dy/dr can assume for locked-in motion
(9) occurs when 4 = 0, and is

1,
ldn/dr s = (—22— re)?

With inclusion of the contributions
from the first terms on the right-hand
side of Eq. 7b, therefore, the values of
df/dt for locked-in motion are ex-
pected to lie between the limits

éﬂ] _

dt max,min -

3r L 2 (2]
T|:1-|-)\cos T = 3( > re)i | (10)

where we have neglected the term pro-
portional to Ae.

The foregoing analysis serves to con-
firm that locked-in rotational motion
with a period approximately 2/3 the
period of revolution is dynamically
possible. The form of the solution
shown in Eq. 7b suggests, however, that
observations of the rotation will indi-
cate rates that vary during the course
of a planetary year and that, in addi-
tion, slower variations of the rotational
rate may occur with a period given by

Tm,:(-zil')\e)'gT (11)
when the amplitude (a,) of this libra-
tion is not large. An expression of the
form given by Eq. 7b may be useful
for interpretation of data obtained by
the sequential observation of surface
features on the planet. More simply, the
instantaneous periods—as could be in-
ferred from radar observations—would
be (by differentiation of Eq. 7b when
the term proportional to Ae is neglected)

27
Tv= Gg/dr
=§—{ 1—2 cosgé—f—t — §—C¥u (ZTIM)% X
)
cos[(zzlxe)%z—}'—'+ al]rT (12)

for oy small, and, for any «, compatible
with locked-in motion, would lie be-
tween the limits obtained from Eq. 10:

[Tx] =
max,min

2 et _ 2 21 .
—3“[1—)\008—1.—4_—3—(*2—)\8) ] T (13)

For favorable values of «, a determina-
tion of A may be feasible through ob-
servation of the slow libratory motion,
with a period close to that expressed by
Eq. 11, that is represented by the last

term of Eq. 12. If, however, « is very
small—as could well result from the
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action of damping mechanisms—the
term
2 2t

—3 N cos -

in Eq. 12 will represent the larger con-
tribution to the variation of the instan-
taneous period.

Substitution of the values 7' = 87.97/
365 yr,e = 0.2, and A = 5 X 10—, as
suggested by Liu and O’Keefe (4), into
Eq. 11 leads to a libration period Ty,
= 23.5 yr for small-amplitude varia-
tions, in substantial agreement with
their computational results. Correspond-
ingly, from the last term of Eq. 13, the
maximum variation of the instantaneous
period of rotation that could arise from
this libratory motion would be approx-
imately = 0.40 day, in good agreement
with recent computational results of Liu
and O’Keefe (10). It is highly unlikely,
of course, that such large variations are
now actually occurring, because of the
damping that would have resulted from
tidal effects.

Although the detailed results pre-
sented in this report have been with
reference to motion for which the rota-
tion period is close to 2/3 the period
of revolution, the existence of other
stable modes of locked-in motion
should not be overlooked. The possible
range of variation for the rotational
speed in general will be substantially
smaller for the higher-order modes, for
reasonable values of the parameter ),
and this feature will have significant
implications concerning the magnitude
of the damping present at times when
the speed of planetary rotation may
have been considerably greater than
that now observed. Lower limits, which
depend on ), can be set to the rate of
decrease of the rotational energy
through the agency of damping if the
rotational motion has passed through
the higher-order modes during the past
history of the planet. Similarly, an up-
per limit can be set on the amount of
damping that will permit the rotation
to remain locked in to the mode ana-
lyzed in this report. Other work (I7) in-
dicates, moreover, that damping torques
acting at present would shift the phase
of the periodic solutions presented here,
and this result suggests that information
concerning the current magnitude of
such torques may be inferred from
more detailed observation of the rota-
tional motion.

L. JACKSON LASLETT

ANDREW M. SESSLER
Lawrence Radiation Laboratory,
University of California, Berkeley
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Soil-Water Potential: Direct
Measurement by a New Technique

Abstract. Current methods of meas-
uring the potential of water in soil are
inadequate. It is proposed to depress the
reference free energy of water by a
predetermined amount from the stan-
dard level of pure free water at atmo-
spheric pressure by use of a solute. The
specific free-energy difference of soil
water from the depressed reference can
be measured as a pressure.

A long-standing problem in studies
of water relations in unsaturated soils
is the accurate measurement in situ of
the potential of soil water. This poten-
tial, which is usually measured in units
of pressure, is negative with respect to
that of the standard reference state:
pure free water at atmospheric pres-
sure.

Soil-water relations are usually stud-
ied in an agricultural context where the
range of water potentials of practical
interest for plant growth is very rough-
ly 0 to —15 atm (/). Currently avail-
able instruments for measuring water
potential in this-context are inadequate
because of limited range and accuracy
(2; 3, p. 64); they measure either the
pressure of water in equilibrium with
soil water, or an electrical property of a
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Fig. 1. Basic design (schematic) of instru-
ment for determining soil-water potential.

porous block in hydraulic contact with
the soil. We propose a new principle of
measurement that promises improved
accuracy over the full range of soil-
water potentials that is of practical in-
terest in agricultural and other prob-
lems.

