
validity of the claim by Wilcox et al., and 
to seek a physical explanation." 

What does one conclude from all of 
the above? The results of the past cen- 
tury suggest that a certain caution would 
be very appropriate. The one statement 
that I would make with complete con- 
viction is that this appears to be an inter- 
esting subject that should be vigorously 
pursued. 

Summary 

If there is indeed an effect of the vari- 
able sun on the weather, the physical 
cause for it remains quite elusive (12). 
We should keep in mind the possibility 
that there may be several causes and 
several effects. The situation may 
change through the 11-year sunspot cycle 
and the 22-year solar magnetic cycle, as 
well as on longer time scales. 

Work is proceeding at a lively pace at 
the institutions mentioned in this article 
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and at many others around the world. 
The Soviet Union has long had consid- 
erably more workers interested in this 
field than has any other country. A bilat- 
eral agreement between the Soviet 
Union and the United States has consid- 
erably increased the interactions be- 
tween workers interested in this subject, 
including an exchange of extended visits 
between the two countries. 

A detailed knowledge of solar causes 
of geomagnetic activity is only now be- 
ginning to emerge after many years of 
scientific efforts. This suggests that a 
possible successful solution to the sun- 
weather problem will require a similar 
magnitude of effort. We look forward 
with interest and optimism to the results 
of the next few years. 
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When a solute is added to a pure sol- 
vent to form a solution, some properties 
of the solvent are altered. In what way 
does the solvent in .the solution differ 
from the pure solvent? To answer this 

question I shall examine here those prop- 
erties of a solution which differ from 
those of the pure solvent and are known 
as the colligative properties. Four of 
these properties which can be measured 

experimentally are (i) the osmotic pres- 
sure, (ii) the lower vapor pressure, (iii) 
the lower melting temperature, and (iv) 
the higher boiling temperature. "Colliga- 
tive" refers to those properties that de- 
pend on, or vary as a function of, the 
number of solute molecules in solution 
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and not on the nature of the molecules. 
What reasonable physical explanation 
can be proposed for these changes which 
depend only on the number of mole- 
cules? 

One virtue of thermodynamics is that 
it provides quantitative relationships be- 
tween the colligative properties. This 
success, however, may have hindered 
the search for an explanation since ther- 
modynamics describes relationships be- 
tween pressures, volumes, temperature, 
and numbers and species of molecules in 
different phases without regard for the 
mechanisms underlying these relation- 
ships. Thus, from the first and second 
laws of thermodynamics one can, when 
dealing with homogeneous solutions, de- 
duce that the chemical potential of the 
solvent depends on the temperature and 
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external pressure to which the solution is 
subjected and upon the mole fraction of 
the solute. Suppose we ask what the 
change in chemical potential of a solvent 
is when the temperature is changed by 
dT, when the externally applied pressure 
is changed by dp, and when the mole 
fraction of solute is changed by dx2 (the 
subscript 1 denotes solvent in solution, 
and the subscript 2 denotes solute). The 
basic thermodynamic statement that can 
be made about these changes is that the 
change in the chemical potential of the 
solvent, dt,, in a homogeneous solution 
is given by 

dL = - SldT + Vldp + dx2 (1) 
aX2 

where S1 is the partial molar entropy of 
the solvent, V1 is the partial molar vol- 
ume of the solvent, and x2 is the mole 
fraction of solute, which is the ratio of 
the number of moles of solute (N2) to the 
number of moles of solute plus solvent 
(N2 + N1). Since we are here concerned 
only with changes induced by adding 
solute to a solvent, we can simplify this 
thermodynamic statement by limiting 
our attention to the situation in which the 
solvent is subjected to no change in T or 
p. Thus, we are left with the statement 
that the change in /, in a homogeneous 
solution is given by 
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Al1 = f dl dx2 J dx2 
o 
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Equation 2 is a valid thermodynamic 
statement for a homogeneous solution, 
but it does not reveal what physical prop- 
erty of the solvent has changed. In many 
applications one may not wish to explain 
the change. However, as I shall demon- 
strate below, a reasonable explanation is 

provided by an elementary consideration 
of the thermal motion of the solute and 
solvent molecules. This kinetic ex- 
planation applies, at least in principle, to 
the colligative properties of real hetero- 
geneous concentrated solutions of mac- 
romolecules. Furthermore, thermody- 
namic statements can be correctly ap- 
plied to solutions only when one knows 
what property (or properties) of the sol- 
vent is altered by the introduction of 
solute. 

In a solution composed of N1 moles of 
solvent and N2 moles of solute that do 
not dissociate or chemically combine 
with solvent molecules, the magnitude of 
each of the colligative properties varies 
with (N2/N1). For a dilute, ideal homoge- 
neous solution the osmotic pressure 
(Fig. la) is 

RT N2 

V, N1 

Solvent Tension, the Crucial Point 

In an effort to find this explanation, let 
us consider a thought experiment which 

Noyes proposed in 1900 (1). The essence 
of Noyes' experiment is revealed by 
comparing osmometers 1 and 2 in Fig. 2. 
The solute concentration in both os- 
mometers is the same and is equal to 
C2' = (N2/Ve). The molar concentration 
of the solute in this ideal solution is 
C2 = (N2/Vs), where V -= Vt + V2 and 
where V, and V2 are, respectively, the 
volumes of solvent and solute before 
combining. The rigid semipermeable 
membrane for osmometer 1 has been 
placed at the level z = 0, the level of the 
free surface of the pure solvent. The 

a Osmotic pressure 

Pa = [T = -pa = (3) 

where R is the gas constant and T is the 
absolute temperature; the vapor pres- 
sure (Fig. lb) is lowered according to 

in(l + AP1) = N2 
Pve ' N, 

(4) 

where Ap,,v = Pvii - Pve, and pvi, and pvt 
are the vapor pressures of the solution 
and the solvent, respectively. Corre- 
sponding equations for changes in the 
other colligative properties are discussed 
below. Even when the solute molecules 
dissociate into ions or hydrate, these 
equations remain valid if N2 is defined as 
the number of moles of ions or hydrated 
solute molecules and N1 is the number of 
moles of uncombined solvent molecules. 
As the concentration increases, and espe- 
cially when macromolecules are in- 
volved, there is an accelerating increase 
in the colligative values which can be- 
come very large. But even so, quan- 
titative relationships persist between all 
the colligative properties. For example, 
if the measured osmotic pressure, exp, 

greatly exceeds (RT/V1)(N2/N1), one 
may accurately compute the other col- 
ligative properties by replacing (N2/N1) 
with IlexpVi/RT in the above formulas. 
The simple fact that there are quan- 
titative relationships between these four 
experimental properties of a solution un- 
der all conditions suggests that they have 
a common explanation. 
21 MAY 1976 

Tllm Tm 

TIm = TIIm - Tm 

height of the column of solution shown in 
osmometer I is the equilibrium height h. 
The semipermeable membrane in os- 
mometer 2 has been placed a small dis- 
tance Ah below the level h. A column of 

pure solvent extends from the membrane 
to the basin below. The weight of the 
column between the membrane and 
z = 0 induces a tension ATr in the pure 
solvent immediately below the mem- 
brane which is given by 

AT- = pfg(h - Ah) (5) 

where g is the acceleration of gravity and 
pe is the density of the pure solvent. As 
Ah becomes negligible, ATr at h becomes 
Are(h) = pfgh. 

