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Fig. 1. The combustion of a freely falling 
zirconium droplet in oxygen (left) and in 
a mixture of 4.5 percent nitrogen and 95.5 
percent oxygen (right). In each case, the 
droplets are burning in a 75-mm Pyrex 
tube containing the oxidizing gas at 625 
torr flowing downward at 5.0 lit./min. 
Droplet diameter is 525 A. The weak traces 
are reflections from the walls of the 
chamber. 
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at the right of Fig. 1 also was ob- 
tained when the original squares of 
zirconium had been partially nitrided 
(by heating for 1 hour at 900?C in 
flowing nitrogen at 625 torr) before 
they were burned in pure oxygen. 

It was reported earlier that zirco- 
nium reacts simultaneously with nitro- 
gen and oxygen both during the low 
temperature oxidation of solid zirco- 
nium in air (10) and during the higher 
temperature combustion of molten zir- 
conium droplets in air (11). The lat- 
ter results were obtained by interrupt- 
ing the combustion of the droplets at 
various stages by allowing them to fall 
into liquid argon. X-ray diffraction pat- 
terns from droplets quenched toward 
the end of the combustion in air (be- 
fore explosion) contained strong lines 
arising from zirconium, zirconium ni- 
tride, zirconium dioxide and the re- 
cently characterized zirconium oxyni- 
tride, Zr.ON2 (12). 

In the experiments reported here, 
where considerably lower concentra- 
tions of nitrogen were available to the 
droplets, x-ray diffraction patterns ob- 
tained in a similar manner contained 
strong lines arising from zirconium 
and zirconium dioxide, and faint lines, 
near the limit of detection, correspond- 
ing to the most intense lines of zir- 
conium oxynitride. 

A plausible explanation of the re- 
sults cited here is that when gaseous 
nitrogen is present in the early stages 
of combustion, the molten zirconium 
will take up both oxygen and nitrogen 
to form a liquid phase that contains 
zirconium, oxygen, and nitrogen (simi- 
lar to getter action). The same com- 
position may also result if the zirco- 
nium is partially nitrided before being 
burned in pure oxygen. As the droplet 
burns further, its composition must 
eventually approach that of the ther- 
modynamically favored zirconium di- 
oxide so that nitrogen is subsequently 
liberated. When there is sufficient nitro- 
gen present to exceed the solubility in 
the molten mixture, a high internal 
pressure of gas will form and the 
fragmentation will occur. Lesser con- 
centrations of nitrogen will produce 
only a few inflated sacs or bulges. 

This explanation is somewhat akin 
to that attributed to Gordon (7), in 
which the internal release of dissolved 
gases was considered to cause the ex- 
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there is insufficient gas in the metal 
before combustion, explosions may still 
occur, but now as a result of gas taken 
up during the initial stages of the burn- 
ing reaction. 

L. S. NELSON 
Sandia Laboratory, 
Albuquerque, New Mexico 
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ice with varying amounts of impuri- 
ties added were investigated with 
sintered platinum electrodes. For both 
types of impurities the activation en- 
ergy was minimum at a concentration 
of 10--'M. The experimental arrange- 
ment and possible reasons for the ex- 
istence of a minimum in activation en- 
ergy are discussed. 

The activation energy of the d-c 
electrical conductivity in pure ice has 
been investigated by many authors 
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agreement about the values of the ac- 
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The activation energy of the d-c 
electrical conductivity in pure ice has 
been investigated by many authors 
(1, 2). There seems to be some dis- 
agreement about the values of the ac- 
tivation energy owing to difficulties in 
the interpretation of the data and 
possible sources of error, as well as 
establishment of a good ohmic con- 
tact with the sample substance. The 
error that is hardest to identify stems 

1595 

possible sources of error, as well as 
establishment of a good ohmic con- 
tact with the sample substance. The 
error that is hardest to identify stems 

1595 



2- 

3.6 37 3.8 3.9 
IC 

Fig. 1. Conductivity (ohm-1 cm- 
against temperature for various m 
centrations of HF. 

3 

2- 

10-7- 
8: 

6- 

4- 

a 

C) 

8- 

6- 

4- 

2- 

10- 

162M 

-3 

R54M. 

