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Abstract. The paper deals with the results of experimental transformations
of kaolinite, montmorillonite, sepiolite and palygorskite in the presence of Na, K, Ca
and Mg chlorides, sulphates and carbonates under hydrothermal conditions. The
obtained intermediate and final products were examined using X-ray, microdiffrac-
tometric, electron microscopic and infrared spectroscopic methods. It was shown
that stability range of mixed-layer clay minerals is typical for intermediate stages
of hydrothermal alteration process. The phenomenon of inheritance of structural
patterns of initial minerals by new-formed phases was observed. P-T-X-pH para-
meters of some experimentally checked reactions were calculated by means of ther-
modynamic methods. Dehydration and dehydration-ionic models of transformation
have been proposed. It was found that the latter is more adequate for interpreting
the processes studied that the first one. Thermodynamic approach is very suitable
in theoretical study of post-diagenetic, hydrothermal-metasomatic and contact meta-
morphic alteration of layer silicates.

INTRODUCTION

Crystal chemistry of structural transformations of minerals under
high temperature dry conditions is fairly well developed. On the other
hand, there are still numerous problems as regards structural mechanism
of phase transformation in hydrothermal systems. Therefore, the present
authors decided to investigate structural transformations of layer silicates
at P, ,= 1—2kbar and T = 150—650°C in the systems containing K,

Na, Ca and Mg chlorides, sulphates and carbonates.

From geological viewpoints, these model experiments are important
because of giving valuable data for interpretation of natural kata- and
metagenetic, as well as hydrothermal and contact metamorphic processes.
The results of these experiments were reported in several papers (Frank-
-Kamenetsky ¢t al. 1966—1973). Therefore, this paper deals merely with
general data and conclusions concerning the most important regularities

* Leningrad State University, Dept. of Crystallography, Universitetskaja Naber.
7/9, Leningrad, USSR.
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of structural and phase transformations of minerals under investigations:
kaolinite, montmorillonoids, layer-ribbon silicates etc.

All the experiments were carried out by means of reactors with cold
closure using standard method (Kotov, Kopeykin 1972). All the reagents
used, preliminarily analyzed (Tab. 1) were plg(_:ed in platinum tube and
kept in salt solutions under constant P, T conditions. During these experi-
ments, the concentrations of salt solutions used were 0.3 to 0.5 molar.
When poorly soluble salts were introduced (e.g. dolomite + quartz), their
mixture with minerals under study were prepared in proportions from
4:1 to 1:4 (by weigth) in order to examine sufficiently large mi-
neral : salt ratios. Cationic and anionic composition of solutions were also
corresponding to those most widespread in natural conditiqns. After each
experiment, samples were ignited (approx. 5 min.) and examined by means
of X-ray, electron microdiffraction and microscopic, as well as infrared
spectroscopic and chéemical methods.

STRUCTURAL TRANSFORMATIONS

Phase stability fields. X-ray study and semi-quantitative
estimation of synthetized phases* allowed to determine stability fields
of new formed substances (Fig. 1). Longer edges of each rectangle presen-
ted in this diagram correspond to temperature interval of the experiments
(200—500°C) whilst the shorter ones to total quantity of phases in the
system (100%). Cationc and anionic composition of the systems studied
is marked by corresponding symbols. Figure 1 contains basic experimental
data concerning phase composition of products and variation of their pro-
portions with changing P-T-X-pH parameters. During comparatively
short-time experiments (1—3 days) both stable and intermediate meta-
stable phases are formed. These experiments with short exposition were
carried out especially to trace phase character of structural transforma-
tions of initial samples, through intermediate phases to final ones (micas,
chlorites, talc, non-layer silicates etc.). Let us present now the results of
the best studied structural transformations of layer and non-layer phases.

CHARACTERISTIC FEATURES OF STRUCTURAL PHASE -
TRANSFORMATIONS DURING SYNTHESIS OF MICAS

Dioctahedral micas (dgg = 1.50—1.52 A) were obtained by treating
kaolin minerals, montmorillonite and palygorskite with potassium chlori-
des, sulphates 'and carbonates. As follows from Figure 1 mica-forming
processes are low temperature in character and during experiments with
short expositions these minerals appeared already at T o 200°C. Very
low temperature synthesis of mica from montmorillonite (T = 150—170°C)
is explained by admixture of beidellite phase (identified by means of
Green-Kelly’s method) in the initial mineral. Three-sheet (2 : 1) structure

* V. A. Shitov, Tguen Tat Chama, G.N. Klotschkova, L.P. Pokorina and A.A.
Ryushina participated in these experiments and in evaluation of the obtained data.
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Fig. 1. Phase transformations of kaolinite, dioctahedral Al, Mg, Fe-montmorillonite,
palygorskite and sepiolite in K, Na, Ca, Mg-chloride, sulphate and carbonate hydro-
thermal solutions at Py,o = 1000 kG/cm2, T = 200—500°C, t = 1—3 days
Transformations of: A — kaolinite, B — montmorillonite, C — palygorskite, D — sepio-
lite. Phases: 1 — kaolinite, 2 — disordered kaolinite, 3 — ordered mixed-layer pyrofillite-
_montmorillonite, 4 — hydralsite, 5 — andalusite, 6 — pyrofillite, 7 — beidellite phase, 8 — partly
ordered mixed-layer K-mica-montmorillonite phase, 9 — muscovite, 10 — partly ordered mixed-
-layer Na-mica-montmorillonite phase, 11 — paragonite, 12 — tosudite, 13 — rectorite, 14 —
hexagonal modification of anorthite, 15 — kalsilite, 16 — albite, 17 — nosean, 18 — partly ordered
mixed-layer chlorite-montmorillonite phase, 19 — chlorite (14 &), 20 — talc, 21 — quartz, 22 —
anhydrite, 23 — margarite, 24 — triclinic anorthite, 25 — leucite, 26 — hexagonal natrodavyne,
27 — analcite, 28 — nepheline, 29 — magnesite, 30 — Al, Mg-serpentine, 31 — forsterite, 32 — bru-
cite, 33 — calcite, 3¢ — dolomite, 35 — dioctahedral Al-montmorillonite, 36 — dioctahedral Al,
Mg, Fe-montmorillonite, 37 — trioctahedral montmorillonite, 38 — oligoclase, 39 — potassiAum
feldspar, 40 — phengite, 41 — vermiculite, 42 — cristobalite, 43 — wollastonite, 44 — palygorskite,
45 — tremolite, 46 — sepiolite, 47 — Mg-mommorillonite




I

of beidellite is much more susceptible to transformation into mica one
when compared with other ones.

The formation of potassium mica from kaolin mipgrals was examined
most in detail. During experiments with 3 hrs expositions (B0 = A o,

T = 300—500°C), we observe at first structural transformation of kaolini-
+ ++

3
te, manifested by disappearance of 110, 111, 021 and other reflections in
the range 020 of the initial 1 T. mineral. Moreover, in the range of larger
© angles (starting from dg» = 4.46 A) we observe gradual diminishing
of background. This indicates disordering of the structure in ab plane,
transition to pseudomonoclinic symmetry and disordered displacement of
ditrigone centres in adjacent layers. The latter phenomenon is very im-
portant since transformation into mica structure consists in coaxial distri-
bution of ditrigons of adjacent layers (when combining them by means of
interlayer K ions). Further transformation of kaolinite structure results
in synthesis of partly ordered potassium mica-montmorillonite mixed-
-layer structure, identified by characteristic displacement of reflections
of 001 series towards lower © angles and by their splitting. Finally, po-
tassium mica of 1M type is formed. Thus, interlayer spaces of mica struc-
ture are gradually forming through montmorillonite stage. As follows from
examinations by means of Green-Kelly’s method (1953), intermediate
montmorillonite phase is beidellitic in type and contains both octahedral
and tetrahedral aluminium provided NaCl or CaCl, were used in experi-
ments. As follows from this study, tetrahedra in kaolinite structure, sho-
wing strong ionic-covalent bonds, are not stable in KCl media even at
comparatively low temperatures (T o 200°C). Under these conditions, Si—
Al substitutions are fairly possible. Supplementary experiments have
shown that substitutions in ab plane of kaolinite structure proceed easily
when applying stress pressure ca. 150 kG/cm? at room temperature
(Frank-Kamenetsky et al. 1966, 1970). It is, therefore, concluded that inter-
layer bonds in kaolinite two-sheet structure are rather weak and suscep-
tible to alterations under hydrothermal conditions. This is confirmed by
experimental deuterization of kaolin minerals under P, ..  , = 1000 kG/

/em? and at T oo 325—350°C. It was found that OH groups of kaolinite
layers are, after two hours, easily replaced by OD groups without destruc-
tion of the lattice. This phenomenon was demonstrated by means of pre-
servation of characteristic X-ray reflections of kaolinite and by displace-
ment of OH—O bands towards lower v em~! in its infrared absorption
spectrum. Such an easy OH—OD substitution is due, most probably, to

high mobility of H* ions, being responsible for deprotonization of kaolinite
during mica formation.