Since ATn below the membrane is in 

I b Lowered vapor pressure 

pvII 

A ;PV H K 1 PP ,.Q 

??? p-? 

pCPl VI v 

d Raised 
'P . ..- .1 -,a t m. 
. 

. 
', 

... .: . i'.: 'l: . ;.-".-".'.'- ! '5" 

boiling point 
pv -. 'l..--atm. 

''.": ' .'.' il:': : 

T -lb Tb 

ATflb 
= 

TI1b - Tb 

Fig. 1. Four colligative properties of a dilute, ideal homogeneous solution containing N2 moles 
of solute in N, moles of solvent: (a) osmotic pressure, as given by Eq. 3, where Pa is the applied 
pressure and Ta is the applied tension; (b) lowered vapor pressure Apvn as given by Eq. 4; (c) 
lowered melting temperature ATnm, as given by Eq. 31; and (d) elevated boiling temperature 
ATIib, as given by Eq. 32. 

h 

z 

0 

1 2 3 

p vl(h ) 2(h). c2(h) =Ah c2h) 

C2 

P v lo) 

[I Solvent vapor 

EI Solution 

- 
Liquid solvent 

Membrane 

Fig. 2. The role of solute concentration at the free surface is indicated by the three osmotic 
columns at equilibrium in a gravitational field. The solutions are retained above a rigid, 
semipermeable membrane by an upright cylinder. The upper surfaces of the solutions are 
exposed only to the vapor pressure of the solvent; T is constant. At equilibrium the upper 
surface of the solution assumes a height h. For osmometers 1 and 3 the membrane is at the level 
of the pure solvent surface, and in osmometer 2 the membrane is located a distance Ah below 
the surface of the solution. The solutions in osmometers 1 and 2 are the same, and the solute 
distribution is homogeneous since P2 = P. In solution 3, p2 > pi and at equilibrium the osmotic 
concentration at h, c2'(h), is the same as c2'(h) for the solutions in osmometers 1 and 2. The 
solute concentration c2'(z) increases exponentially with decreasing z and is greatest at the 
membrane in osmometer 3 in a gravity field. 
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equilibrium with the thin layer of solution 
above the membrane, II for this solution 
must be 

H = ATe(h)= pegh 

Vapor 

Rigid separator 

(6) 

Furthermore, since C2' = (N2/Ve) for os- 
mometers 1 and 2, then H in osmometer 
I must also be II = pegh. 

Should there be any doubt about this 
conclusion, one need only consider an- 
other important fact that Noyes included 
in his treatment (1). The Noyes experi- 
ment must be considered as an equilibri- 
um experiment at constant T. There is no 
convection in the solvent vapor above 
the pure solvent in the basin or above the 
solution in osmometers 1 and 2. In this 
circumstance and in a gravity field there 
is a distribution of vapor above the pure 
solvent in the basin which is described 
by the Boltzmann distribution; that is, 
the vapor pressure at the distance z is 

11t!IZ 

Pv(z) = Pv(0) e T- T (7) 

where mi is the mass of a solvent mole- 
cule, k is the Boltzmann constant, and 
pv(0) is the vapor pressure of the pure 
solvent at z = 0 and temperature T. Now 
the vapor pressure of the solution at h 
and immediately above the solution in 
osmometers 1 and 2 must be exactly the 
same as 

pv(h) = v(O)e- 7T (8) 

If this were not true, there would be a 
continual net distillation of vapor be- 
tween the solution surface and the pure 
solvent surface. This process is forbid- 
den since, if it occurred, one could ex- 
tract work from it as solvent would flow 
in a perpetual circuit. This conclusion 
about the vapor pressure at the surface 
of the solution has important implica- 
tions. 

I have deduced above that the solution 
in osmometer 2 is in equilibrium with 

pure solvent which is under a tension 
pegh below the membrane. We now in- 
quire how much this tension lowers pv of 
the pure solvent at this level. The answer 
is given by a thermodynamic statement 
known as the Poynting relation (Fig. 3). 
The equilibrium vapor pressure of a li- 
quid at a constant T is changed by a 

change in its tension dTe, by an amount 

Ve7re - Vvdpv (9) 

where Ve is the molar volume of the 
liquid solvent, Vv is the molar volume of 
the solvent vapor, and dpv is the change 
in vapor pressure. In the Noyes experi- 
ment, for osmometer 2 in Fig. 2, the 
change in tension in the pure solvent 
from z = 0 to h is Te(h) - Te(0) = pgh. 

Liquid 

Tconstant 

. . Pressur . . 

I I 

I' Tension 

Fig. 3. The equilibrium vapor pre 
liquid at constant T is changed by a 
the pressure, dpe, or a change in t] 
dr = - dpe, of the liquid accord 
Poynting relation (Eq. 9). The char 
dre are caused by changes in the ap 
sure or tension dPa or dTa. The rigic 
in this apparatus is a liquid barrier 
vapor barrier. 

Therefore, the change in p, of 
solvent and also the difference 
the vapor pressure at the surfa 
solution and the vapor pressu 
surface of the pure solvent mu 

cording to the Poynting relatior 

Te(h) Pv(h) 

e Ved, - I 1 

rT(O) Pv(O) 

Vvdp, 

If Ve does not vary with Te, 

integral is equal to Vepegh; s 
miNA, the left integral 

miNAgh, where NA is Avogadi 
ber, the number of molecules 
To integrate the right side, let u 
that the solvent vapor obeys the 
law, that is, pVv = NRT, where 
volume of the vapor and R 
cording to this law, Vv is giver 

v = V kNAT 
N Pv 

and the right integral becomes 

Pv(h) 

-kNAT f dp 

p v(O) 

Therefore, according to the Po. 
lation and only if Are at h is pegi 
equate these two integrals and 

pv(h) = pv() e T- 

This is precisely the same equ 
the vapor pressure at h as that 
as indeed it must be. Noyes 
remarkable deduction that I 
mometers 1 and 2 must equal 
column of pure solvent of heig 
is, II = pegh. Moreover, only 
assigned this value will the i 

750 

solution at the surface h exactly match 
-_ pv (h). Even if the vapor is not an ideal 

Vv, pv gas, its effect upon the Poynting relation 
and the Boltzmann distribution will be 
the same so that the pv of the solution at 

Vj, Pa or Ta h always equals pv(h). If the solvent is 
compressible and Ve varies with pres- 
sure, h will be a little higher but the 
equality of the vapor pressures will re- 

e main the same. 
Hulett, in 1902, used these deductions 

to suggest that the solvent in the solution 'ssure of a 
I change in osmometer 2 was under the same AT 
he tension, as the pure solvent just on the other side 
ing to the of the membrane, that is, AT1 = Ar(h) 
iges dpe or (2). He also suggested that this same Ar, 

