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Abstract. We hypothesize that groundwater systems may be the main water transport mechanism over (distributed,
inefficient) water sheets at large scales in the interiors of ice sheets where melt rates are very low. We compare melt rate
magnitudes to potential groundwater volume fluxes and also calculate the theoretical transmissivity ranges of subglacial
water sheet and groundwater flow systems. Theoretical groundwater systems are on par with or are more transmissive than
water sheets for the upper half of the permeability spectrum. In addition, we develop a 2D cross-sectional subglacial flow
path model that connects subglacial lakes near Dome C, East Antarctica. This model integrates subglacial water sheet flux
and hypothetical groundwater flow forcing, better bridging two historically disparate modeling frameworks — subglacial
hydrology and ice sheet hydrogeology. Our model results suggest that the water sheet thickness can be highly dependent on
groundwater flux and that the water sheet transmissivity is within the total range of the modeled groundwater system
transmissivity. We infer from these results that subglacial lake stability and basal radar reflections underneath the interior of

East Antarctica may possibly be affected by groundwater flow.

1 Observations and Background Information

While much study (e.g. Weertman, 1966; Shreve, 1972; for review, see Flowers, 2015) has been given to the ways
in which basal meltwater transports under faster flowing ice bodies (i.e. mountain glaciers and ice streams), relatively much
less has been done to show how meltwater transports under the interiors of continental ice sheets like the East Antarctic Ice
Sheet (e.g. Carter et al., 2009a; Wright et al., 2012, 2014). Subglacial melt rates under the vast majority of the interiors of
these kinds of ice sheets are estimated to be very low compared to the higher melting zones underneath ice streams (<10 mm
yr''; Pattyn, 2010). Some (e.g. Creyts and Schoof, 2009) have modeled the transport of subglacial meltwater via water
sheets sitting at the ice/bed interface while others (e.g. Boulton and Jones, 1979) have used groundwater flow through the
porous sediment or bedrock. While porous groundwater flow is not capable of transporting the bulk of the meltwater
underneath fast flowing ice (i.e. high melt rates in ice streams and outlet glaciers; Alley, 1989), those areas are a small

fraction of the total area underneath the interiors of ice sheets like that present in East Antarctica. Groundwater systems
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could still be important in considering the large-scale transport of meltwater for much of the ice sheet interior (outside of ice
stream and outlet glacier areas; cf. lake locations presented in Smith et al., 2009) and useful to consider in future continental
ice sheet models. Ice sheets have also been shown to affect regional-to-continental scale groundwater flow systems, which is
a closely related field of active research (e.g. Boulton et al., 1995; Piotrowski, 1997; Person et al., 2007a; Lemieux et al.,

2008).

The presence of large and small subglacial lakes underneath the East Antarctic Ice Sheet (and West Antarctic) is
now well established (Siegert et al., 2005a; Smith et al., 2009; Wright and Siegert, 2014). Originally, subglacial lakes were
thought of as long-lasting stable environments whose behavior impacted only the overlying ice and received their water
entirely from local sources (Tikku et al., 2005). More recently, it has been shown that not only are subglacial lakes capable
of releasing many cubic kilometers of water in a period of about a year (Fricker et al., 2007), but that these periodic releases
can significantly impact the flow of ice downstream (Stearns et al., 2008; Fricker, 2008). Lake activity has been modeled as
driven by thermodynamic and deformation processes concentrated at the ice/bed interface (Carter et al., 2009b, 2015) —
processes that will be less important in a groundwater-driven system. The observed filling rates for many of the lakes now
known to underlie most of the fast-flowing ice streams appear to require meltwater input from the entire subglacial hydraulic
catchment (Anandakrishnan and Alley, 1997; Smith et al., 2009; Carter et al., 2011), meaning that hydraulic processes in the
uppermost part of the hydraulic catchment influence the quantity, chemistry, and biology of water much further downstream.

Consequently, a complete understanding of the subglacial hydraulic system begins with an examination of its headwaters.

Although much attention has recently focused on “active lakes” in fast flowing ice streams and outlet glaciers, the
first lakes discovered in Antarctica were found close to the ice divides (i.e. slower-moving ice) using radio-echo sounding
(also known as ice-penetrating radar). The criterion used to identify lakes with radio-echo sounding (“radar lakes”) is a
hydraulically flat, bright reflection of consistent reflectivity that is brighter than its surroundings (Siegert et al., 2005a; Smith
et al., 2009; Carter et al., 2007; Wright and Siegert, 2012). When this same criterion is applied to radio-echo sounding data
from “active lakes” (with the exception of Subglacial Lake Mercer; Carter et al., 2007; Fricker and Scambos, 2009; Fricker
et al., 2007, 2010) it often fails at least one if not multiple tests for detecting “radar lakes” such as hydraulic flatness,
specularity, and brightness relative to its surroundings (e.g. Smith et al., 2009; Christianson et al., 2012; Siegert et al., 2014;
Wright et al., 2014). Conversely, satellite and GPS data collected over most “radar lakes” (with the exception of the
Adventure Trench lakes of Wingham et al. (2006) show no detectable change. Towards understanding these observations,
Carter et al. (2015) investigated drainage mechanisms necessary to sustain “active lakes” and argued that they would likely
exist in areas that befoul traditional radar detection methods due to the lakes being surrounded by saturated sediments that
impair the radar reflection contrast. In this work, we explore drainage mechanisms for “radar lakes” that may explain why