3.6 3.7 3.8 3,9 

Fig. 2. Conductivity (ohm-1 cm- 
against temperature for various m 
centrations of NHa;. 

c 3- 

.s 

8I t 

0-T2 10-3 10-4 
Molar concentration of impuriti 

Fig. 3. Activation energy as a ft 
the concentration of impurities 
NH:0). 

1596 

from the difficulty of growing very 
pure, single crystals of ice. Since many 
of the uncertainties in a study of pure 
ice result from measurements that are 
very susceptible to errors due to the 
possible presence of small amounts of 
impurities, valuable information can 
be obtained from an investigation of 
impure (doped) ice. 

To arrive at a theoretical analysis 
of the mechanism of proton transport 
in ice [analogous to the basic theory 
of electronic semiconductors (3)], it 
is necessary to investigate the d-c con- 

4.0 4. ductivity of ice doped with "hydrox- 
)00/To ide" and "hydronium" ions at varying 

plotted concentrations and at several tempera- 
iolar con- tures. A set of such data for doped 

ice is not as yet available owing to 
the above-mentioned difficulty of ob- 
taining reproducible results; in the case 
of doped samples, this difficulty con- 
sists mainly in the measurement of a 
time-dependent current (non-ohmic con- 
tact) caused by electrode polarization 
and space-charge effects. 

The first obscuring effect-electrode 
polarization-can be somewhat allevi- 
ated by the use of "sandwich" elec- 
trodes, a method developed in studies 
of electronic semiconductors and some- 
times adapted for ice studies (4, 5). 
In our study, as a suitable ohmic con- 

~'~-~--.. tact we selected sintered porous plati- 
num disks with a porosity of 35 per- 
cent (Engelhard Industries, Inc.). The 
electrodes were soaked in solutions of 
HF or NHI at concentrations 100 
times those of the actual samples. 

1000/TO This method proved unsuitable in the 
4.0 4. case of pure ice samples because there 

1) plotted is no definite basic reference concen- 
iolar con- tration for this case, and the pure ice 

is very sensitive to the impurity dif- 
fusion from the porous electrodes. 

The second effect-space-charge ac- 
cumulation-leads to considerable 
changes of the potential distribution in 
the ice sample and to a time-dependent 
current. This effect seems to be due 
mainly to dissolved air and movement 
of grain boundaries of the crystals. 

NH3t The crystals were allowed to age for 
H3X / 1 day before measurement, most major 

,/,/ imperfections in the grain structure be- 
HF ing thereby removed. In order to check 

the internal field distribution of the 
aged ice samples, five equally spaced 
platinum probes (0.005 by 0.08 cm) 

Io-5 were frozen with the asamples. The 
es samples used for the investigation of 

inction of internal field were of cylindrical shape 
ruction of , . ,. 1 ^i \ r 
(HF and (3 cm in diameter by 7 cm). The 

internal field distribution was mea- 
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sured by a Keithley differential volt- 
meter model 660, and the electric 
field varied linearly with distance be- 
tween the electrodes. The aged samples 
were much more stable in linear po- 
tential distribution, whereas samples 
which had not been aged showed con- 
siderable space charge accumulation 
and led to nonlinear potential distri- 
bution. 

Solutions of HF and NH^ were pre- 
pared with distilled and demineralized 
water. The ice samples were grown 
on a platinum disk fitted into a copper 
block at an average rate of 0.5 mm 
per minute. The samples used for the 
conductivity were of cylindrical shape 
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(1.27 cm in diameter by 0.623 cm). 
Experiments were carried out between 
--5? and -20?C. After the ice crystal 
was grown, the porous electrode was 
attached by pressure, and the sample 
was aged for 30 hours. Currents were 
measured with a Hewlett-Packard 
Model 425 A microammeter and a 
Varian recorder in order to observe 
time dependence of the current. Most 
measurements were nearly constant 
with time; in those cases where a sud- 
den change appeared only the in- 
stantaneous value of current at the 
first application of the electric field 
was used, since the discontinuity in 
the reading seemed to stem from the 
appearance of cracks due to thermal 
shock of the sample by ohmic heat- 
ing. A change in the temperature of 
the sample due to resistive heating was 
precluded by applying the electric field 
for 30 seconds only after an inter- 
mittent period of 90 seconds. 

