Abstract
Systemalical investigations of the alieration of
clay minerals under hydrothermal  canditions and

ihe discpvery ol phases and structural reiations of
minerals  of  Kaolinite group. maimorillonaids.
s mixed-layered silicites eic.. are of great interest.
in the presence of K. Na chlorides (P=900 kg
lems T o S00TC. 23575 hr) Kaoligjie. dichite anc
Cnwetahalloysie are decomposed 4o Torm diostabedral
hydromicas. which are formed through the
mediate  disordered  micd-montmorillonte
S Hiyered formasions

inter-
mixed-

> Palyrypic muodifications of newiy
depend upon the structlire of the sinitial material:
from Kuolinite. mica IM prevails: from: dickite-mica
2M: as from mewahallovsite disordered mica
Under the same conditions. in- the prc\unhv of
€a chiorides. haolinite grotip transforms through the

rormed micas

“hexagonal analog  of “anortite: and ‘with Mg 1o

: ,usgdna _ :

_moriflonies depend upon the concentration of the
'(;hafrgcc 10 octahedral and tetrahedral  positions
From beidellite in the piesence. of K. Na, Ca \Mo
chionides the same qhases as from, Kaolinge an
tormed. hui under, considerably Jower etiperzures
In the presence of KCL dioctshedral montmovilioniic
transiorms through & whole” spectra of disorcered:
- wanca-montmorillonife.  phases to  hvdromica  and
samdine; and with Nu and Ca chlorides 1o tricciahed-
ral monumorilionite and, plamoclase. In the prasence
of MeCl, rioctahedry! montmorillonite’ gre tormed
after dioctabedral. and 41 the duration of
is fopger. 4 trapsforfis mto  taic-montm
mixed-layercd phase.

Sepiolite is decomiposed (P= ‘ZO(}~7()0( kuz.m-
T~325°. . 22-140 hr) and - substituted 'by Mg-mont-
morilionite; palyeorskite under the same conditions
“is substituted by, mantmoriilonite, then (~500°) by,
~mixed-layered mommonltomte-chlome, and then by
chlerite ( </600°) and cordierite+tale (> 600°).

) in 1he _presence of Ca. Mg chlorides (P=1000
kg/em®, 22 hr.)

intermediate ;phases to. rectorite and monb-lavered -

the lowest temperatures of dc..om-

CuKer: Ni-filte:

mvestigation;
RC = 1-2:sec:
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positiorn. of sepiolite and palygorskite~are marked
{~250-300 ;. From sepiclite in the prasence ¢! Ca
chlorides Mg montmorilionite—talc+Ca-amphibolc
are formed: wath MeCl-Mg montmoritionite—iaic 4
pyroxens.  Fromy palveorskite with CaeCl, di- and
tiuctahedral miontmorilicnile are formed and then
talc+anortite (7

fn the pr cv of mixture of Na.Ca Mg chlo
rides (P=1000 4/, 22 hrt sepichite transtorms tp

Mg anoaumoritlonite ands pasygorikite (~2507) and
to. di- amd tricetahedral © rilonie (~300°),
Further. under F=<00-450" tale s formed. afler
sepialité and | pluvioclase.  ¢h erite ~1ale al'er paly-
pgoisKine

Fhe churacign of the newlv-tormed phisas in the
majonty of experiments depends on the coments of

the original material and
mineralizér added,
the -great exlent

upon the iype of the
but their structure 1s defined o
oy the structyural peculiaritics of the
Jnmal materials. which zre inaerited i the process
of solid stdte -ransformatiomal reactions with the
participation of the yapour phise

-

Imtroduction
.o In the preseit arlicle are sompared the essential
fcatures OfF struciurzl succession that are wvpisal far

! istructurals

, Turomginsk o2

imorphaus? alterition  under  hvdrother-
itions Of Keolinne Uy fkandites. montmor:i-
logods. smaktesy ang laver-ribbon ﬂ]uultv-ﬂ.pl()hle‘
and palygorski

