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ABSTRACT

The diffusion coefficients of Li*, Na*, K* parallel to the c-axis of natural quartz
crystals in the range 300-500° C. are given by the following expressions:

Dy; = 6.9 X 1073 X ¢ 20500/ET ¢y 2/sec.
Dy = 3.6 X 1073 X ¢ 24.000/RT ¢ 2 /sec.
Dx = 0.18 X ¢73L.70/BT cm 2/sec.

In the same temperature range the diffusion coefficients of Mg, Ca**, Fet+, Attt
are considerably smaller, below the limit of experimental determination by the present
method. )

It is suggested that electrical conduction parallel to the c-axis of quartz results from
motion of Frenkel oxygen defects. On this hypothesis, the coefficient of seli-diffusion of
oxygen in quartz at 500° C. is found to be approximately 31071 cm.?/sec. It is suggested
also that diffusion of foreign univalent ions occurs mainly through vacant oxygen lattice
positions. Experimental values are compared with those predicted by the theory of abso-
lute reaction rates.

TABLE OF CONTENTS

Introduction . ......... .. 637
Acknowledgments ... ... ....... e T T L L i R e 638
Definition of Diffusion Coefficient. ... ... ............ - Ceiieiieiia.... 638
Experimental Procedure. ... ..., ... . .. ..ot ... 0639
Experimental Results. . ..... ..... SR e R ; SR e 643
Electrical Conductivity of Quartz. . ... ... ... ...coiiiiriieriiiieeiiueaes 644
Mechanism of Conduction and Self-Diffusion Rate of Oxygen TR TR e R 647
Mechanism of Diffusion. . . T —— - -
Geologic Implications. .., ........ i G R 651
Appendix: Equations of Diffusion in an Electrlc erld : S e R 652
References. ... .......... oo i . civa.. 055
INTRODUCTION

The minerals and fabric of a rock, either igneous or metamorphic, de-
pend to a large extent on the kinetics of the processes by which the rock
is formed. Glassy rocks, for instance, form when the rate of cooling is
rapid compared with that of crystallization. Oscillatory zoning in plagio-
clase presumably testifies to processes that were rapid in comparison with
the rate of the exchange reaction between crystal and melt. If minerals
A and B in a thermally metamorphosed rock react to produce mineral C,
occurrence of C not only indicates that the rock was heated to the
equilibrium temperature for the reaction 44+ B=Cj;it indicates also that
the rock was subjected to conditions under which the rate of this reaction
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became appreciable as compared to the length of time during which the
rock was held under those conditions. This may point to a temperature
much higher than the equilibrium temperature, or to operation of other
catalytic factors. It is possible, also, that C might form as a metastable
phase below the equilibrium temperature, as when cristobalite forms well
below its own range of stability. Some knowledge of reaction rates, and
of factors which may affect them, is thus essential to correct understand-
ing of the sequence of events recorded in igneous or metamorphic rocks.

The over-all rate of a heterogeneous reaction involving several succes-
sive steps is determined essentially by the rate of the slowest step. There
is little doubt that in processes involving solids, the rate-determining
step, or “‘bottleneck,” is the rate of diffusion of reactants and products in
the various solid phases. For instance, the rate of the reaction by which
a crystal of quartz is converted to orthoclase, or andalusite is replaced
by muscovite, depends mostly on the rate at which the alkali aluminates
diffuse through the pre-existing crystal lattice. Knowledge of diffusion
rates in solid silicates is thus of fundamental importance. The object of
the present paper is to report on some experiments to determine the
order of magnitude of the diffusion coefficients of common ions (Kt,
Nat, Lit, Mgt+, Catt, AI***) in quartz.
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DEeFINITION OF D1rrUsioN COEFFICIENT

It is customary to define a diffusion coefficient in the following manner:
Let a particle with mass m be subjected to a force F arising from a con-
centration gradient or, as in the case of the present experiments, from
an electrical field. Let it be assumed that this particle moves through a
solid medium in which it encounters frictional resistance proportional to
its velocity v. The equation of motion is then

where the coefficient B is the “mobility’” of the particle. If =0 at time
t=0, the solution of this equation is

v = FB1L — ¢t/Bn], (6]

The numerical values of m and B are always such that the velocity
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reaches an approximately constant value v= FB within a very small frac-
tion of a second. The mobility B may thus be interpreted as the velocity
of a particle under unit force.

