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Ansrnacr

as well as by the temperature and acidity during the reaction.

INrnopucrroN

swer than was possible before.

PnBvrous Wonr

No discussion of the previous work on the synthesis of clay minerals

1 Norton, F. I{. (1937). The accelerated weathering of feldspars, Am' Minerol'' vol'

22 ,  p .1 .
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will be given here because this has been so completely covered by Morey
and Ingerson2 in a recent publication.

Applnnrus

The apparatus was the same as that used in the previous work. Three
new units were constructed, making a total of five, which have been
running continuously for a year and a half. A special suction pump was
used to draw a definite amount of air through the condensing tubes to
give, as far as possible, uniform percolation.

During a run the sample was always covered with liquid which slowly
flowed down through the mass. However, the reaction started at the
upper surface of the specimen and worked down, but seldom more than
a few millimeters. All the samples used in the tests were taken from a
slice one millimeter thick from the top of the specimen. rn many case3
the depth of reaction could readily be observed by a change in color and
consistency.

The total pressure in the reaction chamber under the various condi-
tions is shown in the table below.

T.qsr,r 1
Tor,lr Pn_nssunn rN RnecrroN Cnlutnn rr.r res./so. rw.

CO2 pressure at
room temperature 250'C. 2TS"C. 300"C. 325"C. 350.C.

0 560 860 1230 1720 2380
r25 775 1087 1467 1967 2638
250 990 1313 1703 2215 2895
375 1205 1540 rg40 2460 3154
500 1420 1765 2175 2710 3410

Rew Marpnrars

Albite. This material was the same as used in the previous work.
Nephelite, This is not pure material, as it comes from a syenite rock

from ontario which has been processed to remove the iron minerals.
Some albite undoubtedly remains. The approximate composition is:

Tl.r:-E 2
SiOz
AlzOs
Naro
KrO

51
30
t . )

2 Morey, G. w., and rngerson E. (1937). The pneumatolytic and hydrothermal altera-
tion and slmthesis of silicates, Paper No. g3z, Geophysical Laboralory, cornegie Insl. of
Woshinglon.
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Orthocl,ase. This material was the same as that used in the previous
work,

Leucite. This material came from large, perfect crystals found at Al-
bano, Italy.

Petal,ite. This lithium mineral came from West Paris, Maine. Its exact
composition is unknown.

Spodumene. This is concentrated material from a deposit near Fitch-
burg, Mass.

Lepidol,ite. An apparently pure mineral but its source was unknown.
Anorthite. This is the same material used in the previous investigation.

Beryl. This sample came from a clear crystal found at West Paris,
Maine.

Poll,ucite. This cesium mineral comes from West Paris, Maine. Its pu-

rity is unknown.
Kaolinite. A washed English china clay.

Reru or Rancrrorq aNu ENo Pnonucrs

The materials were ball milled and decanted in water to give a sample
having particles all under 1 micron in diameter. The test procedure was
the same as previously described, except that the rate of percolation was
more carefully controlled.

As the crystal sizes in all cases were too small for petrographic identi-
fi.cation, the r-ray powder method was used extensively. Patterns of the
original mineral and the alteration product were taken in each case.
From these it was possible to estimate the amount of conversion by the
relative intensity of the lines; a rapid and simple method. I{owever, it

should be realized that the determination of the amount of alteration is

not better than * t0/6 and may reach an error in some cases as great as
+2070. Also, it is probable that a mineral mixed with another up to as

much as 15/6 would not be detected by this method. This is sufficiently
accurate for our present purpose, although for future work a chemical
analysis to supplement the r-ray data would be desirable in every case.

The thernlal method of analysis was also used in every case where a
large enough sample was available. This methbd has been used exten-
sively to identify the clay minerals, and in general is quite satisfactory.

It is necessary to use the greatest care in making an identification of
the clay minerals. The crystal size is so small and the crystallization so
imperfect that the r-ray diagrams do not have the sharp, distinct lines

usually found. Also the background haze is much greater than with more
perfectly crystalline materials. Therefore, it is sometimes easy to im-
agine that an end product coincides with one of the clay minerals, when



T," H. NORTON

actually it has real differences. In general the thermal curves show a
water loss at lower temperatures for the synthetic mineral than for the
natural one, indicating less perfect crystallization. This naturally de-
creases the usefulness of the thermal curves for identification purposes.

There is reason to believe, and this has been confirmed by other ex-
perimenters, that the synthesized minerals may differ slightly from their
natural prototypes. Here the lines in the r-ray patterns are sometimes
shifted slightly, or even suppressed. This again increases the difficulty of
identification. Therefore caution is used here in expressing a definite
opinion as to the crystal identity in many cases, although the class of
clay mineral to which it belongs is quite certain.

