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ABSTRACT. The geothermal heat flux to the bed of the ice in Antarctica is7

important for ice flow and basal meltwater production, but is also highly uncer-8

tain. In particular, it is thought that groundwater flow in sedimentary basins9

could modify the geothermal heat flux to the ice bed by advecting heat, but10

this process is unaccounted for in current models. In this paper, we develop a11

mathematical model to investigate the effect of three-dimensional groundwa-12

ter flow, driven by topography and sediment compaction, on subglacial heat13

transport. We then obtain a reduced-order approximate solution to this model.14

Using this approximate solution combined with geophysical data, we find that15

groundwater flow could enhance or reduce geothermal heat flux by tens of16

mW m´2 across large regions of Antarctica. We find that topographically-17

driven groundwater flow enhances heat flux in the centre of ice streams and18

reduces it at the margins, while compaction-driven groundwater flow enhances19

heat flux beneath thinning ice and reduces it beneath thickening ice. Our re-20

sults provide insight into the possible effect of groundwater flow on Antarctic21

geothermal heat flux, and highlight the need for further investigation into the22

properties of Antarctic sedimentary basins.23
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1. INTRODUCTION24

The Antarctic ice sheet is the largest body of ice on the planet, with the potential to contribute an estimated25

30 cm of sea-level rise by 2100 and up to 6.9 m by 2300 under high-emission climate scenarios (Seroussi26

and others, 2024). One of the largest sources of uncertainty in predicting future Antarctic ice loss is the27

thermal state of the ice bed, with a warmer ice bed leading to higher predicted ice loss (Dawson and28

others, 2022). In particular, the geothermal heat flux, which heats the ice bed alongside frictional heating,29

is relatively ill-constrained, with significant variation between models (Reading and others, 2022). This30

heat flux consists of conduction from the mantle, alongside radiogenic heat production in the crust (Stål31

and others, 2021).32

Geothermal heat flux influences ice flow via the temperature-dependent rheology of the ice. It also33

facilitates sliding of the ice by thawing the bed, and by contributing to the production of meltwater,34

which enters the subglacial hydrological system (Burton-Johnson and others, 2020). As a result, localised35

regions of elevated geothermal heat flux can significantly influence ice dynamics (Pittard and others, 2016).36

Moreover, resolving small-scale variations in geothermal heat flux can lead to higher overall estimated melt37

rates (McCormack and others, 2022).38

One source of uncertainty in current models of Antarctic geothermal heat flux is the role of groundwater,39

significant volumes of which are stored in sedimentary basins (Gustafson and others, 2022; Aitken and40

others, 2023). These sedimentary basins underlie large portions of Antarctica, including many of its fastest-41

flowing ice streams (Li and others, 2022; Li and Aitken, 2024). It is believed that the circulation of this42

groundwater could, by advecting heat, produce local variations in geothermal heat flux (Gooch and others,43

2016; Tankersley and others, 2022; Reading and others, 2022). However, existing models of Antarctic44

geothermal heat flux (e.g. Stål and others, 2021) do not account for possible effects of groundwater, owing45

in part to the large uncertainty regarding the hydraulic properties of sedimentary basins.46

Conversely, while there have been several attempts to model large-scale groundwater flow in sedimentary47

basins (e.g. Li and others, 2022; Robel and others, 2023; Cairns and others, 2025), so far these have not48

considered the effect of groundwater flow on heat transport. In a notable exception, Gooch and others49

(2016) found, using a one-dimensional vertical model, that groundwater flow upwards and downwards50

could significantly enhance or reduce geothermal heat flux. In addition, Christoffersen and Tulaczyk (2003)51

considered groundwater flow and energy transport in a one-dimensional mathematical model for freezing52
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Fig. 1. (a) Modelled Antarctic geothermal heat flux (without modification by groundwater flow) from Stål 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, which53

is important for variations across Antarctica.54

In this paper, we present a mathematical model for groundwater flow in a sedimentary basin, including55

both horizontal and vertical flow and sediment compaction, combined with heat transport. We explore56

the predictions of this model in an idealised cross-section of an Antarctic sedimentary basin, and derive57

a reduced-order approximation for the modification of the geothermal heat flux by groundwater flow.58

We then apply this approximation to existing geophysical models of Antarctic heat flux and sedimentary59

basin thickness, in order to investigate the extent to which groundwater flow could modify the heat flux.60

We find that, for realistic parameter values, groundwater flow has the potential to significantly enhance61

or reduce heat flux in large regions of both East and West Antarctica, with the resulting difference in62

basal melting comparable in size to the exfiltration of water from the sedimentary basin. In particular,63

topographically-driven groundwater flow enhances heat flux in the centre of ice streams and reduces it at the64

margins, potentially helping the ice stream to self-reinforce. Meanwhile, compaction-driven groundwater65

flow provides a positive feedback by enhancing heat flux beneath thinning ice and reducing it beneath66

thickening ice.67

In Section 2 we describe the governing equations of the model, in dimensional and dimensionless form,68

and in Section 3 we provide an example solution for a synthetic geometry in two dimensions. In Section69

4 we then derive an approximate solution for the modification of the geothermal heat flux, and compare70

this approximate solution with the numerical solution for the aforementioned example. We then evaluate71
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Fig. 2. Schematic of the model. The ice sheet has thickness Hi and bed at z “ b. It overlies a sedimentary basin
with thickness Hsb 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.72

2. MODEL73

We consider energy transport and groundwater flow in a sedimentary basin with thickness Hsbpx, yq, whose74

upper surface lies at the ice-bed interface z “ bpx, yq. The bottom of the sedimentary basin is at z “ b´Hsb.75

