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Crystallization of 

Clay-Adsorbed Water 

Abstract. The nature of crystalline 
water in frozen pastes made from rep- 
resentative clay miinerals and water was 
studied by x-ray diffraction. Only the 
diffraction peaks corresponding to the 
normal hexagonal ice structure were 
detected. The relative intensities of the 
diffraction peaks revealed evidence of 
epitaxy in that the ice crystals appeared 
to be preferentially oriented with their 
c-axes perpendicular to the c-axes of 
the individuial clay crystallites. 

The tendency of an advancing ice- 
water interface to exclude colloidal and 
silt-size soil particles has been demon- 
strated (1). Migration of particles and 
other foreign bodies ahead of an ad- 

vancing freezing front was partially ex- 

plained by postulating the existence of 
a submicroscopic layer of unfrozen liq- 
uid separating the particles from the 
ice. The existence of this unfrozen layer 
of water is also vital to current 
theories of ice segregation and frost 
heaving in frozen ground. Frozen soils 
and clays do in fact contain significant 
quantities of "unfrozen water" in equi- 
librium with an ice phase, and the 

mobility of this unfrozen water in re- 
sponse to thermal and electrical gradi- 
ents is remarkable (2), but the nature 
and distribution of the two phases is 
still imperfectly understood. In a recent 
discussion of the latent heat of freezing 
of soil water, the thermodynamic argu- 
ment employed required the assumption 
that soil water crystallizes as normal 
hexagonal ice (3); this assumption ac- 
cords with field and laboratory observa- 
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mobility of this unfrozen water in re- 
sponse to thermal and electrical gradi- 
ents is remarkable (2), but the nature 
and distribution of the two phases is 
still imperfectly understood. In a recent 
discussion of the latent heat of freezing 
of soil water, the thermodynamic argu- 
ment employed required the assumption 
that soil water crystallizes as normal 
hexagonal ice (3); this assumption ac- 
cords with field and laboratory observa- 
tions of segregated ground ice and 
appears to have been verified by x-ray 
methods (4), but it is questionable in 
view of Brzhan's report of ice of un- 
usual structure in frozen silica gel (5). 
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Crystallographic data are known for 
four of the nine generally recognized 
forms of ice: the normal, hexagonal, 
tridymite structure; a cubic structure 
stable apparently only below -80?C; 
and high-pressure cubic and tetragonal 
structures (6, 7). The first two are by 
far the best known. A completely 
amorphous form of ice that may ap- 
pear when water vapor at a pressure 
of about 10-5 torr condenses on a sub- 
strate at or below -100?C and a vitre- 
ous form stable at higher temperatures 
also seem to be generally acknowledged. 
Therefore a form of ice in frozen soil 
or clay different from the normal tridy- 
mite structure would not be altogether 
surprising. As Brill (7) and others 
have pointed out, the geometry of the 
water molecule and its remarkable ca- 

pacity for bonding make many configu- 
rations possible. Inasmuch as details 
of the study referred to by Martynov 
(4) have not become available and in 
view of the somewhat contradictory re- 
port of Brzhan (5), we have investi- 
gated the matter further. 

X-ray diffraction patterns of frozen 
pastes of montmorillonite, kaolinite, 
and halloysite, in which the c-axes of 
the individual clay platelets were pre- 
dominantly vertically oriented, were ob- 
tained with a Norelco x-ray diffrac- 
tometer using copper Ka radiation. 
During analysis the samples occupied 
a receptacle milled into an aluminum 
plate and were covered by a Mylar 
canopy to prevent changes in water 
content. Temperature of a sample was 
regulated by a thermoelectric module, 
in intimate thermal contact with the 
aluminum plate, in conjunction with a 
proportional-temperature controller ac- 
tuated by a thermistor; sample temper- 
atures were thus established at any 
desired values, --0.05?C, between 0? 
and -40?C. Ambient room tempera- 
ture was 50C; this ensured no conden- 
sation of moisture on the inner surface 
of the Mylar canopy. 

The samples were cooled rapidly to 
a selected temperature. Spontaneous 
nucleation occurred at about -5?C and 
the freezing front proceeded rapidly 
from the bottom upward and from 
the sides inward. Results obtained at 
-10?C are shown in Table 1, which 
also lists the data of Brzhan and the 
generally accepted d-spacings and dif- 
fraction intensities of powdered ice. 
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mination of more reliable values, let us 
accept the ASTM data. 

