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A. Cold
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Temperature

Recall: Along an ice—liquid interface where the ice pressure exceeds the liquid pressure, phase
equilibrium is shifted to colder temperatures. In consequence mobile liquid is retained when
T < T,, in soils and migrates to colder temperatures where it supplies ice lens growth.



growing — "active" lens T ground surface — no preexisting lens

: V : 7 Oeffs) Ts
> D

The hydrodynamic pressure adjusts to satisfy the force balance and set the heave rate I, which
influences whether and where particles are unloaded in the fringe beneath.

When no preexisting lens is present and the liquid pressure is hydrostatic, a 15t lens can be
initiated with the unloading of particle contacts where

Zf pL Ty
et + (05— gz = | T = B0 (1= 5T - = [ =5
z m T
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Qualitatively different behavior is expected under different
mechanical and thermal forcing (i.e. gqfrs and 73 ), with
regime boundaries, heave rates, and growth patterns
dependent on soil constitutive behavior (i.e S; and k).



Evolution (freezing or melting) from a pre-existing lens (e.g. needle ice, pingo, glacier).

1Fr © © O 00000000 ® 00
(=)
0 @ O 00 ® 00
periodic lenses N,
B hygerm.QQ O ® 0 0:
®:0 C%’ O 00
i g ax steady Iring
o:0
=)
0 T Ueff(Zf)
O
" 0:0 0000000000000 0
O
L E
0”’0000000000000008
- ©)
00‘00.00000000005
1k steady lens, fringe 0o
Qohcocooooooooool

1% _ 2y
Pf - ll/rp Mevyer et al., 2023



Evolution (freezing or melting) from a pre-existing lens (e.g. needle ice, pingo, glacier).
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Thawing presents its own challenges, with Thermokarst and Thaw-Related Landscape Dynamics—
df drai h An Annotated Bibliography with an Emphasis on
excess water and frozen drainage pathways. Potential Effects on Habitat and Wildlife

Change in annual unfrozen days: 1979-2019

Kim and B =

Klmba”, 2020 -40 0 40 or more No data




Average annual number of days with freezing conditions at the ground surface inferred
from satellite microwave brightness from 1979-2014 by Kim et al., 2017.

—_"_ —

<30

Frost action is limited to needle ice growth in locations with infrequent freezing.
Where frequent freezing occurs, significant frost damage is often restricted to fall and spring.
Persistent, active ice—water—sediment interactions at modest effective stress occur subglacially.



Could subglacial ice—water—sediment interactions be societally important, as well as interesting?
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Glacier transport: . -

a) deformation ~0-10 m/a
T-dep. shear thinning
LPO not well known
melt/debris effects

b) sliding ~0—10 km/a
bumps restrict
water pressure not well known
bedmight deform

-
0

Y
.







Current simulations do not provide consistent forecasts of long-term glacier dynamics.

Volume change in m Sea Level Equivalent (SLE) with ice shelves removed.
12 I I ! I

A completely unrealistic, but instructive model intercomparison.

10 | :

Major Uncertainties:
Human behavior
Atmospheric forcing
Ice—ocean interactions
Ice-bed coupling

Ice rheology

Numerics

Note: despite problems, for
sea level rise during a

typical life-span, uncertainty
over ice dynamics is not the
dominant concern. 0

A VAF (m SLE)

Antarctic Butressing Model Intercomparison Project (ABUMIP)
Sun et al. (2020)
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Simulated ice—bed coupling is not as well-grounded in physics as one might like.
\ \ . ) o (Pa yr/m)"2

B \\/

Most ice discharge occurs through AN . -
narrow, fast-flowing streams. S \’ R

Current ice sheet simulations rely upon e

an invariant, heterogeneous
slipperiness index.

They are designed to extrapolate from

current observations into the future. Amundsen Sea 50

Sliding velocity v, is treated here as
proportional to basal shear stress 7.

2 e
oV, =-T,

Morlighem et al. (2013)
(inversion using surface velocities; others use elevation)



Abrupt mechanical transitions and transients are not captured.
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Warm (possibly wet, Hunter et al. 2019) ice in narrow shear margins is aliased to the coarse slipperiness field.