Above the sedimentary basin is an ice sheet with thickness Hipx, tq, and between the sedimentary basin76

and the ice is a subglacial hydrological system, which we model as a thin layer of pressurised water. We77

use subscripts sb, i, h, w and r for properties of the sedimentary basin, ice, hydrological system, water78

and sedimentary rock. We consider longer timescales (i.e. hundreds to thousands of years), so that annual79

variability is not important. In particular, we will generally assume that groundwater and heat dynamics80

are in a quasi-steady state.81

We also make the assumption that the vertical aspect ratio is small, i.e. the vertical lengthscale of82

the sedimentary basin is much smaller than the horizontal lengthscale. This is consistent with geophysical83

estimates of Antarctic geology, where sedimentary basins are usually a few kilometers thick and hundreds84

to thousands of kilometers wide (Tankersley and others, 2022; Li and Aitken, 2024). This is a frequent85
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assumption in models of groundwater flow, where it is referred to as the Dupuit approximation. A further86

consequence of this approximation is that horizontal diffusion of heat is negligible compared to vertical87

diffusion, but we note that vertical and horizontal advection are generally comparable. Our model therefore88

improves on existing one-dimensional models, which do not include horizontal advection.89

2.1 Governing equations90

The temperature in the sedimentary basin Tsbpx, y, z, tq is governed by an advection-diffusion equation,91

ρsbCsb
BTsb

Bt
` ρwCwusb ¨ ∇Tsb ` ρwCwwsb

BTsb

Bz
“ ksb

B2T

Bz2 `Qr `Dsb. (1)

Here usbpx, y, z, tq and wsbpx, y, z, tq are the horizontal and vertical components of the Darcy flux in the92

sedimentary basin, and ∇ “ pB{Bx, B{Byq is the horizontal components of the gradient. We include a93

source term Qr for radiogenic heating, and Dsb for dissipation in the groundwater flow. We neglect94

thermal dispersion, which we expect to be negligible compared to diffusion (Bear, 2013).95

We use ρ, C and k to refer to density, specific heat and thermal conductivity, all assumed constant for96

simplicity. The bulk quantities ρsbCsb and ksb are defined in terms of the porosity ϕ as97

ρsbCsb “ ρrCrp1 ´ ϕq ` ρwCwϕ, ksb “ krp1 ´ ϕq ` kwϕ. (2)

Note that advection only occurs in the water phase.98

For simplicity, we make the assumption of a temperate (thawed) bed, and ignore the dependence of99

the melting temperature on pressure. Although large regions of Antarctica likely possess a frozen bed, the100

assumption of a thawed bed is reasonable beneath most outlet glaciers where ice dynamics are of most101

concern. We therefore impose that the top of the sedimentary basin is at a uniform melting temperature102

Tm.103

Tsb “ Tm on z “ b. (3)

At the bottom, we prescribe a conductive heat flux given by the geothermal heat Gpx, yq,104

´ksb
BTsb

Bz
“ G on z “ b´Hsb. (4)

In order to determine the Darcy flux components usb and wsb, we treat the sedimentary basin as a105

Page 6 of 33

Cambridge University Press

Journal of Glaciology



For Peer Review

Cairns and others: Modification of Antarctic GHF by groundwater 6

weakly compressible porous medium under uniaxial strain. This implies that the pressure psb obeys the106

groundwater flow equation (Robel and others, 2023)107

Ss
Bpsb

Bt
` ρwg

ˆ

∇ ¨ usb `
Bwsb

Bz

˙

“ Ssξ
Bph

Bt
, (5)

where ph is the water pressure in the hydrological system, and the constants Ss and 0 ă ξ ă 1 are the108

specific storage and Skempton’s coefficient respectively. These terms allow for compaction of the porous109

medium, which produces a vertical flow in response to changes in the total loading stress. If we set Ssp1´ξq110

to 0, we recover the limit of incompressible groundwater flow. The water pressure is given by the overburden111

pressure due to the weight of the ice sheet, minus the so-called effective pressure N , which encapsulates112

the resistance of the subglacial hydrological system to compression,113

ph “ ρigHi ´N. (6)

We also employ the aforementioned Dupuit approximation, which implies that the pressure psb is114

approximately hydrostatic,115

psb « ph ` ρwgpb´ zq. (7)

Assuming that the Darcy flux components are given by Darcy’s law, we have that116

usb “ ´ρwgKsb∇psb “ ´Ksb∇ψ, (8)

where Ksb is the hydraulic conductivity and117

ψ “
ph

ρwg
` b “

1
ρwg

pρigHi ´Nq ` b, (9)

is the hydraulic head. The hydraulic conductivity is given by118

Ksb “ ρwgk
p
sb{µ, (10)

where kp
sb denotes the permeability of the porous medium, and µ is the viscosity of water. Throughout this119

paper we work in terms of Ksb rather than kp
sb, in order to avoid confusion with the thermal conductivity.120

Both Ksb and Ss are properties of the porous medium that are not well constrained, the former because121
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of its dependence on kp
sb, which is an unknown property of the rock matrix. Therefore, a range of values122

for each should be considered. For example, Robel and others (2023) consider permeabilities that give Ksb123

ranging from 10´10 to 10´6 ms´1 and SS from 10´7 to 10´4 m´1.124

Assuming that there is no normal flux through the bottom of the sedimentary basin,125

wsb “ usb ¨ ∇pb´Hsbq on z “ b´Hsb, (11)

we may obtain the vertical Darcy flux by integrating Equation (5), using Equations (7) and (8) for p and126

usb respectively. This gives127

wsb “ pz ´ b`Hsbq

ˆ

Ksb∇2ψ ´ Ssp1 ´ ξq
Bψ

Bt

˙

´Ksb∇pb´Hsbq ¨ ∇ψ. (12)

We define the exfiltration qE (or infiltration if qE ă 0) to be the normal flux through the top of the128

sedimentary basin,129

qE “ pwsb ´ usb ¨ ∇bq|z“b “ ∇ ¨ pKsbHsb∇ψq ´ Ssp1 ´ ξqHsb
Bψ

Bt
. (13)

Finally, the dissipative heating term in the energy balance is given by130

Dsb “ Ksbρwg|∇ψ|
2, (14)

assuming that the horizontal fluxes are much larger than the vertical flux under the Dupuit approximation.131

Under our assumption that the bed is at a uniform melting temperature Tm, the energy balance at the132

ice bed z “ b reads133

ρwmL “ ´ksb
BTsb

Bz
` ki

BTi

Bz
` τb ¨ ub `Dh, (15)

where the terms are as follows:134

ρwmL is the energy used to melt or freeze the ice, with m the melt rate and L the latent heat,135

