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Over 70% of the earth’s surface is covered by seawater having
an average depth of 3.800 m. This water contains 3.5% dissolved
salts (mainly sodium chloride). Malmgren1 found that when
seawater freezes, the salinity of the resulting sea ice depends on
the rate of freezing. Sverdrup et al.2 described formation of sea ice
as a process that begins with isolated elongated crystals of pure
ice forming a matrix that traps brine in separate cells. As the
temperature drops, ice also forms in the cells, further concentrating
the brine. If the temperature rises to about 0°C, precipitated salts
dissolve, the cells enlarge, the ice becomes porous, and the brine
trickles down from the unsubmerged portions of the sea ice. The
latter may then be fresh enough to melt into potable water. Worster
and Wettlaufer3 showed experimentally that brine drainage into
underlying water occurs once the depth of the ice exceeds a critical
value. The ice/brine ratio is an important variable of sea ice affecting
its thermal, acoustic, electromagnetic, and mechanical properties.3

We have studied ice formation from saline, at concentrations
near that of seawater, by cryo-etch high-resolution scanning electron
microscopy (cryo-etch HRSEM). Surprising morphologies were
thereby detected. But since cryo-etch HRSEM is a relatively new
method,4 and never before applied to frozen saline, we will first
present some experimental details.

In a typical experiment, 10µL of a 2-5 wt % aqueous NaCl
solution was sandwiched between two gold planchettes. The sample
was then loaded into a Balzers HPM 010 high-pressure freezer
where liquid nitrogen was sprayed from two sides of a pressurized
chamber (2.1 kbar). Freezing the sample from 20 to-105°C took
place in 5-6 ms (22000-25000°C/s, consistent with the litera-
ture).5 After freezing, the sample was immediately immersed in
liquid nitrogen to maintain a temperature below-170 °C. Next,
the sample was placed into a Gatan 3500 CT cryostage precooled
to <-170°C. A cold blade was then used to fracture the specimen
and expose a fresh surface. Etching and coating of this surface were
carried out after transferring the cryostage to a Denton DV-602
chromium coater where a vacuum of 2× 10-7 Torr was maintained.
Thus, the temperature was raised from-170 to-125°C or -105
°C for time periods ranging from 5 to 120 min to allow exposed
ice to vaporize by sublimation (“etching”). Once the etching was
completed, the sample was cooled back to-170 °C and sputter-
coated with chromium at a rate of 0.3 Å/s using a current and
voltage of 50 mA and 300 V, respectively, under a 5× 10-3 Torr
atmosphere of argon.6 The resulting 2-nm Cr film has the advantage
of possessing smaller grain sizes than the precious metals. Finally,
the sample was removed from the coater and transferred to a DS-
130F field emission scanning electron microscope (beam diameter
≈ 1 nm) fitted with dual coldfinger anti-contamination traps and a
Varian 860-cold-cathode gauge for monitoring the vacuum at the
specimen. Images (4.8 MB), recorded in 16 s at-120 °C with a

Pentium-based GW video capture board, were processed using
Adobe Photoshop 6.0 as TIF files.

It is necessary to explain briefly the merits of our high-pressure
freezing (HPF). To avoid crystalline ice, which could obscure the
salt morphologies in which we were interested, water was frozen
at 2.1 kbar.7 This pressure has three beneficial consequences: (a)
the melting point of water drops from 0 to-22 °C, (b) homoge-
neous nucleation (supercooling) begins at-90 °C rather than-40
°C under atmospheric conditions, and (c) water viscosity increases
1500-fold. These features allow the easy attainment of micro-
crystalline or amorphous ice without the use of cryoprotectants.
For comparison purposes we also plunge-froze 5-µL samples in
liquid ethane (-183 °C), a method that also gives vitreous ice.8

When the cryo-etch HRSEM procedure was applied to salt-free
water, only a coarsely textured amorphous ice was obtained (Figure
1). Electron micrographs of frozen saline also showed featureless
ice in the absence of etching. Cryo-etch HRSEMs of 2 and 3.5 wt
% NaCl, however, display a characteristic “fence-like” morphology
(Figure 2). The samples had been high-pressure frozen from 20°C
with a 5-min etch at-105 °C (5000× magnification). Cells
enclosed by the fences have sizes and shapes that depend on the
rate of cooling. Plunge-freezing of 2 wt % NaCl from 20°C and
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Figure 1. Doubly deionized water (18 mΩ ) HPF from 20°C and etched
for 5 min at-105 °C.

Figure 2. (a) NaCl, 2.0 wt % (HPF from 20°C). (b) NaCl, 3.5 wt % (HPF
from 20 °C). Samples were etched for 5 min at-105 °C.

Published on Web 04/23/2004

10.1021/ja040066k CCC: $27.50 © 2004 American Chemical Society J. AM. CHEM. SOC. 2004 , 126, 5987-5989 9 5987



60 °C to -183°C produced larger fence-separated cells than seen
with high-pressure freezing (Figure 3a and b, respectively).

It is well-known that, during cooling, certain materials, such as
lava, experience thermal gradients that lead to propagating frag-
mentations.9 Two observations mitigate against the partitions in
Figures 2 and 3 being of this origin: (a) As seen in Figure 3a, the
divisions are not cracks but walls of structured ice with a distinct
depth to them. (b) And as seen in Figure 3b (upper right corner),
there exists a granular morphology in a zone where four fences
meet (arrow).