All the above data indicate that the transformation in question repre-
sents a reaction in solid state, during which structural fragments of initial
substance are preserved. This conclusion is confirmed by electron micro-
scopic study, indicating preservation of kaolinitic hexagonal forms in the
stage when their marginal parts display diffuse spots and rings of inter-
mediate beidellite-like phase (Frank-Kamenetsky et al. 1968, 1972b, 1973c).
The problem consists in determining the sizes of these structural frag-
ments. Special investigations of kaolin minerals displaying similar compo-
sition but different structures (Tab. 1) have shown that in KCl medium
(Py,0 = 1000 kG/cm?, T = 400—500°C) 1T. kaolinite and 2M, metahaloi-
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Table I
Chemical composition of clay minerals used in experiments
Diocta-
2 Metaha- T hedral e
Kaolinite | ;50 | Dickite | ) nre Fe- | Palygor- 1?1
(Prosya- ; (Turom- ) ; ite
; i (Micha- {hsk) -montmo- skite s
Oxides novsk, lovice, 1§FSSR rillonite (Pamir) TR
e CSRS) (Askansk,
Georgia)
il 2 3 4 ’ 5 6

Si0, 46.15 44.76 44,15 50.92 56.12 60.81

Tio; 0.58 n.d. traces n.d. n.d. n.d.

Al,O4 36.53 36.13 39.87 17.19 11.62 5.45

Fe,04 0.67 1.20 0.31 2.80 3.48 2.62

MgO 0.28 0.07 0.10 4.10 9.06 16.54

CaO . 0.97 0.66 0.57 2.60 0.14 0.77
Na,O | 0.13 0.13 0.02 0.72 n.d. n.d. 1
K,O 0.34 0.06 0.09 0.86 nd. nd. |
P,O0; nd. n.d. 0.08 n.d. n.d. nd. |
5 |
H,0 6200 n.d. n.d. n.d. n.d. — 1.85 |
H,0 4900 n.d. n.d. n.d. n.d. 12.00 peey
1O e n.d. n.d. n.d. nd. S 336 |
H,0 550400 n.d. n.d. n.d. n.d. 2.00 — |
2% 250—400° ‘
H,0 9500 n.d. n.d. n.d. n.d. 6.00 790 |
Ho©05 0.91 2.31 0.08 13.00 n.d. n.g. \
105° ‘
Ign. loss. 13.81 14.75 14.70 7.62 n.d. n.d. |
T = i STRERRE T R e T R e e : 0 |
Sum 100.37 100.07 99.97 99.81 100.42 99.3 & ‘
ArTalysts: M) e Potmtomirova, 4 — Gurova (Chem. Lab. Inst. Earth

Crust, Leningrad University), 5, 6 — Garshenina (Chem. Lab. Geol. Inst. Tadzhikistan).

1 i ificati f mica. On the other
te are generally transformed into 1M rpodlflcatlon 0 : !

}S)lal%ld 21\%11 dicki:{e changes into 2M; mica an_d 2M, ne_{crlte — mt‘od2(1)v£2t
modi’fication of mica. Identification of synthet}c 2M, mica was carrie

by Soboleva and Zvyagin using electronographic method.

i 1 i tural similarity of initial
These conclusions concerning spa(nal' struc
minerals and new-formed phases clearly 1n<.ilcate‘that most prqbably, the
sizes of structural fragments, participating in solid phase react_lonfs utncmS
consideration are such as to facilitate inher1tancet.of p(;lytygcstficltlé;
i i 1 i 1 The formation of mi e
of kaolin minerals in resulting micas. . : i e
i iate i ite-li hase is presented schematically
through intermediate beidellite-like p _ SRERA AR
i i _sheet composite layers into thr .
Figure 2. Transformation of two-sb 0 S
1 i ini ‘ f the formers consists 1n 11
ones with possibly minimal destruction o ! Bl
d AlI—OH bonds and in su
of some part of Al from decompose [ bon . Pk e
1 i 1 of some silica in water vapour phast
of Si by Al, accompanied by remova ‘ BB B
i tion of phases, being non-tr .
i dsunaadathal B0 S 1M modification of potassium
is due just to these elements. In fact, M m ( SSiL
?r?itcl;re%c;im?rfgl as admixture during synthesis from nacrite and dickite,
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Fig. 2. A scheme of subsequent
structural transformations of kao-
linite into mica in Na, K-chloride
hydrothermal environment
a — kaolinite, b — intermediate bei-
dellite-like phase, ¢ — partly ordered
mixed-layer mica-montmorillonite
phase, d — mica, resulted from re~
moval of Al, Si-bearing matter in
vapour phase, e — mica of transfor-
mational origin resulted from solid
phase transformation of partly orde-
red mixed-layer phase, 1 — Si—O-te-
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should rather be assigned to non-transitional substances. Similar is the
case with andalusite-like phase and boemite observed in our experiments
as intermediate products during synthesis of paragonite in the system:
kaolin minerals + NaCl + H,O. However, the majority of paragonite
formed in this system is rather of transformational origin. It is formed
tl_lrough intermediate stage of mixed-layer partly ordered mica-montmo-
rillonite phase whereby final products, similarly to potassium micas, are
inheriting polytypic modifications of initial minerals. :

MIXED-LAYER PHASES AS INTERMEDIATE PRODUCTS IN
STRUCTURAL TRANSFORMATIONS OF LAYER SILICATES

As follows from author’s experiments, structural reconstituti
kaolin minerals in hydrothermal environment proceeds withot?ts ttl}ggitio(;rr?—f
ple‘ge decomposition into ions or atoms. Thus, we may suppose that alter-
native variants of such solid phase transformations are limited

The first variant admits disordered replacement of Si by Al accordin
to beldell{te—llke structure during formation of three-sheet com osit%
layers, wb1lst. the second variant — ordering of the layer structure Z

Examination of the process of formation of mixed-layer phas.es is of
essential importance for correct interpretation of structural mechanism
of transformatlon of initial layer and pseudolayer minerals. As follows
from experimental data (Fig. 1), there are two most probable topological
schemes of structural reconstitution of kaolin minerals which cag k?
applied for their transformation into other layer phases. Their t éld -
pends on the qature of chemical agents introduced into h.ydrother>r’r113a1 i
stem. If potgssmm or sodium chloride solutions are used, there appear ts}}ll_
above me‘ntloned partly ordered mica-montmorillonite m’ixed—la 211? h -
whereas in the presence of Ca and Mg chlorides — the ordere}(’i or?e asIes
the latter case, there are forming mineral phases displaing ordered s1 ln
alternation of unswelling and swelling (montmorillonite-type) layers( ((fa2
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-rectorite) or of chlorite and montmorillonite type (Mg-tosudite). It was
observed that the trend of local transformation of kaolin minerals in hy-
drothermal conditions is ordering in character. During these processes, Ca
and Mg cations surrounded by hydrate shells (displaying high hydration
energies) are the best fixing agents of such ordered transformed structu-
res. On the other hand, the presence of entirely mobile K and Na ions
(showing low hydration energies) results in the formation of only partly
ordered mixed-layer mica-montmorillonite phases. This conclusion was
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Fig. 3. Schematic presentation of the sequence of structural transformations of paly-
gorskite in hydrothermal KCl-bearing solutions
a — initial palygorskite, b — new-formed trioctahedral montmorillonite, ¢ — dioctahedral mont-
morillonite, d — K-mica, 1 — Si—O-tetrahedra, 2 — (Si, Al)—O-tetrahedra, 3 — dioctahedra,
4 — trioctahedra, 5 — potassium, 6 — exchange cations ‘and water molecules

confirmed by simple experiments (Frank-Kamenetsky, Kotov, Goilo, Shi-
tov 1970a). Thus, e.g., from artificially disordered kaolinite and dickite,
powdered in agate mortar and treated at iR = likbariand /1 = 400°C
for 22 hours with CaCl,, Ca-montmorillonite instead of rectorite was ob-
tained. As follows from Figure 1, no rectorite and tosudite are formed
from palygorskite. Layer-ribbon structure of this mineral, when treated
with CaCl, solutions, decomposed into tri- and dioctahedral montmorillo-
nites and rectorite could form from the latter one (Fig. 3). However, du-
ring such decomposition of palygorskite structure into two of montmorillo-
nite type, there is rather no possibility for any ordered distribution of Si
and Al in layers of new-formed three-sheet structure. Therefore, no for-
mation of rectorite was observed. Very interesting results were obtained
during attempts to transform natural beidellite into rectorite. It was ob-
served (Koldayev et al. 1974) that the former mineral, examined by means
of Green-Kelly’s method, and containing both octahedral and tetrahedral
aluminium, forms selectively from plagioclase in weathering crust of gab-
broid rocks. Consequently, it is difficult to expect in this mineral any
ordered distribution of Si and Al In the presence of calcium chloride,
hydrothermal synthesis of rectorite from this beidellite proceeds much
more difficult than from kaoline minerals *. As follows from these data,
we have to distinguish ordered beidellites (formed after k.aoli.nite') and
disordered ones (originated from plagioclase), differing in distribution of
Al in (Si, Al)—O sheets of adjacent layers.