´ksbBTsb{Bz is conductive heat flux upwards from the sedimentary basin,136

kiBTi{Bz is the conductive heat flux into the ice,137

τb ¨ ub is the frictional heating from the sliding of the ice (and resulting deformation of the till, etc.),138
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where τb and ub are the basal shear stress and ice velocity,139

Dh is the heat produced by dissipation from the flow in the hydrological system.140

Conduction into the ice is a sink, whereas the other terms are heat sources. The conductive heat flux141

from the sedimentary basin (the first term on the right) is our primary interest here. In the absence of142

groundwater flow, this is equal geothermal heat flux along with a possible radiative heating contribution143

´ksb
BTsb

Bz
“ G`QrHsb. (16)

We anticipate that groundwater flow modifies this term, and will focus in the change in the basal melt rate144

m that results from this. The other terms in Equation (15) will be considered fixed, although we note that145

there could be additional feedbacks; for example, modified sliding rates could change the frictional heating146

term.147

In solving this model, the ice thickness Hi is either provided by data or must be prescribed using an148

ice sheet model. In the 2D example solutions for a synthetic geometry that follow, we use a shallow-shelf149

ice sheet model with a Weertman sliding law, which is described in more detail in Appendix A. Equation150

(9) also requires us to prescribe the effective pressure N . A simple parameterisation is to take the effective151

pressure as a fixed fraction of the overburden (e.g. Gregov and others, 2023),152

N “ νρigHi, (17)

where we take ν “ 0.1 throughout this paper. A more detailed model of the effective pressure could be153

obtained by extending the model in this paper to include subglacial hydrology, a feature which we have154

largely omitted for simplicity. Models of subglacial hydrology typically relate N to the distribution of155

water in the hydrological system, which is in turn found by solving a water mass conservation equation in156

which m and qE are source terms (e.g. Werder and others, 2013; Flowers, 2015; Sommers and others, 2018;157

Cairns and others, 2026).158
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Table 1. Physical parameters and scales used in the model. Estimates of ϕ, kr and ξ are taken from Gooch and
others (2016), ρr from Li and others (2022) (supplementary information) and Cr from Bear (2013). The range of
values of SS 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 Ksb are inferred from kp

sb, which in turn are based on Gooch
and others (2016) and Cairns and others (2025). While lower values of Ksb 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 rGs is inferred from
data (Stål and others, 2021), whereas the scales rzs, rts, r∆T s and rms are derived from other parameters and scales
following the procedure detailed in Appendix B.

Parameter Value Units Parameter Value Units

ρw 1000 kg m´3 ξ 0.2

ρr 2000 kg m´3 Ksb 1 ˆ 10´6–5 ˆ 10´6 m s´1

ρi 900 kg m´3 kp
sb 1 ˆ 10´12–5 ˆ 10´12 m2

Cw 4200 J kg´1 K´1 µ 1 ˆ 10´3 Pa s

Cr 700 J kg´1 K´1 rxs 5 ˆ 105 m

ϕ 0.3 rzs 871 m

kr 2.8 W m´1 K´1 rts 2900 yr

kw 0.56 W m´1 K´1 rGs 60 mW m´2

g 9.81 m s´2 r∆T s 25 K

SS 3 ˆ 10´7–3 ˆ 10´6 m´1 rms 5.7 mm yr´1

Table 2. Derived dimensionless parameters used in the model.

Parameter Value

κ 0.017—0.084

Σ 0.009—0.09

δ 0.1

λsb 340–1700

Pe 0.0052—0.026

Ξsb 0.083

Page 10 of 33

Cambridge University Press

Journal of Glaciology



For Peer Review

Cairns and others: Modification of Antarctic GHF by groundwater 10

2.2 Non-dimensionalisation159

We now non-dimensionalise the above model, in order to reduce the number of parameters and exploit the160

relative smallness of certain terms. That is, we write variables as161

x “ rxsx̂, z “ rzsẑ, T ´ Tm “ r∆T sT̂ . . . , (18)

where square brackets rs denote constant scales and hats denote dimensionless variables. We then drop hats162

from variables for readability. We select the scales based on a combination of observation and balancing163

terms in the governing equations, as detailed in Appendix B.164

Under our choice of scalings, the dimensionless exfiltration is given by165

q̂E “ κ∇̂ ¨

´

Ĥsb∇̂ψ̂
¯

´ ΣĤsb
Bψ̂

Bt̂
, (19)

where166

κ “
rwsbs

rms
“
Ksbrzs2ρwL

rxs2rGs
, Σ “

SSp1 ´ ξqrzs2ρwL

rGsrts
. (20)

The parameter κ determines the size of the topography-driven groundwater flow, and scales with the167

hydraulic conductivity Ksb. Likewise, the parameter Σ determines the size of the compaction-driven168

groundwater flow, and scales with the specific storage SS . The dimensionless hydraulic head is169

ψ̂ “ p1 ´ δqĤi ´ N̂ ` b̂, (21)

where170

δ “ 1 ´ ρi{ρw, (22)

and the dimensionless Darcy flux components are171

ûsb “ ´∇̂ψ̂, ŵsb “

´

ẑ ´ b̂` Ĥsb

¯

˜

∇̂2ψ̂ ´
Σ
κ

Bψ̂

Bt̂

¸

´ ∇̂
´

b̂´ Ĥsb

¯

¨ ∇̂ψ̂. (23)

Equation (1) for the temperature in the sedimentary basin becomes172

λsb
BT̂sb

Bt̂
` ûsb ¨ ∇̂T̂sb ` ŵsb

BT̂sb

Bẑ
“

1
Pe

˜

B2T̂sb

Bẑ2 ` Q̂r

¸

` Ξsb

˜

Bψ̂

Bx̂

¸2

, (24)
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where173

λsb “
ρsbCsbrxs2

ρwCwKsbrzsrts
, Pe “

KsbρwCwrzs3

ksbrxs2 , Q̂r “
Qrrzs

rGs
, Ξsb “

gksb

CwrGs
. (25)

The parameter λsb represents the timescale of heat flow in the sedimentary basin relative to evolution of174

the ice sheet, Q̂sb is the dimensionless radiative heating, and Ξsb represents the size of the dissipation. The175

parameter Pe is the Peclet number of the sedimentary basin, representing the importance of heat advection176

compared to diffusion. The boundary conditions are177

T̂sb “ 0 on ẑ “ b̂. (26)

