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TRANSLATOR'S ABSTRACT

The formation of fluorite in sedimentary rocks has been investigated 

by studies of fluorite equilibria in different solutions. Determinations 

at different temperatures vere made on the solubility of crystalline CaF2 

in chemically pure water, in aqueous solutions of components of sea -water  

CaSQ4 , Had, Na2S04 , and MgS04 at different concentrations, and in the 

sea water itself at degrees of salinity varying from normal to a 15-fold 

concentration* Conclusions are reached on the effects of the various 

salts and on the consequent possibilities of fluorite precipitation in 

basins of different types, Facies conditions of fluorapatite and fluorite 

deposition are derived for successive states of evaporation of saline 

basins, and the use of the fluorine-phosphorus coefficient as a faeies 

index is suggested. Literature Is reprieved.

V. L* S e



CONDITIONS OF THE FORMATION OF FLUORITE IN SEDIMENTARY ROCKS
(The fluorite system)

By 

A* V* Kazakov and £  I, Sokolova ^ '

I. GEOLOGIC CONDITIONS OF DEPOSITS OF SEDIMENTARY FLUORITE

A, First stage of geologic investigations (l809-1925) 

The development of investigations on the origin of sedimentary 

fluorite falls distinctly into several stages. The first stage covers 

the period from 1809 to 1925 and can be characterized by a decided pre­ 

ponderance of genetic hypotheses of a biolitic type (C. Andree, la. V. 

Samoilov, A. E. Fersman), and by a quest for a relation to magmatic, 

fumarolic, and hydrothermal processes (A. P. Karpinskii, B. P. Krotov, 

A* Knopj and others). .

Fluorite in sedimentary rocks was first discovered and des­ 

cribed in an exposure on the banks of the Ratovka River near the town 

of Vereiia, Moscow province, by G, Fisher von-Waldheim, who was also 

the first to give it the name of "ratovkite". As is now known, this

friable, earthy mineral can be assigned to sediments of the Kashira

khorizon of the Middle Carboniferous (Cp )  In 181+8 the field observa­ 

tions were repeated by Professor Rouliej the chemical analyses were 

carried out and rendered more precise by R» Herman.

(1) A co-editor of this paper is A. G* Bergman, Ph.D. in chemical 
sciences.



In 18)41 j I 6 Lagusen reported new discoveries of ratovkite in 

the region of the upper Volga Rivers within the Staritsk an.d Zubtsovsk 

districtsc Ratovkite was referrable here to the same Kashira horizon,

The English geologist* V, ,Mackie (1.901),, who investigated the 

halogenic Triassic sediments of England and Germany5 found in them an 

abundant accumulation of fluorite and ascribed to it a typical sedimen­ 

tary halogenic origin resulting from the drying of relict basins 0

Almost half a century after the studies of Roulie and Lagusen^, 

Russian geologists and lithologists again became interested in fluorite 

of sedimentary rocks 0 As a result*, special geologic studies were organized 

in 1912-llj. for the investigation of fluorites in the region of the upper 

Volga River (Sergeev, 1912, 191U) on the initiative of A, E* Fersman. How­ 

ever 5 the origin of ratovkite remained completely uncertain.

In 1915 an investigation of ratovkite in the Moscow province 

was reported by A 9 p 9 Karpinskii, who concluded that ratovkite is gen­ 

etically connected with deep magmatic intrusions (emanation of fluorine). 