Jiseparator applied to the solvent in the solution at h 
r but not a in osmometer 1 and, indeed, accounted 

for the appropriate lowering of the pv at 
the surface of the solution. Hulett further 
suggested that the tension in the solution 

the pure was induced by the thermal pressure of 
between the solute molecules exerted at the sur- 

ice of the face of the solution. As we shall see later 
re at the on, this latter suggestion of Hulett's re- 
st be, ac- quires clarification. 
n, With rare exceptions (3, 4), Noyes' 

deductions regarding the colligative prop- 
erties of a solution and Hulett's sug- 

v (10) gested explanations have been ignored 
or rejected as invalid. Perhaps the indif- 
ference to these important deductions the left 
can be attributed to the fact that for a 

ince Vepe 
homogeneous solution in osmometer 1 

Iequals the density of the solution Ps may be the 
ro's num- 

same as pe. For example, if p, = 
p2, and 

per mole. if Vs = - V + V, then ps and pe are equal is assume 
so that H becomes equal to psgh, but 

ideal gas 
V is the only for this special solution. 
Vv is the 

On the basis of the evidence presented kNA. Ac- 
above, one cannot decide whether the 
osmosis of an ideal homogeneous solu- 
tion is to be attributed to the solute at the 
membrane or at the free surface. In a 
number of conventional hypotheses it 
has been suggested that the effect of the 
solute on the solvent at the membrane 
induces osmosis: (i) Solute molecules are 
said to have an affinity for solvent mole- 
cules (an association caused by strong 

(12) long-range adhesive force between so- 
lute and solvent), and by virtue of this 

ynting re- affinity solvent is drawn across the mem- 
h, we can brane until the hydrostatic pressure of 
find that the solvent above the membrane is suf- 

ficient to oppose this affinity. (ii) Solute 
molecules are said to lower the activity 
of the solvent so that the solvent diffuses 

nation for from below the membrane, where its 
in Eq. 8, activity is higher, to above the mem- 

made the brane until the hydrostatic pressure of 
1 in os- the solvent above the membrane fully 

Ar in a opposes this diffusion down an activity 
:ht h; that gradient. (iii) Solute molecules are said 
y if H is to lower the concentration of the solvent 
ov of the above the membrane, and also in this 
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case solvent diffuses down a concentra- 
tion gradient until opposed by a hydro- 
static pressure. In still other more sophis- 
ticated suggestions on how solute alters 
the solvent at the membrane it is as- 
sumed that the effect of the solute is 
proportional to the concentration of the 
solute at the membrane. Only Hulett (2) 
attributed osmosis to the concentration 
of the solute molecules at the free sur- 
face of the solution. Since the concentra- 
tions at the surface and at the membrane 
are equal in a well-stirred or homoge- 
neous ideal solution, one can only state a 
preference from among an assortment of 
explanations for osmosis. 

If the osmotic pressure of the solution 
in osmometer 3 (Fig. 2) is compared with 
that in osmometer 2, the choice of ex- 
planations for osmosis is narrowed. The 
concentration of the solution at h in os- 
mometer 3 was chosen to be exactly the 
same as in osmometers 2 and 1, that is, 
c.'(h) = C,'. Since the solute concentra- 
tion at the upper surface is the same in all 
three osmometers and since the upper 
surfaces of all solutions are at the same 
height h, they all must have the same n 
and they all must have the same p at the 
surface, according to Noyes' deduc- 
tions. The only difference between solu- 
tions 3 and 1 is that in solution 3 the 
solute molecules are much more dense 
than the solvent molecules, p2 > pe, so 
that in a gravity field the solute mole- 
cules at equilibrium are distributed ac- 
cording to Boltzmann's formulation 

n12 t'YZ 

c2'(z) = 2'(0) e kr (13) 

where m2'g is the net weight of a solute 
molecule given by 

m2'g =m2(1 - 
p2)g (14) 

where m2 is the mass of a solute mole- 
cule. The solute concentration in os- 
mometer 3 is least at h where it exactly 
equals the homogeneous concentration 
of solution 1, and it increases to its great- 
est concentration at the membrane. Of 
course, the total number of solute mole- 
cules is greater in osmometer 3 than in 
osmometer 1 and the number of solvent 
molecules is less. The solute concentra- 
tion at h in osmometers 1 and 2 is unique; 
it is the only concentration at equilibrium 
that will (i) maintain the solution surface 
at h, (ii) lower pv to the required value, 
and (iii) ensure that II = pegh. Likewise, 
it is the only equilibrium solute concen- 
tration at height z = h in osmometer 3 
that will ensure thatpv above the surface 
of solution 3 equals the pv above pure 
solvent at h. The fact that both n and Pv 
of the solution in osmometer 3 must be 
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the same as in osmometer 1 invalidates 
any explanation in which II is attributed 
to the concentration of solute molecules 
at the membrane and at the same time 
the lowering of pv is attributed to the 
solute concentration at the surface. 
Clearly, only the solute concentration at 
the free surface in all three osmometers 
relates proportionally to both the fI and 
pv; and clearly the effect of the solute 
molecules upon the solvent at h has ex- 
actly the same effect upon pv of the 
solution as would the application of a 
tension of AT = H to the pure solvent, as 
Hulett clearly recognized (2). 

There is still another argument which 
enhances the plausibility of Hulett's sug- 
gestion by rendering the alternatives im- 
plausible. Since p alters pv of the solvent 
in a solution, it is the usual custom to 
state or imply that pv(h) is the solvent 
pressure at the surface of the solution. 
The solvent pressure then increases be- 
neath the surface as peg(h - z) in os- 
mometer 1 of Fig. 2. This ignores the 
solvent tension of the surface; so it must 
be presumed that the pv of the solvent in 
the solution is lowered by some other 
effect of the solute upon the solvent. 
Now all real solvents are compressible 
or expansible to some extent; therefore, 
the solvent in the solution in osmometer 
1 would be compressed somewhat by its 
own weight. On the other hand, the pure 
solvent beneath the membrane in column 
2 is subjected to increasing tension, pegz, 
and therefore it is expanded somewhat. 
If we compare columns of osmometers 1 
and 2, we must conclude that column 2 is 
somewhat taller than column 1 because 
of the compression of the one solvent 
and the expansion of the other. But this 
leads us to the erroneous conclusion that 
two solutions of identical concentration 
can be at equilibrium with two different 
pv values, a lower pv above the solution 
in osmometer 2 than in osmometer 1. 
Hulett's suggestion avoids this difficulty 
by the simple expedient of assigning 
equal Ar1 to the solvent in columns 1 and 
2 and therefore equal expansion and 
equal lowering ofpv at all values ofz. As 
I have shown above, this assignment of 
Ari to the solvent also ensures an exact 
match with the pv at any z above pure 
solvent in a gravitational field. The les- 
son to be learned from these consid- 
erations is that one cannot equate the 
pv(h) applied at the surface with the sol- 
vent pressure at the surface of the solu- 
tion and then presume that the pv of the 
solvent in the solution is lowered by 
some other effect of the solute upon the 
solvent. What follows is an attempt to 
develop Hulett's suggestion and to ascer- 
tain how ATr is induced. 