Propagation delay (us)



Mouginot et al.
(2017)
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Observations:
— much (> 50%) of the bed is at the melting point (i.e. can slide)
— over km? areas basal shear stress 7, matches driving stress ¢
— median 7 is about 60-70 kPa

— driving stress isn't spatially correlated with ice speed v
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Mouginot etal. G I oo Observations:

' ’ & — much (> 50%) of the bed is at the melting point (i.e. can slide)
— over km?areas basal shear stress 7, matches driving stress
— median 7 is about 60-70 kPa

— driving stress isn't spatially correlated with ice speed v
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Minchew and Joughin (2020)

Water pressure P; and phase behavior affect 7,,.



Subglacial drainage systems regulate P;.

Ice sheet e — Canals or
o = linked
- - inked cavities | —

channelised drainage

Inter-connected
lakes

Relevant stresses:

P, = —oy,, along conduits. Channelised outflow
over grounding line

Creep closure parameterizations use\‘

N = p;gH — P,. .
Away from conduits, coupling dependson

Ocff = —Onn — Pl

conduits
A
l \ Drumlins or mega-scale
Creep closure Sliding glacial lineations
H

Creep closure Groundwater flow

layer
Schoof (2010) Ashmore and Bingham (2014)



Ice—liquid equilibrium depends on both P; and —oy,y,-

Water (P, T)
' Water (P,, T)
B
Case (i): Ice growth in a Case (ii): Ice growth in an
closed space open pore

Linear Clapeyron equation (pure water, no solutes):

Tsz<1+

Gnn+Pm+Pl_Pm)
psL

piL

B PR SR,

psL

PspiL

15+

Areas with —ay,,= P; are required and areas with —o,,,> P, are expected.
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"Free(ish) slip" at the smallest scales:

ice pressure: —agy, + AP; ice pressure: —oy,
water pressure: P, + AP, water pressure: P

downstream
refreezing

upstream
melting

Conduction of latent heat limits regelation rate:

AT
piLUTN — K/V_z .

Allowing for differences between —agy,,, and P, leads to:

piLv,~ 2KTm AP; (1 — M) :

Regelation enables motion past small piLd PP

bumps by melting on the upstream side For given AP;:

and refreezing on the downstream side. Urlapi<apr; = 12 vr|pp;=ap; -
(Ageg> 0, (AGegr = 0,

open) closed)
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Glaciology's effective stress problem: g.¢r vs. N

4 Mobile (}Iast \

Height (mm)

Subglacial mechanical coupling depends on

Oeff = —Opn — P

Castleguard
18

16

14

. 5 4
12 S 3 $ . cavities |0

Helanow et al (2021)

20 40 60 80 100 120 140 160 180
Center-line distance (mm)

Subglacial drainage models depend on
N =pigH — P;.

Ice thickness H and P; can be measured, but
—0pn generally must be calculated (see left).

Advanced coupled treatments often assume
—opn= P, (i.e. go¢s = 0) everywhere.

To what extent are basal ice—water systems
open (i.e. g > 0) or closed (i.e. gesr = 0)?



Evidence for direct ice—bed coupling (ge¢ > 0) I: seismic
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Shear-wave splitting suggests hydraulic fracture of basal ice > P;~|0min| < |oanl



Evidence for direct ice—bed coupling (ge¢ > 0) 1l: thermodynamic
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Boreholes terminated above Greenland bed.

Thermal evolution suggests crevasse healing.

Basal T below local Ty (Py) suggests either:
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Evidence for direct ice—bed coupling (ge¢ > 0) 1ll: hydraulic
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Maintaining P, = —oy,, while evacuating basal melt

between conduits limits allowable transmissivity.
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: 75F
By Stanvey E. Normis, Columbus, Ohio © -85
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| the basal interface, the bed is
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: well-drained that P cannot
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Evidence for direct ice—bed coupling (ge¢r > 0) IV: mechanical
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Closed: ggf = 0 requires P, = —oy,p; since —o - il = p;gHZ — 1%, this would suggest N = p;gH — P, =~ .

Open: T = faug for an effective friction coefficient f ~ 0.5 would suggest N =~ t/f.

139 published borehole measurement time series appear inconsistent w_ith N =~ 17 = 70 kPa (t-score: 3.4, p=0).
The average of compiled median N is 142 kPa, which is consistent with N = 7/f = 140 kPa (t-score: 0.1, p=0.92).