* Obviously, it was not possible to obtain pure beidellite samples (formed after

plagioclase) by means of elutriation method only.
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STRUCTURAL RELATIONS OF KAOLIN MINERALS
AND SYNTHETIC (Al Mg)-SERPENTINES

(Al, Mg)-serpentines were synthetized in the system .kaolinite e
+ MgCO; + H,O at T o© 150—200°C i.e. similarly as micas (Fig. 1) X-ray
diffraction patterns of disordered (as regards the ab plan(_e) kaolinite and
synthetic (Al, Mg)-serpentine were found to be very similar. So e.g. we
observe close position of basal reflections (7.14, 8.56 A etc.) and characte-
ristic asymmetry of diffraction peak 020. This is connected with similar
structural patterns of both minerals. On the other hand, contrary to dioc-
tahedral kaolinite with its dgs = 1,486 A, (Al, Mg-serpentine displays)
dosy — 1-p337A; typical  of trioctahedral layer silicates, though these both
minerals are two-sheet in character. Moreover, the lattice of Al, Mg-ser-
pentine contains both tetrahedral and octahedral aluminium (Nelson and
Roy, 1958). The latter is important for proper understanding of the nature
of structural transformation of kaolin minerals into (Al, Mg)-serpentines.
In our experiments on kaolinite with various amounts of magnesium car-
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D A — dickite, B — nacrite, C and D — new
formed Al, Mg-serpentines, showing the same
3 W“A!Av VAVAVAV orientation of octahedra in adjacent layers
2 “‘ as in initial minerals, 1 — Si—O-tetrahedra,
By —’ 2 — (Si, Al)—O-tetrahedra, 3 — Al—OH octa-
vAv‘v‘v v‘v‘v‘v hedra, 4 — (Al, Mg)-octahedra
[o/°/°/ (/][]
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bonate added we never observed any free silica which would liberate
during substitution of Si by Al in tetrahedral position. Besides, no alumi-
nium phases were found that could result from Si-Al octahedral substi-
tutions. Since trioctahedral nature of (Al, Mg)-serpentines is unquestion-
able, we have to accept some kind of ,,opening” of kaolinite octahedra
during the synthesis in question with liberation of alumina. However, it
is not clear either there is any simultaneous opening of Si-O tetrahedra
in kaolinite to enable Al-Si substitution or the process consists in addition
of new Al tetrahedra to the initial Si ones. In order to trace the course
of eventual decomposition of kaolinite structure, additional experiments
with kaolinite, dickite, metahaloisite and nacrite were -carried out
at PHzo = 1 kbar, T = 450°C and t = 24 hrs with magnesium carbonate.
The following polytypes of (Al, Mg)-serpentines were i g

1T, — kaolinite — 1M (3T) modification, 2) from 2M, mgtk;t}?;?;iit;)_ﬁfﬁ
(3T) or 2M, one, and 3) from 2M, dickite and 2M, nacrite — a mixture
of 2H and 6T modifications. Consequently, during transformations of

10

dioctahedral structures into trioctahedral ones, there were preserved both
mutual orientation of layers (particularly of octahedral ones) and relative
displacement of the projections of ac plane. Dioctahedral structures of
kaolinite ¢,7_0,... metahaloisite ;31403193 and dickite 6;t1+057-0;... (Zvyagin,
1962), displaying the same orientation of octahedral layers of adjacent
sheets with T component (along @ axis) = 0, are transformed into their
trioctahedral analogue of structural type B (Zvyagin et al., 1965). The
latter is characterized by the same orientation of octahedral layers and
displacement (translation) t component along a axis equal to’0. Conse-
quently, nacrite 01760,730;..., showing opposite orientation of octahedral
sheets in adjacent layers and total T component along @ axis for two layers
equal to zero, is transformed into (Al, Mg)-serpentine modification dis-
playing minimal orthogonal two-layer periods of D structural type (Fig. 4).
These data indicate that, similarly is an the case of mica formation, during
synthesis of (Al, Mg)-serpentines the structure of initial kaolin minerals
does not decompose completely into individual ions or atoms but is in-
herited in spatial distribution of elements. It is, thus, concluded that struc-
tural inheritance is possible during phase transformations of layer silicates
under hydrothermal conditions not only within dioctahedral group (as
observed by Velde, 1965) but also between di- and trioctahedral modifi-
cations.

STRUCTURAL TRANSFORMATIONS OF LAYER SILICATES
IN THE PRESENCE OF CaMg(CO;), AND WATER

Investigations on the influence of dolomite admixture in hydrothermal
transformation of kaolinite is very important because of the possibility of
tracing the character of phase transformations in the presence of both
calcium and magnesium ions. As follows from the results of X-ray exa-
mination of products of these experiments (Fig. 1), dolomiterat P o =
— 1 kbar is unstable in the system studied already at T oo 1502 C It des
composes into Mg2+, Ca?* and CaCOs (containing some isomorphic ad-
mixture of MgCO;). The obtained products consists of the following
phases: Al-montmorillonite, Al, Mg-serpentine, rectorite, tosudite-like
phase etc. Structural transformations in comparatively simple systems
containing calcium and magnesium chlorides (A) as well as more complex
dolomite-bearing one (B) are presented in Figure 5. As follows from ex-
perimental data, the reaction of rectorite formation (with calcium)
proceeds more rapidly than that of Al, Mg-serpentine one (with magne-
sium). Consequently, the first process consists in stabilization of polar
three-sheet structure by Ca which is subsequently transformed into
ordered mixed-layer rectorite structure. Under these conditions, the syn-
thesis of Al, Mg-serpentine does not proceed below 150°C. When dolomite
concentration in the system increases, the amount of Mg in gaseous phase
is so high that tosudite-like phase is formed as the lowest temperature
stabilization product of beidellite-like phase (Fig. 1) instead of rectorite
one. The formation of Al, Mg-serpentine is again of secondary importance.
Another specific feature of these transformations in simple (wi_th calcium
chloride) and more complex systems (with dolomite) consists in the for-
mation of one-layer hexagonal analogue of anorthite in the former case
and of its .common triclinic modification in the latter. In the system kao-
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linite-CaCl,-H,0, the synthesis of hexagonal variety of anorthite belongs
to transformation process with structural inheritance. Comparison of
structural scheme of kaolinite and layer anorthite (Fig. 5A) clearly indi-
cates that transformation of the former into latter is not a complicated
process (Frank-Kamenetsky, Kotov, Goilo, Shitov 1970a). On the other
hand, transformation of Al, Mg-serpentine into layer anorthite would be
much more complicated since in this case it would be necessary to remove
Mg ions from octahedral positions of the former mineral. It is supposed
that this is just the reason of formation of triclinic anorthite instead of
its layer modification in the system kaolinite-dolomite-water.
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A — transformation scheme of kaolinite i

: te in the presence of i

P S of Ca and Mg chlorides, —_

T ey recmrx;:lext’\;’;e; tsozurgi:) [5) 15”0 f phases: Ka — kaolinite, Bd — Bbeid:li?tesflx‘:;z
» €, An" — hexagonal modification of anorthite, An — triclinic

anorthite, (Al, Mg)- — i
( g)-serp (Al, Mg)-serpentine (7 A), Chl — chlorite (14 A). Explanation of
bols 1—6 see Figure 2 it
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SPECIFIC FEATURES OF STRUCTURAL TRANSFORMATIONS
OF LAYER-RIBBON SILICATES AND OF DIOCTAHEDRAL
Al, Mg, Fe-MONTMORILLONITES

The nature of structural transformations of these widespread phases
was discussed in detail by the present authors in earlier papers (Frank-
-Kamenetsky et al. 1969b, 1970d, 1971, 1972a, 1972¢, 1973c; Kotov, Shitov
1971). Consequently, only some essential data concerning this problem
will be presented here.