It is thought most convenient to take up each original mineral in turn
and discuss the reaction rate and identity of the end product. The rate is
expressed as per cent converted, in a run of 320 hours as an average, in
the top millimeter of sample.

The amount of conversion is plotted on a pressure-temperature dia-
gram by means of contour Iines. That is, the vertical scale expresses acid-
ity of the solution, the horizontal scale the temperature, and each con-
tour represents a zone of equal reaction rate.

Arsrrp

This feldspar is a comparatively stable material and shows little con-
version under any of the testconditionsas shown in Table 3 and Fig. 1.
In fact, the conversion is so slow that it was impossible to determine the
nature of the end product in these tests until recently. Now it is fairly
certain that the new product is beidellite because only a few new lines
appear in the c-ray pattern and these correspond to this mineral, as shown
in the appendix.

Terrr 3

Conditions

Temperature COs Pressure

250"C. 250r
2s0' 500#
27s" 2s0#
300" 250#
300o 500#
350' 2s0#
350' 500n

Product /6 Conversion

0
0

Beidellite 5
Beidellite 20
Beidellite 20

0
0
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500

250t. 300 "c.

Frc. 1. Conversion of Albite.

350'C.

NBpnpr-rm

The rate of conversion of this mineral is shown in Table 4 and Fig. 2.
The rate is comparatively rapid over a large area, showing it is readily
broken down. It is interesting to note the definite change in end product
at different temperature levels.

400

lrf

a 300
a/',
U
E
CL

N

3 200

r00

Temperature

250'C.
27 5"
300"
300'
300"
3250
350"
350.

Conditions

Tasln 4

Product /e Conversion

20
50
20
80
40
50
0
0

COz Pressure

s00#
s00#
2s0#
s00#
37 s#
s00#
250#
s0o#

Sericite
Sericite
Sericite
Gibbsite
Sericite
Sericite
No change
No change

?0 0

n
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400

0
250 'C.  300 'c .

Frc. 2. Conversion of Nephelite.

350'C.

The r-ray pattern for the 300"C. mineral is similar to that of gibbsite.
Yet strangely enough the thermal curve (Fig. 3) is not exactly that of
gibbsite, but approaches that of the monohydrate, diaspore. The small
peak at 280oC. however corresponds to that of gibbsite.
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A rough chemical analysis of this material gave 5O/6 alumina, 22/s
silica and 22/6 of combined water, indicating a mixture of gibbsite or
diaspore with some other clay mineral. The high alumina and combined
water are significant.

Four runs were made on the nephelite at 300"C. and 500 pounds pres-
sure. Two of the runs were carefully controlled so that the temperature
never went more than 4oc. from the desired value. The other two runs
had temperature variations of * 10'c. only the carefully controlled runs
gave gibbsite; the other gave sericite. This would indicate that wehave
probably missed other minerals in this investigation by not taking suffi-
ciently close temperature intervals, or maintaining a sufficientry close
temperature control

There was no indication of a mixture of the two minerals; either one
or the other was produced in a stable condition. No success was had in
breaking up the sericite under hydrothermal conditions.

Onrnocr,esB

The rate of conversion for this mineral is shown in Table 5 and Fig.
4. The maximum rate comes at 300.C. and 5001 COz pressure. The equal

Tnsln 5
Conditions

Temperatirre COr Pressure
250"C. 0f

/6 Conversion

Sericite
Sericite
Sericite

Sericite

rate lines go to higher pressures with lower temperatures. In regard to
the nature of the end product, the *-rav pattern is similar to that of seri-
cite, confirming the earlier results.

Product

0
0
0
0
0

30
70
30
0

20
0

2s0#
s00#
250#

o#
2s0#
s00#
2s0#

0#
2s0#
s00#

250"
250'
27s"
300'
300'
3000
325"
350'
350'
350'
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500

'm0

0
3 5 0 ' C250 t 300 'c .

Frc. 4. Conversion of Orthoclase'

LBucrrB

Only one run was made on this mineral at 300oC. and 5001/sq' in' COz

pressure, showing 80/6 conversion. The end product gave an r-tay pat-

tern similar to that of sericite.

Prrar-trB

one run was made on this mineral at 300'c. and 250fr coz pressure giv-

ing a conversion of 50/6.The end product gave an r-ray pattern similar

to, but not id,entical with kaolinite. A thermal curve for this mineral

(Fig. 3) is somewhat like kaolinite, although the peaks are not as high

as for kaolinite because of incomplete conversion. The small endothermic

peak at 700'C. indicates that there is about 5/p of dickite mixed with the

liaolinite, an amount too small to be detected by the r-ray method. The

irregularities in the initial part of the curve are due to the fine grain

sizes, which also causes the low temperature of the exothermic peak.

