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Wet, Cold,
Slippery Slope



Quasi-Liquid Layer on Ice: Ice
surfaces are coated with a thin,
disordered layer of mobile water
molecules—called the quasi-liquid
layer. Even below freezing, this
layer behaves like a liquid:
molecules at the surface are less
tightly bound than those in the bulk
lattice, enabling them to rearrange
and flow. This surface mobility
reduces friction and is a primary
reason ice feels slippery, even
without pressure or frictional
heating.



Wet, Cold, Slippery Slope
Ice’s exceptional slipperiness results primarily from a quasi-

liquid layer (QLL) of disordered water molecules at its surface
rather than from commonly assumed mechanisms. While pres-
sure melting and frictional heating contribute under specific
conditions, neither explains ice’s slickness at rest nor across
wide temperature ranges. Surface molecules, having fewer
hydrogen bonds than those in the interior crystal lattice, form a
nanometre-thick disordered layer that functions as a molecular
lubricant even well below freezing. Counterintuitively, ice is
most slippery around -7°C rather than at 0°C, as the QLL is
sufficiently mobile at this temperature while the underlying
ice remains hard enough to resist deformation.

Ice Slipperiness ∘ Quasi-Liquid Layer ∘ Surface
Undercoordination ∘ Hydrogen Bond Network ∘ Ice Ih

Structure ∘ Pressure Melting Myth ∘ Frictional
Heating Limits ∘ Optimal Temperature

-7°C ∘ Molecular Dynamics ∘ Sea Level & Land
Ice ∘ Phase Transitions

“Oh, you know what I want? Ice cream.
Do you guys have that here? Ice cream?
Oh, it’s so good, you have to get it.
It’s like scoops and it comes on a cone.
Do you have that here?”

— Andy Dwyer, 2012
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Wet, Cold, Slippery Slope
In themid-nineteenthcentury,MichaelFaradayproposed that icepossessesa thin, liquid-

like surface layer even below its melting point—a hypothesis based on observations of

regelation and contact phenomena. Around the same time, James Thomson and later

Lord Kelvin developed the thermodynamic framework of pressure melting, suggesting

that applied pressure lowers themelting point andproduces a lubricating film. John Joly

applied this idea to ice skating in 1886, arguing that thenarrowbladeof a skate generates

sufficient localised pressure to melt ice beneath it.

In the early twentieth century, questions emerged about whether pressure alone could

explain ice's slipperiness, especially at low temperatures. In the 1930s and 1950s, Frank

P. Bowden and David Tabor introduced frictional heating as an alternative mechanism,

showing that sliding motion could generate enough heat to produce melt layers, com-

plementing or supplanting pressure-induced effects.

By the late twentieth century, newexperimental tools—suchas atomic forcemicroscopy,

sum-frequencygenerationspectroscopy, andX-rayscattering—enabledscientists toprobe

the molecular structure of ice surfaces directly. These studies showed that even in the

absenceof pressure or friction, the outermostmolecular layers of ice are inherently disor-

dered andmobile. Molecular dynamics simulations (MDS) further supported this view,

confirming the existence of a quasi-liquid layer driven by the undercoordination of sur-

face molecules.

Together, these historical developments trace a change from macroscopic mechanical

theories to microscopic interfacial physics. Ice’s slipperiness, once attributed solely to

melting, is now understood as the result of an intrinsic, dynamic surface layer whose

mobility increases with temperature—an insight that unifies over a century of observa-

tion, theory, and experimentation.

Matter exists in distinct organisational forms known as phases. The classical categories—solid,
liquid, and gas—are defined by qualitative differences in arrangement and in response
to external conditions. In solids, particles maintain fixed relative positions within a
repeating spatial pattern. Liquids retain cohesion without rigidity, allowing flow while
maintaining volume. Gases exhibit weak intermolecular interactions and expand to fill any
container. These phases describe the majority of everyday materials, but others emerge
under specialised conditions.