In every instance the d-spacings due 
to water in the frozen clays corre- 
sponded to those of normal ice, +-0.02 
A; moreover, no anomalous, unidenti- 
fiable peaks were detected. The results 
in Table 1 were obtained with clays of 
low water content. If we assume the 
specific surface of montmorillonite to 
be 800 mi2/g of clay, the calculated 
thickness of the water films distributed 
over the total surface of the clay is of 
the order of 5 to 10 A. When it froze, 
this adsorbed water evidently collected 
at nucleation sites where, in spite of 
adsorption forces, it crystallized in the 
normal hexagonal configuration. Nu- 
merous determinations at higher water 
contents and lower temperatures gave 
similar results; d-spacings detected were 
always attributable to hexagonal ice. 

The observed relative intensities of 
the diffraction peaks showed consistent 
deviations from the random powder 
pattern; this fact is best explained by 
postulating a preferred orientation of 
the microscopic ice crystals in the 
frozen clay. During preparation of the 
sample, we tried to obtain preferential 
orientation of the individual clay plate- 
lets by repeatedly remolding the sample 
with a spatula. Subsequent observation 
of greatly enhanced (001) diffraction 
peaks of the montmorillonite and kaoli- 
nite clays proved that the c-axes of the 
clay platelets were preferentially ori- 
ented in the direction perpendicular to 
the plane of the goniometer stage. 

The data of Table 1 indicate that a 
significant majority of the ice crystals 
were so oriented that their c-axes were 
in the plane parallel to that of the goni- 
ometer stage. The fact that the relative 
intensities of the (101), (102), (103), 
(112), and (203) spacings did not 
diminish consistently, together with the 
fact that relative to the (002) the 
(101) reflection intensified in most in- 
stances, suggests that there may be 
some tendency toward parallel orienta- 
tion of this face; however, the main 
effect is still the relative intensification 
of the (100) reflection. On this basis 
one may postulate that the orientation 
of the clay particles was significantly 
effective in determining the orientation 
of the ice crystals in the frozen clays. 

Hendricks and Jefferson, Macey, and 
Mathieson and Walker (8) have sug- 
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figuration of the hexagonal network 
of oxygen atoms at the surface of sili- 

cate-clay minerals could provide both 
the foundation and a template on which 
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an ice-like, hydrogen-bonded structure 
of the adsorbed water might be built 
up. If this were in fact the case, clay 
particles might be expected to act as 
effective ice-nucleating agents in the 
atmosphere. Kumai and Francis (9) 
have shown that clay particles do in- 
deed function in this manner, and 
Schaefer and Mason and Maybank 
(10) among others have reported sys- 
tematic studies of the relative nucleating 
efficiency of various silicate-clay min- 
erals. The adsorbed-water structures of 
Hendricks and Jefferson, Macey, and 
Mathieson and Walker (8) have c-axes 
that are aligned with the c-axis of the 
clay lattice. If the clay and an ad- 
sorbed-water hull of this configuration 
were to act as a nucleating agent, the 
ice formed would most logically be 
expected to crystallize with its c-axis 
similarly aligned; the data in Table 1 
do not support this conclusion. 

It has been established by dilatomet- 
ric, calorimetric, and conductance tech- 
niques that frozen-clay pastes contain 
significant amounts of unfrozen water, 
and an x-ray technique recently revealed 
that in bentonite-water pastes most of 
the unfrozen water is located immedi- 
ately adjacent to the interlamellar clay 
surfaces (11). This fact tends to refute 
the type of epitaxial ice-crystal growth 
most easily visualized in terms of the 
various hydrogen-bonded adsorbed-wa- 
ter structures that have been proposed. 
Moreover, although it is generally con- 
ceded that some sort of water struc- 
ture develops at the clay-water inter- 
face, it is also generally thought that, 
since it must accommodate the various 
exchangeable ions, hydratable oxides 
of iron and aluminum, and any free 
electrolytes present, the water structure 
must be relatively transitory, rather 
highly disordered, and of limited ex- 
tent and stability. The exchangeable 
ions, and presumably to a great extent 
also the oxides of iron and aluminum, 
are constrained to regions close to the 
clay surface except insofar as their hy- 
dration shells permit them to dissociate 
from the surface. Thus, since solutes 
and foreign bodies tend to be excluded 
from a growing ice crystal, the finding 
that there exists an unfrozen, structured 
layer of water separating the clay sur- 
face from the ice is perfectly plausible. 

