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Abstract Firn aquifers have been discovered across regions of the Greenland ice sheet with high
snow accumulation and melt rates, but the processes and rates that sustain these aquifers have not been
fully quantified or supported by field data. A quantitative description of the hydrology of a firn aquifer
upslope from Helheim Glacier that integrates field measurements is presented to constrain melt and
recharge rates and timing, temporal variations in temperature and water levels, and liquid-water
residence time. Field measurements include weather data, firn temperatures, water levels, geochemical
tracers, and airborne radar data. Field measurements show that once the firn column is temperate (0°C),
meltwater from the surface infiltrates to the water table in less than 2 days and raises the water table.
Average recharge is 22 cm/year (lower 95% confidence interval is 13 cm/year and upper 95% confidence
interval is 33 cm/year). Meltwater within the recently formed aquifer, which flows laterally downslope
and likely discharges into crevasses, has a mean residence time of ~6.5 years. Airborne radar data suggest
that the aquifer in the study area continues to expand inland, presumably from Arctic warming. These
comprehensive field measurements and integrated description of aquifer hydrology provide a
comprehensive, quantitative framework for modeling fluid flow through firn, and understanding existing
and yet undiscovered firn aquifers, and may help researchers evaluate the role of firn aquifers in climate
change impacts.

1. Introduction

Firn is snow older than 1 year transitioning to ice from densification. Firn contains substantial pore space
that can become saturated and store or transmit meltwater. Firn aquifers form when sufficient surface melt-
water infiltrates to depth, warming the subsurface firn to the melting point, such that additional meltwater
can fully saturate firn and persist perennially in the liquid phase. Large perennial firn aquifers located
around the perimeter of the Greenland ice sheet have recently been discovered (Forster et al., 2014; Miege
etal., 2016) and could contribute up to 0.4 mm of sea level rise if they drained completely (Koenig et al., 2014).
These perennial firn aquifers store meltwater within the compacting saturated snow/firn pore space
throughout the year and persist over multiple years (Miége et al., 2016). Although seasonal to perennial firn
aquifers have been observed in smaller mountain glaciers (generally temperate) in select locations around
the world (Fountain, 1989; Kawashima, 1997; Oerter & Moser, 1982; Schneider, 1999; Sharp, 1951; Vallon
etal., 1976), the aquifers within the Greenland ice sheet represent a much larger and flatter reservoir for stor-
ing and transmitting liquid water within the ice sheet on decadal time scales. In Greenland, aquifers form
within the percolation zone at elevations between 1,200 and 2,000 m, in areas of high snow accumulation
and melt rates (Forster et al., 2014; Kuipers Munneke et al., 2014; Miege et al., 2016). The high snow accu-
mulation provides sufficient insulation and pore space at depth to retain meltwater (Kuipers Munneke
et al., 2014).
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Firn in Greenland has the potential to store considerable volumes of meltwater (300 to 1,300 Gt) and to serve
as a buffer against sea level rise (Harper et al., 2012). Retention and refreezing of meltwater prevents ~40% to
46% of rain and meltwater from reaching the ocean (Steger et al., 2017; van Angelen et al., 2012, 2013).
However, pore space volume is predicted to decrease by over 50% by the end of the 21st century as refrozen
meltwater fills firn pore space, thereby decreasing firn storage capacity and accelerating future surface mass
loss (Machguth et al., 2016; Pfeffer et al., 1991; van Angelen et al., 2013).

In contrast to areas where meltwater refreezes (and contributes to long-term storage), most meltwater in the
firn aquifer does not refreeze or contribute to storage. Although initially thought to store meltwater for
longer periods and therefore delay runoff, flow measurements have shown that water flows through and dis-
charges from the aquifer relatively quickly (mean specific discharge of 4.3 x 107° m/s) (Miller et al., 2018).
This suggests that aquifers do not buffer sea level rise as they do not contribute to long-term meltwater sto-
rage. Meltwater movement through aquifers thus has implications for ice sheet mass balance estimates,
which are dominated by surface mass-balance processes over ice discharge (e.g., Enderlin et al., 2014).
This underscores the need to characterize the hydrology, as it relates to surface mass balance processes, of
firn aquifers in Greenland.

The conceptual overview presented here includes a unique data set and conceptual description of firn aqui-
fer hydrology. This paper presents the first measurements of firn aquifer temperature profiles and water
levels throughout the year, aquifer recharge amounts and timing, firn and liquid water age, timing of aquifer
formation, and monitoring of aquifer expansion beyond 2014. In addition to environmental tracer and radar
methods to constrain aquifer formation timing, a new method using salt mass balance is introduced. These
measurements are integrated with prior measurements of the aquifer geometry and hydraulic properties to
characterize the hydrology of the firn aquifer.

It is expected that as the climate warms, firn aquifer area and occurrence will increase and expand as melt
area and amount increase. This expansion may include new locations such as Antarctica and other glaciers
around the world becoming temperate, in addition to areas without aquifers in Greenland. As a newly dis-
covered and extensive component of the ice sheet hydrology and surface mass balance, firn aquifers that ulti-
mately discharge to the ocean are anticipated to become increasingly important in quantifying and
predicting ice sheet mass balance and sea level rise. Results from this study could serve the numerical mod-
eling community to test and improve firn models and better simulate meltwater flow and retention in firn for
further constraining ice sheet mass balance, runoff, and subsequent sea level rise.

2. Methods
2.1. Site Description

The study area is located in the southeast region of the Greenland ice sheet, upslope of Helheim Glacier,
~60 km west of Sermilik Fjord, between ~1,500 and 1,700 m above sea level (Figure 1). The area is charac-
terized by high precipitation and melt rates (Forster et al., 2014; Kuipers Munneke et al., 2014; Miege
et al., 2013).

Prior in situ and remote geophysical work at Helheim firn aquifer has defined some of its basic characteris-
tics. The water table depth, elevation, and extent were determined by ground-penetrating radar and water
level measurements, while the base of the aquifer was determined by active source seismic surveys and bore-
hole dilution tests (Miege et al., 2016; Miller et al., 2018; Montgomery et al., 2017). On average, the water
table at Helheim firn aquifer is located at 16.0 + 5 m depth, and the base of the aquifer (where all water
in pore space is frozen) is located at ~27.5 + 4 m depth, resulting in an average thickness of ~11.5 m
(Miege et al., 2016; Montgomery et al., 2017). The aquifer stores an average of 760 kg/m?” liquid water
(Legchenko et al., 2018a, 2018b; Montgomery et al., 2017). Hydraulic conductivity profiles were measured
with depth-specific slug tests and as a depth-integrated measurement with aquifer tests (Miller et al., 2017).
Water flow within the aquifer also was quantified and found to follow Darcy's law (Miller et al., 2018). This
location has a history of measurements including annual measurements from the NASA Operation
IceBridge (OIB) airborne campaign starting in the spring of 2010 (Miége et al., 2016) and radar data collected
by the Center for Remote Sensing of Ice Sheet (CReSIS, 2017., http://ftp://data.cresis.ku.edu).
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Figure 1. Site map. Landsat-8 composite image (6 August 2017) showing field sites in southeast Greenland visited in
April (FA15_1), July, and August 2015 (FA15_2 and FA15_3) and July (FA16_4, FA16_5) and August (FA16_6) 2016,
location of ACT11-B core, and location of iWS station prior to relocation at FA15_1. Two black lines represent the
airborne radar transects used in Figure 10. Elevation contours from Cryosat-2 DEM (Helm et al., 2014). Gray-stripe area
illustrates the presence of firn aquifers inferred from airborne radar data (Miege et al., 2016).