Additional phases include plasmas, which arise when gases are ionised into charged
particles, and supercritical fluids, which appear beyond the liquid-gas boundary at high
pressure and temperature. At extremely low temperatures, matter can form Bose–Einstein
condensates or superfluids, characterised by quantum coherence across macroscopic scales.
These states differ not only in arrangement but also in their symmetries, excitations, and
thermodynamic behaviour.

Transitions between phases are governed primarily by temperature and pressure. Lower
temperatures reduce kinetic energy, allowing intermolecular forces to stabilise ordered
configurations. Increasing temperature disrupts this order. Pressure alters the volume
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available for molecular motion and can favour or suppress particular interactions. These
competing effects generate a phase diagram—a diagrammatic map of stable forms as func-
tions of external conditions. Phase boundaries correspond to discontinuities in structure
or derivatives of free energy, typically expressed as latent heat or a change in symmetry.

Water, as a molecular compound, exhibits all three classical phases within common
terrestrial conditions. Under atmospheric pressure, it transitions from solid to liquid
at 0°C and from liquid to vapour at 100°C. These transition points shift with pressure,
enabling supercooled liquid below 0°C and reduced boiling points at high altitude. The
phase diagram of water includes a triple point at 0.01°C and 0.006 atmospheres where solid,
liquid, and gas coexist, and a critical point at 374°C and 218 atmospheres beyond which
liquid and gas become indistinguishable. Water forms more than a dozen crystalline ice
phases—Ice II through Ice XIX—many of which are denser than liquid water, contrasting
with Ice Ih which floats.

The distinct behaviour of water follows from its molecular geometry and intermolecular
interactions. Each H2O molecule forms a bent structure with a 104.5° angle between
hydrogen atoms, creating an electric dipole with partial negative charge on oxygen and
partial positive charges on hydrogens. This polarity permits the formation of hydrogen
bonds: directional attractions between the hydrogen of one molecule and the oxygen of
another. In the liquid phase, each molecule forms and breaks hydrogen bonds rapidly,
producing a transient network. In ice, these interactions become fixed, forming a tetrahedral
lattice where each molecule participates in four hydrogen bonds.

Hydrogen bonding accounts for thermodynamic anomalies. Water has a higher melting
and boiling point than other molecules of similar mass. Its density peaks at 4°C, then
decreases upon freezing. At atmospheric pressure, the stable crystalline form is Ice Ih,
adopting a hexagonal lattice with each molecule coordinated to four others at tetrahedral
angles. This open configuration contains void space, producing a density lower than liquid
water. Freezing thus involves expansion rather than contraction, allowing ice to float.

Ice Ih exhibits macroscopic properties consistent with its lattice. It is brittle, cleaving along
crystallographic planes. Its thermal conductivity is moderate, mediated by phonons in
the ordered lattice. It is optically transparent in the visible spectrum, though scattering
increases with impurities or polycrystallinity. Ice Ih remains the dominant form in
terrestrial and atmospheric environments.

Beyond crystalline forms, water also forms amorphous ice—a glassy solid lacking long-range
order. Produced by rapid cooling or vapour deposition at temperatures below 130 K,
amorphous ice is the predominant form of water in interstellar space and on cometary
surfaces. On Earth, it exists transiently in the upper atmosphere and can be created in
laboratories. Unlike crystalline ice, amorphous ice lacks the organised hydrogen-bond
network that creates the open configuration of Ice Ih.

One early hypothesis to explain ice’s low friction was pressure melting. According to this
view, localised pressure—such as from a skate blade—lowers the melting point beneath
the contact area, producing a thin film of liquid water. This film then acts as a lubricant.
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The mechanism is thermodynamically valid near 0°C and relies on the Clausius–Clapeyron
relation (Clausius, 1850), which predicts a decrease in melting point with pressure.