they do not typically exhibit detectable vertical surface motion.
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2 Hypotheses

We hypothesize that groundwater systems may have a significant role in the subglacial hydrological systems
proximal to ice divides (and perhaps much of the areas with low melt rates) underneath continental ice sheets such as the
East Antarctic Ice Sheet. This is due to the low production of meltwater, usually less than 10 mm yr'', underneath areas of
very low basal shear stress (i.e. low frictional heating from slow moving ice). These behaviors are demonstrated in Fig. 1
where we compare a range of melt rates at the base of a hypothetical ice sheet that is similar to basal conditions in the
interior of East Antarctica close to an ice divide (see Fig. S1 for the specific area used) to the volume flux of groundwater
(cf. fluid velocity; for definition specifics, see Stauffer, 2006) across the majority of hydrogeologic values (see Table 8.2 of
Singhal and Gupta, 2010), given interior East Antarctic pressure potentials. The groundwater volume flux, g (mm yr), is
equal to —kVP/u where k is the permeability (m?) of the porous medium, y is the dynamic viscosity of the water (8.94x10™
Pas), and VP is the gradient of the pore water pressure (Pa m™). Permeability (units typically in L?or darcy) is a measure of
the ability of a porous media to transmit a fluid such as water; it ranges over thirteen orders of magnitude for geologic
materials (unconsolidated sediments and porous sedimentary rocks have much higher values than highly consolidated or
crystalline unfractured rocks). Figure 1 shows that groundwater volume flux values are on par with melt rate magnitudes (1-
100 mm yr') at high-to-moderate permeability for low-pressure gradients and from moderate-to-low permeability at higher-
pressure gradients. This means that for roughly half of the hydrogeologic permeability spectrum meltwater can be

transported as groundwater.

This hypothesis is further supported by calculations of the transmissivity of groundwater systems compared to a
subglacial water sheet (or films; a & Weertman, 1966), which is still the de facto model for continental scale subglacial water
transport (Johnson, 2002; Johnson and Fastook, 2002; Le Brocq et al., 2009). Transmissivity is a measure of a water system
to carry water laterally and is equal to the product of the hydraulic conductivity of the water system and the thickness of that
system (i.e. T = Kb, where K is the hydraulic conductivity and b is the thickness of the water-saturated layer). Hydraulic
conductivity is a measure of the ease with which fluid moves through a porous or fractured media and is related to
permeability by the relation K = kpg/u where p is the density of the fluid and g is acceleration due to Earth’s gravity.
Figure 2 shows the transmissivity of the hydraulic conductivity end members of the groundwater and water sheet systems
(see Appendix A for the specific mathematical details). These comparisons also demonstrate that more water can be

transmitted via groundwater than via water sheet systems for roughly half of the hydrogeologic permeability spectrum.

We also hypothesize that given the potential in subglacial water transport via groundwater that subglacial lakes may
be fairly stable through the ability of the bed substrate to diffuse excess water away without giving an ice surface expression.
This effect could explain why so many of the “radar lakes” in the interior of East Antarctica are not observable from ice

surface elevation changes (cf. “active lakes”). Finally, we hypothesize that the ice sheet corrected basal radar return signal
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known as the basal reflection coefficient, assuming to be dominantly a function of the water content as the base of the ice
sheet (Peters et al., 2007), could be directly resultant from the hydrogeologic properties of the bed. This would mean that a
groundwater system present at the ice sheet bed could alter the signal of the radar return by modulating the basal water sheet

thickness. We leave this third hypothesis untested here as it is out of the scope of this work.