2.2. Field Data Collection and Analysis

Field work for this study included collection of firn and water samples, firn density and stratigraphy data,
dye tracing, installation of temperature sensors and pressure transducers in boreholes, and collection of
weather data. In April 2011, firn cores from the ACT11-B site (Figure 1) were collected and later transported
to the Desert Research Institute lab for chemical analysis following similar methods applied to previous
cores from the region (Miége et al., 2013). Longitudinal samples were cut from the cores and analyzed for
a range of ~30 elements and chemical species using a well-established continuous ice core analytical system
(McConnell et al., 2017, 2002; McConnell, 2020). Annual layer counting based on seasonal variations in the
chemical constituents (Sigl et al., 2016) constrained by multiannual to decadal trends in industrial pollution
deposition previously documented in well-dated Greenland ice cores (e.g., McConnell & Edwards, 2008) was
used to determine the ice core chronologies and develop the depth-age relationship used in the environmen-
tal tracer analysis. Annual cycles in the chemistry are largely not preserved due to meltwater infiltration in
firn aquifer regions.

Additional field work was conducted in April, July, and August 2015, as well as July and August 2016 at six
sites along an ice flow line of Helheim Glacier. To collect depth-specific water samples for environmental
tracers and hydraulic measurements (Miller et al., 2019; Miller & Solomon, 2019) to estimate specific yield,
a heated piezometer was advanced through the unsaturated firn and aquifer at all six sites (see Miller
et al., 2017, for details).

Firn cores were collected to a maximum depth of ~60 m at five of the six sites (minus FA15_3). Each core
section (mainly following “natural” breaks in the core but on average less than 20 cm) was measured and
weighed for density and its associated stratigraphy (i.e., dry/wet firn, ice lens, bubbly ice, and clear ice)
was logged (Koenig & Montgomery, 2019; Miller et al., 2019). These cores were subsampled for tritium mea-
surements. Drilling four of the five boreholes (minus FA15_1) was performed in the summer within mostly
temperate (0°C) firn and ice using a custom-made electrothermal drill (Miller et al., 2018). FA15_1 borehole
was drilled in the spring of 2015 using a mechanical drill IDDO SideWinder) for the cold upper firn followed
by a 4-inch diameter electrothermal drill (also from IDDO) once temperate firn and ice were reached, similar
to drilling operations done by Koenig et al. (2014). Specific conductance (SC) of the water in the aquifer was
measured in the open bore holes every 30 cm.
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Temperature strings and pressure transducers were installed in the boreholes to record hourly changes in
temperature and water levels at FA15_1 and FA15_2 (Miege et al., 2020). A pressure transd/d at FA16_4.
The two 50-nodes temperature arrays (Digital ThermArray system from RST ©) were suspended in the bore-
holes, with one end sitting on the borehole bottom. The temperature arrays sat in water within the saturated
zone of the aquifer. The unsaturated zone of the borehole was backfilled with fresh snow. Each temperature
sensor came precalibrated (no field calibration required) and had an accuracy of 0.07°C. The sensor vertical
distribution with depth varies with a closer (0.5 m) vertical spacing near the surface and wider spacing (5 m)
near the bottom.

The water level was monitored with a pressure transducer manufactured by KPSI ©. Each transducer has a
precision of 0.1% for a total range of 68.95 kPa. Each transducer is vented at the surface using a small vent
tube connected from the transducer to a custom plastic box filled with desiccant on the mast above the sur-
face. Each pressure transducer was deployed about 1 m below the water table to remain in the measurement
range for as long as possible in anticipation of water level changes (due to recharge or discharge) on the order
of a few meters.

To complement the borehole instrumentation, potentiometers were installed at two sites (FA15_2, FA16_4)
to measure overall firn compaction between the snow surface and the water table. At FA15_2, the potenti-
ometer was installed at 0.84 m from the surface on 9 August 2015 and anchored 16.9 m from the surface
(2.3 m below the water table). At FA16_4, the potentiometer was installed at 0.70 m from the surface on
29 July 2016 and anchored 13.7 m from the surface (6.4 m above the water table). Additional general details
regarding potentiometer setup and firn compaction measurements can be found in MacFerrin (2018).
Temperature, pressure transducer, and potentiometer data were stored hourly on a CR-1000 data logger,
and 2-hr data were transmitted with a ST-21 Argos transmitter (instruments from Campbell Scientific©).

2.3. Recharge Estimates

2.3.1. Meltwater Generation From Surface Energy Balance and Degree Day Modeling

Surface meltwater generated in 2014, 2015, and 2016 was estimated using both a surface energy balance
model, following van den Broeke et al. (2010), and degree-day modeling. An automatic intelligent weather
station (iWS) installed in April 2014 collected air temperature, pressure, wind, and incoming and outgoing
short and longwave radiation data to calculate energy for melt (Reijmer et al., 2019). The station was relo-
cated on 10 August 2015 from 66.18°N 39.04°W at 1,560 m elevation to a new location ~25 km away along
the study profile at 66.36°N 39.31°W at 1,661 m elevation (Figure 1). No correction for this relocation was
performed. Gaps in the data set exist because the station was buried by snowfall during the late spring
and summer of 2015 and data retrieval in 2016 occurred prior to fall melt cessation. To account for the
incomplete melt totals during 2015 and 2016, the melt season was assumed to last 100 days, as it did in
2014. The total calculated melt from the existing data was multiplied by 1.5 for both years to complete the
100 days because the ratio of 100 days to 68 and 65 days of melt for 2015 and 2016 is 1.5. The energy available
for melting (M) was calculated as

M = SWiy + SWout + LWin + LW o + SHF + LHF + Gy (1)

where SWi, and SW, are incoming and reflected shortwave radiation fluxes, respectively, LW;, and
LWy, are incoming and emitted longwave radiation fluxes, respectively, SHF and LHF are turbulent
fluxes of sensible and latent heat, respectively, and Gs is the subsurface conductive heat flux (van den
Broeke et al., 2010). Fluxes are defined as positive when energy is added to the snow surface. All radiation
fluxes were observed. Latent and sensible heat fluxes were calculated after Andreas (1987). The roughness
length for momentum was 0.1 mm, and the roughness lengths for heat and moisture were computed from
the roughness length for momentum. Subsurface fluxes were evaluated using snow surface temperature
gradient. The absorption of solar radiation in subsurface layers was disabled. The impact of heat diffusion
and meltwater infiltration on the temperature of the snowpack were accounted for as well. Additional
model details are described in Kuipers Munneke et al. (2018).

The total snowmelt available for recharge was also estimated using a degree day model. The degree day
model multiplies time when the air temperature is above a reference temperature (and thus snowmelt can
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occur) by a degree day factor (DDF, length time™ temperature ™). Surface melt was calculated using the
positive degree day equation (Braithwaite, 1985; Hock, 2003):

m = DDFY (T — T,)At 2)

where m is melt (length), T is the air temperature, T is a reference temperature, and At is a time interval
(1 hr). A range of DDFs calculated for similar latitudes in the ablation zone in SW Greenland were used,
and compared for reference temperatures of 273.15 and 268 K (van den Broeke et al., 2010). Melt estimates
from the surface energy balance were compared to melt estimates from the degree-day method. The melt
estimated from the energy balance model independently constrains DDFs in this area.

The surface melt represents the total amount of water available to recharge the aquifer. However, a fraction
of the total melt is retained and refrozen during infiltration through the unsaturated zone and does not reach
the aquifer. Recharge to the aquifer (the amount of water that reaches the water table) was estimated using
two techniques: the volumetric flow method and the water table fluctuation method.

