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The geothermal heat flux to the bed of the ice in Antarctica is important
for ice flow and basal meltwater production, but is also highly uncertain.
In particular, it is thought that groundwater flow in sedimentary basins
could modify the geothermal heat flux to the ice bed by advecting heat,
but this process is unaccounted for in current models. In this paper, we
develop a mathematical model to investigate the effect of three-
dimensional groundwater flow, driven by topography and sediment
compaction, on subglacial heat transport. We then obtain a reduced-order
approximate solution to this model. Using this approximate solution
combined with geophysical data, we find that groundwater flow could
enhance or reduce geothermal heat flux by tens of mW/m2 across large
regions of Antarctica. We find that topographically-driven groundwater
flow enhances heat flux in the centre of ice streams and reduces it at the
margins, while compaction-driven groundwater flow enhances heat flux
beneath thinning ice and reduces it beneath thickening ice. Our results
provide insight into the possible effect of groundwater flow on Antarctic
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geothermal heat flux, and highlight the need for further investigation into
the properties of Antarctic sedimentary basins.
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ABSTRACT. The geothermal heat flux to the bed of the ice in Antarctica is
important for ice flow and basal meltwater production, but is also highly uncer-
tain. In particular, it is thought that groundwater flow in sedimentary basins
could modify the geothermal heat flux to the ice bed by advecting heat, but
this process is unaccounted for in current models. In this paper, we develop a
mathematical model to investigate the effect of three-dimensional groundwa-
ter flow, driven by topography and sediment compaction, on subglacial heat
transport. We then obtain a reduced-order approximate solution to this model.
Using this approximate solution combined with geophysical data, we find that
groundwater flow could enhance or reduce geothermal heat flux by tens of
mW m~? across large regions of Antarctica. We find that topographically-
driven groundwater flow enhances heat flux in the centre of ice streams and
reduces it at the margins, while compaction-driven groundwater flow enhances
heat flux beneath thinning ice and reduces it beneath thickening ice. Our re-
sults provide insight into the possible effect of groundwater flow on Antarctic
geothermal heat flux, and highlight the need for further investigation into the

properties of Antarctic sedimentary basins.
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1. INTRODUCTION

The Antarctic ice sheet is the largest body of ice on the planet, with the potential to contribute an estimated
30 cm of sea-level rise by 2100 and up to 6.9 m by 2300 under high-emission climate scenarios (Seroussi
and others, 2024). One of the largest sources of uncertainty in predicting future Antarctic ice loss is the
thermal state of the ice bed, with a warmer ice bed leading to higher predicted ice loss (Dawson and
others, 2022). In particular, the geothermal heat flux, which heats the ice bed alongside frictional heating,
is relatively ill-constrained, with significant variation between models (Reading and others, 2022). This
heat flux consists of conduction from the mantle, alongside radiogenic heat production in the crust (Stal
and others, 2021).

Geothermal heat flux influences ice flow via the temperature-dependent rheology of the ice. It also
facilitates sliding of the ice by thawing the bed, and by contributing to the production of meltwater,
which enters the subglacial hydrological system (Burton-Johnson and others, 2020). As a result, localised
regions of elevated geothermal heat flux can significantly influence ice dynamics (Pittard and others, 2016).
Moreover, resolving small-scale variations in geothermal heat flux can lead to higher overall estimated melt
rates (McCormack and others, 2022).

One source of uncertainty in current models of Antarctic geothermal heat flux is the role of groundwater,
significant volumes of which are stored in sedimentary basins (Gustafson and others, 2022; Aitken and
others, 2023). These sedimentary basins underlie large portions of Antarctica, including many of its fastest-
flowing ice streams (Li and others, 2022; Li and Aitken, 2024). It is believed that the circulation of this
groundwater could, by advecting heat, produce local variations in geothermal heat flux (Gooch and others,
2016; Tankersley and others, 2022; Reading and others, 2022). However, existing models of Antarctic
geothermal heat flux (e.g. Stal and others, 2021) do not account for possible effects of groundwater, owing
in part to the large uncertainty regarding the hydraulic properties of sedimentary basins.

Conversely, while there have been several attempts to model large-scale groundwater flow in sedimentary
basins (e.g. Li and others, 2022; Robel and others, 2023; Cairns and others, 2025), so far these have not
considered the effect of groundwater flow on heat transport. In a notable exception, Gooch and others
(2016) found, using a one-dimensional vertical model, that groundwater flow upwards and downwards
could significantly enhance or reduce geothermal heat flux. In addition, Christoffersen and Tulaczyk (2003)

considered groundwater flow and energy transport in a one-dimensional mathematical model for freezing
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Fig. 1. (a) Modelled Antarctic geothermal heat flux (without modification by groundwater flow) from Stal and
others (2021). (b) Modelled sedimentary basin thickness from Li and Aitken (2024). Probable frozen regions of the
ice bed, based on Seiner and others (2025), are masked with hatches in both instances.

and thawing near the ice bed. However, these models do not include horizontal groundwater flow, which
is important for variations across Antarctica.

In this paper, we present a mathematical model for groundwater flow in a sedimentary basin, including
both horizontal and vertical flow and sediment compaction, combined with heat transport. We explore
the predictions of this model in an idealised cross-section of an Antarctic sedimentary basin, and derive
a reduced-order approximation for the modification of the geothermal heat flux by groundwater flow.
We then apply this approximation to existing geophysical models of Antarctic heat flux and sedimentary
basin thickness, in order to investigate the extent to which groundwater flow could modify the heat flux.
We find that, for realistic parameter values, groundwater flow has the potential to significantly enhance
or reduce heat flux in large regions of both East and West Antarctica, with the resulting difference in
basal melting comparable in size to the exfiltration of water from the sedimentary basin. In particular,
topographically-driven groundwater flow enhances heat flux in the centre of ice streams and reduces it at the
margins, potentially helping the ice stream to self-reinforce. Meanwhile, compaction-driven groundwater
flow provides a positive feedback by enhancing heat flux beneath thinning ice and reducing it beneath
thickening ice.