Kinetic Model for the Induction of 

Solvent Tension 

My hypothesis is based on the fact that 
all molecules in a pure solvent as well as 
all molecules in a solution are in thermal 
motion. Binding forces exist between all 
molecules in the pure solvent and in the 
solution, and these forces are strong 
enough so that most of the molecules are 
retained in the liquid phase at room tem- 
perature. All molecules exert a force at 
any boundary when they are reflected, 
and this force is perpendicular to the 
boundary and equals the change of mo- 
mentum perpendicular to the boundary 
per unit time. The extent of this force per 
unit area of boundary surface is the ther- 
mal pressure p, which, according to my 
hypothesis, is taken to be 

p = CRT (15) 

where C is the molar concentration of 
solute or solvent molecules. 

In pure solvent, the pressure exerted 
by the thermal motion of those solvent 
molecules that are reflected from the free 
surface of the solvent is 

Pe = CeRT (16) 

where Ce is the molar concentration of 
pure solvent, that is, Ce = (Nl/Ve), the 
number of moles of solvent in a unit vol- 
ume of liquid solvent. Also Ce is equal to 
the reciprocal of the molar volume of 
pure solvent, Ce = (I/Ve). For pure wa- 
ter Pe would be 1260 bars at 0?C. Clearly 
something must be opposing this very 
large pressure. The binding forces be- 
tween the solvent molecules oppose the 
thermal pressure. In other words, the 
pure solvent is under a tension at its sur- 
face equal to 

(17) 
RT 

Ve 

At any depth beneath the surface the ten- 
sion would be less by the weight of the 
pure solvent per unit area. A gas bubble 
in the pure solvent would not expand, 
since re in the pure solvent is canceled by 
Pe at the common boundary with the 
bubble. Indeed, if the radius of the 
bubble r is small, the gas in it will be un- 
der an additional pressure (2o-ev/r), 
where cev is the surface tension of the liq- 
uid with respect to the vapor in the 
bubble. 

Next, we inquire about the pressures 
and the opposing tension in a homoge- 
neous solution where N2 moles of solute 
have been dissolved in N, moles of 
solvent. Before combining, the volume 
of N, moles of solvent was Ve and the 
volume of N2 moles of solute was V2. Af- 
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ter combination, the volume of the solu- 
tion is Vs = NIV1 + N2V2. The molar 
concentration of the solute is 
C2 = (N2/Vs), and the molar concentra- 
tion of the solvent is Cl = (N1/Vs). The 
thermal pressure exerted by the solvent 
molecules at the boundary of the solu- 
tion is, according to the hypothesis pres- 
ented here, 

P1 = CIRT (18) 

and the pressure exerted by the solute 
molecules is P2 = C2RT. The total force 
exerted on a unit area of the solution sur- 
face is (p1 + P2). Now we inquire about 
the Tm in the solvent which opposes this 
force. We shall assume that the solute 
molecules are not excluded from the sur- 
face zone of the solution. In this case, 
the fraction of a unit area of surface in a 

homogeneous solution that is pure 
solvent is the fraction of the total volume 
that is solvent, that is, (N1Vl)/ 
(N1Vl + N2V2). Therefore, the solvent 
tension in the solution is the force ex- 
erted on a unit area of solution divided 

by the fraction of the area that is solvent, 
or 

(P + P2) 

N,V,/(N,Vl + N2V2) 

(C1RT + C2RT) Vs (19) 
N1V1 N,V, 

An illustration may help to clarify this im- 

portant conclusion. 
Figure 4 is an instantaneous view of 

the positions of molecules in thermal mo- 
tion: molecules in the surface zone of 

pure solvent are depicted in Fig. 4a, and 
molecules near the surface of the solu- 
tion are shown in Fig. 4c. The binding 
forces between the molecules are also de- 
lineated. Solute molecules are similarly 
depicted in Fig. 4b. Imagine that the so- 
lute molecules, the solid circles in Fig. 
4c, are near the surface but are con- 
strained from exerting the force P2 on a 
unit area of solution surface. Suppose 
that this imagined constraint renders 

p2 = 0 so that rT becomes simply 
(RT/V1) or essentially the same as re in 

Fig. 4a. The mere presence of the solute 
molecules near the surface has no effect 
on the solvent or on Tr or pv if V1 does 
not differ from Ve. Now, when the solute 
molecules exert their thermal force p2 on 
a unit area of solution surface, then T1 in 
the solution exceeds re in the pure 
solvent by 

AT1 = - T 7 = 

(C1RT + C2RT) 

- CRT (20) 
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from which we deduce that the enhanced 
solvent tension in a homogeneous solu- 
tion is 

A1= RTN2 + R T - (21) 
V, N, V, Ve 

In this derivation I have used the sim- 
plest assumption, namely, that the solute 
molecules are not excluded from the sur- 
face zone and that they are present there 
in the same proportion as the solvent vol- 
ume is to the total volume in a homoge- 
neous solution. If for any reason the so- 
lute molecules are near but excluded 
from the surface layer, then at the level 
below the surface where they are reflect- 
ed they exert a force P2 which sums with 
p,. The tension induced in the solvent is 
this total force divided by the portion of 
a unit area at this level that is solvent. In 

-1 (P1 + P2) 

Vs = NlV1 + N2V2 

Fig. 4. Origin of the enhanced solvent tension 
in a solution, a thermal kinetic hypothesis. (a) 
Pure solvent, N1 moles of volume Ve; peequals 
the force exerted by the thermal motion of the 
solvent molecules per unit area of surface; re is 
the opposing tension throughout the solvent 
where Te = Pe = CeRT and Ce = N1/Ve is the 
molar concentration of the pure solvent. (b) 
Solute, N2 moles of volume V2. (c) Homoge- 
neous solution with the assumption that so- 
lute molecules are not excluded from the sur- 
face zone; pi is the force exerted by the 
thermal motion of the solvent molecules per 
unit area of solution surface, p, = C1RT, 
where C1 = N1/Vs, the molar concentration 
of solvent; P2 is the force exerted by the 
thermal motion of the solute molecules per 
unit area of solution surface, P2 = C2RT, 
where C2 = N2/Vs. The total thermal force 
exerted by solute and solvent molecules per 
unit area of solution surface is (P1 + P2). The 
tension in the solvent, r1, which opposes this 
force is the total force divided by the area of 
the solvent per unit area of solution surface. 
The fraction of the solution surface which is 
solvent is [N,V,/(N,V, + N2V)], that is, the 
volume fraction of the solution which is 
solvent. Thus, the solvent tension is given by 
Eq. 19, and the opposing enhanced tension in 
the solvent is given by 

AT1 T1 -e = 
RT 

N, ( 1 1 )RT 
V1 N1 V1 Ve 

If the molar volume of pure solvent, Ve, equals 
the partial molar volume of solvent in the solu- 
tion, V1, as in an ideal solution, then the en- 
hanced solvent tension is given by Eq. 22. 

this case as well, the enhanced tension is 
given by this same relation. 