A second hypothesis emphasises frictional heating. As an object slides across ice, mechani-
cal work is converted into heat at the contact interface. Because ice is a poor conductor, this
heat remains localised, potentially melting the surface. This model accounts for enhanced
slipperiness during rapid motion and is consistent with high-speed sports where continuous
sliding sustains the melt layer.

Both explanations fail under static or slow-motion conditions. The pressure needed to
depress the melting point by 1°C is about 13 MPa, so typical skate contact pressures of
only a few MPa yield at most a few tenths of a degree—insufficient on their own at low
temperatures. Frictional heating is minimal at low velocities and cannot explain the ease
with which stationary objects begin to slide. Experiments show that ice remains slippery
at temperatures and pressures where neither mechanism is operative.

The resolution lies at ice’s surface. Even in the absence of external inputs, a thin, mobile
layer of disordered molecules exists at the ice-air boundary. This quasi-liquid layer (QLL)
is not a bulk liquid, nor a perfect continuation of the crystalline lattice. It consists of
molecules that lack sufficient bonding partners and thus vibrate with greater amplitude
and positional freedom.

Surface undercoordination breaks the tetrahedral symmetry found in the bulk. Molecules
at the boundary form fewer than four hydrogen bonds, creating a dynamic layer with
reduced rigidity. Although confined to nanometric thickness, this layer allows shearing
with minimal resistance. The QLL persists even at temperatures as low as −20°C, though
its thickness and mobility vary with temperature. As the surface warms, more molecules
enter the disordered state and the layer thickens, decreasing friction.

Ice exhibits minimum friction not at 0°C but at intermediate subzero temperatures. At
0°C, the bulk ice softens and becomes susceptible to ploughing deformation under load.
This increases drag and offsets the benefits of surface lubrication. Between −5°C and
−10°C, depending on sliding velocity and contact pressure, the QLL remains mobile while
the underlying ice retains sufficient hardness to resist deformation. For typical skating
conditions, minimum friction occurs near −7°C, though faster sliding or heavier loads shift
this optimum.

Atomic forcemicroscopy confirms nanometric compliance at the ice surface. Sum-frequency
generation spectroscopy detects disrupted hydrogen bonding at the interface. The QLL
arises from the geometry and thermodynamics of the boundary, not from transient melting.

Molecular dynamics simulations complicate this picture. During sliding, the QLL is over-
whelmed within the first few nanometres by a different process: cold, displacement-driven
amorphization. Lateral displacement at the contact destroys crystalline order molecule by
molecule, producing an amorphous layer whose thickness grows as 𝑤 ∝

√
𝑑—the same

square-root scaling observed in diamond and silicon wear. At 10 K, ice amorphizes six times
faster than at −10°C. The process is mechanical, not thermal. The difficulty of skiing at
low temperatures is not a lack of interfacial water but the high viscosity of the amorphous
layer that forms.
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Low friction also requires a hydrophobic counterface: a hydrophilic surface doubles the
friction coefficient with an identical water film, because adhesion-enhanced dissipation
at contact edges dominates. Ice slipperiness depends on the interplay of intrinsic surface
disorder, displacement-driven amorphization, frictional heating, counterface chemistry,
and contact geometry.

The Ice Cube Berg

A common objection to climate concern goes like this: an ice cubemelting in a glass

doesn't raise the water level, so why shouldmelting polar ice raise sea levels? The rea-

soning seems sound. Archimedes established that floating ice displaces (Archimedes,

c. 250 BCE) its ownweight in water. Ice is roughly 9% less dense than liquid water,

so it floats with about 90% submerged. When it melts, the resulting liquid occupies

almost exactly the volume previously displaced. The personmaking this argument has

correctly understood buoyancy.

Yet, only some ice affects sea level.

