
these would comprise an optimal but unlikely synergy of topography
and surface chemistry for nucleating ice.

CONCLUSIONS
In summary, we have combined high-speed imaging with freeze-thaw
experiments on droplets to identify the sites at which ice nucleates from
supercooled water on macroscopic substrates. Our study provides direct
evidence for the existence of a small number of active sites and thus
proves that substrate heterogeneities are the most important factor in
determining the freezing temperature, with a secondary contribution
from stochastic effects. The scarcity of these sites indicates that each
exhibits a rare combination of defect geometry and surface chemistry
and that an epitaxial match between the critical ice nucleus and sub-
strate is not required. A growing body of evidence suggests that such

topographical control over nucleation is by no means unique to
ice. Our imaging-based methodology therefore offers a route by
which substantial advances can be made in understanding heteroge-
neous nucleation and thus developing effective nucleants for appli-
cations as diverse as polymorph control of pharmaceuticals, scale
prevention, and cryopreservation.

MATERIALS AND METHODS
Preparation of macroscopic substrates
The microcline feldspar LD3 was obtained from the University of Leeds
mineral collection, where its phase had been previously confirmed by
powder x-ray diffraction. (37). The rose quartz sample was from Baylis
Quarry, Bedford, NY and was obtained from Excalibur Minerals Cor-
poration (Charlottesville, VA, USA). Its phase (a-quartz) was confirmed

Fig. 6. Active site identification on rose quartz. (A) Sequence of light micrographs showing the site of ice nucleation in a water droplet on a rose quartz surface.
Images were obtained at 3000 fps (see movie S3). (B and C) Light micrographs identifying the location of ice nucleation sites on the quartz surface during a freeze-thaw
experiment. The numbers represent the cycle in which freezing occurred in the location marked by a circle. Plots of the temperatures at which nucleation occurred in
each cycle of the freeze-thaw experiment are displayed below each micrograph.
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