3 Numerical Modeling Methods

To further test these hypotheses we developed a novel 1D subglacial interface water sheet model (applicable here
due to the large length scale) coupled to a 2D groundwater model applied to the study area of Dome C in East Antarctica
(see Fig. 3). This coupled model simulates a cross-sectional model domain (along a subglacial flow path) where the water
sheet thickness is solved along the top boundary (i.e. ice base) of the cross-sectional groundwater domain. The water sheet
is solved in a curvilinear one-dimensional sense as its thickness is much less than the simulated aquifer thickness. The
objective of our model was to utilize groundwater volume flux at the ice/bed interface to determine water sheet thickness and
then use the modeled groundwater aquifer transmissivity as a point of comparison to the water sheet’s transmissivity. We
chose Dome C (see Fig. 3) for the model study area as it has been examined extensively for various reasons, including
hydrological studies (e.g. Forieri et al., 2004; Tikku et al., 2005; Parrenin et al., 2007; Carter et al., 2009b). Dome C is also
located in an area of high “radar lake” density and paucity of “active lakes” (Wright et al., 2014), which was advantageous
for hypothesis testing. A critical input for the numerical model was the availability of lower-error melt rates in the study
area (Carter et al., 2009b). The vast majority of the area is estimated to be at pressure-melting temperature at the ice base so
all the work we present here at the ice base and in the subsurface assumes that water is in a liquid state and that
thermodynamic modeling is not required (Siegert et al., 2007; Pattyn, 2010). The presence of subglacial lakes also validates
this assumption. The numerics of the coupled model are purposefully simplistic and applicable to areas similar to Dome C
(mainly the interiors of continental ice sheets). The key characteristics of our model’s applicability are areas: much larger
than that of mountain glacier terrains, having low ice surface slopes, and with low melt rates from very slow basal ice
velocity. Dome C exhibits all of those characteristics and is an ideal location for the model development. We determined the

flow line along which the model was developed (see Fig. 3) by a method used by Carter et al. (2009a).

As previously mentioned, our simplistic model was designed to understand how the water sheet thickness and a
hypothetical groundwater system might interact and correlate to subglacial lake stability under the East Antarctic Ice Sheet.
As we were interested in a simple comparison between two hydrological systems, we chose the cross-sectional dimension of
a subglacial flow path that follows a hydrologic potential (i.e. the path water takes at the base of the ice sheet). If the model
were solved in a higher-dimensional framework, the aquifer would be three-dimensional and the water sheet would be in two
dimensions (the plane between the ice and the bed). The groundwater portion of the model utilizes a steady, fully saturated

Darcy flow approach. This is applicable as any available meltwater would drain into a dry subsurface before going into the
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water sheet until the porous media was fully saturated which should be the case since the ice at Dome C has probably existed
in a similar configuration to the present for tens of millions of years (e.g. Huybrechts, 1993; Siegert et al., 2005b; Young et
al., 2011). Since we do not have actual data about the subsurface hydraulic system, we simply adjust various permeability
assumptions covering a wide range of geologic possibilities for the area. We also leave the top boundary as a constant head
boundary to simply produce groundwater fluxes as an applied forcing to the water sheet (we provide further description of

this later).

The 2D governing equation for steady state, fully saturated groundwater flow is
k
—V-(;VP+prVZb) =0 (1)

where P is the pore water pressure to be solved, V - is the divergence (used here in two dimensions as d/dx + d/0z), k is
the matrix permeability, u is the viscosity of the water, z,, is the bed elevation, and V is the gradient (also used here in two
dimensions as d/dx i + d/0z k, where i and k are unit vectors). Note that the term inside the parentheses is the 2D
groundwater volume flux (i.e. ¢ = —KVP/u + p,, gVz,, which is similar to the previous form used for 1D flow where
q = —KVP/u) at any given location in the model domain. The matrix permeability, k, is evaluated using an exponential
decay function (4 la Athy, 1930; Sclater and Christie, 1980): k = koe™4 #v=2). Here, kj, is the permeability at the top of the
groundwater aquifer (i.e. bed elevation) which is allowed to vary in the model through a wide hydrogeologic range, A is a
decay parameter, and z is the elevation so that z,, — z is the depth in the aquifer from the bed. The bottom of the aquifer is
set at 1,500 m below sea level arbitrarily to allow a depth that enables regional groundwater flow (Jiang et al., 2009) and is
less than the geophysically estimated thickness of the sedimentary basin fill for this area (~2-3 km; Frederick, 2015), which
we chose in order to keep our argument more conservative (i.e. keeping the aquifer thickness minimized for transmissivity
calculation). We also note that, for depths past a few hundred meters, the depth of the aquifer bed does not really impact the
value of the groundwater volume flux at the ice/bed interface. The value of the decay exponent (4) is 5x10° m™ as used in
Jiang et al. (2009) in order to allow for a balance between regional and local groundwater flow systems; we also use this
value as it is a more aggressive decay constant which allows us to make our argument more conservative. As our sole model
parameterization, we vary the sediment surface permeability of the bed, k,, from a high value of 107" m® (referred to
subsequently as high k) to 10" m? (low k,) with a medium value of 10" m* (med k) in order to test a wide range of
geologic possibilities for Dome C (see Fig. S3 for a graphical view) and utilize groundwater flux as a sort of forcing function
to the water sheet system above. Subglacial lakes were modeled as extensions of the groundwater domain by assigning the
subglacial lakes an isotropic, homogeneous value of k to obtain physically reasonable values of groundwater volume flux

along the lake bottom boundaries. The top and left boundaries are constant head boundaries (sits atop the lakes where they
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are present) and the bottom and right are no flow boundaries (i.e. water does not flow to the right of A or through the bottom

boundary; see Fig. 4).