Now if ¢ is the concentration of diffusing particles (number of particles
per unit volume), the flux, or number S of particles flowing across a unit
surface in unit time is

S = v = FBc (2)

so that B may be found if F, S, and ¢ are known. Where diffusion results
from a concentration gradient, it is convenient to use, instead of B, a
“diffusion coefficient” D defined as

D = BrT 3

when % is Boltzmann’s constant, and T is (absolute) temperature. With
this definition we have, very simply, that the flux S, in any arbitrary
direction » under a concentration gradient dc/dx is

dec
z = = = 4
S D (€Y
(Turner and Verhoogen, 1951, p. 41). D has dimensions cm?. sec™. B, the
mobility, has dimensions cm™! sec.
Diffusion coefficients are known to increase rapidly with temperature,
following in general a law of the type

D = Dy BIRT )

where D is independent (or nearly independent) of temperature. E is an
experimental “activation energy’’ for the process of diffusion.

EXPERIMENTAL PROCEDURE

Equation (4) shows that D may be computed if we can measure the
flow of particles under a given concentration gradient. The diffusion co-
efficient of sodium in quartz at 500° C. is, however, of the order of
10719 cm.?/sec. If we had a plate of quartz one millimeter thick in contact
on one side with sodium chloride, say, the average gradient across the
plate would be of the order of 2 X10% (since the concentration of sodium
in sodium chloride is about 2.2 X 10* particles per cm.?), and the resultant
flux across the plate would be 2 X 10% X 1071 =2 X 10*% particles per cm.?
per second, or only 0.07 milligram/day. The actual rate would be much
less because not all sodium ions in sodium chloride are free to migrate;
the factor ¢ which appears in (4) should really be the number of “free”
ions, or the “activity’ which is considerably smaller than the concentra-
tion. Such small diffusion rates have been measured by using radioactive
isotopes, but unfortunately the radioactive isotopes of Li, Al and other
geologically important elements have very short half-lives and cannot be
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employed for this purpose. It is possible, however, to accelerate the ions
appreciably by using an electrical field rather than a concentration gradi-
ent, and thus obtain a measurable flow.

The experimental technique is simple (Fig. 1). A thin layer of a non-
volatile salt of the ion under study (e.g., NaCl, LiCl) is spread on a
platinum foil resting on a lower massive copper electrode inside a furnace.
A plate of quartz 2 or 3 mm. thick and 4 or 5 cm.? in cross-section rests
on this layer of salt and is covered in turn by a second platinum foil. A
heavy upper copper electrode weighs down on the assemblage to main-
tain good contact. The two copper electrodes are connected to a D.C.

I——GIIS voits A.C.

—|D.C. Regulator |+
350 volts

Copper electrode Ayrton

shunt
to

Galvanometer
Platinum f°j|< Tc oxis |<+—Quartz plate
099% 209 9907 =—Gqlt layer
Copper electrode

+ | I Silver Coulombmeter

F1c. 1. Schematic drawing of diffusion assembly.

constant voltage supply adjustable in the range 100-350 volts, the upper
electrode being the negative one. The metallic positive ions are acceler-
ated towards the upper electrode and move across the quartz plate,
carrying a current which is measured by means of a sensitive galvanome-
ter, this current being proportional to the concentration and to the
velocity of the diffusing ions, which are collected on the upper platinum
foil, usually as a mixture of hydroxide and hydrous carbonates. The total
amount transported in a given time may thus be determined by weighing.
The total electrical charge which has flowed through the circuit in this
same time may be ascertained, if necessary, by inserting a silver coulomb-
meter in the circuit.

An approximate value of D may be obtained in the following way:
Using (3), equation (2) may be written

s=p.
kT

If an ion carrying a charge ez (z is valency) is placed in a field of intensity
dV/dx in the x-direction, the force F in that direction is

av
F = —eg— 6
ezdx ©
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the minus sign indicating that a positive ion diffuses towards the nega-
tive electrode. As an approximation let us take dV/dx= —(AV/h) where
AV is the difference in potential and % the thickness of the quartz plate.
Then the total number of ions diffusing in time § across a plate with
cross-section s is

Q = Sso )]
and
D= (A _ug ®
ez SCOAV

from which D may be determined if Q and ¢ are known. Care must be
taken to express all quantities in the same units. If e, the electronic
charge is expressed in c.g.s.e.u. (e=4.8X107'?), the potential drop AV
must be expressed in the same units (1 volt=1/300 c.g.s.e.u.). The con-
stant % is 1.38X 107 ergs/deg. The time 6 in these experiments was
usually of the order of 10 days==8.64X10° seconds.

