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Contemporary ice sheet thinning drives subglacial
groundwater exfiltration with potential feedbacks on
glacier flow
Alexander A. Robel1*, Shi J. Sim1, Colin Meyer2, Matthew R. Siegfried3, Chloe D. Gustafson4

Observations indicate that groundwater-laden sedimentary aquifers are extensive beneath large portions of the
Greenland and Antarctic ice sheets. A reduction in the mechanical loading of aquifers is known to lead to
groundwater exfiltration, a discharge of groundwater from the aquifer. Here, we provide a simple expression
predicting exfiltration rates under a thinning ice sheet. Using contemporary satellite altimetry observations, we
predict that exfiltration rates may reach tens to hundreds of millimeters per year under the fastest thinning parts
of the Antarctic Ice Sheet. In parts of West Antarctica, predicted rates of exfiltration would cause the total sub-
glacial water discharge rate to be nearly double what is currently predicted from subglacial basal melting alone.
Continued Antarctic Ice Sheet thinning into the future guarantees that the rate and potential importance of
exfiltration will only continue to grow. Such an increase in warm, nutrient-laden subglacial water discharge
would cause changes in ice sliding, melt of basal ice and marine biological communities.
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INTRODUCTION
Water permeates the environment beneath ice sheets. This subgla-
cial water can form complex drainage systems at the ice-bed inter-
face where water pressure modulates the rate of ice sliding on a
range of spatial and temporal scales (1–3). Water may also infiltrate
into permeable beds and exert important controls on the deform-
ability of the sedimentary subglacial substrate (4). The layer of ac-
tively deforming sediment near the interface with the ice sheet
bottom (i.e., till) controls the speeds of ice streams, important cor-
ridors of rapid ice flow which drain ice sheets (5). Where subglacial
water is discharged into the ocean, it entrains heat toward the ice-
ocean interface and can drive substantial melting (6). Recent obser-
vational and modeling studies indicate that large portions of the
Antarctic (7) and Greenland (8, 9) ice sheets are underlain by sedi-
mentary basins tens to thousands of meters deep. Magnetotelluric
and seismic measurements in Antarctica have revealed that these
sedimentary basins can be saturated throughout their thickness
with water deriving from subglacial melting and fossil seawater
(10). Although subglacial sediments host the largest water reservoir
in continental Antarctica, there is no simple existing theory explain-
ing the controls on the rates of water flow within these sediments
and exchange between the sediment and subglacial drain-
age systems.
Observations have shown that in awide range of aquifer environ-

ments, a decreasing load is supported by lower water pressure
within the pore space of till, causing the sediment to contract (i.e.,
grains get closer together) (11–13). This phenomenon of sediment
contraction forces water out through the upper boundary of the
aquifer in a process known as exfiltration. In formerly glaciated
regions, such as North America and Europe, the unloading of

subglacial water-laden sediment during deglaciation continues to
drive exfiltration even millennia after the end of the last ice age
(14). The exfiltration and infiltration driven by past glaciations
have been studied using hydromechanical numerical models (15–
17). Other hydromechanical modeling studies have considered an
idealized, Antarctic-like retreating ice sheet margin and found
that high rates of retreat could lead to exfiltration rates of up to
20 mm/a over time scales of hundreds to thousands of years (7).
However, on the decadal time scale associated with contemporary
rates of observed ice sheet thinning (18), we lack estimates for po-
tential rates of exfiltration. A simple expression for subglacial exfil-
tration rate would not require running a complex mechanical model
for sediment deformation and fluid flow, enabling the quantifica-
tion of exfiltration rates and their dependence on a broad range
of uncertain parameters governing the hydromechanical properties
of subglacial sediment.
Here, we develop a theory for the movement of water within,

into, and out of subglacial sediment due to changes in thickness
of overlying ice sheets. We show that the analytical expressions
from this theory match numerical simulations from a more
complex and computationally expensive hydromechanical model.
We also use this theory to make a prediction for exfiltration rates
driven by recent Antarctic Ice Sheet thinning. We find that, under
certain conditions, exfiltration of water from subglacial sediment
may dominate the subglacial water budget in rapidly thinning
regions of West Antarctica. We conclude with a discussion of the
implications of potentially large exfiltration fluxes from ice sheets
and the prospect for including groundwater interactions in
models of subglacial hydrology.

RESULTS AND DISCUSSION
Hydromechanical model and theory for subglacial
exfiltration rate
We consider the flow of water through a porous sedimentary half-
space overlain by a layer of glacier ice (13), as illustrated in Fig. 1.
One-dimensional (positive down along z) fluid flow through a
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porous medium that is mechanically loaded can be described by
Darcy flow with a source term (referred to hereafter as the “hydro-
mechanical model”)

S
∂h
∂t
¼
kρwg
μw

∂2h
∂z2
þ
Sξρi
ρw

∂Hi

∂t
ð1Þ

where h is the hydraulic pressure head within the sediment (m), S is
the sediment specific storage capacity (m−1), k is the sediment per-
meability (m2), ρw is the density of water, ρi is the density of glacier
ice (kg/m3), g is the acceleration due to gravity (m/s2), μw is the vis-
cosity of water (Pa·s), ξ is the dimensionless loading efficiency (also
known as Skempton’s constant, describing the fraction of the me-
chanical loading that causes pressure changewith the sediment pore
fluid), andHi(t) is the time-dependent thickness of overlying glacier
ice (m). In the following discussion, we always assume that the hy-
draulic pressure head within the sediment begins at a steady-state
(∂h/∂t = 0 at t = 0), and there are two boundary conditions

