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"Some Aspects of Chemical Energy in Geology."
by Vincent Alexander Saull.
Submitted to the Department of Geology on May 9, 1952, in partial
fulfillment of the requirements for the degree of Doctor of Philosophy
in Theoretical Geophysics. |

| ABSTRACT.

Every physico-chemical transformation involves a re-
distribution of energy, with concomitant production or absorption
of heate This paper is a discussion of the nature and significance
of the chemical energy associated with éertain geologic reattions,
and‘of thevheat effect.

The origin of the energy involved in igneous and metamor-
phic activity is one of the major unsolved problems of geology. Hére—
tofore, primary heat, and heat due to radiocactivity or frictién have
been suggested as agentse No unified treatment of the chemical factor
has appeared.

Tendency towards chemical transformation is due to ther-
modynamic instability. This instability can be predicted from knowl-
edge of the thermodynamic properties of the system concerned, Realiza-
tion of any particular reaction, however, is conditioned by the rate
at which it proceeds.

Reactive materials can be effective as heat sources in
metamorphism only if the reaction rates concerned are sufficiently
slow relative to the rate wt which the material is brought into the
metamorphic region, That is, in the case of sedimentary material, if

the reaction rate is slow relative to the rate of deposition.
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On theoretical grounds, and from such data as are
available, it is apparent that many metamorphic reactions are exothermic.,
It is suggested that much of the geologic tradition of endothermic re-
actions in metamorphism stems from a confusion of the heat required to
accelerate an already spontaneous reaction, and that required to initiate
the reaction tendency itself.

From the data, it appears that certain geologically import-
ant reactions can develop, under adiabatic conditions, temperature rises
of several hundred degrees Centigrade. On the basis of such results, it
is suggested that granitization is a sort of spontaneous combustion, the
initiation and character of which depend: on local chemical, mechanical,
and thermal factors.

The significance of the general theme for several aspects
of geology is discussed, A mathematical expression of the problem is

given, and the possibility of obtaining useful solutions considered.

Thesis Supervisor:

Dr. Norman Haskell.



Introduction.

This paper is an attempt to outline certain aspects of the
role of chemical energyin geology, with the aim of stimulating more
general consideration of this factor.

Briefly, the problem 1s as follows. All physico-chemical
transformations invdlve either production or absorption of heat locally.
Now, other parameters remaining constant, the rates of such trans-
formations are temperature-dependent. Thus, in a region experiencing
energy transformations of this sort, the temperature is the result of
a complex interplay of transformation eﬁergy, rate of transformation,
and heat dissipation, all in accordance with the heat flow equation.
It is this interplay, its origin, nature, and geologic application,
that comprise the subject matter of the paper.

As will be brought out in the tText, there is a lack of exact
experimental data relevant to the problem. In this situation, the
ainm hés been to stress basic principles, rather than risk prejudicing
the general theme by over-enthusiastic use of such data as are

availsble.



I. THE ENERGY PROBLEM IN GEOLOGY.

a. Importance of the probiem.

The question of energy economy is fundamental to a large
number of geologic problems, and implicit in many others.

A few such problems are those of metamorphism, orogeny,
vulcanism, ore deposition, and cosmology. Similar energy considera-
tions arise even in biophysical and weathering processes, though less
naturally.

The above situation i1s perhaps not remarkable, since energy
balance is an attribute of every physical process. What is surprising,
however, is our general dinability to resolve satisfactorily the pro-
blem of energy balance, which usually reduces to that of finding an
adequate energy source.

This basic weakness is nowhere more striking than in
petrology. The following quotations are from Turner and Verhoogen
(116, p. 352).

"Probebly the most important geophysical problem con-
fronting the petrologist concerns the determination of the distri-
bution of temperature in the earth. .... Heat is undoubtedly the
driving factor behind many, if not all, internal geologic phenomena.
Problems concerning sources of heat and the temperature distribution

tare thus among the most fundamental,obut unfortunately among the

most elusive, in the realm of geologye. +... The problem of the ig-
neous petrologists is therefore to find an adequate mechanism by
which comparatively insignificant amounts of heat may become focussed
on rather small portions of the earth's crust in order to raise the
temperature locally as much as several hundred degrees.”

The critical role occupied by petrology in geology as a
whole has been established over several centuries of observation.

Thus from this point of view alone the energy question is of fun-

damental interest.



With respect to the broader problem of the heat economy of

the earth as a whole, Van Orstrand (117, p. 125), writes: ¢

"A vast amount of research has beem devoted to this subject,
but the fact remains that the origin and maintenance of the earth's
internal heat continue to be one of the outstanding unsolved problems
of science" (sic).

b. Sources of energy in geology.

The following table presents a list of energy sources which
nay be geologically effective, together with a tentative indication

of their spheres of importance.

TABLE I
Source Effect .

Surface Crustal layers Infra-crustal
Primary heat nil probably nil Probable
Radicactivity nil present probable
Chemical energy present present probable
Cosmic radiation present present nil
Solar radiation present nil nil
Friction present present present

Of these sources, primary heat and radioactivity may be
termed the "classical" ones, in that they have received by far the
gréatest amount of attention in the literature. However, these sources
are certainly not thé only ones operative, and the true nature of their
geologic confribution is quite uncertaig. In this situation, it is
advisable to reviéw briefly the whole question of the nature of the
energy sources locally important in the earth.

The problem is to evaluate the effect of the above sources
relative to one another, and to what is known of the geology of each
of thé earth-regigns given above. With respect to the latter, the
writer feels that consideration of the geology of the environmment is

quite basic to any intelligent discussion of the subject.



1. Primary heat flow.

This is the most venerable of the sources listed, and has
received attention since at least the days of Iaplace. Nevertheless,
absolutely nothing is known with certainty of the nature of this heat,
or even of its existence. The idea of a hot interdior:for the earth
was, in the past, based upon the visual evidence of volcanoes, and
observations of terrestrial temperature gradients. Nowadays, there
is abundant geological evidence that such phenomena by no means
necessarily imply the presence of a primary heat flow. Such evidence
is primarily: +the localization of heat effects at the surface, and
the presence of heat sources in the mantle which are qualitatively
capable of causing the observed effects. It is not even certain that
the origin of the earth involved any high temperature phase.

In any case, direct observation of primary heat is impossible,
because of the presence of the crustal layers, with their definitely
established contribution. The most logical approach is to consider
whether agencies about wﬁich we do have definite information are able
to explain the observed features. Then we shall be able to.judge the
probable nature of the primary effect.

2. Radiocactivity.

Radioactivity, discovered in 1898, was suggested as a
source of geologic heat as early as 1903, by Joly (51). This prompt
application of physics to geology was due primarily to the existence
of the spirited controversy then raging over the validity of Kelvin's

Tigure for the age of the earth.



The general order of magnitude of the radioactive con-
.tent of the various rocks is now known, for the crustal layers at least.
Radioactivity in the mantle and core is uncertain, but measurements
on meteorites, and geochemical predictions, may throw light on the
matter. Besides the elements now known to be radiocactive by laboratory
measurement, there may exist other longer-lived radicactive elements,
which by their abundance are important. Since these may be beyond
direct experimental detection, theoretical predictions from nuclear
structure, or from geologic méasurements in favourable localities,
may provide the only clue to their existence. Further, there is the
possibility of radioactivity and fission caused by cosmic radiation
being important.

Finally, the very basis of the heat production process
is being investigated, and it is apparent that some of the radioactive
energy goes into disruption of mineral structure, at least initially.(99).

The above sketch should indicate that the radiocactivity
question is still very much alive, and that a comprehensive treatment
of the geologic relations has yet to be produced. As far as current
geologic opinion is concerned, radioactivity has, with few exceptions,
been considered as only a secondary source of heat, where problems of
petrology are involved. There 1s, however, the "blister" hypothesis
of Wolfe (v5). (For such broader problems as the heat economy of the
bulk earth, convection and the like, radiocactivity has of course been

considered a prime agent.)



3. Chemical Energy
o YEvery chermtical reaction involves redistribution of
energy, and local production o¢ absorption-of heat. The general
nature and importance of geologic reactionsis well known. .These are,
first, the reacfionéof the weathering zone, intimately connected witg‘
nmeteorological reactions, and the process of which is continually
before us. Then there are the metamorphic reactions, of the zone of
anamorphism, which are mostly deduced from a knowledge of the original
rock constitution, texture, and fabric. The precise conditions under
which these reactions have occurred, and their rates, are uncertain.
However, that they have occurred, and in finite time, is beyond doubt.
Thirdly, there is the possibility of reactions located in
the mantle or core. There is little direct evidence of this, but
also none in refutation of their existence. Philosophically, it
would seem that such must exist. Otherwise, we are bound to consider
the interior of ﬁhe earth as everywhere in equil;brium. This is
difficult to imagine, no matter what theor& of origin of the earth
we favour. It is also against the seismic evidence of deep earthquakes,
and such evidence as supports the exiétence of convection currents.
These reactions may amount to mere phase changes on cooling, or may be
part of an involved and vigorous restoration of equilibrium. The
possibility'of phase changes within & the mantle has been discussed by
Bridgman (lQB).
Objectively, chemical energy has many of the features re-
quired of a geological source, for example the possibility of extreme

VARIATON N
Ain'tensi'by and distribution.



i, Cosmic radiation

In magnitude, the energy presently impinging on the earth
in the form of cosmic radiation is but a small fraction of the generally
accepted outward heat flux of the earth. Very rough calculations
from such data as given by Greisen (39), indicate that this fraction
is of the general order of 10-12. Hence on a simple energy exchange
basis, cosmic radiation seems to be of no interest.

However, because of the interesting indirect effects which
radiation may initiate, which effects can be related also to radio-
activity, some discussion of cosmic radiation is useful. This is
particularly so since cosmic effects have rarely if ever beei dis-
cussed in the geologic literature. (An exception to this last state-
ment might be the geological application of the radioactivity of Clu,
vhich isotope apparently owes its present existence to cosmic radiation.)

The geheral effects of radiation on solids ha&e been discussed
by Slater (99), and by Richtmeyer and Kennard (89, p. 7Ol). Much of
the interest of practical physicists in the effects of radiation on
solids is due to the destructive thermal and mechanial effects which
refractories exposed to radiation may undergo. Radiation effects are
conveniently divided into effects on the electronic structure and
effects on the huclear structure.

Charged particles in the electronic region may be accelerated
by the electronic and nuclear fields, and lose energy by radiation. At
the same time, the electronic equilibrium is disrupted, resulting in
lonization, and perhaps in the creation or destruction of chemical bonds
between adjacent molecules. For most substances, the rate of restoration

of equilibrium to the electronic structure is very rapid, and disturbance



of this sort disappears as heat. For insulators, there is less mobility
of the electrons, and-electronic disturbances may be to sume exivent
“fvrozen in". This appears to be the ofigin of the darkening of certain
leucocratic mineréls in radiocactive pegmatities. As far as chemical
reactions are concerned, molecules in favorable orientation mightbe
affected by electronic changes, but for solid state reactions, the
rate-determiningsstep is usually the diffusion of particles to con-
tiguity, and effects should be negligible. In other reactions, such
electronic excitement could have a definite catalytic effect.

Effects on the nucleus are more important insofar as struct-
ural change is concerned. The physical properties of solids are con-
ditioned almost entirely by the positions of the nuclei, and as
mentioned, it is the displacement of the atoms as a whole, and there-
fore of the nuclei, that is the basic featuré of solid state reactions.
The particles which are able to affect the nucleus are thus of prime
interest. These are the high momentum particles, as neutrons and
mesons, and the heavier charged particles such as alpha particles
and fission fragments. Gamma rays and beta particles can produce
effects which are of ionizing character only.

Details cannot be discussed here, but ruclei may be effected
by mere collisional displacement, or nuclear reactions may be stimulated.
Effects are conditioned to a large extent by the speed of the particles
involved. For charged particles, at high speeds energy loss is primarily
by ionization, while at lower speeds, atomic displacement is the rule.
This 1s also so for neutrons. However, for mesons, George (30) gives the:.

following formula for the energy loss of mesons with depth:



éf:/ a + bE + clnE
x .

( a,b.c, are constants, E=enevgy, x=depth)

The constant term is ionization loss, the linear term loss by nuclear
excitation and nuclear reaction, and the logarithmic term loss by
Cerenkov radiation. Above 100 BeV the linear term dominates, that is,
nuclear effects dominate above that energy.

Structural effects due to radiocactivity are evidenced in
the frequent development of the metamict state in radiocactive minerals.
. Radioactive haloes generally show maximm blackening over one or more
radii, which is probably due to the above-mentioned speed effect.
The important point for this paper is that at least some of the
radiation energy goes into structural damage, and not directly into
heat.

The effects of cosmic radiation are of course decidely
limited by the small total energy available, as mentioned above.
The interesting feature is the high penetrating power of some of the
particles. A very small number of observations have been made on -
cosmic particles undergpound (George 30), but fast particles have

been determined at 3000 neters, and must penetrate even further. The

intensity at this depth is however only 3 x J.O-'6 of the sea level
intensity for the experiment in question. The effect then, of cosmic
radiation, is a small amount of direct heating, and a similarly small
number of nuclear interactions. With regard to these latter, some may
be fissions, in which quantities of energy much éreater than that of the
particle itself may be triggered. Sonme wili invdlvgﬁuclear displace-

nments, and others the development of radioactive isotopes, which again
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nay develop eventually more than the input energy. The upshot of this
is that cosmic radiation should be .borne in mind as a possible ex-
planation of some very local effects, and new developments in knowledge
of the radiation should be applied to geology as soon as possiblé.

5. Solar Radlgtion

The pre-eminent role played by solar radiation in biology,
meteorology, and related sciences is well known. It is not too much
to say that all surface processes are tuned to solar radiation. 1In
amount, the énergy received from fhe sun is several orders of magnitude
greater fhan that conducted outward from the earth. Geiger (31) gives
data from which this amount may be estimated. Thus, at the upper |
limit of the atmosphere, the vertical flux is about 2 calories per
minute per square centimeter. This vertical incidence occurs only
in the neighbourhood of the equator, bf course. Averaging over all
latitudes, the flux can easily be shown to be about 1/2 calorie per
ninute per square centimeter. The albedo of the earth varies from
place to place, with surface conditions and weather. At European
latitudes Geiger states it to be 0.42. That is, hz%yof the incoming
radiation is ref;ected back to space. Van Orstrand (117) cites a
value 0.29. In any case, the average heat flux is about l/h calorie
rer square centimeter per minute, or abdut .004 calories per second.
Teking the outward heat flux from the earth to be about a micro-calorie
per second per square centimeter, we have the above-stated relation.
Local variations in albedo, seasonal variations at any particular point,
and; of course, latitude, will affect the figures, but not as mich as

an order of magnitude.
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It is clear that if the earth receives a net amount of
heat yearly, surface processes must be on the whole endothermic, if
the earth is not to heat up continually. There is of course good
geological evidence that there have not been extreme variations in
temperature over the average of geological time. The tracing through
of the energy economy of the surface would be of éxtreme interest in
geology, and a fairly good picture could probably be achieved with
data presently available. This cannot be done here, but it is obvious
that, since the weather cycles involve little energy change, much of
the surplus energy may appear as chemical energy in sediments.

Meteorological studies on this point do not offer much of
a positive nature. The processes involved are extremely complex, and
there is also an insufficiency of data even on those processes which
aré relatively well understood. The meteorological spproach is, in
the present state of affairs, to use the fact that climﬁte has not
varied essentially throughout geologic time, and then to calculate
the missing radistion-back-to-space parameters on this basis. Possibly,
detailed analysis of the data on hand could go further.

The writer certainly does not have the meteorological back-
ground to do this. The point being made is that meteorological science

does not preclude the building up of chemicel energy in weathered

L e

msterial. Rather, there are already such energy-storing processes
extant - notably the growth of vegetation and animal growth. Such
energy processes are apparently not considered by meteorologists in

their calculations, but definitely play a part.
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To anticipate later conclusions somewhat, it is suggested
that, while the direct effect of solar energy is confined to a matter of
feet below the earth's surface, indirectly, through the medium of
chemical energy, it may reach deep into the lithosphere. 1In this there
is a certain analogy with the problem of the solar engine, in which some'
physico-chemical device is necessary for the effective utilization of
the solar heat. .Qeoldgical ‘examplesof such energy storing are provided
by glaciation, and by coal formation.

Papers dealing with the overall ‘heat economy of the earth
are those of Simpson (97) and Geiger (31). Neither author mentions
specifically the effect of biological and chemical action on the heat
economy, though Geiger does emphasize the variation of the nature of
the heat exchange with vegetation, soil and the like.

The magnitude of such effects is quite uncertain, in the same
sense that the overall effect on climate of man's presence on earth,
and his technological developments, is uncertain.

One final point is that it is not necessary for an excess
solar energy to exist over long periods. Thus such a process as
tree growth may occur with the earth experieng=:'a net loss of energy
over the period of a day, but receiving energy over a few hours, say.
The fundamental reason behind this possibility is the rate effect of
physico~-chemical transitions, as will be outlined.

If the earth has indeed received a net amount of energy
from the sun, conservation of energy requirements indicate that this
net energy must be to-day represented by the chemical energy in rocks

ofwthe lithosphere. See also page 6} .
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Knowledge of the character and amount of the rock in the
lithosphere, coupled with closer kncwledge of the chemical factor,
could provide the basis for calculations of the energy economy

'throughout geologic history. Such éalculations are of course pre-
mature in the present state of affairs. In a similar category is the
question of the contribution of endothermic weathering reactions to
world-wide climatic variations. Should this factor be shown to be
imporéant, it i1s to be noted that the apparently aperiodic character
of these changes - that is, referring to glaciation - is easily
accommodated by the chemical hypothesis. It would, in fact, be the
expected character. The usual hypotheses of the origin of glaciation -
with the exception of variation in solar radiation - hawve difficulty
in explaining the above aperiodicity.

An extensive qualitative discussion could be given on this

point, but agein, such a course would be extremely premature.

Frictional Heat

Frictional heat is not, of course, a primary source.

However, frictional processes may localize heat, while the primery
energy being dissipated in friction may be completely incapable of such
localization per se.

Frictional processes - as involved in rock flowasge, or
fracture, may be operative in all three of the earth zones described.
At the surface, and in the lithosphere, there is good evidence that

'frictional heat is not an important geologic factor, and there is
even difficulty in showing that it has any geologic effects. However,

THAT ,
alt must have some effect, ww#t is undeniable. In the infra-crustal
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zone, less can be said of the frictional effect. This may take the
form of frictional effects in convection currents, or in mechanical
forces dve to earth conﬂaction or to attraction of heavenly bodies.
Pekeris (80) has calculated the magnitude of the heat which
would be developed by internal friction during convection in the mantle,
with the result that it is shown to be negligible relative to the
observed terrestrial heat flow. For other models of convection, the
precise figures would vary, but frictional heat would probsbly remain
relatively small. De Iury (22) has postulated that frictional effects
in the crust are sufficient to develop magmas directly. However, this
is an extreme view, and calculations suggest that such frictional
effects would be extremely moderate. For example see Nutting (78).
There is abundant evidence of the operation of mechanical
forces in the lithosphere, as in sh;ar zones. Even though the direct
thermal effect may be small, the deformation obviously has a profound
effect on rock minerals. Thus minerals may be strained or crushed,
and new minerals may be developed: In this way the mechanical energy
may be stored as structural energy, which alters not only the energy
content of the region, but also the chemical reactivity. FExperimental
evidence for these effects is mentioned later in the paper. Geo-

logically, there is sbundant field evidence of the reactive nature of

mechanically strained material.
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c. (Geologic environment of the energy sources.

The fundasmental char-
acteristics of the infra-crustal, crustal, and surface zomes of the
earth are sketched below.

1. Infra-crustal. ?erhaps the most significant.feature of the infra-
crustal layers is their tangential homogeneity, as indicated hy the
reproducibility of seismic velocities. This imulies & similar spher-
icel symuetry of temperature, pres-ure, and composition. The mantle,

at lesst, iséssentially solid, and on this basis, the mode of heat tran-
sfer most generel is probably conduction. Un the other hand, there is
observational evidence of earthquake foci within the mantle, and slow
convectiun oh a broad scale is a very real possibility. In this case,
heat tran=fer by convection would supersede that by conduction, because
of the greater efficiency of the latter type of transfer (rekeris 80 ).
Relative to the upper layers, however, this region is inert and homo-
geneous.,

2. Crustal layers. Tne crustal layers are characterized by extreme
variation in composition, temperature, snd stress. Evidence of instao-
ility is everywhee apparent. The region is essentigzlly solid, but while
conduction is probably the main mode of ne:t transfer, convection and
mass transfer can, and certainly do, predomin:te locally. The keyncte
of tne region is widespread instability, whose general relief is prev-
ented by the slugzishnesc of tne solid environment, and by continual
operation of equilibrium—uesté&ing processes.

3. Barth's surface. This region is characterized by a general high mo-

bility, a consequence of the majoe role played by th: mobile constit-



uent, water, and’by the mobility of the omnipresent atmosphere.
This makes poséible the repid attéinment of equilibrium, which is
opposed by the terrific diurnal variation in energy'réceived by
the surface, and by the disruption of atmospheric patterns by phys-—
iographic variations. The result is the complex nature of weather
changes, and the vast differen;e in local types and praducts of
erosion.

The above is not meant to comprise a complete charact-
erization of thé earth zones mentioned. I'his is the substance of
elementary geology, and wouldbe superfluous here. What is intended,
howéver, is a pointing-up of the fundamental diflerences betwe:n the
areas involved, particulady as regards homo:-eneity and mcbility of
environment. The purposé is to show that a hest source important in

one environment may be completely insignificant in another.

16a
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d. TImportance of Heat Sources in Relation to Geologic Environment.

From the above, it should be clear that the relative im-
_portance of the different sources is quite different, depending on
which geologic region we are considering.

Primary flow is probably quite ineffective in explaining
features of the lithosphere or éurface, but may be all-important in
deciding events in the deeper zones.

Radioactivity is insignificant at the surface, and possibly
of only subsidiary importance, directlj, to the lithosphere. However,
because of the extreme bulk of the mantle, its highly insulated
character, and the possible lack of competing sources, radiocactivity
may be the prime agent there.

Chemical energy probably has some effect in each zone, but
as will be seen, the nature of the effect is intimately connected with
the nature of the stability of each zone.

Solar radiation is all important at the surface, but has
at present no direct relation to the temperatures in the other zones.

Frictional heat is probably ineffective in the upper zones,
but may be important in the mantle.

| It is vith the above points in mind that the table of page 8.
has been made up.

The above points are obvious from a very elementary study of
geology, but it is precisely the geological factor that has been most

neglected in discussion of the problem.
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e. General Natures of the Sources

This paper will be occupied with the effect of chemical
energy in geology, but before proceeding to more detailed consideration
of this factor, some general relations of the é&rces of energy should
be clear.