Sea ice—the Arctic ice cap, icebergs calved from glaciers, ice shelves extending from

Antarctica—is already floating. When it melts, the direct contribution to sea level is

indeedminimal. There is a small effect: sea ice forms from freshwater (salt is excluded

during freezing), but it floats in saltwater. Freshwater is less dense than saltwater, so

when the ice melts, the freshwater occupies slightly more volume than the saltwater it

was displacing. This effect exists but remains small compared to what follows.

The Greenland ice sheet sits on land. So does the Antarctic ice sheet. So domountain

glaciers across the Himalayas, Andes, Alps, and Rockies. These formations are not

floating. They rest on bedrock, supported by solid ground, contributing nothing to

current ocean volume. When this ice melts, the water flows into rivers and eventually

into the sea. This is not an ice cubemelting in a glass. This is ice from outside the glass

being poured into it.

The scales are staggering. The Greenland ice sheet contains enough water to raise

global sea levels by 7.4 metres. The Antarctic ice sheet holds enough for 58metres.

Even a few percent loss would displace hundreds of millions of people from coastal

cities. This is not speculative. Greenland is currently losing roughly 280 billion tons

of ice per year. Antarctica loses about 150 billion tons annually. These are measured

quantities, tracked by satellite gravimetry and radar altimetry.

Roughly 68% of Earth's freshwater is locked in ice sheets and glaciers on land. Most of

that sits on Antarctica and Greenland. As global temperatures rise, this ice transitions

from solid to liquid and enters the ocean, increasing total volume.

Thermal expansion contributes as well. Water expands as it warms. Between 1993

and 2019, thermal expansion accounted for roughly 40% of observed sea level rise,

with melting land ice contributingmost of the remainder. The twomechanisms are

additive.



Phases of Matter

Classical States
Solid
Atoms in fixed lattice positions. Definite shape
and volume.

Liquid
Short-range order permits flow. Fixed volume,
variable shape.

Gas
Weak intermolecular forces. Fills available
volume.

Plasma
Ionised particles. Collective electromagnetic
behaviour.

Quantum Phases
Bose–Einstein Condensate (Einstein,
1925)
Bosons in single quantum state below 𝜇K.

Fermionic Condensate
Cooper-paired fermions at ultralow temperature.

Superfluid
Zero viscosity. He-4 below 2.17 K, He-3 below
2.6 mK.

Superconductor
Zero electrical resistance, magnetic flux
expulsion (Meissner & Ochsenfeld, 1933).

Quantum Spin Liquid
Frustrated magnetism, long-range entanglement.

Topological Matter
Global invariants define phase (quantum Hall,
topological insulators).

Intermediate Forms
Liquid Crystal
Orientational order with fluidity. Nematic,
smectic, cholesteric phases.

Glass
Amorphous solid. Kinetically arrested liquid
structure.

Gel
Crosslinked network in fluid. Viscoelastic
response.

Granular Matter
Macroscopic particles. Jamming transitions.

Extreme Conditions
Quark–Gluon Plasma
Deconfined quarks above 2 trillion K.

Degenerate Matter
Quantum pressure dominates. White dwarfs
(electrons), neutron stars.

Supersolid
Crystalline order with superflow. Realised in
ultracold atoms.

Time Crystal
Periodic structure in time. Driven quantum
systems.

Rydberg Matter
Highly excited atomic states. Millimetre-scale
electron orbits.

Matter organises into distinct phases determined by temperature, pressure, and
quantum mechanics. Each phase exhibits characteristic symmetries, excitations,
and responses to external conditions.
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Origins of Ice Slipperiness

Surface Premelting and Quasi-Liquid
Layer Formation
A quasi-liquid layer (QLL) forms on ice when
the solid–vapour interfacial energy exceeds
the combined solid–liquid and liquid–vapour
energies. Let 𝛾𝑠𝑣, 𝛾𝑠𝑙, and 𝛾𝑙𝑣 denote these in-
terfacial energies, respectively. The criterion
for spontaneous surface disordering is:

𝛾𝑠𝑣 > 𝛾𝑠𝑙 + 𝛾𝑙𝑣.