Ax cinttia! naterials. the
kaolinite from ProsjEnovsk d
site - from Micalovec deposit,
pately 183
USSR znd palygorskite from
samples wer¢ held under constant Pa,0=1-2 Kb,
=200-650 C conditions. in a. reactor with a cold
lick (Tunle. apparatus type®) in the presence of pure
water or in muxture with chlonides of K. Na.Ca. Mg
in ratioc 2:1 ‘in scaled ampoulés: then they “were
terpered.  Some experiments were carmied -out under
siress -by ‘means of an anvil, designed by Bridgman.®
and - under quasihydrothermal pressure i« cylinder-
piSton type Bpparaiys The qruuural characieristics
of newly formed materials w dc'ermmcd maml» by
means of X-ray di:’tya:mm'clr)

o8,

mllo\\-mgx were used:
osit, USSR, metahalloy-
C2z8SR. dickite from

Pamir. USSR. The
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Structural Transformations of Some Clay Minerals

The Inheritance of the Structural Motive

The transformations of kaolinite under hvdrother-

mal' conditions in the presénce of K.Na Ca Mg
chiorides (Flg i) show that the intermediate and final

new : phasi are. in peneral layered silicates andd.’
+ aluminosilicates with similar basis of structure.  Fven
if the samples are treated for 72 hrs an temperatonies

200-500 C non-lavered phases (zeolites. teldspars, ete.).
that are formed under siniilar condittons’ from glasses
and gels, ' owere nov tormed. Onlv under higher teny-
perature  stabihity  segion  than  that ot
(T >475°C 3-22 hry) an admixtare of andalusite-like
phase was tormed. .

The specification of synthesized phases
lows. in ditierent combinations of

18 as ool
tetrahedral  and

octahedral nets with a formation .of 2.3.4. and many- '

lavergd structures,  On o the diffractogramms: of  all
layered phuse Which take a part in reactions. this can
be seen in the conservation of the position ol reflec-
tions hkO th, k=0: 1. 2, 3., i k, h=k-even) and in
essential alteration of the ,xmnon o1 reflections 001
and B (for example—the experiments with KCI and
CaCli—(Figs. 2. 3). Small variationy of. parameter #
{4 b=0.06 A), that is fixed by changing of maximum
Uni), show that the movement ot structure in the blisal
planc s msignificanty small.  fay interestng to coni-
nare the seguenses OF tormation of new: phases, be-
tween the systemi i which - kaolinite nnunerals were
treated under hydrothermal conditions
of €aCly
analogous composiion were . used as anital materials.
In the first system 1wo mam phases are formed: a
swelling one—14 A und nonswelling—7A - (Fig. 3)
The swelling phase. thar was examined by Neray with

difierent treatments, appeared o be monthositionie
(possibly -withr tetrahedral Al) . As the durauon of
treatment increases and ds temperature-of svnthesis

increases up to 400-560 C. this phase i transformed
(Fig. 3) into ordercd mined=tavered: phase. ke mica-
montmorillonite.. The 7A phase
electronomicrography and idenufied 1o be mono-laver:
ed hexagonal apalog of anortite: 1L appesrs wt T=300-
500°C in 22 hrs,  (Fig. 3) and alrer the treatment for

o Fhoses formcd from Aavhnite (Aj, padveorskine (B
and: seplolive ol ivdrolios
adaitigns 0f chlfurides ;I'HQ(,:; bbur
fours).

Svmbuols: 1) ordervd kool (K1
nire; 3) diocratiedral

tarale'y

Op=3U0 ¢ "4«'

21 disordered ke
moptheriflonite, (M 4)
hedrat, momtmeorithonice. 5p Kevdromice THN D %7 Nae
hvdromicg (MM TE orectoritg (R0 S0 tosudite ol
hesagonai anglogee ol adortie vk Lo randony -
stratificarion of mice and mommorifionie:  J1) nm,dum
interstratification of chlorite and m-mlmunl/:-m."
tafe: 13) tremolite: 14) Si0g:
site in’" experiptents with Au.)lim‘u quurL-Lth
feldspard with K/, nephelines-alhtte with - Nae. g
anortite wgordrerite  swirh Col'y talevquartz witi My i
experiments with . palyporskue).  Borders. awd ficids of
phase distribigions on Xéray dira.

. anortite phase.