∂h
∂z
¼ 0 as z! 1 ð2Þ

indicating no water flux into or out of the sediment at depth, and

h ¼
ρi
ρw

HiðtÞ at z ¼ 0 ð3Þ

indicating pore pressure at the sediment surface balances the weight
of overlying ice (i.e., zero effective pressure in voids at the sediment
surface), consistent with the loading term (second term on right-
hand side) in Eq. 1. This model as presented makes several assump-
tions: (1) The sediment is saturated with water, (2) the sediment is
vertically extensive, and (3) horizontal mechanical strains are neg-
ligible compared to vertical strains. Assumption (1) precludes any
more complex behavior arising from water flow into voids within
the pore space that would not be described accurately by Darcy
flow. Assumption (2) leads to the form of the lower boundary con-
dition (Eq. 2) and can be replaced with an assumption of finite sedi-
ment thickness, but this would then require a numerical solution to

the hydromechanical model which would no longer be analytically
solvable. Assumption (3) permits us to neglect horizontal gradient
terms that arise in the full three-dimensional version of Eq. 1 (14).
Recent studies (7, 10, 19) indicate that assumptions (1) and (2) hold
over extensive regions under the Antarctic Ice Sheet. Assumption
(3) holds well in places where the ice loading rate and bed elevation
do not change substantially over horizontal length scales of kilome-
ters (14). In Antarctica, this final assumption generally holds more
than a few kilometers upstream of the grounding line or terminus,
where horizontal strains within the sediment due to variations in ice
sheet thinning rate are likely small compared to vertical strains.
Within kilometers of the grounding line or terminus, a two- or
three-dimensional version of the hydromechanical model would
be necessary to determine the complex flow pathways of groundwa-
ter (14, 15). However, in this study, we will not consider exfiltration
rates within less than 5 km of the grounding line, thus ensuring that
this assumption remains valid.
To derive a closed-form expression for the exfiltration rate due to

changes in ice sheet thickness from the above model, we consider
two simple cases for the change in ice sheet thickness. In both cases,
we use a Laplace transform to derive closed-form solutions for the
evolution of hydraulic pressure head at all z and t, although here, we
only discuss the behavior of the solution at the sediment surface.
This method of solving the diffusion equation in various forms
has substantial precedence and has been applied to flow through
porous media going back to early work by Terzaghi (20) and
Gibson (21). To our knowledge, there is no closed-form solution
for the exfiltration rate available in the literature on subglacial sedi-
ment aquifers (with their particular boundary conditions), al-
though we note that Lemieux et al. (22) has considered a related
problem without closed-form solutions for exfiltration rate. Here,
we focus on boundary conditions specific to subglacial sediment
and the groundwater flux at its upper surface. In the first case, we
assume constant rate of ice thickness change over time (i.e., ∂Hi/∂t is
constant) and derive (see Materials and Methods) a simple closed-
form solution for the time-dependent groundwater flux [q = (kρwg/
μw)∂h/∂z] out of the surface of the sediment

qc ¼ � 2ð1 � ξÞ
∂Hi

∂t
t
τ

� �1=2

ð4Þ

where the subscript “c” denotes “constant” loading rate, and

τ ¼
πρwμw
kρ2i gS

ð5Þ

is the diffusion time scale of water in the sediment. Positive qc in-
dicates an exfiltration flux out of the sediment and correspondingly,
negative qc is an infiltration flux into the sediment.
Similarly, we also consider the case of a step change in ice thick-

ness of magnitude ΔH at time t = 0, such that the rate of change of
ice thickness is the Dirac delta function. In this case, we also derive
(see Materials and Methods) a closed-form solution for the time-
dependent groundwater flux out of the surface of the sediment

qd ¼ � ð1 � ξÞΔH
1
τt

� �1=2

ð6Þ

where the subscript “d” denotes a “delta” loading rate.
The derivations of these closed-form expressions for groundwa-

ter flux at the sediment surface are exact solutions, requiring no

Fig. 1. Illustration of exfiltration and infiltration processes. Illustration explains
how exfiltration or infiltration of groundwater occurs due to unloading or loading
of ice sheets over saturated subglacial sediment half-space. At the ice-sediment
interface, z = 0 and z increases down into sediment.
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additional assumptions or approximations, beyond those made in
the formulation of the hydromechanical model (Eqs. 1 to 3).
Thus, a numerical solution of the hydromechanical model [includ-
ing those implemented in prior studies of subglacial exfiltration (7,
15, 23)] should itself approximate these exact solutions. We demon-
strate this correspondence in Fig. 2, which plots a numerical solu-
tion to the hydromechanical model for a case where the exfiltration
flux is driven by 20 years of ice thinning at 5 m/a, followed by no
thinning (see Materials and Methods for numerical details). This
case is representative of the magnitudes and time scales of ice
sheet thinning observed over West Antarctica and parts of Green-
land in recent decades (18). During the period of ice thinning, the
expression for groundwater flux driven by a constant ice thinning
rate (blue line, qc from Eq. 4) closely matches the numerical solution
(black crosses). Following the cessation of ice thinning (∂Hi/∂t = 0
m/a), the slow reduction in exfiltration rates generally follows the
theory for a step change in ice thickness (red line, qd from Eq. 6,
where the onset time is set to t = 10 years, i.e., the midpoint of thin-
ning). Because the duration of ice thinning in this case is fast com-
pared to the diffusion time scale of water in sediment (τ), the
sediment response following the cessation of this short period of
ice thinning is similar to the response to a step change in ice thick-
ness (in this case, with ΔH = 100 m), and so the analytical solution
matches the numerical solution closely during this period as well.
There are several important aspects of the time-evolving rate of