Alternatively, D may be determined from the electrical conductivity
o. According to Ohm’s law, the current density 7 (current per unit sur-
face) is :
i= — odV/dw. ©)

If the current density results from a flux .S of particles with charge ez,

7 = Sez
and S, as before, is
S = — Bezc % (10)
so that
T okT
- e*z%c - % (1)

The conductivity o is usually expressed in ohm™ cm.™}, so that, after
conversion to electrostatic units

T
D =555 X 101«%2;~ (12)

The conductivity o is easily determined for simple geometric shapes from
the potential drop AV and the total current I flowing through the circuit

o = Ih/sAV

where ¢ will be given in ohm= cm.! if 7 is expressed in amps. and AV in
volts.

Equation (12), of course, is only applicable if it can be ascertained that
the conductivity is due entirely to the diffusing ion. This, however, is
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rarely the case, for part of the current may be carried by electrons, or by
ions of opposite sign diffusing in the opposite direction. Occurrence of
such negative carriers appears indeed to be a necessity, for if only positive
ions were to diffuse into and through the quartz plate, the plate would
soon acquire a very high electrostatic charge. This could be checked by
comparing the intensity of the current as it enters or leaves the crystal.
The equation of continuity

i L
¢

where p is the density of electrical charges shows indeed that the current
must decrease in the x-direction if positive space charges are being built
up. No differences in current could be detected that could not be traced
to leakage through faulty insulation.* Hence, it appears that the crystal
plate as a whole maintains electric neutrality during the process of dif-
fusion, which requires a motion of negative charges to balance advancing
positive charges. A comparison of the values of Q and of the integral
JiIdt (measured with a coulombmeter or by graphical integration) shows
that usually no more than about 509, of the current is carried by the
diffusing ion. The exact proportion, however, is uncertain because of
difficulty in determining exactly the quantity (. What is collected on the
negative electrode is indeed usually found to consist of a mixture of
hygroscopic hydroxides and carbonates in various states of hydration (in
the case of lithium, for instance, at least three constituents were recog-
nized optically in the deposit); and it is difficult to determine the exact
proportion of each of these in a deposit weighing a few milligrams or less.
This uncertainty on Q appears to be the main source of error in these
experiments.

The question also arises as to whether diffusion occurs through the
body of the crystal or through mechanical defects such as invisible cracks,
or grain boundaries, or twin planes. The quartz crystals used in these
experiments were natural crystals and were certainly not free from de-
fects, as shown by the scatter in observed values of the conductivity of
the quartz itself. In general, quartz plates used for diffusion experiments
were selected on the basis of their low conductivity, which was inter-
preted to indicate few mechanical defects. In spite of this, diffusion along
cracks could be shown in the case of experiments with silver. Silver ap-

* Since the resistance of a quartz plate 2 mm. thick and 5 cm.? in cross-section is about
4X10% ohms at 500° C., careful insulation is necessary, particularly where the wires enter
the furnace. Also, on account of the extreme resistivity of quartz, it was not found prac-
ticable to place guard rings around the quariz plate, as the insulating material between
rings and main electrodes could probably be a better conductor than quartz itself.
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parently diffuses with extreme rapidity through such cracks which are
later found to be lined with a thin deposit of metallic silver. This produces
a rapid and very marked increase in conductivity, which soon reaches
values typical of conduction in metals. Such, however, was not the case
with the other ions, such as K, Li, Na, Mg, etc. The crystal remains per-
fectly clear aiter the experiment and the cathodic deposit is usually
evenly distributed on the negative electrode, reproducing the outline of
the plate. It is thus likely that transport of ions occurred mainly through
the lattice itself. In any event, since the measurements were carried out
on natural crystals, present results should be applicable to processes of
diffusion in real crystals in nature.

EXPERIMENTAL RESULTS

Using for ¢, the average concentration of the diffusing ion, a value the
determination of which will be discussed later, the following results were
obtained for the diffusion coefficient at 500° C., for diffusion parallel to
the ¢-axis of quartz.

D = 1.1 X 1078 cm.2 sec.™?
Dxa = 5.8 X 1071 cm.2 sec.™*
Dx =2.0X 107 cm.2 sec.™!

These values are not believed to represent more than the order of
magnitude of the diffusion coefficients; numerical values may be in error
by a factor of 2 or 3.

To obtain the temperature coefficient of diffusion rates, it was as-
sumed that since ¢ changes only very slowly (due to the small value of the
diffusion coefficient), any rapid change in ¢ with temperature would be
due essentially to changes in D itself (see equation 12). It was found that
by cooling or heating rapidly (i.e., in a matter of an hour) a quartz plate
in which diffusion had been going on at a steady rate for some time (of
the order of a few days), the conductivity changed exponentially, i.e.,
could be represented as a function of temperature by the relation

¢ = g EIRT,

The value of E appearing in this relation was taken to be the same as that
appearing in equation (5), and was determined by measuring the ratio
of the conductivities at two different temperatures, provided these two
measurements could be carried out within a short interval of time. The
following values were obtained, by averaging several determinations

Eri = 20,600 cal./mole

Exa = 24,000 cal./mole

Ex = 31,700 cal./mole

with a probable error of & 1000 calories, approximately. Combining these
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results with the values of D at 500°, the following values were obtained
in the range 300-500° C.