SpouunrNp

The rate of conversion of this mineral is shown in Table 6 and Fig. 5'

indicating a rather wide range of conditions for alteration. The end prod-

uct gives the x-ray pattern of kaolinite. The chemical analysis of the

nearly completely converted sample in Table 7 confirms this'
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Temperature
250.C.
275.
300.
300"
300'
300'
325"
350.
350"

CO2 Pressure

s00#
2s0#
12s#
2s0#
s00#

0#
2so#
2s0#
s00#

Conditions

Tasr,B 6

Product

Kaolinite
Kaolinite
Kaolinite
Kaolinite
Kaolinite

Kaolinite
Kaolinite

No change
No change

/a Conversion

10
50
90
90

100
90
80
0
0

Constituent

SiOz
AlzOa
IIzO (Combined)
L t o

End Product
48.4%
40.3
1 1 . 3

300

200

r 0 0

0

Frc. 5. Conversion of Spodumene.

The thermal curve of the end product (Fig. 3) is quite similar to that
of fine grained kaolinite but the double endothermic peak would indicate
that some diaspore was mixed with it.

Teslp 7

Spodumene

(Thero.)

64.s%o
27 .4
0 . 0
8 . 4

Kaolinite
(Thero.)

46.s%
39.6
1 3 . 9
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ANonrnttn

The rates of conversion for this mineral are shown in Table 9 and Fig.

6, indicatirrg about the same stability as orthoclase' The r-ray analysis

shows that the end product consists of a mineral very like pyrophyllite'

Unfortunately pyrophyllite does not give a characteristic thermal curve,

so it cannot be checked in that way. A chemical analysis of the end prod-

uct gave the following results.

Tasrr 8

Constituent Anorthite Pyrophyllite End Product

SiOg 43.2Vo 66'7% 59 ' l%
AlzOs 36.7 28'3 2l '9
HrO 5.0 8.3
cao 2o'l 11 ' 1

u,
cz
-,t

.n
U
e(L

3 2oo
(J

100

0
350 

'C
250 'C.  300 'c .

Frc. 6. Conversion of Anorthite.

The lime comes from some undecomposed anorthite and possibly some

calcium silicate. In the latter case this would account for the excess silica

in the end product.
These results are in agreement with the previous work on this mineral,

but it is perhaps not justified in stating that the end product is identical

with natural pyrophyllite, although it is very similar to it.
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Tanrp 9

Conditions

Temperature CO2 pressure

250'C. 250#
25A" 500n
275" 250#
300" 250r
300" 500#
325" 250#
350' 250#
350' 500#

Product /6 Conversion

Parent
Mineral Formula

Albite NazO.AleOs.6SiO,
Nephelite NarO.AIzOs.2SiOz
Orthoclase KzO.AbOg.6SiOg
Leucite K2O'Al2Os.4SiO2

Pyrophl'llite
Pyrophyllite
Pyrophy'llite
Pyrophyllite
Pyrophyllite
Pyrophyllite
Pyrophyllite
No change

Gibbsite, Sericite 300
Sericite 300
Sericite 300

Temp. of Conversion
End Product Max. rate in 320 hrs.

Beidellite 300"C. 25%

10
10
10
30
90
50
30
0

Por,r,ucrra

One run was made on this mineral at 500# CO2 pressure and 300oC.
but no change veas noted under these particular conditions. unlike most
of the other minerals tested, this one contains a molecule of water which
undoubtedly increases its stability.

Keor,rNr:rp

One run was made on this material at 500# CO2 pressure and 300oC.
which indicated no change, a result which would be expected.

LBproorrrB

A run at 300'C. and 5001 CO2 pressure gave no change.

BBnvr,

A run at 300'C. and 5001 CO2 pressure gave no change.

DrscussroN or. RESULTS

not too certain, the group to which they belong seems well established.