Thus primary heat is essentially a ponderous source of great
inertia (assumiﬁg its existence, of course). There is no possibility
of concentrating this heat, at different times and places, intrinsic
in the source. Such may be obtained, though, by external disturbances,
as deep fracturing, surface aberrations causing convection, and also by
storing energy chemically. If such phenomens as ionic dif:f‘usion. do
occur, local focussing by surface variations in composition seems 4
qualitatively, to be impossible. (This refers to features of the
scale of ordinary rock masses.) In toto, primary heat of itself does
not have the characteristics of the source operative in the crust.

The localization of heat from radiocactivity seated in the
mantle is up against the same obstacles as'is the above, unless some
unexplained localization of the radioactivity itself occurs. In the
crust, there is definite concentration of radioactivity in weathering,
and the nature of this is known. Against the localization of radio;
active heat in time is the apparently immutable law of radioactive
decay. However, as mentioned above, this energy may be entrapped
physically or chemically, in which case the problem partly reduces to

that of a chemical source.
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Cosmic radiation itself admits of no localizatton, except a
very broad latitude effect. Indirectly, the effects of cosmic
vodiation may vary greatly with difference in local compogition of
the crﬁst. Again the problem tends to reduce to the chemical one.

Chemical energy, as mentioned, does have the property of
possible local concentration. This is true alsc of localization in
time, since the rates of chemical reactions are notoriously dependent
on external conditions, particularly temperature.

Frictional energy can be, and usually is, localized. However,
because of its nature, frictional energy cannot be increased without
increasing the causative energy. In other words, there is no possibility
of storing frictional energy as such. Indirectly, there is the possibility
of storing such energy chemically. Indeed, much of the surface and
strain energy gained by sediments in weathering might be thus classed
as due to friction, though the ultimate source is solar.

From the above, it is seen that, besides having the qualities
which a petrologically important source should have - ability to con-
centrate heat in space and time - chemicai energy may be related to
each of the other source types as an intermediate stage in energy

release.
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II. CHEMICAL ENERGY AND RELATED PRINCIPLES

a. Chemical Energy

"Chemical" as used in this paper is meant to include such
transformations as re-crystallization and phase changes. These
might be considered as physical changes, but since the mechanisms
involved are precisely those of classical chemical changes, there is
little justification for a distinction. A definition of chemical as
it is used here might be that it is that energy of a region due to
the position of its constituent particles relative to one another.

On this basis, radiocactivity would probably be included. However,
since radioactivity has been :s0 long established as a geologic energy
source, it will be kept separate from chemical energy to avoid con-
fusion.,

(Radioactivity is the result of the same type of process
generally considered to be chemical, the only difference being the
nature of the particles involved in the process of equilibrium
attainment, and the activation energy per particle required for the
prbcess. The magnitude of this activation energy makes the process
inert to stimulation by ordinary agencies, as heat, pressure.)

Chemical energy is to-day the foundation of our technplogy,
and examples of it are continually before us. Most important o6f these
are the combustion of céal and oil, but they range from the quiet pro-
duction of electricity by voltaic cells to the spectacular energy
releases of explosions. Perhaps more important are the energies

involved in digestion of food.



Aside from technology, natural phenomens, pffer abundant
evidences of the importance of chemical energy. Reactions and trans-
itions involving water, in particular, are behind many familiar weather
phenomena. Surface reactions on plants and soils deal in massive
quantities of energy, and are fundamental to lifé: as we know it.

The above examples are useful in indicating the ubiquity
of the chemical factor, but they are not particularly illuminating as
regards geologic reactions. However, situations analogous to the
geologic ones, in that the enviromment is largely solid, occur in a
number of cases. Ior example, in ceramics and metallurgy the role of
solid state reactions is well known and appreciated, particularly in
sintering. ..The energy factors involved are receiving increasing
attention.

The setting of concrete affords another instance of the
chemical effect. In this case, heat is evolved in setting which, in
large structures, can lead to destructive fracturing if not taken
into account. There is a large number of articles on this point in
the literature on concrete.(85).

Spontaneous combustion processes occurring in solids of low

conductivity offer more spectacular examples of the energy effect.
A large class of explosives has  an identical mechanism. (Ceologically,
spontaneous combustion is known in coal, in its natural enviromment as
well as in above-ground storage (60). Similar heating has occurred in
sulfide ores stored in mines.

Having given examples of the efficacy of chemical energy,

pertinent features of its production and nature will be taken up.



22

b. Chemical Neaction as a tendency to Equilibrium

The obvious fundamental reason for any transformation is
the dis-equilibrium of the system. This is a corollary of the
definition of equilibrium, that a system is in equilibrium if it has
no tendency to change.. The presence or absence of catalytic agents
may be the occasion of a change occurring at a measurably rate, but
the direction of the change, and the tendency itself, is entirely due
to the nature of the equilibrium obtaining.

It is for this reason that a study of equilibrium and
stability is a necessary preliminary to intelligent consideration of
chemical reaction. In the following section, some chemical principles
underlying equilibrium and reaction rate are discussed.

The source of the energy concerned is to be sought on a
molecular séale. Changes in type, length, or number of bonds between
atoms all give rise to changes in energy that is ultimately electrical
in nature. Such changes may arise from compound formation, mechanical
disruption of structure, change of state, or the like. The effect
is the same. |

c. Stability and Equilibrium

1. Concepts. The distinction between stability in the thermodynamic
sense and stability as commonly used is an important one. The following
quotation from Lewis and Randall (6h) illustrates the main point.

"In common usage, & system issaid to be stable when it under-
goes no apparent changes. Now a system which is apparently in a
stationary state may be so because it has reached one of the states of
equilibrium from which it has no tendency to depart, no matter how great
its mobilitysy or it may be because processes occurring within it are
so slow as to be imperceptible, even though the system may be far from a
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trve state of equilibrivm. It is only systems of the first kind which
are really in a state of equilibrium which we shall call stable in any
thermodynamic sense. Systems of the second kind may be called inert or
unreactive."

' In principle, this s stralghtforward enough, but there are
practical difficulties. This has led to such concepts as partial
equilibrium, false equilibrium, degrees of stability, and "passive
resistances to change', the nature of which is sketched below.

Givbs (32) distinguishes between stationary or equilibrium
states due to the balance of the "active tendencies” of the system,
and those due to the presence of a "passive resistance preventing change."
Passive resistances merely retarding change, of the nature of viscous
forces, are dismissed as not entering intc the equilibrium. These
passive resistances preventing change are considered to be the forces
allowing the co-existence of allotropic forms of certain substances.
Under Gibbs's scheme, there arises the possibility of reactions which
proceed at finite velocity above a certain temperature, and cease
completely below that temperature.

Lewis condemns this concept of passive resistance, on the
grounds that it is contradicted by the most reliable experimental
evidence. Nevertheless, Lewis himself{ refers to degrees of stability,
suggesting that systems may be in equilibrium with respect to small
variations in external conditions, but unstable with respect @o large
ones. As @8 example of such a system, he cites water at a few degrees
below the Treezing point. This concept is, however, precisely that of
Gibbs (32, p. 59), although Lewis does add that there is a theoretical

doubt as to whether an state other than the most stable state is in

equilibrium with respect to every conceivable process.
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Iewis also introduces the idea of partiél equilibriuvum~—
eéuilibrium With.respect to rapid processes which may occur within
a body, but not with respect to slower ones. Aﬂ-ex;mple of this is
the case of hydrogen and oxygen dissolved in water being in equilibrium
with }espeét to solubility, but not with respect to the slow water-
forming reaction.

In the writer's opinion, there is no theoretical ﬁasis for
distinguishing between the above-mentioned types of equilibrium. The
differences are‘felt to be a matter of degree only, and due to the
fué?mental relation between "practical” equilibrium and reaction rate.
This view is also supported by the theory of absolute reaction rates.

Tt will thus be assumed that every process which can lead to
a state of equilibrium actually does ~ occur, though perhapsiimmeasur-
able slowly. This is'ﬁlso the view of Lewis, despite his discussion
of degrees Of stability.

Another basic point which should be clear from the.above is
that a system may he in.equilibrium (stable or inert) with respect to
one set of conditions, and notvwith respect to another set. Evidences
of this fact are everywhere present.

2. Thermodynamic Dictum of Stability

The thermodynamic criteria for stability of systems are
derivéd in a large number of.elementary teﬁts on physical chemistry.
These criteria are thus oniy summarized here. Before‘doing so, it is
well to emphasize the limitations of the various,analytic ways of

approaching the question of equilibrium - that is, .thermodynamics,

statistical mechanics, and the kinetic method.
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Most important, thermodymamics and statistical mechanics
afe able to give quantitative prediéﬁinns only with regard to systeﬁs
in thermal’équilibrium. In particular, they say nothing about the
rate of attainment’of equilibrium. They siaeer aré:;$le to predict which
is the most stable’aspect of ;he system under any particular set of
conditions; but not whether this aspect actually will appear, as the
rate of the process involyed méy be prohibitively slow. The kinetic
method is not so limiﬁed; b§t'it is far more difficult to apply, and
of much less generality. With regard to thermodynamics and statistical
mechanics, the latter is much“be%ter abl¢ to deal with problems of
geologic complexity than i1s thermodynamics. Thermodynamics is able
to derive useful rélations in terms of the equation of state of
the system in question, but is quite unabie to derive this equation
of state. It depends for this on experimental work.

In the following, P refers to the pressure, ¥ to the volume,
T to thevtemperature, S to the entropy, and I to the energy of the
system in question.

The following additional functions are then defined:

T = Tree Inergy (Gibbs free energy) = E + PV - TS = H - TS

A = Work content (Helmholtz free energy)e® - TS
H= Inthalpy = L + PY
Then Tor any spontaneous process, it is so that:
dr< 0 when P, T are constant.
dA<O when V, T are constant
dH<O when P, S are constant

dn<0 When V, S are constant.



Since most processes occur at constant pressure and tem-
perature, the relation involving F is the most important of the above.
For a reversible process,

AF = AH - a(Ts)

= AH - TAS , for T constant.
Thus for a process to occur spontaneously at constant pressure and

temperature, it is necessary and sufficient that:

OF = AH-TAS
be negative.

Tor this same process, it is obviously so that

OH = AF + TAS
Then, if tle transformation involves a decrease in entropy, TAS
is negative, and therefore AH , being the sum of two negative quant-
ities, is negative. However, the interpretation of a negative value
for AMKW is that the process is exothermic. This result is of con-
siderable importance, since it is frequently possible to predict the
general sign or order of magnitude of OS . TFor meny solid-
state transformations, AS is negative - an example is the devitrifi-
cation of glass - or zero, and solid state reactions which are
spontaneous are characteristically exothermic. Th?ls point has been
discussed more completely by Tammann (93a). Even in those cases where
AS is positive, AH may of course still be negative, depending on
the magnitude of AE . See page 58 .

here solid solutions can form, and in other cases where
there is the possibility of positive AS , an endothermic solid state
reaction may still be spontaneous, provided the reaction is not
strongly endothermic. See for example, page 78 , concerning calcite

o

. and arasgonite.



27

Tor open systems, the possibility of removal of mass has
a complicating effect. An instance of this effect is given on page .
Also, varying the temperature and pressure alters®, and may halt or
reverse the reaction tendency. The net effect of mass removal, and
tempera”ture and pressure variation is given, for a reversible process,
by Gibbs (32, p. 87):

daF = - ASdT + Aavdp +£_/(.;dn;

Where i is the chemical potential of substance { , and h; is the
umber of modes of that substance.

When AF is small, it is obvious from the above equation
that alterations in temperature and pressure caused by the reaction
itsell may alter AF considerably. TFor substances far from equilibrium,
which sitvation is of most interest in this paper, the effect is less
imporfant. In any particular case, the actual effect could be estimated
from heat data.

d. Kinetics of Reactions

1. (Ceneral Principles. Perhaps the most distinctive feature of the
theory of the kinetics of chemical change has been its inability to
predict the rates of individual reactions with any degree of success.
This situation has been changed somewhat in thellast few decades,

with the development of the sb-called "theory of absolute reaction
rates.” Nevertheless, the general theory is still incomplete, and the
bulk of current research is oc;upied with explaining variations in
observed.rates from "classical” values. The complexity of the factors

which may influence reactions is even more apparent in reactions in and



hetween solids, than in gas or liquid reactions. The special features
of solid state reactions are discussed later.

Despite the shortcomings of the theory, there are some
generally accepted facts, or perhaps usages. Thus for the reactions
A + B + C=products, the rate of disappearance of the reactant A can be

expressed by

da _ _ N

There (A), (B), (C) are concentrations, and k= f«(f) alone. The
coefficients a, b, c are experimentally determined,. and are in general
not integral. In this expression (1), the sum (a +b +¢ ) is called |
the “order" of the reaction, and R the specific reaction rate. Also,
a4 _is the order of the reaction with respect to 4, etc.

Tt is commonly agreed that the specific reaction rate &R

is of the form:

b= Ce * (2)

where T is the temperature, and C, ¢ are constantis, provided tie
range of T is not too gi*ea:b.
In this equation (2), € is called the "collision freguency
or "frequency factor," and ¢ 1is the "activation energy”. DBoth may
be considered constant for purposes of this resume, and are experimentall:’

determined from the temperature dependence of the reaction rate. P-s’call-,

7

-

f ma;” te thought of as proportional to the minimm excess energy

which the reactant molecuvle-complex must possess if it is to decompose
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into the products. The intermediate molecular state is called the
“activated complex”, and is assumed to have the ordinary properties
of a molecule, with the exception that slight disterbance can lead
£o its dissociation. Iﬁ ﬁnimolééulaf reéctibns; fhis compléx‘will
not differ much from the molecule itself,while ‘n bimolecular and
termolecular reaction, it may be an unusual configuration born of
collision. The name "collision frequency" is due to the relation
which this factor has to the collisioﬁ frequency of molecules in gas-
and liquid-phase reactions.

The form (2) is due to S. Arrhenius (in 1889), and has been
the stimvlus for most of the subsequent work on kinetics. It should
be noted that it is of such a form that small changes in $ result
in large changes in K. Such variation in activation is‘the ex-
planation of the frequently-great differences in rate, and par-
ticularly in temperature-dependence of rate, between reactions that
are formally similar.

With the picture given above of the physical meaning of

$ > it is plain that if the structure of the reactant molecule -
considering a unimolecular tranSition for simplicity - is very differ-
ent from that of the product, ¢ will tend to be large, as the reaét-
ant must then be strongly distorted before it can pass over freely to
the product. Mineralogically, it is the variation in activation energy
which accounts for the sluggishness of "reconstructive" transformations

relative to "displacive' ones.
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Tt is to be noted that the form of (2) occurs also in the
theories of diffusion of viscosity, and of raqgctivity ~ wherever a

process depends on a particle surmounting a local potential barrier

before reaching another - perhaps alsb temporary - equilibrium position.

The concept of the activated complex is more clearly outlined
in discussions of the theory of absolute reaction rates. The most
comprehensive study is that of Glasstone, ILaidler and Eyring (35).
Several briefer presentations are given in Smoluchowski's symposium
(102).

The parameter C depends greatly on a number of factors
which are difficult to take into account rigorously. That is, it is
related to the entropy change in the formation of the activated
complex, and thus withthe structure of the complex, and with the
environment in general.

Finally, every reaction may be thought of as consisting of |
a8 number of steps, in which each step has associated with it a différent
rate. In many reactions, one step is so much slower than the others,
that this step is effectively rate-dBtermining. However, in others,
this simplifying factor is not present, and the net rate iéi%omplicated
function of the individual rates.
2. Solid state reactions. Until fairly ?ecently, it was no exaggeration
to say that chemical thought on solid state reactions revolved largely
around the ancient dictum: "corpora non agun: msi fluida", a view which
persists in some quarters even today. However, great strides have been
made in this field on both the experimental and theoretical side, and

there is now a large body of literature on the subject.



The history of work on the subject covers'a rather brief
period. At the end of the last century, diffusibility of metals and
carbon was discussed by Roberts-Austen and others. Work on meta-
llography continued at the beginning of the century, but it was not
until 1910 that the first real investigation‘of a solid state reaction
between non-me%éliic reactants ﬁae mede (165. ﬁTh§s was agn additive
reactions between oxides to form solid solutions, and it was found that
the reactions depended greatly on particle size, and previous treat-
ment of the material.

The chief evidence, aside from direct observation, that such
reactions are solid state. reactions,and do not occur via some sort
of gaseous phaee, is the connection of the reactions with factors
vhich are evidently characteristic of the solid state. Solid-state
reactions are structure-sensitive to an extreme: experiments have
shown conclusively that every interference>with the crystal lattice
which sufficiently decreases the internal stability increases the
ionic mobility, and hence stimulates the reaction. Tactors which
weaken the structure are: heat, changes in symmetry, presence of
impurit’es, and various lattice defects. When a crystal is ex-
perienc”ing a polymorphic change of form, it is particuvlarly recacti-e.
This is especially so for recomnstructive changes, which I1s not sur-
prising, because such involve at least temporary breaking or weaken'ng
of many of the atomic bonds.

The extent to which impurities may Influence reactivit; s

shown by the reaction

BaO + PeCly —» Ballz + PsO
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as cited by Hedvall (42C). TFor this reaction, the addition of 0.10
molar percent of BaClgyas solid solution in the PbCl2 increased the
amount of reaction almost 100% at some temperatures, The effect is
most noticeable at lower temperatures.

Another instance of this sort is provided by the reaction

E&z()S‘ +'(:¢() — (;o¢34-Fk,(>3

studied by Hedvall and Sandberg (43). These investigators prepared the
Fe203 used in two different ways, one of which produced crystals of
high surface and strain energy. The higher energy reactant had a

striking effect on reactivity, with a 100% increase in yield locally.

This effect was, again, greater at the lower temperatures.

Perhaps the most significant feature of solid-state reactions
ié that the rates are generally diffusion-controlled, in that diffusion
rate-is much slower than the rate of actual formation of chemical
bonding once the atoms are contiguoﬁs. Certainly if there is no.
possibility of diffusion there can be no reaction. This dependence
of reaction rate i1s on the anion rather than the.cation of the
crystal structure. To illustrate this, the reactions of Ba0, fr0, and

CaC with MgSiO, gave initiation temperatures (the temperature at which

3
the first rapid rise of reaction rate is noticed) of 355, 453, and
552 degrees Centigrade. The initiafion temperatures when other
silicates — wollastonite, sillimanite, rhodonite = were substituted
Tor enstatite were almost identical. Now the anions — in this case
oxygen ions — control the bulk aspects of the silicate strucgﬁe, and

the above result is not anomalous, since diffusion through similar

structures is the controlliing factor in each case.



As far as the extent to which solid state reactions occur
in geology is concerned, the general solidity of the reactive medium
cannot be doubted, for most metamorphic processes. There are too
many examples of preservation of delicate structure in replacement,
and similar evidence, to dispute this. It is then so that, if the
reactions involved are, as in some cases, contemporaneous, each
individual reaction must have been largely solid state.

On the other hand, it is certainly so that theré are
sufficient pore fluids present in most geologic situations for fluids
to agbet the reacfions, and in other reactions, water is a product.
The actual case is some combination of both effects. It is probably
of doubtful significance to distinguish betweeen them in the geologic
case: there is surely every gradgtion between a compressed, impure
liquid adsorbed on mineral grains, and the "s0lid" dispersed phase at
grain:s boundaries or reaction fronts.

The most complete works on solid state reactions are those
of Hedvall (L2A) and Jost (52). Ehe—mest—semplete—vorks——on—uoiid—sbabe
seaetieons—ane The most receht review of solid state reactions in Engl%sh,
of which the writer is aware, is that of Cohn (18). This is a
thorough summary with an excellent bibliography. A bibliography of
Hedvall's work, complete to 1950, is given in references (L42D).
Geological discussions have been given by Taylor (111), Perrin (82),
and Buggé (13). A reference in which topochemical effects are

emphasized is that of Cohn (17).
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3. Thermal sutocatalysis. That process, in'which a reaction alters
the temperature of its environment, and hence the velocity of éub-
sequent reaction, may be termed thermdl autocatalysis. This condition
may arise for either endothermie or exothermic reactions, but it is
obvious that only in the case of exothermic reactions is there the

possibility of an increasing rate of change of temperature.

Instances of this exothermic autocatalysis are very familiar,
and of‘ten very spectacular. This is the case in many explosive reactions,
for which class of reaction the thermal mechanism is very common.
Spontaneous combustion reections, generally; are of this type.

Fundamentally, thermal autocatalysis must arise in any
case where the rate of establisheent of themdl equilibrium is less than
the rate of heat production or absorption by the reaction. On this
basis, the effect is probably of wider occurrence than is usually
recognized. In non-violent instances, it would be difficult to detect
simply. On a molecular scale, there is a certain analogy with the
necessity of a third body in some bimolecular syntheses, for the
purpose of carrying away part of the énergy of the reaction.

Thermal explosions in gases must be initiated suddenly, as
a result of a strong local stimulus towards reaction: e.g. a gark.

This is because of the relatively high efficiency of heat transfer in
gases.

In material in which heat flow is less efficient, such as
in certain solids, reactions are able to begin catalysis with much
less sharp stimuli. For the same reason, reactions in such material

may showrimuch longer induction periods. Examples of long induction
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periods of thisg sort are common in cases of spontaneous combustion -
such material as coal or oily rggs mey smoulder for many months
before igniting. |

The significance which such topics have for geology is due
to the very low conductivity of rock material, and the correspondingly
low rates of geologic reactions. At constant temperature, many
geologic reactions are extremely slow, but in those cases where the
reactions are exothermic, the possibility of thermal catalysis must
always be considered as an accelerating device. Such thermal
catélysis &% particulerly striking in the case of slow reactions,
because such reactions usually have a large activation energy, and
hence very great temperature-dependence for their rates. This is
apparent from equation ( 2 ) above. ‘

The mathematics of thermal autocatalysis will be indicated
in a later section, along with estimates of its likelihéod in geology.

e. The role of reaction rate in physical processes.

The role of rate of reaction in deciding just which phases
will joccur is éo important and interesting, that a further discussion
of it is warranted.

As familiar examples of the utilization of the effect of
reaction rate in industry, we have the cases of steels and glasses.
Here rapid cooling forestalls attaimment of thermodynamic equilibrium.
Again, in the Birkland-Eyde process for NO production, the crux of the
process is the rapid cooling of the NO from the arc temperature. At
ordinary’ temperature, NO is not steble, but its rate of decamposition

is extremely slow.
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If sufficiently rapid heat removal is achieved, water will
freeze to ice, des@ite the fact that the vapour may be the stable
phase., A second process of sublimation will then follow. This
phenomenon is very familiar in northern countries in winter. A slower
rate of cooling would of course preclude the appearance of the solid.

The chilling of a lava flow presents a somewhat analogous
situation, in which the balance is between the rate of crystallization
and rate of cooling.

Rate effects are also important on a molecular scale. Many,
if not most reaétions occur in steﬁs, and the total observed rate is
due to the combination of the separate rates. This is one reason for
the difficulty of predicfing rates, since the reaction mechanism is
often extremely dubious. Then, also, the separate rates may have
different responses to exterﬁal conditions, which can lead to very
confusing results. Frequently, the rate of one step is so much
slower than another that it is effectively the rate-determining step.
There is therefore the possibility of the local attainment of vartial
equilibria, and the formation of temporary stages. FEvidences of such
temporary stages in rocks need not imply, therefore, a complete change
of external conditions, or successive waves of metamorphism, but may
easily be part of the natural order of things. The present existence
of such minerals as wurtzite and cristebalite may be explained on this
basis, as being entirely due to the rate effect.

