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Ansrnacr

The sarne materials reported on in the fust part of this work were treated under higher
pressures of COz and watet vapor in order to determine more completely the field of reac-
tion. The results show good agreement with the previous work, but carry the contours up
to higher concentrations of CO: where the reaction practically ceases. As before, end prod-
ucts were obtained closely approximating, but not exactly identical with, many of the
natural clay minerals. The artificial product is less perfectly crystallized and shows some
deviation both in r-ray pattern and therrnal curve from the natural product. A few runs
were made with stronger acids.

INrnopucrroN

The results presented here are a continuation of the experiments re-
ported in 1939, where a percolating type of reaction chamber was used
to break down some of the felspars.l lfere the work is continued further
by carrying the reactions out under higher pressures of COr, and runs
were also made on some additional minerals outside of the feldspar class
in order to give a broader picture of the stability relations in these
minerals.

It should again be emphasized that the properties of the synthetic
clay minerals produced in the laboratory do not in most cases show com-
plete agreement with those of the corresponding natural minerals. The
x-ray patterns may show exact agreement except for one or two lines
which are weak or absent. The thermal curves of the laboratory product
usually have peaks slightly lower in temperature than their natural coun-
terpart. This lack of agreement is not surprising in view of the compara-
tively short time of formation which produces fine and imperfect crystal-
lization. For these reasons it is difficult to make positive identifications
of the end product in many cases, although the type of mineral is quite
certain.

r Norton, F. H., Hydrothermal formation of clay minerals in the laboratoty: Am.
M ineral., 24, l-17 (1939).
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Pnnvrous Wonr

As in the previous paper no detailed mention is made here of the syn-
thesis of the clay minerals, as these can be found in the excellent paper
by Morey and Ingerson.2

Appanerus

The apparatus used here was the same as reported in the previous
paper, except that two reaction chambers were made for higher pressure
work from chrome-nickel steel. Except for the higher pressures no
changes were made in the method of operation. In Table 1 are given the

CO2 pressure at
room temp. 250"C

.560
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1205
1420

300'c

1230
1467
1 703
1940
217 5

325'C

1720
1967
2215
2460
271,0

3200
3750
4400
5300

275"C

860
1087
1313
1540
1765

2250
2750
3450
4400

350'C

0
\ Z J

250
375
.500

600
700
800
900

2380
2638
2895
3154
3410

2650
3200
3900
4800

total pressures in the reaction chamber under various initial pressures of
COz and temperature. At the higher pressures these values are somewhat
variable, and depend on the amount of filling of the chamber.

Rew Marnnrars

In general, the same raw materials were used as in the previous work,
with the exception of the following minerals which were obtained from
Ward's Natural Science Establishment and appeared to be of a high
grade of purity:

Analcite, from Table Mountain, Colorado.
Scolecite, from Teigarhorn, Iceland.

2 Morey, G. W., and Ingerson, E., The pneumatolytic and hydrothermal alteration and
synthesis of silicates: Paper No 937, Geophysical Laborotory, Carnegie Inst. oJ Washington,
(1937 ) .
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\''olcanic glass, from Wyoming.
Diopside, from Templeton, Quebec, Canada.
Pyrope (Garnet), from Meronitz, Bohemia

Oligoclase, from Mitchell County, North Carolina.
Andesine, from Palmietfontein, Transvaal
Labradorite, from near Nain, Labrador.
Byto'rvnite, from Crystal Bay, Minnesota.
Anorthite, f rom Miakejirna, Japan.

Rnrn or  Coxvnnsrol t  oF ALBTTE

In Table 2 there is shown the test results on the conversion of albite.
It will be noticed that this is a comparatively stable mineral, and even

under the most favorable conditions the conversion is by no means com-
plete. The previous work is checked fairly closely, although a few small
changes have been incorporated into the more recent values.

Trnt-n 2 CoNwnsrox ol Alnttn (NazO AlzOr' SSiO)

Conditions

Product
%

Conversion
Temp.