2.3.2. Darcy/Volumetric Flow Method

Darcy's law is the basis for the volumetric flow method to estimate recharge (Healy, 2010). The volumetric
flow was divided by the length and unit width of the aquifer as

Q
Rp = w ©)
where Rp is the recharge rate (length/time), Q is the volumetric flow of water (length3/time), L is the
length of the aquifer, and W is the unit width through which fluid flows. The flow of water (Q) was esti-
mated using Darcy's law. The water table has an average hydraulic gradient of 0.01 m/m at the study site
(Miege et al., 2016). The method assumes that hydraulic conductivity is known across the study area.
Hydraulic conductivity is relatively consistent across the study area (geometric mean is 2.7 X 10~ m/s,
geometric standard deviation is 1.6, lower 95% confidence interval is 2.5 X 10~ m/s, upper 95% confidence
interval is 2.9 x 10~* m/s, Miller et al., 2017). The aquifer thickness at the most downslope site (FA16_6)
is 30 to 40 m, and the aquifer length is ~15 km. The average volumetric flow was 8.1 X 107> m?/s, with a
lower 95% confidence interval of 7.5 x 107> m?/s and an upper 95% confidence interval of 8.7 x 107> m?/s.
Recharge was also estimated using average measured specific discharge from borehole dilution tests
reported in Miller et al. (2018). This method also assumes that recharge at every point across the water
table contributes to fluid flow through the aquifer and that total recharge to the aquifer is equal to dis-
charge, with no change in storage. This assumption is appropriate at short time scales for this firn aquifer.
2.3.3. Specific Yield and Water Table Fluctuation Method
Recharge was also calculated based on water level changes measured between 22 June 2016 and 12
September 2016 at FA15_1 and FA15_2. Water table fluctuations in boreholes are commonly used to esti-
mate recharge (Risser et al., 2005) as

R=S,Xx4Ah “4)
and
Ah
R = S, — 5
Y At ©)

where R is recharge (length), R, is recharge rate (length/time), S, is specific yield, h is water table height
(length), and ¢ is time. Aquifer tests, described fully in Miller et al. (2017), were used to determine aquifer
specific yield. During an aquifer test, water was pumped from a borehole, and the water level change was
recorded in the pumping well and one or two observation wells within 5 m of the pumping well. The spe-
cific yield was determined through a curve fitting method described in Miller et al. (2017).

The water table fluctuation method assumes that the specific yield is constant and that the water level rises
as recharge water reaches the water table. Water table rises are expected during the melt season if recharge is
greater than lateral flow. While the water level can rise for other reasons (changes in atmospheric pressure,
earth tides, and entrapped air, which are all expected to have minimal influence on the experiment
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timescales), the water level rise in the firn aquifer is assumed to be solely due to recharge. However, lateral
flow from upslope also contributes to water level changes and would result in an overestimation of recharge.
The opposite is true for downslope lateral flow.

2.3.4. Fluorescein Dye and Recharge Timing

Fluorescein dye was applied to the snow surface to semiquantitively evaluate rates of meltwater travel
through the unsaturated zone. After uniformly spraying dye across a 5 m X 5 m area at FA16_4, the borehole
was drilled through the center of the area, and the collected firn cores were sampled for dye concentration.
Drilling of the borehole is unlikely to affect dye movement; physics governing unsaturated zone flow suggest
that capillary pressure retains dye within pore spaces instead of allowing substantial amounts of dye to move
along the borehole. Dye concentrations of melted firn core samples were measured at the USGS Utah Water
Science Center using a Turner Designs 700 laboratory fluorometer.

2.4. Aquifer Age

2.4.1. Tritium and CFC Ages in Firn and Meltwater

Tritium is a naturally and anthropogenically produced isotope of hydrogen whose concentration in the
atmosphere has changed over time because of aboveground nuclear weapons testing. Tritium has a
half-life of 12.32 years (Lucas & Unterweger, 2000). Tritium can be used to date waters recharged within
the past ~60 years. As part of the water molecule, tritium is a useful tracer of water movement. To date firn
and water in the aquifer, the atmospheric tritium signal was matched to the tritium measured in profiles
through the aquifer (Cook & Solomon, 1997). This provides a general timeframe of the firn and meltwater
(pre- or post-1960s).

Tritium concentration was measured in subsamples of firn cores and water pumped out of the aquifer fol-
lowing the in-growth method at the University of Utah's Dissolved Gas Lab. Tritium concentrations are
reported in tritium units (TU) where one TU equals one molecule of *H'HO in 10"® 'H,O molecules.
Atmospheric tritium was estimated by decay-correcting measured firn tritium. Sample deposition date
was estimated using a depth-age model developed from an ice core taken at ACT11-B similar to Miége
et al. (2013). Tritium was also compared to tritium measured at Summit and Dye 3 sites (Fourré et al., 2006;
Koide et al., 1982). Tritium concentration varies seasonally in precipitation at Summit, with higher values in
the summer and lower values in the winter. Seasonal tritium variations occur due to seasonal atmospheric
moisture source variation. Samples were compared to the wintertime precipitation at Summit as the study
area does not experience substantial summertime precipitation.

Chlorofluorocarbons (CFCs) are synthetic organic compounds used in a wide range of industrial applica-
tions beginning in the 1930s, resulting in widespread release into the atmosphere. CFC-11, CFC-12, and
CFC-113 can be used to determine the apparent year water recharges an aquifer. To determine apparent
recharge ages, the CFC concentration in a groundwater sample is compared to the known historical (~past
60 years) atmospheric concentration (Elkins et al., 1993; National Oceanic and Atmospheric Administration,
n.d.), assuming that the water was in equilibrium with the atmosphere prior to recharge. Concentrations of
CFC gases were measured in samples of firn aquifer water on a gas chromatography system at the University
of Utah's Dissolved Gas Lab.

2.4.2. Salt Mass Balance Model

The concentration of major ions in central and SE Greenland snow is on the order of 0.18 + 0.07 mg/L
(Oyabu et al., 2016; Yang et al., 1996) with a SC of about 0.3 + 0.1 uS/cm. In contrast, measured SC of
firn-aquifer water ranged from 1 to ~20 uS/cm, or more than 50 times higher than snow SC (Miller
et al., 2018). Furthermore, the SC in the firn aquifer is generally at a maximum near the base the aquifer
and then drops to below detection below the aquifer base (Miller et al., 2018). In order to understand these
observations in the context of the hydrologic measurements, a mass balance of water and dissolved ions in a
simple box model was formulated.

The box model is based on the following processes. Impurities such as salts and minerals are present at low
levels within the firn due to surface deposition. When meltwater from the surface infiltrates through the firn,
it can leach some of these impurities and transport dissolved solids (minerals, salts, or ions) to depth. The
related smearing of geochemical records in ice cores by meltwater flow has been observed (Koerner, 1997;
van der Wel et al., 2011).
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Figure 2 illustrates a box model in which melt water moves vertically
through the unsaturated firn into the aquifer, and then either flows
out of the box laterally (Q,y) or refreezes at the bottom of the aquifer;
no water enters from the upstream boundary. The flow of melt water
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where W is the width and X is the length of the aquifer. Major ions
in snow have a concentration of Cypow (Mgsa1t/KEwater) With a mass
flux of D (mg/m?/yr) and an annual snow accumulation rate of A,
(m/yr). Melt water is assumed to readily leach these salts from the firn, such that the ion concentration
in melt water is Cq4 (mg/m3) (Bales et al., 1993), and transport salts to the aquifer, that has a porosity of
n. A transient salt balance for the aquifer can be written as

d(CaqXBWn)

ar 9

= C4RWX — CaqQoyt — Cice SfWX
Equation 7 states that the time rate of change of solute mass within the aquifer is equal to the solute mass
from melt water minus the solute mass that flows out of the aquifer minus the solute mass that is incor-
porated into ice (set to zero below). This equation assumes that solutes are well-mixed within the aquifer.

Substituting Equation 6 into Equation 7 results in a first-order differential equation with the average solute
concentration in the aquifer (C,q) as the dependent variable. A solution to this equation requires an initial
condition for C,q. Assuming that all of the solutes in the firn above the bottom of the aquifer are leached into
the aquifer water when the aquifer first forms, and assuming that the Cjc. is zero (i.e., complete ion exclusion
in ice that forms from refreezing aquifer water), the solution to the differential equation is

Caq = D {1 _ |:1 _MW(R - Sf):| exp((sf —R)t) }

R-S¢ AcPgnowBn Bn
where C,q is the average concentration in the aquifer, D is the annual solute deposition (mg/m?/yr), R is
the aquifer recharge from melt at the surface (m/yr), St is the rate of refreezing on the bottom of the
aquifer (m/yr), M,, is the total mass of snow, firn, and aquifer from the aquifer bottom to the surface
per unit area (kg/mz), A is the annual accumulation of snow (m/yr), psnow iS the average snow density

(kg/m>), Bis the aquifer thickness (m), n is the aquifer porosity (m*/m?), and ¢ is the time since the aquifer
formed (yr).