If the thesis that chemical energy is of geologic importance
is correct; reaction rate has a very fuhdamental role indeed. TFor it

is only because of the inadequate rate of attaimment of equilibriuvm
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relative to rate of mechanical transport, or heat removal, that large
rock masses are in disequilibrium.

TheAeffect of step mechanisms in rate may explain certain
contact effects. Here rare mineral types may occur near contaéts,
because reactions proceeded between the products at hand, and broader
satisfaction was prohibited bythe necessity of longer distance
diffusion. In the same vein, 1t is clear that, while there is no
theoretical limit on the validity of assuming the existence of pro-
cesses tending to equilibrium, the scale of things must be kept in
mind. Thus, thé broad divisions of the earth as a whole - crust,
mantle and core - are probably unstable with respect to some particular
melange of the three, but the rate of the process may be negligible
even for cosmic times. This broader scale of instability has been
discussed by Ramberg (&h4).

A finel indication of the role of reaction rate in earth
processes is provided by Lewis (64, p. 566). Thus, from free energy
data, Iewls calculated that, starting with water and air, nitric acid
should form until a concentration of 0.1 M is attained. This’

reaction has of course not occurred, even over geologic times.
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ITI. EXPERIMENTAL METHODS

a. Measurement of Transformation Heats

Basic to any discussion of the role of chemical energy
in geology is a knowledge of the heat effect associated with reactions
known to occur geologicallyg In this section, some of the methods via
which this knowledge may be obtained are described. A more complete
discussion is given by Eitel (23).

These Are:
lf ~Direct negsurenent
2. Cyclic processes
3, Cohesive energy calculations
hf Thermodynamical relations

1. Direct Measurement

The most straightforward method of obtaining the required
values is, of course, direct measurement on the transoformation in
question. waever, it is obvious that not all reactions of geolecgical
interest are amenasble to such an attacke In particular, many silicate
reactions are so slow under laboratory conditions that no significant
values could be{obtained thus, and many other reactions cannot be re-
produced at all. Nevertheless, there are reaﬁtions %o which the metlhod
can be applied at ordinary temperatures, and others cain be investigated
using somewhat speciélized techniques.

Ideally, the reactants are introducted into some sort of
calorimeter, and, taking mechanical heat losses into account, the
heat of reaction corputed from the temperature rise and specific leat

of the calorimeter—plus-contents system. Complications arise for slow
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reactions because heat losses mechanically - i.e. by radiation, con-
vection, etc., may become comparable to the reaction heats The lack
of certainty regarding such heat losses then increases the error.
Reactions which require higher temperatures for their
propagation to occur in reasonsble time may be studied by supplying a
known smount of heat to the reactants, again in a calorimeter device.
Thus in the combustion calorimeter, a known amount of carbhon is added
to the reactant mixture and ignited, the adiabatic rise in temperature
ensuing from this reaction serving to accelerate the reaction. To
obtain the desired heat of reaction, the heat developed whenthe carben

alone is burned is measured, and subtracted from the heat developed

AW

by carbon plus the reactants. This was the method used by Le Chateller (
in his peoneer work on the silicates, in 1895. It has been described

by Mellor and Holdcroft (71). Aside from the usual error of radiation
loss, the chief drawback of this method is lack of control over the
state of the products. That is, the desired reaction may not go %o
completion, and complicated side reactions may occur. It i1s then
frequently the case that the measurement is so tied up with reorl) ’ucwn
quantities as to be of little quantitative use.

Other methods of supplying the requisite initial temperature
erploy electric heating elements, or preheating. With due regard to
energy input, hydrothermal reactions could conceivably be studied, but
the results would again be dependent on a number of subsidiary heat
values, eerors in which might be additive. Also, attempts at controlling

conditions of reaction, while at the same time keeping account of the

energy balance, would lead to rather complicated devices.

(]
~
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Differential methods achieve a notable improvement, in
that, by balancing out extraneous effects, the significant quantity is
neasured directly. There are many different forms of such differential
devices, and modifications can be made to suit individual cases. It
is therefore impractical to describe any particular type. The general
principles of heat of reaction measurements wsing a differential
instrument of the dynamic type are given by Wittels (124).

Despite its well-known advantages as a qualitative tool,
the method suffers in quantitative application because of the following:
lack of control over reactions occurring, impossibility of dealing
with sluggish reactions, and the effecf of overlapping reactilons.

The usual instruments are alsobhandicapped by small charge capacity,

with consequeht sensitivity to small extraneous variations. Some of

these disadvantages might be over;omé in speciaiized deviées, and the
nethod is therefore of importance.

To summarize, the chief draﬁback of direct measurement is
the general difficulty of considering a unique reaction.

2, Cyclic processes

Since the heat effect attending transformations can be
expressed in terms of the heat contents of the feactants and the
products, and the heat content is a state function, it follows that the
heat of the transformaxion\is independent of‘the manner in which the
transformation takes pléce. This is the usual statement of "Hess'!s"
law". The same qoncept is embodied in the utilization of so=-called
cyclic processes. Thus from the properties of state functions, the
net change in anyvstate function resulting from any cyclic process

whatever, is zero.



The most common use of cyclic processes as regards reaction
heat is in determining the heat of reaction at various temperatures
from measurement of the specific heats of the substances involved, and

the heat of reaction at any one temperature. The cycle is:

T | T
REACTANTS a 9 PRODLCTS
1 (8Ha)
b [(atie) (AH s)| B
 {
REACTANTS ~— (aue) PRODUCTS
T2 C Tz

For which . ”
EAH :-O - AHA + OHRag + BHc + A Ho

= O Ha +aHe + ]:-_:‘%:41' - f_: %4T

= OHa + OHc *‘J:tC'dT *KCR“ — D

”
Where C ,CR are the heat capacities of the products and of

the reactants, respectively.

At onnstant pressure, — OH is the heat evolved in the
. LAY 4 e
reaction, and € ,¢" become CF,C: s the heat capacities at constant

pressure,



Lo

Such usage 1s of the utmost practical importance: valuesv
for reactions which proceed only above a certain temperature, or
: ﬁhigh can be made to occur only under certain unique conditions, can
be dbtéined for any set of conditions, provided that the necessary
specific heats, compressibilities, and such are available.

Use of the cyclic principle is thus made in every sort of
heat of reaction determination in some way. However, a more direct
use is in determining heats of reaction frqm’differences in heats
of solution, or of fusion,and from cohesive energy calculations.
These cycles are discuésed below.

(1) Heat of solution method.

The sjimhlified cycle is:

REACTANTS —__ M2M oF o PRODUCTS

HEAT oOF HEAT OF
SOLuTON SOLUTION

N\

tHi- SOoLuUTION

The method depends on the existence of a solvent capable of
dissolving the substances involved with reasonable rapidity. For
silicates, hydrofluoric acid is employed, aloﬁe or with minor additions
of other acids. Errors arise chiéfly because, even in the case of the
nost solublé silicates, thé solution process is slow, and certain other
silicates are practically insoluble.

Determining heats of formation of silicates from their
heats of solutiqn in HF seems to have been first aﬁtempted by

Cunningham (20). His experiments were semi-quantitative only.
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Tammann (EQZ) discussed the basis of the method, showing that the end
products of solution of quartz glass and quartz crystals in HF were
the same.

The first extensive work was that of Mulert (75). His results

and general method are discussed later. Iater work has led to
general improvement in the instruments used, but no essential changes
in method. (An exception to this is the work of Ray. (86). Mulert's

method ﬁas to measure the temperature rise caused by complete solution

of a known amount of substance. The achievement of complete solution
in reasonable time was possible only with very finely-powdered materials.
Such material obviously does not have the same energy éontent as the
un;ground macro-crystal. This point is discussed on page (& . Ray
circumvented this difficulty to some extent by using an excess of
solute, and quenching the reaction with cold water. In this manner
it was possible to use coarser material, and achieve guch larger
temperature rises in the solutions. |

The advantage of- the heat of solution method is that it
pernits the investigation of a large number of specific reactions with
the same eqnipmgnt, and with complete control over the nature and state
of the products. (Hbvever,'reactions at high temperatures, and pressures
can be considered only indirectly).
(ii) Heat of fusion method.

Here the cycle is

REACTANTS > PRODUCTS

MELT
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This method is similar in principle to the leat of solution
method, but is, theoretically at least; of universal applicability.
In the case of refractory materials, the heat of reaction may be
Small in relation to the total mechanical heat of the samples, in
which case the desired result appears as the difference between two
large numbers. This 1s also true of the heat of solution method.

The writer is not aware of'any data obtained by this method,
‘but it would seem to be well worth investigating, particularly since
it affords the possibility of directly studying reactions at high
temperatures and pressures.

3. Thermodyhamic relations

There are many thermodynamical expressions which relate
physically observable phenomena to the fundamental thermodynamic:
functions F, H, E, ... . In some cases, such relations may be used
to obtain values of these functions. The ggﬁeral concept will be
clear from the following example.

Thus, for any reversible transformation, there is the
Van't Hoff relation i{-"T'_’—< = OH , where K is the equilib-

vz
rium ®nstant for the reaction.

This ﬁxakes possible the determination of;AH from data on
‘the'change 9£ equilibrium coﬁstént withAtemperétufé. For examples of
this usage see Lewis (é&) page 298.

Again, the familiar Clapeyron relation, oné form of which is

AT = Tov
4p a4
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can give QH fram observetions on the chenge of trensition temperae
ture with pressure, and the volume change. This reletion has been
used directly by Bridgman (8) to determine beets of trensition. In-
directly, the Clapeyron equation can be used to derive a relation
between the freezing peint of a solld solution end 1ts ccmposition,
vhich expression again dncludes AH . Thig relation 15 derived by
Lewis (L), page 238. Tt has been frequently used to calculate latent
heats fram date given on sllicate phase disgrams. An example of this
usage is given by Bowen. 8).

There sre a mmber of other relations of a similar sort,
nostly of less general epplicability. Meny of these thermodynamic
relations are rerdered less valusble becsuse they apply strictly only
to ideal systems, This difficulty is discussed by Bowen (8.

L, Cochesive energy calculations

Celculation of cohesive energy or structure energy (scmetimes
erronecusly celled lattice energy) involves using e cycle of the

following sort:

STANDARO N
CLEMENTS »— GASEOUS ELEMENTS
( state SuBLimATION

HEAT OF (ON IZATION
FORMATION

BONO FHERGIES
lON GAS

CRYSTAL =

- The above cycle is frequently called the Born-lbber cycle.

Existing calculetions deal with simple substances only, as
the alkali halides, monovalent metals, and certain rare gas solids.
Thus metels, ionic crystals, and moleculer crystals have received some

quantitetive treatment. Unfortunately for the study of silicates, therc
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have been no complete energy calculations for valence crystals. Since
silicate bonding may be considered as partly ionic and partly hemopolar,
calculations based upon ionic bonding alone leave much to be desired.
Such calculations have been made by Hylleraas (L4l).

Calculations which would take into account the homopolar
effect are not intrinsically impossible, but for even the simplest
homopolar crystals, so many valence electrons are affected by the
binding that the calculations are‘eXtremely complicated. A semi-
qnantifative tregtment of the bonding in diamond has been given by
Kimball (éﬁ).

Cohesive energy calculations are at present of little
practical use for the determination of heats of reaction. Iven for
the types of bonds amenable to calculation, agreement of calculated
with measured values 1s only fair, This is partly because real
crystals contain many minute flaws which are impossible to describe
mathematically. Approximations can be made, but the main purpose of
calculations in the present stage of knowledge is to check the
theory, rather than supplement measurement.

An excellentwresume of work on cohesive energy is given by

Seitz (94) Chapter 12.

‘, b. Reaction rate determination

Methods of determining reaction rates depend very much upon
the type of reaction to be studied. However, a concept which is
employed in all determinations is that of "measure". This is defined
as follows:

3 = Mo -Ms
Mo - Moo
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Where J is the fraction of material reacted, Mp is the measure at
time =0, Mt the measure at time $=¢ , and Meo the measure at
time €Y.

In the most simple case, the measure used will be the amount
of reactant or produgt directly. Otherwise, thevmeasure may be the
pressure of the system, the density, or any physically measurable
property which alters as a result of the reaction, and which bears an
approximately linear relation to the reacted mass. Some of the measures
used are: electrical conductivity, thermal conductivity, magnetic
susceptibility, and optical properties. Choice of the measure to be
used depends on various factors, such as the accuracy with which the
measure may be determined, its uniqueness in regard to the reaction which
is to be studied, and its range of variation during the reaction.

As a sirmple example of use of pressure as a measure, con-
sider the gas decomposition into gaseous products according to A->33.
Assuming perfect gases the pressure after a long time would be P = 3P,

where Pp is the initial pressure. Then 3§ the pressure at

time + is P , we may follow the progress of the reaction using:

FRACTION REACTED = Po-P = QP
Po- 3P» Z2Fe

For measures which db not bear a linear relation to the
quantity of material reacted, more specialized equations may be con-
structed.

In studying the rates of solid-state reactions, knowledge of

the reaction mechanism, and of the properties of the reactants and the
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products is essential to intelligent choice of a measure or measures.

Solid-state reactions commonly alter or destroy the original
structure, and the reaction therefore alters a number of structure-
dependent properties. Such properties can be used as measures. The
difficulty is in discovering the relationships between them and the
degree_of reaction, in the case that these relationships are not
linear. It is therefore useful to employ several measures, which may
then throw light upon not only the rate of reaction, but also upon the
reaction mechanism. The work of Huttig (47) presents examples of the
use of measures of solid-state reactions. See also Buerger (El)'““

TFor step reactions, it may be possible to study the kinetics
of the rate-determining step, if such exists, separately from the main
reaction. For a solid-ste™te reaction in which the slow step is the
diffusion of the reactants to the reacting interface, the study of
the diffusion rate may be made a separate problem. The advantage in
separabe study is that it is thus simpler to investigate the influence
of external agencies, such as electric potential, radiations of
various sorts, and the like, on the reaction. Such investigations
usually provide informetion on the reaction mechanism.

The study of extremely fast and extremely slow reactions
presents problems that must ‘asually be solved j“or the individual cases,
and it is not feasible to discuss such here.

Calculation of reaction rates from the theory of absolute
reaction rates can provide an approximate answer, but exact deter-
minations are not yet possible. The reason for this is partly that

the theory is inadequate, and partly that real crystals (in the case



k9

of solid-state reactions) depart considerably from ideality. Cox (19a)
has used the theory of absolute reaction rates to calculate the rate
of devitfificatioﬁ of silicic glass.

In those cases where the geologic evidence for a particular
reaction is clear, and the external conditions obtaining during
the period of reaction can be estimated, it may be possible to compute
reaction rates from a knowledge of age relationships. A specific
example of a rough calculation of this sort is given on page 89 .
More generally, it will be clear from the forthcoming discussion of
the mathematics that it is theoretically possible to calculate from
geologic observations any of the parameters involved, provided enough
is known of the rémaining parameters. In practice, it will usually be
impossible to obtain religble data in this way, at least at present.

c. Geologic significance of the measurements

The most impoftant point to be considered when attempting to
determine the heats or rates of geologic react;ons is whether the
laboratory reaction is a sufficiently good approximation to the actual
reaction.

This is particularly so with regard to the rate determinations:
the most detailed studies oﬁ the kinetics of a solid state reaction are
quite unable to yield gquantitative data on a geologic reaction which
takes place vid pore fluids, for example.

Results of experiments should be Jjudged, not merely on their
accuracy relative to the artificial systen studied, but on their com-
patibility with geologic facts. The rock itself is the final arbiter,
and we must not allow our enthusiasm for results gleaned from study of

artificial systems to blind us to the possibility that the actual geologic

system is fordamentally different.
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IV CHEMICAL ENERGY AND GEOLOGY

a. Previous Work on Chemical energy in Geology

There is a conspicuous scarcity of previous work on the chemical
factor in geology. Where allusion has been mode to this energy factor,
it has usually been such as to suggest that large quantities of heat
are necessary to achieve metamorphism. As concerns some reactions, this
may of course be true, but in gereral the endothermic coﬁcept seems to
have grown up out of a confusion between heat necéssary tomise +tempera-
tures to the point where reaction rate is gppreciable, and that actually
required to make the reactions thermodynamically possible.

The distinction between the iwo is quite clear in the two
definitely expthermic processes of devitrification,and sintering of a
monomineralic powder. Thus, to achieve devitrification, or re-
crystallization, some heating is necessary to increase the rate to a
point where there is an appréciable yield. - However, all of this heat,
and more, is recovered on completion of the process. It 1s easy to
see how such a confusion could arise from field observation - re-
crystallization anddevitrification, for instance, being cbservedly
associated with possible sources of heat, such as dykes, intrusions,
fissures.

Another factor seems to have been the predominately magmatic
tone of thought prevailing in the Anglo-German school until recently.

es
Thus, many metamorphie process,were visualized as involving fusion as

A

an essential step. The fact that this is a highly endothermic process

then may have helped to becloud the issue.



51

In any case, the tradition has been that mineral changes
absorb heat, which dictum has been repeated or implied with small
effort to investigate its validity.

Although there has been no unified treatment of the relation
of chemical energy to geology, of which the writer isavare, individual
aspects of the problem have Been considered in varying degrees. In
the following sections some of the pertinent references are cited and
discussed.

To foster clarity, the papers have been grouped accordingly
as they~chiefly concern or stem from:

a. TFundamentsal princiéles and mechanism

b. Field and laboratory observations

c. Geologic role and implications.

The list is undoubtedly incomplete, at least as concerns
papers with only minor allusions to the problem, but will indicate
the general scope of previous work. The nature of the more pertinent
papers is mentioned below.

a. Fundamental principles and mechanism

1. Surface-and strain energy.
(2) Bain, W., The mechanics of metasomatism. (1936)
(11) Buerger, M. J., and Washken, E., Metamorphism of minerals. (194T)

(26) Fairbanks, E.E., The mechanism of replacement and recrystallization

(1925).
Verhoogen, J., The geologic significance of surface tension (1943).

2. Reactions

(81) Perrin, R., Le metamorphisme generateur de plissement. (1935)
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(82) Perrin, R., Les reactions a l'etat solide et la geologie. (1937).

(83) Perrin, R., and Roubault, M., Le granite et les reactions a l'etat
- solide (1939).

(10a) Bridgmnan, P.W., Pol&morphic transitions and geologic phenomena (1945)
(84) Ramberg, H., The tehrmodynamics of the earth's crust. (1947)
(13) Bugge, J. The geologic importance of diffusion in the solid state.(1945)
{27) Fenner, C.N., The chemical kinetics of the Katmai eruption.
be. Field and leboratory observations
(27) Fenner, C. N., As above.
(73) Misch, P., PMgtasomatic granitization of batholithic dimensions.
(66) Lovering, T.S. Geothermal gradient and sulfide oxidation.(1948)
(25) Emmons: W;-H., On temperatures in zore s of chalcocitization.,
(11) Buerger, M.J. and Washken, E. As above.
Ce Geologic Role and implications.
(1Cb) Bridgman, P.W., Polymorphic transitions and geologic vkenomena ( “}
(81) perrin, R., Le metamorphisme generateur de plissement (1935) ( )

(25a) mvans, R.D., et al Radioactivity: a the earth's heat and geolosic
‘ age measurements (1942).

(117) Van orstrand, C.E. Cbserved temperatures in the earth's crust.
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1, Surface and strain energy

The fact that a strained body, or one that has a large
specific surface area, represents a high energy form, has long been
recognized. Leith discusses the general principles briefly. Fairbanks
gives a more complete qualitative explanation of the origin of the
excess energy, with suggestions as to geologic applications. Bain
provides a similar discussion, and mentions the application of surface
tension to ore deposition. Buerger discusses the origin of the energy
qualitatively. Verhoogen writes down the classical thermodynamic
relations of surface tension, and, citing Bain, suggests that surface
tension may have some geologic effect.

one of the papers consider the heat effect which may arise,
OF estimate the amount of strain or surface energy quantitatively.

2. Reactions

Only two papers were encountered in which thebasic principles
underlying the reaction tendehcy are discussed. Bridgman suggests
that changing conditions may lead to deep seated phase changes in the
mantle, but is not particularly occupied with the physical reasons for
the changes. Remberg, in his more general discussion of the thermo-
dynamics of the earth's crust, recognizes the fact that, while
thermodynamic equilibrium will ieid to prevail in any particular locale,

it will only be realized where the rate of chemical transport is

greater than the rate of mechanical transport. He pictures instability
of molecules under chemical and mechanical stress as leading to diffusion

over large distances. Mention is not made of the energy factors. Bugge



emphasizes the role of diffusion in solid state reaction. Also, in a
single sentence, he mentions that solid state reactions might catalyze
themselves thermally.

b. Tield and laboratory observations

Fenner, from observations of Katmal volcano, concludes that
the field facts clearly imply that exothermic reactions are the heating
agents operative. Misch suggests, in a sentence, that local exo-
thérmic reactions may have aided crystallization in parts of the
granitized area of Yunan, China. Buerger and Washken have conducted
laboratofy experiments on crystal powders to test the efficacy of strain
energy. The heat effects are not considered by them. Fmmons and
Lovering have calculated the heat effects of sulfide oxidation, and
Lovering has considered the effect of this oxidation on the near-

‘surface thermal gradient.

c. Geologic role and implications

Bridgeman, already cited, stresses the possibie effect which
the presence of phase changes would have on theories of crustal
structure. Perrin and Roubault, in several discussions of graniti-
zation, discuss solid state reactions. However the writer has found
no reference to the nature of the energy economy in these works. One
exception to this might be Perrin's paper on the relation of metamorphisnm
to folding, in which folding is ascribed to the supposed volume in-
crease in granitization. The example of volume increase which he gives
is too ﬁaive to be considered semously for itself, but possibly he has

also other, more ¥easonable, effects in mind.
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Finally, a few references concerning themselves with
energy sources within the earth mention the possibility of reactions.
The only such ones which this writer has seen are by Van Orstrand and
by Evans et al. Van Orstrand considers that chemical effects would
be of a minor nature, while Evans states that, although exothermic and
endothermic reactions exist within the earth, their "exact and overall
importance is quite uncertein."

6. Preliminary Discussion of Chemical Energy in Geology

The preceding sections have included discussions of the
general principles“underlying instability aﬁd reaction rate, together with
a few examples of thermal autocatalysis. In this section it is pro-
posed to discuss gualitatively whether chemical energy is likely to be
geologically important in the present sense.

First off, aside from the sign of the heat release in the
reactions, there is absolutely no doubt that the reactions have occurred,
and that there must therefore have been some effect. This must be
so at least locally - on a broader scale there is the possibility of
an equilibrium being approached, and exothermic reactions being balanced
by endothermic ones. :Note, however, that such a situation could
occur only{over a limited temperature range, and for certain specialized
conditions. Even then the chances of it occurring seem very remote.