250'
250"
27 5"
300'
300'
300'
300'
300"
3.50'
3.50'

250 lbs./in.
500
250
250
500
650
800
925
250
500

COz lnitial
Pressure

Quartz, Montmorillonite or IJeidellite

Quartz, Montmorillonite or Beidellite

Montmorillonite or Beidellite

Quartz, Montmorillonite or Beideliite

Montmorillonite or Beidellite

Montmorillonite or Beidellite

Montmorillonite or Ileidellite

5
0

20
30
20
10
0
0
.5
5

The end product produced by this reaction was previously stated to be
beidell ite, but our more recent work would indicate that it could also be
montmoril lonite. In Fig. I is shown r-ray patterns of this end product
compared with both beidell ite and montmoril lonite.

The thermal curves of the end product show a relatively strong double
peak at low temperatures, which is characteristic of montmoril lonite.
The small peak at 550" may be due to a small amount of diaspore which
would not show in the a-ray pattern. In Fig. 2 are shown thermal curves
of the end product and the thermal curve of montmoril lonite, which un-
fortunately does not give very characteristic high temperature peaks.
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In Fig. 3 are shown the rates of conversion for the various pressure and
temperature conditions. It will be seen that the greatest conversion rate
occurs at 300o and about 300 pounds initial pressure of CO:. At the very

ALBITE PRODUCT
300' - 250 LB. / Sq, N.

(^LBITE LINEs DELETED)

MONTMORILLONITE

ALEITE PNOOUCT
300 ' - 250 LB. / SQ. rN.

(ALBITE LINES DELETED)

EEIDELLITE

ALBITT
I

PRODUCT

I
(300'-  5oo LBsQ. rN )

t l
MONTMORILLONITE

r l

TEMP., .C.

Irtc- 2

high COz pressures there was no conversion so that the field of reaction
is practically completed.

One run was made on fused albite and the end product seemed to be
identical with that resulting from the crystall ine material.
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RerB ol CoNvBtsroN or NBprrprrrn

In Table 3 is shown the conversion rates and end products for the
various runs made on this material. Nephelite is fairly readily converted
into an end product which checks closely with that of sericite, except in

Frc. 3

one case which was noted before, where the mineral gibbsite is indicated
by the r-ray patterns. In Fig. 4, r-ray patterns of the reaction product
from the run at 300"C. and a pressure of 375 pounds are compared with
the pattern of natural sericite, showing excellent agreement. In Fig. 5
the pattern from the conversion product at 300" Centigrade and 500
pounds pressure is compared with sericite, and in Fig. 6 with gibbsite.
It will be seen that both the patterns of sericite and gibbsite are well
represented in this pattern.
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NEPHELITE PRODUCT

300' - 375 LB. / SQ rN.
(NEPHELITE LINES DELETED)

NEPHELITE PRODUCT
300 ' .  500 LB. /5Q rN

NEPHELITE PROOUCT

300 ' .  500 L8  /5Q rN

Frc. 4

Frc. 5

Irrc. 6
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T.qsrn 3. Coxvansrow or Nerntrrrn (NazO AlzOs 2SiO)

Temp.

Conditions

| 
% .o.',,",.,o,'

I
20
60
50
70
80

100
90
30
10
60
10
0

i0

CO2 Pressure

250'
27 5"
27 5"
300"
300'
300'
3000
300"
300"
325"
325'
350"
3500

500 lbs./in.'
500
o)u
250
.J /.)

500
650
850
950
500
850
250
500

Sericite

Sericite
Sericite
Sericite
Sericite

25/s Serictte, 75% Gibbsite
Sericite
Sericite
Sericite
Sericite
Sericite

Sericite

The reaction rates for the field studied are shown in Fig. 7, indicating
that the conversion curve is of quite large area, but that the limits are
well defined. Fused nephelite gave the same end product.
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Ram or CoNvBnsroN on Onruoclasn

In Table 4 are shown the various conditions to which this material was
subjected. Here again the end product is sericite and the conditions under
which the conversion occurs are rather limited. The results check well

with our previous experiments, and the runs at higher pressure indicate
no conversion. The r-rav and thermal curves of the reaction product are

identical with the end product from nephelite.

TEMP., .C.