®)

The total mass of snow/firn/aquifer from the aquifer bottom to the surface (M,,) can be computed either by
integrating the snow/firn/aquifer density over the distance from the snow surface to the bottom of the aqui-
fer (B + U, aquifer thickness plus unsaturated zone thickness), or as the product of the snow accumulation
rate (A.), snow density (Osnow), and the accumulation time ().
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Table 1

Parameter and Uncertainty Values Used in Salt Balance Model

Aquifer recharge
from melt
at the surface

Rate of Unsaturated ~ Annual snow  Concentration of Annual solute

Aquifer refreezingon  Aquifer zone accumulation major ions in Snow deposition
porosity  aquifer bottom  thickness thickness rate SNow density rate

Model
parameter
abbreviation R (m/yr)

Tsnow,

n(@m’/m®  Sf(m/yr) B (m) U (m) Ac (m/yr) Csnow (mg/kg)  (kg/m®) D (mg/m’/yr)

Mean value 0.15
Two standard 0.06
deviations

0.07 0.015 12.5 2235 4 0.32 330 422
0.028 0.006 2.5 4.5 0.8 0.06 66 140

Equation 8 predicts the spatially averaged concentration of solutes in the aquifer as a function of time since
the aquifer formed. At time = 0, the aquifer concentration is

DM,,

Bn

©)
Acpsnow

Caq t=0 =
which reflects leaching of ions from the snow and unsaturated firn and enriching them in the aquifer
water. At time = infinity, the aquifer concentration is

D

Caq =00 — m (10)

which reflects the enrichment of melt water due to ion exclusion on the bottom of the aquifer. The time
required to reach about 63% (e-folding time) (t.) of the steady-state concentration is given by

an

which is the volume of water in the aquifer per unit area divided by the net flow out of the aquifer per unit
area. This e-folding time is equivalent to the mean residence time of water in the aquifer; small values
mean that the initial leaching of ions when the aquifer forms can rapidly be flushed from the system.

Aquifer concentrations were predicted with Equation 8 using parameter values and uncertainties that are
shown in Table 1. These parameter values have been constrained by field measurements except for Csnow
and D that were not measured at study sites. However, Cl, Na, and SO, concentrations were measured at
ACT11b, and the snow pit data of Oyabu et al. (2016) and Yang et al. (1996) were used to estimate the unmea-
sured ions such as NO3, NH,4, Mg, K, and Ca as

2 [Cl], [SO4], [Nalgyoupi
DSacri1b = DSsnowpit X STl STOWPIES (12)

; [SO4], [Na]ycryp

where DS is dissolved solids, and [X] is the concentration of X ion.

2.4.3. Aquifer Extent Mapped Using Airborne Radar Detections

Repeat firn aquifer detections using airborne radar data acquired from NASA OIB were also analyzed to map
aquifer extent (2010-2017), following detection methods developed by Miége et al. (2016). This extends the
monitoring time from 2010 to 2014 in Miege et al. (2016) through 2017. The water table was identified in the
Accumulation Radar data for years 2010-2014 and 2017 and the Multi-Channel Coherent Radar Depth
Sounder (MCoRDS) data for 2015-2016 both collected by CReSIS on the NASA OIB airplane (CReSIS,
2017; Lewis et al., 2015; Rodriguez-Morales et al., 2014). The water table is characterized by a
high-reflectivity and high-amplitude radar signal due to substantial dielectric contrast between dry firn
and water-saturated firn (Miege et al., 2016). The radar two-way travel times from the surface to the water
table are converted to depth using an empirical relationship linking the variations of the dielectric permit-
tivity with density variations. An average density profile from several firn-core sites with cores collected from
the surface to the water table was used (Miége et al., 2016).
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Radar data collected by CReSIS (2017) was used to map aquifer extent prior to OIB data. For Helheim
Glacier, airborne radar collection by CReSIS started in the spring of 1993 with a 141.5-158 MHz radar depth
sounder. The water table was not visible at this center frequency and with a relatively narrow bandwidth.
Instead, the absence of bed returns was used as a proxy to infer the presence of a firn aquifer, as the presence
of water in the firn substantially attenuates the radar signal. This relationship was successfully tested using
2010-2014 data when the two radars (Accumulation Radar and MCoRDS) were operating simultaneously on
the P-3 airplane, and a clear correlation was observed between the missing bed reflections in the MCoRDS
data and the presence of a water-saturated firn layer in the Accumulation Radar (Miége et al., 2016).

3. Results
3.1. Firn Temperature and Melt Generation Patterns

A generalized depth profile of the firn and ice temperatures throughout the year is shown in Figure 3 for the
top 55 m of the firn and ice column. The air temperature (Figure 4a) and firn temperature above ~10 m vary
seasonally. The firn is coldest in May and then warms throughout June as the surface temperature increases
until it becomes temperate (isothermal at 0°C). In 2015, air temperatures rose above 0°C for more than a few
hours per day consistently starting 18 June, presumably generating surface meltwater, while in 2016 a simi-
lar pattern occurred 16 days earlier (2 June) (Figure 4c). With a time lag of ~27 days and ~20 days for 2015
and 2016, respectively, the water table started rising in response to the melt onset at the surface (Figure 4d).
This time lag represents the time required to bring the upper firn to temperate conditions and allow the melt-
water to reach the aquifer. Part of the firn-warming process occurs via meltwater refreezing and subsequent
release of latent heat in the unsaturated zone. Such short-lived latent heat pulses have been well documen-
ted by Humphrey et al. (2012) and can be observed on Figure 4e at 4 m depth in the firn (green line).

Approximately 16 cm of the surface meltwater were refrozen in the unsaturated zone at FA15_1 (from firn
temperatures on 9 June 2015) and contributed to warming the seasonal snow and firn to the melting point
based on the integrated cold content (e.g., 3.4 in DeWalle & Rango, 2008) of the firn prior to the onset of melt.
Data gaps at the onset of melt preclude cold content calculations at the onset of melt (18 June 2015 when air
temperatures stayed consistently above 0°C) and at other sites.

The firn remained temperate through August, until air and surface temperatures fell below freezing
(Figures 4a and 4f). This slow cooling continues through the fall and winter from the top of the firn column
down (Figure 4h) via conduction controlled mainly by air temperature. Snowfall provides insulation, slow-
ing down the cooling process.

The unsaturated firn from 10 m depth to the water table remained temperate year-round in 2016 (Figure 3).
The water-saturated firn within the aquifer also remained temperate throughout the year (Figure 3). Below
the base of the aquifer (~30 m), the temperature decreases below 0°C (Figure 3). The temperature of the firn
controls the location of the impermeable, fully frozen base of the aquifer.

At FA15_2, the lower elevation site (1,543 m), the ice temperature below the aquifer at 55 m from the snow
surface is warmer by 1.2°C on average compared to FA15_1, the upper elevation site (1,664 m). The freezing
depth below the aquifer is found about 5 m deeper at FA15_2 (~40 m from the surface) compared to ~35 m
for FA15_1 (Figure 3). The exact freezing depth could not be determined due to the 5-m spacing of the tem-
perature sensors at these depths (Figure 3).

3.2. Melt, Infiltration, and Recharge Estimates

3.2.1. Meltwater Generation From Surface Energy Balance and Degree Day Models

The surface energy balance (Equation 1) model suggests that between 24 and 50 cm of meltwater per year
(from 2014 to 2016) were generated at the snow surface (Figure 5). The meltwater estimated from the degree
day modeling, which ranges between 31 and 156 cm, is summarized in Table 2.

The melt rates from the energy balance model estimates constrain appropriate DDFs (those that result in
similar melt) for this site to lower values of 1 to 1.5 mm day~* K~ for a reference temperature of 268 K or
8 to 10 mm day " K~ for a reference temperature of 273.15 K. These DDFs result in between 31 to 78 cm
of melt.
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Figure 3. Firn temperature profile evolution from January 2016 to December 2016 at (left) FAI5_1 and (right) FA15_2.
Depths refer to sensor depths in 2016 and account for subsequent snowfall and melt following installation in 2015. Black
triangle indicates water table depth, and black dashed line represents aquifer base depth in August 2015. Gray
shading indicates uncertainty in aquifer base depths. Black x indicates sensor locations. Vertical resolution varies with
depth. The depth to the water table was determined using the steel tape method (Garber & Koopman, 1968) and the
depth to the aquifer base was determined with active source seismology (Montgomery et al., 2017).