With regard to many important reactions being exothermic, this
can be decided after study of the reactions according to the methods
of the preceding chapter. Qualitatively, however, there appears to be
a philosophic resistance in the geologic liferature to the assumption

of exothermic metamorphic reactions on a broad scale. It will thus be
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useful to discuss the problem from this point of view, with the pur-
pose of showing that exothermic reactions are not precluded by broad
geologic reasoning.

The following evidences seem to exist.

1. The geophysical need for a heat source‘in the crust

2. The indicated spontaneity of many geologic reactions

3. The ease with which the exothermic concept is tied in

with the terrestrial heat economy as a whole.

These will now be discussed roughly in turn.

1. The geophysical need for a heat source has been dis-
cussed in Chapter I. The main features and failings of the principal
sources appealed to have been mentioned, with the result that chemical
energy has been shown to be at least a minor factor, and quite possibly
a major one. Certainly such a source has the correct qualities. This
argument of course loses some of 1ts suggestiveness if we are inclined
to admit the presence of some és yet unknown source, and thus, perforce,
achieve a sort of defeatist immunity.

2. The apparent spontaneity of many metamorphic reactions
is very striking. There are very many cases in which porphywblasts are
surrounded by spherically symmetric haloes, without the sligi.test
evidence for solutions having entered via cracks or via volume diffusion,
or of there having been "baking". That is, there is in many cases no
evidence of a chemical or thermal wake., Even if we say that this is
again a mysterious diffusion of which we are as yet ignorant, there
is often the positive evidence of the haloes. These suggest that the
driving force for each reaction is centered at the crystal itself: +that is,

“that the reactions are spontaneous.
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That this situation cannot be shoﬁn in more cases is
usually due to the presence of other grains which obscure relations,
or to the perha@s-fortuitous,presence of channelways which provide a
basis for doubt. Ideally, the relation is shown by porphyrdlasts in
homogeneous media composed of minerals sensituve fo physical and
chemical change, as clays or shale masses.

That spontaneity of solid-state reactions implies that
they are exothermic has been indicated by Tammann, and is discussed

on page 26 . More generally, this is suggested by the relation

'AF = AH —TAS

where O F is to negative for a spontaneous reaction. Now by the
statistical concept of entropy which considers it as related to the
logarithm of the disorder, or randommess of structure, it is obvious
that A S will in general 'be negative for upgrade metamorphic reactions.
Thus the factor -T &S will be positive, and if the reaction has

truly been spontaneous, then Z) H must have been negative and greater
in magnitude than T A S. As statéd on page 26 , the criterion for

an exothermic process is that A H shall be negative.

Even for reactions in which A S is positive, TS is
unlikeiy to appreach in magnitude the AH term at temperatures below
-the point of fusion. This is suggested by a comparison of the magnitude
latent heats of fusion of silicates with average heats of feaction.

The complieating effect of an open system has been mentioned on page 27 ,

and is discussed also below.
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In apparent contradiction to the above is the seeming
spontaneity of the weathering reactions. These involve, in many cases,
the same minerals as do the anamorphic reactipns, and it is reasonable
to protest that both seté of reaction cannot be spontaneous. To
resolve this apparent anomaly, two possible lines of thought nay be
followed: either both sets of reactions occur spontaneously, and
the difference ih sense of reaction is due to the variation of the
intensive parameters of the system, or the reaction of one environment
is not truly’spontaneous, external work being done to achieve it.

The significand: difference between the weathering environment
and that of induration would seem to lie in the ngture of the water.

In weathering, clay formation is characterized by the presence of water
undersaturated with respect tothe metallic ions. Thus in the case of
the reaction:

Feldspar —» Clay + (cations in solution), or schematically,

Fs -»C + I, the ions in solution are continually belng rémovea,
and the water in contact with the feldspar and the residual clay is
continually undersaturated with respect to these ions. In imduration,
the reverse tendency is operative, that is, waber is being exéressed
mechanically, while the ions tend to remasin adsorbed on the ciay.

The thermodynamic significance of this can be sketched as follows.

If OF°® is the change in free energy for the reaction

C + t — Fs

as 1t occurs in a body of clay, then taking this enviromment as the

standard state gives

AF.-:- —RT £In K
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where K is the equilibrium constant of the reaction.: Now K may be

written approximately as

where the brackets indicate concentrations. Therefore we have

AF°= RT £n (C)W)
Fs)

x

‘From this it is clear that even if A F® is negative for +ie
clay environment, and the feldspar the favoured form, the ratio (C))
' S Fs
may still be large, provided (}) is kept sufficiently small. In

.
weathering, this can be, and is, the case. ZIxperimental evidence of 4le
efficacy of this mechanism of weathering is given by Norton (77).

AThe above 1s essentially an application of Le Chatelier's
principle. It is of course not necessary that the surface reaction Le
in equilibrium — indeed it never would be - as long as the equilibrius
tendency is operative. In the indurative enviromment, tle expressing
of the water would have an effect opposite to the above. This problem
is not a simple one, and will not be discussed here, but the sign of
the effect is clear. In any case, it has been shown how the apparent
anomaly may be resolved. In those cases where pressure favors a certaln
reactlon, in accordance with the‘eQuations of page 30, there is again a
complicating effect.t This gould havé to be calculated for any par-
ticular.pituation, but, for low pressures, at least, is liable to be
of secbndar&{im?ortance.

Anothér way of considering the prdblem is to assume thal one

of the reactid™ns is not truly spontaneous, and external work is being
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done to achieve it. This would then suggest that the weathering
Areaction'is not spontaneous, since at the surface there is an obvious
plentitude of solar, chemical ahd mechanical energy. (In the above
example of clay weathering, work is done to remove the ions in solution,
which work is supplied by gravity.) If the anamorphic reaction were
considered to be non-spontaneous, we again encounter the problem_of

the source of the erergy. (As mentione@ above, the pressure effect
must be considered, but this is ligble to e small., Moreover, it is
not plausible to fit such an effect, by itself, into the geologic
energy cycle.) A particularly clear instance of the above concept of
non-spontaneity is provided by the example of purely clastic weathering.
Here there is undoubtedly g difference in sense of the surface and

the indurative reaction, but no one would suggest that this difference
in sense ié ancnalous, or that it is fundamentally due to difference

in pressure.

The ease with which the concept of chemical energy Tits

in with the classical geologic cycle is also of appealing simplicity.
This has already been mentioned under Solar Radiation, page )0 .

The cycle, considering chemical energy, would be similar to:

APSORPTION OF

3
‘ ROCK . 2oU macrauicar, ewerey “Vg“&‘-'"
AT SURFACE Al=c) AT SUREACE
RELEASE OF
assonpnen | B P | mecoauicar svemsy.
ok meaanen | (5. D) C= 8) ?N‘:: ‘::mmu
ceansy, sems . .
CUEMIEAL CHavisg,
mmiwuy C (t_ A CRYSTALLINE
er REEASE OF ) Rot
AT OEPTH
fr o TH coemicAL ENERGY

AtBt+c+p = O
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From the point of view that the chemical energy released
at depth derives ultimately from solar energy, crustal phenomena would
appear to be tuned largely to solar radiation, with the relative rate
of me;hanﬁal and chemical processes being the éignificant factor at any
point. The effect of energy from the infra-crustal region has not been
stressed above, but on this scheme it is possibly rather small., The
above cycle may be compared with that given by Barth (h)_page 36.

The assumption that in the absence of a surface per-
turbation, the contributdon from the interior is small, receives
somewhat tenuous support from the "dead" nature of the moon. The
aspect of thé moon presented to us is certainly "like nothing on
earth". That is, the apparently patternless, cratered, "mountains"
may well have attained their‘present form at the‘time of the origin
of the moon. This suggests that either the moon is of very recent origin,
or that it does not possess the mechanism essential to the formation
of earth-type features. Aside from the well known differences in
size, density, and possibly composition of the moon with reépect to
the earth, the most fundamental feature is its lack of an atmosphere.

On this basis, even though the moon receives the same
amount of solar energy, specifically, the chief tool-i.e., a hydrous
atmosphere~ by which this energy may be stored is not present. See
also later sections on geological implications of chemical energy.

The observed features could also be explained on the basis
of rapid cooling of the moon - because of its small size - to the point
where»primary heat was ineffective. This has been pointed out by

Dr. Ne Haskell, in a private communication to the author.
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GEOLOGIC VALUES OF TRANSFORMATION HEATS

It is clear that every physico-chemical transformation
has some heat effect, positive or negative, associated with it. Then,
since every known transformation type is represented in geology, a
complete list 6f "geologic values" would be length indeed.

For this reason, only certain transformations which are
important in, or peculiar to, metamorphism, will be considered. In
any particular case, it must be remembered that more classical react-
ions such as solution, sublimation, dilution, and their converse have
to be included.

Under this plan, the heat effects accompmaying the following
will be considered:

l, Devitrif;cation

2. Recrystallization

3« Reactions in the ordinary sense.

a. - Devitrification

The glassy state is a rarity in physics as a wholé, being
possible in only one element, selenium, and in a few oxides end oxy-salts.
The local importance which this state has in geology is of course due
to the glass-forming properties of the silicates.

Present ideas of the glassy state, and the reason for it,
are very similar to those first expressed by Zachariasen in his classic
paper (127). Briefly, all glasses seem to be characterized by having
as primary gtructu;al elements certain closely-knit groups, such as
S104, BO3, and POy, These join by sharing corners, edges, and faces,

but the exact manner in which they do so is of minor importance, as is
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borne out by the variety of sharing-schemes observed in the
crystalline silicates.

Glasses mgy then be thought of as possessing short-
range order - within the structural unit, or through a few units - but
exhibiting randomness on a broader scale, Under such a scheme, a
glass-former has less excess energy felativé to its‘compietely
ordered crystalline counterpart than a non-glass-former would have.
Nevertheless, the glassy state is a high energy state, and the form-
ation of gjass seems in every case to be due to rgpid cooling to
below the temperstures at which the devitrification rate 1s measurable.

Excellent recent discussions of the glassy state are
given by Weyl (120,A,B); Smekal, (100), and Cox (19a).

In Table II, data on devitrification heats,.from several
differeﬁt sources, are tebulated. Where the original reference has
given heats offusion, these have been converted to devitrification by
20°€., using the relation ( | ) of page 41 , and interval heat cap-
acities given in reference (5) section 16.

With regard to this conversion, it must not be assumed that
the specific heat of a glass is always greater than that of the
corresponding crystal, and that the heat of devitrification is therefore
much less than the heat of fusion. This assumption concerning the specific
heats is an extension of the so-called Richarz' rule, which assumes
that the higher energy form of two modifications always has the higher
specific heat. Measurements of White (121), wWietzel (121), and Bridgman
(10c) have shown that this rule need not be valid when applied to com-

pounds, and that some glasses have lower specific heats than the crystal



TABLE II

ENTHALFY CHANGE ACCOMPANYING DEVITRIFICATION

STANDARD
Material |Comp. T AH' A HT D HZO A T20 Ref,
Units °C|kcal. |joules |joules °c
mole gram gram | ,

Quartz Si02 20. | 2,21 | 15h.1 | 154.1 | 186. | Wietzel

20. 2.32 162.3 162.3 196. Mmulervt

20. 615 4854 | 4854 | ago. | Roy

20. 533 233.0 233.0 268. Bischowsky
Mierdeline|NaAlSigQg| 20. - L18. 118, L40. n
Enstatite |MgSiOs 1524, | - 616. 633. 630. | Bireh
Wollaston.| CaSi0Os |1512. | = 528, | 258. 260, | n
Diopside |CaMgSiOs),| 1391. - 430. 383. 380. n
Anorthite | CaAlSis O, 1550. - LLO. 675. 650. n
Leucite KA1Si04 20. - 109. 109. 140. | MuYert
Albite NaAlSizOp| 1105. - 203, 1LO0. 150. | Birch
Rhodonite |MnSiOs 20 | 8.52 271. 271. 260, | Mulert
Willemite Zn,Si0g 20. 9.0L 170. 170. 190. "

Key:

Material- the mineral name of the crystalline phase

Comp.-
T -

AHe-

O Hpe=

AT -

Rﬁf. -

the approximate chemical composition of the material
the temperature at which the transition was measured
the enthalpy change accompanying the transition at T
the enphalpy change accompanying the transition at 20

the adiabatic temperature increase attending devitrif-
ication of the material at 20

the reference from which the data were obtained
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over large ranges. it thus happens that the devitrification heat
of quartz glass at low temperatures is nearly equal to the latent
heat of fusion. |

Calculation of the heat rise due to devitrification at
20°C has been made assuming that the specific heat has a constant
mean,value. It is a simple mathematical exercise to include the
change in specific heat with temperature, but the data are not consid-
ered accurate enough to warrant this refinement,

The data given are to be regarded as approximate only. A
good idea of the variability possible in measurements may be gained
by perusal of the notes accompanying the data given inmference (5),
pages 237 and 238 ,

Particularly striking in the accorpanying table is the
discrépancy between the values for devitrification of guartz obtained
by Ray (86) and those of Wietzel (121) and Mulert (75). Since this
point bears on the method of differential heat of solution in general,
and also on the surface and strain energy factors which are to be
treated below, it will be considered in greater detail.

In discussing the differential heat of solutim method,
the difference between the techniques of Ray and Mulert was mentioned.
Ray's technique was developed as a result of the conviction of Travers (117%)
that the values of Mulert and Wietzel for the devitrification of silica
glass were too low. Travers based his belief_on the data of Tschernobaeflf
apd WOlquine (115a), which gave a value of 7.3 Kcal/mole ( as against
2.32 Kcal/mole given by Wietzel)¢ as well as upon mistrust of the

technique of the earlier workers.
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Specifically, Travers felt that extensive grinding, which
. these authors had to employ in order to athieve rapid solution, had
affected the state of the material. (Molert had ground his material
for 17 hours, and then separated the fines via a water process, ending
up with oné gram of usable material per kilogram of original material.
Wietzel ground his material fo; 100 hours in a mechanical agate mortar.)
After obtaining his value of 6.95 Kcal/mole, Ray, working under
Travers, checked their assumption as to the error in the original
paper by measur~ing material which had been ground 15 hours, wiﬁhl

the results given in Table IIT.

TABLE ITI
THE EFFECT OF GRINDING ON HEAT OF SOLUTION
Material Heat of solution in kilocalories/mole
State 20-40 mesh 15 hrs. grinding difference
Quartz glass 3Te2L 36495 « 290
Quartz crystal 30.29 32,46 2.17

(The above heats of solution are in 35% HF).

In interpretation, Ray and Travers assumed that grinding
had produced partial devitrification of the material, with an according
increase in specific energy. They were unable to explain the deerease
in energy shown by the glass after grinding, since X-rgy work by
separate investigatqrs failed to show crystalline raterial which might
decrease the energye.

The present writer «feels that there is no real anomaly
in tie above effect. The factors involved are surface energ; and strain
energy - which latter is equivalent to the above "partial devitrification”.
Grinding of quartz crystal is therefore certain to increase its energ:,
since it must increase the surface area, and also disrupt the low-energy

crystalline state. The effect of grinding on the glass is however not
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so easily predictable. First, grinding might have an annealing
action on the glass, and tend to give a rude crystallization too im-
perfect to be detected by X-ray meihods.‘ éecond, the specific energy
of the atomic ccmp}exes’near the surféces may actually be less than
the specific energ&mof.volumes within the glass. There is some evidence
that rather lowaenerg& configurations -~ at least-relative to the glassy
structure - may be realized on crystal surfaces (12). At any rate,
grinding is not to be expected‘to-have the same effect upon glassy as
upon crystalline material. |

A third possibility is of course thatibhere has been ex-~
perimental error. With regard to this, the gbove effect was found to-
be reproducible. As for the general accuracy of the measurements relative
to those of Wietzel and Mulert, the following fact is suggestive:
the temperature changes actually measured by Wietzel and Mulert in their
calorimeters were of the order of one degrée centigrade, while with
Ray's method, no temperature change was lower than six degrees centi-
grade, and some were as high as 3L4°C.

For Ray's figures, the reader is referred to the original
paper (86). |

' Recent discussions of devitrification in the literature are

those of Cox (19a) Wey] (1202,120b), and Gilard (34%). The latter gives
a-qualifaiivemtreatment of the factors involved, from the point of
view of manufacture. A point ﬁade, based upon observation » 1is that
devitrification depends upon both the rate of nucleafion and the rate
of growth of nﬁélei once formed. The situation was first stated by

Tarman, and can be diagrarmed as follows;



DEVITRIFI(CATION OF GLASS.
“Aup Cunve (1) (S THER RATE OF FORMATION.

8 is the melting point, curve (2) is the rate of growth of nuclei,, See

also the experimental work of Swift (106).

be Recrystallization

By recfystallization is here meant that process By which
8 crystal aggregate decreases its specific surface area, or by which
internal strains are dissipated. That is, a net decrease in surface
energy or strain energy is involved. Such phenomensa are of course
widespread in metamorphism, but are most obvious in monomineralic
materials, such as gypsum, limestone, halite, and sandstone.

The underlying principles of this type of re-crystallization
have been given by Buerger and Washken (12) as a preface to experimental
work on recrystallization of several mcnominerslic powders. A more
lengthy treatment is that of Giesler (32), which applies chiefly to
metals. See also some of the authors mentioned in "previous work" page
50 of this paper.

Thet there is a tendency for crystalline aggregates to
minimize their spécific surface and strain energies is of course
theoretically certain, More important for practical purposes is the
experimental fact that such energy actually is capable under suitable

conditdons of driving the transformation. This 1s clearly shown by the
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work lof Buerger and Wé.shken mentioned above, and, on a more general
scale, by similar sintering experiments in ceramics and metallurgy.
Sinterihg - the welding together of powders of crystals or glasses
at 'bemp'era‘bures below their melting points - has been used since the
earliest times for fabricating metals which could not be melted, as
platinum, More récently, powder pressing is becoming increasingly
popular in metal processing.

The origin of the compaction tendency is considered to be
primarily the excess surface energy of the powder over the compact.
See, for example, Mackenzie and Shuttleworth (68). The strain energy
is not felt to be so efficacious, at least in metals, because 1t is
less readily stored in the structure. Quantitative measurements on
the powér of the surface energy in sintering have be‘en made by Shaler
and Wulf, (96), with the result that it is considered to be sufficient
to explain the obs;;vations . A literature review of sintering is
given by Rhines (83).

The total surface energy of a almeral graia ia an, @iiroi-
ment is related to the surface tension of the mineral with respect

to that environmment as follows:

E =/ Tds

Where E is the surface enexgy, T is the surface tension

proper to the enﬁroﬁnent , and S is the surface area of the mineral
graine

Such an equation is quite useless for the practical det-
ermination of the surface energy. This is so because direct measurenment

of T for solids is not possible, and in any case, T would vary from
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place to place on the crystal surface, in a very: complex manner.
Hence it is usual to determine the surface energy in ways other than
via the surface tension. A few of these are:

1. Direct measurement of surface and strain energy by
differential heat of solution, heat of fusion, heat
of reaction, ..

2. lieasurement of properties which devend on the surface
energy or the surface tension, as vapour pressure,

solubility rate, <.

3« Calculation of the surface energy from kncwledge of
the structure and bonding.

Of these three methods, only the first is of any practical use in
geology, at least at present.

In principle, energy due to surﬁace ares can be determined
Just as canany structural energy, by differential heat of soluticn,
and other methods of section IITa. The results of the previous section,
regaxrding the effect.of grinding on the energy of éuartz, are an
illustration of this. Actually, there is a dearth of information on
the surface tension and fotal surface energy of solids, despite the
fact that geological values‘could be readily othained.,

The only direct work on surface energy, doneusing differ-
ential heats of solution seems to be that of Lipsett et al (65). The
mineral investigated was halide, suitably purified. A water calori-
meter was used, and in the later experiments, special features were
developed to minimize the error due to hygroscopic wate&. Two forms
of halite were used for the fine sample - salt prepared by sublimation,
and selt prepared by grinding. The sublimate sample had 12.1 calories/
mole excess energy over the coarse material, and the ground sample had

30 calories/mole excess energy. Surface area calculations were made,
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surface energy of 400 ergs/cm2.

Utilization of method 2., is difficult, and of doubtful
significance. It is necessary to develop equations exrressing the
relation of solubility, or vapour pressure, =-- to the surface tension,
which is of itself difficult, and then measure differences in rate of
solubility, vapour tension and the like. For solids this is again
a difficult task. [quations have been developed by Dundon and Moch. (21).

They have worked on Ca§dk, and, although obtaining no
usable values, statéothat the surface tension varies directly as the
hardness of the crystal, and inversely as the molecular volume. Their
paper illustrates the complexity of the method well, which method is
far too roundsbout for geological purposes. (It requires a knowledge
of surface area, to get total energy values, as well as having the
above mentioned shortcomings).

The third method depends of course on a knowledge of the
nature and energies of the bonds in the crystal, and is subject to
the same shorthmings mentioned in section IIIa., in referring to
cohesive energy. Besides the surface energy, even for isotropic
crystals, varies very greatly with the nature of the atomic planes

forming these surfaces, and calculations are also complicated by edge

effects impossible to treat accﬁraiely. All in all, such calculations
are more useffil as checks on the theory of cohesion used, than as a
method of_obtaining values. This is particularly so in the case of
silicates. Some calculéxions have been made for lonic crystals - for

molten halite, there is a fair check with experimental values. For
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halite crystal, and the{loq}surface, the values of 150 and 900 ergs per

cm?* wereiobtained by different workers. The rough agreement‘with

the above value of Lipsett is probable fortuitous.

data see. Seitz (94) page 98.

For additional

~ The.above values for halite would give adiabatic temperature

rises for only a few degrees. DMoreover, the relation of the measured

transformation to any geological transformation is gquestiongble. The

values and temperature rises are surmarized in Table IV below.

Because

of their much more tightly bound structure - evidenced in greater hardness

and density - the Silicateé would be expected to have greater specific

surface and strain energy for the same degree of corminution.

TABLE IV

ADIABATIC TEMPERATURE RISE DUE TO RELFASE OF CERTAIN SURFACE AND STRAIN

ENERGY
Material Energy/mole Source of Temperature
in calories Data Rise in Degrees C
NaCl sublimate 12, Lipsett (65) 1.0
NaCl ground 30, " i 2.5
7n0 1, 135150 Hedvall (L43) 120.
Fep Oz (hematite) 4, 700 " " 185.
Quartz 2,170 Rey (Table III) 180.
Quartz L, 740, Ray (page ) 370.
Chalcedony 3,070, Wietzel (121) ahs5,
Colloidal SiOz 5,330 Bischowsky (6 ) 390.
Colloidal SiOz 8,870 " 580.
Amorphous FerOs 13,500 Frick (29) 4os5,

The order of magnitude of the surface and strain energy

suggested by the work of Ray would seem to confirm this. This work has

already been mentioned (p. 67 ). If the total difference between Ray's

value for the devitrification of silica and Mulert's :is due to surface

and strain cnergy, the surface and strain energy is thon h.7h Keal fuclc.