The specific free energy of water in
an aqueous solution is lower than that
of pure water under the same condi-
tions, but by application of pressure
to the solution the specific free energy
of the water can be restored to its
value in the pure state. The pressure
required to effect restoration is defined
as the osmotic pressure of the solution.
If pressure less than the osmotic pres-
sure is applied, the specific free ener-
gy of the water is increased to a value
intermediate between that in the solu-
tion and that of pure water.

Thus the addition of a solute pro-
vides a convenient means of depress-
ing the specific free energy of water
below the standard reference level; with
sufficient depression, the specific free
energy of water in an aqueous solu-
tion can be made less than that in a
particular soil.

Let us consider an isothermal sys-
tem consisting of such a solution physi-
cally constrained in a container that is
surrounded by unsaturated soil; it is so
arranged that water, but not solute, can
be exchanged between solution and
soil. Water will move from soil to solu-
tion, increasing the pressure of the solu-
tion until at equilibrium the specific
free energy of water is the same
throughout the system. In centimeter-
gram-second units, the difference be-
tween the equilibrium pressure and the
osmotic pressure of the solution is nu-
merically equal to the specific free ener-
gy of the soil water (4); this differ-
ence is also a measure of the potential
of the soil water. The determination of
soil-water potential then reduces to
simple measurements of pressures in
excess of atmospheric.

In order to apply this principle we
are constructing instruments basically
similar to the classical osmometer (Fig.
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1). So long as a specific free-energy
difference exists between the water in
the soil and that in the solution, wa-
ter moves through the semipermeable
membrane and its porous support with
consequent changes in solution pres-
sure.

A basic factor in design is the quan-
tity of water that must pass through
the semipermeable membrane to bring
about unit change in solution pressure.
This factor must be kept as small as
possible in order to minimize (i)
change of solution concentration; (ii)
soil-water disturbances; and (iii) the
time constant of the instrument, which
is determined by this factor and by the
resistance of the semipermeable mem-
brane and its porous support to water
transfer.

A suitable membrane-solute combi-
nation appears to be Visking dialysis
membrane and polyethylene glycol of

“molecular weight 20,000 (5), but other

combinations may prove to be prefer-
able. We have used commercial pres-
sure transducers and others of our own
construction. It is generally desirable
that the support plate should be finely
porous, as water transfer through the
plate should be in the liquid phase.
In the absence of Iliquid transfer
through the plate, equilibration will be
by way of the vapor phase, and in gen-
eral the instrument’s time constant will
be increased significantly.

Commonly the soil water will contain
solute molecules ({(different from the
basic solute within the instrument) that
can pass through the semipermeable
membrane. In such instances the in-
strument indicates not the total water
potential but what is now commonly
called the matric potential (3, p. 14).
The instrument can be adapted to mea-
sure the total water potential in the
presence of soil-water solutes by the
deliberate inclusion of a vapor gap
within the porous support.

A. J. PEcx
R. M. RABBIDGE

- Division of Plant Industry, CSIRO,

Canberra, A.C.T., Australia
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Precipitate Formation in the

Strontium-Phosphate System

Abstract. Study of the precipitation
process in the aqueous Sr(OH),—H PO,
system, in order to elucidate the phase
transformations and the nature of the
final solid phases, shows that over much
of the range of compositions studied
the initial precipitate is poorly crystal-
line; the x-ray pattern resembles that of
strontium hydroxyapatite but has a
strontium:phosphorus molar ratio close
to 1.3. Within 1 hour the initial precipi-
tate changes to a stable crystalline
phase (or phases), with corresponding
change, either up or down, in the stron-
tium:phosphorus ratio. At high ratios
of SKOH), to H;PO, the initial pre-
cipitate is Sry(PO,)y4H,0, which then
converts to a phase having the x-ray
diffraction pattern of strontium hy-
droxyapatite, but having a strontium:
phosphorus ratio that depends some-
what on the initial ratio of Sr(OH), to
H PO, used in the precipitation.

In studying the titration curve of
strontium hydroxide versus phosphoric
acid at 38°C, Holt, Pierce, and Kajdi
(1) found that, when less than one
equivalent of strontium hydroxide was
added, the curve of pH versus amount
of Sr(OH), was the normal acid-base
titration curve; but when more than one
equivalent was added precipitation oc-
curred. The curve of pH versus equiv-
alents of strontium hydroxide showed
one plateau just beyond one equivalent,
another between two and three equiv-
alents. The molar ratio of Sr:P in the
solid changed from 1.0 at one equiva-
lent to 1.53 at three equivalents of
strontium hydroxide.

Their characterization of the solid
phase was based on only chemical and
microscopic analyses and their under-
standing of the nature of the various
precipitates was consequently incom-
plete. When two new strontium. phos-
phate phases were discovered (2), I
tried to clarify the relation between the
various solid phases by systematically
investigating the Sr(OH),~H,PO, titra-
tion curve, with x-ray diffraction analy-
ses of the solids.

The titration data were obtained by

" the method of Holt ef al. (). Various

amounts of Sr(OH), were added to
100-ml  solutions containing 0.002
equivalents of H,PO,; each solution
was diluted to 200 ml and each reaction
flask was sealed and placed on a shaker.
One series of experiments was carried
out at 24° = 1°C (except for a rise to
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