exfiltration captured in Eqs. 4 and 6. First, the exfiltration rate is lin-
early proportional to the rate (dHi/dt) or magnitude (ΔH ) of ice
thinning. Thus, the exfiltration rates that could be expected from
modern rates of ice sheet thinning (m/a) should generally be one
to two orders of magnitude higher than those previously simulated
in response to ice sheet thinning during the last deglaciation [tens of

cm/a; (15, 23)]. Second, the same change in ice thickness, applied
over a shorter duration, leads to higher peak exfiltration rates (pro-
portional to Δt� 12 where Δt is the duration of ice thickness change).
Third, although there is initially a rapid reduction in exfiltration
rates after ice thinning stops (proportional to t� 12, where t is the
time since the end of thinning), exfiltration rates will remain elevat-
ed for a long time period (Fig. 2) as water continues to flow up from
deep in the subglacial aquifer. Last, the rate of increase in exfiltration
rate in response to ice thinning is fundamentally set by τ, the diffu-
sion time scale of water in the sediment. Through τ, we expect that
the exfiltration rate depends on ð1 � ξÞðkSÞ

1
2, with loading efficiency

(ξ), permeability (k), and specific storage capacity (S), being the
principal parameters describing the mechanical properties of sedi-
ment. That is, ξ describes the extent of sediment pore pressure
change in response to the load change, k describes the ease of
water flow through sediment pores, and S describes the extent of
sediment water content change due to a change in pore pressure.
Thus, two orders of magnitude difference in sediment permeability
or specific storage leads to one order of magnitude difference in ex-
filtration rate at the same time after the onset of thinning. For a
given τ, continued thinning will drive increasing exfiltration rates
as the square root of time since thinning onset (t12).

Predicted exfiltration rate due to contemporary Antarctic
Ice Sheet thinning
Rapid thinning near the margins of the Antarctic Ice Sheet has been
well documented by satellite observations over the past several
decades (24). Since 2003, NASA’s Ice, Cloud, and land Elevation
Satellite missions (ICESat and ICESat-2) have provided measure-
ments of ice sheet elevation at high spatial and temporal resolution
around Antarctica. With these measurements, Smith et al. (18)
derived accurate and extensive maps of the mean Antarctic Ice
Sheet thinning rate (dHi/dt) from 2003 to 2019 at 5 km resolution.
The simplicity of Eq. 4 allows us to make predictions for the exfil-
tration rate at the end of this 16-year period driven by the measured
ice sheet thinning rate (Fig. 3). Other than the thinning rate, the
only other inputs required to make this prediction are the physical
parameters in Eq. 4. We consider a representative set of permeabil-
ities spanning the range of estimates for Antarctic subglacial sedi-
ments (25–27) and otherwise assume the parameter values given in
caption of Fig. 3. The assumption that horizontal variations in
loading rate are negligible over length scales of a few kilometers,
which goes into the hydromechanical model (Eq. 1), is generally
valid for the following prediction, since the thinning rate product
of Smith et al. (18): (1) is too coarse (at 5 km resolution) to
resolve such small-scale variations and (2) is smooth over horizon-
tal length scales of tens to hundreds of kilometers.
For a high but realistic permeability (k = 10−13 m2), Fig. 3A

shows that in regions of rapid ice sheet thinning in the Amundsen
Sea Embayment and Wilkes Land, predicted rates of exfiltration
span, and in some places exceed, 10 to 100 mm/a. These potentially
rapid rates of exfiltration extend hundreds of kilometers upstream
into the catchments of ice streams, where dynamic thinning occurs.
In this case, the total predicted water flux over all of Antarctica due
solely to exfiltration is 6.9 Gt/a, with 4.3 Gt/a of that total fromWest
Antarctica, and 2.8 Gt/a over Thwaites and Pine Island glaciers. In
other areas of thickening (i.e., Kamb Ice Stream and Queen Maud
Land), we predict infiltration rates of 1 to 10 mm/a. These predicted

Fig. 2. Exfiltration rate evolution in response to a constant ice sheet thinning
rate, stopping after 20 years. Exfiltration rate as a function of time simulated nu-
merically in the hydromechanical model (black crosses; Eqs. 1 to 3). Solid lines
show the exfiltration predicted by a closed form theory when ice thinning rate is
constant (qc, blue solid line) and for a step change in ice sheet thickness (qd, red
line). This simulation assumes that k = 10−15 m2, S = 10−6 m−1, ξ = 0.2, ρi = 920 kg/
m3, ρw = 1000 kg/m

3, μw = 10
−3 Pa·s, g = 9.81 m/s2, and ∂Hi/∂t = 5 m/a for the first

20 years of the simulation (gray shaded region). Numerical details are discussed in
Materials and Methods.
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exfiltration and infiltration rates (Eq. 4) depend on the permeability
such that q ≏ k

1
2, which explains the decrease in predicted exfiltra-

tion rate by an order of magnitude in Fig. 3B where k = 10−15 m2 and
two orders of magnitude in Fig. 3C where k = 10−17 m2.
To put these predictions into context, we consider how exfiltra-

tion of water out of sediment adds to thewater produced by basal ice
melt at the ice-sediment interface. Figure 4 plots the total fraction of
the local basal water budget that would be occupied by the predicted
exfiltration rates [qc/(qc + qm), where qm is the basal melt rate] using
an estimate of basal melt rate from Pattyn et al. (28).We find that for

high, but realistic permeability, predicted exfiltration would account
for a substantial fraction (i.e., more than half ) of the local basal
water budget at the ice-sediment interface in regions of rapid ice
sheet thinning (Fig. 4A). In general, exfiltration is the dominant
contributor to the basal water budget tens to hundreds of kilometers
upstream of the grounding line of rapidly thinning glaciers, where
thinning is high, but frictional heat production at the bed is low
(due to slower ice sliding speeds). In many places (dark green in
Fig. 4A) where there is some thinning, but no predicted basal ice
melting, water exfiltration from subglacial sediment is predicted