TAsrn 10. Sulruanv or Rnacrrons

80
75
80
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Petalite LizO'AhOr'8SiOs Kaolinite
Spodumene LizO ' Al:Os' 4SiO, Kaolinite
Lepidolite Lizo'2Alzoa'Kzo'6sioz'2Hzo No change
Anorthite cao Alzoa'2Sioz Pyrophyllite
Beryl 3BeO AlzOs'6SiOz No change
Pollucite 2CsrO' 2AhOs'9SiOz'H:O No change
Kaolinite AlrOa'2SiO2'2HrO No change

What are the determining factors that cause a certain clay mineral

to form und.er hydrothermal conditions? There seems to be no evidence

in nature that the clay minerals are determined by the cations in the par-

ent rock. Again there is ample evidence of kaolinite forming in nature,

for example, from both albite and orthoclase. The answer is that kaolinite

when formed from these parent minerals does so under conditions out-

side of the range of our experiments. These conditions may be at higher

pressures and temperatures, or more likely lower temperatures and much

iotg"t times; or perhaps with some other acid forming agent such as

HCl, F or SOa.
Much work has been done on the formation of clay minerals from co-

precipitated gels where the end product is mainly determined by the

te-pe.ature and acidity, whereas here there is only one case indicating

a change in the end product by varying these factors; and little positive

evidence of a mixture of minerals in the end products'

Most geologists consider the formation of the clay minerals as a step

by step process such as:

orthoclase---+sericite--+kaolini te--+gibbsite'

But here we have no evidence of any intermediate steps. The conversion

goes directly to its final, stable state. If kaolinite is the stable end prod-

uct of spodumene at a certain temperature and acidity, why does leucite

go directty to sericite under the same conditions? Does the original min-

eral break down to silica and alumina gels which recombine to form the

clay minerals? If so, why does the cation often seem to govern the final

form oI the end product?
There is consid.erable evidence to ind.icate that the materials with low-

er total alkali content are more stable. For example albite (NazO'AlzOa

. 6SiOt is more stable than nephelite (NazO'AlzOg' 2SiOz); and petalite

(LLO.A1rO3.8SiO, is more stable than spodumene (Liro'Alro3'4siot.

This is a result which might be expected.

one of the most interesting results is in the case of nephelite which at

500# co, pressure and 300'c. goes almost completely to gibbsite, while

at the same pressure and 275'C. or 325oC. the end product is sericite and

no gibbsite upp"u.r in the r-ray pattern. This shows over what a narrow

temperature range a particular mineral can form'

300 50
300 100

0
300 90

0
0
0
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CoNcr,usroNs

If it is justified to draw any conclusions at this stage of the work, the
following tentative statements may be made:

(1) Under the test condilions where COz-charged water is allowed to
percolate through the finely ground mineral, a maximurn reaction rate
is observed around 300'C. and at the highest pressure used, that is,
5001/sq. in. for all the parent minerals tried. Below 250"C. and above
350'C. the parent minerals all appeared stable.

(2) The end product, in most of these tests, is not determined solely
by the pressure, temperature and acidity, but also by some characteristic
of the parent mineral.

(3) The reaction proceeds at once to the final mineral. There is no evi-
dence of any intermediate steps.

(4) There is little evidence to indicate that more than a single clay
mineral is in the end product.

Funrnnn Wonr

Additional work should be carried out on other alumirrum silicates to
determine the nature of the end product. Some, like celsian, are difficult
to obtain pure in nature and will have to be made up from melts. Also,
runs should be made on mechanical mixtures of two minerals to see if
two end products result. Runs on an isomorphic series of feldspars would
also be of interest.

Reaction chambers of high temperatures alloys should be constructed
in order to extend the pressure-temperature diagrams to higher values,
where other end products may result. Also, other gases such as HCl, F
and SOs should be tried, as they are believed to cause alterationin nature.
Larger quantities of the end products should be prepared so that more
positive identification can be made.
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AprBNlrx

The following tables give the spacing of tle stronger lines from the r-tay patterns.
These pictures were taken on a Debeye Scherrer camera of 57.2 cm. diameterwith Cu Ka
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radiation through an aluminum shield .003 inch thick. The figures are in centimeters on

the film, and the numerals after them are the line intensity v.ith 10 the strongest.

