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Abstract within the lower percolation zone of the southeastern Greenland ice sheet, meltwater has
accumulated within the firn pore space, forming extensive firn aquifers. Previously, it was unclear if these
aquifers stored or facilitated meltwater runoff. Following mixing of a saline solution into boreholes within the
aquifer, we observe that specific conductance measurements decreased over time as flowing freshwater
diluted the saline mixture in the borehole. These tests indicate that water flows through the aquifer with an
average specific discharge of 4.3 x 10°° m/s (5 = 2.5 x 10~ ° m/s). The specific discharge decreases
dramatically to 0 m/s, defining the bottom of the aquifer between 30 to 50 m depth. The observed flow
indicates that the firn pore space is a short-term (<30 years) storage mechanism in this region. Meltwater
flows out of the aquifer, likely into nearby crevasses, and possibly down to the base of the ice sheet and into
the ocean.

Plain Language Summary Across some parts of the Greenland ice sheet, meltwater generated at
the snow surface travels downward through a layer of compacting snow and firn (older snow). From the
bottom of the firn layer (about 30 m), the meltwater fills up available pore space and creates a firn aquifer. We
drilled through this aquifer in several places to determine if and how much water was flowing. We confirmed
that meltwater is flowing through the firn aquifer, inferring that this water is also leaving the aquifer at its
downstream edge. Our method also confirms the bottom of the aquifer as we found no flow happening
below it. Water leaving the aquifer likely flows into crevasses downhill and is routed toward the edge of the
ice sheet. Our measurements can be used to model if water-filled crevasses could break open and allow water
to flow inside the ice sheet, perhaps toward its base and later out into the ocean.

1. Introduction

The Greenland ice sheet is losing mass due to surface meltwater runoff and ice discharge, with important
implications for sea level rise (Shepherd et al.,, 2012). The surface of the Greenland ice sheet (GrlS) has experi-
enced warming of ~0.5°C/decade (Hall et al., 2013), accelerating mass loss (Vaughan et al., 2013). Mass loss
results from surface meltwater runoff and ice discharge to the ocean, with surface mass balance processes
becoming increasingly dominant (Enderlin et al.,, 2014; van den Broeke et al., 2009). Surface melt area extent
has increased since the late 1950s (Fettweis et al., 2011). While meltwater from the GrIS contributes to sea
level rise, how and when surface meltwater reaches the ocean is poorly constrained, particularly within the
expanding percolation zone (Koenig et al., 2015; Rennermalm et al., 2013; Tedesco, 2013).

Longer term (multiannual) meltwater storage occurs when infiltrated meltwater freezes at depth within cold
firn, thereby buffering sea level rise (Harper et al., 2012; Parry et al., 2007; Pfeffer, 1991). Although modeling
studies show that 45% of meltwater refreezes in firn (Ettema et al., 2009), firn capacity varies spatially and
temporally (de la Pefa et al., 2015; Lindbéck et al,, 2015; Machguth et al., 2016; van Angelen et al., 2013).
Meltwater discharge occurs when meltwater flows through the glacial hydrologic system and contributes
to sea level rise (Chu, 2014; Lewis & Smith, 2009; Smith et al., 2015). This process can occur over shorter
(daily-seasonal) or longer time scales (annually, as described in this manuscript).

Across the southeast GrlIS percolation zone, snowmelt infiltrates into the upper layers of the ice sheet and fills
available pore space above the firn-ice transition, forming large unconfined aquifers that persists throughout
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Figure 1. (a) Site map showing sites where we collected firn cores and conducted borehole dilution tests (FA16_4, FA16_5,
and FA16_6) in 2016. Grey lines indicate aquifer extent. Elevation contours from Helm et al. (2014) and Landsat-8

image from 3 August 2016 (U.S. Geological Survey). (b) Photos of the different firn/ice core types illustrating bubbly ice,
clear ice, firn, and ice lenses lying on top of wooden boards. Stratification of ice types is shown in Figure 3.

the year (Forster et al., 2014; Koenig et al.,, 2014). Firn aquifers form where melt rates are high, and high
accumulation provides pore space and insulation for the water to persist through cold winters (Kuipers
Munneke et al., 2014; Miége et al., 2013). The aquifer covers between 22,000-90,000 km? (~4% of ice sheet
area) and, if released into the ocean, would contribute about 0.4 mm of sea level rise globally (Forster
et al.,, 2014; Koenig et al., 2014; Miege et al,, 2016; Steger et al., 2017).