Fig. 3. Predicted contemporary exfiltration rates under the Antarctic Ice Sheet for different sediment permeabilities.Map of predicted exfiltration rate due to ice
sheet thinning estimated by ICESat and ICESat-2 from 2003 to 2019, assuming sediment permeabilities of (A) k = 10−13 m2, (B) k = 10−15 m2, and (C) k = 10−17 m2. These
predictions assume S = 10−6 m −1, ξ = 0.2, ρi = 920 kg/m

3, ρw = 1000 kg/m
3, μw = 10

−3 Pa·s, and g = 9.81 m/s2. Negative values in all panels indicate infiltration due to ice
sheet thickening. In (A), regions discussed in text are labeled: ASE, Amundsen Sea Embayment; WL, Wilkes Land; KIS, Kamb Ice Stream; QML, Queen Maud Land.

Fig. 4. Predicted fraction of local basal water budget due to exfiltration or infiltration. Map of predicted fraction of local basal water budget due to exfiltration or
infiltration, using predictions from Fig. 3 using ice-sheet-wide basal melt rate estimate from Pattyn et al. (28). As in Fig. 3, panels correspond to different permeability
values: (A) k = 10−13 m2, (B) k = 10−15 m2, and (C) k = 10−17 m2. Negative values in all panels indicate infiltration due to ice sheet thickening.
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to be the only source of water at the ice-sediment interface.
However, these are also likely to be regions where subglacial sedi-
ment includes frozen fringes near the ice-sediment interface which
may prevent exfiltration from occurring. A more complex thermo-
mechanical sediment model would be necessary to understand the
fate of groundwater in these regions. For our high permeability case,
the predicted exfiltration accounts for 10% of the total Antarctic
basal water budget, 21% of the West Antarctic basal water budget,
and 38% of the Thwaites and Pine Island basal water budget. As-
suming that all basal water drains to the ocean, this prediction
would nearly double the total subglacial water discharge into the
Amundsen Sea compared to estimates based on basal melting
alone. This calculation does not account for potential horizontal re-
distribution of water along the ice-sediment interface but does high-
light that rapid thinning may be introducing large water volumes to
this interface in regions with relatively little local basal melting.
Thinning rates during the ICESat satellite missions were not

uniform in time, and have been accelerating in regions such as
the Amundsen Sea Embayment since the early 1990s (29). A nu-
merical simulation (not plotted here) indicates that including a
steady acceleration in thinning rates (with the same mean measured
thinning rate) over 2003 to 2019 would increase contemporary ex-
filtration rates by another 30%. In addition, thinning in the decades
before the availability of ICESat data (30, 31) and even earlier in the
Holocene (32–34) may drive exfiltration rates even higher than es-
timates here, although the uncertainty on thinning rates increases
substantially before the satellite laser altimetry records that we
focus on here. In the future, Antarctic Ice Sheet thinning is expected
to continue at current rates or increase further (35). For continued
ice sheet thinning at the same rates as today, our theory suggests that
by 2100 exfiltration rates will grow by another 250% due to the
square root dependence on duration of thinning in Eq. 4. For
even higher thinning rates (predicted by most credible models of
future Antarctic Ice Sheet change), exfiltration rates in 2100
would likely be more than four times what they are today.

Exfiltration-driven changes to sediment void ratio
Flux of water into or out of sediment is a potentially important con-
tributor to the subglacial water drainage system that exists at the ice-
sediment interface. However, it may also change the sediment water
content, which partly controls the plastic yield stress of the upper-
most till layer and the rate at which it deforms (5). We can estimate
the rate at which the void ratio (i.e., the ratio of water-filled void
volume to solid volume in a porous medium) at the sediment
surface changes in response to ice sheet thinning, by using the sol-
ution to the hydromechanical model under a constant thinning rate
to calculate the flux divergence of water at the sediment surface

∂q
∂z

�
�
�
�
�
z¼0

¼ ð1 � ξÞS
ρi
ρw
∂Hi

∂t
ð7Þ

Christoffersen et al. (36) estimated the contemporary water flux
into and out of subglacial sediment in the Siple Coast region ofWest
Antarctica, where ice streams exhibit dynamic fluctuations in veloc-
ity on multicentennial time scales (37). To do so, they calculated the
water flux at the ice-sediment interface necessary to explain the
change in void ratio over a thin layer of deforming till consistent
with observed changes in ice stream velocity from 1997 to 2009.

At the slowing Whillans Ice Stream (38, 39), they calculated a spa-
tially averaged void ratio change rate of 6 × 10−4 a−1, which corre-
sponds to an exfiltration rate of approximately 6 mm/a. Given
observed thinning rates of 0.5 − 1 m/a over upper Whillans Ice
Stream during the latter half of the 20th century (40–42) and spe-
cific storage (S) of 10−4 to 10−3 m−1, we estimate a void ratio change
rate of 10−5 to 10−3 a−1, which is consistent with the change rate
estimated by Christoffersen et al. (36). Averaging the void ratio
change only over the portions of upper Whillans Ice Stream that
are actually thinning produces an even lower estimate of void
ratio change rate [10−4 a−1; based on figure 3B in Christoffersen
et al. (36)], which is consistent with values of sediment specific
storage (S) of 10−5 to 10−4 m−1, which have been observed at gla-
ciers outside of Antarctica (see discussion in next section). The es-
timated exfiltration rates are also consistent with exfiltration rates
that are predicted by Eq. 4, given a sediment permeability in the
range of 10−15 to 10−13. Such agreement between our theory and
Christoffersen et al. (36) results suggests the possibility that exfiltra-
tion (or infiltration at the thickening Kamb Ice Stream) plays an im-
portant role in the stagnation-activation cycle of ice streams.
Other considerations such as the heat flux at the ice-sediment