The governing equation for the water sheet was modeled similar to that of an expandable fracture where the laminar
flow is directed between two parallel plates. The glaciological community (specifically, Weertman, 1966) adapted this
equation to describe the flow of water at the interface of an ice sheet by solving for sheet thickness (akin to fracture

aperture), d, instead of pore pressure. The resulting 1D governing equation of the water sheet is
a .
V(S V,R) = b +6G )

where d is the water sheet thickness to be solved for, B, is the given water sheet pressure, V, - is the one-dimensional
divergence (i.e. d/dx), u is the viscosity of the water, V,, is the one-dimensional gradient (i.e. d/dx), b is the melt rate from
the base of the ice (a given source term from another model’s output; see Appendix B), and G is another source term for the
water sheet that equals the modeled groundwater volume flux normal to the ice/bed interface (G = q - n), which is along the
constant head boundary of the 2D groundwater model domain. Note that it is through the source term G that we couple the
output of the groundwater volume flux to the water sheet system. Plots of G and b are shown in Fig. S4. The water sheet
pressure is equal to the overlying ice sheet pressure, which is a fair assumption for this setting (Le Brocq et al., 2009).
Therefore, the given water sheet pressure is calculated as P, = p;g(s — i) + p,,g(i — z,) + py, gz, where p; is the density
ofice, p,, is the water density, g is the acceleration due to gravity, s is the elevation of the ice sheet surface, i is the elevation
of the base of the ice, and z,, is the elevation of the bed. The term in the middle allows for the pressure contribution of
subglacial lakes such that where subglacial lakes exist i # z;, otherwise i = z,. The pressure for the constant head boundary
in Eq. (1) uses this same formulation with the exception of the term accounting for the lake as that boundary lies above the
lakes. The segments of the water sheet underlying the subglacial lakes are set to zero as to only model around them and set a
required boundary condition. The value of the water viscosity () is 8.94x10™ Pa s and the ice (p;) and water (p,,) densities
are 920 and 1,000 kg m™, respectively. More specifics about the model and its implementation into COMSOL Multiphysics
(COMSOL, Inc.), an automated partial differential equations solver utilizing the finite element method, can be found in

Appendix B.

4 Results

The modeled results consist primarily of the water sheet thickness and the subsurface pore pressure (or hydraulic
head) that are used to calculate water flux in both the aquifer and water sheet. Transmissivities can also be calculated using

these results. The modeled water sheet thicknesses and resulting groundwater and water sheet transmissivities are plotted in
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Fig. 5. The results of the groundwater simulation are shown in Fig. 6. There are four different model results based on the
input parameterizations of groundwater flux in addition to the given melt rate (i.e. high ky, med ky, low k,, and
melt only). The modeled water sheet thicknesses (Fig. 5a and 6a) fall into two distinct groups with all but one
parameterization (high k,) essentially plotting the same as the melt only result with minor deviations, if any. The
parameterizations that follow the melt only profile start at zero where subglacial lakes exist and gradually grow to a
maximum before the next lake and repeat this process a few times. The maximum sheet thickness of these is about 2.5
millimeters. The high k, results are much different than the others. They fluctuate much more steeply than the other results

and reach larger thicknesses at their maximum (~4-4.5 mm).

The calculated transmissivities of the modeled water sheet thicknesses compared to the groundwater systems can be
seen in Fig. 5b. We calculated the transmissivities (T') for the model results a few different ways. For the groundwater
values, we calculated the mean hydraulic conductivity (K) of the varied groundwater models by taking the average function
value integral of the depth-dependent formulation for permeability, k (see Sect. 3 — Numerical Modeling Methods for the
depth-dependent function). For the saturated thickness, b, of the groundwater subdomain we used the depth of aquifer along
the profile. The product of these two values gave the 100% transmissivity value. The 10% value simply takes 10% of the
100% transmissivity value for an added level of conservative estimation. The transmissivities for the modeled water sheet
simply use the product of the average water velocity and the water sheet thickness. Our choice of the depth-averaged water
velocity (see Appendix A for specific formulation) instead of hydraulic conductivity was to again allow for potentially
higher values of transmissivity to more conservatively compare to those of the groundwater system. The water sheet
transmissivities for all parameterizations cover many orders of magnitude of transmissivity (~5 by grouping or ~6 total) and
extend above and below the med k, groundwater values at both the full (100%) and fractional (10%) aquifer thickness
values. Only the high k, sheet parameterization reaches the highest fractional aquifer thickness transmissivity. Overall, the

range of groundwater transmissivities envelops those of the water sheet system.