In Section 2 we describe the governing equations of the model, in dimensional and dimensionless form,
and in Section 3 we provide an example solution for a synthetic geometry in two dimensions. In Section
4 we then derive an approximate solution for the modification of the geothermal heat flux, and compare

this approximate solution with the numerical solution for the aforementioned example. We then evaluate
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Fig. 2. Schematic of the model. The ice sheet has thickness H; and bed at z = b. It overlies a sedimentary basin
with thickness Hg, and an impermeable lower boundary. There is a geothermal heat flux G into the sedimentary
basin, which is modified by groundwater flow on its way to the ice bed.

this approximate modified heat flux for Antarctic data in Section 5, and discuss our findings.

2. MODEL

We consider energy transport and groundwater flow in a sedimentary basin with thickness Hg,(z,y), whose
upper surface lies at the ice-bed interface z = b(x, y). The bottom of the sedimentary basin is at z = b— Hyg,.
Above the sedimentary basin is an ice sheet with thickness H;(z,t), and between the sedimentary basin
and the ice is a subglacial hydrological system, which we model as a thin layer of pressurised water. We
use subscripts sb, ¢, h, w and r for properties of the sedimentary basin, ice, hydrological system, water
and sedimentary rock. We consider longer timescales (i.e. hundreds to thousands of years), so that annual
variability is not important. In particular, we will generally assume that groundwater and heat dynamics
are in a quasi-steady state.

We also make the assumption that the vertical aspect ratio is small, i.e. the vertical lengthscale of
the sedimentary basin is much smaller than the horizontal lengthscale. This is consistent with geophysical
estimates of Antarctic geology, where sedimentary basins are usually a few kilometers thick and hundreds

to thousands of kilometers wide (Tankersley and others, 2022; Li and Aitken, 2024). This is a frequent
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assumption in models of groundwater flow, where it is referred to as the Dupuit approximation. A further
consequence of this approximation is that horizontal diffusion of heat is negligible compared to vertical
diffusion, but we note that vertical and horizontal advection are generally comparable. Our model therefore

improves on existing one-dimensional models, which do not include horizontal advection.

2.1 Governing equations

The temperature in the sedimentary basin Ty (x,y, 2,t) is governed by an advection-diffusion equation,

oT. T, o°T
prCSbisb + PwaU-sb . vCZ—'sb + pwcwwsbisb = ksb

o 72~ g Ot Do W

Here ugp(z,y, 2,t) and wg(x,y, 2z,t) are the horizontal and vertical components of the Darcy flux in the
sedimentary basin, and V = (d/0x,d/dy) is the horizontal components of the gradient. We include a
source term @, for radiogenic heating, and Dy, for dissipation in the groundwater flow. We neglect
thermal dispersion, which we expect to be negligible compared to diffusion (Bear, 2013).

We use p, C and k to refer to density, specific heat and thermal conductivity, all assumed constant for

simplicity. The bulk quantities psCyp and kg, are defined in terms of the porosity ¢ as

pstsb = p’rCr(l - (;5) + chw¢7 ksb . kr(l - ¢) + kwd’ (2)

Note that advection only occurs in the water phase.

For simplicity, we make the assumption of a temperate (thawed) bed, and ignore the dependence of
the melting temperature on pressure. Although large regions of Antarctica likely possess a frozen bed, the
assumption of a thawed bed is reasonable beneath most outlet glaciers where ice dynamics are of most
concern. We therefore impose that the top of the sedimentary basin is at a uniform melting temperature
T

Ty =T, on z=0>. (3)

At the bottom, we prescribe a conductive heat flux given by the geothermal heat G(x,y),

o7,
—k’stzb =G on z=b—Hy,. (4)

In order to determine the Darcy flux components ug, and wgy, we treat the sedimentary basin as a
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weakly compressible porous medium under uniaxial strain. This implies that the pressure pg, obeys the

groundwater flow equation (Robel and others, 2023)

apsb
S ot

Owgp ) ey opn

0 (V0 + o, 6)

where pj, is the water pressure in the hydrological system, and the constants Ss and 0 < £ < 1 are the
specific storage and Skempton’s coefficient respectively. These terms allow for compaction of the porous
medium, which produces a vertical flow in response to changes in the total loading stress. If we set Ss(1—¢)
to 0, we recover the limit of incompressible groundwater flow. The water pressure is given by the overburden
pressure due to the weight of the ice sheet, minus the so-called effective pressure IV, which encapsulates

the resistance of the subglacial hydrological system to compression,
pr = pigH; — N. (6)

We also employ the aforementioned Dupuit approximation, which implies that the pressure pg is

approximately hydrostatic,

Psb & Ph + pwg(b— 2). (7)

Assuming that the Darcy flux components are given by Darcy’s law, we have that

Usp = —puwg K Vpsy = — st VU, (8)

where K, is the hydraulic conductivity and

1
Y=L b= — (pigH; — N) +1, (9)
Pwd Pwd

is the hydraulic head. The hydraulic conductivity is given by

Ksb = pwgkgb/u) (10)

where k?, denotes the permeability of the porous medium, and p is the viscosity of water. Throughout this
paper we work in terms of K, rather than ki’b, in order to avoid confusion with the thermal conductivity.

Both K, and S are properties of the porous medium that are not well constrained, the former because
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of its dependence on k%, which is an unknown property of the rock matrix. Therefore, a range of values
for each should be considered. For example, Robel and others (2023) consider permeabilities that give K,
ranging from 1071 to 107% ms~! and Sg from 107 to 104 m~!.