178

BT̂sb

Bẑ
“ ´Ĝ on ẑ “ b̂´ Ĥsb, (27)

where179

Ĝ “ G{rGs. (28)

3. EXAMPLE SOLUTION FOR A SYNTHETIC GEOMETRY IN 2D180

As an illustrative example, we consider a solution of this model in two dimensions px, zq, representing a181

cross-section of an ice stream along a flow-line, which is shown in Figure 3. The sedimentary basin thickness182

Hsb is given by a Gaussian function, whose thickening and shallowing in the direction of groundwater flow183

drives infiltration and exfiltration of groundwater. This shape is chosen purely in order to illustrate the184

typical influence of groundwater flow.185

Figure 3(a) shows the streamlines of this groundwater flow, driven by the hydraulic gradient. This flow186

advects heat, causing the temperature to deviate from the unmodified solution Tsb “ Gpb´ zq{ksb. When187

heat is advected downwards, the thermal gradient BT {Bz at the top of the sedimentary basin becomes188

smaller. Conversely, when heat is advected upwards, the thermal gradient at the top of the sedimentary189

basin is larger.190

This results in a modification of the heat flux to the ice bed, seen in Figure 3(b). The heat flux is191

lowered in regions of groundwater infiltration, but elevated in regions of exfiltration. A higher value of the192

hydraulic conductivity Ksb, hence the Péclet number Pe, amplifies this change, with the difference between193

the modified and unmodified flux approximately scaling with Pe.194

In Figure 3(c), the effect of compaction-driven exfiltration is seen, for a spatially-uniform steady ice195
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Fig. 3. Steady state solution for a test case with sedimentary basin thickness Hsb “ p2000 expp´ppx ´

350kmq{150kmqq2q m, and geothermal heat flux G “ 80 mW m´2. (a) shows the ice profile and hydraulic poten-
tial ψ, along with the temperature in the sedimentary basin at 5o contours and streamlines of the groundwater flow
for a relatively high hydraulic conductivity Ksb with SS “ 0. (b) and (c) show the modified heat flux to the ice bed
for various values of Ksb with SS “ 0, and for various values of the specific storage SS for a fixed Ksb and for a
uniform quasi-steady ice thinning rate BHi{Bt “ ´1 m yr´1.
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thinning rate BHi{Bt ă 0. Because the compaction terms vanish in a steady state, we consider a quasi-196

steady state in which all other time derivatives are zero, and the ice thinning is assumed to have a negligible197

effect on the topographic terms. The ice thinning increases vertical groundwater flux in the upwards198

direction, enhancing the heat flux relative to the case with SS “ 0. The enhancement to the heat flux199

again scales with SS (i.e. with Σ). Because the compaction-driven part of the groundwater flow scales with200

the sedimentary basin thickness Hsb, the overall heat flux enhancement is largest where the sedimentary201

basin is thickest.202

A further 2D example solution, including more variation in the sedimentary basin geometry and a203

nonuniform geothermal heat flux, is shown in Appendix C.204

4. ASYMPTOTIC SOLUTION FOR SMALL PÉCLET NUMBER205

Realistic values of the hydraulic conductivity suggest the Péclet number of the sedimentary basin is rel-206

atively small. In particular, Gooch and others (2016) and Robel and others (2023) consider a range of207

permeabilities equivalent to Ksb “ 10´10–10´6 ms´1, giving Pe between 3 ˆ 10´6 and 0.03. It therefore208

makes sense to consider the behaviour of the problem when Pe is asymptotically small. In the following209

calculation, we ignore the radiogenic heating Q̂r for simplicity, although the result can easily be generalised210

to include Q̂r. We also neglect dissipative heating, which is justified provided that the parameter Ξsb is211

small.212

In the limit Pe “ 0, the temperature profile is simply given by213

T̂sb “ T̂0 :“ Ĝpb̂´ ẑq, (29)

so that the heat flux at the ice-bed interface is just the geothermal heat Ĝ, with no perturbation due to214

groundwater flow. For small but nonzero Pe, we expand T̂sb as an asymptotic series215

T̂sb „ T̂0 ` PeT̂1 ` . . . (30)

At leading order T̂0 is as above, and at first order we have (from Equation (24), assuming a quasi-steady216

state, i.e. BTsb{Bt “ 0, and that Ξsb is negligibly small)217

B2T̂1
Bẑ2 “ ûsb ¨ ∇̂T̂0 ` ŵsb

BT̂0
Bẑ

. (31)
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Substituting in the Darcy flux components given by Equation (23) and T̂0, we have218

B2T̂1
Bẑ2 “ ´∇̂ψ̂ ¨ ppb̂´ ẑq∇̂Ĝ` Ĝ∇̂b̂q ´

˜

pẑ ´ b̂` Ĥsbq

˜

∇̂2ψ̂ ´
Σ
κ

Bψ̂

Bt̂

¸

´ ∇̂ψ̂ ¨ ∇̂pb̂´ Ĥsbq

¸

Ĝ. (32)

After simplifying and integrating, we find219

BT̂1
Bẑ

“
1
2

´

pẑ ´ b̂q2 ´ Ĥ2
sb

¯

∇̂ψ̂ ¨ ∇̂Ĝ´ pẑ ´ b̂` ĤsbqĜ
´

∇̂ψ̂ ¨ ∇̂Ĥsb

¯

`
1
2pẑ ´ b̂` Ĥsbq2Ĝ

˜

∇̂2ψ̂ ´
Σ
κ

Bψ̂

Bt̂

¸

. (33)

Evaluating at the surface, we find after further simplifying that220

´
BT̂1
Bẑ

ˇ

ˇ

ˇ

ˇ

ˇ

ẑ“b̂

“ ∇̂ ¨

ˆ

1
2ĜĤ

2
sb∇̂ψ̂

˙

´
1
2

Σ
κ
ĜĤ2

sb

Bψ̂

Bt̂
, (34)

where we have terms originating from the topographically-driven (involving ∇ψ) and compaction-driven221