As regards sepiolite and palygorskite, their common structural pattern
consists in ribbon arrangement of layers of talc and montmorillonite type.
However, these minerals differ considerably in chemical composition
(Tab. 1). The former contains nearly no alumina whilst the latter is che-
mically close to Al, Mg, Fe-montmorillonite. Experiments under stress
pressure and room temperature have shown that weak parts of structure
of these both minerals are O-Si-O bridge bonds, combining layers into
ribbons. These bonds were found to be the least stable under hydrothermal
conditions. In this case, fragments of structure of talc type in sepiolite are
combining into layers of Mg-montmorillonite which in turn, after loosing
water and interlayer cations, is transformed into talc. Similar transforma-
tions are observed in palygorskite (Fig. 3) but the presence of Al, Mg and
Fe in octahedral sites of this mineral results in the formation of di- and
trioctahedral montmorillonites. The course of further processes depends
on cationic composition of the environment (Fig. 1). Limited possibility of
3Mg < 2Al substitutions in dioctahedral Al, Mg, Fe-montmorillonite of
the ”Ascangel” type resulted in its decomposition into two montmorillo-
nites — dioctahedral aluminic and trioctahedral Mg-Fe one, behaving
similarly under hydrothermal conditions.

THERMODYNAMIC MODELS

As follows from the above data, experiments with short expositions
were quite sufficient and in some cases even necessary for determining
the regularities in structural transformations of layer silicates. However,
the results of these experiments, including the obtained data on metas-
table intermediate phases (as presented e.g. in Figure 1) are not sufficient
to be described in terms of simple thermodynamic models which are con-
venient for interpretation of natural processes. In fact, the duration of
natural post-diagenetic processes corresponds e.g. to millions of years and
for their correct presentation it would be necessary to eliminate kinetic
tactors, time etc. It is obvious that we cannot carry out these experiments
for several years to get reversible equilibrium conditions. Therefore, we
tried to calculate equilibrium thermodynamic data for some comparatively
simple reactions, in order to find minimal values of P-T-X parameters
necessary for them to proceed. It is quite comprehensible that the know-
ledge of minimal values of these parameters is necessary to indicate
natural conditions under which such processes (of the same type as the
modelled ones) could proceed, providing there is enough time for them
to develop. The importance of experimental data (Fig. 1) for such calqula—
tions consists in the fact that so we can find which are the real reactions,
contrary to those numerous Ones which could proceed but in theory.

13




METHODS OF CALCULATIONS
OF THERMODYNAMIC MODELS

As follows from experimental data (Fig. 1), all the reactions studied
can be assigned to two essential types:
1. purely dehydration reactions:
A =B + H,O
and
2. dehydration-ionic ones:

C + H,O0 =D + I* + (OH)~
where: A, B, C, D — solid phases,
I+ — ions in gaseous phase.

Gibbs-Korzinsky phase rule for reactions of the first type can be ex-
pressed as follows:

= Ko 1 (TF PH?O) == ]
Tlean —=rKanni 2= O,
and for the second type (if one ion participates in the process):
ni=aie . (T L Poos = Ori)iss @
feiint=— K5 +.3 =

where: m — number of independently variable degrees of freedom,
Kin. — number of independent inert components,
¢ — number of phases.

Application of phase rule in calculations allows for better under-
standing of the topology of systems in question, to find metastable phases
etc.

Thermodynamic calculations of reactions of the first type were carried
out according to the equation:

b P‘
AZHia s Sl liOVe - Ean‘)Pl}/41.293 o [ e
where: V$, ~— molar volumes of final solid phases,
V3, — molar volumes of initial solid phases.

Numerical values of the last integral term of this equation were taken
from tables. By means of these equation it was possible to deduce mono-
variant curves if there were corresponding convenient P, —T,; parameters
at least for one point. This is important if no exact data for Z;  of the
phases in question are available. The value of P, in any subsequﬁlt point
of monovariant curve for T, was computed by means of the following

equation:
AZLe o o {(EV;in'~ Sk Pz}/41.293 + 4575 T°K 1g P, = 0

Calculations were carried out by means of methods used by other

authors (Nikolayev, Dolivo-Dobrovolsky 1961, I
L ot y , Ivanov 1970, Fonarev 1967,

When computing thermodynamical data for reactions of dehydration-
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-ionic type, in which PH20 pressure was exceeding 1000 kG/cm?, following
values were calculated for each phase:

DZT = N7 11 (2Vf{é°"s — S35 1905) Py ags;

fin. in.?

Py
JV g0 dB
g

The sum of these values determines ZTP:, allowing to use the following
equation:

Z7u 5 RE(nars = Indon = In aH:O) =0
Sincedln@crs = In Ky = In ap s lnia 0

e 3
where: K, = ag+ aOH—/aH_:O,

Table 2

Some dehydration reactions of layer and pseudolayer silicates

Initial
Non-va- conditions
riant for calculation
Reactions point of equilibria * Remarks
: SHaND D s | il D U
‘; gure 6 | T°C Pugo
| kG/cm? \
0.86 P1 + H,O = 1.12di-M + after Mumpton
+ 0.4 tri-M + 0.84 Q 200 1400 | and Roy (1958)
2.9 Sep + 3 H,0 = 3Mg-M + 28Q 200 1400
3Mg-M = 29T + 04 Q + 0.4 H,O 5 245 1000 | after Ames
‘i and Sand (1958)
3Sep +2H,0=8T +4Q — - [ —
| 0.4 Sep + 28T + 0.8 H,0 =
= 4 Mg-M = — [ =
10 Di-M = Chl + 65 Py + 11Q + | after Mumpton
£+ 2°H;0 350 1400 | and Roy (1958) |
355 2000 | Authors data ‘
‘ 5.8 di-M = tri-M + 4.3 Py + } ‘
+21Q + 1.8 H;O 350 1000 | |
11 tri-M + 33.65 Py + 15.6 H,O = B \ I
— 428 di-M + 2.1 Chl it e by
| 10 tri-M + 5.3 Py + 6.4 H,O = ‘
= 58Chl + 428Q — — —
| 5.3di-M + 6.5 tri-M + 3.1 H,O = |
| =43Chl+3365Q — { = = ‘

* These data are used for calculations of equilibria (Fig. 6) by means of experimentally
determined points on monovariant curve (Ivanov, Gusynin, 1970). Symbols oi phases: Pl — paly-
gorskite, di-M — dioctahedral montmorillonite, tri-M — trioctahedral montmorillonite, Mg-M —
magnesian montmorillonite, Q — quartz, T '— talc, Sep — sepiolite, Chl — chlorite, Py — Dpyro-
phyllite.
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Termochemical constants

—AZ g and —AZT  cal/mol

|
Compound < TSRS
| 298 ‘ 373 l 473 | 573
Q — SiO, 204 644 | 203 652 i 202 220 200 493
i i
Ka — Aly(Si;0;5)(OH) { 901400 | 897226 | 890153 881 581
Na-Bd — Nay, ssAls(Aly 35Sis.67050) (OH)s 11282900 |1277406 |1 268 389 |1 257 769
Par — NaAly(AlSigOy,) (OH), 1327400 11321682 |1312066 '1300 458
| Ab — NaAlSi;O; ‘ 884580 | 880365 | 873445 | 865219
Py — AlLy(Si O49)(OH), {1260 000 1254595 |1 245 563 |1 235 896
EE AN 376 770 S = \’ e

Dp — HAIO, i
And — ALSiO; &
Sep — Mgg(Si;20s) (OH)4 | e
Pl — Mg,Al,y(SigOs) (OH), == = — —
di-M — Hg ;Al; ;Mgg.5(SigOyq9) (OH), — S s, b
tri-Chl — Mg;Al(AlSi;O;0)(OH); i

|

H,O g5 54 635 = = =
Ic{);?_hq 56 687 | 53834 | 50198 | 46690
A 37594 | 32920 | 25580 | 16820
62670 | 64040 | 65880 | 67110

et 5 : S R L S
foﬁo vé;la expression for computing dehydration-ionic equilibria is as

—Z Ty Pi= 2 3°1.98 T°K [lg (ar+/ex+) + 1g Ky
The values of K,, are actually well known (Holza

When computing [1*] values, the activity coefficie(nts ofri)(f)(;ls, (I\(‘(§avr\711e{religfr51).
sidered to be equal to 1. AV*™ at elevated P—T parameters were al 5
taken 1.nto.account. All these simplification did not introduce any ess t's?
errors in final results of calculations for moderate temperature Zondiet?o -

The same refers to computations of some thermochemical constants carr'nsci
out by means of approximation methods (Ivanov, Gusynin 1970, Fon =

19(57, Karpov et al. 1971, Landiya 1962). The constants used i ’ o
lations are presented in Table 3. S

DEHYDRATION MODEL

Initial data used for computing this mod
‘ ) el are presented i
%?gufeagfntt;is r(ﬁlults H‘lc Flgur;:- 6. Apart from morlfoxrariarel(t;i é{llr'g:;b li;ii
' e contours of P—T parameters of field :
late katagenesis, as well as that of metagenesis after Logxfir?(fnle{?)ﬂ(}{;ég;i