Assuming that there is no normal flux through the bottom of the sedimentary basin,
Wsp = Ugp * V(b - Hsb) on z=b- Hsb> (11)

we may obtain the vertical Darcy flux by integrating Equation (5), using Equations (7) and (8) for p and
ugp respectively. This gives

o

Wsp = (Z b+ Hsb) (Ksbv2w - Ss(l - 6) ot

> - Ksbv(b - Hsb) ’ V@Z} (12)

We define the exfiltration ¢g (or infiltration if gg < 0) to be the normal flux through the top of the

sedimentary basin,

0
46 = (s — st V). = V- (Ko H Vi) — S,(1~ O Hu (13)
Finally, the dissipative heating term in the energy balance is given by
Dy, = Kapuwg| VU, (14)

assuming that the horizontal fluxes are much larger than the vertical flux under the Dupuit approximation.
Under our assumption that the bed is at a uniform melting temperature 7;,, the energy balance at the

ice bed z = b reads
a7sz7 aTz

pumL = —ksb? + kig + T - up + Dp, (15)
where the terms are as follows:
pwmL is the energy used to melt or freeze the ice, with m the melt rate and L the latent heat,
—kgp0Tgp/0z is conductive heat flux upwards from the sedimentary basin,

k;0T;/0z is the conductive heat flux into the ice,

Th - Up, is the frictional heating from the sliding of the ice (and resulting deformation of the till, etc.),

Cambridge University Press
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Cairns and others: Modification of Antarctic GHF by groundwater 8
where 7, and uy, are the basal shear stress and ice velocity,
Dy, is the heat produced by dissipation from the flow in the hydrological system.

Conduction into the ice is a sink, whereas the other terms are heat sources. The conductive heat flux
from the sedimentary basin (the first term on the right) is our primary interest here. In the absence of

groundwater flow, this is equal geothermal heat flux along with a possible radiative heating contribution

astb
0z

_ksb =G+ QrHsb- (16)

We anticipate that groundwater flow modifies this term, and will focus in the change in the basal melt rate
m that results from this. The other terms in Equation (15) will be considered fixed, although we note that
there could be additional feedbacks; for example, modified sliding rates could change the frictional heating
term.

In solving this model, the ice thickness H; is either provided by data or must be prescribed using an
ice sheet model. In the 2D example solutions for a synthetic geometry that follow, we use a shallow-shelf
ice sheet model with a Weertman sliding law, which is described in more detail in Appendix A. Equation
(9) also requires us to prescribe the effective pressure N. A simple parameterisation is to take the effective

pressure as a fixed fraction of the overburden (e.g. Gregov and others, 2023),

N = vpigHi, (17)

where we take v = 0.1 throughout this paper. A more detailed model of the effective pressure could be
obtained by extending the model in this paper to include subglacial hydrology, a feature which we have
largely omitted for simplicity. Models of subglacial hydrology typically relate N to the distribution of
water in the hydrological system, which is in turn found by solving a water mass conservation equation in
which m and gg are source terms (e.g. Werder and others, 2013; Flowers, 2015; Sommers and others, 2018;

Cairns and others, 2026).
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Table 1. Physical parameters and scales used in the model. Estimates of ¢, k. and & are taken from Gooch and
others (2016), p, from Li and others (2022) (supplementary information) and C, from Bear (2013). The range of
values of Sg are based on a typical value from Robel and others (2023), although we note values outside of the range
considered are also physically plausible. The values of Ky, are inferred from k%, which in turn are based on Gooch
and others (2016) and Cairns and others (2025). While lower values of K, are possible, we do not consider these
here as the resulting values of Pe are so small as to be indistinguishable from zero. The scale [G] is inferred from
data (Stal and others, 2021), whereas the scales [z], [t], [AT] and [m] are derived from other parameters and scales
following the procedure detailed in Appendix B.

Journal of Glaciology

Parameter Value Units Parameter Value Units
Pw 1000 kg m—3 & 0.2

Pr 2000 kg m—3 K 1x107%-5%x10% ms!

pi 900 kg m—3 kY, 1x1072-5x 10712 m?

Cu 4200 Jke7' K1 | 1x1073 Pa s

C, 700 Jkg ' K7t | [z] 5 x 105 m

o) 0.3 (2] 871 m

k. 2.8 Wm—! K™t | [¢] 2900 yr

kw 0.56 Wm ! K| [G] 60 mW m~—?
g 9.81 m s 2 [AT] 25 K

Ss 3x1077™-3x107% m™! [m] 5.7 mm yr—!
Table 2. Derived dimensionless parameters used in the model.

Parameter Value

K 0.017—0.084

by 0.009—0.09

0 0.1

Asb 340-1700

Pe 0.0052—0.026

Zeb 0.083

Cambridge University Press
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2.2 Non-dimensionalisation

We now non-dimensionalise the above model, in order to reduce the number of parameters and exploit the

relative smallness of certain terms. That is, we write variables as
r=[z]z, z=1[2]8, T—Tn=I[ATIT ..., (18)

where square brackets [] denote constant scales and hats denote dimensionless variables. We then drop hats
from variables for readability. We select the scales based on a combination of observation and balancing
terms in the governing equations, as detailed in Appendix B.

Under our choice of scalings, the dimensionless exfiltration is given by

g = KV - (ﬁslﬁﬁ) YHap— 5 (19)

where
o — [wsb] _ Ksb[z]2pr Y SS(l — 5)[2]2pr.

[m] [=?[G] [G11]

The parameter k determines the size of the topography-driven groundwater flow, and scales with the

(20)

hydraulic conductivity K. Likewise, the parameter ¥ determines the size of the compaction-driven

groundwater flow, and scales with the specific storage Sg. The dimensionless hydraulic head is

Y= (1—-8)H —N+b, (21)
where

and the dimensionless Darcy flux components are

= Vi, g = (2 b+ ) ( S — f@j) V(b ) - V. (23)

Equation (1) for the temperature in the sedimentary basin becomes

AN\ 2
ast ast 1 a st (%b
Asb——7 ot + Ggp - VT sb+ Wsp—=5— 0% Pe ( QT‘) Esb <a£ ) (24)
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where
2 K 3 A k
Asb _ pstsb[w] ’ Pe = sbpwcw2[2] QT _ Qr [Z]’ Esb _ GgRsp ) (25)
puwCuwKsp|2][t] ksp[z] [G] Cw|G]