(involving Bψ{Bt) groundwater flow respectively, similarly to the exfiltration qE (Equation (19)). In di-222

mensional variables, we have that223

´ksb
BT

Bz

ˇ

ˇ

ˇ

ˇ

z“b

„ G`
ρwcw

ksb

˜

∇ ¨

ˆ

1
2KsbGHsb

2∇ψ
˙

´
1
2SSp1 ´ ξqGH2

sb

Bψ

Bt

¸

. (35)

This heat flux modification results in a modification ∆m to the melt rate at the ice bed. Specifically,224

defining the unperturbed melt rate as225

m0 “
1

ρwL

ˆ

G` ki
BTi

Bz
` τb ¨ ub `Dh

˙

, (36)

Equation (15) gives that226

m “ m0 ` ∆m, ∆m “
cw

ksbL

ˆ

∇ ¨

ˆ

1
2KsbGHsb

2∇ψ
˙

´
1
2SSp1 ´ ξqGH2

sb

Bψ

Bt

˙

. (37)

We test the asymptotic approximation (34) using the 2D example previously shown in Figure 3, in order227

to determine the scope of its validity. The results are shown in Figure 4. Figure 4(a) shows the performance228

of the asymptotic approximation for various hydraulic conductivities Ksb and hence Péclet numbers Pe.229

The asymptotic approximation fits the numerical solution very well for Ksb “ 1 ˆ 106 (Pe “ 0.0047), but230
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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 Ksb / Pe, whereas (b) tests the asymptotic solution
for varying SS / Σ and a fixed value of Ksb.

begins to deviate from the numerical solution for Pe ą 0.01. The Péclet number at which the solutions231

differ noticeably will vary slightly depending on specifics of the problem such as Hsb, G, and the hydraulic232

gradient.233

In Figure 4(b), the asymptotic solution is compared to the numerical solution for different values of234

the specific storage SS , leading to different values of Σ, with a fixed Ksb. This time, the approximation235

agrees well with the numerical solution up to and including Σ “ 0.036, but for Σ “ 0.11 the asymptotic236

approximation underestimates the perturbation to the flux. This means that, as well as small Pe being237

small, this approximation also requires small Σ in order to be accurate, so that the compaction-driven238

contribution to the groundwater flow is not too large. Taken together, these results suggest that Equation239

(34) is a reliable approximation to the solution of the heat equation (24), provided that Ksb and SS are240

not too large. In Appendix C, we test this approximation against the numerical solution for a different241

case including more complex sedimentary basin geometry and a nonuniform G, in order to obtain further242

evidence for the reliability of the approximate solution in a more general case.243
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5. APPLICATION TO ANTARCTIC DATA244

The approximate expression (34) for the heat flux modification for small Péclet number is useful insofar245

that it enables an approximate calculation of the effect of groundwater flow on subglacial heating without246

needing to solve a PDE. We can therefore evaluate this expression using estimated subglacial heat flux and247

sedimentary basin thickness from Antarctica. When estimating the heat flux modification by groundwater248

beneath Antarctica, the main source of uncertainty comes from the values of Ksb and SS . We take249

these as constant in space for simplicity and work with large but realistic values, while noting that the250

topographically-driven and compaction-driven terms scale linearly with Ksb and SS respectively.251

For simplicity, we continue to parametrise the effective pressure as 10% of the overpressure (N “252

0.1ρigHi). We also assume a thawed bed everywhere, although we note that significant regions of Antarctica253

are likely to have a frozen bed. We designate by hatching the regions where the bed is likely to be frozen254

(Seiner and others, 2025), in which our results are less likely to be reliable.255

In this section, we use the geothermal heat flux model of Stål and others (2021) and the sedimen-256

tary basin thickness from Li and others (2022), both of which have 20-kilometer resolution. We use this257

geothermal heat flux model as the prescribed heat flux at the base of the sedimentary basin, and therefore258

neglect radiogenic heat production in the sedimentary basin. The compaction component uses the ice259

thickness rate of change BHi{Bt (assumed steady) from ICESAT satellite data (Smith and others, 2020).260

The coverage excludes a region around the South pole, which we denote with a dashed circle, and in which261

we assume BHi{Bt “ 0. A plot of this data is provided in Appendix C, Figure 11. We use ice thickness Hi262

and bed elevation b data from Bedmap3 (Pritchard and others, 2025).263

5.1 Heat flux modification264

Figure 5 shows the result of applying the asymptotic solution for the heat flux modification for values265

Ksb “ 10´6 m s´1 and SS “ 10´5 m´1. These values correspond to Pe “ 3.3 ˆ 10´3 or κ “ 8.6 ˆ 10´3266

and to Σ “ 0.073. Despite the small Péclet number, we can see that the asymptotic solution predicts267

that geothermal heat can be modified by tens of mW m´2 in either direction, representing a substantial268

modification, for these large but realistic parameter values. We first discuss the compaction term, before269

examining the topographic term region by region.270

Due to the high ice thinning rates beneath Pine Island and Thwaites glaciers (PIG and TG), the effect of271
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Fig. 5. Geothermal heat flux modification (34) for Ksb “ 10´6 m s´1 and SS “ 10´5 m´1. 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 BHi{Bt “ 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 ψ, 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).

Page 19 of 33

Cambridge University Press

Journal of Glaciology



For Peer Review

Cairns and others: Modification of Antarctic GHF by groundwater 19

compaction-driven groundwater flow is strongest here (Figure 5(d)). The ice thinning drives groundwater272

flow vertically upwards, which results in a further enhancement of heat flux from its already high value.273

This compaction-driven enhancement of heat flux in response to ice thinning could act as a positive feedback274

mechanism that accelerates basal melting, leading to further sliding and ice loss. Conversely, however, this275

feedback could help to reduce ice flow in regions where the ice is thickening, leading to heat flux reduction276

by groundwater infiltration. This predicted effect is most visible beneath the stagnated Kamb ice stream277

on the Siple Coast (SC), which is currently undergoing thickening.278

The topographic component (Figure 5(c)) includes a thin region of significant heat flux reduction around279

the grounding line, particularly in East Antarctica. This is because the sedimentary basin underlies most of280

the ocean, meaning that a steep increase in sedimentary basin thickness occurs around the grounding line.281