Frc. 8

In Fig. 8 are shown the reaction rates plotted as contours against vari-

ous pressures and temperatures. It will be noted that the reaction area is

comparatively limited.

RarB or CoNvnnsroN or SPoDUMENE

In Table 5 are shown the various runs made with this material, which
is readily converted. The table is made up somewhat differently from

the other minerals in order to show the results obtained from the c-ray

analysis and also from the thermal analysis. The agreement between the
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Terrn 4. Colwrnstor ol Onurocr-asB (KrO'AlrOs 6SiOt

Conditions

Temp. COe Pressure

Sericite
Sericite
Sericite
Sericite

Sericite

Sericite

/e Conversion

0
0
0

20
0
0

10
30
70
80
0

30
0
0

20
0

250"C
250'
250"
27 5"
27 5"
300"
300"
300"
300'
300"
3000
325"
325"
350'
350'
350'

0 lbs./
250
500
250
650

0
100
250
500
650
960
250
650

0
250
500

two methods of analysis is not particularly close because the thermal
method does not show inert minerals such as q\attz or corundum, nor
does it show particularly well montmorillonite or beidellite. On the other
hand, the thermal curve shows clearly the relative amounts of kaolin and
dickite, which vary in proportion with the various conditions of run. It
will be noticed that at the lower temperatures dickite predominates,
while at the higher temperatures kaolinite is the dominant material.

In Fig. 9 are shown some thermal curves which clearly indicate the
dickite and kaolinite peaks. In Fig. 10 are shown the contours of total

t t l
t r lY

SPOOUMENE PRODUCT (2?5.-250 LB /SQ IN

SPODUMENE PRODUCT (300.- 650 LB / SQ tN
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T.qer,a 5. Cor.rvnnsroN ol SponuueNr (LirO ,\lror'4SiOt

Conditions

COz Pressure

500 lbs /in.,

250

850

250

Quartz 25/s

Corundum 1516

Quartz 20/p
Montmorillonitel
Kaolinite lSOn
Dickite )

Quattz 25/6
Montmorillonitel
Kaolinite lZon
Dickite )

Q,tartz 4O/6
Montmorillonitel
Kaolinite l0O%
Dickite )

Quartz 70/s
Kaolinitelonr^
Dickite J- 

" '"

Qraftz l}/s
Kaolinite\onr^
Dickite . l  

-" '"

Quartz 10/s

5i:ri'it"Isoz
urcklte J

Quartz 75/6
Montmorillonitel
Kaolinite lttn
Dickite )

Quaftz30l6 I
Montmorillonitef 7016
Beidellite )

Qtaftz 10/6
Kaolinite 80%

X-ray

650

125

950

970

250
650
250
500

Product and Approx Amount

Thermal Curve

Kaolinite 2/6

Dickite l87a

Kaolifite ll7o
Dickite 24/s

Kaolinite 58/6
Dickite 15lp

Kaolinite 22/6
Dicklte 2170

(No thermal curve)

(No thermal curve)

Kaolinite 113la

Kaolinite 8270
Dickite 5/6

Kaolinite 53le
Dickite 12/6

Kaolinite 27/e
Dickite 2/6

(No thermal curve)

(No thermal curve)
(No thermal curve)

/s Total
Conversion

40

90
0
0
0
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conversion of spodumene, showing the comparatively large field in which
the conversion is complete. In this case the contours are not completely
closed at the high pressure side.

Fused spodumene gave the same end product as the original material.

300
T E M P , . C .

Frc 10

RerB on CouvBnsrou oF ANoRTHTTE

This mineral was checked over carefully, and we have had to come to
the conclusion from our latest x-ray data that the end product approaches
more closely montmorillonite or beidellite than pyrophyllite, which was
indicated in the earlier report. The region of rapid conversion is rather
narrowly confined as shown in Table 6. In Fig. 11 are shown x-ray pat-
terns of the end product compared with beidellite, and the close approxi-
mation will be evident. In Fig. 12 are shown contours of conversion rates
for the various conditions of pressure and temperature.
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Tesln 6. CoNvnnsrolr ol Auonrrurn (CaO .ALOg. 2SiOz)

Conditions

Temp. COr Pressure
Product

Montmorillonite or Beidellite
Montmorillonite or Beidellite

?