The parameter Ag, represents the timescale of heat flow in the sedimentary basin relative to evolution of
the ice sheet, st is the dimensionless radiative heating, and =, represents the size of the dissipation. The
parameter Pe is the Peclet number of the sedimentary basin, representing the importance of heat advection

compared to diffusion. The boundary conditions are

Ty=0 on 2=0 (26)
T - T
.3 =—-G on 2=b-—Hyg, (27)
where
G = GJ/[G]. (28)

3. EXAMPLE SOLUTION FOR A SYNTHETIC GEOMETRY IN 2D

As an illustrative example, we consider a solution of this model in two dimensions (z, z), representing a
cross-section of an ice stream along a flow-line, which is shown in Figure 3. The sedimentary basin thickness
Hy, is given by a Gaussian function, whose thickening and shallowing in the direction of groundwater flow
drives infiltration and exfiltration of groundwater. This shape is chosen purely in order to illustrate the
typical influence of groundwater flow.

Figure 3(a) shows the streamlines of this groundwater flow, driven by the hydraulic gradient. This flow
advects heat, causing the temperature to deviate from the unmodified solution Ty, = G(b — z)/ks. When
heat is advected downwards, the thermal gradient 07'/0z at the top of the sedimentary basin becomes
smaller. Conversely, when heat is advected upwards, the thermal gradient at the top of the sedimentary
basin is larger.

This results in a modification of the heat flux to the ice bed, seen in Figure 3(b). The heat flux is
lowered in regions of groundwater infiltration, but elevated in regions of exfiltration. A higher value of the
hydraulic conductivity K, hence the Péclet number Pe, amplifies this change, with the difference between
the modified and unmodified flux approximately scaling with Pe.

In Figure 3(c), the effect of compaction-driven exfiltration is seen, for a spatially-uniform steady ice

Cambridge University Press
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(a) shows the ice profile and hydraulic poten-

tial ¥, along with the temperature in the sedimentary basin at 5° contours and streamlines of the groundwater flow
for a relatively high hydraulic conductivity Ky, with Sg = 0. (b) and (c¢) show the modified heat flux to the ice bed
for various values of K, with Sg = 0, and for various values of the specific storage Sg for a fixed K, and for a

uniform quasi-steady ice thinning rate 0H;/0t = —1 m yr— .

1
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thinning rate 0H;/0t < 0. Because the compaction terms vanish in a steady state, we consider a quasi-
steady state in which all other time derivatives are zero, and the ice thinning is assumed to have a negligible
effect on the topographic terms. The ice thinning increases vertical groundwater flux in the upwards
direction, enhancing the heat flux relative to the case with Sg = 0. The enhancement to the heat flux
again scales with Sg (i.e. with X). Because the compaction-driven part of the groundwater flow scales with
the sedimentary basin thickness Hyy, the overall heat flux enhancement is largest where the sedimentary
basin is thickest.

A further 2D example solution, including more variation in the sedimentary basin geometry and a

nonuniform geothermal heat flux, is shown in Appendix C.

4. ASYMPTOTIC SOLUTION FOR SMALL PECLET NUMBER

Realistic values of the hydraulic conductivity suggest the Péclet number of the sedimentary basin is rel-
atively small. In particular, Gooch and others (2016) and Robel and others (2023) consider a range of
permeabilities equivalent to Ky = 10719-107% ms™!, giving Pe between 3 x 107 and 0.03. It therefore
makes sense to consider the behaviour of the problem when Pe is asymptotically small. In the following
calculation, we ignore the radiogenic heating Qr for simplicity, although the result can easily be generalised
to include Qr. We also neglect dissipative heating, which is justified provided that the parameter =g is

small.

In the limit Pe = 0, the temperature profile is simply given by

A A

Ty =Ty := G(b—2), (29)

so that the heat flux at the ice-bed interface is just the geothermal heat G, with no perturbation due to

groundwater flow. For small but nonzero Pe, we expand Ty as an asymptotic series

Ty ~ Ty + PeTy + ... (30)

At leading order Ty is as above, and at first order we have (from Equation (24), assuming a quasi-steady

state, i.e. 0Tg/0t = 0, and that =g, is negligibly small)

L S/ 1
5721 = Ugp - VI + Wep a; . (31)

Cambridge University Press
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218 Substituting in the Darcy flux components given by Equation (23) and Tp, we have

PTL wr  ae A A e T\ o e oA ) A
a2 = VU (0 =2AVEHGVE) — | (E=b+ Ha) | VI — =5 | = VO V(0= Hy) |G (32)

a9 After simplifying and integrating, we find

= (=02 = H3) V- VG = (2 b+ Ha)G (Vi VL)
L g DD
“(2-b+ Hgy)*G |V —=—]. (33
+5(2 b+ Hg) (vw H(%) (33)
220 Evaluating at the surface, we find after further simplifying that
| (Tamee\ 15 .. 00
EB - =V- <2GHst1/)) §EG e (34)

221 where we have terms originating from the topographically-driven (involving V) and compaction-driven
222 (involving 0v/0t) groundwater flow respectively, similarly to the exfiltration gqg (Equation (19)). In di-

23 mensional variables, we have that

oT PuwCuw 1 9 1 9 OY
—ksp — ~G V| zKaGHyp VY | — =Ss(1 —&)GHy— |. 35
sb Epe - + kab B sb sb” VY 9 S( f) sb ot ( )
224 This heat flux modification results in a modification Am to the melt rate at the ice bed. Specifically,
25 defining the unperturbed melt rate as
1 oT;
_ G+ kit . D 36
mo pr< +18Z+Tb up + h>7 (36)
26  Equation (15) gives that
c 1 1 oY
m=mo+ Am, Am = ks:’L (v . <2KsbGHsb2V¢> — 555(1 — f)GHfbat> . (37)
227 We test the asymptotic approximation (34) using the 2D example previously shown in Figure 3, in order

28 to determine the scope of its validity. The results are shown in Figure 4. Figure 4(a) shows the performance
29 of the asymptotic approximation for various hydraulic conductivities K and hence Péclet numbers Pe.