The changes in conductivity at dif- 
ferent temperatures with different con- 
centrations of HF and NH3 (Figs. 1 
and 2) were obtained from the re- 
corded currents at electric fields of 10, 
50, 100, and 200 volts and at two 
polarities. The readings were taken at 
-5?, -o10?, -1.5?, and -20?C, main- 
tained accurately by submerging the 
samples into a Wilkens-Anderson Lo- 
Temp bath. The average value was 
used for the straight-line approxima- 
tion. In almost all the experiments the 
currents varied linearly with the ap- 
plied electric field. 

Analysis of the data showed that the 
conductivity (<r) of the sample follows 
the relation of a typical semiconduc- 
tor: 

o- = ro exp (-E/kT). 

The activation energy E was calcu- 
lated with this expression, and the 
data are listed in Table 1. The mini- 
mum of the activation energy at 10-4M 
concentration of impurities (Fig. 3) 
corresponds to the critical concentra- 
tion at which the polarization mecha- 
nism responsible for the dielectric 
constant changes abruptly (5). 

Some authors (6) have found a 
similar change in activation energy 
with concentration of impurities in the 
doped ice. The evidence now supports 
the conclusion that lower activation 
energies are associated with higher im- 
purity content within the region of 
less than 10-4M impurity concentra- 
tion. The activation energy of d-c con- 
ductivity in pure ice is reported to 
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Table 1. Activation 
conductivity. 

energy (E) of doped ice 

Concentration E (HF) E (NH,) 
(M) (ev) (ev) 

10-2 0.321 0.259 
10-3 .143 .159 
10-' .094 .111 
10-5 .154 .203 

lie between 0.5 and 1.2 ev (1, 2). Our 
data also justify this point of view. 

The d-c conductivity in doped ice 
is believed to require proton transfer 
through the hydrogen bond by tun- 
neling and by the orientational mo- 
tion of water molecules to maintain 
the favorable path for further transfer 
of protons (5). Hence the activation 
energy includes the proton tunneling 
energy and the water molecule's rota- 
tional energy [with the aid of double 
(D) and vacant (L) defects] as well 
as the dissociation energy of the im- 
purity molecules. Because of the many 
processes involved it is not yet possible 
to determine which portion of the en- 
ergy contributes to the change in acti- 
vation energy with impurity concen- 
tration. The change in potential curves 
for protons in the hydrogen bond of 
0-F and 0-N from that in 
0 - 0 bonds (7) together with an 
analysis of the rotational mechanism 
of D and L defects may lead to the 
explanation of the curves represented 
in Fig. 3. 

At concentrations higher than 10-4M 
the rate of the proton transport 
mechanism may be controlled by the 
rate of rotation of the water molecules. 
As the impurity concentration in- 
creases, the number of D or L defects 
also increases, and higher activation 
energy results. This trend may exist 
because the number of rotations of 
the water molecule required to pro- 
duce a favorable proton path increases 
with concentration of impurities. As 
the concentration is lowered below 
10-4M, the rate-determining factor will 
be the proton-tunneling process be- 
cause the number of defects that 
undergo rotation is reduced eventually 
to a negligible amount. The proton 
tunneling seems more difficult as the 
numbers of impurities decrease. The 
proton tunneling becomes harder as 
the structure becomes more nearly per- 
fect, which seems to be due to the 
higher proton tunneling energy through 
0- 0 hydrogen bonds as compared 
to that of 0-N or 0-F bonds. 

Qualitatively, the lowest activation 
energy at 10 -4M impurity concentra- 
tion may be interpreted as a change 
in the. rate-determining step from 
orientational motion to proton tunnel- 
ing through the hydrogen bonds. 

Figures 4 and 5 show the change 
in conductivity of the samples at -10? 
and -20?C as a function of the 
amount of doping with HF and NH3, 
respectively. These figures are obtained 
from Figs. 1 and 2. The results indi- 
cate that the d-c conductivity of doped 
ice at constant temperature is not di- 
rectly proportional to the concentra- 
tion of impurities. Since the conduc- 
tivity is a function of both impurity 
content and charge-carrier mobility, 
the mobility might cause the nonlinear 
change in conductivity with the con- 
centration of impurities (Figs. 4 
and 5). 