+ phases did not appear.

haolinie |

“with addition .
and the system in which plassex and wels ot .

was examined by -

"+ MaqCL:
C b2

J

89

70 hours at T 500°C is transformed into two-layered
The formation of two-layered phase
of anortite compusition was reported under similar
conditions'" from glasses and gels at T 350/ C: at higher
temperature crystalline anortite 1s formed and swelling
Thercfore. in the transforma-
tions of kaolmite. the metastahle lavered phases of
anortile composition occur at 400-500°C: under the
same conditions the stable unortite 1 tormed from
gels and glasses ‘ol similap composition.'=

In spite of the similarity of chemical compesition
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Fig; 2 Succession of struesural motive in the be i plane i PRy i . 4 Zagis
‘0 hydromica (Pyg=l kbar; 200-500°C; _2;..:# lawmm o ECU, ot
£ 350, 22imsz | 400°, 22 hes: p-450°, 22 hwss b 500%,, 22 hess ok for sous
saturared witi xfxcgl.' 2) the scheme of Structure (for oﬁiph m" l:'hf?';’ m’ i

iy with
(13, diffraction. chrves: a 200°, 224us; b 250°, 23 hrs; ¢ 3007, 2 lws; d 300°, 44 hrs;
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Fig. 3: Sutcession of structural mosive (i the busal plane in the rransformetion of kavlinite
0 ite and 1o hexagonal anal of snorrite (Py o=1 kbar; 200-500°C; 22, 4% hrs.:
with CaCly). ) : -

{1} diffraction curves: o 300°; 22 Jirs.: b 250°, 22 hrs.: ¢ 300°, 22 bs; d 300%, 44 hrs.;
€ 350°, 22 kes,; f 400, 44 hrs.: g 007, 22 hrs.; b 450°, 22 hrs.; § SO0 220ys; &= for
samples: d-i samrated swith the plycol. (2} the Scheme of struceure (for xymbols sce Fig. 1.7}
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. swelling phases and of lexagonal analog
Mechanically triturated for i0
kaalinite, d dickite {for symbals see Fig. 1,7).

: : of 7 A-phase and anortite their structures are different;
the former is a layered silicate!® ‘and, probably, is

& typical  framework aluminosilicate.

of anortite is d in this inst

similar in structure to kimrite,} whereas the latier is
In this way,
- the appearance of swelling phases and a layered anelog
with a specifi-

cation of transformation of kaolinite and keeps the

structural similasity

i The relative quantitative correlations of swelling
and non-swelling phases (Fig. 3, 4) shew their different
formation. depending on' the regime of experiments
and of structural state of initial material. Therefore,

\ as the increase of temperature (Fig. 3a and
F00°C) it can be seen that the amount of 7

increases and that of the

swelfing phase decreases.

When tritrated kaoliite was used. (increasing of edpe

urfag lative 10 y o 3 it
. surfages relative mmeﬂythm

phases are fornied (montmerilionite

‘and  mica-mont-

morifienite 1: 1} while wihien non-iritursted materials

) { ** With similer steuciure, compositiens

vary remarkably.
J The investigated specimens huve  the following com-
: positions:
‘ Sepiolite: (T-(Mgy.y; Al ooFe 40l 8iya0y,, 5,1
L - (O g0 O, o
PalygorsKite: (18}(Mi; 4uhly 2Feq. o)

\ [Siz, xMJ\,$°1o.nd' (O o5 (OM), o

e formarion of
ue of auoriite (Pg.o=1 khar: '400°C- 22 hrs.;
min: a keolinite, ¢ dickire; initial samples: b

1
1
: |
i i 1
. 1 e '
I " — — ! - o 4
‘ Ty ot T T Y T T .
E M 30 25 20 ! 15 10 5 8 Cuke
..' . 5 ,, _FILLL 4 Effect of erystullinity degree’ of ' initial Kaolinite and dickite on-

were used, both swelling and non-swelling 7A——phases
dre formed (Fig. e, b). Similar resulls were obiained
in the case of dickite (Fig. 4e,d), in which case. how-
ever, the reaction was less intensive, which is jnfered
te the difference in sizes of crystals
and dickite.  From the data of electropmicroscopy and
ekcxrmmicrodi!fmet_ibn-"ﬁ one can see clearly that
the swelling phases develop from the side portion of
kaolinite crystals. The skeleton hexagonal appearance
of the 7 A-phase suggests that it is formed most likely
oplhwr&c:ofkadininmm.!hem
of these two different phases is controlied by the rela-
tion of an"edge and cleavage surfaces of crystals.
Semewhat different: behaviour in transformation is