Despite the rapid cooling (5-6 ms with high-pressure freezing),
patches of ice can at least partially cleanse themselves of salt by
concentrating it in surrounding “fences”. Since salt is strongly
solvated, the fences survive the high-vacuum etching process
whereas the enclosed amorphous ice does not. Walls of frozen brine,
evident in Figure 3a, are the result. The fences become even more
distinct when the etching time was increased from 5 to 10 minutes
(Figure 4) to more thoroughly remove salt-associated ice that creates
granular structures. The deep-etched fences are about 1-2 µm high
and 10-50 nm thick.

When etching was carried out at-125 °C for 2 h after plunge-
freezing at-183 °C, the surface appeared more heterogeneous,
but fence-like structures were nonetheless evident (not shown).
Cryo-etch HRSEM of 2 wt % Na2SO4, NH4Cl, NaBr, and LiCl
(5-min etch at-105 °C after high-pressure freezing) each gave
unique morphologies (Figure 5). Aqueous LiCl, known from past
work for its tendency to form amorphous ice,10 displayed no
segregation into fences when frozen.

The remarkably fast ability of water to free itself of dissolved
salt during and/or after freezing can be understood from the structure
of pure ice. Normal ice, that is to say, ice with which we are all
familiar, is hexagonal and designated Ih.11 Amorphous ice, a
noncrystalline glass, can now be made in a variety of ways includ-
ing vapor condensation at very low temperatures and so-called
“hyperquenching” of 3-5 µm water droplets at 106-107 deg/s
cooling rate.12-14 In both cases water molecules are immobilized

in a shorter time than is necessary for rearrangement into a
crystalline state. Below-137°C (referred to as the glass transition
temperature,Tg), amorphous ice exhibits the mechanical properties
of a solid with a microscopic structural disorder, ultrahigh viscosity
(1013 Poise), and negligible rotational relaxation (103 s).15 Above
Tg, there occurs an onset of molecular rotation and conversion into
a viscous liquid form of ice. It is important to realize thatTg is not
an equilibrium transition temperature and that, being only quasi-
thermodynamic,Tg may vary with experimental conditions.16

One of the most interesting aspects of amorphous ice is the
appearance of metastable cubic ice, Ic, as the temperature is raised
above-120 °C.15,17,18 In the temperature range of-120 to -63
°C, cubic crystalline ice may coexist with the viscous liquid form
of ice19 (although there is debate on the exact fraction of each
phase).20 Ice Ic may possibly exist in the earth’s high atmosphere,21

while viscous liquid ice has been proposed to reside in subsurface
layers of comets.19

Although information on frozen solutions of various salts is
plentiful,22-25 fence-like partitioning of amorphous ice after rapid
freezing has not been reported. Barring the presence of saline fence
structures in liquid water, their appearance in the cryo-etch HRSEM
photographs can have only two origins: (a) The fences might form
during the freezing process. If this is true, then water can divest
itself of a salt at an extraordinary rate (as fast as 5-6 ms). (b)
Alternatively, the migration of salt might occur within a few minutes
during the etching procedure at-105°C (32 °C aboveTg). If this
is true, then the bulk medium at-105 °C, composed of a “cubic
ice/viscous liquid ice” composite, can obviously permit a remark-
ably effective saline-flow under the low-temperature conditions.

It was mentioned that, in the absence of etching, salt fences do
not appear, nor are fences normally found in cryo-TEM where
samples consist of thin, nonetched films. This does not prove that
fences form during etching because the fences may be buried in
ice and exposed only when the intervening ice is removed by
sublimation. Yet saline-flow within the cubic ice/viscous liquid ice
composite at-105 °C remains a distinct possibility. Cubic ice
crystallites, if present at all, must be very small (i.e.<2 nm, the
resolution of our electron microscope). Any channels that might
conceivably be formed in the amorphous ice must also be below
microscopic resolution. At present, therefore, we cannot exclude
the presence of tiny channels, perhaps following contours of
embedded submicroscopic Ic crystallites, which provide a route for
saline drainage to the periphery of ice patches. (One is reminded
here, on a much larger scale and slower time scale, of the behavior

Figure 3. (a,b) NaCl, 2.0 wt %, plunged frozen in liquid ethane starting
from 20 and 60°C, respectively. Both samples were etched at-105°C for
5 min.

Figure 4. NaCl, 2 wt %, subjected to HPF and etched for 10 min at-105
°C.

Figure 5. (a) Na2SO4, (b) NH4Cl, (c) NaBr, (d) LiCl. See text for
experimental details.
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of sea ice in nature). Consistent with this model, and our past
experience with cryo-etch HRSEM on macromolecules where
fences do not form, solutes can become too large, or diffuse too
slowly, to traverse the narrow channels. Segregation into frozen
walls of hydrated solute does not, therefore, occur. In this regard,
surfactant micelles seem more similar to salt than to macro-
molecules.26

In summary, frozen 2-3.5% saline was investigated by cryo-
etch high-resolution scanning electron microscopy. Thus, saline was
either plunge-frozen in liquid ethane at-183 °C or else high-
pressure frozen to-105°C in 5-6 ms. Ice from a freshly exposed
surface was then subjected to a high-vacuum sublimation (“etch-
ing”), a procedure that removes pure bulk ice in preference to ice
from frozen hydrated salt. Granular icy “fences” were seen
surrounding empty areas where amorphous ice had originally
resided. The presence of such fences suggests that, during freezing,
saline can purge itself of salt with remarkable speed (5-6 ms).
Alternatively, channels (perhaps routed around submicroscopic
crystallites of cubic ice (Ic) embedded in the amorphous ice at-105
°C) can guide the migration of salt to the periphery of ice patches.
Aside from the fundamental interest of these results, salt morphol-
ogies are important to biologists who may encounter fences when
examining buffered samples by cryo-etch methods.
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