interface may have an important impact on the void ratio and
yield stress of sediment through changes to the melt rate of basal
ice. As Gooch et al. (23) found, heat is advected by groundwater ex-
filtration toward basal ice, suggesting a potential role for exfiltration
and infiltration in centennial-scale ice stream flow variability. Prior
theories for stagnation-activation cycles of ice streams (43–45)
mainly assume that subglacial meltwater can enter or leave sediment
purely based on consideration of thermodynamics and water avail-
ability. Although exfiltration and infiltration due to load changes
are not necessary to explain variability in ice stream velocity,
these results do indicate that considerations of pressure change at
the ice-sediment interface may play an important role in such var-
iability. To assess the importance of these complex interactions will
require coupled models of hydrology and thermodynamics in sedi-
ment, subglacial drainage, and basal ice.

Uncertainties in predicted exfiltration rates
The largest uncertainty in the predicted exfiltration rates of this
study is the permeability of subglacial sediment. Direct laboratory
measurements of sediment recovered from beneath glaciers in Ant-
arctica and elsewhere indicate a wide range of 10−17 to 10−13 m2 (26,
27, 46). Indirect methods that are more likely to account for the
extreme mechanical conditions existing for sediments in situ have
generally produced higher estimates of the permeability of sedi-
ments up to 10−10 m2 (25, 47, 48). High-fidelity numerical simula-
tions also indicate that sheared subglacial sediments exhibit a
permeability increase of one to two orders of magnitude in the
upper centimeters of the deforming till layer (49, 50), which
could initially yield higher exfiltration rates immediately after the
onset of unloading, followed by a less rapid increase in exfiltration
rates as water flows from below the deforming till layer. In labora-
tory experiments, subglacial sediment collected from the Siple Coast
has been observed to produce substantial increases in permeability
when unloaded (27), which would further increase the exfiltration
rate. If permeability were at the absolute lower end of the range in
the literature (i.e., more consistent with impermeable basement
rock or high-clay sediments), exfiltration rates would be negligible.
By the same token, indirect in situ estimates of Antarctic sediment
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permeability from a model (48) support even higher exfiltration
rates than plotted in Fig. 3A. The potential importance of the exfil-
tration rates predicted here indicates the need for better constraints
on the effective permeability of sediments in their natural state
beneath fast-flowing glaciers (25).
Specific storage (S) is also poorly known, with estimates under

glaciers or in formerly glaciated landscapes varying between 10−7 to
10−4 m−1 (although no known estimates for Antarctic subglacial
sediment) (51, 52). Again following prior studies of subglacial exfil-
tration, we take S = 10−6 m−1 (22, 23) for the predictions in Figs. 3
and 4, although noting this is a conservatively low value of specific
storage. Taking values closer to those inferred for Trapridge Glacier
in Canada, one of the only estimates of S directly from an existing
and thick subglacial sediment glacier (51) would yield exfiltration
rates one order of magnitude higher than predicted here, due to
the dependence of exfiltration rates on S12 in our closed-form
theory (Eq. 5). Similarly, we can see that a moderate permeability
(k = 10−15 m2) with high but realistic specific storage (S = 10−4

m−1) would yield the same predicted exfiltration rates as in Fig. 3A.
Loading efficiency (ξ) has not been measured for Antarctic sed-

iments, so here, we assume a value of 0.2, as in prior modeling
studies of exfiltration (22, 23). Although such a loading efficiency
is at the bottom of the range of values measured for glacial sedi-
ments in North America (52), the uncertainty introduced into pre-
dicted exfiltration rates from loading efficiency is small compared to
the uncertainties in permeability and specific storage.
The extent of subglacial sedimentary basins has not been con-

strained well by geophysical observations. Li et al. (7) attempt to
remedy this through the use of machine learningmethods to classify
the likelihood of subglacial sedimentary basins over all of Antarctica
using extensively observed quantities (e.g., bed topography and
magnetic and gravity data) as predictors. In fig. S1, we overlay
this sedimentary basin likelihoodmap on our exfiltration prediction
and find that it is still highly uncertain whether sedimentary basins
exist beneath almost all regions predicted to be experiencing sub-
stantial exfiltration (i.e., probability between 33 and 66%). Put
another away, in these regions, the presence of subglacial sediment
can neither be definitely ruled in or out with high confidence. This
underscores the need for better geophysical constraints on the
extent of subglacial sedimentary layers in the regions we find may
potentially be experiencing high rates of exfiltration.
The role of basal ice melting in the subglacial water budget is also

uncertain due to a lack of direct constraints and intermodel differ-
ences. Estimates of geothermal heat flux under Antarctica vary sub-
stantially between different Earth models (53). Prior studies (7, 23)
have also suggested that exfiltration of water may itself advect heat
from deeper within the warm subglacial sediment layer, which can
increase the effective geothermal heat flux at the upper sediment
surface. Such estimates of heat advection by groundwater flow are
sensitively dependent on the treatment of water once it leaves the
sediment layer, which sets the thermal boundary condition at the
sediment surface. Notwithstanding such possibilities, typical uncer-
tainties in geothermal heat flux (53) amount to 1 to 10 mm/a of un-
certainty in basal melt rates, whereas uncertainty in the rate of
frictional heating under fast-flowing ice streams greatly exceeds
that, largely related to how basal friction is estimated (28, 54, 55).
In fig. S2, we find the results plotted in Fig. 4A to be qualitatively
consistent across several other model-based estimates of Antarctic
basal melt rates (with some disagreement about which areas of the

bed are frozen). Although some other models do predict higher
basal melt rates than Pattyn et al. (28), there is a limit on the
highest basal melt rates achievable because the fastest sliding areas
of the Antarctic Ice Sheet are also the areas with the lowest friction.