The surface melt estimates represent the total available water at the snow surface that could infiltrate
through the unsaturated zone and recharge the aquifer. As some melt is refrozen in the unsaturated zone
as described in section 3.1, the actual amount of water that recharges the aquifer is less than the total melt
generated at the snow surface. This is shown in Figure 5, which compares the total amount of meltwater gen-
erated at the surface with the estimates of water that recharges the aquifer. The recharge cannot be greater
than the total melt generated.

3.2.2. Infiltration Rates

Some dye sprayed on the snow surface reached the aquifer in less than 2 days (breakthrough time). It took
49 hr to drill to the water table at 20 m, and the firn sample collected at the water table contained measurable
amounts of dye (Figure 6a). This represents a minimum travel time for the initial breakthrough of dye
through the unsaturated zone. Some dye could have reached the water table in less time, but drilling was
too slow to determine this. Therefore, the infiltration rate of surface meltwater to the top of the aquifer is
generally <0.4 m/hr (calculated as 20 m/49 hr).

3.2.3. Recharge From Volumetric Flow Method

The recharge estimated using the volumetric flow method ranges between 16 and 24 cm/yr, depending on
the hydraulic conductivity and aquifer thickness at the downhill edge of the aquifer (Table 3) for a profile
15 km long. This recharge rate is slightly less than the 27 to 36 cm/yr predicted by the average specific dis-
charge from borehole dilution tests or the 35 to 47 cm/yr predicted by the specific discharge at FA16_6 for a
thickness of 30 and 40 m, respectively (Miller et al., 2018; Montgomery et al., 2017). As expected, these
recharge estimates are lower than the available melt estimated using the Degree Day Method.

3.2.4. Recharge From Specific Yield and Water Table Fluctuation Methods

The portion of the total meltwater that recharges the aquifer can contribute to water level rise. Figure 4
shows the observed interannual variability of water-level changes (FA15_1 and FA15_2) and the air
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Figure 4. Air temperature, water level, and firn temperature evolution for the duration of the monitoring (2015-2016). Panel (a) represents the air temperature at
FA15_1 for one year with 2015 in gray and 2016 in black. Panel (b) represents the relative water-level changes also for 2015 and 2016 at the two monitoring sites:
FA15_1 in light blue for 2015 and dark blue for 2016 and FA15_2 in light red for 2015 and dark red for 2016. Note that the zero is set during station setup

(17 April 2015 for FA15_1 and 9 August 2015 for FA15_2) and reset to zero on 1 January 2016 for both sites. Panels (c), (d), and (e) correspond to the melt onset
period highlighted in (a). Water level changes in (d) are relative to the water level on 9 May. Panels (f), (g), and (h) correspond to the cooling period highlighted in
(a). Water level changes in (g) are relative to 1 September. Firn temperatures shown in (e) and (h) represent 2016 only, and the associated measurement
depths do not include the seasonal snow cover. For panel (e), dates are indicated as day-month (DD-M).

temperature (FA15_1), with temporal close ups highlighting the melt onset (late May to early June) and firn
cooling in the Fall/Winter. During the melt season, the water table rises, presumably as recharge is greater
than lateral flow (Figures 4b and 4d). During the rest of the year, lateral flow removes the seasonal input and
the water table can drop (Figure 4b and 4g).

Figure 4g illustrates the variability of the water-table evolution between the two sites (FA15_1 and FA15_2)
and between 2015 and 2016. The water-table yearly maximum was reached earlier in 2016 than 2015 at both
sites. At FA15_2, the maxima occurred on 23 November 2015, and 28 September 2016. At FA15_1, the max-
imum occurred on 21 November 2015, and no clear maximum occurred in 2016. Also, the relative
water-level rise was greater in 2016 compared to 2015, which is in agreement with the increased amount
of meltwater produced at the surface that year. These measurements do not account for surface compaction,
which was measured to be 32 cm for the upper 16 m of the firn, averaged from August 2015 to August 2016
but close to 0 from 1 June until 1 September 2016, and therefore would not substantially impact the recharge
estimates.

In 2016, the water level began to rise on 22 June at FA15_2 (Figure 4) once all unsaturated zone temperature
sensors started reading melting-point temperatures. Meltwater recharged the aquifer until mid-September,
when surface temperatures cooled below 0°C and meltwater generation ceased for the season. The water
level continued to rise after the cessation of surface melt due to drainage of the overlying unsaturated firn
for a few days (Figure 4).
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Figure 5. Comparison of surface melt calculated from an energy balance model,
total melt generated from degree day modeling (using DDFs constrained by
melt from the energy balance), and average and 95% confidence interval
estimates (in brackets []) of recharge to the aquifer using the volumetric flow,
water level, and borehole dilution methods, assuming a 30 m thick aquifer and a
specific yield of 0.04. The range of surface melt estimates represent the range
of parameters used in calculations. The total available meltwater from the
degree day model is the maximum possible water that could recharge the
aquifer. Surface melt is generally greater than the recharge estimates due to
retention of meltwater in the unsaturated zone through freezing. Water that
freezes in the unsaturated zone does not contribute to recharge of the aquifer.

The water table continued to rise throughout the fall. It is unlikely
that this continued rise results from drainage of the unsaturated zone
due to the short time (days) water takes to move through the unsatu-
rated zone (Figure 6). Therefore, lateral flow of water from upslope,
following local topography, likely contributes to the long (weeks to
months) continued water table rise.

The water level rose nearly 4 m at FA15_2, and about 2 m at FA15_1
between 22 June and 12 September 2016 (Figure 4b), indicating that
more recharge occurred at the lower elevation site, assuming uniform
specific yield. This is a reasonable assumption because the hydraulic
conductivity is relatively homogeneous laterally. Increased melt at
lower elevations (and warmer temperatures) may contribute to this
increased recharge.

The specific yield is shown in Table 4. The firn aquifer has a relatively
high hydraulic conductivity, similar to an unconsolidated sandy aqui-
fer (Miller et al., 2017). Consequently, the water table was only low-
ered several centimeters to a meter during aquifer tests. The size of
the pump was limited by the size of the borehole which in turn was
limited by the size of the portable thermal drill and the logistics of
transporting equipment onto the ice. This weak perturbation of the
system made constraining the specific yield difficult. The error on
the average specific yield results in high errors on the mean recharge
using the water level change method. Still, specific yield appears gen-
erally low, with an average of 0.04, excluding the 0.22 value as an out-
lier, and 0.06 including the 0.22 value. For an intermediate specific
yield of 0.05, recharge at the two sites ranges between 11 and
19 cm/yr (Table 5).

The total recharge for specific yields between 0.01 and 0.20 ranges
from ~2 to 77 cm/yr (Table 5). These estimates are consistent with
or higher than the recharge estimates using the volumetric flow
method. They are consistent with or lower than the meltwater avail-
able for infiltration estimated using the Degree Day Method. The
melt generation and recharge results are summarized and compared
in Figure 5.