DLi = 6.9 X 103 X e-20,600/RT

DN& =36 X 103 X e—24,000/RT

DK e 0.18 x 6_31'700/RT.

Tests were also made with Mg*+, Cat+, Fet+ and Al*++, In the case
of Mg, a small amount of magnesium was detected spectroscopically on
the negative electrode after a few days, but the amount was too small to
be determined with accuracy; hence Dy, is probably less than 1012 at
500° C. The other ions gave completely negative results, and probably
hardly diffuse at all. The anomalous case of silver, using silver foil as a
source, has been mentioned earlier. Similar tests with gold, platinum,
aluminum and copper foils gave no result at all.

EvecTrICAL CONDUCTIVITY OF QUARTZ

In order to throw light on the mechanism of diffusion, experiments
were made on the conductivity of quartz in the absence of diffusing ions
from an external source. The conductivity of quartz has been investi-
gated by many writers apparently because of its peculiar behavior (for a
summary of earlier work see Sosman, 1927, pp. 525-554). It is well
known, for instance, that the conductivity parallel to the ¢-axis is con-
siderably greater than the conductivity along any direction normal to
this axis. The ¢-conductivity at 500° C. was found in our experiments to
range from about 5X1071° to 5X10~* ohm™ c¢m.™, depending on the
specimen, whereas Rochow (1938) reports an equatorial conductivity of
2.1X107* at this same temperature. Rochow states that the equatorial
conductivity is essentially electronic, whereas current in the ¢-direction
is carried mainly by jons. Reasons for this difference are not known.

An interesting feature of the ¢-conductivity is its dependence on time.
If a plate of quartz is placed between electrodes and a field applied in
the direction of the ¢-axis, the current flowing through the circuit de-
creases at first very rapidly, then more slowly. Although the actual rate
of decay varies somewhat from one sample to the next, the current after
10 or 15 minutes is commonly less than 1/10 of the current after 1 minute ;
indeed, the initial rate of decay (that is, during the first minute) is so
great that it is difficult to determine experimentally the value of the
initial conductivity. Conductivity may be observed to decrease continu-
ously, although more slowly, over periods of many days. [This is in sharp
contrast to the behavior observed when foreign ions are made to diffuse
through the plate, in which case the conductivity increases slowly. with
time as more and more ions move into the crystal.] (Fig. 2). If the electric
field is removed after a certain time, the quartz slowly regains its initial
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conductivity, but if the field is actually reversed, the conductivity reverts
almost instantaneously to its initial value or a higher value. Apparently,
this is why the conductivity for alternating current is considerably higher
than for direct current. If the circuit containing the quartz plate is short-
circuited after removal of the field a “recovery,” or ‘relaxation,” or
“inverse” current is observed to flow, the quartz plate acting somewhat
like a storage battery. Joffé (1929) claims that this recovery current
equals in magnitude the direct, or charging current; in our own experi-
ments the recovery current was always considerably less than the charg-
ing current, although it decays at about the same rate.

The conductivity of quartz depends on temperature according to an
exponential law

o = goc EIRT

where the activation energy is about 23,000 cal. in the range 300-500° C.

==e==c= total current
in diffusion experiment

\ = total current
\ in conduction experiment
{a) charging current
(b) recovery current
(a) after removing field

CUrTent mep

‘/ field removed

time
—>

(b)

F1c. 2. Current-time curves for conduction and for diffusion in quartz.

There is no sudden change in the conductivity at the a-8 transition
point, although the activation energy seems to increase somewhat above
this point. If a specimen is heated slowly to 500° and allowed to cool, the
conductivity measured during cooling is less (by a factor of 2 to 3) than
the conductivity measured during heating; but this may be due partly
to the time dependence of conductivity since the cooling curve is de-
termined after the heating curve. Curie (1889) observed however, that
the conductivity may be greatly reduced by preheating the specimen.
This effect is presumably similar to annealing, insofar as preheating re-
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moves lattice defects due to strain or acquired otherwise during the
previous history of the crystal, and which contribute to the conductivity.