Measurements of exfiltration under and near ice sheets
Subglacial groundwater exfiltration driven by ice sheet thinning has
yet to be directly measured by conventional hydrogeological tech-
niques. However, recent studies have made other relevant measure-
ments that are indicative of subglacial groundwater discharge. Using
seepage meters at the seafloor, Uemura et al. (56) directly measured
high rates (3 to 30 m/a) of submarine groundwater discharge at
several sites within kilometers of the current ice sheet margin in
East Antarctica. One possible explanation for this groundwater dis-
charge is the recent retreat of the ice sheet from these areas of the
seafloor causing a near-instantaneous unloading and potentially
rapid exfiltration persisting over long time scales. In addition, Lilje-
dahl et al. (57) reported direct measurements of hydraulic head
within a deep borehole angled beneath a land-terminating
portion of the western margin of the Greenland Ice Sheet. Over
seven years of measurements, they found steadily decreasing hy-
draulic head across 300 m of a deep fractured bedrock aquifer at a
rate that is consistent with the rate of ice sheet thinning at this
margin, suggestive of mechanical unloading that is nearly
uniform over the aquifer column. All of these measurements
agree with our prediction of a potentially important role for subgla-
cial groundwater exfiltration driven by ice sheet thinning. In the
future, measuring the horizontal extent of subglacial aquifers
using electromagnetic and hydrogeological techniques would
yield important constraints on the potentially important role of ex-
filtrated water in the subglacial water budget. Miniaturization of
typical hydrogeological sensors would be required to be able to
gain access to the ice sheet base through a borehole.
High rates of exfiltration may also represent a source of water

with considerably different chemistry than basal meltwater (10,
58). If subglacial discharge to the ocean is much more enriched in
minerals from groundwater than previously recognized, there could
be substantial implications for subglacial biogeochemical processes
(34, 59) and nutrient delivery to marine ecosystems (60, 61). Field
measurements constraining the contribution of exfiltration to sub-
glacial discharge would be important inputs to estimates of the nu-
trient fluxes to the ocean, with implications for understanding
marine biological communities in polar oceans.

Potential feedbacks of subglacial exfiltration on ice sheet
evolution
Our predictions for exfiltration rate indicate that, for either high
sediment permeabilities or high specific storage, the total exfiltra-
tion water flux may be an important contributor to subglacial dis-
charge to the ocean. In the fastest thinning parts of Antarctica, in
particular the Amundsen Sea Sector, including exfiltration in the
subglacial water budget could double the rate of subglacial discharge
to grounding lines of already rapidly retreating glaciers. One poten-
tial influence of this higher subglacial water discharge would be
feedbacks on the rate of melt at the ice-ocean interface. In numerical
model parameterizations, the dependence of the melt rate at the ice-
ocean interface on subglacial discharge rate ranges from sublinear
(exponent of 0.39) at vertical ice fronts (62) to approximately linear
at floating ice shelves (assuming free-stream velocity is set by
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subglacial discharge rate) (63). Thus, a doubling of subglacial dis-
charge rate would lead to anywhere from 30% (sublinear depen-
dence) to 100% (linear dependence) higher melt rates under
floating ice and constitute a positive feedback on dynamic thinning
of ice sheets. This previously unrecognized source of subglacial
water dischargemay be the reason whymodels tend to underpredict
contemporary sub-ice shelf melt rates at Pine Island Glacier ice shelf
(64) and Getz Ice Shelf (6), both of which have catchments that we
predict to have potentially high rates of exfiltration (Fig. 3A). Thus,
including exfiltration into models of subglacial hydrology and ice
sheet evolution could improve model correspondence to observa-
tions of ice melt at the ice-ocean interface.
The transport of heat to subtemperate or frozen regions of the

bed by exfiltrated water could play a role in accelerating ice flow
in upstream regions of ice streams (65), extending the reach of
dynamic thinning (66–68). However, the extent of such a response
depends on whether ice sliding is accommodated by sediment de-
formation, subglacial drainage, or some combination of the two. As
discussed previously, thinning ice drives exfiltration, which reduces
the water content of the uppermost actively deforming “till” layer.
Previous experimental studies of the yield stress of subglacial till in
Antarctica (5) indicate that a decrease in till void ratio of 0.01 would
increase basal yield (and shear) stress by ∼20%. Thus, for ice thin-
ning at 1 to 10 m/a over multidecadal time scales, exfiltration could
act as a nonnegligible (i.e., more than a few %) negative feedback on
ice flow by till deformation if specific storage (S) is at the high end of
previously measured values for subglacial sediments (10−5 to 10−4

m−1). In addition, if the sediment layer is thin, then groundwater
exfiltrated out of the sediment is not replaced by groundwater
flow from deep, potentially leading to even more rapid decrease
in the water content of the actively deforming till layer. This may
be an avenue by which exfiltration drives a negative feedback on
ice flow speed.
Groundwater leaving subglacial sediment enters the subglacial

drainage system. The form of drainage existing at subglacial ice-
sediment interfaces is not well understood because observations
are sparse (69) and models of subglacial hydrology disagree on
the erodibility of sediment compared to ice (70–73). Models have
been proposed for subglacial drainage through canals incised down-
ward into sediment in which ice sliding speed increases with sub-
glacial water discharge (74). Conversely, models of subglacial
drainage through channels incised upward into ice generally find
that ice sliding speed decreases with increasing subglacial water dis-
charge over long time scales (2). Among the latter type of models,
wide variation also exists in model formulation, and so sensitivity of
basal water pressure to a given increase in water supply to the ice-
bed interface varies by more than an order of magnitude across
models (75). Thus, it is difficult to predict how the consideration
of exfiltration would change ice sliding or even the sign of such a
change. In addition, calculating the effect of the extra subglacial
water supply from exfiltration on ice sliding at the ice sheet scale
is not currently possible in coupled models of subglacial hydrology
and ice sheet evolution due to the computationally intensive nature
of existing numerical models of subglacial hydrology, although pro-
gress is being made on this problem (76). However, even just the
potential for large changes in subshelf melt rates, basal shear
stress, and ice sliding from additional subglacial discharge argues
for the inclusion of groundwater into numerical ice sheet models.