If we consider an ideal solution, one 
for which Vs = Ve + V2, then V, = Ve 
and Ar1 is 

AT RT N2 

v- N1 
(22) 

If for any reason the solute molecules ex- 
ert a force in addition to their thermal 
force, ArT may exceed (RT/V1) (N2/N,) 
in an ideal solution. For example, if the 
solute molecules are very large or are 
highly concentrated, they may exert a 
mechanical force on the boundary as 
well. Or, if each solute molecule were an 
electric (or a magnetic) dipole, then in an 
electric (or magnetic) field gradient of ap- 
propriate sign each solute molecule 
would exert a force in addition to the 
thermal force at the surface and Ar1 may 
exceed the magnitude given in Eq. 22. 

Osmotic Pressure 

The development presented above has 
led to the deduction that the thermal mo- 
tion of solute molecules in a dilute, ideal 
homogeneous solution induces no effect 
on the solvent other than to enhance the 
tension in the solvent by an amount giv- 
en in Eq. 22. Now the question arises, is 
AT1 a reasonable explanation for the four 
colligative properties of the solution? 

Indeed, I have already shown that on- 
ly an explanation in which fI and pv of 
the solution are attributed to the concen- 
tration of the solute molecules at its free 
surface, at equilibrium, can be valid. Fur- 
thermore, I have shown that the n of a 
solution (Fig. la) must exactly equal an 
opposing AT in the pure solvent below 
the membrane. Therefore, it is only nec- 
essary to state that II, at equilibrium, 
equals ArT induced in the solvent by the 
thermal force or other force exerted at 
the surface of the solution. So for an 
ideal homogeneous solution, as in os- 
mometer 1, Eq. 3 holds if a thermal force 
is exerted at the surface. In this equation 
N2/N1 is the mole ratio of solute mole- 
cules, ions, colloidal particles, or what- 
ever other solute, to solvent molecules, 
all in unrestricted Brownian motion. 
Now NiVY is the volume of the solvent, 
Ve in the ideal solution. I shall define the 
osmotic concentration of the solution, 
C2', to be C2' = N2/Ve, the number of 
moles of solute in a liter of solvent. For 
an aqueous solution, this definition ap- 
proximates the definition of a molal solu- 
tion since a liter of water weighs nearly a 

kilogram and ATr and 1I in a dilute aque- 
ous solution are proportional to the mo- 
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lal concentration. If the solution is not 
ideal, for example, V, < Ve + V2 as is of- 
ten the case for an aqueous solution, 
then N2V2 may be much less than V2 
even though N1V, may be more than Ve, 
that is, V1 > Ve. In this case Ai, and H 
will be less than for an ideal solution and 
will be proportional to some concentra- 
tion between a molal and a molar concen- 
tration. 

Vapor Pressure 

The Poynting relation for pv (Fig. lb) 
for the solvent in a solution is like Eq. 9, 
that is, 

VldT = - Vvdpv 

For a dilute, ideal homogeneous solu- 
tion, the integral of the left side of the 
Poynting relation is 

I V1drT = RT N2 (23) 

Tt 

If the vapor behaves like an ideal gas, 
then 

pvn 

RT N2 _ -RT dpv (24) 
N1 Pv 

ve 

where Pve is the vapor pressure of the 
pure solvent and pvn is the vapor pres- 
sure of the solution, and 

en Pv =- N2 (25) 
Pve N1 

Equation 25 was derived by assuming 
that the AT1 in the solvent of the solution 
is the cause of the lowered vapor pres- 
sure of the solution, Apvn. Since 
LPvn = Pvn - Pve, Eq. 25 is the same as 
Eq. 4, and the lowerpv of the solution is 
to be attributed to Ari. 

One interpretation of an ideal solution 
is that the forces between the like and un- 
like molecules are the same magnitude 
so that Vs = Ve + V2. In an ideal solu- 
tion for which both solute and solvent 
are volatile, the ratio of the molar 
amounts of solvent vapor to solute vapor 
above the solution may be the same as 
the ratio in the solution, that is, N1/N2. 
In this case, 

Pv1/Pv2 = N1/N2 (26) 

Also in this case, the vapor pressure of 
the pure solvent, Pve, will be the same as 
the vapor pressure of the pure solute. 
Likewise, in this case 

P'T = Pv, + Pv (27) 
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Fig. 5. Melting temperature lowered by solvent tension. Cylinder 1 contains water separated 
from its vapor by a rigid porous membrane. Cylinder 2 contains solution with a free surface and 
separated from the solvent by a semipermeable membrane. Cylinder 3 has a fixed ice surface. The 
three cylinders are connected and have the same vapor pressure. Solvents in cylinders 1 and 2 
are under applied tension Ta. At the freezing point the vapor pressure from the tensile water 
matches that of the ice. 

Combining these two equations, we ob- 
tain 

N1 PPvPve = N+ xl (28) 

This statement is Raoult's law. A stan- 
dard solution is defined as one that obeys 
Raoult's law. Thus, an ideal solution for 
which Vs = Ve + V2 will also be a stan- 
dard solution, when Pv,/Pv2 = Nj/N2, 
and will obey Raoult's law. 

Melting Point 

An understanding of the lowered melt- 
ing point (Fig. lc) is based on the effects 
of T and p upon the vapor pressures of 
the liquid and solid phases of the solvent, 
PYrie and Pvlls, respectively, in the solu- 
tion. These effects are precisely deter- 
mined by thermodynamic statements. The 
effect ofp at constant T is given by the 
Poynting relation, and the effect of T is 
given by the Clapeyron equation. If the 
vapor of the solvent behaves like an ideal 
gas, then the effect of temperature upon 
Pvie and pvris in the solution is given by 
the Clausius-Clapeyron equation. For 
equilibrium between the liquid and its 
vapor, the relationship is 

d enpv _ AHev (29 dTnp~ - (29) 
dT T2 

where AHev is the molar enthalpy from 
liquid to vapor, that is, the heat of vapor- 
ization per mole. A similar relation ap- 
plies to the solid phase where AHsv is the 
molar enthalpy from solid to vapor, that 
is, the heat of sublimation per mole. 

The conditions required to establish an 
equilibrium between the pv of the solid 

phase and the liquid phase of the solvent 
in the solution contained in cylinder 2 
above the rigid semipermeable mem- 
brane are shown in Fig. 5a. One condi- 
tion for equilibrium is that a downward 
force be applied to the frictionless pis- 
tons in cylinders 1 and 2 such that 
solvent will not flow through the mem- 
brane in the middle cylinder and such 
that the vapor pressure of the solvent in 
cylinder 1,pv,,, will matchpvn. The down- 
ward forces on these two pistons must be 
the same for all temperatures. The result- 
ing change in p from the vapor pressure 
of the pure solvent subject only to its 
own vapor pressure, pve, must be the 
negative value of the osmotic pressure of 
the solution, that is, 

H = Ta + Pveo 
= AT1 = 

RT N2 _ RT en Pve 
V1 N1 V1 PveO 

(30) 

where Ta is the downward tension ap- 
plied by the pistons, andpve is the vapor 
pressure of the solvent in the solution 
and the pure solvent in both cylinders 
subject to the applied tension Ta. 