This lowers the Gibbs free energy (𝐺) and
drives disordered layer formation. Surface
molecules are undercoordinated, forming
fewer hydrogen bonds and possessing higher
vibrational entropy. The QLL exhibits molec-
ular mobility without full phase change.

Frictional Heating and Velocity-
Dependent Melt Film Generation

Frictional sliding converts mechanical work
to interface heat. Heat generation rate:
𝑃fric = 𝜇𝐹𝑁𝑣, where 𝜇 is kinetic friction
coefficient, 𝐹𝑁 is normal load, and 𝑣 is sliding
velocity. For high 𝑣, generated heat exceeds
thermal dissipation, raising interface temper-
ature and potentially inducing melt layers
below bulk melting point 𝑇𝑚. This dynamic
meltwater film can exceed equilibrium QLL
thickness and reduce shear resistance.

QLL Rheology and Shear Lubrication

QLL or meltwater lubrication depends on rhe-
ological response. Let 𝜂(𝑇 , ̇𝛾) denote the ef-
fective viscosity (units: Pa·s), where 𝑇 is tem-
perature and ̇𝛾 is shear rate. In confined ge-
ometries, viscosity deviates from bulk water
and may exhibit non-Newtonian behaviour.
The shear stress 𝜏 = 𝜂 ̇𝛾 determines frictional
resistance. Enhanced molecular mobility near
𝑇𝑚 yields lower 𝜂 and reduced 𝜏 under shear,
enabling efficient nanometric lubrication.

Thickness Divergence and Interfacial
Scaling Laws

As temperature approaches the melting point,
QLL thickness 𝑑(𝑇 ) increases following:

𝑑(𝑇 ) ∼ (1 − 𝑇 /𝑇𝑚)−𝛼 , 𝛼 ∈ [0.3, 0.5],

where 𝛼 is a critical exponent. This reflects
gradual surface disordering and successive
molecular layer formation. Ellipsometry and
vibrational spectroscopy confirm this scaling;
simulations support entropic and energetic
growth origins.

Pressure Effects and Contact Mechanics

The Clausius–Clapeyron relation governs
melting point depression under pressure:
𝑑𝑇 /𝑑𝑝 = 𝑇 Δ𝑉 /Δ𝐻, where Δ𝑉 < 0 is the
volume change upon melting and Δ𝐻 is the
latent heat of fusion. For macroscopic loads
(e.g., skates), the average pressure-induced
melting-point shift is small, typically less than
1∘C under realistic loads. Local pressure at as-
perities—real contact points within the nomi-
nal contact area—can be much higher. These
localised hotspots drive frictional heating and
melting. Real contact area controls heat dis-
tribution and deformation.

Composite Friction Model: Thermo-
Mechanical Coupling

In the lubricated regime, friction reduces to
viscous shear across the interfacial film:

𝜇 ≈ 𝜂(𝑇 ) 𝑣/(𝑝 ⋅ ℎ(𝑇 , 𝑣)),

where 𝜂(𝑇 ) is the film viscosity, 𝑝 the con-
tact pressure, and ℎ(𝑇 , 𝑣) the lubricating layer
thickness—set by the equilibriumQLL and any
frictional melt. As 𝑇 → 𝑇𝑚, ℎ grows (from
the scaling above) and 𝜂 drops, reducing 𝜇.
At low 𝑇 or 𝑣, ℎ is thin and friction is high.
Near 𝑇𝑚, ice softens and the slider ploughs
into the surface. The minimum 𝜇 near −7∘C
reflects the balance: the film is thick enough
to lubricate, but the ice is stiff enough to resist
penetration. Molecular dynamics simulations
(Atila et al., 2024) suggest that during slid-
ing, displacement-driven amorphization—not
melting—produces the dominant lubricating
layer, with thickness scaling as 𝑤 ∝

√
𝑑

where 𝑑 is the slid distance.
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