel (Ni) to the Arctic Ocean,
it was unable to compare these fluxes to other sources, due to lack of data and knowledge about other
sources [47].

Charkin et al. also used radium and radon in addition to temperature and salinity data to
characterize groundwater discharge in the Laptev Sea [48]. Cross plots of these parameters were used
to identify the presence of different water types in the Laptev Sea. While Charkin et al. [48] did not
quantify submarine groundwater discharge in this study, they were the first to observe additional
types of submarine groundwater discharge to the Arctic Ocean. These other sources included the
discharging of subpermafrost water through fault zones and brine squeezed out of ice formation
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zones [48]. The scales of such discharge, and hence this study site, were much larger (100 s of km)
compared to the studies at Barrow, which were limited to the 1 km scale [48].

Published within the same year of the Barrow studies, and also located on the Beaufort Sea
(10 in Figure 2), a paper exploring the impacts of submarine groundwater discharge on methane
hydrate stability was published by Frederick and Buffett [10]. Differing from the calculations at Barrow,
this study assumed the groundwater flow to be subpermafrost [10]. Many of the assumptions of
this study were based on a previous study by Deming et al. [49], which determined the presence of
subpermafrost groundwater flow on the North Slope of Alaska (9 in Figure 2) by heat flow modeling.
While this previous study did not calculate submarine groundwater discharge itself, it did hypothesize
its existence on the Alaskan and Canadian Arctic coast due to gravity-driven channelized flow through
geologic units with high permeability [49].

Frederick and Buffet [10] built on this work by actually calculating submarine groundwater
discharge (Figure 4) using a modification of a previously existing two-dimensional finite volume
numerical model. The model was run with different quantities of submarine groundwater discharge,
and the researchers compared the results of the model with observations of permafrost extent to
determine what values of submarine groundwater discharge best fit the field observations [10].
The resulting flux was 60–140 m3 year−1 m of shoreline−1, and represented fresh groundwater
discharge only [10]. More importantly, higher rates of submarine groundwater discharge corresponded
to increased methane hydrate stability, due to the freshening of the pore fluids [10]. The last finding of
this study was that submarine groundwater discharge at this site was largely buoyancy-driven, as fresh
groundwater is less dense than the corresponding seawater [10]. Frederick and Buffet built upon
this work with a later paper, where they explored the ability of submarine groundwater discharge
to aid in methane hydrate expansion by delivering methane to the cold continental shelf sediments
using a numerical model of two-phase flow of pore fluids, based on the finite volume method [50].
They found that in subpermafrost areas, groundwater flow did assist in the development of methane
hydrate formation, even if the groundwater was undersaturated with respect to methane [50]. However,
the results of hydrate formation were inconsistent within areas of continuous permafrost, and relied
more on permafrost extent [50].
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Figure 4. Modeled permafrost extent (y-axis) with time (x-axis, Glacial Cycle) at different fluxes
of submarine groundwater discharge (SGD) from Frederick and Buffet [10]. 40 glacial cycles are
equivalent to 40,100 ka. The higher the submarine groundwater flux, the more extensive the permafrost
extent remains over time. With all simulations beginning at 100% permafrost extent, by the end of the
simulations, no SGD resulted in a permafrost extent of 50% of the shelf width, whereas the highest
SGD flux of > 140 m3 year−1 m−1 maintained permafrost extent at 100% of the shelf width. Reprinted
with permissions.
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One of the first studies of submarine groundwater discharge occurred at Cambridge Fjord on
Baffin Island (11 on Figure 2) [51]. This study is unique in that it quantified point source discharge
of a brackish spring into the fjord, rather than diffuse seepage [51]. Remote acoustic sensing was
used to identify the spring and calculate a flux of 0.14 m3 s−1 [51]. The goal of this study was to test
the method of using acoustic imaging to study a submarine spring, and thus solute transport and
implications for biogeochemistry were not discussed. Therein, its major contribution was to identify
another mechanism by which groundwater discharges to the ocean via submarine springs.

To summarize the marine studies, they exhibit the variety of pathways through which
groundwater discharge occurs on the Arctic Ocean. Flow was observed to discharge from the active
layer, from under the permafrost via buoyancy driven flow, as point sources at springs, and as brine in
ice formation zones. Heterogeneity of flow is common in submarine groundwater discharge studies
across the globe, with some types of discharge (such as flow through volcanic channels on islands)
having a much large flux than others (such as diffusive flow) [1,21]. An understanding of all these
types of discharges and their associate solute flux will be important in the future, if basin-scale solute
fluxes through submarine groundwater discharge are to be constrained in the Arctic Ocean.