seen in the casé of sepiolite and ] skite, in which
transformation is mainly 3 by three-layer-
ed talc- and/or

quasihydrostatic pressure (P=151-3000kg/cm”,
120480 hrs.) on the stracture of these minerals show-
ed that the siructure under these conditions s not
steady. Morphologically this is shown in distarbance

between. kaolinite -
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Fig. 5: Effect of pelytypic maodifications of initiul kandites on the polytypes of hydromicas

1Pr,0 =1 kbar; 500°C; 3 hrs.; v'ir!( KCI).
Diffractog of hydromicas jormed:

of fibrous texture of the minerais, whigh is ‘accom-
panied by relatively weakening of reflections Okl and
simultaneous increase of common reflections-hkl. The
degree of disturbance can be esqmaud, for :nmg&e,
by comparing lyo/Ji7y, depending on the duration
of experiments and the size of P. This showa. that
the most weak links in the structure of layer-ribben
silicates are the “oxygen-bridges,” that link the three-
layered packets in the ribbons. mm«m
ofsmm‘min&edﬁmhpofmmerib-
bons, maintaining jayered mature even in the fragments
of the structure. Itix;:;peuinofluw thumder.
hydrothermal condition this sort transformation
goes much easier than in the transformation under the
stress and the “pure” vapour -phase (&gz}—-z‘kh.nr)
conditions. Especially in the case of transformation
with K, Na, Ca, Mg chlorides”* at T250-350°C in-
the

thﬂTWﬂ’CMM‘ s
on the chemical environment-——the character of mm'el-
ralizer (see Table 1): from the concentrated Al
dioctahedral montmorillonite cordierite is formed in

metatalloysite, b kaolinite, ¢ dickite.

the presence of pure water, feldspars and nepheline is
formed with K, Na. Ca chlorides, from the contentrated
Mg-trioctahedral  montmorillonite-disordered  mica-
montmorillonite is formed with K, Ca chlorides and
chlorite-montmerillonite in the case of Mg chioride.

The Tendency to Conserve the Sequence of
Adteration of Layers (Inheritance of Polytypism)

A complete disorder of packets in the basal plane
in the swelling phases previously mentioned which arc
formed from the side part of kaolinite crystals is not
in accerdance with the character of changing of the
carcass of structure. In order to clarify the reguhr‘ily
of such type, a few experiments for shorter durauqn
(3 hrs.) on the transformation of kaolinite minerals in
KCi solution were carried out. As can be expected,
dioctahedral mica is formed, and this is formed through
the intermediate disordered mica-mentmorilionite
mixed-layered phase (Fig.2). X-ray and electron-
micrographic analyses of synthesized ‘mica show that
their polytypic modifications are cqmm!led 10 some
extent by the initial structure (Fig. 5_). So, from
metahalloysite a disordered hydro-mica is formed, and

f
|
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|
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Schematic Relations in the Transformation of Clay Minerals

Feldspars ‘and
Mica

& * S1abil Chiorite other non-layered
2
= T
=
i 1 Ordered | Disordered
a ‘ J
4

(Rectorite Tosudite)

(Mica-montmorillonite)

1 LA e
I £ Mixed-layered:
1 s
|

w ~ !
SOy, s K, Na,Ca, |
Katidites ||t S~ s S =y
! ; \ .
| T - Vi v 1\
}—-L_?-d.\gorskue  Al. SMEKTITES = Al
. |
! Sepiolites | e S AN S S‘N“‘C."".Mg.
‘ K, Ca. Mg :
3
i | Disordered -
s : | Ordered Fesaiuatinaes
2 Mixed-layered: | {Mica-montmorilion.
T2 C g { ? . Chlorite-montmorill.) '
= _ Stabil: l
= L 1 wl Mica Chlerites Talc

from kaplinite (IT) mica with clearly prevalence of
modification of 1M over 2M, is fornied; mica with
the prevalence of modification of 2M, over M
/formed from dickite (ZM,).  In the examined (rans-
formations, the structure, as a whole, undergoes’ es-
senual alteration  from two-layered silicate to three-
layered aluminosilicate. but the centres of ditrigons of
tetrahedral neis of adjacent layers tend to keep the
main layered nature: this shows that the three-dimen-
sional nature of inilial structure  in newly formed
materials s suecessive.