The effect the firn aquifer has on meltwater runoff has been unclear. Two end-member pathways for the
stored meltwater to exit the aquifer are (1) the aquifer drains constantly into the englacial and/or subglacial
hydrologic networks including crevasses and moulins that may reach the ice sheet bed or (2) the aquifer
stores water in pore space until all available pore space is filled and/or a threshold is met (Koenig et al.,
2014; Poinar et al., 2017). Total firn meltwater storage capacity across the percolation zone of the GrlS is esti-
mated between ~300 and 1,200 Gt from field observations of firn structure and meltwater retention (Harper
etal, 2012).

Field observations of highly permeable firn (~107'? to 107" m?) and a sloping (less than ~2°) water table
(Forster et al,, 2014; Koenig et al., 2014; Miller et al., 2017) suggest that meltwater should flow within the aqui-
fer if a connected network of pores is maintained. According to Darcy’s law, the hydraulic conductivity and
the hydraulic gradient within an aquifer control the specific discharge. Meltwater flow through the aquifer
can be accompanied by discharge and/or a change in storage. Crevasses lie directly downstream from an
aquifer in southeast Greenland and may allow meltwater to reach the ice sheet bed (Poinar et al., 2017).
Thus, characterizing water flow within the aquifer is critical to determining whether the aquifer stores or
transmits meltwater into other englacial or subglacial hydrologic networks.

Here we present the first direct evidence that fluid flow occurs within the aquifer accompanied by estimates
of specific discharge and average linear velocity. We also identify the depth of the bottom of the aquifer (firn/
ice transition) where fluid flow ceases in glacier ice (pores close off). These measurements support a direct
connection between meltwater within the firn aquifer and an englacial or subglacial drainage system. This
connection may have substantial implications on ice dynamics in this region if discharging meltwater reaches
the base of the ice sheet through crevasses, where it can lead to increased ice velocity.

2. Methods

We collected firn cores at three sites along a glacier flow line ~50 km upslope from the terminus of Helheim
Glacier, southeastern Greenland in July and August 2016 (Figure 1; see supporting information for a more
detailed explanation of methods). At this site, the ice is approximately 1 km thick, and snow accumulation
rates simulated by regional climate models range from 1 to 4 m water equivalent per year (Burgess et al.,
2010; Ettema et al., 2009; van Angelen et al., 2012). Cores were collected using a lightweight thermal drill
developed by Jay Kyne and logged for density and stratigraphy. We observed four main firn/ice types
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between the surface and 50 m depth: firn, ice lenses, bubbly ice, and clear ice (Figure 1). Firn is snow that lasts
longer than an ablation season without transforming to ice (Cogley et al., 2011). Ice lenses form as surface
meltwater infiltrates and refreezes in snow and firn. Bubbly ice is equivalent to B-type (bubbly) ice defined
by Kameda et al. (1993) or bubbly ice described by Vallon et al. (1976). Clear ice is equivalent to T-type (trans-
parent) ice defined by Kameda et al. (1993) and blue ice described by Vallon et al. (1976).