20 The asymptotic approximation fits the numerical solution very well for Ky = 1 x 10% (Pe = 0.0047), but
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Fig. 4. Comparison of asymptotic solution (dashed line) with the numerical solution (solid line), for the example
shown in Figure 3. (a) tests the asymptotic solution for varying K, / Pe, whereas (b) tests the asymptotic solution
for varying Sg / ¥ and a fixed value of K.

begins to deviate from the numerical solution for Pe > 0.01. The Péclet number at which the solutions
differ noticeably will vary slightly depending on specifics of the problem such as Hg,, G, and the hydraulic
gradient.

In Figure 4(b), the asymptotic solution is compared to the numerical solution for different values of
the specific storage Sg, leading to different values of ¥, with a fixed K. This time, the approximation
agrees well with the numerical solution up to and including > = 0.036, but for 3 = 0.11 the asymptotic
approximation underestimates the perturbation to the flux. This means that, as well as small Pe being
small, this approximation also requires small ¥ in order to be accurate, so that the compaction-driven
contribution to the groundwater flow is not too large. Taken together, these results suggest that Equation
(34) is a reliable approximation to the solution of the heat equation (24), provided that Ky, and Sg are
not too large. In Appendix C, we test this approximation against the numerical solution for a different
case including more complex sedimentary basin geometry and a nonuniform G, in order to obtain further

evidence for the reliability of the approximate solution in a more general case.
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5. APPLICATION TO ANTARCTIC DATA

The approximate expression (34) for the heat flux modification for small Péclet number is useful insofar
that it enables an approximate calculation of the effect of groundwater flow on subglacial heating without
needing to solve a PDE. We can therefore evaluate this expression using estimated subglacial heat flux and
sedimentary basin thickness from Antarctica. When estimating the heat flux modification by groundwater
beneath Antarctica, the main source of uncertainty comes from the values of Ky and Sg. We take
these as constant in space for simplicity and work with large but realistic values, while noting that the
topographically-driven and compaction-driven terms scale linearly with K, and Sg respectively.

For simplicity, we continue to parametrise the effective pressure as 10% of the overpressure (N =
0.1p;gH;). We also assume a thawed bed everywhere, although we note that significant regions of Antarctica
are likely to have a frozen bed. We designate by hatching the regions where the bed is likely to be frozen
(Seiner and others, 2025), in which our results are less likely to be reliable.

In this section, we use the geothermal heat flux model of Stél and others (2021) and the sedimen-
tary basin thickness from Li and others (2022), both of which have 20-kilometer resolution. We use this
geothermal heat flux model as the prescribed heat flux at the base of the sedimentary basin, and therefore
neglect radiogenic heat production in the sedimentary basin. The compaction component uses the ice
thickness rate of change 0H;/0t (assumed steady) from ICESAT satellite data (Smith and others, 2020).
The coverage excludes a region around the South pole, which we denote with a dashed circle, and in which
we assume 0H;/0t = 0. A plot of this data is provided in Appendix C, Figure 11. We use ice thickness H;

and bed elevation b data from Bedmap3 (Pritchard and others, 2025).

5.1 Heat flux modification

Figure 5 shows the result of applying the asymptotic solution for the heat flux modification for values
Kg =10%m s ! and Sg = 107® m™!. These values correspond to Pe = 3.3 x 1073 or k = 8.6 x 1073
and to X = 0.073. Despite the small Péclet number, we can see that the asymptotic solution predicts
that geothermal heat can be modified by tens of mW m™2 in either direction, representing a substantial
modification, for these large but realistic parameter values. We first discuss the compaction term, before
examining the topographic term region by region.

Due to the high ice thinning rates beneath Pine Island and Thwaites glaciers (PIG and TG), the effect of
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Fig. 5. Geothermal heat flux modification (34) for Kg = 1075 m s™! and Sg = 107° m~!. Panel (a) shows the
total modification, compared to the unmodified heat flux G in (b). (c) shows the topographic term and (d) the
compaction term. Selected locations are marked by abbreviations. The dashed circle around the South pole marks
a gap in the thinning rate data, wherein we assume 0H;/dt = 0. Hatched regions denote regions where the bed is
likely frozen (Seiner and others, 2025).
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Fig. 6. (i) Zoomed-in regions of the topographic heat flux modification, compared with (ii) the geothermal heat G,
(iii), the ice bed topography b, (iv) the hydraulic gradient ¢, and (v) the ice velocity (Mouginot and others, 2017).
The regions respectively cover Wilkes subglacial basin (WSB) and Aurora subglacial basin (ASB) (a), and Recovery
glacier (RG) (b), both in East Antarctica, and the majority of West Antarctica (c).
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compaction-driven groundwater flow is strongest here (Figure 5(d)). The ice thinning drives groundwater
flow vertically upwards, which results in a further enhancement of heat flux from its already high value.
This compaction-driven enhancement of heat flux in response to ice thinning could act as a positive feedback
mechanism that accelerates basal melting, leading to further sliding and ice loss. Conversely, however, this
feedback could help to reduce ice flow in regions where the ice is thickening, leading to heat flux reduction
by groundwater infiltration. This predicted effect is most visible beneath the stagnated Kamb ice stream
on the Siple Coast (SC), which is currently undergoing thickening.

The topographic component (Figure 5(c)) includes a thin region of significant heat flux reduction around
the grounding line, particularly in East Antarctica. This is because the sedimentary basin underlies most of
the ocean, meaning that a steep increase in sedimentary basin thickness occurs around the grounding line.
However, the extent of the sedimentary basin beyond the grounding line may be uncertain and depend
on how the data has been processed. Moreover, certain assumptions of the model are likely to break
down within a few kilometers of the grounding line: in particular, the effective pressure N may become
comparable to the overburden as the ice approaches flotation, and groundwater flow may be influenced by
seawater intrusion into the sedimentary basin (Cairns and others, 2025).