3. Implications for Biogeochemistry

3.1. Carbon

Synthesizing the data from these studies, a few trends become clear, the most robust of which is
the effect of groundwater discharge on the methane cycle. These processes are displayed in Figure 5.
At Toolik Lake, it was shown that groundwater discharge could transport methane from the saturated
zone of the active layer to the lake, where it can more easily escape to the atmosphere [20,42,61].
This is further supported by isotopes in methane that show large contributions of groundwater
to the methane inventory of near-shore areas where the lake to air methane flux is highest [42,61].
This could already be a significant source of methane to the atmosphere in the Arctic [20]. However,
this mechanism of methane transport is expected to increase, as the Arctic is moving towards a more
groundwater-dominated system due to increases in permafrost thawing brought on by warmer
temperatures, which both deepen the active layer and contribute water to it [2,36,42,52]. Indeed, some
thermokarst lakes in the Arctic have already changed in size due to more connected drainage brought
on by a thicker active layer [62–64], including drainage to the groundwater system [37]. Warmer
temperatures will also increase the rates of methanogenesis via the bacterial methyl-type fermentations
pathway in the active layer [42,65].
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Therefore, the findings from the terrestrial studies display a positive feedback loop whereby
increased concentrations of methane in the atmosphere induce higher temperatures in the atmosphere.
These higher temperatures cause permafrost thawing, which increases both groundwater flow to
surface water bodies, and faster rates of methanogenesis in the active layer [2,52,65]. Cumulatively,
this causes more methane transport to surface water bodies where it can escape/evade to the
atmosphere, which then leads back to the start of the cycle. Changes in precipitation may also
alter the groundwater system, as increases in precipitation would lead to more groundwater flow.
Changes in precipitation with a warming climate are inconsistent across the Arctic; as a result, it is too
early to fully assess how this part of the hydrological cycle will affect groundwater flow [66,67].

In contrast to the freshwater environments, submarine groundwater discharge may be slowing
down the release of methane to the atmosphere. Not only was submarine groundwater discharge
found to be a minor source of methane to the Arctic Ocean on the Alaskan coast, but on the Canadian
coast, freshwater discharge was shown to increase methane hydrate stability and trap methane in
hydrates before it could reach the ocean in dissolved phase [9,10,50]. Therefore, methane transport
in this environment represents a stopgap in the positive feedback loop. Methane saturated or even
undersaturated in groundwater precipitates out in the form of methane hydrates on the cold continental
shelf system, essentially stripping the submarine groundwater discharge of methane, which would
otherwise have eventually vented to the atmosphere [50]. Of course, this stopgap has a limit of
effectiveness, as eventually enough warming on the shelf would destabilize the hydrates. That would,
in turn, lead to the release of sequestered methane to the water column and atmosphere.

Aside from methane, the changing Arctic also has implications for the export of carbon in the
form of DOC and DIC through groundwater discharge to rivers that drain to the ocean. Not only
did Walvoord and Striegl [2] find that the export of DOC decreased in the Yukon River basin and
its tributaries, but DOC concentrations have been found to decrease with increasing active layer
thickness [68]. As soil type influences not only the rate of permafrost thaw, but also the DOC
concentration in the active layer, the relationship between these three factors will evolve as the climate
continues to warm [68]. However, as both these studies discuss the transport of DOC through the active
layer in only Alaska, they are not representative of the entire Arctic. The opposite effect—increasing
DOC export with increasing permafrost degradation—has been observed in other areas of the Arctic,
which makes generalizations difficult to ascertain [32] (and references therein). It has been proposed
that DOC concentrations in groundwater will decrease and DIC concentrations will increase in Arctic
groundwater. This is due to thawing permafrost that will increase the depth of groundwater flows,
which will pass from areas of high organic content to mineral soil [2,36]. Studies have yet to be
published that fully evaluate the validity of this assertion.

3.2. Nitrogen

Nitrogen in Arctic groundwater discharge has not been studied as much as carbon, but it is still
important biologically. Two mechanisms exist by which DIN can be exported from groundwater to the
Arctic Ocean. Lecher et al. [47] showed submarine groundwater discharge could directly transport
nitrate to the Arctic Ocean at a flux of 4.3 ± 2.1 mol day−1 m−1, and that submarine groundwater
discharge is especially rich in nitrate compared to phosphate and silicate, with respect to Redfield
ratios. Walvoord and Striegl [2] explored how DIN that was transported to rivers through groundwater
discharge drained to the ocean, and how this mechanism has changed with thawing permafrost.
They discovered that DIN export increased through this mechanism as permafrost thawed, a trend
also attributed to groundwater flow moving from organic-rich soils to mineral soils, as with the DOC
to DIC shift [2,36]. This DIN increase likewise corresponded with a DON decrease [2]. Observations
of increased nitrate in the Kuparick River near Toolik Lake have also been attributed to increased
groundwater flow and discharge to the river due to permafrost thaw, which indicates this trend is not
limited to one river system [69–71]. Increased permafrost thaw may likewise increase the transport of
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DIN through submarine groundwater discharge, as studies pointed to permafrost thaw as a driver of
this discharge [41].