We used borehole dilution tests in open boreholes (filled with water below the water table) left from firn core
collection to determine rates of horizontal fluid movement within the aquifer (Drost et al., 1968; Havely et al.,
1967; Jamin et al,, 2015). First, we measured the background (preinjection) specific conductance of the liquid
water in the open boreholes at 30 cm intervals starting at the water table using a Hydrolab. Then we injected
a dilute saltwater solution (10 g salt in 1 L water, resulting in a specific conductance around ~130 uS/cmin a
borehole with a 20 m saturated thickness) into the borehole and mixed it into the water in the borehole using
a submersible well pump (12 V Tornado pump by Proactive). Then we monitored the specific conductance at
30 cm depth intervals every few hours over ~24 h. Within a 50 m borehole, 30 cm vertical resolution captures
the medium and large scale horizontal flow patterns. However, it does not capture variability associated
with stratigraphic changes smaller than 30 cm. Background specific conductance values in the borehole were
1-18 uS/cm. After saltwater injection, specific conductance values increased to ~100-200 uS/cm.

The dilution tests provide profiles of flow within the aquifer that we compare to theoretical flow estimates
based on Darcy’s law, which describes the flow of a fluid through porous media. The specific discharge within

an aquifer can be calculated as
—zr C
=—In[— 1
qa 2ta n (Co> M

where q is the specific discharge (length/time), r is the borehole radius (length), t is time, « is a formation fac-
tor accounting for the attenuation of the velocity field by the borehole, commonly taken to be equal to 2
(Pitrak et al.,, 2007), and C/C, is the relative concentration at a given time. The specific discharge is the flow
of water per unit area of porous media (Sl units of m3/(m? s)) and refers to the flux of water flowing through
an area of the porous medium, even though the water only flows through connected pores. Average linear
velocity describes the velocity at which a tracer in the water would move (equation (S1) in the Sl). Thus, the
actual velocity of the water flowing through connected pores will differ from the specific discharge.

The calculated flow does not account for vertical flow or diffusion. Vertical flow within the borehole and
molecular diffusion are ~100 times less than measured horizontal flow based on vertical hydraulic gradient
measurements that were below detection and the characteristic diffusion length over the period of observa-
tion. Vertical hydraulic gradients calculated by the steel tape method (accurate to 0.003 m) were too small to
detect (Cunningham & Schalk, 2011). Based on 0°C (£0.2°C) temperature measurements throughout the
borehole, we assume temperature driven flow is negligible and that diffusion will also be reduced. We do
not expect dilution by surface meltwater to influence salinity on the timescales of this test as maximum melt
rates were ~1 mm/h (maximum addition of only 0.2% of water in borehole if sustained over 24 h). The mean
residence time of water within the aquifer is calculated as

_bx ¢
R

where b is aquifer thickness (length), ¢ is porosity, and R is recharge rate (length/time) (Cook & Bohlke, 2000;
Focazio et al., 1998). This calculation assumes that steady state flow conditions exist and aquifer thickness
and recharge rates remain constant. The value of b is calculated from borehole dilution tests, porosity is esti-
mated between 0.1 and 0.3 (Koenig et al., 2014), and recharge rates are estimated from weather station data
at the field site (Miller, 2017).

T )

3. Results

3.1. Dilution of Saltwater Over Time in Boreholes (Dilution Tests)

The background specific conductance within the boreholes prior to saltwater injection is shown in Figure 2.
After the salt water injection, the specific conductance in the borehole at FA16_6 decreases with time above
~32 m, indicating dilution by freshwater flow through the borehole. The specific conductance eventually
reaches background preinjection levels in 24 h. However, below ~32 m, the specific conductance remains
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Figure 2. Plot showing dilution of injected salt water over time within boreholes due to freshwater flow. At FA16_4 the water table is at 20 m (a). Specific conduc-
tance returns to background levels in ~21 h within the flow zone (20-32 m). Below 32 m no dilution occurs, indicating that no water flow occurs. Dilution also
occurs at (b) FA16_5 and (c) FA16_6.

at the initial postinjection level and does not return to the background value during our observation period
(~24 h due to limited field time), indicating little to no freshwater flow. The specific conductance profile at
FA16_5 also shows dilution at shallower depths and no dilution at greater depths, similar to FA16_4.