The results from the 2D groundwater model domain are shown in Fig. 6b (and additionally in Fig. S5), which
specifically depicts the high k, model case. This figure is representative of the other models as it plots the horizontal
pressure gradient, streamlines, and the relative magnitude and direction vectors of the groundwater volume flux that do not
change with model parameterization. While the dominant driving force in groundwater flow is the ice sheet surface slope,
localized bedrock effects can exert change in flow magnitude and even small-scale reversal in flow direction. Places where
the horizontal pressure gradient is positive (i.e. with the ice surface gradient; to the left) low to negative (i.e. against the ice
surface gradient; to the right) correlate well to locations of increased water sheet depth in the high k, model case (see Fig. 6)
while locations where the horizontal pressure gradient is strongly positive (or there are lakes) correlate to absences of a

modeled water sheet.
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5 Discussion

The numerical modeling results suggest that the addition of a groundwater flow system to a water sheet model of
subglacial hydrology is critical for hydrological modeling under the interiors of continental ice sheets where melt rates are
low (<10 mm yr'). This result specifically applies to continental ice sheet interiors containing bedrock surfaces whose
surface permeability is within roughly the upper half of the permeability spectrum (>10" m? (med k,); see Table 8.2,
Singhal and Gupta, 2010). This is supported by the similarity in output water sheet thickness for most of the model
parameterizations where all are largely the same as the melt only run except for the highest surface permeability
parameterization to the medium permeability level (high k, to med ky; see Fig. 5). The deviation from the melt only
thickness trend starts at the med k, parameterization, which occurs because the med k, groundwater volume fluxes are on
par with the melt rate (see Fig. S4). According to our model results, places where the surface and bed slopes are in unison
are unfavorable for water sheet development, given the permeability is higher than the med k, parameterization (cf. Fig. 6a
and 6b). This is logical as the localized zones of low or reversed groundwater flow (compared to the regional flow direction
to the left) would cause the water sheet to thicken to accommodate the regional gradient of water flow at the ice/bed
interface. We believe this to be significant as roughly half of the hydraulic materials (i.e. geology) possibly extant in the bed

could have a dominant control over the development of the basal water sheet system.

The groundwater modeling results (Fig. 6 and S5) show that there are many groundwater flow cells (with nested
cells within them as well) throughout the model domain along the hydraulic flow path. While the flow is essentially
horizontal there is some deviation from horizontal (i.e. slightly toward the vertical) in some locations. From our limited two-
dimensional groundwater domain, we see that the continuous groundwater transport across the entire domain is not probable
as the directional (i.e. sign) changes in horizontal pressure gradient act as divides for subsurface fluid flow. A prominent
example of one of these divides is at about 115 km (see Fig. 6b); this essentially cuts the upstream lakes off from the
downstream one. However, given that water flow along the flow paths of the water sheet system strictly follows the
smoothed gradient of the ice sheet surface slope in this scenario, it could be argued that groundwater could connect
subglacial lakes by a combination of subsurface and subglacial water flow. This may be how the system works in reality
where more transmissive groundwater systems transport large amounts of water (relatively slowly) over time and discharge
water into the water sheet (where pressure gradients dictate they exist) which then carry water back into downstream
groundwater systems, thus forming a larger-scale subglacial water transport system. However, out-of-plane groundwater
transport (i.e. a 3D subsurface domain) might also connect the subglacial lakes without direct need for the water sheet

system.

Comparing the transmissivities of the modeled water sheet and groundwater systems, we find that roughly half of

the hydraulic materials possible for the substrate lining the ice base could transport roughly the same amount or more water
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than the water sheets (Fig. 5b). Even when we reduce the amount of groundwater aquifer thickness by an order of
magnitude, which would be analogous to decreasing the aquifer thickness to one-tenth its modeled thickness, roughly the
same trend with half of the hydrogeologic spectrum being on par or dominating the water sheet transmissivity is observed.
In fact, it is only through the greatest modulation of groundwater flux that the water sheet is able to obtain its greatest

modeled thickness, and thus, transmissivity for this modeling scenario.