3.3. Aquifer Time Scales

3.3.1. Tritium

Tritium measurements of liquid water show that the water in the
aquifer is modern (i.e., it recharged after ~1960). The measured *H

concentrations in firn and water samples are shown in Figure 7. In the spring of 2015 at FA15_1, prior to
the onset of melt, the tritium in the water was similar to tritium in the surrounding firn (Figure 7a), suggest-
ing that the liquid water and firn were in isotopic equilibrium. During the summer, recharge from surface

Table 2

Melt Available to Recharge the Aquifer

Degree day factor Melt (cm) Degree day factor Melt (cm)

(Tref = 273.15 K) (Tref = 268 K)

(mm/d K) 2014 2015 2016 (mm/d K) 2014 2015 2016
8 62 31 39 1 45 31 32
10 78 39 48 1.5 68 46 47
20 156 79 97 2 90 61 63

Note. Two reference temperatures were used, following van den Broeke et al. (2010).
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Recharge Estimates Using the Volumetric Flow Method

Figure 6. Dye infiltration through firn. Plot showing dye concentration at depth within the unsaturated and saturated
firn and minimum time dye took to reach the water table (a) and photo of piping observed in the wall of a snow pit
(b). Dye was present when the drill reached the water table after 49 hr. The yellow dye in the photo (b) was sprayed on
the snow surface. Measuring tape is in cm. Ice columns in the photo range between ~5 and 30 cm in length and average
~5 cm in diameter.

meltwater, which has a higher tritium concentration, mixes with liquid water in the aquifer and causes the
tritium in the liquid water to increase above the firn (Figure 7b). Tritium in firn at depth has experienced
longer periods of radioactive decay, resulting in lower tritium concentrations. This indicates that the aquifer
is indeed recharged by surface meltwater infiltrating through the unsaturated firn above the aquifer.

At the time of deposition, the decay-corrected tritium in firn at the study sites is similar to the winter time
tritium at Summit, a high-elevation long-term research site in central Greenland (Figures 1 and 7c)
(Fourré et al., 2006). After ~1990, the tritium signal becomes constant at ~9 TU (Figure 7c). As a result, dat-
ing shallow firn cores becomes simple as the concentration in firn only depends on the decay over time and
requires only a few samples. This relatively constant input, combined with tritium decay, results in the
observed tritium decrease with depth. The samples integrate ~30 cm of firn and therefore contribute to
smoothing of any seasonal signal. Additionally, meltwater percolation through the firn contributes to
smoothing of the seasonal signals. Within the aquifer, all seasonal signals are smoothed out. Below the aqui-
fer in the solid ice, the tritium concentration begins to increase as expected, approaching the bomb peak.
Peak atmospheric tritium concentrations occurred in 1963, but the thermal drill was equipped with a
60-m cable and was therefore not capable of reaching ice below a depth corresponding to the early 1970s.
3.3.2. Chlorofluorocarbon Dating
CFC-11 concentrations and apparent recharge years for each site are shown in Figure 8. CFC-12 and
CFC-113 were also measured and show similar patterns. The concentration and apparent age generally
decrease with depth. However, the estimated water ages show an unusual pattern with respect to the firn
age; the water appears older than the firn, suggesting that the water recharged before the firn in which it
now resides was deposited. This unusual, and obviously nonsensical,
age relationship implies that the traditional CFC dating model does

not apply to firn aquifers, but still provides insights into water move-

Recharge rate (cm/yr) for hydraulic conductivity (m/s) of ment in the unsaturated firn (see section 4).
25% 104 27x 104 209%x 104 3.3.3. Aquifer Formation Timing and Expansion

Aquifer In addition to explaining the elevated specific conductance of aquifer

thickness Lower bound of 95% Upper bound of 95% .

) confidence interval Mean confidence interval water relative to melted snow, the salt mass balance model also con-
strains aquifer formation timing. Figure 9 shows the aquifer concen-

30 16 17 18 trations predicted with Equation 8 using parameter values and

40 21 23 24 s .
uncertainties shown in Table 1.
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Table 4 Because the model (Equation 8) predicts the average concentration
Sipeegfte Voa S e ANG & @) A @ over the spatial (both vertical and horizontal) extent of the aquifer,
Site Well Specificyield it is not expected to reproduce the concentration at specific points.
FA16 4 Test 1 Ohraraiton 1 0.01 The average SC measured in at sites FA16_4, FA16_5, and FA16_6
Test 2 Observation 1 0.01 is about 6 uS/cm, and this is consistent with an average aquifer for-
FAl6_6 Test 1 Pumping 0.03 mation time of about 16 years (—6, + infinity), based on
Observation 1 0.22 Equation 8. This corresponds to a formation year of 2000, or as recent
Obseryation 2 0.06 as 2006, or as old as the ice sheet. The positive uncertainty in this time

Test 2 Pumping 0.06 i R K A
Oleraiion 1 0.05 is large due to uncertainty in model parameters and the flattening of
Observation 2 0.04 the concentration versus time curve. However, the upper range of

uncertainty on age is constrained by the post-1960s tritium age to
+37 years, assuming a 1963 bomb peak.

The lack of bed returns in CReSIS radar data, a proxy for firn-aquifer presence (shown in Miege et al., 2016,
Figure 4), indicates that the aquifer existed in 1992. This provides an independent confirmation that an aver-
age formation time of 16 years seems to be at least within the correct order of magnitude. Moreover, the para-
meter values in Table 1 give an average initial SC of about 16 uS/cm, a final (steady state) value of 5 uS/cm,
and an e-folding time of 6.5 + 4 years. The uncertainty is based on propagation of uncertainty values for para-
meters used to calculate the e-folding time in Table 1. These modeled values are within the range of mea-
sured values for SC, and the e-folding time is similar to estimates of the mean residence time of water in
the aquifer estimated using porosity and recharge rates (Miller et al., 2018).

Of course, the salt-balance box model has several limitations including assumptions of steady flow, average
concentrations, and instantaneous leaching of salts, in addition to uncertainty in the solute deposition at our
study site. Nevertheless, it does explain the approximately fiftyfold enrichment of aquifer concentrations
over snow melt, and the general time scale over which solute concentrations are expected to change.
Furthermore, the model places a constraint on the fraction of recharge that refreezes at the aquifer bottom.
For example, if 90% of the recharge were refreezing, the model predicts a steady state SC of 47 uS/cm and an
e-folding time of 58 years, both of which are significantly greater than our observations. The model also pro-
vides additional evidence that the estimate of recharge (R) is reasonable as it is consistent with both hydrau-
lic and chemical observations which are independent of each other.

Repeat perennial firn aquifer detections using airborne radar data acquired from NASA OIB provide an
independent set of observations of recent (2010-2017) aquifer expansion upslope (Figure 10). Two
water-table time series between 2010 and 2017 in the proximity of the field site are presented (Figure 10).
The first water-table time series (Figures 10a-10c) was collected over a transect where most field measure-
ments described in this manuscript took place (aquifer-site transect). From April of 2010 to 2017, the firn
aquifer has expanded 7 km inland toward higher elevations. The second time series (Figures 10d-10f), col-
lected on a parallel transect about 30 km south of the first transect, shows a similar upslope expansion of

Table 5
Recharge Rates from Water Level Rise Method

Recharge rate at site

FA15_1 FA15_2

Specific yield Recharge rate (cm/day) Total recharge (cm/yr) Recharge rate (cm/day) Total recharge (cm/yr)
0.01 0.03 2 0.05 4

0.04 (aquifer average) 0.10 8 0.19 16

0.05 0.13 11 0.24 20

0.1 0.25 21 0.47 39

0.2 0.51 42 0.95 78

Total water level rise (m) 2.1 39

Note. This table shows water level rise over the 82-day period of meltwater recharge to the aquifer, total annual recharge, and recharge rate for a range of specific
yields at FA15_1 and FA15_2. The water level began to rise on 22 June 2016. The last day of substantial melt was 12 September 2016. After this day, air tempera-
tures were too cold for melt to occur.
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(a) Spring, FA15_1, prior to melt (b) Summer, FA15_2, during melt
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Figure 7. Tritium measured in firn and water at depth in the spring (a) and summer (b), and tritium at the time of
deposition (decay-corrected) calculated from firn samples at the field sites compared to tritium in the atmosphere at
Summit (GRIP site, 72°N, 37°W) and Dye 3 (65°N, 43°W) Greenland from Fourré et al. (2006) and Koide et al. (1982)
(c) Core depth model was developed from the ACT-11B core. Over the winter, tritium in water equilibrates with tritium
in firn. The tritium in liquid water increases in the summer due to recharge of surface meltwater.

5 km since April of 2011. This aquifer expansion is presumably driven by increasing surface melt conditions
at higher elevations.