Such an energy change would lead to an adiabatic temperature rise of

about 370°C.



7h

Relative to considering the heat effect of colloidal sili-
ca as being due entirely to surface energy, there is also the pos-
sibility that the silica is not in the form of quartz, but in a higher
energy form, as cristobalite - e.g. see Buerger ()2). The effect here
would be small, however, and in any case the only important point is
that colloidal silica does occur geologically,.

Fricke and Klenk (29) have determined the heat of the trans-
ition: amorphous FegOs >« Fe;03, The adiabatic heat rise would be
about L25°C , using their value.

Finally, a rough estimate of the surface energy of ZnO
and Fez03 can be obtained from the data of Fricke eand Gwinner: (29R),
whose work has already been cited. The figures given in the table are
maximum ones, calculated from the heats of solution giveﬁ by the ebove
workers, The adiabatic rise is calculated using specific heats given
in the Chemical Engineering Handbook. It is interesting to note that
the energy is higher for the harder crystal - assuming the forms are
zincite and specularite., However, since data on the surface area is
not available, it is unwise to speculate further oﬁ this point.

The values in the table are of course qualitative.only)
and depend on the state of the material. In any particular case, the
values ﬁould of course éhange. The3purgose of the table is merely to
convey an idéa of the magnitude of £he surface and strain effect.

Frdm the sbove it is seen that there is an almost complete
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lack of total surface energy data. In view of the ease with which
reasonably good values could be obtained for soluble minerals, this is
rather anomalous. Besides being easy to work with, such materials as
calcite of various degrees of fineness, aragonite, dolomite, magnesite, ¢,
would afford data of ready geologic aﬁplication. This is because the
transformations involved occur in rather low grades of metamorphism,

in which conditions of temperature, stress,‘and even times involved

ma& be well known or approximated., With knowledge of the various
parameters, it might be poséible to estimate the rate of the reactions,
and the effect on the thermal gradient,

For silicates, the measurement is of more difficulty, and
the results of somewhat less ready applicability. However, the order
of magnitude of the changes should'certainly be measured.

Quite aside from the values of surface energy, it is appro-
priate to list here somé recent values of the surface areas of certain
geologic materials. Surface areas in the following table are given

in square meters per gram,

TABLE V
SURFACE AREA OF CERTAIN MATERIAL IN SQUARE METERS PER GRAM
No Material area [No Material Area
1. | Fine red silt 2, J10.| Baso, ppt. 14.30
2. | " inorganic limestonel 4O. |J11l.| Montmorillonite 15.5
3. | Deep water red clay 25. - |and kaolinite
he | ® " green M 10-15 |12.| Cecil soil 9418 32.8
Se [ Mica (0.1lmm sheets) .02 |13.| Halloysite L3.2
6. | CuS0O, +5H,0 (LO-100 m) <16]1h.| Tlite 97.1
7. | KC1 (200 mesh ) +24J15.] Silica gel 58lL.
8. | Pumice .38J16.| Darco G 2123,
9. | Cement 1.08

(The above data are from Kulp and Carr, reference §5 .
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Reactions in the ordinary sense,

It is difficult to obtain accurate values of the heat effects
attending geologic reactions, not only because of lack of heat data
for geologic materials, but alSo because the nature of the reactions -
reactants, state, and mechanism - is frequently in doubt.,

The first lack of knowledge can be repaired by application
of research methods now known, as described in section T s bage 38,
The second point is more fundamental, and requires a closer study of
the basis of métamorphic and diagenetic processes, with particular
regard to the nature and origin of the reactants,

There is not sufficient accurate data to warrant detailed
discussion or calculation., However, it is worthwhile to classify
briefly the reactions of interest before presenting such data as is

available. Thus the reactions may be separated roughly according as

[

1. Earth's surface. ( Includes reactions of katamorphism, '
as solution, hydration, oxidation,...)

they occur in one or another of the following regions:

2. Crustal layers, v

a., Sedimentary rocks. ( Reactions involving salts and clays,

for the most part, and including hydrations, dehydrations,
syntheses,..s i.e. anamorphic reactions generally, )

b. Igneous rocks. ( Including hydrations, phase changes,
decompositions for the most part.)

ce Ores ( replacements, decompositions, hydrations, .ee)

3¢ Infra-crustale ( Transformations involving silicates, at
least in the mantle. Below the mantle, unknown, )
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As already stated ( page (7 ), heats of reactions occurring
at the surface are usually so swamped by the effects of solar rediation
and ordinary climate as to be without significance for the temperature
of that region., In certain areas, temperatures and micro-climates
may be considerably affected by vigorous oxidation and the 1ik§, but
the above stat;ﬁentais essenﬁially true.

A At the other extreme, nothing is known of reactions in the
mantle and core, and despite their possible importance for these regions,
they cannot be considered here. It is thus the reactions of the crustal
layers that are of principal interest.

Reactions involving salts, sulfides énd oxides, and silicates,
respectively, are discussed below. The few reaction heats given are
not presented as a compieté listing. There are many subsidiary reactions
which could be approximated with data now available., However, for the

present purposes, the following is felt to be a reasonable presentation.

Salts.

The difficulty in attempting to determine the heat effects
arising in reactions between salts, in the diagenetic environment, is
again that of writing the actual reaction. The systems concerned are
usually definitely open, which affects both the equilibrium obtaining,
and the enthalpy change. DBecause the heat of reaéﬁion for the closed
system may be rather modest, subsidiary heat efiects are important,

and it is difficult to make predictions. Of the reactions listed in
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the accompanying Table VI, perhaps only 1, 2, and L are reasonably

correctly written,

TABLE VI
ENTHALPY CHANGE AND ADIABATIC T RISE IN CERTAIN SALT REAGTIONS.
Reaction —a H (kcal)]aT (°C)
1.| CaMg(CO3)s 4> CaCOs + MgCO= 2.2 =60,
2. | CaSO4 + 2HeU > CaS0¢.2H O 5.0 110.
3.| 2CaCOx + MgSO. —> CaMg(COs)z + CaSOs .21 k.
lie | CaCO3 (aragonite) —>» CaCOx (calcite) ~-.0l -2.

Its observed occurrence does not necessarily refute the statements of

page 25, In this case, the heat effect - o H is sufficienﬁly modest
for the entropy term TAS to overcome it and make calcite the stable
form at rather low temperatures.

would suggest that it has the lower entropy, which is consistent with

The reaction aragonite-calcite is endothermic, as noted.

the above,

Ores.

The higher density of aragonite

The same Gifficulty, that of writing down reactions that
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actually occur, and not merely ones for which heat data are available,

presents itself here,

sence of a number of phase modifications :Ln ores, such as high to low

Exceptions to this statement arise in the pre-

chalcocite, However', such reactions are of limited scope, and the

reaction heats are moreover usually small,

( 66) and Emmons (25). The reactions they have used are given below,

Oxidation re:sctions on ores have been discussed by Lovering
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No attempt has been made by this writer to investigate the validity

of these reactions,

TABLE VII

STANDARD ENTHALPY CHANGE AND T RISE IN OXIDE AND SULFIDE REACTIONS

Reaction -oH (kcal.)| T ( ¢)
Ala03 + BH:.O e 4 Al(OH); ’ 22,9 620.
2FC(OH)3 —> F01,03 + 3H10 ‘901 116.
ZnS (wurtzite) —> ZnS (sphalerite) 3.19 250,
2FeS,+150 +(n+7)H,0->2Fe (OH )yt 4H,SO4tn H,0 3h3. -

o Silicates.

Silicate reactions are by far the most important for the
purpose of this paper. This is because of the pre-eminent position
which such react.ons occupy in metamorphism, and also because both
theory and observation indicete that the heaﬁ effects attending sil-
icate reactions are much higher than for corresponding salt and sulfide
reactions. |

Direct heat data has been located for only one important
metamorphic reaction: that of kaolinite to sillimanite, quarﬁz, and
water. There are available a number of heats of reaction for the
formation of silicates from the oxides, both experimentally determined
and calculated from structure energy. These are interesting in suggesting

an upper limit for geologic heats of formation, but have otherwise
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STANDARD ENTHALPY CHANGE FOR CERTAIN SILICATE REACTIONS

No. Reaetants Products FAH (keal) Ref.
A.
Al,03 + ©Si0z2 Al2510s .
1| lumina quartz sillimanite Lo.L  |Bischow.
2. G&O b of SiOz 033103 27.7 "
lime quartz m%onite
K.0 + Al20s + 6Si0=2 2KA1Siz0g Mulert
3 potash alumina quartz adularia 117.7
Lo K20 + Al.0z + 65102 2KALS130g 90,9 n
potash alumina quartz mierocline
5. Na;_O -+ Alzo:, :llSiOz + H;_O ZKAJ-SiOQ 93.0 "
soda alumina quartz water leucite
6.| CAO + Al;03+6510a +Hs0 CaAlSi, O, 5H,0 L46e2 "
lime alumina quartz water heulandite
B.
7./ Ca0 + H.O CT(OH)z 16.0 X
8. Nas0 + H,0 2NaOH xal. Bigchow.
9. Na,0 &+ H,0 2NaOH @”Hz()) ).},6.0 n
10.| A1.0s + H.0 2A1(OH)s 2249 "
llo G&O + COz GaCO (Calc. ) h303 n
12, K:,O + H.0 ZKOH xal. h9 . 8 "
13.] K20 + H:0 2KOH (@H20) | 62.7 "
Ce
8AT(OH)s + 5102 1,510« + HZ0
L. uartz sillimanite 17.5 above
15 Ca(OH)z <+ Si 2 CanO;-l' H;O 11.7 "
1 quartz wollastonite
‘| xal, uartz adularia
17.| KOH +AL{OH)s+ 35102 KA1Si308+ Ho0 | 14,1 "
*loH,0 . quartz microcline
18.| NeOH+A1(OH);+25i0= NaAlSig Q.- HZ0 3.7 "
*[eoH0) quartz analcite +3H.0
19 CaCOs + 5102 CﬂSiO.«b COz _20.5 n
‘lcalcite  quartz wollastonite
C.
20. H AlSi, Og A1,5i04+ 2H,0
sillimanite 26.0 Klever
+ SlOz

quartz
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little or no petrologic significance, These reactions are listed in
part A of the accompanying table VIII,
M,oSt of these reaction heats have been determined by Mulert( 75),
as indicated. Because of the difficulty of dissclving the silicates
in HF, which solution is the basis of the determination, the values
given are undoubtedly considerably in error. This is certainly suggested
by the large discrepancy between the heat of formation of microeline
and adularia. Besides being subject to such errors, it is dbvious
that the reactants do not represent naturally-occurring minerals.
The solé exception to this is the reaction between A1;0; and SiO,
to form sillimanite. ALl of these do occur naturally, and corundum
is frequently associated with quartz in modern sands. The adiabatic
rise in temperature for this reaction would be appfoximately lOGJ‘C.
However, the source of this energy is not attributable to weathering,
but to the source which formed the parent rocks.

. For the others,hydration of the oxides will g;gatly cut dovin
the heat of reaction., In actuality, the reactants ,for‘the formation of,
say, authigenic feldspar, are some sort of illitic clay-material, with
indefinite structure and composition., The real transformation then
probably cannot be even approximated by measurement on non—geologic
material. The effect of this hydration is included in parts B and C.
of the table. Oi these equations, only equation 1l seems to have any
geologic significance directly.

. The moderating effect of water should not be surprising:
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a similar effect occurs when an electrolyte is dissolved in water,
That is, considering jonization of NaCl, for exemple, the heat absorbe
ed by the anhydrous reactioni

| NaGl—> Na + €1~
is about |90 Kealories., If water took no part in the reaction, one
mole of NaCl in a liter of water would lower the temperature sbout
190 €+ The observed effect is only a few degrees.

The moderating effect in the present case would not be ex-
pected to be as laige as indicated in part B of the table, because it
is unlikely that the heterogenecus geologic material would acheive
such a low energy state as the above hydm:ddea; This would certainly
be true once the material had been somewhat compacted. The effect of
water is more correctly indicated by the data of Klever, which is
discussed below.

The fact thit eguation 19 of table VIII ( the formation of
wollastonite out of silica and calcite), is endothermic, is not detri=
mental to the general hypothesis., This is & typical contact metamore
phic reaction, and in the great majority of instances of its occurrence,
the source of the requisite energy is readily visible, Indeed, the
fact that wollastonite is not a minersl of "regional® metamorphism
supports the contention th:t the production of such regional meta-
morphic menerals is ordinarily exothermic. Contributing to the real-
ization of reactiog 19 is of course the removal of the gaseous product

COg- See page 26 .
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Xlever (598 determined his heat values from differential
hests of solution in UO% HF. The material used was Zettlitzer kaolin,
stated to be 98,5% pure. The impurities were disregorded in the cale
culgtions, and the ideal formula H Al,S51,04 used. Dehydration was
acheived by hecting for 6 minutes in an air stream dried with sulfurie
acid and phosphorus pentoxide, Final values used in the deteminstions
are the mean of two or three determinations. From the data given in
the original paper, the maximum deviation from the mean is of the order
of one or two percent. The effect of the water content on the solution
- heat is small = of the opder of O, S kilocalories per mole, from Klever
(596) = and may be disregarded.,

Study of the thernal chenges accompanying the heating of
ksolin, which was the object of Klever's paper, is of little direct
interest .here. However, his results are an indication of the elegance
of the wmethod, and are .reprodueeﬁ in the accompanying Plate J. It is
immediately appsrent thut the curves correstly reflect the well-known
stiuctural changes which occur in kaolin at about 550° and 900°
Centigrade. The configuration of the heat of solution curve is actually
due to structural change, and not merely to water content, since the
heat of solution of water is negligible ( see above ),

From the continuity of the curves sbove 550°C. , Klever cone
cluded that there is no structur:l breakdown of kaolin at this point, as

some investigators had assumed. Rather, there was felt to be support

for the existence of a new compound, metakaolin, - Thic—hed-been—sugsested
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This had been suggested by a number of other workers, from X-ray data -
e.g. Hyslop (4#7A), The assumption of metakaolin has been criticized

by Eitel (23) and by Sosman (101R), Eitel concludes that there is no
basis for such a compound. It is not necessary to take sides on bthis
question, but in support of Klever's work, it should be noted that.
recent work by Comeforo et. al. (1‘7) has tended to substantiate

the existence of metakaolin. Comeforo, using X-ray analysis and electron
microscopy, ccncludes that there is evidence for the existence of

a3 uniquely organi'zed, non=-crystalline coméound for which the name
metakaolin or pro-mullite seems fully justified.®

From the curves, the following heats of reaction are obtained:

2H,0 + Al,05+2510z —> HqAl,51,04q
Al, 05+ SiO;. —>A1,5i. 0 (sillimanite)
H Al,Si,0q —> Al Si0s + 2H.0 + Si0g

The value for the heat of formation of sillimanite is in
some disagreement with the value listed by Bichowsky and Rossint from
Neumann's earlier work, but not inordinately so.

The results for the heat of formation of kaolin from the
oxides is in fairly good agreemenﬁ with the result ( 18 kilocalories
per mole) obtained by Schwiersch (764.

Superposed on the reaction effect is the effect of surface
energy, which was not considered by Klever. As a first approximation,
this effect has been ignored, which assumes that the fineness affects

a.].l' particles similarly., If the fineness of all particles were the
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same, the heat of solution of the harder silicates would be expected

to be increased, and the exothermic effect for sillimanite formation
from kaolin would therefore also be increcsed. If the kaolin is the
finer material, then the grecter surface might counterbalance this
effect. All in ali, the best course at present is to ignore the surface
effect when writing the values. In further experimental work of this
sort, the surface and strain energy should be considered.

Assuming adiabatic conditions, the above value for the
reaction:
| Kaolin e—3 sillimanite + quartz +2ZHg0
gives a temperature rise of about 340¢.. This includes the water as
a product, but does not ® nsider latent heat effects of the latter.
The water would be above its criticai pressure in most cases. If the
effect of water is neglec\ted - which assumes it eventually reaches

the surface at surface temperature - the adisbatic rise is about 11,202..

Discussion

In summary of the above results, it may be said that a num-
ber of geologically important exothermic reactions have been demonstra-
ted.

There is no doubt of the exothermic effect of devitrifica-
tion, ( This is, however, not a primary source of energy, ‘since the

material must first have been fused.) There is also no doubt of the
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sign of the heat effect in recrystallization. For reactions, the case

is not so clear, and some minor reactions, at least, are endothemic.

For others, data available indicates that bhey are exothermic, It may

be argued with good reason that the present data is not sufficiently

accurate to be of significance. However, most of the geologically

significant reactions given above appear to be exothermic, and thus the

onus of proof passes to those who would assﬁme endothermic reactions,
In the writer's opinion, the only scientific approach at

this stage is to initiate research on the heats of reaction, with the

stipulation that natural materials be used wherewer possible,

B. Transformation Rates.

From the preceding pages, it will be apparent that, because
of the complexity of the factors which ean influence rates of reactions,
it is not possible to write down simple, définite values for the rates
of geologic ractions. Rocks are, ultimétely, extremely inhomogeneous
bodies, and it is to just such inhomogeneities as rocks display that
reaction rates are most sensitive,

For this reason, the writer has made no attempt to collect
large numbers of valués for reaction rates. The few values that are
given will indicate the general type §f data available, The works of
Jost (52), Jander (50), and Hedvall (42A) are the best sources of
further values. The values which are given here have been determined

from work on :
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(1) Single interfaces
(ii) Mixtures of powders
(1ii) Geologic data.

(1) A large number of reactions have been studies with
reactants in the form of slabs pressed together. In these cases, once
reaction has begun, succeeding reaction can only take place by diffusion

of the reactants through the product layer. Jagitsch (49) studied the
reactions ( MgO + AggSQe), ( MgO + AggPQe), ( MgO+ Mg P20,), and

( MgO +MgSiOz ) in this manner. He found that the rate of reaction
was independent of the thickness of the product layer, He was able to
express his results in the form:v '

¥4
%‘L: = Ce '®
where i%' is the rate of reaction in gram moles of Mg0 per square

centimeter of © ntact per second, an'd Cc, $ are constants. The

results are:
TABLE IX .
DATA ON RATES OF SOLLD STATE REACTIONS STUDIED BY JAGITSCH

Rate expression: 5’3 = Ceo Her

No Reaction _ ¥ C _z

- (kilogalories) gm.-mol. Mgl cm sec”’
1. MgO + AgySOs 61 2.0 x 1of

24 MgO + AggPOs 61 2.0 x 10

3. Mg0 + Mg,P.07 82 2,0x 10°

L MgO + MgSiOs 112 1.0« 10°

(ii) Determination on mixtures of powders are of more
direct geologic significance than are the above type. As would be

expected, rates depend on particle size, and intimacy of contact.

Jander (590) has developed the mathematical relation between particle
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size and reaction rate. His equation does not apply to slow reactions.
For these, Segawa (%4 ) has calculated a corresponding relation, by
assuming that the rate is entirely diffusion-controlled. The final

form obtained by him may be written: .

de = k(0™ k= ()
dt with J+A

Here, X is the fraction of the material reacted at time ¢ and A,8 T3

are constantse. |
Using this equation, reaction rates were determined by

thermal anaiysis studies on a number of powders. A few of the values

are s
TABLE X

REACTION RATES FROM THERMAL ANALYSIS OF MINERAL POWDERS (SEGAWA)

; 1+A 8\, " ¥er
Rate expression: % = k(i-x)" ; k=(&)e

No. Reaction Whe &(kcal.émole)

— e —————— ) (¢A

5. Ca0 + Si0z gl.z
6. CaSi‘Os + CaO lol
Te  AleOy + Si0 2% Lo.
8. MgO0 + TFes0s 0 . 7543
9. Cr0 + Fe,03 0% 8L.3

(iii) As mentioned on page gs s 8eologic occurrences can provide
data on reaction rates if sufficient is known of the geologic history.

As an illustration of this, the @ata given by Moore (74 ) on authigenic
feldspar ‘

Iy

ain the Green River shale is hereby considered.

Moore states that the maximum length of the rhomb-shaped



erystals is about 3 millimeters ( measured on the diagonal ) and the
average length about .15 millimeters. The width of the crystals was
about one third the length.

Now if we assume a rate of the form

dt = C_Q."/RT

where %_%‘_ is the number of moles reacting per unib time per unit

volume, and C are constants, we have approximately
’ ﬁr 3 .
c o Ver

—

am

At
This of couse assmes constant temperature, and the form the the rate
ignores the effect of disgappearance of mass.

Assuming that the crystals are in the form of rectangular

parallelipipeds, then it is easily comuted that:

-6
33X 0  MOLES

a. For the maximum size crystal AM = -1
= 4 X 10 MmOLES

b. For the average size crystal am

Now the Green River formation is Miadle Eocene in age, and
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taking this age as 60 million years, the elapsed time is approximately

2 X 1(55 seconds. It is now necessary to estimate values of ¢ and T,

in order to compute C . These estimations, together with the resultant

values of C , are given in table XI below., The resulbs show primarily

the sensitivity of the computed changes in ¢ and T , and no parti-

cular best choice is suggested. Rather the point is that with reasen-

able assumptions, a very large range of values of C is possible,

The unit to be used for C requires some comment., In order

to use the‘size of the crystals as an indicator of the amount of
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reaction, the "density® of cfystals in the rock & ould be‘ known, as
well as the original composition of the rocke Here, it will be assumed
that the material for each crystal has come from a cell of one §ubic
centimete;' volume surrounding it. The "unit volume" in the above
equation is therefore one cubic centimeter. This would assume that,

if the concentration of feldspar=forming matérial had been homogeneous,
there would be one crystal per cubic centimeter. This is probably
exce\’sé_sive, as far as the actuel occurrence is concerned. Without
knoﬁ‘ledge of the \original ® ncentration, however, this is a fair assump-
tion, and in any case, the real sensitivity of C is not to this assumption
of unit volume, or to the assrimption of crystal size, but to choice of

¢ and T . This is apparent from the tabulated results below.

TABLE XI
APPROXTMATION OF FREQUENCY FACTOR FROM DATA ON AUTHIGENIC ALBITE

No.| amn at an/at T° T + | G
gm.-mol, , sec. {mol./secy, | °C { °K ,kcal/mol| text -

10. | 3x10°%  2x10" 1.5x10°° |127. Loo.  Lo. |1.5x10"*
n

11. 77.  350. 1.5K10°%

12, 27.  300. " 1.5x10°8

13. | 127.  40oo.  60. |1.5x10'
1h. 7.  350. n 1.5x 10 :
15. , ' 27. 300, . 1.5¢10°%

16. 127.  L0O. 80. [1.5x10%3
17. 1 171.  350. " 1.5x10%
18. 27. 300, 1.§¢ 10%
19. | . 127. L0o. 100. |1.5x10%*
20. 77,  3%0. n 1.5x 10"
21, 27.  300. n 1.5 x 10%*

( For the smaller crystals, 4 n= ).mlb':-o«e, and C is 4/ x 0™ *
of the corresponding value given above )
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VIi. MATHEMATICAL FORMULATION .