Several explanations have been suggested for the time-dependence of
axial conductivity. Curie (1889) suggested that it results from water
filling channels of molecular size parallel to the c-axis; the conductivity
of this water would gradually decrease as more and more of the salts
dissolved in it are removed by electrolysis. Warburg and Tegetmeier
(1888) suggested that the conductivity is due to ions (mostly Na) present
initially as impurities in the quartz lattice; again these foreign ions would
be gradually eliminated. There is little doubt that part of the initial con-
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Fi6. 3. Initial distribution of potential and concentration in diffusion experiments.

ductivity of quartz may be due to such impurities, for in one of our ex-
periments with a quartz crystal from Arizona, noticeable amounts of
boron were collected on the cathode. But such “impurity” theories fail
to explain why quartz may regain its initial conductivity merely by
standing for a few days.

The same time-dependence of conductivity has been observed for other
lonic crystals, such as NaCl, and Beran and Quittner (1930) pointed out
that both the rate of decay of the recovery current and the absence of
any measurable change in dielectric constant of a crystal during an ex-
periment indicate that the time-dependence of conductivity, or the exist-
ence of a recovery current cannot be due only to displacement currents
and dielectric polarization. Joffé (1929) and von Seelen (1924) have
succeeded in measuring the potential distribution across crystals of
quartz and halite respectively, and from the curvature of the potential
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curve showed the existence of space charges. In NaCl these are mostly
positive charges accumulated on the anode-side of the crystal, whereas
in quartz Joffé found practically equivalent amounts of positive and
negative charges, the positive charges residing on the half of the crystal
plate in contact with negative electrode. It is apparently the gradual
building up of these space charges which produces the decrease in the
charging current, whereas a redistribution and gradual disappearance of
these same charges explains the recovery current. Joffé explained the
occurrence of these space charges by assuming dissociation of quartz into
units of opposite sign which migrate in opposite directions in the electric
field. He was vague as to the nature of these units, although he mentioned
briefly (p. 92) that ““a deposit of silicon and liberations of oxygen from a
normal crystal lattice may be observed.” He succeeded in measuring the
average density of these positive and negative space charges and found
them to be roughly equal, with a value of 2 10° electronic charges per
cm.? at 17° C. 3

MECHANISM OF CONDUCTION AND SELF-DIFFUSION RATE OF OXYGEN

It is now well known that electrical conduction in ionic, or nearly ionic,
crystals results essentially from the motion of lattice defects, although
electronic conduction may also be present in some cases (e.g., Ag.S, FeO).
The lattice defects usually considered in this connection are either of the
Frenkel or Schottky type. In the former type, ions are assumed to move
from a lattice to an interstitial position, leaving ‘“holes” behind them;
other lattice ions may then be expected to move into these holes, which
therefore migrate in a direction opposite to that of the ions themselves.
In the Schottky type of defect it is assumed that ions of both signs
migrate out of the lattice towards its surface, leaving equivalent numbers
of holes of both signs which migrate in opposite directions when an
electrical field is applied. If er is the energy per ion to form a Frenkel
defect, i.e., to move an ion from a lattice to an interstitial position, the
number nr of such interstitial ions in a crystal in equilibrium at tempera-
ture T is (Mott, 1948, p. 21)

np = v/ NN ¢p/%T

where NV is the total number of lattice positions and N' is the number of
possible interstitial positions. The factor § in the exponential arises from
the fact that displacement of one ion creates two defects (an interstitial
ion and a hole). The factor v arises from the change in vibrational ire-
quencies, and hence in free energy, of the atoms and ions surrounding
the interstitial ion or the hole; it may be greater or less than 1. The
number g of Schottky defects, on the other hand, is
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ns = yNeeg/tT

being the energy to produce such a defect. The factor v in this case may
be of the order of 10?— 10* (see also Barrer, 1941, p. 294). Thus if electrical
conduction results from motion of Frenkel defects, its temperature co-
efficient would be of the type exp[— (er+2¢er")/2kT] where er’ is the
activation energy for migration of a defect, whereas for conduction by
Schottky defects the corresponding term would be exp] — (es+es”)/&T]
es’ being the activation energy for migration of a Schottky defect.

As mentioned above, Jofié finds that the average density of charges of
one sign in quartz at 17° is 2X10° electronic charges per cm.? If this
corresponds to the density of Frenkel defects for oxygen ions, the corre-
sponding number of interstitial oxygen ions is 1X10°/cm?. The total
number N of oxygen lattice position in one cm.? of quartz is approxi-
mately 5.2X10%, so that assuming y=1, N=N' we find er=36,400
cal./mol. [The same value would obtain if we considered silicon defects.]
The activation energy for conduction in quartz is about 23,000 cal. Hence

(36,400 + 2¢'7)/2 = 23,000

and €#'225,000 cal./mole. On the other hand, if conduction occurs by
Schottky defects we find, for y=10% eg=23,800 cal., es’=—800 cal.,
which is impossible. These figures are, of course, quite approximate, since
an exact calculation would require evaluation of v for the quartz lattice,
which is not available. The suggestion is, however, that conduction oc-
curs by Frenkel defects, which is what one would expect in a lattice with
high evaporation energy (hence high eg) and relatively high compressi-
bility (hence low er).