The radar data highlights that the water table is controlled by local topography similar to Téth (1963). In
addition, from 2010 to 2017, the upper-elevation part of the aquifer rose (depth to water table has decreased)
while the lower-elevation part, delineated by dashed vertical line in Figure 10, lowered (depth to water table
has increased). A change in surface slope corresponds to these diverging behaviors. For the aquifer-site
transect (Figure 10a-10c), independent magnetic resonance soundings show that the water volume stored
at the transition between upper and lower parts of the aquifer is the smallest (~200 kg/m?) (Legchenko et al.,
2018a). These observations confirm the importance of surface slope in controlling the firn aquifer water table
lateral evolution and dynamics, just as it has been observed in groundwater aquifers.

4. Discussion

The results from the wide variety of measurements lead to some specific inferences about relative timing of
formation and recharge to the firn aquifer. Combined with prior work on the aquifer, they also provide the
basis for a broad generalization of a conceptual model.
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Figure 9. Aquifer solute concentration (as specific conductance) predicted using
Equation 8 with parameter values and uncertainties shown in Table 1.

4.1. Relative Timing of Aquifer Formation

The temperature profiles below the aquifer at the higher (FA15_1)
and lower elevation (FA15_2) sites provide insight into the relative
timing of the aquifer formation. The 1.2°C warmer temperature at
55 m depth for the lower elevation site suggests that the firn aquifer
formed earlier at the lower site. This allowed temperate conditions
and heat from the aquifer to propagate downward during the densifi-
cation process over a longer period of time, resulting in warmer tem-
peratures (Figure 3). This hypothesis is also supported by the
additional amount of clear ice observed below the firn aquifer at
the lower site compared to the higher site, highlighting that the aqui-
fer has persisted for a longer time at the lower site (Miller et al., 2018).

4.2. Meltwater Movement Through the Unsaturated Zone

The dye test illustrates the melt water infiltration pattern of recharge
and allows a quantitative comparison of the rate with other percola-
tion settings. Dispersion and the physics of flow through unsaturated
porous media cause the dye concentration to decrease with depth
(Figure 6a). The increased variation in the concentration at depth
suggests that flow occurs along preferential flow paths. This is corro-
borated by piping identified in snow pits (Figure 6b). The upper
bound of the infiltration rate (< 0.4 m/hr) is at the high end of the
observed range of vertical percolation velocities between 0.1 and
0.4 m/hr in mountain-glacier firn (Ambach et al., 1981; Oerter &
Moser, 1982; Vallon et al., 1976; Schneider, 1999).

CFC results also provide evidence for rapid infiltration rates. Under
the traditional CFC dating model, water equilibrates with atmo-
spheric gases above the land surface or unsaturated zone atmosphere.
The water then maintains that equilibrium concentration after it
recharges a terrestrial aquifer. However, in the case of a firn aquifer,
CFCs gases are essentially excluded from ice. Because of size exclu-
sions, the solubility of gases (with the exception of small gases such
as helium) is much lower in ice than in liquid water (Bari &
Hallett, 1974; Lovely et al., 2015). When the ice melts, it recharges
the aquifer before atmospheric equilibration can occur, causing
recharge to the aquifer to have very low CFC concentrations (and
therefore older apparent recharge years). Once meltwater is in the
saturated zone, the only gas that can dissolve into the water is gas pre-
sent in pore space. While this may increase the CFC concentration in
the water, the volume is too small to raise the concentration in the
water enough to appear even as old as the firn. Therefore, although
CFC apparent recharge years cannot be determined, the unusually
low gas concentrations suggest that recharge occurs quickly (faster
than CFC equilibration time on the order of hours to days, depending
on the surface area to volume ratio).

4.3. Recharge Rates

Recharge to the aquifer is generally estimated to be between 9 and
30 cm/yr across methods, as shown in Figure 5. This estimate is based
on the lowest and highest 95% confidence interval of the three inde-
pendent methods used to estimate recharge. The estimates from the
water level change are site specific, while the volumetric flow and
dilution methods are averaged over the length of the aquifer and
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Figure 10. Firn aquifer expansion detected from repeat airborne radar/lidar data (CReSIS, 2017; Studinger, 2020) collected by NASA OIB (2010-2017) at two
locations (Figure 1) by Helheim Glacier. The three left insets (a—c) correspond to radar/lidar time series collected at the northernaquifer site transect, whereas
the three right insets (d—f) represent radar/lidar time series collected on the transect at the end of the Arctic Circle Traverse from 2011 (ACT11), parallel and
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initially calculated over 0.5 m (radar trace spacing) in average but smoothed using a spline curve.

therefore provide a more general estimate. Further, the agreement between the specific discharge estimated
from Darcy's law and the borehole dilution tests (Miller et al., 2018) supports the recharge estimate
calculated using the volumetric flow method with the mean hydraulic conductivity and the recharge
estimates from the borehole dilution method. The aquifer-wide average recharge from the volumetric
flow and borehole dilution methods is 22 cm/yr, with a lower 95% confidence limit of 13 cm/yr and an
upper 95% confidence limit of 33 cm/yr (Figure 5). The average of all methods is 18 cm/yr, with an upper
95% confidence interval of 28 cm/yr and a lower 95% confidence interval of 8 cm/yr.

Recharge rates vary spatially. The recharge estimate at FA15_2 is nearly double that at FA15_1, using the
water level rise method. The specific discharge at the lowermost elevation site, FA16_6, results in a recharge
rate of 35 cm/yr. Recharge decreases with elevation. This is consistent with spatially varying snow surface
temperatures and melt rates along an elevation gradient.

The difference between the total melt and the recharge estimates allows for an independent estimate of the
amount of refreezing in the firn, assuming that all meltwater that did not contribute to recharge refroze (and
reduced pore space) in the seasonal snow from the previous winter or the unsaturated firn. The difference
between melt and recharge ranges between 0 and 45 cm. This range is the difference between the maximum
aquifer-wide recharge estimate and the minimum melt available for recharge based on the energy balance
and the difference between the maximum melt available for recharge based on energy balance and the mini-
mum aquifer-wide recharge estimate. This range is roughly consistent with the integrated cold content esti-
mation requiring ~16 cm of meltwater refreezing to warm the unsaturated seasonal snow and firn to its
melting point. The cold content is a conservative estimate that ignores shallow firn warming through con-
duction, and only represents one site. Each measurement included in these estimates has uncertainties
and potential temporal and spatial variability, and so these initial recharge estimates require further work,
especially refining measurements of specific yield, which contribute substantially to the uncertainty.

4.4. Conceptual Model

The perennial firn aquifer conceptual model (Figure 11) provides a unifying description of interpreted field
data and cryohydrologic/geochemical processes that allow the firn aquifer to persist. For the aquifer to form
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Figure 11. Conceptual model of the firn aquifer. Snow accumulates during the winter on the surface of the ice sheet. In the summer, the warm air temperatures
and intense solar radiation cause some of the surface snow to melt. The meltwater warms the firn pack (which is cold—several degrees below 0—due to winter
chilling) as it infiltrates and refreezes until unsaturated zone temperatures rise toward 0°C. For firn temperatures just below and near zero, the meltwater

can pass through the unsaturated zone and recharge the water table of the firn aquifer. The aquifer is perched upon colder impermeable glacial ice, and this firn
aquifer base occurs where all water is fully frozen. The depth of the base is temperature dependent (i.e., it is a function of the depth at which firn temperature is
below 0°C), and the temperature distribution depends on the energy balance between conduction in the colder ice sheet and energy conduction and possible

advection of energy within the aquifer. Liquid water in the firn aquifer flows relatively quickly through the aquifer to discharge points, likely in crevasses toward
the distal end of the ice sheet.
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initially, a substantial volume of meltwater must infiltrate to depth. This volume must contain enough ther-
mal energy to warm the firn at depth to 0°C through refreezing, with enough water remaining in liquid form
for the aquifer to persist until the next melt season. Recharge was likely lower in the past, and has presum-
ably increased as melt has increased over time (Fettweis et al., 2011). Therefore, recharge rates high enough
to currently maintain an aquifer were probably adequate to initiate formation, based on the current presence
of an aquifer. This low required amount of recharge suggests that even slight increases could allow for wide-
spread aquifer expansion at locations where adequate pore space exists. The firn-warming process may have
initially taken several melt seasons, depending on the amount of melt generated each year. Once this initial
energy barrier was overcome, and the aquifer temperature reached 0°C, the aquifer could persist if energy
derived from meltwater recharge balanced or exceeded the thermal energy loss from the aquifer.