The other condition for equilibrium is 
that the T of the solution and all phases 
of the solvent must be that at which pvso, 
the vapor pressure of the frozen solvent, 
subject only to its own vapor pressure, in 
cylinder 3, equals pve in cylinder 1. This 
is a unique T, that at which a crystal of 
solvent in the solution is also at equilibri- 
um with the solution. Figure 5b indicates 
graphically how this T can be predicted. 
The line labeled Pve is the integral form 
of the Clausius-Clapeyron equation for 
liquid solvent subject to its own Pv only. 
The line labeled Ta is the vapor pressure 
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of the pure solvent as a function of T and 
subject to a tension Ta. This line, of 
course, applies to the pure solvent in cyl- 
inder 1 as well as to the solvent below 
the membrane in cylinder 2; the line also 
applies to the solvent in the solution, 
which is, by my hypothesis, under an en- 
hanced tension ArL = 11 which opposes 
the p of the solute molecules exerted at 
the surface of the solution. The line la- 
beled vs,, applies to the frozen solvent in 
cylinder 3 and also to the crystal in the 
solution. There the crystal is subject to 
the same p from the combined thermal 
motion of the solute and solvent mole- 
cules as it would be in pure solvent 
where its melting temperature is Tm. The 
unique temperature T,m, illustrated 
graphically, is the only temperature at 
which the vapor pressure of the crystal 
equals the vapor pressure of the solvent 
in the solution subject to the enhanced 
tension 1. Therefore, T,nm is the melting 
point of the solution and is lower than Tm 
by the amount 

Trlm Tm (31) 
RTm N, 

1+ 
AH,s N1 

where AH,s is the molar enthalpy for the 
phase transition from liquid to solid, that 
is, the heat of fusion per mole. For one 
mole of a solute which does not dis- 
sociate or hydrate in 1000 milliliters of 
water, ATrlm = Trm - Tm = 1.8556?K. 

Thus, the lowering of the melting point, 
like the other colligative properties, is at- 
tributable to the enhanced tension in the 
solvent induced by the thermal pressure 
of the solute molecules exerted at the 
free surface of the solution. 

In this derivation of the melting tem- 
perature of a crystal of frozen solvent in 
a solution, it has been assumed that all ra- 
dii of curvature at the surface of the crys- 
tal are large, that is, much greater than a 
micrometer, and it has also been as- 
sumed that (p2 + P1) does not differ from 
pe so that the crystal could be treated as 
though it were a large bubble or outside 
the solution. The only additional pres- 
sures to which the crystal is subjected 
are the pressure of the vapor above the 
solution and the gravity pressure of the 
solvent, both of which may be only a few 
centimeters of water or millibars. If the 
radius of curvature of an edge of the crys- 
tal were small, a condition that could de- 

velop if T should drop below Tnm so that 

growth at an edge is started, then there is 
an added pressure applied to the crystal 
edge which is 2oes/r, where r is the radi- 
us of the growing surface and res is the 
surface tension of the liquid with respect 
to the solid phase of the solvent. For wa- 
ter and ice, cres - 20 dynes per centime- 
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ter at 0?C. For a growing surface whose 
radius is 1 micrometer, the applied sur- 
face pressure would be 0.4 bar. At this 
surface the pressure would be Ps,, + 0.4 
bar, which would raise the vapor pres- 
sure of the ice and thereby lower Trnm by 
0.034?C. In other words, if the T of a solu- 
tion whose melting temperature is Tlnm 
were lowered by 0.034?C, then the 
growth of the ice crystal would proceed 
at the edges where the radius of curva- 
ture would become 1 micrometer. Anoth- 
er application of these considerations 
would be to apply a net around the ice 
crystal such that growth could occur on- 
ly through the openings in the net. If the 
openings in the net had radii of 0.06 mi- 
crometer, then the growing surfaces 
would acquire this radius and the surface 
pressure applied to the crystal surface 
would lower the equilibrium melting or 
freezing temperature by 0.55?C. Kuhn 
(5), Kuhn et al. (6), and Bloch et al. (7) 
have shown that a structurally caused 
freezing point depression can be demon- 
strated in artificial gels and in muscle. 

Another effect of pressure on the melt- 
ing temperature of real solutions which 
cannot be overlooked is that (pI + p2) 
will not always exactly equal pt. In fact, 
often (pi + P2) < pe so that Tlnm is not 
the temperature at which the curve la- 
beled Pvso intersects the curve labeled Ta 
in Fig. 5b but rather the temperature at 
which the latter curve intersects a curve 
slightly below the former curve, that is, 
at a slightly higher Tn,m. 

Boiling Point 

The elevated boiling point of a solution 
(Fig. ld) is also explained by the en- 
hanced tension in the solution. I shall as- 
sume that the Clausius-Clapeyron equa- 
tion is a good approximation for the va- 
por pressure of a solvent near Tb, the 
temperature at which the Pv equals 1 at- 
mosphere. The enhanced tension in the 
solvent of the solution will lower the va- 
por pressure of the solution to below 1 at- 
mosphere, according to Poynting's rela- 
tion, so that the solution will no longer 
boil at Tb. The increase in temperature re- 
quired to restore pv of the solution to 1 
atmosphere is ATlnb, where 

Tr b -= Tb (32) 

1- RT N. 
AHev N1 

and A/He is the molar enthalpy for vapor- 
ization. Thus in this case also it is the en- 
hanced tension in the solvent of the solu- 
tion which precisely and uniquely ac- 
counts for the elevated boiling point of a 
solution. 

Chemical Potential 

Finally, we return to the thermody- 
namic statement which describes the 
change in chemical potential of the 
solvent in a homogeneous solution. If T 
and p are constant and if we assign the 
value - VdTr to the last term in the state- 
ment, that is, 

dl= :- a1 dX2 = - VIdr1 (33) 

then the decrease in /, due to increasing 
x2 is fully accounted for by the Ar1 in- 
duced by the thermal force of the solute 
molecules exerted at the surface of the 
solution. Thus, with the addition of N. 
moles of solute to N1 moles of solvent x2 
in a homogeneous solution changes from 
0 to N2/(NI + N2) and AA, is changed by 

.X2 

AgI = a _l_ dx, = - V1ArT (34) 

() 

For a heterogeneous solution this is not a 
valid statement, and only if the in- 
tegration is from 0 to the xs at the surface 
where ArT is induced does the integral be- 
come valid. For example, in a hetero- 
geneous solution such as that in os- 
mometer 3 in Fig. 2, Ai,1 of the solvent is 

x2(h) 

A1 = J 0 dx. = - ViAT (35) 

o 

which also equals - RT[N2(h)]/[N1(h)]. 
Therefore, as stated above, it is essential 
to know what property of the solvent 
is altered and how it is altered by the 
solute in order to apply thermodynamic 
statements to the solvent in a solution. 