A dramatic effect is also seen around Lake Vostok (LV) in East Antarctica, where there is a significant
topographic minimum. In addition, substantial geothermal cooling is seen beneath Berkner island (BI) in
the Filchner-Ronne ice shelf, where the sedimentary basin is thought to be extremely deep. In these regions,
the predicted groundwater flow velocities are large, meaning that the small Péclet number approximation
may not be accurate.

Setting aside these uncertain regions, the topographic component of the groundwater flow has a no-
ticeable effect across both East and West Antarctica, which can be seen in more detail in the zoomed-in
regions of Figure 6. In East Antarctica, where the heat flux is relatively low, the groundwater-induced
effect is strongest beneath Wilkes subglacial basin (WSB) and Aurora subglacial basin (ASB) (Figure 6(a)),
because this region includes the deepest sedimentary basins in Antarctica. These sedimentary basins form
bands roughly parallel to the ice flow, corresponding to topographic lows in the ice bed, and to the location
of ice streams. Topographic highs have little to no sedimentary basin coverage, and in many cases corre-
spond regions where the bed is predicted to be frozen. Beneath Recovery glacier (RG) and the surrounding
land (Figure 6(b)), the distinction is even clearer between sedimentary basins below fast-flowing ice in

topographic lows and topographic highs with a frozen bed and little sedimentary basin coverage.
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Fig. 7. Numerical solution for an idealised cross-section of an ice stream. The topography is given by b(y) =
—1000sin(my/250km) m, the ice thickness by H;(y) = 1000m — b(y), and the sedimentary basin depth Hg(y) =
1000(1 + tanh ((z — 25km)/25km) tanh ((225km — z)/25km)) m. The heat flux is uniformly given by G = 80 mW
m~2, we take N = 0.1p;gH; as elsewhere, and there is no thinning rate of the ice (0H;/0t = 0). Panel (a) shows
the geometry, streamlines of the groundwater flow in white, and temperature at 5°C contours for a particular K.
Panel (b) compares the heat flux through the top of the sedimentary basin for various Kgp.
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In both cases, the variations in bed elevation produce a variation in the hydraulic potential (because
the ice surface H; + b is relatively flat). This hydraulic gradient drives a groundwater flow, which results
in heat flux enhancement in the centre of the ice stream and reduction at the margins. Such heat flux
enhancement via groundwater flow could therefore act as a self-reinforcing mechanism for ice streams,
which naturally create sedimentary basins in topographic lows over time by erosion and deposition. Once a
sedimentary basin is in place, groundwater flow helps transport heat to the bed of the ice stream and away
from its surroundings, making it more likely that the central bed will remain thawed and the surrounding
bed remain frozen.

This mechanism is illustrated in Figure 7 by another example solution to the model for a cross-section of
an idealised ice stream, which shows the numerical solution of the full problem rather than the asymptotic
solution. The topography includes a trough corresponding to the centre of the ice stream. Although the ice
surface is uniform, the density difference between ice and water (along with the effective pressure) leads to
a non-uniform hydraulic potential, which is lowest in the middle of the ice stream. Groundwater infiltrates
near the margins of the ice streams driven by the thickening of the sedimentary basin towards the centre,
but exfiltrates in the centre due to the shallowing of the hydraulic gradient. As predicted, this leads to
heat flux enhancement in the centre of the ice stream and reduction at the margins, with amplitude up to
40 mW m~2 for Kg =3 x 107% m s™! and around 10 mW m™2 for Ky =1 x 1076 m s~ 1.

In West Antarctica, a similar banded pattern of heat enhancement in the centre of ice streams and
reduction at their margins can be seen along the Siple Coast (SC) (Figure 6(c)). In this case, the varia-
tion in bed topography is less than the aforementioned locations in East Antarctica, but the background
geothermal heat flux is larger and more important in determining the location of ice streams. The high-
est heat flux is found beneath Pine Island and Thwaites glacier (PIG and TG), which also comprise the
fastest-thinning regions of the grounded Antarctic ice sheet. Similar bands of heating and cooling are seen

beneath these glaciers, but alternate in the direction of ice flow rather than transversely.

5.2 Basal melt modification correlates with exfiltration

Assuming a thawed bed, modification of the geothermal heat flux results in a corresponding modification
of the basal melt rate. Figure 8(a) shows the resulting modification Am in the melt rate from the esti-
mated heat flux modification in Figure 5, obtained using Equation (37). For the same parameter values,

Figure 8(b) shows the exfiltration g, obtained using Equation (19). From a visual inspection Am and
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Fig. 8. (a) Asymptotic modification to melt rate based on the heat flux modification above, compared with (b)
the exfiltration g, for the K, and Sg in Figure 5.

qg are closely correlated, but qg is 2-3 times larger. This suggests that the leading-order contribution of
groundwater to subglacial water budgets is through exfiltration and infiltration, but that the modification
to the melt rate through geothermal heat flux modification is also significant.

The correlation between Am and gg can be understood by referring to Equations (19) and (37), which
are almost identical except that the factor Hg, in the former is replaced with StGH. sb/2 in the latter.
Converting to dimensional variables, this suggests that the size of the melt modification relative to the
exfiltration roughly scales with the parameter A = ¢,GHg,/kgp L. This has the form of a Stefan number,
where G Hg/kgp is the natural scale for the change in temperature across the depth of the basin.

The parameter A is highest where the heat flux is high, such as beneath Pine Island and Thwaites
glaciers (PIG and TG), and where the sedimentary basins are thickest, such as beneath Wilkes and Aurora
subglacial basins (WSB and ASB). In these locations, the melt rate modification Am in Figure 8(a)
contributes a relatively large portion of the water budget. A plot of A is provided in Appendix C, Figure
12.
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6. DISCUSSION

In this paper we have described a simple model for three-dimensional heat transport and groundwater flow
in a sedimentary basin, including both topography and compaction as drivers of flow. This model predicts
that heat flux is typically enhanced where groundwater is exfiltrated and reduced where groundwater
infiltrates. We have derived an asymptotic approximation for the modification to the groundwater flux for
small Péclet numbers, and shown that this approximates the numerical solution well for realistic parameter
values.