As groundwater discharge occurs during the summer, it fills an unmet need in the Arctic Ocean,
which becomes nitrogen limited in the summer [72]. In the future, increasing export of DIN to the
ocean through groundwater discharge may become more important as the climate changes. N-limited
periods in the Arctic Ocean are expected to lengthen as primary productivity increases in response to
declining sea ice extent [73]. If DIN export through groundwater discharge in this region increases,
it may ease some of the nitrogen limitation periods expected in the ocean. Such increased primary
productivity would have implications for the Arctic marine food chain and carbon sequestration,
although the true impact is not yet known.

3.3. Other Solutes

Other solutes found to be transported through groundwater discharge in the Arctic included
silicate, phosphate, iron, and nickel [47]. However, the relative importance of groundwater discharge
as a source of these solutes to surface water bodies and the ocean, both currently and in the
future, has yet to be studied. Phosphate concentrations have been predicted to increase in Arctic
groundwater due to more flow through mineral soils caused by a deepening active layer, but only
direct measurements have yet been made in the Yukon basin to confirm this [53,74]. Likewise, silica,
nickel, iron, and major ion export should increase as mineral weathering and increased groundwater
flow occurs, but measurements of these fluxes are lacking [36,74]. Currently, only circumstantial
evidence in the form of increased concentrations of these solutes in surface waters exists to support
these ideas [36,53].

4. Research Priorities

Building on current research, there is a need to quantify the fluxes of solutes through groundwater
discharge to surface waters and the ocean in the Arctic, collect evidence to assess whether predicted
changes of these fluxes are actually occurring, and compare these fluxes to other sources of these
solutes. The implications of bioactive nutrient transport to the Arctic Ocean, such as increased primary
productivity due to DIN transport, should be ascertained to determine if groundwater discharge is
now—or will be in the future—an important source of nutrients to that water body. Furthermore,
almost all of the studies of Arctic groundwater discharge acting as a conduit for solutes have been
limited to North America. Observations of the processes from other areas of the Arctic should be
attempted before generalizations about how groundwater discharge will affect biogeochemistry in
a changing Arctic can be made. Lastly, although subglacial groundwater flow has been identified
as a potential source of solutes to proglacial rivers, and therefore the ocean, the fluxes of solutes
through this discharge have not yet been quantified [45]. Glacial watersheds have been shown to
be poor in DIN, and changes in subglacial flow from channelized to distributed system flow will
have repercussions for the solute content of proglacial and downstream systems [75]. Furthermore,
as ice sheets and glaciers contribute iron to the ocean, further study of how distributed system flow
contributes to the flux of iron is warranted [59,60]. As a warming climate is expected to increase glacial
melt, subglacial flow, and distributed system flow, new research that explores the nuances of these
processes and how climate will affect them would also be of value.

There are also new avenues of research that should be explored. No research has presently been
conducted on the influence of Arctic islands on groundwater discharge in the Arctic. With extensive
archipelago systems, Arctic islands may represent a disproportionate amount of groundwater discharge
to the Arctic Ocean due to their large coastline-to-area ratio, as has been shown of islands in the
Pacific [76], (and references therein). A research study that specifically addresses this inquiry would
be of great help in determining the actual total flux and impact of groundwater discharge to the
Arctic Ocean. Secondly, as the Arctic is subject to extensive oil and gas exploration, a study on the
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potential impacts of these practices on the groundwater system, and groundwater discharge therein,
is warranted.

5. Conclusions

In summary, there has been an increasing interest in groundwater discharge in the Arctic,
with several studies published in the preceding decade. Some have simply sought to identify the
presence of groundwater discharge [43,44,48]. However, as time progressed, so has the science
to quantify both the discharge itself and associated solute fluxes (methane, inorganic nutrients,
and metals). Most of the studies reviewed (14 of 16 studies) were located in North America, and they
span freshwater, marine, and glacial environments. Groundwater discharge from the active layer
has been shown to be a major source of methane to lakes, and areas where discharge enters lakes is
associated with higher water-to-air methane fluxes. In contrast, subpermafrost groundwater discharge
acts a methane sink, as methane dissolved in groundwater precipitates as hydrates in cold continental
shelf sediments. Studies in Alaska have found groundwater discharge to be a source of nutrients,
major ions, and metals to rivers and the ocean. It is expected that inorganic solute fluxes through
groundwater discharge will increase as permafrost thaws, both diverting flow paths through mineral
soils and increasing the active layer depth, a current limiting factor in groundwater flow.

Future studies should seek to quantify groundwater and associated solutes fluxes in addition
to merely identifying the presence of discharge. Few of the existing studies attempted to evaluate
the impact of groundwater discharge to Arctic biogeochemistry, and carbon and nitrogen based
solutes received the most attention. There is a need for studies to expand their scope to include other
biologically important solutes, including phosphorous, silica, major ions, and metals. Confirmation of
how a changing Arctic is expected to alter the fluxes of these solutes through groundwater discharge
is also required. As most of the studies have focused on groundwater discharge in North America,
new studies should expand to other areas of the Arctic to see if trends found in North America hold
true across the Arctic. This will allow for more accurate extrapolation of groundwater discharge and
associated solute fluxes.
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