The specific conductance profile at FA16_6 shows a decrease in specific conductance at all depths we
measured specific conductance at. We initially measured background specific conductance along the entire
borehole, which was deep enough to observe specific conductance values of 1 uS/cm at the bottom of the
borehole. Due to limited field time, we only measured specific conductance down to ~40 m during the
dilution test because we incorrectly assumed that the clear ice defined the bottom of the aquifer and that
measurements below 40 m, where the ice cores showed thick clear ice layers (Figure 3), were below the
bottom of the aquifer.

The specific conductance increases unusually between 35 and 40 m at 21 h at FA16_4 and FA16_5.
However, within 6 h, the increase is less that 10 uS/cm, and within 21 h, it is only 25 pS/cm, so the change
is small and has little influence on the overall dilution rates because they are based on the dilution at each
time interval. During the initial saltwater injection and mixing, some higher salinity water may have flowed
to the bottom of the borehole, below the intake of the pump at the bottom of the borehole. When we
removed the pump at the end of the day (after the measurements at 5.5 h at FA16_4 and 8.5 h at
FA16_5), we could have mixed some higher salinity water up into the borehole that we see in our final
depth-profile measurement after 21 h.

3.2. Specific Discharge and the Bottom of the Flow Zone

Specific discharge and background specific conductance profiles within the aquifer are shown for the three
sites (FA16_4, FA16_5, and FA16_6) in Figure 3. The specific discharge profiles reveal flow zones within the
saturated firn. The water table defines the top of the aquifer, and the specific discharge decrease to zero
defines the bottom of the aquifer. The thickness of the aquifer is the difference between the bottom depth
and water table depth. A confining layer exists below the aquifer, where firn and ice may be saturated but no
flow occurs. Table 1 provides a summary of aquifer depth and thickness within the ice sheet.
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Figure 3. Plots showing the specific discharge (SD), background specific conductance prior to saltwater injection (SC), firn
density, and stratigraphy, depth to the water table, and aquifer seismic bottom from seismic survey (from Montgomery
et al., 2017) for sites where borehole dilution tests were performed. The flow zone is defined by positive specific
discharge. The flow zone is not apparent in the density or stratigraphy profiles. The background specific conductance
was measured twice at FA16_5 with similar results. At FA16_6 we measured the background specific conductance to the
bottom of the borehole but only measured changes in specific discharge to ~40 m depth. The depth to the bottom of the
flow zone is unknown at this site.

The specific discharge is highest at the top of the aquifer (~5 x 107% m/s) and generally decreases with depth
toward the bottom (~1 x 10~7 m/s). Average and total specific discharge integrated over the aquifer thick-
ness is shown in Table 1. Our specific conductance measurements during the borehole dilution test at site
FA16_6 did not go deep enough to detect the bottom of the aquifer at FA16_6. Therefore, the average spe-
cific discharge at FA16_6 is likely an overestimates because the measurements stopped above the bottom of
the flow zone and do not include the portion of the aquifer with lower specific discharge.

Table 1

Aquifer Geometry and Flow Rates

Site FA16_4 FA16_5 FA16_6"

Depth to water table (m) 20.14 22.53 9.98

Depth to bottom of flow (m) 31.7 30.5 40.2-47.8

Aquifer thickness (m) 11.6 8 30.2-37.8

Average specific discharge (standard deviation) (m/s) 29%x10°° (1.5 x 1076) 22%x10°° (2.2 x 1076) 56x10°° (2.2 x 1076)
Total discharge through flow zone (m?%/s) 33x10°° 1.7%x10°° 1.7x10°%

For porosity 0.1 0.2 03 0.1 0.2 0.3 0.1 0.2 0.3
Average linear velocity (standard deviation) (m/d) 25(1.4) 04 (0.2) 0.1 (0.0) 1.9(1.9) 0.9 (1) 0.7 (0.6) 4.6 (1.3) 1.1 (0.4) 0.3 (0.1)

Note. Water table and aquifer bottom depths, average specific discharge, total specific discharge (per unit width of aquifer), and average linear velocity of water at
each site. We did not measure changes in specific conductance deep enough to detect the bottom of flow at FA16_6. Therefore, we provide a range from the
bottom of the background specific conductance measurements to the bottom of the specific discharge measurements. The total discharge is the specific dis-
charge integrated over the thickness of the flow zone.