We find that, for large but realistic parameter values, the heat flux beneath Antarctica could be modified
by tens of mW m™2 in either direction, representing a significant alteration. This highlights the need
to account for groundwater flow in models of Antarctic geothermal heat flux. Topographically-driven
groundwater flow tends to enhance heat flux in topographic lows at the centre of glaciers, and reduce heat
flux at the margins, providing a potential self-reinforcing mechanism for ice streams across much of both
West and East Antarctica. Compaction-driven groundwater flow also provides a potential positive feedback
by enhancing heat flux below ice that is already thinning, an effect that is currently concentrated beneath
Thwaites and Pine Island glaciers.

We have made a number of simplifying assumptions in order to obtain these results. First is our use
of an asymptotic solution for the heat flux modification in Section 5 (rather than the full solution of the
equations). This asymptotic solution may prove inaccurate when groundwater fluxes are large, and in
particular may underestimate the magnitude of the perturbation. However, this approximation is unlikely
to substantially affect the qualitative behaviour, and likely has less impact than other assumptions.

Another assumption is that of an isothermal thawed bed, when in reality large regions of the Antarctic
bed are likely to be frozen. Where the bed is frozen, the permeability of the frozen rock is reduced to
almost zero. Modelling of this region would require introducing a free boundary representing the extent of
the frozen region, whose position is determined by balances of energy and water mass across the boundary.
It can be noted (referring to Figure 1(b)) that the overlap of sedimentary basins with frozen bed regions
is small, partly because sedimentary basins are formed by the deposition of sediments in topographic
lows, whereas the bed is more likely to be frozen in topographic highs. This suggest that we need not be
concerned with bed freezing over many of our smaller-scale regions of interest, although there are some

exceptions e.g. in Wilkes Land and near the South Pole.
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Our treatment of the basal temperature overlaps with our simplifying assumptions about the basal
effective pressure, which we have parameterised in a simple way. This allows us to avoid solving a PDE
(or system of PDEs) to describe the subglacial drainage system. A flotation fraction of 90% (as we
have assumed) is a reasonable value for most of Antarctica, but near the grounding line in particular the
flotation fraction is likely to be significantly higher (Ehrenfeucht and others, 2025). This suggests that our
modelling overestimates the hydraulic potential gradient, and thus the groundwater fluxes, in this region.
The work in this paper could be developed by including a simple coupled model of subglacial hydrology
(e.g. Kazmierczak and others, 2024; Cairns and others, 2026), or by incorporating the effect of groundwater
flow into a more involved hydrology model (e.g. GlaDS (Werder and others, 2013) or SHAKTI (Sommers
and others, 2018)).

We have also only considered steady- or quasi-steady-state models. In reality, grounding line motion
and ice thickness changes will introduce transience into the groundwater flow over timescales of centuries to
millenia. Evolution of the subglacial hydrological system will also induce changes in the effective pressure
over much faster timescales of months to years. While exploring time-dependent solutions is beyond
the scope of this paper, it could provide further insight into the feedbacks associated with ice streams
and ice thinning suggested by our results above. In addition, the slow response time of groundwater in
sedimentary basins could mean that groundwater flow and thus temperature profiles in sedimentary basins
are still responding to historic ice sheet changes, rather than being in a steady state (Cairns and others,
2025).

Outside of our modelling assumptions, our work is also limited by current knowledge of the geology and
hydraulic properties of sedimentary basins. We have assumed a spatially uniform hydraulic conductivity
in our calculations, although the permeability and hence conductivity of sedimentary basins is likely to be
highly heterogeneous even on small scales. For instance, faults could act as highly localised regions of high
permeability, concentrating groundwater flow and hence heat flux enhancement (Tankersley and others,
2022). Until the hydraulic properties of sedimentary basins are better known, our work can provide at
best an order-of-magnitude estimate of the importance of groundwater and a qualitative description of its
likely behaviour.

All in all, however, our work expands the existing scientific framework for modelling the effect of
groundwater flow on Antarctic geothermal heat flux, and demonstrates the need for further investigation

into this topic. The development of more complex mathematical models, alongside further advances in
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using geophysical methods to investigate Antarctic sedimentary basins, will enable future breakthroughs

in understanding the basal conditions of Antarctica and the future of the Antarctic ice sheet.

CODE AVAILABILITY

Code used to generate the figures in this paper is available at https://doi.org/10.5281 /zenodo.20646472.
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APPENDIX A: ICE SHEET MODEL

For our example two-dimensional solutions in Figures 3 and 9, we use a shallow-shelf ice sheet model with
a Weertman sliding law. Noting that in these examples we only consider one horizontal dimension, the
thickness H;(x,t) and horizontal velocity u;(x,t) (assumed uniform in depth) of the ice obey the mass and

momentum equations (Muszynski and Birchfield, 1987; MacAyeal, 1989; Schoof, 2007)

0H; 0

é’t + aiﬂj . (quz) = a, (Al)
4 —1/npy u; et ou; qmw—1, aH. 0 . _
o <2A H; oz oz — Bw ‘Uz‘ Ui — Pngz% (Hz + b) =0, (A2)

where a(z,t) is the net accumulation, A is a rheological parameter assumed constant, Gy is a sliding

constant, and we take the exponents to be n = 3 and my = 1/3. The boundary conditions are

u; =0 at x=0. (A3)
pigHi = —pugb at = = xg, (A4)

oui |V ou; 1 pi
P 5 = 3P ( Pw> gH; at z=ux4 (A5)

The first imposes no ice flux at the origin, the second states that the ice achieves flotation at the grounding
line, and the third results from balancing the stress required in an unbuttressed ice shelf.
In Figures 3 and 9, we solve these equations for @ = 0.3 m yr=!, A = 4.227 x 1072% Pa~! s3, By =

7.624 x 10% Pa m~1/3 s1/3 and a topography b(z) = —100m —x/2870.