Although these arguments tend to 
rule out the possibility that ice crystals 
may propagate directly on clay sur- 
faces, two alternate conceptions of 
nucleation and subsequent epitaxial 
growth are easily visualized. Nuclea- 
tion may occur at a favorable site on 
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Table 1. X-ray diffraction intensities, I/1002, for crystalline water in various frozen (-10?C) 
clay-water pastes. Brzhan's qualitative data on silica gel and the generally accepted d-spacings 
and diffraction intensities of powdered ice are included. Weight of water (gram) per gram 
of clay appears in parentheses. 

Relative intensities 
Indexes 

Paste 100 002 101 102 110 103 112 203 
d-Spacings 

3.93 3.68 3.45 2.68 2.26 2.069 1.92 1.52 

Hexagonal ice, powder * 10 100 20 15 10 50 10 15 
Silica gel t S VS S M 
Hydrogen-bentonite (0.54) 68 100 24 14 1 38 
Lithium-bentonite (0.74) 64 100 32 
Sodium-bentonite (0.99) 294 100 144 33 95 50 33 
Potassium-bentonite (0.60) 76 100 35 23 17 29 
Calcium-bentonite (0.33) 200 100 80 40 80 60 
Kaolinite (0.40) 92.5 100 70.3 38.6 56.6 58.4 21.1 
Halloysite (0.90) 106 100 104 31 60 43 40 

* ASTM card 1-0509 [Dennison, Phys. Rev. 17, 20 (1927)]. t From Brzhan (5): S, strong; 
VS, very strong; M, medium. 

the clay surface, and the growing ice 
crystal, except for sporadically distrib- 
uted points of attachment, may remain 
largely separated from the clay surface 
by a film of unfrozen structured water 
containing the exchangeable ions, hy- 
drated oxides, and any electrolyte pres- 
ent; or nucleation may occur at a point 
remote from the clay surface and may 
remain entirely separated from the sur- 
face by films of unfrozen water. The 
evidence in Table 1 does not permit a 
distinction. 

Since the possibility of ice propaga- 
tion directly on the mineral surface has 
been ruled out, it is necessary to sug- 
gest an alternate hypothesis. The prob- 
ability that long-range clay-water forces 
act to enhance the ordering of the water 
structure at distances greater than 50 
A from clay surfaces has been sug- 
gested and is gradually being accepted 
(12). The exact arrangement of the 
water molecules probably cannot be 
known, but, assuming that it is differ- 
ent from that of the adsorbed-water 
structures discussed above, it is possi- 
ble that epitaxy in this instance is con- 
trolled not by the atomic configuration 
of the clay surface but by long-range 
clay-water interaction. 

Brzhan's data (5) do not support his 
contention that an unusual form of ice 
existed in his frozen silica gel. As is 
evident in Table 1, all the diffraction 
peaks reported by him can be attrib- 
uted to hexagonal ice; in fact he de- 
tected no anomalous peaks. He did 
find, however, that in terms of relative 
intensities the (100) and the (110) 
diffraction peaks seemed to be unusu- 
ally strong. In the absence of evidence 
to the contrary, this also is most rea- 
sonably explained in terms of a prefer- 
ential orientation of the ice crystals in 
the frozen silica gel and does not war- 

rant the postulation of a new crystal- 
lographic form of ice. 

In conclusion, our results can be ac- 
counted for satisfactorily by postulating 
the presence, in the frozen clays of 
microcrystals, of hexagonal ice having 
a preferred orientation determined at 
least in part by the orientation of the 
clay lamellae. Contrary to deductions 
based on an ice-like configuration of 
the clay-adsorbed water, the c-axes of 
the microcrystals of ice tend to lie in 
planes perpendicular to the c-axes of 
the platey-clay crystals. 

DUWAYNE M. ANDERSON 
PIETER HOEKSTRA 

U.S. Army Cold Regions Research 
and Engineering Laboratory, 
Hanover, New Hampshire 
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