A) Implications. A necessary preliminary to mathematical form-
ulation of an} problem is a knowledge of the type of phenomena which
is to be described. As elementary as this condition may seem, it is
only rarely that we are able to meet it, where geological problems are
concerned. _

With regard to the present problem, we are interested in the
interplay of reaction rate and heat dissipation in geologic bodies.

The variety of factors which influence reaction rate have already been
mentioned. Here, it is desired to point out the uncertainty which
surrounds the method of heat transfer.

It is usual to assume that heat conduction in the mantle and
lithosphere is by conduction. This is partly because of evidence for
the general solidity of these regions, and partly because of the sim-
plicity of the mathematics of conductivity relative to that relating to
other modes of heat transfer. In this paper, the conductivity equation
will again be used, but other possibilities must be mentioned.

In the first place, fluids are present in many geologic bodies,
either intergranularly or in fractures, and here mass transfer by
convection must far exceed conduction. Again, in the mantle, there is
- the possibility of convection despite the high viscosity of the material
involved, and in this case heat transfer by conduction would be far
outweighed - see Pekeris (80). There is also energy flow associated with
mass transfer by diffusion, and under certain conditions, energy transfer
may be by nuclear (Plattice”) vibration rather than by electronic
excitation.+« Radiation will also be effective in unique circumstances.

All in all, the conductivity equation prdbdbly holds rigorously
in few cases. Nevertheless, it provides at least:useful frame of reference.
Also,many of the variations in mechanism of heat transfer can give rise to
local or bulk equations which are not significantly different in form. The
conductivity equations would then apply, with the variations accomodated by
changes in the parameters.



Simplified treatments of situations involving other modes
of heat transfer could be used where the conductivity assumptions
are obviously wromng, but such will not be attempted here,

B) The Heat Conduction Equatiom = The equatien for conduction

- of heét in a solid in which no heat is being generated is

Pc %g = dar (KJ"'f’v') (1)

where
v is the temperature of the solid at P (x,4,2)-
?9‘13 the density of the solid at P (x,9,2) :
is the specific.heat e
K 1is the conductivity - j—~-

t is the times

This equation is valid even if the medium is homogeneous

and anisotfopic.

If the solid is isotropic but not homogeneous, then (1)

becomes

“ g - RO 0D A0 @

If the solid is homogeneous and isotropic, (1) becomes

P

ft.%%; = K v (3)

ye
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Finally, if heat is generated in the solid so that at the
point P (x, 3,?.-),heat is supplied at the rate & (x 9%, v;t) s the

equation for conduction is

Pc e = K PV + S(xy,*, v t)

(k)

Note that, besides the case of chemical change within a
body, (4) is applicable to such common cases as the production of hat
by electic. current, by absorption of radiation, and by radioactive
decaye

c) Application of the heat flow equation to geologz w In

every practical application of the heat flow equation, certain
idealizations of the problem under consideration are necessary, In
geology, this situation may become extrgne.'

With respect to the general equation (k), geologic app—
lication involves assunptiohs as to

1, The geometfy of the bodies being considered,

2 The nature of the parameters,

| 3¢ The boundary cenditions,

he The initial conditions,
These points will now be discusaéd~brief1y.

1. Simplification of the shape of the gplogic bodies ine
yolved is not peculiar to application of the heat flow equation, but

is necessary to every mathematical formulation of problems concerning

Y
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géologic bédies.‘:For the most part, th%s paper isconcerned with
heat flow in stnatiform media bounded on one side bythe air surface,
and on the other b~y an inert medium, This situation is usually
taken to be'described by a aémi-iﬁfinite slabs In describing any
particular geologic situation this approximation may be quite
erroneous, but as a framework for quaiitative discussion} it is
adequate, Given solutions for such simplified caseg; the effect

of actual chplications can be estimated. |

2; DPata concerning the valué and nature of the parameters
Ky, Cyrand P weuldvbe fequired for the exact solution of tﬁe equation .
In practice, these are conéidered to be temperature-independenﬁ, which
is, of course, noﬁ so rigorously, even in the case of non=-geologic
materiale. In geology, there may be variatién of K and C with
temperature amounting to several orders of magnitude for the range
of temperature encountered in metamorphism. This is because of the
effect of the large numﬁer of‘phaSe chénges, feactions and alljed
phenomena definitely occurring when.rocks are subjected to changing
physicél conditions,

Foyéimple variations of K and C with temperature or
position:, solutien of the equation is in some cases still péssible,
but treatment of many of ithe actpal variations, even if the form were
knowa and expreséible; is definitely not feasible ﬁsing ordinary
mathematical methods. Again, the solutions which are obtained on the

simplified basis must be taken only as a guide to the effect of the

-
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actual variations,

Further as;unptions regarding Ky, # and ¢ which are usual are
that the medium in question is isotrepic, that is that the parameters
are the same no matter which direection of heat flow is considered;
and that the medium is homogéneous, that is tﬁat for any particular
direction, each parameter has thevgame value at all pointse

Assumptions régarding the nature of the source will‘be
discussed later, | |

3¢ One of the most important points with respect to
equation (4) which must be decided for any particular problem
concerns the nature of the boundary conditions. The conditions
usually emblcyed ares

1. Prescribed surface temperature,

2. No heat flci across the surfaces

36 Préscribed heat flow from the surface,

h. Radiation at the surface.

Se Boﬁndary separates two solid media of different prop=
ertiess

Depending on the shape of the body, conditions such as the
above hﬁve to be satisfied at one or more surfaces, The case of the
infinite medium, which has verx real significance for some geologic
préblema, aé where the boundaryxis far away'relative to the region
of ihteregt; rgquires aless usual type of condition, e.ge that the

temperature is never infinite. This type of boundary condition is much



less simple to work witha

Deciding on the boundary conditioms for certain surfaces
of geologicAigFQrgst is quite simple - for instance condition 1
or conditien 4 might be applied to the free (alr or watez) surface of
a body. Other cases cannot be adequately described without making
what are often very fundamental assumptions regarding earth processes,
A case in point is the lower boundary which a sedimentary series has
with, say, a crystalline basement, Here, making a choice of one of
 the boundary conditions immediately implies knowledge about the
heat flow from below, knowledge which we certainly do not possess.
Again, the best method of attack is te consider certain simple cases,
and from a study of the ensuing results to estimate the effect which
actual variations might have,

ke Imposing initial conditions involves less extrapolation
from actual knowledge than boundary conditions demand. A considerable
amount is known about depth = temperature relationé in geologic loce
alities, and reasonably correct assumptions can be mades In any
~case, it is often not difficult to obtain ﬁolutions for various in-
jtial conditions ence the solution for ome type is known,

In summary of the abeve remarks, it is clear th#t any
equatiom such.as (4) may be quite misleading in certain cases of
geologie importanée. Extremely detailed calculations are therefore
not always desirable, even where possible, and to any solution must

be appemded an estimation of its field of significance. Further

96
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discussion of the assumptions necessary is given along with the
individual prgblens considered later,

D) The gource fumction = The possibility of solving equation
(k) is intimately comnected with the form of the source functiom, S.
Briefly, the situation is as follows:

l, If S is comstant, the equation can be reduced to the
gource~less form by a substitution,

2e If S is independent of temperature, three general
methods canbe used:

a) Integration of source solutions, (Green's method).
b) Integral transform methods.
¢) Reduction to hemogeneous form by change of variable,
3¢ If the solution for the time-independent source is
known, that for the time-dependemt source can be obtained
from Duhamel's theorem (see below),
ke If S is a linear function of temperature, the equation

(k) remains linear, and may be reduced te the source=

less form by substitutlion, .

5. If 8 is an arbitary function of teméerature, the
equation is intractable as far as ordinary analysis is
concernede

Chemical sources, of the type to be comsidered here, have

of course, a complicated temperature dependence, and hence fall
into the category 5 above, The form of the source fuhction is
discussed elsewhere (p 28 )¢ It should be noted»here however, that
]:’ Sdt = Q where Q is the total heat of reactién for the
elemental volume in question, This tends to put limiting values on
thé temperature, but this limiting temperature is not simply %}

where C is the heat capécity of the elemental mass involved, because



of the intérpla.y of temperature dependence of reaction, and

conductivity. This is discussed later (p 101 ).

Duhamel(s Theorem
| A When iﬁe boundary éenditions of a heat flow problem are
time-dependent, the problem cam be reduced to the corresponding
problem wifh time;independenf. sﬁrfa.ce corditions by use of

Duhamel's theorem. This method can also be extended to reduce

the problem of a medium with {ime independent sources to the corr-
esponding one with time independent source, This has been shown by
Bartels and Churck%ill (3).“ Tl;e re‘zsv;,lltsv of their work vhi;:h are
pertineni to heat flow problems are summarized in Carslaw and Jaeger

(15), from whi¢h the following statement has been taken,

. Consider the equatien

-%‘(Kc%ﬁ)* %(xz}rﬂ;)* ge(xs_»stg + SC"':J»”»ﬂ - rc 2 “

where, Ki, K», K3 may be functions of x,y,% -

Let the beundary conditions be

+ k;% + kqv = 3(’:,3,‘&,*)

' 3y
where k,----- k4 are functions of X,y,2, only,

and let the initial condition be

v ' Cx'&)%)
T+>0

98
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Now if F (x, ;5 LT LA, f) is the solution of the same problem
except that 5(&3,-2,‘1') and 4 (X, 9, & ) are replaced
by S(x,9,£,)) and 3(x.y,2,)),
the values of these functions at time  1 .

Then the solution of (5) is:
= 2 [TF(xg,2 0 1-2) 4N
v = 2t /o 13,0 A,

= ¢ (xy2) +U: %[F(x,g)t)A)taxjd,\]

E)  Regioms with chemical sources - As stated above, the
problem of heat ;f.‘lewrin a region containing chemical sources is
not amenable to the ordinary methods of analysis. A genéral dig~
cussién of the problem of heat flow f;n a regien containing sources
is givem by Carslaw and Jaeger (3). In this situation, there
remains the following possibilities for obtaining useful info-
“rmations

1l Limitation of the problem to certain specialized
cases (esg %1g== ©)e
2, Approximation of the true form of the source by a
form which is amenable to mathematical treatment.
" 3, Use ofcontinuous approximation methods (self-approx-—
imation)e
~lie Use of numerical methods (difference equations)

. 5¢ " Use of analogue calculators,
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Beforé pfaceeding with the above approaches, iﬁ will be
useful to cénsider what inforﬁaiion an intuitive analysis can give.
The intuitive‘method would preperly be'included above, were it neot
such an integral part of every mathematical method. There is good
basis for saying that every differential equation is solved ih-
tuitively,

Consider first the case of an infinité.reactive medium,
initially at some constant ﬁemperature'vz s and in which a tem-
perature pertubation is initiated at some point P (x,4,2)s It
is then obvious that, depending on the form and magnitude of the
initial temperature pertubation, the heat of «: reaction of the
material, the rate of reaction ofthe material, the conductivity,
and the initial temperature, this pertubatien will either be diss-
ipated or wﬁll grow-aé time passes. The precise form expressing the
relation of growth to the abavé parameters will be perhapa‘ex-
trenely complicated, but the qualitatiﬁe situation is quite clear,
The existeﬁse of a criiical point is conditioned by the possibility
of there being more heat generated in an elemental volume (per time
interval) than cam be conducted away. In the next time interval
conditioned again by the degree of exhaustion of the reactive
material, the high temperature coefficient of reaction fate will lead
to even more heat being generated, and hence a spiralling of the tem-
perature, As stated above, the maximum temperature will be largely a

function of the initial temperature and the total heat reaction, but



not entirely. Thus a region may be heated very rapidly so that
reaction has no£ proceeded far by the time a high temperature is
reached, Complete mmction without conduction would then lead to
a somewhat higher temperature than simply calculated. Conservation
of energy, of course, imposes limitations on the total heat for anmy

regiont

jvo‘- c.(‘v'—‘l)',) leoL < /VDLQ Jlu,,._

Where ¢ is the heat capacity per unit volume of the material, ¥ is
the temperature, and Q is heat of reactiom per unit volume,

The same factors are operative in a bounded medium, plus
fhe additional effects of heat loss and addition over the boundar-
ijes, and the location of the initial pertubation with respect to
these boundaries, Again, while the detailed interplay of the
various effects areco;np]icted, the general possibilities are clear,
The impertant features for g‘eblogy are that the amount of reaction,
and the temperatures reached depend greatly on depth of burial,
nature kof initial material, heat flux from below, local mechanical
or‘ thermal stresses, and the like, vhich is certainly compatible
with geologic experience, The geologic application of the scheme

will be further discussed later (p. 1940 ),
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I, Special Cases of the Actual Problem

= -2V
(K%ﬁx: + S = fc 57

¢

(1)

J

1. Assume %‘:’ =0 for a certain time interval, and for all X .
For this to be possible, it must be assumed that S % 6-( t)
or, for a first-order feaction, since § K(%’-"t; = k”’)
where k = specific rate constant,and 1 = no, moes reactant/vol, >
m X 6(t) and is, therefore, vconsftant.‘ S "
(In_ practice, this: may met be too erroﬁeous an assumpe
tion, as the reaction Ara.te in solds will be largely diffusion
contrelled, and may not vary greatly ﬁth n. (see pe e
(1) th‘en gives:
K% + RKm = 0O

ox?

where R = heat of reactions in cal/gm. This may be written:

..B,{v,
Q _4_':4—’ + o o =0 , where o = Rm @)
fo selve , put. de= P  TThen
& = dF r = p dp
44«1: = % %‘;- %: dv-
| -84,
2
and -~ PL‘._:__a 5_(;’(_(;:)____ — X2 )



\

Therefove,  imtegrating

=0
(k)
where V is the temperature vwﬁoi'o %’ = O
whence (k) gives X=0, vrso , 4{- P

alse from (3) I

+hare€¢(!‘,

p:t. P, -2 L‘Vz

=z [ae T dw (5)
v .
whence V2
dv = 2| xe d v (dv is never neqatve
ax X

(6)
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b, If 8 = constant, we have %:&; constant = 8, say.
Then v = -1 Bxt + BHx R after: using boundary conditions of
o v

¢ IrS=N-_A_

|+ BV
(3) above gives

o2 _
A=A,

. v
PR 2 o Rl Sl

= zAv - 244 In(1+BV)
that ¥,

_ Ya 2
(%;)15 ZA[‘U’*IA_”(HB"B J + Po

(8)

Which msr be iﬁ‘eégrated numerically, bﬁt iniolveé one
less integration than (6), B ‘

The significance of (6), (7), and (8) is that they define
a curve 1'-1 (x) for }’e.zvery velue of H taken. Then if at any
point in a given mass with this temperature distribution, ¥ is
jncreased, equilibrium will be disrupted, and (witl/ou‘k assumptions

S#f (t) ) R 5pi&iling of temperature will resulte



Geologically, the resulis could be used to give an
approximation of Vthe maximum depth of sediment that would not
Rautocatalyze®™,

Other boundary conditionscan be treated, such as (%1;—)){
= constante

2+ Consider an infinite reactive medium initially at
v = 0, in which a temperature disturbance, as a sort of thermal
tide, has been preceeding for a long time, Then,assuming an
equilibrium "phase® velocity of the front has been reached,
(which equilibriun 'velocity is suggested both in»tk.uitively and from
measurements of gas-2ous explosions.

We have (%—fé—_ - = constant = R, say.

tor 4= (424 <@E)1E > sanan

A,

THE ABOVE v S |
therefore Agives heA=x-Rt—
ot X, v, 1
ix) = — 5 X 1) | .
v v -
de % ) + }.«s FRouT
=" R “ |
Y J =
- . Ll >
=0 X=RT X

- - & o

Then substitutien in
K ¥ g = FPc %";

x?
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gives or D .
K%fS*’RPCTg”O (2)

Now (1) is obviously satisfied by v = £ (x=Rt) = f(x) say,
where the significance of % is shown im the sketch, +he time -and
space origins being related by x = 0 = t for v = O, |

With regard to S, i H = heat o# veection { ook velume

t -8
-8y Ay e d¢
= e _ dm _ k
S HA e = H B Hkm
Lt -Blar
and the imtegral /o 2 s Which expresses the decrease

in amount of reactant,'obviously depends only on o + This is

obvious from the figure, since = O for x = 0, t = 0 and can

also be seen since 24 = _R,
ot
Therefore,
¢t -8/ ‘ =t _g,, -
- = -4
[ e Tat= [ e Cl)=k)e 4

Whence (2) can be written

K%,* Recdr + S(a) =0 ,

which is now an ordinary differential equation,
The selution of this equation would yield data on the
relation of width of contact (as for a growing pm@blast-) to rate

of growth, and the parameters K, P, ¢, R, A, B,

106



Solution of this would have to be achieved numerically,
or perhaps some algebraic transformation would simplify it

Boundary conditions aret

w=1,, for o=0

ax ,
or U- -> constant

[ [

E 42-;0 ; fot o > —©

L)
Py

~ An approximation to the true source can be made by
agssuming that the amount of reactamt consumed is proportional
to the temperatﬁre. Then if V is the final temperature, the

amount remaining M(V—v) where M is a constant which can be
N :

determined from existing parameters,

Then assume rate « 1' (V)
or ¢c/(9- B/v(v‘ v)
etc,

30 Consider a single cell of homogeneous temperature, with
heat loss over one or both boundariese

a, Radiation into medium at constant teniperaiure

Equation is |
Pe _2_; = S -2k (v-1) Q)
where K, is +he wadiation constant
_ , N )
@) R A

e~ x—>
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be Radiation into well-stirred fluid of mass M, specific

heat A\ temperature ’V'(t) initial temperature. Vo .

At any time
' Av
) -t . [ ¥ ~]
'lr’— ! ] ,k(yov')df '1” M =
.-Mh.«\ o - 2z
. (b) .,.'.. A '- .. . ‘.
v’ ’%" Ao
“x

and equation is

_ s- k(v-v')y
Pc%‘; S : ;

= S- k[v- J»\—x Ltk(wv-’) dt

Which could be solved by continuous approximation, or by stepw
by-step integration,

Cases such as the above, corresﬁond to the geological case
of reactivé strata between inert ones, Othef boundary conditions, and
ones of the bmost. complicated time-dependense, could be used above

easilye
a. (1 has critical point for constant amount of reactant when

%’° ; ke, S= z k(v-va)
for mass constant, this is
AQ,-IO/;WH)—\ = Zk(“’ ‘,’""0> . whete ™ = mess /vl

therefore, for K large, ¥ can be large; 1

for A large, ¥ canmot be large; it Av = °;

® ’ o v m = consfant.
ferkmll, v cannot be large; SR

ec... | .11 of which is obvious, and checks with

earlier conclusions,
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II, Approximation of S by a More Tractable Form

The essential feature of the chemiéal source is that it is

temperature dependent, and that.

@® .
jo Sdt = mo H when e = no. moles/vol

”-F-r all x _ - H = heat reaction/mol

S may be approximated by forms which at least do net

integrate to infinity., i.e. ; )
-8 M

(i) S=Ae e

() s = Avre

(.y) S ~4C%)
(iiy s= Ave ’

or im general, LW)S = 4(") J (¢)

These are not completely satisfactory, since the factor
decreas‘iﬁg S Qhould have a positioh dependence. If it does not,
then in a medium in which a disturbance has propagated a "sourcé"
can die down to zero without there having been any reactic;n. This
would preclude the contiﬁuation of thermal catalysis in time;

Solution of all but (ii) above can only be achieved by
step-by-step integration; continﬁous approximation, or some analogous

calculatory device,

The solution of (ii) is possible, and is given on the
following pages.

vy

(Note that Duhamel!s theorem cannot handle these cases
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because v in the source includes t.)
Gﬁprproxinating true form of S
Let 8 = § (x,y,2,t) + V- 3(t)

(¢ ¢V
then equation Ais

KVzv-i-J-r'tf-J = I’C%—'{

(1)
Now substitute 55 W at
v = E’Q.
' t
Le. Jo Slnc At
= .9 + 20 o
ok It 3‘;
ad Vuoras oo’ (2)
which: gives /t
dt
Jo ofn 4t wfa e B0, 0
K voe s pr oy = PTargRe
S olwe 4
Cancelling the v/g terms, and factoring out the common term ¢ R
' (which is never zero,)
’ o
~Jagat
T
Kve + ‘-(e ) = -?&e (3)

that is, the equation has been reduced to a solvable form,
since # = § (x,¥,3,t) only. This solution has been adapted from

that given by Paterson (79).
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Forms for &(t)

a0
A) The simplest form of the desired sort (i.e. for which A 94t
: . -At .
is finite) is 9= @
At T
‘then /otj dt -‘-"",{' l‘- L

= 1=
and from (2)
- A&
xe (1-277)
r=06¢ (L)

At
, ‘ we (-2 )
From an inspection of (k), it 'is obvious that the term e

is the thermal c.'a.tal;"ysis term, as is seen from putting 4= %,
which reduces' ¥ to the form of @.

This term has the form which was deduded intuitively, i.e.
for small pc , that is,when a small amount of heat is required to
cause a la.rge. vgriation in temperature, the term is large; Also,
if A is<small, that is, if the reaction occursvery rapidly, the
effect is large. This is at least so for small € .

However, it isfebvious that the form e.'kt is only a rough
approxiniation, ‘and a term including 1~ should be used,

Concerning boundary conditions, @ will havé the same boundary
conditions as 'v, if they are of the form v = O, é{ =0 , for
certaim X s and all values of & ,

Finally, note that the approximation s= v gCE) 44 very

seriously lacking, in that the 4 (-t)')which takes account of the
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disappearance of the reactant, does not include a space term,

3. a. The only semi-analytic method which is applicable
to an arbitrary temperature~dependent .source is that of continuous
approximation (sometimes called self-approximation), This method
of a.tta.ck is very frequently wused in physics, notably in Hartree's
self-consistent field approximation for atomic wave functions,

The method is as follows:

: . v — e v
Consider the equation: K %:; + S =7 >
. -
—8l. ALt Tdr

where S =Ae 2

Then if we estimate the solutiom, that is,if we put v = V5 avhere V°
is some function of x, T substitutien in (1) gives

= c dv
K%:Jl; + S(*;t) Y

In this equation, 8 is now a function of x and + only. It can
therefore be solved, in theory, using one of the following:

ae Integral transform methods. ;

be Green's method - integration of source solutions,

ce Computing devices,

The result of the~se methods will then give a solution

v'(x,t) , say.

B '

it
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This is then re-substituted in (1), and the cycle repeated until the
successive values of VW converge. ‘va a poor initial guess for ve
is made, the va;lues may be slow in converging. However, if some
other method, as a step=by=step calculation, isﬁaed to suggest this
initial form, the work is not generally excessively laborious,
The step-by—étep method is explained below,
Lo Numerical Calculation

a. Step-by-step method, Step~by-step integration is
the most brutal method of attack on the problem, but also the most
sure.