Subglacial exfiltration and infiltration are responses to changes
in the effective pressure at the ice-sediment interface, which is the
difference between ice overburden pressure and local water pres-
sure. The theory developed thus far has focused on how changes
in ice overburden pressure can drive exfiltration particularly in
places, like Antarctica, where variations in subglacial water pressure
are not substantial on short times scales. The potentially higher
rates of subglacial discharge discussed above would occur through-
out the entire year in Antarctica. Conversely, in glaciers with sub-
stantial surface melt (i.e., Greenlandic or mountain glaciers),
exfiltration is unlikely to be a substantial contributor to the subgla-
cial water budget at the peak of the melt season. However, at glaciers
experiencing seasonal or diurnal variability in meltwater supply to
the bed, subglacial channels may experience rapid depressurization
over hours to weeks as the melt season comes to an end [as in other
hydrological systems experiencing variability (77–79)]. Since the
peak exfiltration flux is proportional to the rate of unloading (Eq.
4), rapid variability in pressure head at the sediment surface is
capable of driving exfiltration at rates that approach the supply of
meltwater during the melt season (fig. S3), sustaining some form
of drainage over winter months. This may explain the puzzling per-
sistence of subglacial drainage systems during the winter at some
glaciers, which has previously been attributed to englacial water
storage (80, 81). Liljedahl et al. (57) find such diurnal- to season-
al-scale variations in hydraulic head deep within a relatively imper-
meable fractured bedrock aquifer (which is unlikely to support
direct water injection to such depths on short times scales), indicat-
ing that hydraulic loading drives deep pressure variations even on
diurnal to seasonal time scales.
The potentially important role of exfiltration in supplying water

to the ice-sediment interface should also motivate further work to
incorporate the hydromechanical model of groundwater flow into
numerical models of ice sheet and subglacial drainage coevolution.
The ice sheet response to this source of subglacial water ultimately
depends on the representation of subglacial drainage and sliding
within ice sheet models. However, the results of this study show
that groundwater-drainage interactions beneath an ice sheet may
be important even on the short decadal scales that have been the
focus of so much recent effort in ice sheet projections (82, 83).
Our results highlight the potential benefits of extending our con-
ceptual and numerical models of ice sheet dynamics beyond the
sediment interface.

MATERIALS AND METHODS
Theory of exfiltration from a porous half-space
Most of what follows is inspired by (22), although with some key
differences. We ultimately come to different closed form solutions
for the hydraulic pressure head as a function of time and space,
which lead to closed-form solution for surface flux and flux diver-
gence under two different loading scenarios.
We consider a one-dimensional column of subglacial sediment,

below a column of glacier ice that is changing in thickness. We start
with a simplified form of the diffusion equation applied to flow
through a one-dimensional porous medium (i.e., derived from
combining Darcy’s law with mass conservation)

∂h
∂t
¼ D

∂2h
∂z2
þ L ð8Þ
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where h is the hydraulic pressure head within the porousmedium,D
= κ/S is the hydraulic diffusivity, which depends on the hydraulic
conductivity (κ) and specific storage (S), z is the vertical coordinate,
and

L ¼
ξρi
ρw
∂Hi

∂t
ð9Þ

is the rate at which the porous column is loaded or unloaded (in this
case due to a change in overlying ice thickness) causing a change in
sediment dilatancy, with ξ being the one-dimensional loading effi-
ciency (also known as Skempton’s constant, describing the fraction
of the mechanical loading that causes pressure change with the sedi-
ment pore fluid), ρi,w, the densities of ice and water, and ∂Hi

∂t the in-
stantaneous rate of thinning or thickening of the overlying ice
column that is loading the sediment. We consider two boundary
conditions, the first one far from the ice-sediment interface

∂h
∂z

�
�
�
�
�
z!1

¼ 0 ð10Þ

indicating no water flux into the sediment at depth. The second
boundary condition is at the ice-sediment interface

hðz ¼ 0Þ ¼
ρi
ρw
HiðtÞ ð11Þ

where Hi(t) is some prescribed function for the evolution of the
overlying ice thickness as a function of time, which should be con-
sistent with Eq. 9. Below, we will consider two forms for this func-
tion to derive an analytical solution to the diffusion problem: (i)
constant ∂Hi

∂t and (ii) dirac delta function for
∂Hi
∂t .