At about the same time Professor la, V* Samoilov (1910, 1915) advanced 

his biolitic theory of the formation of sedimentary fluorite (fixation 

of fluorine and phosphorus by the skeletons of biologic organisms,)

In 1916 the deposits of ratovkite on the upper Volga River 

were studied by the academician A* E 0 Fersman in association with 

V« I. Kryzhanovskii and L 6 A« Kulik c As a result of this work., Fersman 

arrived at a genetic conceptj his hypothesis occupied a middle position 

and aimed to reconcile the conflicting views of A* S, Serge©v and A* P« 

Karpinskii on the one hand ("emanation of fluorine compounds'8 connected 

with processes of "tectonic $ magmatic 5 and hydrothermal character^ which
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developed along the periphery of the Moscow sea11  Fersman, 1922, p* 15>2), 

and of la. V, Samoilov on the other hand (blolitic origin of phosphorites 

as the primary form of fluorine compounds, with a subsequent separation 

from them of fluorine and its fixation as ratovkite).

The unsoundness of these genetic concepts will become apparent 

in the course of the present paper. Fersman eventually reached, in 

essence, such a conclusion when he wrote in his work of 193k: "Really, 

the nature of the formation of the so-called ratovkite has remained far 

from clarified."

In 191? B. P. Krotov published a paper in which he connects 

the genesis of ratovkite in the Sourthern Urals (right bank of Lakla 

River at its issue into Ai River, limestones C.) with juvenile waters 

containing SIF^. The scheme of the reaction isj

SIF^ + 2CaC03 t xH20 *-£ 2Ga^2 f Si°2   ac* * 2G02' 

Eventually B. P. Krotov (1928) abandoned this genetic scheme 

and adopted the hypothesis of a sedimentary formation of ratovkite in 

saline relict basins.

B. Second stage of ̂geologic investigations(1926 * 19^5} 

The second stage of the development of geologic-lithologic re« 

search on sedimentary fluorite is already characterized by prevalence of 

hypotheses of a sedimentary origin of ratovkite and a more precise know­ 

ledge of the condition of facies, as exemplified by the work of A. P. 

Ivanov (1926), B, P. Krotov (1928), L. V. Pustovalov (1937), G. I. 

Bushinskii (1936), V, P« Baturin (1938), L. M. Miropol'skii (1939* 19iP-), 

and others.
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A 8 Po Ivanov reported in his geologieal-stratigraphic paper 5 

summarizing data on the Carboniferous of the Moscow area, that 'there 

are numerous occurrences of ratovkite in the basin of th^ Upper-Vom J

Biver (Tv®r ? province) which can be referred to the Kashira horizon

2 (Gjj ) 0 As an. experienced field geologist, Ivanov is one of 'the first

Russian investigators to arrive at the conclusion of a sedimentary origin 

of ratovkiteg "with the discovery of a colorless <> fluorine-containing 

mineral in  2 (Kashira horizon) the origin of ratovkite ceases to be a 

riddle and most be considered as one of 'the particular cases of the 

secondary deposition of minerals from compounds already contained In 

sedimentary strata11 (Ivanov, 1926, p« 139 ) 

It is also necessary to note the valuable work of B 0 Po Krotov 

(1928), who described Uppe^3 Permian fluorites in paragenet&c association 

with gypsum-bearing dolomites and arrived at the conclusion of a probable 

chemogene origin of fluorites from evaporating sea waters c

In, the year, 1928, I, I. Ginsburg published a, note on the 

discovery of fltioritie in, the limestones of the western fringe of the Don 

Basinc

In 1936 the papers of N 0 S 0 Zaitsev and G 6 I 0 B-o,sh:lnsk;Li des­ 

cribed for the first time fluorite occurrences in the Oserskii district, 

discovered in exposures along the Oka River and referable to 'the Kashira 

horizon of the Middle Carboniferous« The fluorite is found hers in the 

form of lenses of red fluoritic sandstone. These red sediments were 

studied and described geologically and lithologicaHy as early as 1929 

by V.0 S B lablokoVp "who characterized them as polymict<, texturally 

slantingly schistose^ and containing ranch fluorspar. Go I. Bushinskii 

gave no genetic hypothesis for fee fluorites of the Ossarsldi district^
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sayings »the local conditions of the concentration of fluorine are not 

clear,* In 193& N, A. Uspenskii discovered fluorite in a gypsum-celes- 

tite deposit in the Kaslinsk district of the Gheliabinsk region, in 

Permian sediments. The fluorite occurs here in the form of inclusions 

in syngenetic celestite concretions, **«

In the same year5 1936, a report was published by la. la. 