Since the mobility depends upon 
scattering, it is a function of both 
the temperature and the density of im- 
purity. Study of the temperature de- 
pendence may be based on the existing 
theory of semiconductors, such as im- 
purity scattering and lattice scatter- 
ing. Impurity scattering is more im- 
portant than lattice scattering in our 
study because of the higher mobility 
at higher temperatures. The phenome- 
non of a change in ice conductivity 
with temperature by different types 
of scattering was observed by some 
investigators (2). 

The mobility dependence upon den- 
sity of impurity is not clear. Un- 
fortunately, conductivity in the region 
where the impurity content is less than 
10-'M cannot be measured accurately 
as yet. However, there should exist 
an inversion point to decrease the con- 
ductivity (Figs. 4 and 5) such that 
it can be extrapolated to the pure-ice 
conductivity of 10-8 to 10-9 ohm-1 
cm-1 which is supported by some in- 
vestigators (3). In the electronic the- 
ory of semiconductors (8), the mo- 
bility increases as the impurities de- 
crease and reaches a saturation value 
at a certain density of impurity. From 
this point of view, the possible inver- 
sion point can be interpreted as the 
saturation level of mobility, and the 
conductivity will be a function of only 
impurity content between inversion 
point concentration and pure ice. 

S. Y. CHAT 
P. 0. VOGELHUT 

Department of Electrical Engineering, 
Electronics Research Laboratory, 
University of California, Berkeley 
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Ocean-Bottom Topography: The 

Divide between the Sohm and 
Hatteras Abyssal Plains 

Abstract. A compilation of preci- 
sion echo soundings has delineated the 
complex topography between the Sohm 
and Hatteras abyssal plains off the At- 
lantic coast of the United States. At 
present the divide between the two 
plains is a broad, flat area about 4950 
meters deep; however, the configura- 
tion of channels and depressions sug- 
gests spillage of turbidity currents 
from the Sohm Plain into the Hatteras 
Plain and a shifting of the divide 
toward the northeast. Hudson Canyon 
terminates in the divide area and has 
probably fed sediment into both plains. 

A recent compilation of precision 
echo soundings off the East Coast of 
the United States has delineated rea- 
sonably well the area of complex to- 
pography between the Sohm and Hat- 
teras abyssal plains (Fig. 1). Sounding 
lines used in compiling the topographic 
map (Fig. 2) are entirely those of 
Woods Hole Oceanographic Institution 
ships. They have a depth accuracy of 
within 1 0 meters, although in some 
instances the position of the lines may 
be in error by as much as 18 kilo- 
meters. The map is contoured in me- 
ters from original data compiled in 
fathoms and corrected for the velocity 
of sound in water. 

Sohnm Abyssal Plain extends east- 
ward from the base of the continental 
rise and generally occupies the deep 
basin between Canada and Bermuda. 
Its western end is partially ponded by 
the New England Seamounts and 
consequently exhibits very gentle gra- 
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ships. They have a depth accuracy of 
within 1 0 meters, although in some 
instances the position of the lines may 
be in error by as much as 18 kilo- 
meters. The map is contoured in me- 
ters from original data compiled in 
fathoms and corrected for the velocity 
of sound in water. 

Sohnm Abyssal Plain extends east- 
ward from the base of the continental 
rise and generally occupies the deep 
basin between Canada and Bermuda. 
Its western end is partially ponded by 
the New England Seamounts and 
consequently exhibits very gentle gra- 
dients, as shown in the northeast cor- 
ner of Fig. 2. It is now generally 
recognized that the abyssal plains are 
formed largely of terrigenous or land- 
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derived sediment transported to the Sohm and Hatteras abyssal plains is 
ocean floor by turbidity currents. The the broad flat area at 37?N, 65?30'W 
sediment in the Sohm Abyssal Plain defined by the 4950-meter contour 
appears to be derived mainly through lines. Turbidity currents flowing down 
the submarine canyons along the slope the continental rise in this area could 
off New England. flow east into the Sohm Plain or south- 

The Hatteras Abyssal Plain occupies west through a broad channel into the 
the deep basin between southeastern Hatteras Plain. It is unlikely that they 
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Fig. 1. Position of the area of complex tary in origin. Large percentages of 
topography between the Hatteras and sand and silt in available cores (2), 
Sohm abvssal plains. The dashed line rep- subbotto echoes, and minor topo- 
resents the seaward limit of deposition ofom ehes and minor topf - 
terrigenous sediment between the two graphic features indicative of small 
plains. channels and natural levees are evid- 
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