Our results also suggest that subglacial lake stability in lower melt areas could be due to groundwater, where it is
the dominant transfer mechanism. This would explain a paucity of ice surface topographic expressions of lake dynamics
(via rapid filling and then expulsion). We believe that the proposed subglacial water systems in this work are likely
scenarios accounting for the stability of the East Antarctic subglacial lakes (“radar lakes”). Finally, we note that the nature
of basal radar reflection coefficients, which are heavily influenced by the presence of water at the bed, might have a great
deal of influence from groundwater flux at the bed. We note this as the pattern of basal refection strength (Fig. 3) along the
flow path does not trend the same as the water sheet (i.e. smoothly increasing) under low groundwater forcing but might with
the higher forcing (i.e. correlation between high k, water sheet thickness and radar return coefficient peaks). However,
there are many more complexities that influence the radar return signals at the ice/bed interface and we acknowledge that this
will need further rigorous testing to better understand. Future efforts should eventually extend this model to a three-
dimensional framework (i.e. 2D water sheet; 3D groundwater) that couples ice dynamics and heat transport for permafrost
development and melt-rate calculations. This methodology for a coupled water sheet and groundwater system in ice sheet
interiors, in combination with recent advances in ice-penetrating radar (Schroeder et al., 2014), may eventually assist in the

ability to characterize sub-ice hydraulic (possibly even geologic) properties with careful treatment.

6 Conclusion

Our numerical model presented here demonstrates a basic method for coupling water sheet transport to two-
dimensional groundwater model output forcing, which is our initial attempt to connect two segmented communities trying to
solve very closely related problems (cf. Flowers, 2015; Person et al., 2012). Our current approach is especially well suited
for ice sheets that are thick enough to support a pressure-melting temperature at their base with minimal basal ice velocities
(i.e. low frictional melt component). For ice sheets that do not meet these criteria, other approaches such as
groundwater/channel coupling (Boulton et al., 2007) may be more appropriate or the groundwater system may be negated
altogether (e.g. Kyrke-Smith et al., 2014) if the flux magnitudes are small enough when compared to a very efficient basal
water system. Our model, as a two-dimensional model, may suffer due to a lack in accommodation of three-dimensional
effects and interpolation biases in the topography. It is also possible that large heterogeneities in the hydrogeologic
properties of the subsurface could cause deviations from the model. One example of this is karstic limestone (high,

heterogeneous conductivity), which has been proposed for the area (Forieri et al., 2004) and supports our hypothesis of a
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290 groundwater-dominant hydrologic system. However, our results do demonstrate that further advancement of subglacial
groundwater transport mechanisms needs to take place (given the availability of greater subglacial geophysical and geologic
information, another important task for current Antarctic research) and be incorporated into the subglacial hydrologic

components of ice sheet models.
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Figure 1. Plot of theoretical groundwater volume flux, q, over a wide range of permeabilities, k, (from “Very Low” (left) to
“High” (right); see Table 8.2, Singhal and Gupta, 2010) and a typical range of pressure gradients (VP) for interior East Antarctica
(see Figure S1 for the specific area). The range of pressure gradients extend from 1 to ~380 (10°-10>*®) Pa m™. Basal ice sheet melt
rates of 1, 10, and 100 mm yr"' have been plotted for comparison. The range of permeability may be converted to hydraulic
conductivity, K, giving a range of 10™" (left) to 107 (right) m s

Theoretical Groundwater & Water Sheet Transmissivities
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Figure 2. Plot of the theoretical groundwater (GW) and basal water sheet (WS) minimum (MIN) and maximum (MAX)
transmissivities (ability of a horizontal layer to transmit water) given various hydraulic conductivities (K) or average water
velocities (U). The transmissivity is dependent on the saturated thickness of a layer (either an aquifer or water sheet) and the
hydraulic conductivity (the rate of the flow of water in a saturated layer; a measure of permeability). The transmissivity shown
here for varying groundwater aquifer thicknesses evaluated with differing conductivity values compares to roughly the same
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range as the water sheet system. See Appendix A for specifics on the calculations of individual transmissivities for each plotted
line.

Basal Reflection Coefficient Flight Lines near Dome C, East Antarctica
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Figure 3. Location of the study area used in the model. The red box in the inset denotes the area shown in the interior of East

Antarctica. Ice/bed interface elevation (Bedmap2; Fretwell et al., 2013) and radar basal reflection coefficient shown as flight line

data points (in dB; Carter et al., 2009b) in the study area along with the model line and subglacial lake locations. In order from A-