larzhemskii, who detected fluorite in dolondtized portions of the sub- 

salt strata of Middle Casforian age in the Priangar f e region of Siberia.

fhe next year, 193? $ saw the publication of the comprehensive 

work of I** V. Pustovalov dealing with ratovkite in the region of the 

upper Volga River and presenting results of field observations and 

lithologic studies. This work gives also the materials of geologist 

E« A, Moldavskaia (who continued to investigate ratovkite in subsequent 

years), fhe author reached the conclusion that the sediments of the 

Kashira horizon in the upper Volga region had a cyclic character and 

that the maximum primary concentration of fluorite is to be referred 

to the upper dolomitic sediments of each cycle. Th© infinitesiiaally 

small crystals of fluorite are syngenetic with the enclosing rock and 

constitute the first chemical sediment of a saline basin. Larger 

crystals of fluorit© are mostly of secondary origin, being formed by 

a recrystallization of the small, syngenetic, highly dispersed crystals 

of fluorite in the upper parts of each sedimentary cycle.

Of particular value are Pustovalov*s observations on the 

cyclic character of accumulations of sediments and of correlations 

between the content of fluorine and of phosphorus in sediments (the 

wfluorine-phosphorus'%Keissors*0. At thev beginning of each cycle the seed- 

ments are relatively high in phosphorus, and very low in fluorine! at
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the end they contain very little phosphorus and much fluorine 0 Regret­ 

tably ̂ these interesting relations between fluorine and phosphorus were 

not daly clarified and interpreted.

At about the same time L« V, Pustovalov and his associates 

discovered fluorite in the dolomitic rocks of Upper Permian age in the 

region of Sterlitamak and the Orenbursk Steppe.

In th© same year^ 1937 $ V<> P* Baturin found fluorite in the 

area of the salt dome in th© Emba River^ where it is present in in­ 

soluble residues of the Kungur limestones and dolomites of the Urals- 

Emba region^ in 1938 and l^iiO !«, N. Egorova (VSEGEI) established the 

existence of a heightened content of fluorine (from 0*6 to l.lj. percent) 

in this same region* The fluorite is concentrated here principally in 

the heavy fraction, together  with celestite (80»3 percent)* The source 

of the fluorine9 according to the author^ is sea water 

Increased concentrations of fluorine were found in r*eent 

years by leu V» Morachevskii in the insoluble residues of some potas-

These investigations were lately broadened by M* G« Valiashko 

(of the Vsesoiu&nyi Hauchnoissledovatel  skii Institut Galurgii)^, who 

pointed to the followltjg distrifimtion (concentration) of fluorine in 

the salt strata of Lake Inders

Halite . .*. ..* O.Q.fl-0.0001^ F. 
Sylvite. « * . « mostly 0*02-0*03$ F of total amount

of salt*
Gap-rock 0 «.*.«  secondary concretions of fluorite, 
Boratesg (a) ascharite - up to 1$ and even 10$ F| 

(b) calcium borates - O.OX$ F«
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In 1939 and Iplp. L. M6 Miropol'skii r@port.ed finding fluorite

in the Kazan 1 (pj^&^ ) anhydrites of the Cheboksary district, the Kungur

K (P F) dolomites of the lower ranges of the Kama Kiver5 and the Artinsk
A wf-

(Pp *) gypsum-bearing dolomites and Upper Carboniferous (CL) gypsum- 

bearing dolomites within the basin, of the Kama River, mainly in. drill 

cores. The fluorite occurs in paragenetic association with celestite 

and chalcedony o Miropol s skii correctly refers the fluorite of sedi­ 

mentary rocks to chemogene formations of halogenic facies deposited from 

sea water of high concentration.