The procedure is to form cells in space and time, and
follow the changes through in a st'ep-by-step fashion, Thus, if
we have for the problem that |
T /(x) and‘ »-=0 {or x=o } £for all €

€o =V ot X=EM

then f(x)is approximated as in the sketch,

nl

This is then the temperature distribution

v
at time t = 0, and the temperature is there-

fore known for each of the cells 1, 24:-- M

Now, assuming mo reactiom, the tlemper-

/
ature distribution at some later time €=t

¢'(x)

is calculated. Next, assuming no conduction, the temperature Aafter +he

interval as & result of reaction is calculated, using for the initial
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temperature the distribution {Q&)just caléulated. The process is
then repeated for a second time intervai, and so on. The results
can be‘made more exact by reversing the order of steps above: that
is,iﬁssuming the temperature isvgodified by reactiong each cell
acting adiabatically) and then assuming qondﬁction modified this,
with no reactione

Th;symethod can be made as accurate as one chooses, by
increasing thenumber of ting and space cells, The only limit is
the amount of labour which canbe expendeds The time and space
cells do not necessarily have to be kept constant in éize = where
the funciion is found to be slowly varying, large cells can be
useds

In summary of the above methods , it is important to
note that neither 3 mor 4 can give an analytic form for vs
Thus, critical peints must be determined by campariéon of.results,
for different parameters, One "run®™ will not give them, This fact
is unfortunate for the geolOgic‘casé, in which parameters are poorly
kncwn; kIt'vould be of course much more useful to be able to fit an
analytic result to the observed field facts, and determine the values
necessary for the parameters,

5. ‘Analogue Calculatorse
e " A&aption of the problem to solution by commercial cal-

culating machines depends on the machine %o be used, and therefore does
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not fall imto the field of the present work,

be More speciﬁlized analogues for the problem may be
devised as: )

(1) Electrical Qodels

(i1) Mechanical models

(1ii) Chemical models
(i) A condenser-resistance-inductance device to solve the
diffusion equation has been constructed at Columbia University,
This is not at present adapted to uﬁrk on problems involviné
sources, but could be so adapted.i Treatment of véry complicated
sources would probably be impessible on this particular device,
however, |
(i1) It is not difficult to devise mechanical models which can be
used to calculate all or part of certain problems, The writer has
devised one such‘instrunent, but as there is no real‘difficulty
to such endeavours, it will not be described here,
(iii) The most obvious type of model to use is a chemical modele
Actually, such artifiecial structufés as dams may be thought éf as
models of geologic situatiohs. A true scale hédel would probably
be impossible, though the writer has not investigaﬁed this fact,
The chief drawback for quantiative work is the difficulty in ob=
taining sufficiently good data omn the kineticé of the
material used, The problem will not’be discussed further here,

However, a skétch of a model which could give a qualitative results

is appendede
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The sketch shows a rectangular
box which feprésents the system
to be studieds The box is se-~
parated into 1ongitudiﬁal segments
by spacer™s of glass or other material.

Each segment represents a space

cell of the type used in section
above, as is indicated on.the diagram,
. The side A of the box, and the side opposite to it
correspond to the upper and lower boundary of the medium studies,
and boundrary conditions are applied directly. FEach cell'is filled
with a fluid in which takes place some reaction, Thekinetics and
heat effects of this can be determined directly in'the above set=ups

Té employ the device, initial conditions of the :priobleém:
are modeiled by varying the amount of reactants present in each
cell, and the temperature of each céll. The latter can be done by
pre~heating, or using individual heating coils,

It is not prepdsed to discuss this model at lengthe There
are a number of obviéus difficulties and advantages. Difficulties are
chiefly centered around mechanical heat losseses These losses could
be partly accounted for by direct measurement on themodel.) The main
advantage of the model is that the rather complicated temperature-
mass dependence of the reaction rate is immediately approximated,

Also, a large variety of initid and boundary conditions, and a large



range of values for the parameters, can be readily accomadated,

Fo Discussion and Approximate values,

- In the preceeding sections, various methods of atitacking
the mathematical aspect of the problem have been indicateds It has
been shown that there is no simple method of obtaining analytical
§olutions of the problem, In the present state of knowledge of
geologic reaction rates and heats it is of little significance to
carry through any of the numerical methods suggested. This is
éertainly so for the purpose of the present paper, which is as im-
tended as an outline'of the general probleme (For particular cases,
calculation is, of course, useful'and highly desirable,

In this situation, the mest obvious gquestion is whether
thermal catalysis is likely to occur at all, If the geologic values
are such as to make thls phenomenon imposgible, then the general
hypothesis assumes a nebulous tinge, to say the least. In the
following, rough calculations are made of thetiemperature at which
reaction heat would equal the heat conducted away, assuming the
terrestrial heat flow to be one michrocalorie per square centimeter
per seconde

For any given cubic centimeter of rock, per unit time,
there will be an amount of heat flowing in from below, and another

_mount flowing out at the tope It is assumed there is no flaw out of
the sideé:ﬂ If there are no sources, and there is equilibrium, then

these heat flews are the same. Here, it is proposed to neglect the
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incoming heat and demand that reaction proceed rapidly enough to
equal the observed outward flow, This is then an extreme case=
actually, there is much evidence that the thermal gradient of the
earth flattens with increasing depth. Also, local gradient re-
versals are neither impossible nor unknown, A more accurate method
would be to use the method of Part El. However, the present
method is not incomp#tible with the accuracy of the reaction-rate
data, The reaction rates used are those given in section VB,

The results are given in Table XII, The temperature given is the
temperature at which the reaction head would just equai the heat
removed, Increase in temperature would thén lead to thermal

catalysis (but see also section Ve,
TABLE XII

TEMPERATURE AT WHICH REACTION HEAT/CM® EQUALS TERREATRIAL HEAT FLOW/CM®
Reaction No Reference -aH in T

(pages 87-90) koal/mole kca.%/nio}.é_ | deg. C
L Jagitsch 10. 112, 11.00.
8 Segaﬂ’a n 75 . ' 520 .

i Table XI " 10, 320
1l u n 60 .
n L 200 3
lg ' : n 80. 165.
31 " . 100. 110.
* 100 75.

As a sample calculation, we use the results of Jagitsch (49),
already listed. For the reaction Mg0 + MgS103 , he gives &m =
|K|°5¢~£‘?zi?“ in moles ﬁer square centimeter of contact per second,
Because of ignorance of the area of contact, this is difficult te

apply geologically. However, it is only desired to indicate the
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general method,
The following assumptions are made:
a. The heat of reaction is 10,000 cal/mole = :wh cal/mole
be The density of the material is 3 gms/ ch3

ce The surface area is 3 square meters per gram (see page 75 )

Then per cm3 , the heat preduced per second is
“ . ~{(Z, 000
<+ 2\
d.t(:-——)“‘ = (o )(3—-——;“’)(‘05) o *
u '-—%—s g

= 10 % calories/second/cm®
Now if ] | : R o

-56,600 6

poiter’ Bt . - . ‘

to“ e T = IXte cal/cm7sec ( the normal he:t flow)
-Se -1
r'X b1" ° = io 7
~23,e00 -ty

Pndl T {o
S e
(360 K

- [
= 1100 C .

In such calculations, the most critical value is that of the
activation energy. Above, if the activation energy were 60 kilocalories

per mole, as it is for some of the other reactions listed by J‘agitsch-
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see page 87 - the above critical temperature would be only
L9o C.

The results of the above table show that, fem values that are
available, thermal catalysis is a definite possibility. Comparison
with the other reactions of Segawa ', given in Section VB, shows
that the rate used may be low, The results are reasonable, in that
reaction heat is not generated so rapidly as to make thermal catalysis
a certainty once sediments are compacted, If the values did suggest
that this thermal catalysis is imwvitable for every sediment, an error
would of course be indicated, since this is contrary to geologic
evidence, (see e, g, Lyons (67) ). The point of importance is
that, with not-unreasonable assumptions, the phenomenon could occur,

Another indication of the effect of activation energy may be

given as follows. Suppose we consider the first-order reaction

%f =-lem e Assuming constant temperature and integrating,
we have M = g-kt "5 where mgyis the number of mbles at time
mo . .

t=0.
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-8
Also, suppese that K& is of the usual form ks Ce. /R'.

Then, if we assume that there are certain pre-Cambrian reocks only
iO% reacted", and certain Tertiary rocks 90% reacted, it is inter-
esﬁing to ealeulate what the parameters wouiél have to be to accome-
date this fact. This is easily done, with the following results:
l. Assuming the activation energy is 100,000 calories per mole.
If the average t_emperamre of thé pre-Cs.nbrian‘ rocks was 127° c,
the temperature of the Tertiary rocks would have to have beem 1509C.
If the temperature of the pre-~Cambrian rocks was 227°c, the corres-
ponding Tertiary temperature would have to have been 262° C.
2. Assuming the activations temperature 50,000 calories per mole.
For average Pre-Cambrian temperature 127°C, the average Tertiary
temperature would be 173°C.
For average Pre~Cambrian temperature 22760. the average Tei*tiary
temperature weuld be 30000;

Frem the above it is seen that it is net difficult to recon-
cile the géologie occurence of Tertiary granitizatien and un-granitized
Pre~Cambrisn material. The length of time to the early Pre~Cambrian
is enly about thirty times that to the early Tertiary.Rather slighi

variatiens in activation energy and temperature can then affect resolts

greatly.

‘The implications which existence of potent chemical heat
sources would have for geology are far-reaching. Some of these have
been indicated in the preceding pages, and others cannot be easily dis-

cussed because of lack of quantitative information. The follewing is
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intended te indicate the general fields in which the éhemical facter
would be relevant, and to peint up the situation with geologieal ex-—
kanplu.

For ease of treatment, the points teo be considered may be
grouped roﬁghly accordiné as they are related either to terrestrial
heat flow, or to metamoxrphism.

a. Terrestrial Heat Flow.

1. Genseral precise data on fhe nature of térrestrial heat flow would
provide a Acheck of existing theories of large scale earth processes,
and might suggest new enes, Measurements have been increasiné in_
mumber and quality, but have been under 'wayvfﬁr little more than a
decades Mnstrz;.tién -of the efficacy of chemical sources and sinks
in the eruse must cast extreme doubt on the significance of heat flows
values deduced without consideration of the ehemical facter.

As a cerallary, theories regarding crustal structure,
age of earth, interior structure and the like, which are based upon
heat flow measurements, must be critically examined. It is not
necessary, of course, that all measured values should be gignifi-
cantly wrong -~ some regions are effectively inert, and in others no
significant reactiens have occurred.

Recognition of the importance of chemical energy in such
problems would censtitute, in a sense, a triumph for geology, in that
it would underlime the necessity of considering the masses in question
as geolegical bedies. Rocks are not inert media, with definite, simple,
thermal and neehnnical properties, but are in a sense living and mobile,
Each part of a z@pck reacts according to its own past history, nature,

and enviromni; and the influence of these characteristically geolog-
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ical factors cannot be disregarded.

There is a certain analogy between the frequent neglect
of this geélegie factoer in many "exact" treatments ("approximate®
is more nearly correct) and.Kelvin's néglect. or ratﬁer ignorancé,
~of radioactivity in de&ucingihis géologically untenable results (56).
Similarily, Huxley's dictum on the "mathematical Mill" has lost none
of its appropriatéﬁess today, when "exact® déductions.regarding
geology are becoming increasiﬁgiy cémmon.‘ The quotation in mind
is: | -

"But I desire to point out to you that this seems teo
be one of the mény cases in which the admitted accuracy of mathe-
matical précésses is allowed to throw a wholly inadmissible appear-
ance of authority over the results obtained by them. Mathematics
may be compared to a mill of exquisite workmanship, which grinds
you stuff of any degree of fineness; but, nevertheless, what you
get out depends.on what you put in; and as the grandest mill in the
world will not extract wheat-flour from peascods, so pages of formulae
will not get a definite answer out of loose data'.

As one alteration, ®loose assumptions”"might better be
used than "loose dsta".
2.‘nathema£ical Relations.

Heat flow values are determined from a combination of
‘deptﬁ-températgre and depth-conductivity logs. The principle is

clear from a consideration of the fundamentai eqﬁation
' 2 = pc Ov
K-gE; + S s >

®)

or ;%((K%‘:) = cdr —s
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Thus, if equilibrium has been established, and if there

are no sources, then

aEE) =

and the heat flow(K'9r) is constant with depth. It can therefore
be determined by averaging values obtained for short segments, and

the assumptions ecan be checked with the resultant depth-heat flow
curve, Inéonstancy with depth has been noted in a number of occur-
rences. Close to the surface, these variations have been attributed
locally to the lingering effects of Pleistocene glaciation. Other-
wi.se. variations in the conductivity'in sitv  from that measured
i!i the laboratory have been appealed to. In atk least two cases of
heat flow measurement, however, another factor has had to be suggested.
Thése cases have been described by Bullard ( 14A ) and in each, he
has attributed the distrubance to water flowing in”sedimentary beds.
Water, oil and gas are definitely known to have caused sharp local
thgrmal effects in strata, but‘\rith respect to the cases mentioned,
there are other possibilities. This will bé discuésed further in
the next section.

Theoretically, depth~temperature conductivity logs offer
an ideal means of empirically investigation the equatiom (4 ).
With assumptions as to the nature of g{, it might be pos sible to
obtain data éoncerning the parameter~s in S. In practice, a diffi-
culty would be the determination of the conducﬁivity of the rocks in
situ sufficiently accurately. Fer the present purpose, it is suffi-

cient to point out the variations that have been observed, and their
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poasible origine.
ce Iocal geology and heat flow.

There has been for same time a recognitien of the rela-
tion of heat flow, or raﬁher thermal gradient, te underlying strue-
ture in sedimentary rocks. This situation has been discussed by
Thom (1134,B) and by Van Orstrand (117). There is a definite
tendehcy for 'high thermal gradienﬁk to be found over antielines, and
low gradients over synclines, In many cases, saitable plots of ther-
mal gradients mirror elosely the true conteurs of the stiructures
drilleds For example see the references cited.

More recer;tly. Bullard and Niblett(14B) have published
information on certain anomalously high heat flow values in York-
shire, England. The bores investigated show heat flows of up to 2.8
microcaloriu/cn.z/ see., compared to an accepted "normal" value of
l. The high walues are explained by ground water l:leated ét depth,
flot:ing up through the porous strata. It is shomn that, witheertain
assumptions regérding temperature, a rather moderate seepage would be
required to give the observed results. However, ihe hydrodynamics
of the situation is -purély hypothetical, and in particular, fails to
explain why the higher heat flow is not on the amticlinal flank, rather
than at its crest. . |

For reasons of space, the paper cannot be di scussed completely.

It is, however, submitted that this case is related to the structure-



gradient tie-up just mentionede In these earlier cases, heat
flow was not computed, but would parallel the gradients, in gen-
erale It is also intefesting to note that water flow in strata
has been suggested to explain these situations also. The argu-
ments in favor of this explanation have not been strong =« See the
letters of Thom (113B) and Washburne (119).

The thermal gradients have been otherwise explained
as due to uplift of strata formerly buried at higher temperature
levels. It isreported by Thom (113B) that Van Orstrand computed
that at a depth of two miles, 22percent of any original temperature
variation would remain after 100 million years.

If exothermmic reactions were assumed in the concerned,
the facts would be rather readily explained. Chemical differences
in beds would cause the temperature to reflect the structure, and
temperature excesses could persist for much longer times than in
the case of inert strata. Which of the two explanations is the
more correct could probably be evaluated by detailed study of the
gradients. For inert masses, temperatures in nearby beds of
different‘composition would tend to be identical, while large temp-
erature difference might occur if reactions proceeded.

In the opinion of the writer, uplift of inert strat from
deep zones does not seem quantitatively capable of explaining the
rather ‘sharp struectural delineations observed. V

High and erratie thermal gradients flowhave also been

reported to occur in the lava fields of Oregon and Washington by
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Hot springs provide striking exampl s of local temperature
variationse It is not possible to give detailed instances, because
of space, but it is again so that no completely accepable explanation
for such springs has been forthcoming. For discussion ofthe various
theories, see reference (128). Exothermiec reactions in the rocks
concerned is again a possibiiity. For such hot spring areas as those
of Arkansas (described by Bryan in the above reference), where there
is very great lateral extent, and no evidence of underlying igneous
intrusion, chemical resction should be particulary considered.

In these cases, the source of the water as well as the
source of the heat has not been satisfactorily explained. In the
case of chemical energy such water may be connate water and struct-

ural water, driven off by the reactions.

Regional and large scale geolegy

As regards regional temperatures, the data of Van Orstrand
(117) shows that the t:érmal gradients in ancient crystalline areas,
ags Northem Ontario and Northern Michigan, are low relative to those
in sedimentary areas. Since the average conductivity of sediments is
higher than that of the crystallines, thisiimplies a higher heat flow
in them.

Study of heat flow over broad areas, with the object of
detemining primary flow, would lead to additional data on the state
of the mantle and core.

The writer is aware of only one reasonably accurate gradient

measurement on the sea floor. This was obtained by the recent Swedish
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sxpedition, and gives a very high value for the heat flowe Before
any profound deductions regarding crystal structure are based upon
such measurements, it must be certain that the effects of exothermic
and endothermic reactions can be neglected.

Effects of heat produced in the crust would effect not
only the overlying areas, but might provide sufficient temperature
perturbation in the upper mantle to initiate convection. For exam-
oles of the effect of surface temperature perturbation on convection
see Pekeris (80).

With regard to convection in the mantle, reactions in the
nantle itself might be of extreme importance., This possibility ecan
at present only be noted, since there is no data on such reactions.
A useful investigation, however, would be to study the transition
neats determined by Bridgman (10B) in an attempt t estimate the

order of magnitude of the effects likely.

de Metamorphism

Metamorphism is characterized by the occurrence of trans-
formations of the sort included in this paper as chemical, and there
is therefore no doubt that heat effects accompany metamorphism. There
is a rmote possibility that, over some region, endothermic effects
¥ill balance endothermic effects, with no resultant charge. However,
that this situation should be so at each point is not conceivable.
In the following sections, some aspectsi of metamorphism relative to

the problem are discussed.
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1. Diagnetic précesses.

There is no fundamental difference between the nature of
the changes occurring in diageessis and thosgéf metamorphism as
usually considered. Changes in sediments occur as soon as they are
deposited, as has been well established by many authors e.g. Leith
(63) The mechanism of many of the processes, as dehydration, re-
crystallization, authigenic growth, ioh absorption and the like,
are still imperfectly understood, but again the point is that they
have occurred, and that there is some heat effect. There seems to
be enough data already available, particulérly as regards to dehy-

dration, for some preliminary magnitudes to be stimated, but this

has not been done here.

As has been mentioned earlier, the near-surface diagnetic
environment is one im which the general mobility leads to the possi-
bility of rather rapid processes — both as regards reaction and heat
dissipation. The net effect is then by no means easily predictable.
There has been very little study of the depth temperature relation
in this environment. One rather high value of the gradient, obtained
by the recent Swedish expedition (129), is suggestive of reactions, if
high heat flow over the ocean floor is not assumed.

Already mentioned (p.36) is the point that the more com-
pletely equilibrium is established in this region of efficient heat
removal,'the less i possibility there is of burying:chemical energy
source.

Finally, attention is called to the relation of simple

transformations such as calcite —aragonite, and gypsum—anhydrite.



These processes are often easily followed, and since the mechanism
is similar if not identical teo that of more extreme metamorphic trans-
formations, they are instructive,

In recent years, an increasing number of minerals has been
shown to occur authigenically. Among these are garnet, staurclite,
brookite, and others frequently regarded as being native to higher
temperature environments. Such facts are not easily reconciled with
the point of view that the appearance of so-=called index minerals
in metamorphic stages reflects changes in thermodynamic equilibria.

The facts are, however, readily explicable on the basis of the rate.

[CON'rmven O NEXT PAGE]



effecte (p.35).

‘To conclude, it is important to recognize that the
ﬁinerals of éuthigenesis are in many, if not all, cases, valid "rock-
making" minerals, amd not mere accessories. The extreme cases are
of course quartz and feldspar. For each of these, there is often
the difficulty distinguishing the secondary from the primary species,
a difficulty which of course does not oecur with respect to the less
ubiquitous minerals. For this reason, while the literature is
replete with descriptions of authigenic feldspar, the occurrences
described are usually in limestone of sandstone, where there is
iittle or no clastic feldspar. However, at least two occurrences
of feldspare in shaly material have been discussed. The workers in
question have been Gruner and Thiel (L1) and Moore (7h).

Gruner and Thiel worked with samples of the Glenwood and
Decorah shales ( 41 ) and with shaly beds in nearby dolomite. After
solution of the calcite cement, size analysis showed two distribution
maxima - a large on (48%) at 1/1émm and a smaller one at 1/ 512 mm.
Inwestigation of the finer fractions showed it to be mostly orthoclase
with no X-ray evidence of quartz, mica, or kaolinite., The larger
fraction was mostly quartz. Details are to be found in‘thevabove paper,
but the essential argument of the authors is that the fineness and
homogeneith of the fine fraction rules out a clastic origin. One would

not expect such a sharp division of orthoclase and quartz in normal
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ercsion. One would not expect such a sharp division of orthoclase
and quartz. There is stated to be no evidence of hydrothermal activ-
ity in the area, or of mineralization. Neither is there evidence
vof deep burial of the material.

Moore reports the occurence of authigenic albitg in the
Green River formation, which is a Middle Focene marlstone with
dolomite the dominant mineral, Albite occurs in rhombé of maxi-
mum length of 3 millimeters. The feldspar is confined to members
of the formation with .. high =" organic content. Moore's conclu-
sions are that the albite is ungquestionable authigenic, and that it
necessarily formed at low temperature.

Numerous references on authigenic feldspar are given by
Boswell ( 9 ), Tester and Atwater (112), armd in reference .
A description of feldspar replacing fossils is given by Stringham (10L).

Philosophically, there can be no objection to the occurrence
of authigenic feldspar in shale, Clearly, there is more materiai of
the proper compostion awvailaBe in such material, and it would be sur-
prising if it were absént. The small size of the feldspar in the
case reporrted by Gruner and Thiel may be analogous to the small size
of devitrification crystllites in glass at low temperature memtioned
on page « In such cases there is a large number of mucleation
centers, but growth of individual centers is retarded.

Until some simple criteria are established for distinguish -
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ing the authigenic feldspar, it is interesting to speculate

as to what amount of the feldspar and quartz in Pre-Cambrian
arkose is authigenices It is conceivable that the prevalence of
such rock types in the pre-Cambrian is partly explicable on the
basis of authigenic growthe It is of course, so that many of
the feldspathic rocks in question show clear lithologie evidence
of rapid deposition -‘that is, cross~bedding, graded bedding,
and the like, Thus the stated hypothesis, in these cases at
least, can be ohly a side-effect. Otherwise, the situation may
be analogous to the lack of aragonite in ancient sediments. This
lack is apparently not due to an essential difference in the
ancienf depositional environment, but to the sluggish aragonite-~

calcite inversion.
2+ Metasomatism in metamorphism..

The subject of metasnomat is intimately connected with
that of metamorphism, and must therefore be discussed on this
basise Moreover, it is of fundamental thermodynamical imporiance
to know whether the metamorphic system being considered is open
or closed, as has already been indicated‘( p-59).