Octahedral Layer

The above examples show a succession of struc-
tural features when transformation of crystalliine prod-
ucts takes place without aleration of the character
of population of octahedral positions. When K. Na,
Ca are added the comservation of dioctahedral nature
during the transformation of Kaolinite minerals is
noticed commonly, bul when Mg is added’ dioctahedral
nature increases, which requires special cemsideration,
Small size of Mg-ion and & wide expansion of tri-
octahedral micas, chiorites. montmorilionites, etc.. rich
in Mg, may-give a clue in considering this problem.

Practically, in this case we have a-pseadomerphous
transformation of kaelinite to dioetahedral montmeril-
lonite. As the duration is extended from 3hrs. up
to 70 hrs. and T fzom 400 up 10 5007C, the montmoril-

lonite transforms into ordered -mixed-layered phase. -

1 : 1 chlorite—montmerillonite. ™",  The character of
layered distribution. was appraximately esiablished by
means of one-dimensional Furje-synthesis afier the 6
orders 001 for a specimen saturated with glycerol
vapours and heated at 550°C. (Fig. 6). The relation

)

of peaks of electron density shows dioctahedral nature
of _this mixed-layered structure, where Mg essentially
enters into brucite layer and into interpacketed inter-
vals, but in a three-layered packets we have essentially
dioctahedral mlre This conclusion confirms a
small shrinkage~1 A in c* phase during its treatment
with LiCl, heated and saturated with glycerol after
Greenkelly.) In this way an ordered dioctahedral
chiorite-montmoritionite is synthesised and this is close
to the naturally occurring mixed-layered formation in

Japan,*"*! whose analog from Crimean alushitite was

investigated chrystallochemically*=*3 and called tosudite.
it is comjectured that in some time under favourable
conditions a dioctahedral layer in such structure can
be transformed into a trioctahedral one due to the
mnil;mion of Mg from swelling montmorillonite inter-
vais.

Transformation

in stwdying lhe'.;inse transformation of kaolinite,

" it was noticed that the structure of kaolinite

€ undergoes
some regular alterations prier to the beginning of the
formation of mew. phase (up 10~250"C with KCl or
_aplp-mwmm,)inumu,nm
is recrystallized partially ‘and its structure improves.
On diffractogramms -and Mmuw-ftu this can
be seen as better development of 020-111, 021, 021,
130-131 reflections and as increase of numbers of

crystallites having reguler hexagonal morphology.

‘When femperature is. reached to form - any “new

‘phase in the presence of any cation agddition, it

is
observed - that ordered triclinic kaolinite to
pseudo-monochinic with disordered structure in the

A _ .
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Fig. 6:  Structural solicnte of - o l{ l
swdite saturated witle glveerol; L]
Syutholy: I terahedron,. 2 ogtas
hedron, 3 -molcculcs of wicerely [/ 8
4 Cu, 5 Mg, 6 Al This phasc
C iy synthesised  from kaohinite, . 5
with - MgCly. Py =1 khat,
450°C, 22 hry. % -50
=100}
basal plane (Fig. 1. Formation of 4 disordered strie
ture and diminution of the size ol erystafs of kaolinite. -150 b
when KC1 and CaCl, (for 22 hrso were added. starts /e
at about 250-300 C (Fig. 2. 31, and it should be noted o . 0?3 o
g 7

that this is considerably lower than the femperature at
which similar phenomena are observed under “pure’
conditions i.¢.. under the pressure of H.O-vapour only
(~J00°C) or with addition of MgCl, (=300 Cy, The
worse crystallinity. and  disordering ot the  huohnite
structure under hydrothermal” conditiony with addition
of K. Na. Ca. Mg chlorides is followed by the' tormas
tion of new phises (montmoritloniie, disordered mixed-
Javered phases).  Similar structutal changes of kaohnite
(disordered in the busal plane) take place! under the
influence of stresy pressure. whereas similap  amount
of hydrostatic pressure gives no effect up to 400 C at
Pi.o=900 gk. cm?. 22 hrs. Thus, stres and additon
of cations lead 1o disordering ol kaolinite strocture.
The initiation of disordering and the initial temperatiire
of the formation of new phases are determinad by the
character of cations (Fig. 7. The process of dinorder-
ing of layers observed here has a dislocation nature.
Addition of cations stimulates deformation ot - the
structure (shrinkage of expansion, normal 1o the hase ),