In 19i4.0 M 0 S 0 Shvetsov reported the presence of small crystals 

of fluorite in the Carboniferous strata of the Moscow area, as observed 

in cores from Moscow and Dvinsk structural boreholes.

Vc Po Florenskii (l9lil) detected fluorite in the Kungur halo­ 

genic strata of the Tuimazy oil deposit e The maximum fluorite concen­ 

tration occurs in dolomitic interstratifications underlying the anhydrite- 

dolomite strata. The size ©f the fluorite grains is mostly 0 0 1 - 0.3 am.,

Yo P. Maslov5 who in 19hk studied the sediments of the Middle 

Carboniferous in the area of Rzhev and Staritsa,, definitely stressed in 

19ii5 the paragenetic association of fluorite, developed in the sediments 

of the Kashira horizon,, with gypsum (both primary and secondary) and with 

dolomite and opal-chalcedony.

The recently published comprehensive work of A. N» Ghurakov 

(19li7 ) stands somewhat in a class by itself. Its author, adhering to 

the views of A. P. KarpinskLi and Y 0 I. Yernadskiij, expresses himself 

in favor of a direct genetic relation between sedimentary fluorite and 

the voleanogenic-fumarolic processes connected "with the alkaline



fluorine-bearing rocks bordering the Russian table lands. 11 On our part, 

we do not deny, of course, the important role of the voleanogenie-fumarolic 

processes as powerful sources of the propulsions of chlorine and fluorine 

on their way to the world f s oceans. But we pursued a different objective 

in our work. The salt content of the world's oceans is determined by a 

shifting equilibrium in their salt balance, established during geologic 

time and showing on the average a fluorine content of 1 rag,/It* in the 

sea water of normal salinity* This salt content of oceans is very stable 

and does not change practically over the entire globe either in th.e hori­ 

zontal or in the vertical direction. Therefore, without asking ourselves 

the question of the origin of the salt in the water of the oceans and 

more particularly the question of the sources of fluorine, we investip 

gated a more restricted problems Is sedimentation of fluorite in sea 

basins possible, under what geologic-lithologic conditions does this 

prooess develop, and where is its place in the solar diagram of evapo­ 

ration?

C. General geologic conclusions on sedimentary fauorites 

The review of literature on fluorite, presented above, makes 

it possible to approach closer to reconstructing the hydrochemical condi­ 

tions of the origin of sedimentary fluorite and to determining the char­ 

acter of the distribution of respective facies. ¥e susffiiarize the con­ 

clusions reached by investigators* 
i

1, Sedimentary fluorites cannot be referred to any definite

period in the earth's history and are not related to any specific paleo- 

biologic development of organic life. Sedimentary fluorites have been 

identified in sediments dating from the Cambrian to the lower Cretaceous 

inclusive. (See liable !.)»
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TABLE 1*

Deposits of sedimentary fluorite, 
its paragenetic association and facies

Jeologic Age

CJr-i Valanzhim

J-, Lower lias

r

P 2kaz2

P 2

P2

Plk

VA.

,

Pl

p Art ^ p k

3o
°3

G2

Location

(a) Lower
Cretaceous s

Alps

(b) Jurassic?
Switzerland

(c) Trias sic:
England,Germany

(d) Permian s
Cheboksary

ri

Belgium, Liege
area
Urals-Emba
region

tt n

Basin of
middle Kama
River

fi it

( e )Carbonif er-
OUSJ

Urals
Basin of middle
Kama River
Urals | Zigan
River, Sakmarsk
district

Paragenetic 
association,

facies

Dolomites

Dolomites ; and dolo-
mitized limestones |
cement of red 1 'con­
glomerates 5 barite
concretions

Sandstones (-cement^
barite and halogenxc
facies

Anhydrites with dolo
mite
Gypsum-bearing dolo.
mites
Red-brown limestone
schists
Salt domes

Potassium salts,
borates
All halogenic
sediments

Gypsum-bearing dolo­
mites

Limestones
Limestones

Adhesions on cracks
in dolomotized lime­
stone

Author, 
fear of investigation

Anctret, j-yuy

Duparc, 1898

Mackie, 1901

s

 Miropol'skii, 19iO-

Krotov, 1928

Baturin, 1938

Egorova^ 1938

«.