16

Table 3
of minerals and ions
v < Cp =a:= 0T — cT=t
el S 998 References
a b-103 cis 10>
22.0 10.0 11.22 8.2 2.5 Karpov et al. (1968)
Nikolayev, Dolivo-Dobrovolsky
(1961)
99.0 48.53 57.47 35.30 7.87 Ivanov (1970)
133.7 64.9 67.00 18.71 1.28 Authors data
134.0 67.0 90.57 26.82 20.36 Chatterjee (1970), Karpov et al.
(1971), Ivanov, Gusynin (1970)
101.0 50.2 61.70 13.90 15.01 Ivanov (1970)
130.3 63.3 75.63 24.87 8.56 Fonarev (1967)
25.6 12.18 22.08 8.97 5.23 Karpov et al. (1968)
17.8 8.43 10.43 7.6 —
516 | 2228 | 4122 624 | 1212 Ivanov (1970)
437 168 193.2 45.17 7.65 Authors data, Christ et al. (1973)
266 114.5 116.18 59.97 7.92
132 64.16 51.6 27:91 9.54 ‘ Authors data
171.4 96.0 119.7 25.26 9.55
18.1 45.11 T:1% 2.56 0.08 Nikolayev, Dolivo-Dobrovolsky
18.1 — = — — (1961), Naumov et al. (1971)
__‘:; s 5 L A } Naumov et al. (1971)

Detailed discussion of the data presented in Figure 6 is contained in other
papers (Kotov 1973, 1974). Therefore, we have to emphasize here merely
that upper temperature stability limits of the most important clay mi-
nerals — kaolinite, montmorillonoides and layer-ribbon silicates — cor-
respond, according to these model, to very high temperatures. As follows
from Figure 6, kaolinite + Si0O, as well as common di- and trioctahedral
montmorillonoids should occur within all the range of P,; o — T conditions
of kata- and metagenesis. Their disappearance is expected but during
greenschist metamorphism. However, according to field observations, these
minerals are usually not preserved even during catagenesis and their
occurrence in rocks of greenschists facies is extremely rare. Since there
are no arguments for considering monovariant curves (Fig. 6) to be less
correct than +30°C (otherwise we had to admit serious errors in com-
puting thermodynamical constants of such well examined minerals as
kaolinite, pyrophyllite, quartz etc.) we have to postulate rather limited
possibility of applying dehydration model for interpretation of common
natural processes. Consequently, we have to conclude that not only
I el but, to large extent, also some other factors determine the trend

of natural post-diagenetic processes.

&
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Pl= di-M+tri-M+ Q

4 Sep=Mg-M +C!/ ?
=)
/ >3

/
Pl N TQ‘M
RAVAVAY
D

-'\\o @

Puy0 kbar

Fig. 6. Py o — T diagram showing phase relationships of clay minerals during their
5 dehydration (dehydration model)
A, B — non-variant points: a — PH O—T-fields of early catagenesis, b — ditto for late diage-
nesis, ¢ — for metagenesis (after Logvinenko, 1968). Symbols of phases: Pl — palygor-
skite, di—M — dioctahedral montmorillonite, tri—M — trioctahedral montmorillonite, Mg—M —
magnesian montmorillonite, Sep — sepiolite, Q — quartz, Ka — kaolinite, Py — pyrophyllite,
D — diaspore, Chl — chlorite, T — tale. Structura 1l fragments: 1 — Si—O tetrahedra,
2 — octahedra of dioctahedral structures, 3 — octahedra of trioctahedral ones, 4 — exchange
cations and water molecules

DEHYDRATION-IONIC MODEL

Qulitative arguments of the above statement result clearly from Fi-
gure 1, showing decrease of stability fields of clay minerals in various
chemically different hydrothermal environments, resembling the natural
ones. It was interesting to obtain quantitative data, based on precise
thermodynamical parameters, for the systems presented qualitatively in
Figure 1. So e.g. quantitative calculations for the system K,0 — Al,0; —
Si0, — H,O are presented by Zharikov et al. (1972). Moreover, valuable
experimental and theoretical quantitative data for K, Na-bearing systems
were reported by Ivanov and Gusynin (1970), Ivanov (1970) and by Hemley
and Jones (1964). The present authors attempted to examine in detail
relatively low-temperature equilibria in the system Na,0 — Al,O0; —
Si0, — H,0, first of all under stability conditions of clay minerals. This
problem was discussed more in detail by Kotov (1973, 1974). The quanti-
tative data obtained are presented in generalized form in block-diagram
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P”lokbar
5 \
\
7 4 }
HO \
3 \
2000 \
Ll { f
L Y,
Smm/z%
0 [200 400c O
b
1500
3
2 Vs
B 2
1000 @3
D 4
el
Aaie
JHgT PHZO—-T—lg(an/aHJ,) — diagram showing dehydration-ionic phase rela-

tionships of silicates under hydrothermal conditions
a — general block diagram, b — fragment of diagram showing decrease of Al-montmorillonite
field with increase of pressure. A — field of early katagenesis, B — field of late katagenesis,
C — field of metagenesis (after Logvinenko, 1968). P hases: Par — paragonite, Ab — albite,
Bd — Al-montmorillonite (in particular — beidellite-like phase). Other symbols as in Figure 6.
Structural fragments: 1 — Si—O tetrahedra, 2 — octahedra, 3 — interlayer cations, 4 —
exchange cations and water molecules, 5 — field of Al-montmorillonite, 6 — approximate limits
of conditions of post-diagenetic alterations of rocks (after Logvinenko, 1968)

(Fig. 7a). As follows from these data, the association kaolinite + silica is
really stable up to comparatively high temperatures (T o 325°C) if NaCl
concentrations (more precisely — the values of 1g (anat/ag+) are low.
However, if the value of this logarithm exceeds approximately 2.3
(at P, = 2kbar) the temperature range of stability of this association
considerably decreases. This is due to appearance of Na, Al-montmorillo-
nite (more precisely — of Na-beidellitic phase) observed in some experi-
ments (Fig. 1). Moreover, careful inspection of Figure 7a indicates that
the increase of 1g (ana+/an+) value results in decrease of thermal stability
range of Na, Al-montmorillonite which decomposes into albite or
paragonite + albite. Figure 7b illustrates general decrease of stability
field of this montmorillonite with increasing Py ,. Definite mechanism
of structural transformation of the above mentioned phases can be
deduced by means of earlier discussed structural-crystallochemical cri-
teria. On the other hand, thermodynamic data allow to find real values
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and variations of P, T, a;+ and pH parameters, being the factors used for
comparison of model and natural processes.

Further elaboration of dehydration-ionic model for systems .of more
complex compositions and conditions, corresponding to katagenetic and

metagenetic processes (where porosity of rocks is up to 10—15% and the’

pores are filled with mineralized solutions) as well as those of hydro-
thern_lal metamorphism, will result in closer convergence of crystallo-
chemical and thermodynamic methods of examination of these processes.

CONCLUSIONS

1. Stability fields of phases obtained from kaolinite, dioctahedral Al,
Mg, .F'e—montmorlllomto, sepiolite and palygorskite under hydrothermal
conditions at Py , = 1kbar and T = 200—500°C in the presence of Na,

K, Ca and Mg chlorides, sulphates and carbonates were determined by
means of experiments with 1—3 day expositions.

e S.tructural transformations of kaolin minerals and montmorillonoids
into micas (with KCl and NaCl) and serpentines (with MgCO, and
CaMg(COa)z); those of sepiolite /into tale (in K, Na and Mg chloride solu-
tlo'ns) as well as of palygorskite into di- and tri-octahedral montmorillo-
nplds (with K, Na, and Ca chlorides) were examined using X-ray, micro-
diffractometric, electron microscopic and infrared absorption spectroscopic
methods.