However, the extent of the sedimentary basin beyond the grounding line may be uncertain and depend282

on how the data has been processed. Moreover, certain assumptions of the model are likely to break283

down within a few kilometers of the grounding line: in particular, the effective pressure N may become284

comparable to the overburden as the ice approaches flotation, and groundwater flow may be influenced by285

seawater intrusion into the sedimentary basin (Cairns and others, 2025).286

A dramatic effect is also seen around Lake Vostok (LV) in East Antarctica, where there is a significant287

topographic minimum. In addition, substantial geothermal cooling is seen beneath Berkner island (BI) in288

the Filchner-Ronne ice shelf, where the sedimentary basin is thought to be extremely deep. In these regions,289

the predicted groundwater flow velocities are large, meaning that the small Péclet number approximation290

may not be accurate.291

Setting aside these uncertain regions, the topographic component of the groundwater flow has a no-292

ticeable effect across both East and West Antarctica, which can be seen in more detail in the zoomed-in293

regions of Figure 6. In East Antarctica, where the heat flux is relatively low, the groundwater-induced294

effect is strongest beneath Wilkes subglacial basin (WSB) and Aurora subglacial basin (ASB) (Figure 6(a)),295

because this region includes the deepest sedimentary basins in Antarctica. These sedimentary basins form296

bands roughly parallel to the ice flow, corresponding to topographic lows in the ice bed, and to the location297

of ice streams. Topographic highs have little to no sedimentary basin coverage, and in many cases corre-298

spond regions where the bed is predicted to be frozen. Beneath Recovery glacier (RG) and the surrounding299

land (Figure 6(b)), the distinction is even clearer between sedimentary basins below fast-flowing ice in300

topographic lows and topographic highs with a frozen bed and little sedimentary basin coverage.301
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Fig. 7. Numerical solution for an idealised cross-section of an ice stream. The topography is given by bpyq “

´1000 sinpπy{250kmq m, the ice thickness by Hipyq “ 1000m ´ bpyq, and the sedimentary basin depth Hsbpyq “

1000p1 ` tanh
`

px ´ 25kmq{25km
˘

tanh
`

p225km ´ xq{25kmq
˘

m. The heat flux is uniformly given by G “ 80 mW
m´2, we take N “ 0.1ρigHi as elsewhere, and there is no thinning rate of the ice (BHi{Bt “ 0). Panel (a) shows
the geometry, streamlines of the groundwater flow in white, and temperature at 5oC contours for a particular Ksb.
Panel (b) compares the heat flux through the top of the sedimentary basin for various Ksb.
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In both cases, the variations in bed elevation produce a variation in the hydraulic potential (because302

the ice surface Hi ` b is relatively flat). This hydraulic gradient drives a groundwater flow, which results303

in heat flux enhancement in the centre of the ice stream and reduction at the margins. Such heat flux304

enhancement via groundwater flow could therefore act as a self-reinforcing mechanism for ice streams,305

which naturally create sedimentary basins in topographic lows over time by erosion and deposition. Once a306

sedimentary basin is in place, groundwater flow helps transport heat to the bed of the ice stream and away307

from its surroundings, making it more likely that the central bed will remain thawed and the surrounding308

bed remain frozen.309

This mechanism is illustrated in Figure 7 by another example solution to the model for a cross-section of310

an idealised ice stream, which shows the numerical solution of the full problem rather than the asymptotic311

solution. The topography includes a trough corresponding to the centre of the ice stream. Although the ice312

surface is uniform, the density difference between ice and water (along with the effective pressure) leads to313

a non-uniform hydraulic potential, which is lowest in the middle of the ice stream. Groundwater infiltrates314

near the margins of the ice streams driven by the thickening of the sedimentary basin towards the centre,315

but exfiltrates in the centre due to the shallowing of the hydraulic gradient. As predicted, this leads to316

heat flux enhancement in the centre of the ice stream and reduction at the margins, with amplitude up to317

40 mW m´2 for Ksb “ 3 ˆ 10´6 m s´1 and around 10 mW m´2 for Ksb “ 1 ˆ 10´6 m s´1.318

In West Antarctica, a similar banded pattern of heat enhancement in the centre of ice streams and319

reduction at their margins can be seen along the Siple Coast (SC) (Figure 6(c)). In this case, the varia-320

tion in bed topography is less than the aforementioned locations in East Antarctica, but the background321

geothermal heat flux is larger and more important in determining the location of ice streams. The high-322

est heat flux is found beneath Pine Island and Thwaites glacier (PIG and TG), which also comprise the323

fastest-thinning regions of the grounded Antarctic ice sheet. Similar bands of heating and cooling are seen324

beneath these glaciers, but alternate in the direction of ice flow rather than transversely.325

5.2 Basal melt modification correlates with exfiltration326

Assuming a thawed bed, modification of the geothermal heat flux results in a corresponding modification327

of the basal melt rate. Figure 8(a) shows the resulting modification ∆m in the melt rate from the esti-328

mated heat flux modification in Figure 5, obtained using Equation (37). For the same parameter values,329

Figure 8(b) shows the exfiltration qE , obtained using Equation (19). From a visual inspection ∆m and330
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Fig. 8. (a) Asymptotic modification to melt rate based on the heat flux modification above, compared with (b)
the exfiltration qE , for the Ksb and SS in Figure 5.

qE are closely correlated, but qE is 2–3 times larger. This suggests that the leading-order contribution of331

groundwater to subglacial water budgets is through exfiltration and infiltration, but that the modification332

to the melt rate through geothermal heat flux modification is also significant.333

The correlation between ∆m and qE can be understood by referring to Equations (19) and (37), which334

are almost identical except that the factor Hsb in the former is replaced with StĜHsb{2 in the latter.335

Converting to dimensional variables, this suggests that the size of the melt modification relative to the336

exfiltration roughly scales with the parameter Λ “ cpGHsb{ksbL. This has the form of a Stefan number,337

where GHsb{ksb is the natural scale for the change in temperature across the depth of the basin.338