Miropol ! skii, 19ijl

Zaitsev, 1883
Miropol f skii, 19ijl

KrestovnikoVj 1936
(verbal comraunico)

(TABLE 1 contiEiaed on following page)
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TABUS 1 (continued) 
Deposits of sedimentary fluorite, its paragenetic association and facies

Geologic Age Location
Paragenetic 
association, 

facies

Author
Year of investigation

C2

D

Moscow basin

Upper Volga re­ 
gion   Rzhev, 
Staritsa, Zubt- 
sov 
Zubtsov, Rzhev

Vereia

Ozerkt on the 
Oka River 
Oksko-Tsninskii 
embankment 
Donbas, Elenov- 
skie pits 
Urals

England, west­ 
ern Cumberland

(f j Devonian? 
Urals

England, Car­ 
diff

(g) Silurian? 

Ontario

Limestones

Limestones, dolo­ 
mites, dolomitized 
palygorskite

Limestones, 
mitized
Palygorskite, dolo­ 
mitized limestones 
Red fluoritic sand­ 
stone 
Dolomitic facies

Along cracks in 
limestones 
In cracks and cavi­ 
ties in limestones 
Limestones, bauxites 
Fluorite, red sand­ 
stones, barite

Bituminous lime­ 
stones; upper hori­ 
zons,^- along cracks 
Red fluoritic sand­ 
stone, barite

Gypsum-bearing dolo­ 
mites, celestite* 
Halogenic facies of 
a relict basin

Lagusen, l8?l 
Pustovalov, 1937

Maslov, 
Bushinskii, 1936 
Sergeev, 1912

Zaitsev, 1936 
Bushinskii, 1936 
Trofimov, Kalisgrkov

Orlovskii, 193k 
Ginsburg, 1928 
Krotov, 1917

Smol'ianinov, 1928 
Lewis, 1931

Krestovnikov, 1936 
(verbal communico)

Heard & Da vies,

Morrison, 1935



2« Attention is particularly drawn to the fact that fluorite 

can be referred to the saline facies of relict basins9 namely, to 

dolomites and dolomitized limestones, gypsum, red rocks, anhydrites, . 

potassium-magnesium salts, and celestite* There is a distinct antipa­ 

thy between phosphorus and fluorine (phosphate facies preclude the 

formation of fluorite, and vice versa).

3» In the region of the upper Volga and the Oka rivers the 

fluorites of the Kashira horizon are disposed along the Southwestern 

rim of the shallow, periodically salinified Kashira waterbasin (Rzhev, 

Staritsa, Vereia, Ozerki-Kashira, Oksko-faninskii embankment - north­ 

ward from the line Kasimov-Elat^a). Intensive processes of halogenesis 

(gypsum, anhydrite, halite, less frequently fluorite) developed to the 

north and northeast of this zone, in the direction of the depression 

along the axis of the Moscow syncline. On the other hand, toward the 

south and southeast, nearer to the shore line, there occurred a con­ 

siderable desalinification of the water in the basin$ this part is 

characterized mostly by fragmentated organogenic limestones and by 

shoreline sand-and-clay sediments devoid of fluorite*

iu Sedimentary fluorite is a new and sensitive mineral index 

of the presence of halogenic facies, which can be used with the method 

of determining the "fluorine-phosphorus coefficient*1 proposed by us* 

The relatively slight solubility of fluorite (together with a sensitive 

reaction to F 1 ) makes it also suitable for solving questions regarding 

the time relation to halogenic facies of those sediments which do not 

contain any visible mineral remnaiits of halogenesis (gypsum and marls, 

the latter multicolored)*
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While the conditions of the formation of fluorite have become 