During the fall, winter, and spring, surface temperatures and incident radiation are too low to generate melt-
water. Once summer warming and long days allow for meltwater generation, initial meltwater (~16 cm) con-
tributes to warming of the unsaturated firn overlying the firn aquifer. During this time, refreezing of
meltwater contributes to warming of the firn column through latent heat exchange and internal energy
accumulation (Schneider & Jansson, 2004). When the overlying firn finally becomes approximately isother-
mal at 0°C after ~1 month, surface meltwater can rapidly recharge the aquifer. Annual recharge is critical to
aquifer persistence. Without it, the aquifer would presumably refreeze due to the surrounding sub-freezing
firn temperatures.

Recharge amount and timing estimates from a variety of methods all generally agree that recharge amounts
range from 9 to 30 cm/yr. The portion of the surface melt that does not refreeze in the firn infiltrates through
the ~10 to 20 m of unsaturated firn along preferential flow paths to recharge the aquifer in at least 2 days.
This recharge occurs too quickly for CFCs in the atmosphere to equilibrate with meltwater. However, tri-
tium, as part of the water molecule, is conserved in liquid water, although some vertical smearing in firn
occurs. Recharge continues through the summer season as surface melt occurs. Recharge and horizontal
flow in the saturated zone contribute to changes in water table elevation. The firn aquifer responds dynami-
cally to surface forcing. This supports findings of Chu et al. (2018), who identified annual changes in aquifer
thickness that corresponded to changes in surface mass balance.

Drainage from the unsaturated zone and subsequent changes in water level can continue even as snow sur-
face temperatures cool and meltwater generation ceases because it takes weeks to months for temperatures
in the upper 10 m to decrease below 0°C. Drainage can last longer than the initial breakthrough time for sur-
face melt to reach the aquifer (<2 days) because the mean travel time through the unsaturated zone is
greater than the breakthrough time. The hydraulic conductivity decreases with decreasing moisture content,
which further reduces flow through the unsaturated zone.

Once meltwater has entered the saturated zone, it flows horizontally and generally downhill, according to
the hydraulic gradient, to discharge zones (likely at crevasses between the aquifer and the edge of the ice
sheet, Miller et al., 2018). The hydraulic conductivity of the aquifer is 2.7 x 10~* m/s (geometric standard
deviation of 1.4), similar to an unconsolidated sand or gravel aquifer (Miller et al., 2017). The aquifer water
comes to isotopic equilibrium with the surrounding firn with respect to tritium in the saturated zone.
Discharge may occur into crevasses near the edge of the ice sheet and liquid filling these fracture zones
may hydrofracture crevasses to the base of the ice sheet (McNerney, 2016; Poinar et al., 2017).

The temperature distribution within the ice sheet defines the bottom of the aquifer. The base occurs at the
depth where the heat from the surface is inadequate to warm the ice to 0°C. Below this depth, subzero tem-
peratures prevent liquid water from existing. Some refreezing occurs at the base of the aquifer, producing
clear ice (no air bubbles) (Miller et al., 2018).

The firn aquifer alters the thermal regime of the ice sheet. The aquifer prevents cooling of the firn within the
saturated zone to the mean annual air temperature (—11.3°C for 2016) and effectively separates the firn
above the aquifer base from that below. Once the aquifer exists, the ice sheet thermal surface boundary con-
dition effectively becomes the base of the aquifer instead of the snow surface because temperature variations
above the aquifer base are buffered by the aquifer. The surface thermal boundary condition can be consid-
ered a constant temperature of 0°C instead of the mean annual air temperature in areas where firn aquifers
exist. At such locations, this is a substantial alteration of the shallow temperature profile of the ice sheet and
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may have important implications for ice sheet models, as well as historical records of environmental condi-
tions and their preservation in ice cores.

The elevated specific conductance of aquifer water relative to snow indicates that the aquifer concentrates
dissolved solids. The concentration of solutes in the aquifer is controlled by the amount of solutes within
snow, the flux of meltwater through snow and the aquifer, and the rate of refreezing along the base of the
aquifer. Modeling this process using parameter values constrained by field measurements suggests a mean
residence time (e-folding time) of 6.5 years. These modeled values are within the range of measured values
for SC, and the mean residence time is similar to estimates of the mean residence time (~8 to 23 years)
derived from a water budget of the aquifer (Miller et al., 2018).

Increasing recharge through warmer surface temperatures, or increasing hydraulic conductivity by melting
ice within the aquifer or developing fracture networks, will increase flow through the firn. Expansion of
areas of high melt rates allows the aquifer to grow upslope as well. The aquifer formed between 1963 and
2006 and has expanded upslope since 2010.

5. Conclusions

This work describes cryohydrologic and geochemical field data collected in a perennial firn aquifer located
in southeast Greenland, upslope from Helheim Glacier. The interpretation of these data are synthesized into
a quantitative overview of the firn aquifer hydrology that supports numerical modeling and is likely applic-
able to firn aquifers in other regions. To date, this is now the most intensively studied firn aquifer in the
world.

Beyond this description of the firn aquifer hydrology, much remains unknown about the effect meltwater
has on firn metamorphism and implications for meltwater retention. Further investigation of tritium in pre-
cipitation at this site would aid firn dating. Additionally, further research is needed to develop an under-
standing of the impacts discharging firn-aquifer water may have on ice dynamics and sea level rise, and
continued monitoring is needed to evaluate the apparent recent expansion of these aquifers.

Annually draining firn aquifers have been detected in mountain glaciers in the Cascade Mountains and the
Alps (Fountain & Walder, 1998; Oerter & Moser, 1982) and a perennial aquifer has been identified in an arc-
tic ice field (Christianson et al., 2015). While this study focuses on a much larger perennial firn aquifer in
southeast Greenland, the general conceptual model can be applied to other firn aquifers in other regions,
which are expected to become more important components of cryohydrologic systems as both the climate
warms and scientific exploration advances. Further, as firn aquifers are a relatively new facies of ice sheet
hydrology in the Arctic, and potentially Antarctic (Bell et al., 2018), a detailed description of their existence
and function is required prior to extrapolating to other sites. Such description is also useful in contrasting
meltwater movement and retention in firn aquifers to meltwater movement and retention in other settings
where meltwater becomes runoff or refreezes in the firn column, such as surface streams and lakes, englacial
lakes, or ice layers or ice slabs (Charalampidis et al., 2016; Cox et al., 2015; Harper et al., 2012; Lenaerts
et al., 2016; MacFerrin et al., 2019; Machguth et al., 2016; Pfeffer et al., 1991; Smith et al., 2017). Application
of methods applied at this firn aquifer to other sites will lead to deeper understanding of firn aquifers (which
undoubtedly vary from this model at other locations) and the impact firn aquifers have on global glacier and
ice sheet mass balance, runoff, and sea level rise.

Airborne radar data show that the aquifer above Helheim Glacier has in fact expanded upslope over time,
presumably as melt area has expanded as a result, in part, of global climate change and the associated
warming of the Arctic (Fettweis et al., 2011; Hanna et al., 2008). As surface melt increases under a warm-
ing climate, the aquifer will likely continue to expand upslope, leading to further alteration of the thermal
regime of the ice sheet, while increased discharge could impact sea level rise and the rates of glacier
movement through basal slip. As firn aquifer extent expands with increasing melt area and rates, more
liquid water may move through firn aquifers. Increased discharge from draining aquifers may influence
subglacial hydrology and ice flow (Poinar et al., 2019, 2017). The increased flux of liquid water
transmitted through aquifers that ultimately drain to the ocean could increase the contribution of firn
aquifers to sea level rise.
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