The parameter Λ is highest where the heat flux is high, such as beneath Pine Island and Thwaites339

glaciers (PIG and TG), and where the sedimentary basins are thickest, such as beneath Wilkes and Aurora340

subglacial basins (WSB and ASB). In these locations, the melt rate modification ∆m in Figure 8(a)341

contributes a relatively large portion of the water budget. A plot of Λ is provided in Appendix C, Figure342

12.343
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6. DISCUSSION344

In this paper we have described a simple model for three-dimensional heat transport and groundwater flow345

in a sedimentary basin, including both topography and compaction as drivers of flow. This model predicts346

that heat flux is typically enhanced where groundwater is exfiltrated and reduced where groundwater347

infiltrates. We have derived an asymptotic approximation for the modification to the groundwater flux for348

small Péclet numbers, and shown that this approximates the numerical solution well for realistic parameter349

values.350

We find that, for large but realistic parameter values, the heat flux beneath Antarctica could be modified351

by tens of mW m´2 in either direction, representing a significant alteration. This highlights the need352

to account for groundwater flow in models of Antarctic geothermal heat flux. Topographically-driven353

groundwater flow tends to enhance heat flux in topographic lows at the centre of glaciers, and reduce heat354

flux at the margins, providing a potential self-reinforcing mechanism for ice streams across much of both355

West and East Antarctica. Compaction-driven groundwater flow also provides a potential positive feedback356

by enhancing heat flux below ice that is already thinning, an effect that is currently concentrated beneath357

Thwaites and Pine Island glaciers.358

We have made a number of simplifying assumptions in order to obtain these results. First is our use359

of an asymptotic solution for the heat flux modification in Section 5 (rather than the full solution of the360

equations). This asymptotic solution may prove inaccurate when groundwater fluxes are large, and in361

particular may underestimate the magnitude of the perturbation. However, this approximation is unlikely362

to substantially affect the qualitative behaviour, and likely has less impact than other assumptions.363

Another assumption is that of an isothermal thawed bed, when in reality large regions of the Antarctic364

bed are likely to be frozen. Where the bed is frozen, the permeability of the frozen rock is reduced to365

almost zero. Modelling of this region would require introducing a free boundary representing the extent of366

the frozen region, whose position is determined by balances of energy and water mass across the boundary.367

It can be noted (referring to Figure 1(b)) that the overlap of sedimentary basins with frozen bed regions368

is small, partly because sedimentary basins are formed by the deposition of sediments in topographic369

lows, whereas the bed is more likely to be frozen in topographic highs. This suggest that we need not be370

concerned with bed freezing over many of our smaller-scale regions of interest, although there are some371

exceptions e.g. in Wilkes Land and near the South Pole.372
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Our treatment of the basal temperature overlaps with our simplifying assumptions about the basal373

effective pressure, which we have parameterised in a simple way. This allows us to avoid solving a PDE374

(or system of PDEs) to describe the subglacial drainage system. A flotation fraction of 90% (as we375

have assumed) is a reasonable value for most of Antarctica, but near the grounding line in particular the376

flotation fraction is likely to be significantly higher (Ehrenfeucht and others, 2025). This suggests that our377

modelling overestimates the hydraulic potential gradient, and thus the groundwater fluxes, in this region.378

The work in this paper could be developed by including a simple coupled model of subglacial hydrology379

(e.g. Kazmierczak and others, 2024; Cairns and others, 2026), or by incorporating the effect of groundwater380

flow into a more involved hydrology model (e.g. GlaDS (Werder and others, 2013) or SHAKTI (Sommers381

and others, 2018)).382

We have also only considered steady- or quasi-steady-state models. In reality, grounding line motion383

and ice thickness changes will introduce transience into the groundwater flow over timescales of centuries to384

millenia. Evolution of the subglacial hydrological system will also induce changes in the effective pressure385

over much faster timescales of months to years. While exploring time-dependent solutions is beyond386

the scope of this paper, it could provide further insight into the feedbacks associated with ice streams387

and ice thinning suggested by our results above. In addition, the slow response time of groundwater in388

sedimentary basins could mean that groundwater flow and thus temperature profiles in sedimentary basins389

are still responding to historic ice sheet changes, rather than being in a steady state (Cairns and others,390

2025).391

Outside of our modelling assumptions, our work is also limited by current knowledge of the geology and392

hydraulic properties of sedimentary basins. We have assumed a spatially uniform hydraulic conductivity393

in our calculations, although the permeability and hence conductivity of sedimentary basins is likely to be394

highly heterogeneous even on small scales. For instance, faults could act as highly localised regions of high395

permeability, concentrating groundwater flow and hence heat flux enhancement (Tankersley and others,396

2022). Until the hydraulic properties of sedimentary basins are better known, our work can provide at397

best an order-of-magnitude estimate of the importance of groundwater and a qualitative description of its398

likely behaviour.399

All in all, however, our work expands the existing scientific framework for modelling the effect of400

groundwater flow on Antarctic geothermal heat flux, and demonstrates the need for further investigation401

into this topic. The development of more complex mathematical models, alongside further advances in402
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using geophysical methods to investigate Antarctic sedimentary basins, will enable future breakthroughs403

in understanding the basal conditions of Antarctica and the future of the Antarctic ice sheet.404

CODE AVAILABILITY405

Code used to generate the figures in this paper is available at https://doi.org/10.5281/zenodo.20646472.406
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APPENDIX A: ICE SHEET MODEL490

For our example two-dimensional solutions in Figures 3 and 9, we use a shallow-shelf ice sheet model with491

a Weertman sliding law. Noting that in these examples we only consider one horizontal dimension, the492

thickness Hipx, tq and horizontal velocity uipx, tq (assumed uniform in depth) of the ice obey the mass and493

momentum equations (Muszynski and Birchfield, 1987; MacAyeal, 1989; Schoof, 2007)494

BHi

Bt
`

B

Bx
¨ pHiuiq “ a, (A1)

495

B

Bx

˜

2A´1{nHi

ˇ

ˇ

ˇ

ˇ

Bui

Bx

ˇ

ˇ

ˇ

ˇ

1{n´1
Bui

Bx

¸

´ βW |ui|
mW ´1 ui ´ ρigHi

B

Bx
pHi ` bq “ 0, (A2)

where apx, tq is the net accumulation, A is a rheological parameter assumed constant, βW is a sliding496

constant, and we take the exponents to be n “ 3 and mW “ 1{3. The boundary conditions are497

ui “ 0 at x “ 0. (A3)