Briefly, the point to be emphasized here is that, while
there is often no doubt of the removal and addition of material in
metamorphism -~ as in dehydration of sediments, in silicification

and mineralization adjacent to veins, and in other obvious cases,
many metamorphic systems have been, or better, could have been,

closed.
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There is a good deal of indirect geologic evidence
on this pointe. Examples of short-range diffusion of the order
of centimeters are very numerous and frequently very striking.
These are common, and have so frequently been described in the
literature, as to make further mention here unnecessary. On
the other hand, it is difficult to find direct evidence of long
& stance addition of removal of material throughout gelogic
volumes. Commonly, such cases are based upon deductions from
chemical analyses, and it is submitted here that many such

deductions have little validity.
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' For example, it is commbn to discuss the metasomatism involved in
metamorphism by comparing analyses of the metamorphic rock with zngzl-
yses of the "gverage rock™ of the type assumed to be the parent, or
whbth analyses of the rock from less metamorphosed zones. The main
objection to this is that the “mverage rock" analysis, particularly
where pelitic sediments are concerned, is usually quite uselass cs
an indication of the precise composition of any one aspect. Agsin,
within any one sedimentary member, there is well-substantiated evidence
of initial sedimentary variation in composiﬁion. Even in deep-weter
clay ( 5000 meters) such a variation occurs, and equilibrium would
be ﬁore closely approached in such bodies.

Thus in a clay from 5000 meters, cored off Bermuds, NaEQ
Varied from 2.4 % to 3.9 %, K,0 foom 2.7% to 2.L », and tne Na,0/K50
ratio from 0.9 % to 1.64. The core was 35 meters long. This datsa

was kindly supplied by Professor Ahrens, fpom aﬁ}yses in his possess-—

ion. . :
The factor of "sedimentary differentiation™ has been dis-

cusced recently by Kennedy (il). The Mouire Schists of the Nerthern end
Central Highlands are noﬁ generally considered to be the metamorph-
osed equivalent of the Torridonian formaiion. This latter is, how-
_ever, characterized by léss‘silica,‘hére élmmina, and hizher soda-
potasﬁ ratio. Following certain earlier workers, Kennedy suggests

thst these diéfferences mpy be due to origingl ditferences in the sed-
imentatidn.  There is supporting evidence of a similar sedimentary
differentiation across tie Caledonian synciine in the Sulitelra

area of Norway, described by Vozt (118A). These rocks are unmetamor-

phosed, and Vogt explained the differences as being due to variation

in " residual® character of the sediments. However, in expieining e



closély similar chemical variation in the
net#morphic sparagmite rocks of the Norwegian Caledonian geo=
syncline, Barth (4A) has appealed to progressive metasomatism, In
view of the evidence‘cited above, and the more complete review of
Kennedy, there may be no sasis for such a theory, Such metasomatism
is moreover extremely difficult to visualize,

Similar doubts beset deductions of theytype made by Lapadu-
Hargues (61).‘ From average analyses of shales, slates, phyllites,
gneiss an& granite, he demonstrates striking variations in some
elements, pérticulg;ky soda, However, granting the reality of the
variation, it is not necessary that it should be correlated with
the‘nehhanism of metamorphisn. The soda content is seen to increase
with metamerphism, but metamorphism and soda content may be each the
result of some other process, and bear no genetic relation one to the
other, _ ‘

,The:true nature of the processes controlling such original
differénqes in s ediments and other rocks is undoubtedly éomplex,
and no detailed discussion can be given here. Tt is desirable,
however, to point out the role which rate of deposition may play,

There are at least three ways in which this f actor may have
an effecty Sodium and Potassium are here used as examples, First,
rate of erosion and therefore erositiqn may be correlated with a
less "residual character®™ of the material, In other words, high rate

of erosion would tend te approach mere mechanical fractionation of

136



137

material, of the type of postulated for arkose formation,

Second, there may be mechanical entrapment of sea water with
rapid burial, from which conrate water soda might then be extracted
by various reactionse

Third, there is the effect of ion absorption on the clay
- surface, It is unlikely that, even if complete equilibrium
of the clay particle with respect to ion exchange at the surface
is established during transport, it will be in equilibrium when in the
locale of deposition. Depending, then, on the rates of the
equilibrium reactiohs, there will be a process of ioh exhchange on the
sea floor. A close examination of known depositional rates and sea
floor chemical processestould have to be‘concluded before any
positive statements couldte made, but the following situation might
OCCUYre

It is well known that the replacibility of cations
is N&'< K, that is, the equilibrium situation is that K will be
prefeﬁfially absorbed, However,.the %%ha ratio during attainment
of equilibrium may be considerably different than the equilibrium
ratio as determined from the concentrations of Na and K in the sea

watere That this is so may be seen from the following possible

mechanism
0—

C + Na —> Cnu
c + Kk — Cx (2

(| ) (" C“V.Pvll'll\ﬁ'nj “C(GY“)

Cue + KY = Cus N 3)
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The Na//K ratio in sea water is about 25. It is then clear
that initially, the reaction (1) would be about 25 times faster than
(2) assuming essential similarity of rate constante. Initially
then there wouldle a preponderance of Na'clay, which excess would
decrease continually, until finally the equilibrium situation is att-
ained, at a ratio conditioned by reaction(}L Simultaneous solution
of the three equatioﬁs would yield that the form of the variations of
Na://K‘ in time, However, the general form is qualitatively clear,
Critical to this hypothesis is the relative rate of the exchange
reactions and of sedimentation. The rates of many exchange reactions
are extremely rapid, and hence the above is only a surgestion to be
investigated.

Pursuant tothe above theory of the relation of sodium content
to rate of deposition, there is the well known gecvlogical relation
of soda-rich hypabyssal rocks and extrusives to geosynclinal sediments,
To quote Turner and Vechoogen (116 page 201):

"Most eroded geosynclinés show evidence of igneous activity

anproximately synchronous with at least the later part of the

filling and sinking of the trough, Prominent among§ the products

‘of such actiwity, and almost confinde to the geosynclinal

environment, are submarine lavas, tuffs, and equivalent in-

trusives of sodic composition., These constitute the spilite
keratophyre associationso®

All geosynclines do not show spilitic rocks, and when spilitic
rocks are present, normal basalts may be present alsos Spilites are

basic lavas consisting of sodic feldspar plus augite or its altered

equivalent, Also characteristic of spilites is a low potassium content,
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which is again compatible with the above hypothesis. Indeed, a
normal amount of K would invalidate the hypothesis,

A possible explanation of the spilite type, and one that has
long been suggested is that they are formed by the action of sea
water on normal basaltic magma, at the time of intrusion. This
hypothesis is similar to the above, but is more limited, and does
not explain why not all marine basalts are spilitic. For discussion
of this theory see Turner and Verhoogen (116 page 203),

It is clear from the qualitative discussion of the mathematics
that rapid deposition and burial of sediments, bringing exothermic
reactions into "insulated zones, will favour metamorphism. This may
be one reason for lhe high soda content of metamorphic rocks. This
rate of deposition cannot be the only explation for metamophism.
since in the Caledonian geosyncline, the metamorphic axis does not
appear parallel to the equal-depositional-rate lines. (Kenmdy 57 ),

One final point relating to the sodium economy of sediments is
the relation of the above hypothesis to the characteristically low
ages for the ocean based obtained by the sodium methode A hitherto-

unappreciated loss of sodium in certain types of deposition could

explain the anomaly,
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3. Granitization,

A, General

The granitization controversy has become increasingly
prominent in recent years, Interest in it is not limited to the
particular netrologic features of granitiéaticn, fascinating though
they are, Rather, because of the major role which granitic rocks
play in geology as a whole, the problem is perhaps the most pres-
sing of the day, geologleally.

There hafe been sc meny recent treatments of the history
and genersl féatures of the argument that it would be quite super—-
fluous to give any background here, Illustrious names in geology
are ranged on both sides, and it is obvious that there has yet
been no overpoweringly convincing evidence either way, The most
reasonabtle view at present seems to be expressed by the now famous
remark of Reade "there are granites and granites!", The purvose here
is,initially, to stress the consequences which chemical erergy may
have for the problem, and then to discuss particular features of
the problem in more detzil,

In the writer's opinion, the main obstacle before a more
genéral adherence to granitizatien as an origin for granites iy
the lack of a physically visualizable mechanism, As far asz svidence
for grenitization having occurred is concerned, there is if any—
thing a superfluity of examples, and the list is increasing yearly.
However, explanations of how and why granitization has taken place

have been satisfactory to but a very minor number of geologists.



In particular, the energy problem for granitiZation,‘as now pictured,
is equally as formidable as it is for the magmatic theory. Added

to this is the appeal to diffusion of chemical elaments over long
distances to account for various compositional data, which theories,
as usually stated, have very small attraction for field geologists,
Diffusion over short distances, of the order of millimeters or
centimeters, has clear and unequivocal support in metamorphic phe-
nomena, Diffusion over long distances is in quite another category,
being certainly outside the realm of our present geological field

or laboratory experience,

Broadly, the hypothesis of chemical energy offers a solution
to the problem of the mechanism, There is with this hypothesis no
necessity of bringing energy into the region of interest. Also,
from the previous section, it is seen that thers may be no chemicsal
addition required, According to this hypothesis, granitization is
a sort of spontancous combustion, the initiation and character of
which depend on local chemical, mechenical, =and thermal factors.

Such factors may be, of themselves, ineffective as geologic
agents, yet, by stimuleting reaction, trigger off large amounts of
energy., The role of radio-activity = in the crustal region - may
be of this character, It is certainly so that many gronites are
highly radioactive., Vhether this is of genetic significance, or
merely incidental, might be decided by more detailed investigation,

Many of the small-scale features of granitization can be
explained on this basis, for instance, strealked gneisses and schists.

This metamorphic differentiation has frequently be~n discussed in

the literature (70),

i—
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Such streaks would be initiated by perhaps quits mirnute
local differences in composition and grain character, which would
either favor reaction slightly, or would result in incrsased heat
of reaction. It is then clear that there would be a strong teudency
for the feature to perpetuate and accentuate itself, by causing dife
fuasion of reactive material and hence achieving metamorphic dif-
fEreﬁtiation.

Striking evidence of the influence of loczl composition
and nature of the reactive material is provided by "etamorphic
reversal' of graded bedding. Professor Shrock, to whom the writer
is indebted for pointing out this relation, cites mumerovsz oxamples (35B).
The same reference provides a good example of the small amount of
deformation which accomcanles many metamorphic processes,

Evidence of the effect of original composition and struc-
ture on a broader scale is cited in almost every paper on granitized
areas., A particularly clear case has been deseribed by Misch (73),
in the Nanga Parbat aresa of the NW Himalayas, where the original
beds can be traced into the metamorphic zone., In particular,the
calcareous beds are stated to have experienced practically no altsrn~
tion (p224).

It is not necessary to cite further instances of general
grenitization, as there is no lack of descriptions in the literature,
¥With regard to granitization, or rather transformation, ilnvolving
volcanic materials, less has been done, It is therefore appropriate

to cite the following interesting cases,



Holmes discusses the formation of lava in situ from tuff
as occurring in Ugenda (45), He considers the embryonic cones
described to occupy the sitesof unusually hot fumaroles. It is un-
likely that all the effect coﬁld be due to surface energy of the
tuff, but it would be interesting to have a closer évaluation of
the problem with this effect in mind,

Judd (53), in 1889 published upon the growth of crystals
of feldspar at the expense of glass in hypabyssal rocks, He considers
that there is clear petrographic evidence for this growth, and among
other conclusions, considers that miarolitic cavities in such rocks
are due to the contraction attendant upon thé phase change,

A more well known case, and one of which the writer has
some personal knowledge, is that of the Sudbury granophy-re, In
recent years, a granitization origin has been postulated for the
grenophy—re, - e.g. Yates (126). The genersl features of the area
are well known, and Yates discusses evidence for granitization,
Here, on a general scale, it is only noted that devitrification of
the rhyolitic lavas of the Whitewater (given their presence) would
be an exothermic reaction,

In more deteil, the Vhitewater—granopvhy—re contact is
of interest to the present paper, This contact has associated with
it 2 mixed rock which is sometimes locally called an agglomerate,
This agglomerate consists of discrete ovoids of coarse granophyre,
of remarkable constancy in appearance, set in a grouwndmass of fine,
locally granophyric lava of acidic composition. This matrix grades

into lava lacking the granovhyric vods, and itself shows a flow

breccia or agglomeratic structure,

1.3
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A coherent detziled description would be excessively
lengthy, and will not be attempted. TFrom several weeks detailed
study of such contacts, the writer submits that they represent a
normal stage of granitization of the original agglomerate-flow
breccia, The intérpretation is that granitization occurred selec—
tively, as a result of local excessive glassiness, or local compo-
sitionai differences. This is definitely compatible with the field
facts, The assumption that the granophyric fregments are actual
agglomeratic pods is rendered impogsible by the occurrence, in
many areas, of "fragments" up to two hundred feet in diameter,

It may be suggested in regard to this hypothesis that
the minute differences in composition and texture of the original
material would not cause such bold differcnces, The best revly
would be that the field facts indicate that the initial variations
actually are able to do so. In another vein, the writer feels that
the situation is analogous to that shown by the zbove-mentioned
streaked gneisses, and that it would be surprising if such "ag-
Zlomerates! were 223 found in granitization of the material in
question. (That is, if the "chemical! mechanism for the gneisses
is correct),

Another objection might be that granitized contacts
would not be sharp, Again, one answer iIs that a number of them
definitely are sharp., Less polemically, regions in which there
are sources are much more likely to have  sharp "wave fronts"

-~ see page 405 =~ than are inert media, In the latter the controi-

ling fzctor would be diffusivity alone. The actual sharvness of the
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reaction contact could be calmlated as indicated in section \J€,
but it is perhaps sufficient to give examples of analogous simpler
situations, Thus the temperature gradient across the char front
of a burning block of wood ig much sharper than would be a conduc~
tivity gradient in the same material below the ignition point,
There is also the influencs of the type of initiating disturbanee
~ thus the "rot front" of wood is usually hazy, despite the
similarity of the net reaction to the burning reaction,

Another instance of metamorvhic granophy~re has been
cited by Ellis (24) in Sruth Africa. Many other minor instances
have been noted in the Nothern Ontaric pre-Cambrian by the writer,
varticularly as replacement of originally sheared rocks, Minor.
features of granophyric material are completely described By
Drescher—-Kaden (224).

Discussion of granitization and the hypothesis of chemical
energy would not be complete without a note that "classical® magmas
could be accomodated as vell, It is not pdssible to state definitely
either the temperature rises obtainable by reaction, or those re-
guired to produce rheomorphism, because of lack of data, but the
values given earlier (w ) show that the possibility of magma
formation by exothermic reacticﬁagg'at least consldersd, It
is of course not necessary that every crystal should fuse - it
is usual to condider a magma as a sort of cfystal mush, in which
a2 large part of the mobility is due to its acting as a chemical
solution, and not merely a melt,

If fusion did actually occur, the highly endothermic

latent heat effect would act as a temperaturc-stabilizing device,

and such fusion might therefore be considered as a sort of natural

thermal governor.
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Quite aside from physico~chemical supvort, geologic
evidence would suggest that any proposed mechanism should explain
also "classical" magmas, Very fow "transformists" deny the
existence of some magmatic granite, a2t least small bodies of such,
Vhat must be decided is vhether such ultremetamorohism can arise
in rather normal metamorphic situations, or must be ascribed to
the extra stimulation of external sources - as local stresses, heat
fiow,....which are not part of the common cycle,

b. Geosynclines.

The chemical energy hypothesis is particularly well
adapted to explanation of metamorphism and granitization related
to geosynclinal activity, as well as the indicated periodicity
of such geosynclinal phenomena,

From what has already been said, it is clear that
metamorphism should occur most readily in thick series of sedi-
ments in vhich rapid deposition has occurred. The hypothesis of
spontaneous reaction predicts,rather than merely accomodates, many
of the commonly accepted features of the geosynclinal cycle,

The periodicity of geos&nclines would of course be
related to the time of build-up of something of the nature of a
critical mass. The effect of heat production in the geosynclinal
prism might, moreover, have effects on convection in the mantle,
as has already been mentioned,

On the basis of intrinsic chemical energy it is easy
to explain the features of the "growth of continents" hypothesis

whick has recently received much attention. In particular, there



is no difficulty in explaining why granitizing fluids, heat, or
other energy is concentrated on the sedimentary bodies in question.
In a contrary vein, metamorohism in a chemically ~(chemical in thé
sense of page 20 )- cannot be explained by intrinsic energy, and
there should be no innate power of a second metamorrhism of an
area once nmetamorphosed.

Finally, it must be noted that the problem as a whole
is by no means simple, and other crustal factors are surely in-
volwed. However, it is necessary to apvreciate the intrinsic
heat and volume effects which chemical energy can provide before
the nature of the extrancous effects can be clearly evaluated,

The effect of volume change in metamorphism has been
discussed by Perpin (81). On the basis of the formation of
granite from quartzite by metasomaiism, Perrin calculates a
formidable volume increase, and uses this volume increazse to
explain folding., Perrin's cxample is an extreme case, as already
mentioned, However, there is certain to be some volume effect,
The present writer feels that this will in general take the form
of an ultimate decrease in volume, because of the compact nature
of most metamorphic silicates., Counteracting this effect will be
the opzosite one of thermal exvansion, and it is difficult to
make predictions regarding the situation during reaction. The
problem is worthy of study, however, and might explain some of the
dynamic effects commonly observed in geosynclines, as block fault-
ing or, in the opwosite sense, folding,

... The effect of a minor volume change - in devitrifi-

cation - has already been cited (pageM3),.



¢. Mineral deposits and metamorphism,

In recent years, increasing attention has been directed
to the relation between ore =and granitization, Zarlier, there has
of course been a recognition of the freguent assoclistion of ore and
metamorphisem generally. Recent thought c¢r the subject has Liren ex~
vressed by Sullivan (105), Good speed (37A> and others,

Essentially, it is recognized that crystallization of a~ny
minerel involves concentration of the constituent elements within
the minersal grain, and simultaneous enrichment of the extragranular
region in the remaining elements, In many cases, metallic elements
such as the base metals cannot be\accomodated into the structures
of normal rock minerals in any appreciable amounts and are hence
intergrenularly concentrated, along with water of dehydrated
structures, and other elements, The metallic elements have then
been concentrated by a metamorphic differentiation process., Such
a metemorphic differentiation occurs of course in all metamorchism,
but because - of the high mobility of such a mgtallic vhase as
postulated above, there is the vossgibility of further concentratimn
by something akin to normal flow., In non-metallic phases this is
less likely, but some pegmatites and similar small intrusives may
be formed in this way,

S0 far little has Deen mentioned of the relation of
chemical energy to the process, Indirectly, the chemiczl energy
is related to the granitization, and provides the driving force for
a truly spontaneous segragation., wmore directly, depending upon

the manner in wnich the mass is granitized, there would seem to

be vast differences in the fate of the metallic phase, If the

RN



crystallization were perfectly homogeneous - in time 28 well as
space = throughout the mass, there would be but slight tendency for
the metal phase to accumalate, In other words, there would es—
sentlally be no variation in ltemperature, or chnemical votential

Yo induce unidirectional diffusion. Over short distanes, the
tendency to decrease surface energy would lead to coagulation, and
superposed on sll would be the réther constant pressure gradient,

Under other conditions, crystellization from a center
would lead to metal concentration around the periphery, crystal-
lization occurring in two shale beds separated by a limestone would
lead to concentretion in the limestone, end so forth. The presence
of frachres would of course affect all the above, Given information
regarding the initial composition of a body, and its
environment, the nature of the associated mineralization might be
predickble, if the parcmeters could be aprroximated.

On a less theoretical basis, recognition of the pos~
sibility of achieving energy release in situ might throw light on
the true origin of such sedimentary-appearing deposits as the
Dhodesian copver devosits, which are difficult to account for by
the usual theories of ﬁetamorphism.

The role of exothermic reactions must also be considered
in relation to the problem of the origin and concentration of
petroleum, This problem is of course one of the major unsolved
vroblems of the petroleum industry. That the ultimate source of
the hydrocarbons is to be sought in shales or other rocks rich in
organic material has long been suggested, It has also been re-

cognized that, if an adequate source of heat were avsilable, a



distillation process could give rise to petroleum, Hovever, so
far as the writer is aware, there has been no entirely satisfactory
mechanism conceived using "elassical! sources of énergy.'

Chemnical heat sources within the source bed, or in
contiguous beds, would provide an adecuate mechanism, This
mechanism is entirely analogous to that discussed zbove relative
to metal concentration, bul the temperature recuired would be

. lower,

Distiliation of this tyve - that is, distillation taking
plece in sedimentary beds in situ, is used by certain S.edish com
paies in recovery of oil from shale., The distillation itself is
then not entirely hypothetical, and only the migration and concen-
tration need be explained. Present theories on these latter points
appear adequate,

The nature of the reactions causing the temperature
rise may be of the %t pes already discussed - that is, re-crystal-
lization and reactions in the ordinary sense, It has already been
mentioned, in discussion of authigenic albite in the Green River
formation, that such albite was more frecuently found in the beds
richest in organig¢ matter, The facts therefore do not militate
against the possibility of reactions in such beds., On the
contrary, the orgsnic material is liable to provide a more mobile
vhase, which would abet the reaction process, This is suggested

by the above occurrence,



CONCLUSION

Throughout this paver, the writer's plan has been to

further consideration of the role of chemical energy in geology
by elucidating the geologic origin and setting of the problemnm,

In essence, the hove is that the general theme has been
made either sufficiently reasonable to lead the geologist to admit
it as one of his working hypotheses, or sufficiently irritating to
cause him to make some positive effort towards its invalidation,

It has been shown that it is certain that the chemical
factor exists, and has some effect. The problem should now be to
supvlement the sparse data available and delineste the features of
the effect more closely.

One feature of the hyvothesis which is felt to be
particularly compotible with geologic observation is that it is
not simple, That is, depending on conditions, a multitude of
different effects is possible within the general framework, A
similar complexity is suggested by field occurrences, and in the
writer's opinion, any hypothesis which cannot account for this

complexity can be arbitrarily stated to be incomplete,

é-.)



FURTHER WORK

It is obvious from the treatment given that much work
remains to'be done in each of the constituent parts of the problem:

Heat of trznsformation values
Rates of reaction
Mathematical traatment
Geological evidence,

g WS iV
*« o o -

Of these divisions, the most importent, in the present
state of affairs, are 1. and 4, . TFor unless there is an adequate
heat source, or sink, there is no purpose in securing exéct
values of reaction rate and performing exact mathematical cal-
culations, at least from the practical viewpoint., VWhat is needed
initially is addition to our knowledge of the heats of reaction,
if only as regards order of magnitude, and, concurrently with such
investigation, detailed geologic work conducted with the idea of
chemical sources as one working hypothesis.,

Such an ap-roach is able to give a rapid evsluation
of points discussed in the paper, and would lead to ideas con-

cerning the important points to be treated in 2, and 3. .
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