Constant ice thinning rate
Here is where it is important to consider the form of q. We consider
the case whereHiðtÞ ¼ h0 þ ∂Hi

∂t t and
∂Hi
∂t is a constant in time (i.e., a

constant rate of loading or unloading at the upper boundary condi-
tion), which makes q a constant in time as well.
We proceed by using the Laplace transform for the pressure head

hðpÞ ¼
ð1

0
expð� ptÞhðz; tÞdt ð12Þ

where p is a complex frequency parameter. Inserting the transform
into Eq. 8 and moving all terms to one side yields

∂2h
∂z2
�
ph
D
þ

q
Dp
¼ 0 ð13Þ

When L is a constant, Eq. 13 has the following solution

h ¼ Aexp½zðp=DÞ1=2� þ Bexp½� zðp=DÞ1=2� þ
L
p2

ð14Þ

The constantsA and B are determined by applying the boundary
conditions. Applying the lower boundary condition (Eq. 2) requires
that A = 0 for the first term to go to zero at the boundary. Applying
the upper boundary condition (Eq. 3) requires that

h ¼
L
ξp2

ð15Þ

Another way of interpreting this boundary condition is that the
source term in the diffusion equation involves a uniaxial loading or
unloading modulated by the loading efficiency of the porous mate-
rial (ξ), whereas the pressure at the column surface is directly set by
the overlying pressure loading. Thus, the two terms end up being
the same except for a factor of 1/ξ. Applying this upper boundary
condition gives B and fully determines the Laplace-transformed sol-
ution

h ¼
q
p2

1
ξ
� 1

� �

exp½� zðp=DÞ1=2� þ
L
p2

ð16Þ

We can determine the nontransformed solution corresponding
to Eq. 16 above by superposing the individual inverse transformed
terms from the table of transforms in appendix V in (84).

hðz; tÞ ¼ L
1
ξ
� 1

� �

� tþ
z2

2D

� �

erfc
z

2ðDtÞ1=2

 !

� z
t
πD

� �1=2
exp �

z2

4Dt

� �

þ
t

1=ξ � 1

" #

ð17Þ

From this analytic solution, we can calculate the Darcy flux (κ ∂h∂z)
at the surface of the porous column (z = 0). Ultimately, the spatial
derivative eliminates several of the terms in the above expression,
leading to a relatively simple expression for this exfiltration/infiltra-
tion flux

qc ¼ κ
∂h
∂z

�
�
�
�
�
z¼0

¼ 2ð1 � ξÞ
ρi
ρw
∂Hi

∂t
κS
π
t

� �1=2

ð18Þ

where we have substituted the definitions of q and D back in to
derive this final expression.

Step change in ice thickness
We also consider another case where ice thickness changes through
a step function with magnitude ΔH at t = 0, which corresponds to a
Dirac delta function on thickness rate of change: ∂Hi

∂t ¼ ΔHδðtÞ. In
this case

L ¼ αδðtÞ ð19Þ

where α ¼ ξρi
ρw
Δh.

We proceed by inserting h defined in the same way as above to
derive the following transformed version of the hydromechanical
equation

∂2h
∂z2
�
h
D
þ
α
Dp
¼ 0 ð20Þ

This equation has the same general form of a solution as in the
prior case considered, with only a difference in the final term

h ¼ Aexp½zðp=DÞ1=2� þ Bexp½� zðp=DÞ1=2� þ
α
p

ð21Þ

Inserting the boundary conditions yields the complete trans-
formed solution

h ¼
α
p
1
ξ
� 1

� �

exp½� zðp=DÞ1=2� þ
α
p

ð22Þ
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Last, we can determine the nontransformed solution corre-
sponding to Eq. 22 above by superposing the individual inverse
transformed terms from the table of transforms in appendix V in
(84).

hðz; tÞ ¼ α
1
ξ
� 1

� �

erfc
z

2ðDtÞ1=2

 !

þ
1

1=ξ � 1

" #

ð23Þ

From this analytic solution, we can calculate the Darcy flux (κ ∂h∂z)
at the surface of the porous column (z = 0). Ultimately, the spatial
derivative eliminates several of the terms in the above expression,
leading to a relatively simple expression for this exfiltration/infiltra-
tion flux

qd ¼ κ
∂h
∂z

�
�
�
�
�
z¼0

¼ ð1 � ξÞ
ρi
ρw
ΔH

κS
πt

� �1=2

ð24Þ

where we have substituted the definitions of q and D back in to
derive this final expression.

Numerical methods used to solve hydromechanical model
The hydromechanical model (Eq. 8) is a version of the well-known
diffusion equation with a source. To solve this equation, we use the
Crank-Nicolson method (85), a widely used second-order finite dif-
ference method, which is implicit in time. Although it is merely
conditionally stable, we generally consider time steps that are nu-
merically stable and provide highly accurate solutions, as evidenced
by the correspondence of the numerical method to the exact solu-
tion to the diffusion equation derived through the Laplace transfor-
mation above.
The Crank-Nicolson method blends explicit and implicit finite

difference time-stepping schemes (forward Euler and backward
Euler) to produce second-order accuracy. For the hydromechanical
model, the resulting discretization is

hkþ1i � hki
Δt

¼
D
2Δz2

½ðhkþ1iþ1 � 2h
kþ1
i þ hkþ1i� 1 Þ þ ðh

k
iþ1 � 2h

k
i

þ hki� 1Þ� þ L
k
i ð25Þ

where i indices indicate grid points in the spatial domain and k
indices time steps. Rearranging such that terms in the k time step
are on the right hand side and terms in the k + 1 time step are on
the left hand side, we have

�
1
2
CDhkþ1iþ1 þ ð1þ CDÞh

kþ1
i �

1
2
CDhkþ1i� 1

¼
1
2
CDhkiþ1 þ ð1 � CDÞh

k
i þ

1
2
CDhki� 1 þ L

k
i ð26Þ

where CD ¼ DΔt
Δz2 .

We have implemented this Crank-Nicolsonmethod using sparse
matrices and numpy array capabilities in a Jupyter notebook. Many
previously published studies numerically solve the hydromechani-
cal model here using closed-source software (7, 15, 23). Our goal
here was to provide a straightforward and simple numerical solver
for this method that can be widely used within the community to
understand exfiltration better. This notebook is available through
an open-source repository and as a Binder notebook that can be
run on anymodern internet browser without installing any software
(see code availability).

Supplementary Materials
This PDF file includes:
Figs. S1 to S3
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