Albite

I .10-4
1.28-4

1 .43-10
1.55-4

r .78-2

1 .88-2
2.r0-2
2.5+-5
2.78-2

3.20-2
3.31-2
3.44-2
3.52-2
3.77- l

1.20-2
1.41-10
r.54-4

1.73-2

1.95-2
2 . t 6
2.46-2
2.56-3
2.72-r

2.99-2

3.23-2
s.32-2
3.43-2

3 . 7 5

Nephelite

1.78-4

1.90-2
2.18-l
2.53-4
2.78-2
3. 13-3

3.30-2
3.44-3
3,51-2
3. 75-1

1.43-10

Ir .73-s
11.82-s
1.94-4

2.49-10

2 .80-5

[t.ro-z
ls.rG-2
J .  Z t - J

3.42:3
J. OJ-O

Beidellite

.99-10

r .32-3

Ir.tc:-s
\ 1 .83-2

2.73-2
3.12-6

s.70-2
3.83-2

Gibbsite

.7r-8

.90-10
1.01-6

1.41-8

1.90-8

2.45-8

2.74-6

3.19-3
3 .3t-3

3 , 6 H

Tlnr,r 11. Ar,srrE CoxvEnsroN

Conversion Product

1.01-4
l . l l -4
1.28-2
1.35-4
1.42-10
1 .54-3

Tasm 12. NBpmr.ttr Conwnsrox

Conversion Product

.69-8

.77-8
r.o2-3
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Orthoclase

1.06-1
r.2e-+
r .39-10

1.55-4

2. l t - l

2 .56-5

Sericite

1.00-8

1 .35-5
I .39-5

1 .79-10
1.9r -3
2 .14-3
2. l9 -2

{z.to-z
12.84-2
3 .08-5
3. 14-5

3.68-3

Teern 13. Onrnocr,asB Coxr,'tnsron

Conversion Product

1.08-2
I  .  J r - t

r .37-10
1.42-10

t .7 5-2
1 .88-+

2.16_+

2 .57-5

2.82-+

3. 10-+
3 .18 -1
3.43-2
3.70--+

Tane 14. Llucrm CoNvnnsroN

Leucite

.88-5

.95-1
1 .35-10 (V. Broad)

1 .60-8

L . t L - Z

1.94-4
2.05-3

2.60-l
2.70--1

2.80-3

2.89-l
2.95-r
3.05-1
J . l o - l

3.45-1
3 .60-1
3.66-r

3.85-1

Conversion Product

.7s-2

.84-2
1.00-7
r .35-2
1.46-2

Ir.tr-ro
t 1 . 79-10
1 .88-2

2.O5-2 (V. Broad)
2.28-2(Fl'oad)

2.80--3 (V. Broad)

3 .09-8
3 . 15-8
3.50-1 (V. Broad)

3 .70-3
3.85-1

Sericite

1.00-8
r .35-5
1 .39-5

1.79-10

1.91-3

2.1+-3
2.19-2

Iz.so-z
\2.8+-2

3 .08-5
3.14--5

3.68-3
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Tlnr,e 15. Pntar,rrP Cor.rYnnsrou

Cohversio.n-ProductPetalite

1.22-10
I ,34-5
1 .41-5
r.48-2
1.58-2
1.73-7
1.83-2
1,90-1

2.0+-l
2.28-2

2.60-l
2.7 5- l
2.84-r
2.9L-2
3.09-1

3.23-2
3.3r-2
s.42-l
3.50-2

3.90-1
3 .98-1
4.04--1

Spodumene

r .30-10
1.42-4

2.0t-4
2.r9-3
2.47-8
2.56-7
2.84.4
3 .06-3

3.26-2
,  3 .31-1

3 .39-1

1.03-6

1 . 3 H
1 .38-1

r .62- l

1.8+--7

1.97-3
2.O9-l
Z . J f f i

2.81-3

3.19-9

3 .50--1

3 93-2

Kaolinite
I oc-c
I  1  n 1 - R

1.23-5

Tenrr 16. Spolulre*r CoxvBnsroN

Conversion Product

1.02-8

1.30-5

I .80-10
1.95-10
2 .33-5

2 .80-5
3.02-1
3.14-10

1.7+-8

1 .89-10

2.23-2
2.52- t

2.72-7

3.06-.5
3.r4- I

3.45-1
3.76-3
3 .90-1

Kaolinite

I on-s

\1.03-8
1.23-5

1.7+--8
1 .89-10
2.23-2
2.5:2-l

2.72-7
3 .06-5
3.14-l
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3.45-2
3.54-1
3 .60-1
3 . 7 7 - 1
3.89--4
3.96-1
4.07__l
4 .31- - l
4 .71- r
4. 86-1
4.9G-1

Anorthite

3 .4s-+

s.6t -2
3 .71 -2
3.90-2

4.90-I

Tesr,a 17. ANonrnnr Convnnsrox

3 .45-1

3.61-2
s.76-3
3.90-1

1 .34-10
1  ^ n  a

2.53-3

3 03-2

3.43-4

Conversion Product

1.02-8

1 . 4 1 - 5

1.79-8 (Broad)

2.03-r
2.1G-2
2.58-2
2.76-2
3.OG-2
3.14-4

3.49-4

Pyrophyllite

.82-4

.98-10

1.4+-8
( r  t t  ,

\r.ss-+
2 07-2
2.16-2

2 . 7 5 - 2

3.12-3

3 47-2