S Transformation of initial layer and layer-ribbon silicates proceeds
in stages. The appearance of intermediate beidellite, partly ordered mica-
—mgntmorillonito and chlorite-montmorillonite, Al, Mg-serpentines
umgxg] hexagonal modification of amorthite, Mg-montmorillonite (aftex,'
sepiolite) apd of other phases was observed. It was shown that stability
range of mxxed-layex‘ compounds is very typical for intermediate stages
gf atltC{I“:lltal'on }p;rocess of initia% layer and pseudolayer phases into final pro-

ucts. This phenomenon is closely related wi i roce

structural changes of layer silicateys. e

4. A characteristic feature of transformation is the inheritance of

structural pattern of initial minerals by the new-formed ones. H
) . . Howeve

contrary to topotaxical solid phase reactions, transformation processcgve:rreY
c'}naractcrlzc;d_ not only by structural inheritance in solid phase (preserva-
tion of .mdlvxdual layers or of their spatial configurations) but also by
synthesis of new compounds in vapour phase at the expense of this part
of altered substance which, because of structural limitations, cannot par-
ticipate in solid phase transformations (e.g. fide Fig. 2). Y

5. The obtained experimental data are valuable for int i

. . . . er t
gef}mtc reactions betgveen clay minerals. In general, such reactpizgs?tcf:ngtf

e foreseen a priori because of complicated i- iti

' el ) ed multi-component composition

6. Dehydration and dehydration-ionic models of hyd
. rotherme &
tion processes of layer and pseudolayer silicates are d?scluosse?imll’d—l'l‘t—lg(—?ril
parameters of some experimentally checked reactions were C(‘)mputedpl))
means of ?hermodynamlc methods. Such procedure allows to overpass thze,
limits which are due to the influence of kinetics, time and other fact
on their correct interpretation. ’ e
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7. This approach is very important in application of experimental data
for interpretation of post-diagenetic, hydrothermal metasomatic and con-
tact-metamorphic alterations of minerals. Dehydration-ionic model was
found to be more suitable since, when compared with dehydration one
(based on Py, , and T parameters only), it also takes into account the role

of pH and activities of ions in water solutions operating during reactions
under consideration.
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W. A. FRANK-KAMENETSKY, N. W. KOTOV, E. A. GOILO

KRYSTALOCHEMIA I TERMODYNAMIKA TRANSFORMACJI
STRUKTURALNYCH NIEKTORYCH KRZEMIANOW
WARSTWOWYCH W WARUNKACH HYDROTERMALNYCH

Streszczenie

W pracy przedstawiono i omoéwiono wyniki badan doswiadczalnych
nad transformacja niektérych krzemianow warstwowych w warunkach
hydrotermalnych. e

2 Wyznaczono pola trwalosci faz otrzymanych 7 kaollpltu, Al, Mg, Ee—
—montmorillonitu dioktaedrycznego, sepiolitu i patygorskitu przy Puo = 1
han == 200—-500°C w roztworach chlorkéw, siarczanow 1 weglanow
K, Na, Ca i Mg, przy ekspozycji 1—3 doby. ; :

Metodamigrgntgenowskimi, mikrodyfraktometrycznymi, elektronomi-

il i w podczerwieni zbadano przebieg
kroskopowyml 1 spektroskopowym P San I

macji strukturalnych mineratow grupy r
giatﬂsss? Iixydrg)miki (w obecr};oéci KCli NaCI) iw sgrpentyny (z MgQOli i glo—_
lomitem), sepiolitu w talk (w $rodowisku chlorkow 154 Na. (_}1 Mg), ];1 rg\éa\::i
niez palygorskitu w di- i trioktaedryczne montmorillonitoidy (w obecn

6 Na i Ca).
Chl?xﬁ%ﬁfﬁmacja lzrzemianéw warsi_:wowych i warstwowo-ws?engycilz
przebiega przez rézne stadia posrednie. W prodpktas:h prge.o‘;)raz%nlfad erﬁi-
neratéw grupy kaolinitu stwierdzono powstawanie pos'redmej azky tgl =
towej, czeSciowo uporzqdkowanych przerostow rmeszano—tga ie il‘:z)ywo—,
mikowo—montmorillonitoidowych, uporzqdkowan.ych_pr.zeros o}\;v (rgl ey
_montmorillonitoidowych i chlorytowo-mpntmoml.lon11.:_o1dow¥ct, 8 ,O Sge_
—serpentynow, heksagonalnej warstwowe] modyfikacji anortytu, a p
piolicie — Mg-montmorillonitu iin.
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Charakterystyczna cecha transformacji jest dziedziczenie przez nowo-
powstale fazy cech mineratow wyjsciowych. W przeciwienstwie jednak do
topotaktycznych reakcji w fazie stalej, procesy transformacji przebiegaja
nie tylko z zachowaniem poszczegbdlnych pakietow i ich przestrzennego
ulozenia, lecz réwniez zachodzi synteza nowych zwigzkow w fazie gazowej.
Odbywa sie to kosztem tej czesci hydrotermalnie zmienionego substratu,
ktéra ze wzgledow krystalochemicznych nie moze uczestniczy¢ w trans-
formacji fazy statej.

Omoéwiono dwa modele procesu przemiany hydrotermalnej krzemianow
warstwowych i pseudowarstwowych: dehydratacyjny i dehydratacyjno-
-jonowy. Metodami termodynamicznymi obliczono parametry P-T-X-pH
kilku zbadanych do$wiadczalnie reakcjit Podej$cie termodynamiczne ma
istotne znaczenie w zastosowaniu do interpretacji doswiadczalnie stwier-
dzonych przemian mineraléw: postdiagenetycznych, hydrotermalno-meta-
somatycznych i kontaktowo-metamorficznych. Stwierdzono wigkszg ade-
kwatnos¢ modelu dehydratacyjno-jonowego w poréwnaniu z dehydrata-
cyjnym, jako ze poza ci$nieniem pary wodnej i temperaturg uwzglednia
on réwniez pH i aktywnos¢ jonow w roztworach wodnych, biorgcych
udzial w omawianych reakcjach.

OBJASNIENIA FIGUR

Fig. 1. Transformacje kaolinitu (A), dioktaedrycznego (Al, Mg, Fe)-montmorillonitu
(B), palygor_skitu (C) i sepiolitu (D) w roztworach hydrotermalnych zawierajg-
cych chlorki, siarczany i weglany K, Na, Ca i Mg (Py o = 1000 kG/cm2, T =
= 200—500°C, t = 1—3 doby) : ’

; (szczegblowe objasnienia faz podano w jezyku angielskim i rosyjskim)

Fig. 2. Schemat kolejno$ci transformacji kaolinitu w mike w $§rodowisku hydroter-
malnym zawierajgcym chlorki Na i K
a— kaolix.lit, b — posrednia faza beidellito-podobna, ¢ — cze§ciowo uporzagdkowana mie-
szano-pgkxetowa faza mikowo-montmorillonitowa, d — mika powstala w wyniku odpro-
:;S:f:;a nadmijalx;u Al i Si w faze gazowa, e — mika pochodzenia transformacyjnego

a w wyniku prze i i Sci
szano_pakieto‘zej przeksztalcenia w fazie stalej czeSciowo uporzadkowanej fazy mie-
1 & czworPéciany Si—0, 2 — czworo$ciany (Si, Al)-O, 3 — o$miosciany, 4 — kationy
miedzypakietowe, 5 — kationy wymienne i drobiny wody, 6 — nadmiar ;u i Si wyno-
szony po przeprowadzeniu w faze gazowg

Fig. 3. Schemat kolejno$ci transformacji patygorski
Rt ji patygorskitu w roztworach hydrotermalnych

a — palygorskit, b — nowo utworzone montmorilloni i

] ; : ty trioktaedryczne, ¢ — no
utworzone n’xontmonllomty dioktaedryczne, d — mika potasowa, 1 — czworo’éciany Si—‘g)o
2 — czworoSciany (Si, Al)—O, 3, 4 — osSmiosciany, 5 — potas, 6 — kationy wymienne;

i drobiny wody

Fig. 4. x?chﬁmat( it\xiarﬁfo)rmacji mineratéw kaolinitowych w warunkach hydrotermal
ych w , Mg)-serpentyny w obecno$ci domieszki :
szki M
ol gCO; (rzut struktur na
A — dickit, B — nakryt, C i D — nowo powstate (Al
ckit, B — , Mg)-serpentyny, w ktérych orien-
tacja osmloscxanov‘/ w przyleglych pakietach jest identyczna jak w m;neralac: w :::e:)‘
Wych.’ 1.—’ ?zworoscxany Si—0, 2 — czworosciany (Si, Al)—0O, 3 — o$mioscia il
4 — oSmioSciany (Al, Mg) : R
Fig. 5. Schematy transformacji ini
55, ji kaolinitu w warunkach h
CaCl,, MgCl, i CaMg(COyg),
A — s.chemat tran§tormacji kaolinitu w obecnosci chlorkéw Ca i Mg
Zoc:;r;ue;zcka golomxtu. Oznaczenia faz: Ka — kaolinit, Bd — fa’za beidellito-po
e :gn —al;xe:rt:);t)]tt’r;ss};’tOSUdy;’ An" — heksagonalna warstwowa modyfikacja anor
i — sny, (Al, Mg)-serp — (Al, Mg)-ser i ;
(7 A), Chl — chloryt (14 A). Objasnienia symboli 1—6 patrgz) fig Dzemyn e

ydrotermalnych w obecno$ci

B — to samo,

Fig. 6. Wykres PH,o—T obrazujgcy stosunki fazowe mineraléw ilastych przy ich

dehydratacji (model dehydratacyjny)