498

ρigHi “ ´ρwgb at x “ xg, (A4)
499

2A´1{nHi

ˇ

ˇ

ˇ

ˇ

Bui

Bx

ˇ

ˇ

ˇ

ˇ

1{n´1
Bui

Bx
“

1
2ρi

ˆ

1 ´
ρi

ρw

˙

gH2
i at x “ xg. (A5)

The first imposes no ice flux at the origin, the second states that the ice achieves flotation at the grounding500

line, and the third results from balancing the stress required in an unbuttressed ice shelf.501

In Figures 3 and 9, we solve these equations for a “ 0.3 m yr´1, A “ 4.227 ˆ 10´25 Pa´1 s3, βW “502

7.624 ˆ 106 Pa m´1{3 s1{3, and a topography bpxq “ ´100m ´x{2870.503

APPENDIX B: NON-DIMENSIONALISATION504

In this Appendix, we describe the choice of scalings used to obtain the dimensionless equations in Section505

2.2. We begin by assuming that scales for the accumulation ras, horizontal length rxs, and geothermal heat506

flux rGs are known. We use the vertical lengthscale rzs as a scale for the bed elevation b, the ice thickness507

Hi, the sedimentary basin thickness Hsb, and the hydraulic head ψ. We scale the temperature relative to508

melting point Ti ´ Tm with a scale509

r∆T s “ rGsrzs{ksb. (B1)
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Scales for the vertical lengthscale and velocity can either be inferred from data, or found by balancing510

(motivated by Equations (A1) and (A2))511

rzsruis “ rasrxs, βW ruis
mW “ ρigrzs2{rxs. (B2)

The timescale is then given by512

rts “ rxs{ruis “ rzs{ras. (B3)

For brevity, we do not include the dimensionless equations (A1) and (A2) for the ice mass and momentum,513

which may be found in e.g. Schoof (2007).514

Following Equation (15), we choose a scale for the melt rate based on the heat flux from the sedimentary515

basin516

rms “ rGs{ρwL. (B4)

We also use rms as the scale for qE , so that we can straightforwardly compare the two source terms. Darcy’s517

law (8) then provides scales for the groundwater flow components in the sedimentary basin518

rusbs “ Ksb
rzs

rxs
, rwsbs “

rzs

rxs
rusbs “ Ksb

rzs2

rxs2 . (B5)

APPENDIX C: ADDITIONAL FIGURES519

In this Appendix, we provide some additional figures to support the main text. In Figure 9, we provide520

an example 2D steady state solution similar to Figure 3 for a more complex setup. The sedimentary521

basin includes a bottleneck at x “ 200 km, driving exfiltration and subsequent infiltration, and reduces in522

thickness approaching the grounding line, driving further exfiltration. The geothermal heat flux has a local523

peak at x “ 450 km and is elsewhere uniform. Figure 9(a) shows the streamlines of this groundwater flow,524

which advects heat, reducing the thermal gradient where groundwater flows downwards and increasing it525

when groundwater flows upwards as in Figure 3.526

Figure 9(b) shows the resulting modification to the heat flux, with the difference between the modified527

and unmodified flux approximately scaling with Pe as before. The horizontal component of the groundwater528

flow also plays a role, as the basal heat flux enhancement from x “ 500–600 km is magnified by the region529

of elevated geothermal heat upstream of this region.530
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Fig. 9. Steady state solution for a test case with sedimentary basin thickness Hsb “ p1000 ´ 1000 tanhppx ´

550kmq{50kmq ´ 1600 expp´ppx ´ 200kmq{50kmq2qq m, and geothermal heat flux G “ p60 ` 30 expp´ppx ´

450kmq{50kmq2qqq 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 ψ, along with the
temperature in the sedimentary basin at 5o contours and streamlines of the groundwater flow for a relatively high
hydraulic conductivity Ksb with SS “ 0. (b) and (c) show the heat flux to the ice bed for various values of Ksb with
SS “ 0, and for various values of the specific storage SS for a fixed Ksb and for a uniform quasi-steady ice thinning
rate BHi{Bt “ ´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 Ksb (Pe), and (b) varying SS (Σ)
and a fixed value of Ksb.

Figure 9(c) shows the effect of compaction-driven exfiltration, again for a spatially-uniform steady ice531

thinning rate BHi{Bt ă 0 in a quasi-steady state. The ice thinning increases vertical groundwater flux in532

the upwards direction, enhancing the heat flux by an amount that scales with SS (i.e. with Σ), and is also533

largest where the sedimentary basin is thickest.534

Figure 10, similarly to Figure 4, shows a comparison of the numerical solution for the heat flux with535

the approximate solution (34), this time for the case in Figure 9. In Figure 10(a), which shows the effect536

of varying Ksb (hence Pe) for SS “ 0, we see once more that the approximation matches the numerical537

solution well roughly for Peă 0.01, but becomes less accurate for higher values of Pe.538

Figure 10(b) shows the effect of varying Ss (hence Σ) for a fixed Ksb. Again, the approximate solution539

agrees well with the numerical solution for Σ up to 0.036, but overestimates the heat flux modification for540

the higher value Σ “ 0.11. These results provide further support for using Equation (34) to approximate541

the full solution of the heat equation (24) provided Pe and Σ are sufficiently small, and in particular that542

this approximation is reliable for a case where G is non-uniform.543

We also include two figures providing additional data relevant to Section 4. Figure 11 shows the544

rate of change of ice thickness BHi{Bt used to calculate the compaction-driven heat flux modification and545
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Fig. 11. Data (Smith and others, 2020) for the current rate of change of ice sheet thickness BHi{Bt, used in Section
4. The dashed circle around the South pole indicates a gap in the data.

exfiltration for Figures 5 and 8. Figure 12 shows the parameter Λ, which roughly determines the size of546

the melt rate modification relative to the exfiltration in Figure 8.547
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Fig. 12. Parameter Λ “ cpGHsb{ksbL, which roughly determines the size of the melt rate modification relative to
the exfiltration.
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