It is impossible to decide from Joffé’s experiments whether oxygen, or
silicon, or both, move into interstitial positions, but it seems likely that
it is oxygen. Removing an oxygen requires breaking 2 O-—Si bonds,
whereas removing a silicon requires breaking 4. In other cases it is usually
the ion with the lesser charge (in this case O~ ~) which moves most readily.

If the hypothesis is accepted that conduction of electricity parallel to
the c-axis in quartz results from motion of oxygen ions in one direction
and simultaneous displacement of holes (bearing an effective positive
change) in the opposite direction, it becomes possible to compute the
self-diffusion coefficient of oxygen from the conductivity itself by using
equation (12). Jofié’s measurements show that the mobility of oxygen
ions and oxygen holes is about the same; hence it may be assumed that
cither one carries half the total current. From the number of defects at
17°, measured by Joffé, the number of such defects at 500° C. is found
to be 3.6X10%/cm?. Then

Do= 555X 101X L% —— 115 ___.
e 274X 3.6 X 108
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Thus for a crystal with an initial conductivity (obtained by extrapolation
of the readings after 1 minute) of 2X107°, the diffusion coefficient of
oxygen is 3X 10~ cm.?/sec.

MECHANISM OF DIFFUSION

Very simple experiments with a scale model of the quartz lattice and
marbles of various sizes indicate that the maximum radius of a rigid
sphere capable of moving freely through the lattice is about 0.57 A;
larger ions cannot diffuse without making room for themselves by distor-
tion of the lattice, or availing themselves of preexisting holes. If the
diffusing ion makes room for itself by crowding the lattice ions aside, the
energy requirements, and hence the diffusion rates, would be very sensi-
tive to ionic size. While this is true to some extent, the fact remains that
the large K+ ion diffuses more rapidly than smaller bivalent or trivalent
ones. Hence, foreign ions may diffuse mainly through preexisting holes,
such as vacant oxygen lattice positions. Once a foreign ion, say sodium,
has occupied a hole, it moves farther under the influence of the electric
field or of a concentration gradient by exchanging position with neighbor-
ing oxygens which migrate in the opposite direction, thus accounting for
the fact that the diffusing ion apparently carries only a fraction of the
total current.

Since the oxygen holes are originally distributed uniformly through the
crystal, they cannot all become occupied at once. The number of ad-
mitted ions and occupied holes will thus increase gradually with time,
leading to a gradual increase in conductivity, as observed. (See Fig. 2.)
When all the holes are occupied, the conductivity reaches a steady value,
which is usually found to occur after a few days. The concentration of dif-
fusing ions then presumably reaches a maximum value of 3.6X 10 /cm.?
at 500° C. The values of the diffusion coefficients listed above were ob-
tained by substituting this value and the corresponding value of the
steady-state conductivity in equation (12), checking the result by means
of (8) to determine the fraction of the total conductivity due to migration
of the diffusing ions.

An oxygen hole, formed by removing a negative oxygen ion to an inter-
stitial position, carries an effective positive charge; it would then tend to
repel an invading positive ion. This repulsion would increase with in-
creasing charge of the diffusing ion. This may explain why bivalent ions,
even of relatively small size (e.g., Mgtt) diffuse more slowly than larger
univalent ones (e.g., Nat, Kt).

How the crystal manages to maintain electric neutrality during the
process of diffusion is difficult to understand. The charge corresponding
with a concentration of 3.6 X 103 foreign univalent ions per cm.? would be
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sufficient to raise the potential of the capacitance formed by the quartz
plate and its metallic electrodes to a value of about 10! volts, which
obviously does not happen. It is thus necessary to assume that additional
negative charges are also present. These might consist, for instance, of
negative oxygen ions in excess over the stoichiometric proportion. Such
is the case, for instance, for cuprous oxide which shows a marked increase
in conductivity when heated under high partial pressure of oxygen. Elec-
tric neutrality in quartz could also be restored by electrons from the
external source which become trapped in the crystal structure.