A’ (downstream) along the model line, the subglacial lakes plotted in red are Horseshoe, WLK 17, and Vincennes. Note that the
320 lakes coincide with brighter (i.e. higher dB) reflections. All elevations are in meters above current sea level.
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Figure 4. Model geometry used for the coupled 2D groundwater and 1D sub-ice water sheet model (curvilinear along the ice/bed

interface boundary which is the top of the groundwater domain). The flow line location is shown in Fig. 3. Light blue denotes the

groundwater subdomain and the dark blue denotes the subglacial lakes (marked by arrows). The white above represents the ice

sheet subdomain, which is not explicitly modeled but is shown here for context. Note the high level of vertical exaggeration (~40x).
330 All elevations are in meters above current sea level.
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335 Figure 5. (a) Plot of the modeled water sheet thickness for varying source (G) parameterizations. Most of the parameterizations
have similar results with the outlier being the model with the source parameterization utilizing the highest bed surface
permeability coupled to the melt input (melt+gw (high k,)). Note that all results are at zero where subglacial lakes exist due to
the Dirichlet boundary condition. The three subglacial lakes noted along the profile are at coordinates 33.2-54.4, 165.2-168.7, and

176.2-188.3 kilometers.

(b) Plot of the calculated transmissivities of the modeled water sheet (WS) thicknesses and the

340 groundwater (GW) aquifer thickness. The groundwater aquifer thickness is calculated at full thickness (100%) as well as 10% in
order to calculate low-end values for comparison. See Sect. 4 — Results for a detailed explanation of the hydraulic conductivities
(K) used in the transmissivity (T) calculation for each plotted line. The location of the profile A-A’ is shown in Fig. 3.
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Figure 6. Plot of the modeled subsurface horizontal pressure gradient and the groundwater flownet streamlines (melt+gw
(high ko) model case). The streamlines shown represent potential pathways for groundwater and are not equal magnitudes but
rather controlled by surface point selection. The three subglacial lakes along the profile are at coordinates 33.2-54.4, 165.2-168.7,
and 176.2-188.3 kilometers. Negative pressure gradients (blue) cause water to flow to the right while positive pressure gradients
(red) cause flow to the left (i.e. with the downstream subglacial water flow). The location of the profile A-A’ is shown in Fig. 3.
Also note the high level of vertical exaggeration (~40x) and that the horizontal flow vector is shown, as it is the dominant flow
vector over the vertical (not shown).

8 Appendices

8.1 Appendix A

Figure 1 shows the ranges of groundwater volume flux, g, for a very wide range of permeabilities (k) and a range of
water pressure gradients (VP) present in East Antarctica. The range of pressure gradients was selected using the area shown
in Fig. S1, which yielded a range of 1 to ~380 (10°-10>**) Pa meter”. The range of permeability we used was derived from

Table 8.2 in Singhal and Gupta (2010); note that the “Very high” data were excluded in order to have a more conservative
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comparison. We calculated the groundwater transmissivities (7') in Fig. 2 by using the maximum and minimum
permeabilities used in Fig. 1 and converted them to a hydraulic conductivity (K) maximum and minimum of 10~ and 10" m
s, respectively. We also calculated a medium value using 10”7 m second”’. These hydraulic conductivities were multiplied
by a saturated thickness (b) to complete the transmissivity calculation (i.e. T = Kb). To calculate the transmissivities of
water sheets we chose two approaches. The first approach simply used published (Flowers and Clarke, 2002) maximum and
minimum hydraulic conductivities of 107 and 10 m s, respectively. Another method we chose was to calculate the depth-
averaged velocity of the water sheet (d2VP/12u; laminar flow between parallel plates as in Weertman (1966)) to use instead
of the hydraulic conductivities from before. We calculated a maximum and minimum depth-averaged water velocity in the
sheet by using the maximum and minimum pressure gradients used in the calculations for Fig. 1. This calculation provided
us with a wider range of water sheet transmissivities in order to more conservatively compare the water sheet to groundwater

transport.

8.2 Appendix B

We calculated the basal melt rates from a combined vertical strain inversion and temperature model that used age-
dated internal ice layers in radio-echo sounding data to calculate a vertical velocity and paleo-ice accumulation rate. The
model then incorporated paleotemperatures from the Dome C Ice Core (Parrenin et al., 2007) and geothermal flux values
from the seismic tomography work of Shapiro and Ritzwoller (2004) to obtain a vertical temperature distribution for the ice
and for this study a basal melt rate. A fuller description of this method appears in Carter et al. (2009b). We obtained flow
paths by first plotting a contour map of the hydropotential and then tracing continuous local minima using the law of V’s
first practiced by Dupain-Triel (1791). At the intersections between this proto-flow path and the tracks of the available
radio-echo sounding data we then found the nearest local minima in the hydropotential along the flow path. Our
hydropotential was based on radio-echo sounding ice surface elevations and ice thickness and also utilized Bedmap2

(Fretwell et al., 2013) where such radio-echo sounding data are sparse.