A, B — punkty inwariantne, a — pola PH O T wezesnej katagenezy, b — to samo, poZ-
2
nej katagenezy, ¢ — metagenezy (szczegolowe objaénienia faz i elementéw struktur po-

dano w jezyku angielskim i rosyjskim)
Fig. 7. Wykres PH:o —T—1g(ap,+/05+) obrazujacy dehydratacyjno-jonowe stosunki

fazowe krzemian6éw w warunkach hydrotermalnych

a — ogolny blok-diagram, b — fragment wykresu ilustrujgcy zmniejszenie pola Al-mont-
morillonitu ze wzrostem ci$nienia A — pole wczesnej katagenezy, B — pole pbéznej kata-
genezy, C — pole metagenezy (wedtug Logwinienki 1968). Fazy: Par- paragonit, Ab —
albit, Bd — montmorillonit glinowy (w szczegoélnosci faza beidellito-podobna). Pozostale
oznaczenia jak na figurze 6 (patrz tekst angielski). Elementy struktur: 1 —
czworoéciany Si—O, 2 — o$miosciany, 3 — kationy miedzypakietowe, 4 — kationy wy-
mienne i drobiny wody, 5 — pole montmorillonitu glinowego, 6 — przyblizone granice
warunk6éw przemian postdiagenetycznych

B. A. ®PAHK-KAMEHELIKHH, H. B. KOTOB, 3. A. rOHJIO

KPHCTAJIJIOXHUMHUSA H TEPMOJIMUHAMHUKA CTPYKTYPHBIX
NPEOBPA30OBAHHUM HEKOTOPBIX CJIOUCTBIX CHIIHKATOB
B T'MIPOTEPMAJIbHbIX YCJIOBHUSX

Peswome

B paGote mpejcTaBJeHO M NpeaHalH3HpOBaHO pesyJ/IbTaTbl SKCIEepPHMEH-
TaJbHBIX HCCAEIOBAHHH CTPYKTYPHBIX npeoOpa3oBaHUil HEKOTOPBIX CIOHCTHIX
CHJIMKATOB B THPOTepPMabHbIX YCIOBHAX.

BhisiBJIeHO MoJisi CHHTe3a (a3 MnoJy4eHHbIX H3 KaolHHUTA, JIMOKTa3pHUec-
xoro (Al, Mg, Fe)-MOHTMOpPHJJIOHHTA, CenHoJIUTa H MaJbITOPCKHTA MPH
Pisie—nl k6ap, T = 200—500°C K 3KCHO3HIHH 1—3 cyr. B npucyrersuu K,

Na, Ca, Mg-XJOPHUAHDIX, cyab(aTHBIX H KapOOHATHBIX [L06aBOUK.

MerofaMH PEHTTeHOBCKOi AH(PaKTOMETPHH, 3J1eKTPOHHOH MHKPOCKOIHH
¢ mukponudpakuuei, MK-crekTpocKoniu H3yueHbl CTPYKTYpHbIE npeo6paso-
BAHHSI KAOJHHOBbIX MHHEPAJIOB H MOHTMODHJJIOHOHIOB B ruapocionst (¢ KC1
1 NaCl) u (Al, Mg)-cepreHTHHbI (c MgCOg3 u CaMg(CO3).), cenuomuTa —
B tagpk (B K, Na, Mg-XJOpHIAHBIX cpejax), MajblrOpCKATa — B MOHTMOPHJI-
JIOHOMBI AH- M TPHOKTA3/PHYECKOro THIOB (c mo6askamu K, Na, Ca-x.io0-
PHJIOB) . :

VCTaHOBJIEHO CTajHiiHOe Npeobpa3oBaHie HCXOMHDIX CJIOHCTHIX H CJIOHCTO-
JIeHTOYHBIX MHHEPAJOB, NPOSBJSIOLIeecs B CHHTESE 110 KaOJHHOBBIM MHHEpPa-
JIaM TIPOMEXKYTOUHOH GeiinesuiaTono0CHOH (hasbl, YaCTHIHO YIOPSI/IOYEHHbIX
CJTI0/1a-MOHTMOPHJLIOHHTOBBIX, yTOPSIIOUEHHBIX CJII01a-MOHTMOPHJITIOHHTOBbIX
H XJIOPUT-MOHTMOPHJIIOHHTOBbIX o6pasosanuii, (Al, Mg)-CepneHTHHOB, OAHO-
CJIOHHOrO FeKCaroHaJbHOro aHajora aHopTHTa, 1o cenHoauTy — Mg-MOHTMO-
PHJIIOHHTA H T.J. i

[J1aBHO# YepToil TpaHC(OPMAIHOHHDIX PEeaKUHH SIBJISIETCS YHACJIELOBAHNE
CTPYKTYPOH HOBOOGPA30BAHUII BaXKHEHIIHX CTPYKTYPHDIX yepT HCXOJHBIX MH-
nepasoB. OHaKO B OTJIHUHE OT TOMOTAKCHUECKHX TBepA0(a3oBbIX peaKuu‘u
TpaHCc(OPMALMOHHEIE BKJIIOUAIOT CTPYKTYpHYIO NMPEEMCTBEHHOCTb KakK B TBe},:
nol (ase (ynacueoBaHHE OT/IeJIbHBIX MJIOCKHX CETOK HJIH HX 06'beMHBIX KOH
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durypauuit H Ap.), TaK H CHHTE3 HOBOOGpa3oBaHKil B MapoBoit dase 3a cuer
1Ol UACTH H3MEHSIIOIIErocsi MaTepHasa, KoTopas B CHIy CTPYKTYPHO-KpHCTaJI-
JIOXHMHUECKHX OFpaHHUEHHIl He MOXKET yuaCTBOBAaTh B MEXaHHIME COOCTBEHHO
TBep0(ha3oBbIX Mpeo6pa3soBaHUM.

PaccMOTpeHBI JIerHAPaTallHOHHAS H /IeTHAPaTalOHHO-HOHHAS MOIETH npo-
[1eCCOB THAPOTEPMAJBbHBIX NPeoGpasoBaHuil CJOACTHIX H MCEBJOCIOHCTBIX CH-
nuKaToB. Ha mpHMepe HEKOTOPBIX KOHKDETHBIX PEaKIHH, BEISIBICHHBIX SKCIE-
PHMEHTAJIbHO, Jajiee, C NOMOMIbIO TEPMOXHMHYECKHX METOJO0B pacCuHTaHEI
munuManbibie P-T-X-pH- mapaMerpbl MpoTeKaHHsl peakluu ¢ UeMbo CHATHS
orpaHHyeHnH, KOTOphe HAKJIa/(BIBAIOT KHHETHUECKHE (hakTopHl, (haKTOp Bpeme-
HH H Jp. Ha MX KOppeKTHoe npeacrasienue. Ilociennee nmMeeT BaxKHOe SHa-
yeHie JJ5 epeHeceHHst AaHHBIX SKCIEPUMEHTOB Ha aHaJIOTMYHBIE MPOLECChI
IOCTAMATeHeTHUECKHX, THAPOTepMaJbHO-MeTaCOMATHYECKHX M KOHTAKTOBO-
-MeraMop(HYECKHX H3MEHeHMH MUHEpasOB NPH HHTEPNPETAUHH MOCTELHHX.
IIpu 3TOM BbISIBJIEHBI NPEHMYIECTBA METHAPALHOHHO-HOHHOH MOJENH, T.K.
OHa B OTJIHYHME OT JETHApPaTalHOHHOH MOJEeJH YYHUTHIBAeT BIHAHHE HA peaK-
KK He TOJIbKO Py o 1 T° mapamerpos, Ho i pH rujiporepMaibHbIX Cpe/l H aK-

THBHOCTH MOHOB B BOJHBIX pacTBOpax.

OBbSICHEHHS K ®UTVPAM

Dur. 1. ®azosbie npeobpas3oBaHHsi KAOJHHHTA, AHOKTasApuueckoro (Al, Mg, Fe)-MOHTMO-
PHJUIOHHTA, TaJbiropckura u cenuosura B K, Na, Ca, Mg-XJOpHIHBIX cynbda-
THBIX H KapGOHATHBIX THAPOTEPMAaNbHBIX yCIOBUAX (P o = 1000 xr/em?, T = 200 —
500°C, t — 3 cyr.)