It is interesting to compare experimental values of the diffusion coeffi-
cients with values predicted from the theory of absolute reaction rates.
According to Eyring’s theory [Glasstone, Laidler and Eyring, 1941] the
constant Dy in equation (5) should be given by the relation

Dy = en? k—hzi eASIR

where % and % are the Boltzman’s and Planck constants, respectively, A
is the average length of a jump, i.e., the distance between successive
equilibrium positions of the diffusing particles, and AS is the entropy of
activation. X is not likely to be less than the distance between two oxygen
sites, which is about 2.6 A. Substituting this value and the experimental
value of Dy at 500° C., the following values of the entropy of activation

are found:
for Li AS = — 1.45R

for Na AS = — 2.1R
for K AS = + 1.8R.

As we have chosen a minimum value for X, the above values of AS are
the maxima that are consistent with the experimental values of Dy. It is
interesting to notice that the value for Na is such as could have been
predicted on the simplest possible hypothesis, namely, that the entropy
of activation corresponds merely to a redistribution of degrees of freedom,
the diffusing sodium ion exchanging its three vibrational degrees of free-
dom in the NaCl lattice for one translational degree of freedom in the
direction of diffusion. This would correspond to a negative entropy
change of about 2R at 500° C. This negative value of the entropy of
activation indicates also that diffusion of sodium and lithium does not
involve any considerable distortion or disordering of the quartz lattice,
in agreement with our hypothesis that diffusion occurs through preexist-
ing holes. This, however, is no longer true for potassium: the positive
value of the entropy of activation indicates in this case that some dis-
ordering does occur, presumably because of the larger size of the po-
tassium ion. This disordering may well occur when oxygen and potassium
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ions exchange position, and is consistent with the higher value of the
activation energy observed in this case.

GEOLOGIC IMPLICATIONS

To give a more pictorial representation of diffusion rates in quartz,
let us assume that potassium ions diffuse from a plane boundary into a
quartz crystal under the influence of a concentration gradient. The aver-
age distance % from the boundary reached by potassium ions after time ¢
is then given by the relation

%2 = 2Dt

so that, at 500° C., the average distance reached in one million years
(3X 10" sec.) is

= (2X2X 1010 X 3 X 10¥)1/2= 110 cm.

which is very small compared to the dimensions of a batholith, say. It
should be remembered also that these diffusion coefficients apply to dif-
fusion parallel to the c-axis; diffusion normal to this axis is apparently
much slower. Admittedly, in large masses of rocks, diffusion will occur
preferentially along crystal boundaries rather than through crystals; yet
metasomatic replacement does involve at times penetration into the
grains themselves. Present results would indicate very slow rates of
metasomatic replacement.

Are the present results at all applicable to processes of metasomatic
replacement? The popular view of “clouds of ions” diffusing into rocks
and replacing them is, of course, completely inadequate unless these
“clouds” happen to be of such composition as to remain electrically
neutral; otherwise the diffusion cloud, if it has any appreciable concen-
tration, would involve impossibly large electric potentials. Thus the
“cloud” which allegedly transforms great masses of quartz into great
masses of orthoclase must contain, in addition to potassium and alumi-
num ions, a proper number of oxygen ions, as shown already by the
simple fact that the chemical formula 3 SiO,+K+4-Al+++ does not add
up to orthoclase KAlSi;Og. The problem of the source of this oxygen does
not seem to have been given proper attention. It might be solved by
assuming removal of some of the silicon, i.e., 4SiO,4K+4 Al
= K AlSi;03+ Sit*+++; but once again the problem of electric potential in
the cloud would present itself. Furthermore, since diffusion rates in
quartz seem to be more sensitive to electric charge than to ionic size,
diffusion of Sit+++, which would be the rate-determining step of the re-
action, must be extremely slow. Obviously, diffusion in the solid state
does not have the answer to all our problems.



652 J. VERHOOGEN

APPENDIX
Equations or DirrusioN IN AN ELeEcTrICAL FIELD

Let us suppose that a positive ion with valence z diffuses from a layer
of salt of thickness % into a quartz plate of equal thickness under the
influence of an electrical field (Fig. 3). At time =0, the concentration
satisfies the conditions

c=c¢ for —h<x<O0
=0 for O0<a<h

and may thus be represented by the function

Co 2¢0 . wx 1 3rx 1 Swx ]

c=—— —|sin—+—sin—+4 —sin — + - (1

2 T h 3 h 5 h

At time ¢=0, we apply a potential 4V, at x= —#%, the potential at
x=-+h being taken as zero. Hence, at =0, dV/dx=—(Vo/2k); and
V="Vyfor x=—h, V=0 for x=r at all times.