Significance and Conclusion 

One might ponder whether this reason- 
able explanation of the colligative proper- 
ties of a solution has any merit other than 
its theoretical interest. The answer is 

probably affirmative since understanding 
osmosis is essential for understanding 
the behavior and function of living cells. 
Although no living cell is ever in equilib- 
rium, it seems unlikely that non- 
equilibrium osmotic processes can be un- 
derstood without first understanding 
equilibrium osmosis. Furthermore, the 

hydraulic permeability of a porous cell 
membrane will depend on the property 
(or properties) of the water that has been 
altered by the solutes. If, as I contend, 
the u1 of the water is lower on one side of 
a membrane because solute molecules 
enhance T1 in the water, then the move- 
ment of water through the pores will be 
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attributed to mass flow and not to diffu- 
sion. In addition, the hydraulic per- 
meability of a porous membrane will be 
orders of magnitude greater than if the 
water were to diffuse down an "'activity" 
or "water concentration" gradient. On 
the other hand, if the cell membrane is 
not sufficiently porous to permit the 
mass flow of water through it, then the 

permeability will be the same whether 
the water tension is enhanced or the "wa- 
ter concentration" is lowered across the 
membrane. 

When considering the pressure ex- 
erted by the thermal motion of solvent 
molecules as they reflect from their 

boundary, I postulated this pressure to 
be p, = CekNAT in pure solvent, where 
Ce = Ni/Ve. This postulate seems rea- 
sonable if the molecules of the solvent do 
not cluster, polymerize, or fractionate to 

any extent, that is, if there are always NA 
molecules in a mole of solvent which in- 

dependently share the thermal energy at 

temperature T. As I further postulated 
for pure solvent (Eq. 17), this thermal 

pressure pe induces an equal and oppos- 
ing tension in the binding force between 
the molecules of solvent 

NlkNAT _ kNAT re: (36) 

A change in temperature dT will change 
the tension in such a solvent by 

d7e _ kNA (37) 
dT Ve 

Since the definitions of the coefficients of 
thermal expansion (a) and expansibility 
(K) are, respectively, 

dV 
dV = adT (38) V 

and 

dV = KdT 
V 

then 

d4 = a/K (40) 
dT 

For a solvent of NA independent mole- 
cules per mole, we may expect that 

a - kNA (41) 
K : v(41) K Mv 

where M is the molecular weight of the 
solvent and v is the specific volume of 
the solvent (in cubic centimeters per 
gram). If no external pressure is applied 
to this solvent, then its chemical poten- 
tial bue will change by 

de = - SedT (42) 
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when the temperature changes by dT. 
Since this change in T alters the internal 
Tr, we may infer that the change in ue is 
also 

d,e = - VedTe = - kNAdT (43) 

For a liquid whose molecules do not clus- 
ter or dissociate and remain as NA inde- 
pendent molecules per mole, we con- 
clude that its molar entropy is 

Se = kNA -ay (44) 

where a is in reciprocal degrees Kelvin, 
M is in grams per mole, and K is in square 
centimeters per dyne. These relation- 
ships do not apply well to water, al- 

though at 20.5?C it does happen that 

oaMv_ (211.14 x 10-6) x 18.02 x 1.00 
K 45.84 x 10-12 

- 83.14 x 10; dyne cm mole-' 

?K-l - kNA 

The virtual or "thermal" entropy of liq- 
uid water in the standard state at 25?C is 
69.9 x 106 dyne cm mole-1 ?K-1, which 
is significantly less than would be ex- 
pected (83.1) at this T. 

The thermal and elastic properties of a 
real solvent are not fully explicable in 
terms of my elementary treatment of the 

pe of its molecules and the opposing Te in 
the binding force between them. Polym- 
erization of molecules in a liquid may di- 
minish their independence in thermal mo- 
tion and reduce their pressure. Polymeri- 
zation may also alter p, V, and a by 
rendering less random the configuration 
of molecules in a liquid. Perhaps also the 
polarization of molecules contributes an 
electrostatic force to the thermal force 
exerted by these molecules as they are 
reflected at a free surface of the liquid. 
Other complex properties of real 
solvents may alter their thermal pres- 
sure, thermal properties, and elasticity. 
Nevertheless, the compelling argument 
that solute molecules induce an effect on 
the solvent which equates with Azr may 
suggest another approach to a study of 
the properties of liquids. These consid- 
erations of the effects of molecular clus- 
ter formation, atomic or ionic dis- 
sociation, and polarization upon the 
solvent tension do not invalidate the 
computation presented here of Ar, induc- 
ed by the thermal motion of solute in a 
solution. For dilute solutions, at least, 
we may reasonably suppose that the ex- 
tent to which the thermal pressure pe in 
pure solvent differs from (NSkNAT)/Ve is 
nearly the same as the extent to which p 
differs from (N,kNAT)/Vs so that Ar1 re- 
mains equal to (RT/V1)/(N,/N2) as a 
good approximation. 

Conclusion 

The colligative properties at equilibri- 
um in a solution with an unrestrained sur- 
face can be attributed to the thermal, me- 
chanical, and electrostatic forces exerted 

by the solute and solvent molecules at 
this surface. Very simply, the sum of 
these forces divided by the area of the 
solvent portion of the unrestrained solu- 
tion surface is equal to a tension in the 
solvent that is greater than that in the 

pure solvent, and this enhanced tension 
lowers the vapor pressure of the solvent, 
raises its boiling temperature, lowers its 

melting temperature, and gives rise to os- 
motic pressure of the solution. This ex- 

planation of the colligative properties of 
a solution at equilibrium has been known 
for more than 70 years. Perhaps this re- 
vised account of Hulett's explanation (2) 
combined with experimental evidence 
obtained by Scholander (4) will lead to 
its acceptance as an admissible ex- 