[Ipeo6pasoBaHHs: A — KaoaHHHTa, B — MOHTMOpDHJUIOHMTa, C — mnanaeiropckura, J ——
cenuoanta. P a3 bi: | — KAOJHHHT, 2 — pasynopsANOYEHHbI KAOJHHHT, 3 — YNOPSHIOYEHHBLIH
CMEIMIaHHOCJIONHBIH MHPODHIIHT-MOHTMODHJIJIOHHT, 4 — THAPAJbCHT, 5 — AaHJaJy3HT, 6 — NHPO-
dbuanur, 7 — Gefigenanronogo6Has ¢asa, 8 — wYacTHUHBIE YNOPSIAOYEHHAs CMeELIaHHOCJAOHNAs
K-caona-MOHTMOPHINIOHHTOBAst (asa, 9 — MYCKOBHT, /0 — 4YacTHYHO yHapsifioYyeHHAast CMemau-
HocJofHast Na-cJI0laMOHTMODHJIOHHTOBasi ¢aza, /I — naparoHur, 12 — TocymHT, 13 — pek-
TOpUT, [4 — OAHOCJOHHBI{ TreKcaroHaJIbHbIi aHaJor aHOpPTHTAa, [5 — KaJCHIHT, I6 — anb6HT,
17 — HoseaH, I8 — 4YACTHYHO YNOPSJOUYEHHAs] CMEUIAHHOCJHOHHAS XJIOPHT-MOHTMOPHJIJIOHHTOB AN
daza, 19 — 14 A-xnopur, 20 — TanbK, 2/ — KBapu, 22 — aHTHAPHT, 23 — Maprapur, 24 — TpPHK-
JHHHBIH aHOPTHT, 25 — JeHUHT, 26 — reKcaroHaJbHbIf HATPOMABHH, 27 — aHaJbLHM, 28 — He-
¢deaun, 29 — wmarnesur, 30 — (Al, Mg)-cepnentun, 3/ — dopcrepur, 32 — O6pycHT, 33 —
KaJbINT, 34 — J0JOMHT, 35 — Al-IMOKTasApHYECKHil MOHTMODHJUIOHHT, 36 — (Al, Mg, Fe)-
-AIHOKTA3/IPHYECKHA MOHTMODHJUIOHHT, 37 — TPHOKTA3JAPHYECKHIl MOHTMODHJJIOHHT, 38 — OJIHIO-
Kna3, 39 — KajeBblft noseso# wnar, 40 — deHrur, 4/ — BEPMHKYJHT, 42 — KPHCTOGAJNHT, 43 —
BOJIJIACTOHHT, 44 — TNaJBICOPCKHT, 45 — TPEMOJHT, 46 — CeNnHOJHUT, 47 — Mg-MOHTMOPHJJIOHAT

®ur. 2. Cxema NOC/IE0BATENbHOCTH CPTYKTYPHBIX TPEOGPa30BAHUA KAOJNHHHTA B CIIOLY
B K, Na-XJIOpHIAHBIX THAPOTEPMAJIbHBIX YCJIOBHAX
@ — KaoJHHHT, b — NpomexyTouHas GefinesnHTOnono6Has (hasa, ¢ — YacTHYHO ynopsiioueHHas
CMEIIaHHOCIOHHAs CJI0/a-MOHTMOPHJIIONHTOBas da3a, d — cuiona, chopmMHpOBaHHAsT 3a cuer
BhlHOCAa Al-Si-matepuana B maposyio ¢dasy, e — caiona TPaHCHOPMALHOHHOrO reHe3nca 3a CueT
TBEPA0(ha30BOro NPeoGpPa3OBaHKA CTPYKTYDPbl YACTHUHO YHOPAMOUEHHOH CMEMaHHOCHONHON dasnr,
I — Si-O — Trerpasapel, 2 — (Si, Al)-O — Terpasupsl, 3 — OKTasAphbl, 4 — MeXKNaKeTHsIe
KAaTHOHBI, 5 — OOMEHHBIE KaTHOHBI H MOJIEKYJbl BOJBI, 6 — (Al, Si) — Marepuas, BBLIHOCHMDIT
3a CYET PAacTBOPEHHs B NMapoByio (asy

®ur. 3. CxeMa TN0CJE10BATENbHOCTH CTPYKTYDHBIX 1peoGpasoBaHuil NaJBIrOPCKHTA B [HJ-
porepmanbHbiX K-XJOpHAHBIX yca0BUAX

@ — MCXOAHBI NAJBIFOPCKHT, b — HOBOOGPAa30BaHHBIE TPH- H ¢ — JHOKTA3APHYECKHH MOHTMO-
puaonutsl, d — K-cmona, I — Si-O-rerpasape, 2 — (Si, Al)-O-terpasapel, 8 — nu- u 4 —
TPHOKTAS/APbI, 5 — Kanu#, 6 — oOMeHHble KATHOHBI H MOJIEKYJIBI BOJBI
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Dur. 4.

dur. 5.

Dur. 6.

Our. 7.

CxeMa CTPYKTYpHbIX Npeo6pa3oBaHHii KAOJHHHTOBBIX MHHEDAJOB B THAPOTEPMalib-
HBIX ycaoBHAX B (Al, Mg)-cepneHTHHbl B NPHUCYTCTBHH 106aBKH MgCO; (npoekuus
CTPYKTYp Ha IJIOCKOCTb ac)

A — juKKHT, B —— nakpur, C 1 D — HoroGpasoBaunbie (Al, Mg) — CEpNeHTHHBI, B CTPYKType
KOTOPBIX OPHEHTHPOBKA OKTa3JPOB CMEJKHbLIX ITAKETOB COXDPAHSETCA TOM e, YTO H B HCXOMHBIX
marepuanax, I — Si-O — rerpasapel, 2 — (Si, Al)-O — Terpasgpel, 3 — Al-OH — oOKTasapul,
4 — (Al, Mg) — oKTasjpsl

ComocraBiienHe cxeM CTPYKTYPHBIX NPeo6pa3oBaHHil KAOJHHHTA B THADPOTEPMaNbHBIX
yCJIOBHAX B npHCyTeTBHH 106aBoK CaCl,, MgCl, u CaMg(COy),

A — cxema npeo6pasoBaHu#l KaoJdHHHTA ¢ poGaBkamu CaCl; u MgCl,, B — Toxe ¢ n00aBKo#
nonomMuta. OG6o3Hauvenunsa ¢ as: Ka — kxaoaunur, Bd — Ge#tneanuronopobuas dasa, Re
— peKTopuT, TS — ToCynHT, An¥ — OIHOCJOHHBIA reKCaroHaJbHbI{ aHAaJOr AHOPTHT3d, An —

TPHKJHHHBIN aHOPTHT, (Al, Mg)-serp — 7 A, (Al, Mg) — cepnentud, Chl — 14 A — XJOpHT.
OcrasbHble 06o3HaueHust (/—6) cm. Ha ¢ur. 2

Py,0— T Auarpamma, WmocTpupyiomias (asoBble B3aUMOOTHOMUIEHHS TIHHHCTBIX
MHHEpPaJIOB IpH HX AEruipaTtanuu (nerunparaunonﬂaﬂ MO}.IeJ'lb)

A, B — HOHBapHaHTHbIE TOYKH: @ — P O—T — I10JIA Ha4aJbHOro H B — mo3gHOro KarareHesa,
2!

C — wmerarenesa. ® a3 bl: Pl — nanbiropckur; di-M — nHOKTasppuueckui, tri-M — TpuokTa-
9/ pHYECKH#, Mg-M — MarHHeBbli MOHTMODHJUIOHHTHI; Sep — CenHoJHT; Q — kKBapu; Ka —
Kaoauuut; Py — nupoduannr, D — auacnop; Chl — xyopur; Ta — Tanek. ®parmMeHTH

CTPYKTYp: I — Si-O — Terpasapbl; 2 — OKTa3Apbl AH- H 3 — TPHOKTA3APHYECKHX CTPYKTYD;
4 — OoOGMeHHble KaTHOHbl H MOJIEKYJbl BOJbI

Pi,0—T—18(anat/agt) — AHarpaMma, HAIOCTPHPYIOWAs NETHAPATALHOHHBIE (a3o-
Bble B3aHMOOTHOLLIEHHSI CHJIHKATOB B THAPOTEPMAJIbHBIX YCJIOBHAX

a — obmas 6J0K-gHarpaMMa, b — ¢parMeHT AHArpaMmbl, HJJIOCTDHPYIOUIHH COKpAUleHHe MNoad
Al-MOHTMODHJUIOHHTA C YBeJHYEHHEM [aBJeHHs, A — moaa HavyaapbHoro, B — mospHOro Kara-
renesa u C — Mmerarenesa (mo Jlorsunenko 1968). ® a3 bi: Par — mnaparoHut, Ab — aabGHT,
Bd — Al — MOHTMODHJUIOHHT (B 4YacTHOCTH, GefinesuHTonmofoGHas ¢asa), ocraabHble 0603HA-
ueHHst CM. Ha ¢ur. 6. dparmMeHTH CTPYKTyp: I — Si-O — Terpasapel, 2 — OKTasApel,
3 — MeXNaKeTHble KAaTHOHBI, 4 — OGMEHHble KaTHOHBl H MOJIEKYJBl BOABI, 5 — moje Al-MOHTMO-
DHJIJIOHHTA, 6 — TPHMEpHble FPAHHUB YCAOBHH MOCTAHATEHETHYECKHX H3MEHCHHH MOPOX