Evidence for direct ice—bed
coupling (g.¢r > 0) V: geological

images from Kiya Riverman
(spelunking in Svalbard)
and Gwenn Flowers
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How o.¢ makes dirty ice I: fringe steady state fringe thickness
effective stress,

; LA melt rate and
Glaciers sink into porous beds _ ]
pore size control the

when the effective stress 5 | penetration of ice into
is too h|gh (O_eff > pf) A = 0(10 kPa) ! ! sediments
: (i.e. fringe thickness)

If fringe extends too deep,
the glacier is anchored and
can't slide.

ploughing



How g.¢ makes dirty ice I: fringe

Glaciers sink into porous beds
when the effective stress

is too high (gegs > py).
If fringe extends too deep,
the glacier is anchored and

can't slide.

This behavior may be responsible for the
observed distribution of 7.

ploughing

% weaker

deforming




How o.¢r makes dirty ice I: fringe

Dougal Hansen's experiments in Luke Zoet's lab in UW Madison.
Prediction: fringe growth when a.rr > Pr = 2y, /1

Controlled P .—Pyater=N (=0.¢), bed materials, v or .

Delrin teeth
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How o.¢r makes dirty ice I: fringe

Till bed (D,, = 350 um)

Clean ice

Thickness [mm]
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Loess experiment

How o.¢r makes dirty ice Il: veins

2
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How g.¢r makes dirty ice Il: veins solute

' : pP,—P

Phase behavior: T ~ T, [1 __¥st BT lm
psLRv psplL

(o1 = po)| - T
Liquid content (or R,) is a function of 7, ¢ (and elevation):
~ 1-C 2
¢ =~ (1—T—c5+z—cz)

Liquid flows towards colder, fresher ice (and lower non-hydrostatic P;).

5= PG+ %)

Flow can mobilize small particles and drag them along veins.

Gradients in 7, and ¢ evolve and are coupled through dependence on ¢.

.0 100 200
| IS I




sliding velocity, ws

How o.¢r makes dirty ice Il: veins I Hocierics

Step change in basal temperature (e.g. as g changes
abruptly) causes imbalance in liquid potential.

Iy

Liquid flows from warm, salty to cold, fresh.

Viable for diffuse debris entrainment in the bottom few meters.

1 1r
09 09 [
0sl salty cold 0l
0.7 0.7
0.6 06
0.5 0.5
0.4 0.4
0.3 F 03
0.2} c0,0=1 0.2}
“'I' fresh l warm 1

0 L L 0



How o.¢r makes dirty ice Il: veins

Experiment begins with thermal transient
needed to freeze-in delrin teeth.

Relaxation produces upwards flow
followed by slower downwards transport.

Experiments: tift, loessT, glass beadsT!

17 1
0.9 0.9
0.8 0.8 1 .

predicted peak
o7f 07r upwards flow rates
06 06t entrain micron-sized
particles
0:57 05
(~5x smaller than

b | %41 observed in loess)
9y 0.3 F
0.2 0.2
0.1 01 r

0 1 1 1 1 1 1 1 1 1 J 0 1 1 1 1 1 1 1 Il 1 ]




How o.¢r makes dirty ice Ill: unloading

— 0 A

R\

sliding velocity, u

_—
glacier ice
Hy

Tpremelt Tpremelt Tpremelt
—>

freeze-on

ice slides over cavity and warms from Tpyremeit = Tgrainage @S Oeff— 0

conductive heat transport drives freeze-on, reaching thickness 4,

S e Y dissipation breaks symmetry, slower melting on reloading

' R — net freeze on as long as cavities <50% of bed
Russell glacier, Greenland

Knight (1995)



How o.¢r makes dirty ice Ill: unloading

For a single cavity, freeze-on is 12 T T T ;
R —— ¢ = 0.10 (extensive cavities)
2 CpAT [kt

o = —— — — ¢ =0.05
CTm Ly

—— ¢ = 0.01 (sparse cavities)
and, combined with a simple cavity model,
gives hy between 0.1 and 10 mm.

—
o
]

Extended to cavity sequences of

¢

dimension £ and spacing 7 this predicts

—
=
—
— -

or

normlized freeze-on thickness h/hg

—
— - -
-—
—
—
—
—
—
—
-
e

11
hyin ~ (0.4 m2Pa2) b |—— .
Oeff

0 200 400 600 800 1000
number of cycles J = ¢x /¢

(e.g. hyin= 0.1 m after sliding 100 km with o= 10 kPa and o= 8 %)
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