planation (8). 
The next important step will be to ap- 

ply this explanation to the osmotic pro- 
cesses of living systems which are never 
at equilibrium, sometimes in steady 
state, and often irreversible. Water, the 
life solvent on earth, flows between cells 
and the fluid medium in which they are 
bathed. The membrane at the boundary 
of the cell and membranes around organ- 
elles within the cell are permeable to wa- 
ter and less permeable (in varying de- 
gree) to other molecules and ions. The 
thermal motions and electrical charges of 
these molecules and ions exert forces at 
the boundaries where they are reflected. 
When subjected to a pressure difference 
across the membrane, the boundary will 
move as water flows freely through the 
membrane transporting other permeable 
substances. These fluxes change the vol- 
ume and the concentrations of the solu- 
tion bounded by the membrane, and con- 
versely they change the volume and con- 
centrations of the bathing fluid. 
Furthermore, molecules and ions may be 
actively transported and may be react- 
ants and products of cellular chemistry, 
and they vary greatly in size and in their 
diffusion coefficients. Nevertheless, 
treating the osmotic process as outlined 
in this article should increase understand- 
ing of osmotic processes in living sys- 
tems. 
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thus assuring that both methods give the same 
value of 7r. I would also like to suggest that the 
concentrations (N2/NIV,) and (N,IN,V,) be des- 
ignated as the tensile concentrations of the 
solute and the solvent, respectively, in the 
solution. 
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Wenger, and A. A. Yayanos have also contrib- 
uted importantly to my understanding of the 
phenomenon. My investigations of water rela- 
tions in plants have been supported, in part, by 
National Science Foundation grant GB8343 
(from the Division of Biomedical Science), grant 
GA-19604 (from the Office of Polar Programs), 
and by National Institutes of Health grant 
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alternate times of habitation by early man. 
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A reevaluation of an association of 
early man in northern Delaware with the 
woolly mammoth (Mammuthus or 
Elephas sp.) suggests a time from the 
early to middle Holocene epoch (8000 to 
4000 B.C.) or, alternatively, an extreme- 
ly early association in the early Wiscon- 
sin and late Sangamon ages. Strati- 
graphic and palynological analyses iden- 
tify thin sedimentary layers as represent- 
ing paleoenvironments of the late 
Holocene epoch and early Wisconsin 
and Sangamon ages in the northern Dela- 
ware region at the boundary between the 
piedmont and coastal plain geomorphic 
provinces. These sediments are closely 
associated with occurrences of abundant 
Archaic and Paleo-Indian artifacts and a 
carving of the woolly mammoth. Below, 
we discuss the probability of association 
of these artifacts of early American man 
with the woolly mammoth as well as with 
the mastodon in either the early to 
middle Holocene epoch (5,000 to 10,000 
years ago) and the very latest Wisconsin 
age or early Wisconsin and late Sanga- 
mon ages (60,000 to 100,000 years ago). 
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The Holly Oak Pendant 

An interesting discovery pertaining to 
early man in the New World occurred in 
1864 when H. T. Cresson and W. L. de 
Suralt found a number of artifacts asso- 
ciated with some peats near the Holly 
Oak railroad station in northern Dela- 
ware. Among the items found was a 
pendant carved from a fossil whelk shell, 
into which was incised the image of a 
woolly mammoth (Fig. 1). Needless to 
say, great excitement ensued concerning 
this evidence of early American man. 

Unfortunately, the story of the exact 
location of discovery of the pendant is 
somewhat in doubt. One report states 
that it was found amidst some peat being 
dug from a "deep" hole on the Delaware 
River plain opposite the Holly Oak sta- 
tion of the Pennsylvania Railroad (1). 
The farmers are said to have been dig- 
ging peat for use as fertilizer. Another 
account (2), reports that the Holly Oak 
pendant was found amidst some peat 
already spread on a farmer's field near 
the Holly Oak station of the Wilmington 
and Baltimore Railroad. The peat was 
said to have been taken from a "fallen 
forest layer in one of the adjoining es- 
tuaries of the Delaware River." 

From 1864 until his death in 1894, 
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Cresson pursued a career as an archeolo- 
gist and continued to search the northern 
Delaware piedmont and coastal plain 
area for further evidences of early man in 
America. By 1880, he and a few asso- 
ciates had found more than 1000 arti- 
facts, including logs with evidence of 
cutting, stone sinkers, arrowheads, spear- 
heads, stone knives, hammerstones, splin- 
ters of bone, potsherds, stone axes, celts, 
chips of argillite, quartz, quartzite, flint, 
jasper, shell beads, a mastodon tooth, hu- 
man teeth, bone implements, and other re- 
mains. Many of these artifacts were ulti- 
mately deposited in the Peabody Museum, 
Yale University, and in the National Mu- 
seum of Natural History, Smithsonian In- 
stitution. Figure 2 shows some of the asso- 
ciated artifacts and human remains. This 
conglomeration of tools, carvings, 
bones, teeth, and beads is indeed puz- 
zling. Much of the association appears to 
be from the Archaic period (8000 to 2000 
B.C.). However, the bone implements 
and the mammoth carved on the Holly 
Oak pendant suggest a possible Paleo- 
Indian origin (before 8000 B.C.). Obvi- 
ously, a great deal of reevaluation needs 
to be done with regard to the discoveries 
of Cresson and his associates in northern 
Delaware. 

Cresson's work ranged along the rela- 
tively narrow coastal plain adjacent to 
the fall zone and piedmont of northern 
Delaware (Fig. 3). Some of the artifacts 
are reported to have been dug from a 
rock shelter near the town of Claymont. 
Many others were found in a layer 
of peat under the tidal mud that ex- 
tended under the bed of Naaman's 
Creek at its confluence with the Dela- 
ware River (3). Unfortunately, detailed 
records of the stratigraphy of the sites 
and of precise locations of the discov- 
eries were not maintained. Interestingly, 
during the same part of the late 19th 
century, other discoveries were being 
made in North America of remains of 

SCIENCE, VOL. 192 

Cresson pursued a career as an archeolo- 
gist and continued to search the northern 
Delaware piedmont and coastal plain 
area for further evidences of early man in 
America. By 1880, he and a few asso- 
ciates had found more than 1000 arti- 
facts, including logs with evidence of 
cutting, stone sinkers, arrowheads, spear- 
heads, stone knives, hammerstones, splin- 
ters of bone, potsherds, stone axes, celts, 
chips of argillite, quartz, quartzite, flint, 
jasper, shell beads, a mastodon tooth, hu- 
man teeth, bone implements, and other re- 
mains. Many of these artifacts were ulti- 
mately deposited in the Peabody Museum, 
Yale University, and in the National Mu- 
seum of Natural History, Smithsonian In- 
stitution. Figure 2 shows some of the asso- 
ciated artifacts and human remains. This 
conglomeration of tools, carvings, 
bones, teeth, and beads is indeed puz- 
zling. Much of the association appears to 
be from the Archaic period (8000 to 2000 
B.C.). However, the bone implements 
and the mammoth carved on the Holly 
Oak pendant suggest a possible Paleo- 
Indian origin (before 8000 B.C.). Obvi- 
ously, a great deal of reevaluation needs 
to be done with regard to the discoveries 
of Cresson and his associates in northern 
Delaware. 

Cresson's work ranged along the rela- 
tively narrow coastal plain adjacent to 
the fall zone and piedmont of northern 
Delaware (Fig. 3). Some of the artifacts 
are reported to have been dug from a 
rock shelter near the town of Claymont. 
Many others were found in a layer 
of peat under the tidal mud that ex- 
tended under the bed of Naaman's 
Creek at its confluence with the Dela- 
ware River (3). Unfortunately, detailed 
records of the stratigraphy of the sites 
and of precise locations of the discov- 
eries were not maintained. Interestingly, 
during the same part of the late 19th 
century, other discoveries were being 
made in North America of remains of 

SCIENCE, VOL. 192 