*The estimates at FA16_6 are likely an overestimate as we did not capture the bottom of the flow zone, where the specific discharge should be lower. Specific
discharge calculated using Darcy's law is 2.7 x 10"~ m/s.

MILLER ET AL.

MELTWATER FLOW WITHIN FIRN AQUIFER 211



@AG U Geophysical Research Letters 10.1002/2017GL075707

Although variations in specific discharge correspond to large scale stratigraphic changes (meters) within the
firn core, the effect of ice stratigraphy and density on flow is low. The specific discharge where thick, clear ice
layers occur and the firn density approaches that of glacier ice can be the same as the specific discharge
through firn. This may be related to the lateral extent of ice layers. Even if they are impermeable locally, they
may not be laterally extensive enough to prevent flow through layers below. Specific discharge measure-
ments were made at 30 cm intervals, while some clear ice layers were thicker than 30 cm. The bottom of
the flow zone flow cannot be determined from the core stratigraphy or density profiles alone.

The background specific conductance generally increases with depth to a peak (~coincident with the aquifer
bottom) and then decreases near the bottom of the borehole. The maximum background specific conduc-
tance is 18 uS/cm at FA16_6. The bottom of the flow zone from the borehole dilution tests coincides with
the depth that the background specific conductance goes to zero at FA16_5. At site FA16_4, these depths
differ by 5 m (the background specific conductance goes to zero at ~37 m, while the specific discharge goes
to zero at ~32 m). Flow and background specific conductance measurements at FA16_6 indicate that the
bottom of the aquifer at this site is between 40 m to nearly 50 m depth.

3.3. Average Linear Velocity Profiles

We calculated average linear velocities to compare flow rates of liquid water to ice (see supporting informa-
tion, equation (S1)). Assuming vertically uniform porosities between 0.1 and 0.3 (Koenig et al., 2014), the
average linear velocity ranges from 0.1 to 4.6 m/d. The mean average linear velocities of meltwater for each
site are shown in Table 1, calculated using site average specific discharge. The maximum average linear velo-
city, calculated using measured specific discharge at depth, is 9.2 m/d (FA16_6, assuming 10% porosity). In
reality, porosity varies with depth due to compaction, but this estimate provides a range of realistic possible
values. Porosity has been difficult to precisely measure at our site.

3.4. Mean Residence Time Estimates

The mean residence time describes the length of time it takes for water within the aquifer to recharge, travel
through, and discharge from an aquifer. Water in the firn aquifer near Helheim Glacier has a relatively short
residence time between 4 and 35 years for a porosity range of 0.1-0.3 and recharge rates between 10 and
30 cm/yr. Using an average porosity of 0.16 (Montgomery et al, 2017) and average recharge rate of
20 cm/yr, the residence time is 7-22 years. Higher porosities result in longer residence times. However, an
average porosity of 0.3 throughout the aquifer is higher than observations indicate (Koenig et al., 2014;
Montgomery et al., 2017), supporting shorter residence time estimates.

4, Discussion and Conclusions

During the borehole dilution tests in the firn aquifer, salt water mixed into the water-saturated part of an
open borehole was diluted by water inflow through the borehole. Dilution of saltwater over time in the bore-
hole indicates that the water within the aquifer flows and, therefore, discharges from the aquifer somewhere
down hydraulic gradient. Continuity of mass requires that flow in an aquifer be accompanied by discharge
and/or a change in storage. Working near the edge of the crevasses, there is not enough unsaturated firn
to accommodate the volume of water flowing through the aquifer in the firn pore space and we have not
observed surface discharge at our field site. Therefore, we conclude that meltwater discharges from the
aquifer. Discharge from the aquifer most likely occurs in places where the firn aquifer intersects a downslope
crevasse field as supported by radar imaging (Miége et al., 2016).