A different charucter of transtorsiaton ot Kaolintic
structure, passing through the intermediate montnior {i-
fonite-like structure. when K. Nua (righty and Ca. Mg
(left) arc added. is shown schematically in Fig. 7.

Conditions for the Formation of Intermediate -
Mixed-Layer and Final Layer Structure
The presence of mixed-lnered phaswes which aie
usually formed as intermediate forms i the foune of
structural alteration of clay minerals is inferred 10 the

*transformation characier of the: process as well as

the similar layered type of structures.  As mentoned
ahove. this process is essentially connected with the
chemical nature. of the surroundings.  When kavlinite
is treated in the presence of K. Na chlorides. the inter-
mediate disordeted  mixed-layered  structures of - mica-

-
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Fig. 7:  TFhe scheme of transfor-
mation of kaolinite (A), palygor-
skite (B), sepiolite (C) under
hydrothermal  conditions  with
additions of chilorides X Na,Ca.
Mg (I'Hzn:fkbur. 200--500'C,
22-140 hrs.). The schemes of
structures: o) kaolinite; b) inger-
mediate beidellite like phase; )
hydromicas (K, Nu); d) diocia-
hedral moatmorillonite; ¢) recto-
rite (with Ca) and tosudite (with
Myg); 1) hexagonal analogue of
anortite; g) palygorskite; )
trioctabedral momtmeoritlonite: 1)
rrioctahedral  chlorite:  j) sepio-
lite; k) ralc; I=y) non-luyered
shases. Symbols: 1) tetrahedra;
2) octehedra and 3) partial dis-
tracted octahedra (diograhedral
sirucinres); 4)  ocwhedra  in
trioctahedral structures; 5) inter-
layer cations; 6) water; 7) inter-
packet positions in chlorites; 8)
{hc possible distruction positions
in  palygorskite and sepiolite
siructures.

L NPy

-ordered mixed-layered phases of chiorite-montmiorilio-

e type arc formed. The pre of ‘teassel: -

described above and the process of which was dis-

cussed before %" can be sch

M
ally

ized as

shown in Table 1.

The principal features of this process are:

The varieties of newly formed layered silicat
their di- and tri-octahedral structural types. S

oo
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Transformations, as a rule, have the intermediatc
smektite stage (montmorillonite-beidellite type) and
their crystallochemical character determines the
final phase.

3. Under the hydrothermal conditions and relatively
low temperatures, depending on chemical composi-
tions, ordered and disordered mixed-layered phises
are formed as intermediate’ phases.

4. The positions of the fields of smektites, the mixed-

laycred and stable final phases (Table 1) probably

show most common features of structural typo-
morphous conditions.

Conclusion

It can be said that the above mentioned resulis can
be used for the estimation of some pecubiarities of the
processes of epigenesis and the 1irst stuge of metamors
phism. Typical is the transtormation meéchanism of
the process and u wide development of mixed-Jlayered
formations. Their nature is pringipally connected not
with thermodynamical parameters (kinetics progess). but
with the chemistry of the surroundings.  Disordered
mica-montmorilionite structures —are formed by the
presence of K and Na in solutions, while Ca and Mg
Jead to the formation of ordered chlorite-monimorillo-
nite (tosudite) and mica-montmorillonite (rectoritel lor-
mation. This process is characterized by the transior-
mation mechanism and the formation of the intermedi-
ate smektite phase.

A number of data about the nuttiral metamorphism
of clay minerals 21252 all allows to establish nuny
common features with experimentul - data discussed
above, New investigations of metamorphism of matural
clay minerals in details and laboratory experimentil
investigations in this field will allow to define more
accurately and concretely the conception of disgenests
and initial metamorphism of sedimentary rocks,

* * *
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