1. Let us assume first that only the positive ion moves (no negative
carriers). The equations to be satisfied for o <x </ are

(a) The equation of continuity

dc¢

divS=—— 2
iv > )

where S, the flux in the x-direction, is

S = 3
the velocity v being given by the relation
:14
v= — ezB e, 4
(b) Poisson’s equation
e,

where e is the dielectric constant of quartz.
Eliminating S, V, and » leads to the equation

4+ — [f cdx—A:I=—B— (6)

€ ((')V ) g = €
drez \ 3x /o’ " 4dne%?B

It appears simpler to eliminate ¢ rather than V. The differential equa-
tion for the potential V is then
v a WV ?FVNE 1 8V
9x 9% ( aa? )=E$T26t'

where

O
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Substituting y=9V/dx, ezB=1/a the general solution of (7) is found

(42 (ot 2 )] o

where F is any arbitrary function of the variables indicated in paren-
theses, ¢ is an arbitrary function of ¢ only, and ¥ = f¢dt. This function F
must satisfy the boundary conditions for V given above, and in addition,

€ v
- t satisfy (1).
41rze( Ix? >¢=o mustisafisty ()

2. Tt seems hardly worth looking for a suitable form of (8), since con-
dition (5) is not likely to represent conditions accurately. Equation (5)
implies indeed an unbalanced concentration of space charges, the crystal
acquiring a total charge [ ezc,dx which would raise its potential to a
very high value. We will certainly be closer to experimental facts if we
assume a simultaneous motion of negative charges in the opposite direc-
tion at a rate sufficient to maintain electric neutrality. Let us then as-
sume first that there is a detailed balancing of charges everywhere, so
that 02V /dx*=0 and

at all times. The equations to be satisfied (2, 3, 4) become very simply

ac dc
e 9
 ax at ©
where
u = (esBV)/2h. ; (10

The solution of (9), subject to boundary condition (1), is

Co 260
c=——— 51n—~(x-—p.t)+—sm—(x—pt)+ :I
2 T

To determine B, or D, we consider what happens at x=~#. The concentra-
tion there is

o= ——— 1——+—51 e E (11

2, T h

Co 2¢0 . wui o 3wt :I

and the total number Q of particles flowing across the plate boundary
with cross-section s in time 6 is

0
Q =f sucidi. (12)
0

Set w=ub/h, v=sh, v being the volume of the crystal. Substituting (11)
into (12) and integrating, we obtain
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L2 2hplyl! +ocosdnr+ - ) |
—— ;[ —3—+E+-'-—(cosmr 9cos nw .

The right-hand member of this equation is given approximately, for
large values of #, by the expression $(n—1), so that

2
n=—?—|—1.

Hence, if Q, ¢co and v are known, » may be computed. Since n=ud/h,
p=ezBV,/2h, we obtain finally
2nkT
D=
ezVof

(13)

from which D may be calculated. A difficulty arises, however, in the de-
termination of ¢o. ¢o is not necessarily the total initial concentration of
positive ions in the salt; it is the concentration of free ions, i.e., of ions
which are not so tightly held in the lattice that they cannot move. ¢
might be taken, for instance, as the number of metallic ions which would
participate in electrical conduction in the salt itself. As this number can-
not be evaluated accurately at 500° C. for any of the salts used in these
experiments, there is nothing to gain by using the exact relation (13)
rather than the approximate method (also assuming 8V /dx= constant)
outlined previously.

3. Finally, we might attempt a more exact solution by considering
that there is not necessarily a detailed balancing of charges at every
point in the crystal although its total charge should remain zero. This
implies two different carriers (the positive diffusing ion and a negative
one) with valencies z;, 2, and concentrations ¢;, ¢, respectively. Poisson’s
equation is then

% 4
o =1 {6(2161 — 3202) (14)
subject to the condition
"k 02V
| dx=0 (15)
o dx?

expressing neutrality as a whole. The equations of continuity for each
carrier are

aV da %tV dcr |
82131 =y —I— C]CZ]Bl - ===
dx dx dx? at | (16)
B aV e + e a2V dcy I"
ez0Bs — —— 4 cezBy —— = —
Tox ox | aar ot )

Let us consider the steady state in which the current remains constant,
and in which presumably
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a¢ at

This state is usually reached after a few days. Eliminating 4V /dx in
equations (16), we get
dcs/0x OV a2V
(4} = Cy——
dci/dx  dx? dx?

and since we assume 3°V/9x? 0 locally
Lo 1o

c dx ¢ ox

which together with (14) and (15) leads to 2i1c1=2scs, 8*V/3x*=0 every-
where. This is contrary to our assumption, and we must conclude there-
from that either there is detailed balancing everywhere, or that a steady
state cannot be reached. As it appears experimentally that a very close
approach to a steady state may be reached after a few days, 82V /3x? can
never be very large, and may therefore be neglected. We revert thus to
the previous case.
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