Darcy’s law predicts a specific discharge of 2.7 x 107® m/s using a hydraulic conductivity estimated as
2.7 x 107% m/s (Miller et al., 2017) and a hydraulic gradient, determined from ground penetrating radar
(Forster et al,, 2014), of 0.01 m/m (slope = 0.8°). The specific discharge measurements from the borehole dilu-
tion tests (mean specific discharge of 4.3 x 107° m/s, standard deviation 2.5 x 107® m/s) generally agree with
the specific discharge predicted by Darcy’s law.

The water flowing through the ice is moving faster than the ice is flowing. The average linear velocity of water
moving through the aquifer (0.1-4.6 m/d) is up to 10 times faster than the ice it flows through. The ice sheet
surface velocity measured by GPS is between ~0.3 and .45 m/d (for 2015-2016).
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The bottom depths identified in the specific discharge profiles agree with bottom depths determined from
active source seismic surveys to estimate velocities associated with the base of the aquifer for two out of
three sites (seismic bottom in Figure 3) (Montgomery et al., 2017). The site where the two methods disagree
is the lowest elevation site (1519 m), where the aquifer has likely existed for a longer time (assuming it formed
at lower elevations where temperatures are warmer and based on observed inland expansion) (Montgomery
etal,, 2017). The seismic method is sensitive to the presence of clear ice, which is greater at this site than the
other two sites, likely contributing to differences in the bottom depth estimates. The bottom of the aquifer is
not apparent from ice core stratigraphy or density observations alone.

Firn can serve as a substantial storage reservoir for meltwater (Harper et al., 2012; Humphrey et al,, 2012).
However, flow within the firn aquifer suggests that in areas where firn aquifers occur, storage is short term
(residence time <30 years). Meltwater discharge, possibly to the ocean, may actually be enhanced relative
to unsaturated firn because instead of refreezing within firn pore space, meltwater drains out of the aqui-
fer. Firn storage at this location has already reached 50% of capacity based on firn density profiles (Koenig
et al,, 2014). The saturation of the pore space maximizes hydraulic conductivity (Freeze & Cherry, 1979)
and allows meltwater generated inland to travel faster, and further, toward the edge of the ice sheet than
if the meltwater were flowing through unsaturated firn. The insulating properties of the thick overlying
firn prevent the meltwater from refreezing, resulting in a perennial mechanism for meltwater originating
tens of kilometers from the edge of the ice sheet to connect with the englacial hydrologic system closer
to the edge, and runoff. Although the firn contains a large storage capacity, the firn aquifer and its con-
nection to the broader glacial hydrologic system allows meltwater to flow out of the firn, thus reducing
storage duration.

In southeast Greenland, meltwater recharges the aquifer, travels through the saturated zone, and flows out of
the aquifer, likely into crevasses at the edge of the ice sheet, where it may refreeze or eventually reach the
ocean. The observed flow favors the first hypothesis described in section 1 that aquifers drain into the
broader hydrologic system. Meltwater flowing into crevasses may flow to the base of the ice sheet and influ-
ence ice dynamics by enhancing basal melt (Parizek & Alley, 2004) and basal sliding, leading to increased ice
velocity and discharge to the ocean (Alley et al., 2005; Koenig et al., 2014; Poinar et al., 2017; Zwally, 2002).
While the aquifer water has the potential to reach the subglacial hydrologic network via crevasses (Poinar
et al.,, 2017), the specific pathways, processes, and timing of meltwater after it discharges from the aquifer
have not been determined. Further study is required to fully quantify rates and timing of flow into crevasses,
possible transport to the ice sheet base, and the effects on ice sheet dynamics, mass balance, and sea
level rise.
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