APPENDIX B: NON-DIMENSIONALISATION

In this Appendix, we describe the choice of scalings used to obtain the dimensionless equations in Section
2.2. We begin by assuming that scales for the accumulation [a], horizontal length [x], and geothermal heat
flux [G] are known. We use the vertical lengthscale [z] as a scale for the bed elevation b, the ice thickness
H;, the sedimentary basin thickness Hg,, and the hydraulic head 1. We scale the temperature relative to
melting point T; — T}, with a scale

[AT] = [G][2]/ksb- (B1)
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Scales for the vertical lengthscale and velocity can either be inferred from data, or found by balancing

(motivated by Equations (A1) and (A2))

[21[wi] = [allz],  Bw[wi]™ = pig[=]*/[2]. (B2)

The timescale is then given by

[t] = [z]/[us] = [2]/[al]. (B3)

For brevity, we do not include the dimensionless equations (A1) and (A2) for the ice mass and momentum,
which may be found in e.g. Schoof (2007).
Following Equation (15), we choose a scale for the melt rate based on the heat flux from the sedimentary

basin

[m] = [G)/puL. (B4)

We also use [m] as the scale for ¢g, so that we can straightforwardly compare the two source terms. Darcy’s

law (8) then provides scales for the groundwater flow components in the sedimentary basin

z z z 2
[usb] = Ksbﬁgla [wsb] = [l?l[USb] = Ksb{x%Q- (B5)

APPENDIX C: ADDITIONAL FIGURES

In this Appendix, we provide some additional figures to support the main text. In Figure 9, we provide
an example 2D steady state solution similar to Figure 3 for a more complex setup. The sedimentary
basin includes a bottleneck at = 200 km, driving exfiltration and subsequent infiltration, and reduces in
thickness approaching the grounding line, driving further exfiltration. The geothermal heat flux has a local
peak at z = 450 km and is elsewhere uniform. Figure 9(a) shows the streamlines of this groundwater flow,
which advects heat, reducing the thermal gradient where groundwater flows downwards and increasing it
when groundwater flows upwards as in Figure 3.

Figure 9(b) shows the resulting modification to the heat flux, with the difference between the modified
and unmodified flux approximately scaling with Pe as before. The horizontal component of the groundwater
flow also plays a role, as the basal heat flux enhancement from x = 500600 km is magnified by the region

of elevated geothermal heat upstream of this region.
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Fig. 9. Steady state solution for a test case with sedimentary basin thickness Hg, = (1000 — 1000 tanh((z —
550km)/50km) — 1600 exp(—((z — 200km)/50km)?))m, and geothermal heat flux G = (60 + 30exp(—((z —
450km)/50km)?))) mW m~—2. The effective pressure N is fixed at 10% of the overburden, and the ice thickness
is found by solving the shallow-shelf model above. (a) shows the ice profile and hydraulic potential ¢, along with the
temperature in the sedimentary basin at 5° contours and streamlines of the groundwater flow for a relatively high
hydraulic conductivity Ky, with Sg = 0. (b) and (c) show the heat flux to the ice bed for various values of Ky, with
Ss = 0, and for various values of the specific storage Sg for a fixed K, and for a uniform quasi-steady ice thinning
rate 0H; /0t = —1 m yr— 1.
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Fig. 10. Comparison of asymptotic solution (dashed line) with the numerical solution (solid line), for the example
shown in Figure 9. The heat flux at the ice-bed interface is shown for (a) varying K, (Pe), and (b) varying Sg (X)
and a fixed value of K.

Figure 9(c) shows the effect of compaction-driven exfiltration, again for a spatially-uniform steady ice
thinning rate 0H;/0t < 0 in a quasi-steady state. The ice thinning increases vertical groundwater flux in
the upwards direction, enhancing the heat flux by an amount that scales with Sg (i.e. with X), and is also
largest where the sedimentary basin is thickest.

Figure 10, similarly to Figure 4, shows a comparison of the numerical solution for the heat flux with
the approximate solution (34), this time for the case in Figure 9. In Figure 10(a), which shows the effect
of varying K, (hence Pe) for Sg = 0, we see once more that the approximation matches the numerical
solution well roughly for Pe< 0.01, but becomes less accurate for higher values of Pe.

Figure 10(b) shows the effect of varying Sg (hence X)) for a fixed K. Again, the approximate solution
agrees well with the numerical solution for % up to 0.036, but overestimates the heat flux modification for
the higher value ¥ = 0.11. These results provide further support for using Equation (34) to approximate
the full solution of the heat equation (24) provided Pe and ¥ are sufficiently small, and in particular that
this approximation is reliable for a case where G is non-uniform.

We also include two figures providing additional data relevant to Section 4. Figure 11 shows the

rate of change of ice thickness 0H;/dt used to calculate the compaction-driven heat flux modification and

Cambridge University Press

Page 32 of 33



Page 33 of 33 Journal of Glaciology

Cairns and others: Modification of Antarctic GHF by groundwater 32

Ice thickness rate of change 0H//ot

5
2000 -
4
1500 -
3
1000 - 5
500 F 1T
=23
£ ol {o B
~ S
.
-500 1-1 5
-1000 2
-3
-1500
4
2000 -
I I I I 1 .5
2000 -1000 0 1000 2000
x/km

Fig. 11. Data (Smith and others, 2020) for the current rate of change of ice sheet thickness 0H;/dt, used in Section
4. The dashed circle around the South pole indicates a gap in the data.

se6  exfiltration for Figures 5 and 8. Figure 12 shows the parameter A, which roughly determines the size of

sa7  the melt rate modification relative to the exfiltration in Figure 8.
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Fig. 12. Parameter A = ¢,GHg/kq, L, which roughly determines the size of the melt rate modification relative to
the exfiltration.
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