Montmorillonite or Beidellite

Montmorillonite or Beidellite

?

Montmorillonite or Beidellite (?)

%
Conversion

250"
250"
27 5"
27 5'
300"
300'
300'
300'
300"
300'
325"
325"
350'
350'

250 lbs./in.,
500
250
650
250
500
6s0
8.10
920
950
250
650
250
500

10
10
20
0

30
70
0
0
0
0

50
0

30
0

A sample of anorthite was fused and treated at 3000 and 500 pounds
of COz pressure. The results indicated a product from the r-ray pattern
of 2070 kaolinite and 8070 gibbsite. The kaolinite lines agree well with

ANORTHITE PRODUCT
300'-  500 LB /  sQ rN

(ANoRTHTTE LrNts DTLETED)

EEIDELLITE

Frc .11

the standard material, but two strong lines of the gibbsite pattern were
weak or missing. The thermal curves indicated dickite with some dia-
spore, as shown in Fig. 13.
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CoNvansroN oF OrHER MrNn'ner,s wrrH CARBoN DroxrDE

In Table 7 are listed a number of other minerals which have been
treated at a temperature and pressure which was believed to give the
maximum rate of reaction, but as the general field was not covered we
cannot be sure that some other temperature or pressure might not give a
greater reaction rate.
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The natural volcanic glass seemed to be converted quite readily under
these conditions. The analysis of this material is:

sior 74.7%
Also: 15.2%
KrO 4.O 70
Nazo 4.0 7o
Fe:Os 1

Tarr,n 7. Convnnsrox ol Ornnn MrNnner-s

Parent
Mineral

Leucite
Petalite
Petalite

Lepidolite
Beryl
Pollucite
Kaolinite
Analcite

Scolecite
Nat. Vol-
canic G

Formula

KrO AI2OB'4SiO,
Liro.Alros. gsio,

Liro.Alro, 8sio,

Liro. 2Alro3. Kzo. 6sioz. 2H
3BeO'ALOa 6SiO:
2CszO 2AlrO:'  gSiO?'HrO

Alro3. 2sior '2Hro
NazO'AhOr'4SiO2'2H2O

CaO'AIzOa.3SiO, .  3HrO

End
Product

Sericite
Kaolinite

Quartz, Mont

morillonite

Quartz
No change
No change
No change
Kaolinite

Qaartz,
Dickite

Sericite
Sericite
Dickite

Conver-
sion in
360 hrs.

Slight
0
0
0

70

90
50?

Pres.

500 lbs./in.
250
800

500
500
500
500
500

500
.500

80
100
60

TnBarruBNr wrru STRoNGER AcrDS

A few of the minerals were tested in the percolating reaction chamber
with stronger acids, as shown in Table 8. It is rather interesting to note
that in some cases the conversion with the stronger acids is not as rapid
as with the carbon dioxide, a rather interesting fact when considering
the formation of clay minerals in nature.

CneNcB rN RATE oF ALTERATToN wrrn Drpur oF MATERTAT

In all of the preceding work, the sample for analysis of the treated
material was taken from the top of the material in the reaction cup. In
order to determine the change of the rate of reaction with depth, samples
were taken from the top, middle, and bottom portions of the mass and
subjected to x-ray and thermal analysis. Spodumene treated with water
and COr at 300" Centigrade and 650 lbs./in.2 was chosen for this treat-
ment. The thermal analvsis curves of the three parts of the reaction
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T,csLE 8. CoNvnnsroN rN Orrrnn Acrns

t . )

Mineral 
I

Acid

.3N-HC]

.8N-HCI

.8N.HCI

.sN-HCI

.8N-HCl

.02N-HF

.01N-HCI

.3N-HCI
1N-H,SO4

.8N-HCI

.sN-HCI

Temp.