clearer in the light of geologic field observations^ the details of the 

process of sedimentation of fluorite and of its paragenetic association 

with other products of halogenesis^ their position in the "solar diagram11 

of evaporation of sea water j» their relation to phosphorus and other fluo- 

rides, and also the geochemical history of fluorine in the weathered crust <> - 

these details still remain uncertain in many respects  The questions which 

they pose are the subject of our investigation*

To gain a more accurate knowledge of the conditions of the for­ 

mation of fluorite in sedijuentary rockSj, we carried out systematic labo­ 

ratory investigations of the systems of fluorite equilibria (as precipitated 

phases) in different solutions* Determinations wer@ made of the isotherms 

(0-10-20 and 100° G) of the solubility of crystalline GaF2 in chemically 

pure ligOp in aqueous solutions of different concentrations of CaSO^p NaGlr, 

^a2s%s and MgSO^ (basic components of sea water), and to the sea water 

itself at various stages of concentration (evaporation) from a normal 

salinity to a 1^-fold evaporation by volume (the field of anhydrite sedi-

II o THE SOLUBILITY OF FLUOEIDES
(General comparative characterization)

Before presenting the results of otr experimental investigations 

on the systems of fluorite equilibria^ it is of interest to give a brief 

comparative outline of the solubility of fluorides 0 This problem is treated 

in the works of lik authors. (See table 2.).

The figures and other data cited from the literature will be 

classifdad by us under four basic groups of fluorides §
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Io Simple fluorides of metals and metalloids of various valency   

Ho Complex compounds of fluorides (of the type of cryolite^ etc c 

1II 0 Fluosilicates of the type of KgSiF^ (hisratite) 

IVo Titanofluorides

Many minerals containing fluorine (See table 2$ not in­ 

cluded in this scheme because the literature gives no data on their 

solubility o

Substantial advances in precision as to the solubility of NaF 

and KF were reported in the new publications of I 0 ?  fananaev and his 

associates^, who studied the systems NaF-HF-I^O and KF-HF-l^O.

Among the conclusions reached by investigators we note the 

following g

(a) The existence of double salts of the type of NaF°HF5 KF«HF<> 

KF02HF5, KF°3HFP KF'liHF, and KF'^HF in the precipitated phases is estab-

(b) In the presence of HF the solubilities of NaF and KF decline 

considerably because of the effect of a common ion and the formation of 

complexes| their minimum solubilities correspond to the figured points 

of the following systems g

Fluoride

NaF

KF

Isotherm^
xO n w U o

/°
t 20
[ho

r o
< 20
\J|0

o/o fltioride

0,32
Ioit6
2 0 58

9,86
I7»ii5
26o25

o/o HF

15.30]
12 0 60
10o9^

61ui3]
6licl2
6Q 0 $k)

\

Precipitated
phase

i
NaFoHF

KF'iiHF

System

NaF-Hf-HoO

KF-HF-H?0
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TABLE 2 

Summation table of the solubili^ of

Fluoride

U)

f

LiF ^

-

r
I
1

NaF J
^

^

| ___

r
KF 4

1

KFo2Hr>0

r
1

RbF*H20
CsF

t°G '

~W

18
25

9

25

15
18
21
25
25
25
25

0

20
ho

18
21

?

25

0

20
ho

18
18

Solubility in f^O
MlT"

%

0)

gr./lt.

U)

Fluorides of the

0*26
-
_

Ool32

3o85
U<,22
Ij-oOij.

lie 03
-,

h°03'
-

0.32*

1.U6*
2.S8*

U8 0 0
U9ll

-.