We used COMSOL Multiphysics (v.4.3b; COMSOL, Inc.) to create the coupled model presented in Sect. 3 —
Numerical Modeling Methods. The model uses Eq. (1) (as a preprogramed 2D module in COMSOL) with a modified
version of Eq. (2) for numerical stability reasons (as a custom 1D PDE into COMSOL). The coupling of the two models
comes in as the groundwater volume flux (G) normal to the bed surface (as an edge in 2D). We see this approach as novel as
few efforts have incorporated groundwater with a subglacial hydrological model and none to our knowledge have
additionally solved for the water sheet thickness (d) simultaneously, which is critical for comparing where each system may

dominate over the other.

Our 2D groundwater system was easily modeled via COMSOL as it is preconfigured to handle Darcian

groundwater flow models in one to three dimensions. Modeling the lakes required treating them in the same domain as the
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groundwater system versus the approach used by others (Singha and Loheide, 2011) where lakes are given an unreasonably
high permeability, which would skew the true groundwater flux values at the lake/bed interface. The choice of a fully
saturated model and constant head boundary along the top resulted from our desire to keep the pressure equal to the
overburden pressure at the ice/bed interface and also be able to observe how the groundwater volume flux varies over that
distance. If we had instead applied the melt rate as the boundary condition the flux would be equal to the melt rate (all
positive into the aquifer), which would be unrealistic. While our choice is not fully realistic either, it does provide a better
idea of how the two hydrological systems might interact. Another assumption was the neglect of a coupling back to the
pressure function in the groundwater head from the modeled water sheet. This is because the water sheet depth, d, is smaller
than the elevation change in the topography by many orders of magnitude (~5). Adding in this update to the solver would

have caused unnecessary computation with little-to-no effect on the groundwater solution.

The 1D water sheet model required substantially more effort to accomplish a realistic modeling result. In order to
provide a stable solution, a slight modification during the numerical implementation of Eq. (2) had to occur. Applying the
divergence to the inner terms of the LHS of Eq. (2) yields the expanded form

@

a3
=V, (vapws) = _E' ViBus* Vied — 12

A (A1)
which is the first step to solve for the unknown d instead of P,,; which is known here. Taking the RHS of Eq. (2) and
substituting into the LHS of Eq. (A1) gives

d2

. 3 a3 2
b+G=_E'VxPWS'de_E'Vx Pws (A2)

which is the correct form of a steady nonlinear convection absorption equation in d. However, standard numerical methods
for this equation are not stable. As with previous finite difference approaches to numerical stability (e.g. upwinding), we
have also incorporated stability for finite elements known as artificial, or streamline, diffusion (Hauke and Hughes, 1994) by

adding a very small diffusive term to the RHS giving

. 3d? a3
b+G = —E'prws'vxd—a

|VxPywsl  3d?
VR = Ve (B2 25 b v, ) (A3)

where h is the element size and |V,P,| is the absolute first pressure derivative with respect to x. Rearranging and

simplifying Eq. (A3) yielded the more compact form of
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which is in the more familiar form of a steady convection diffusion equation with an absorption term and source,
f==Vy (cVouw) —B-Vu+au (A5)

where f is the source, u is the dependent variable, and the rest are coefficients. The diffusive term is characterized by the
coefficient c, the convective component is characterized by the f coefficient, and the absorptive term is characterized by the
coefficient a. Note that these coefficients depend on the unknown u (i.e. d), and therefore Eq. (A5) is a nonlinear
convection diffusion equation. This form is in a format easily solved with COMSOL (as it is preprogrammed to handle this
form for both linear and nonlinear equations) given one final step. The last step in solving Eq. (1) and (A4) (originally Eq.
(2)) simultaneously is to provide a stable input pressure function into Eq. (A4). The key to this is similar to other subglacial
water modeling efforts (Le Brocq et al., 2006) where the pressure function must have its local minima removed. This step
was done by hand in a spreadsheet with a graphic that depicted instantaneous changes made to the profile. The “filled”
function also required smoothing to provide continuous derivatives in the pressure function. Figure S2 provides a

comparison of this workflow’s output in a graphical format.

The model specifics varied according to the specific physics solved in the model domain. The two-dimensional part
of the domain (i.e. groundwater physics) contained 93,331 triangular finite elements and the one-dimensional part (i.e. water
sheet physics) contained 3,815 edge elements yielding a total for the coupled model at 97,146 elements. The element size
for the bulk of the entire model domain is 100 m with the groundwater subdomain having an element size range of 17-132 m
and the water sheet subdomain having edge element sizes ranging 2-101 meters. When run separately on a modern laptop (c.
2010), COMSOL calculates the solution to solely the groundwater equation in ~12 s and the water sheet alone in ~16 s but

when coupled, solution times range from ~1 minute to over 20 minutes depending on the parameterization of k.
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