300'c
300'
250"
3000
350"
300'
300'
300'
300'
300"
300'

Anorthite
Anorthite
Albite
Albite
Albite

Orthoclase
Orthoclase
Orthoclase
Orthoclasc
Pollucite
Diopside

None
40

Slight
100

Slight
None
None
None
None

70
None

Product

Montmorillonite

70/s Q.uar tz, 9016 Kaolinite

Montmorillonite or Beidellite

product show the great difference in alteration between the top, the
middle and bottom layers. The large double endothermic peak at 5500
in the curve of the top layer is very small in the curve of the middle layer
and is almost absent in the curve of the bottom layer. At the same
time, the endothermic peak at 700" is barely discernible in the curve
of the top layer and is very large in the curves of the middle and bottom
layers. Assuming that the peak at 550" is due to kaolinite and that at
700" is due to dickite, the proportions of these minerals present in each
Iayer is given in Table 9.

1'anro 9. Spoluupnu Tnrerul wrrn HzO sNn CO: ar 300'C, 650 r.rs./rx.2

Position oi
Sample

Area of Peak
at 550'

Top
Middle
Bottom

.37  in2

.u5

. 0 2

.02 in. 'z

.  l . )

. 1 5

Basis: 100/a Kaolinite:.45 in.2
1007o Dickite:.42 in.,

The r-ray patterns of the three layers do not show as good correlation
as the thermal analysis curves; however they give good evidence that the
reaction rate is not the same at all depths. The pattern of the top layer
indicates that it is a mixture of quartz and an imperfectly formed kao-
linite-dickite-montmorillonite mineral; the pattern of the middle layer
corresponds to that of quartz with a small amount of montmorillonite;
while the pattern of the bottom layer shows a mixture of 60/e qtartz
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and 40o/o montmorillonite. It is difficult to understand why the middle
and bottom layers give very similar thermal curves yet show such difier-
ent f-ray patterns.

DrscussroN ol Rnsur,rs

Considering the results obtained in this investigation as a whole, it is
evident that the rate of reaction in COz charged water is a maximum in
a rather limited region for most of the minerals, centered around 300o
Centigrade and 500 pounds CO2 pressure. Contrary to our original beliefs,
the reaction rate in aII cases seems to decrease at the very high pressures
of CO:, and in many cases the reaction becomes substantially zero at the
higher acidity. These results, therefore, give us fairly definite limits as
to the conditions under which reasonably rapid conversion can take place.
However, it should not be concluded that in nature the clay minerals
were all formed under these particular conditions as it is quite possible
that the changes could go on outside of this region at rates so slow that
they could not be detected in our laboratory experiments.

It will also be noted that the stability of the various minerals depends
Iargely on an alkali content; that is, those minerals containing the largest
percentage of alkali are the least stable.

There is also more evidence in this investigation than was shown pre-
viously that under certain conditions two end products can be formed at
the same time. This was noted in the case of nephelite and spodumene,
but the relative proportion of these products vary materially with the
conditions of treatment.

It is interesting to notice how the reaction varies through the depth
of the reacting material. In the one case illustrated there was a decided
difference in the alteration product as we went from the top to the bottom
of the charge. As might be expected, the amount of quartz was greater
in the bottom than in the top, as this material evidentally is carried
through by the percolating water in the form of more or less colloidal
material.

In this investigation some runs were made with stronger acids and
in several cases the reaction rate was lower than with COr which indicates
that the break up of the original minerals occurred more rapidly in weak
acids than in strong ones under these conditions of temperature and
pressure. This is a result somewhat contrary to that which we expected.
On the other hand, pollucite, which showed no reaction with COz under
any conditions, reacted fairly rapidly in strong acid.
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CoNcrusroNs

The conclusions drawn from this work are essentially the same as
stated at the end of the previous report.

(1) Under the test conditions where COz-charged water is allowed to
percolate through the finely ground mineral, a maximum reaction rate
occurs at 300oC. and 500 lbs./sq. in. pressure.

(2) The end products, while similar to the various clay minerals are
not identical with them in every respect.

(3) In most cases a single end product is formed, but under a few con-
ditions two end products were formed simultaneously.

(a) In some cases strong acids did not show as high a conversion rate
as carbonic acid.
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