_

9.86**

17. US**
26. 2S**

75*06
85o36

2o7
i.Sl
2 0 60

- .

_
«
-

Uo<,5U
-

37o70

_.

-

_
380

UoS

-

 .
-

-

1?' ;

fflge/lt.

"~T5)

metals MF

_
1110

«M

-

-

_

-

183UO
-
-

_

_.

-
_

«

-

 
-

>

HF

~~wr

Author and
year of

inires tigation

(t)

$ - Group la

_
-
_

,. -

. -
,«,
-
*-

«.
-

15.30

12 o60
10.9U

-
_

-,

6Uol3

6Uol2
60 0 5U

-
-.^__:^-^

MyliuSp 1897
nsiD«<f £»Y» 1098 UcLjTi&sX <j J»yfcU

Fredenhagen and

1930
Fa Jans «, 1931

Freisy^ 1856
Mylius, 1897
Dittec, 1896
Clarke^ 1919
Garte^ 1928
Fajans^ 1931
(^S.ni|jD©«i*«L ^TIO.

1939
Tananaev^
1938, 19U1
Same

ii

kilns', 1897
Dittd, 1896
Fredenhagen and

Gaderibach^, 1930
Carapbell and
Ganpbell^ 1939

Tananaev,, 1938 9

Same
18

Laimmg, 193U
" 193U

Notes

TBT^

System
HaF-HF-
" 2

Method of
electrical
conduct­
ivity
System
tn? trr>TJijE1 -BtUl,-'

' 2

- Minimm solubilities of NaF in the system NaF-HF~H20
* Minimum solubilities of KF in the system KF-HF-i^O

(TABLE 2 continued on following page,
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TABLE 2 (continued) 
Summation table of the solubility of fluorides

Fluoride

Fit

AgF

r

MgF2 <

^.

i f

GaF~ J
crysto 1

CaF2 f
colloi- -I
dal I
syntheticl

C-aFp
cal­
cined
800°C,
GaFp
freshly
sedi-
mented
100°G C

t°G

.orides

15

0.3
18
27
25

0.05
16.08
l8 6 00
26.59
Uo.oo
17.U7
T O Q*~i
1,0 «,OO

26 oil

L8.0Q

18

31

206-
-210

Solubility in H20
m1

dt 
P

of the me1

gr./lt«

ials of G:

F

mg./lt.

?oup Ib «5« i . i .
Fluoride

9«.0ij. o 10"'3
8.71.10-3
8.10..10-3

-

1.31.10-3
1.U8-10-3
1. 50 "10^3
1.60«10-3

1.62»10-3
Io63*10"*-
l c 62olO-3
1.80-10-3

1,51-10-3

1 0 83 6 10~3

2 0 96 e 10"3
Autoclave

i i
ss of the

0.090lt
0 0 o87li
o e 08)41
0.130

.
_
-

-
r-
_

0.018

0.0151

0.0183

0 0 0296 i

,

HFtlJ-JU

monov

-

metals of Grou

.
-
-

80 ,

6.37
7*20
7.30
7.79 
8.13
-
-
_,
-

7eliO

8.91

llt.ip.

,
 
-
-

_
wa

-

-

_

_

-

,

_

.

1

Author and 
year of

investigation

alent heavy metals

Gore 5 1,870

) Ha

Koblrausch, 1909
Kohlrausch, 1909
Kohlrausoh, 1909
Garter, 1928

Kohlrausch, 1909
Kohli^a'ctscho 1909
Kohlrauschi, 1909
Kohlrausch, 1909 
Kbhlrauscsh, 1909
Koh"l '^^^f^ ch 1909
Kohlransoh, 1909
Kohlrauscsh^ 1909
Aum^ras^ 1927

i

;'

!8 , 1931

T'hi'^OT'rt'-l'; 1 Q'l^JLiAwL^UL^ Vo *!=__/ ^'w

Notes

Indirect
method of
electrical 
condiictior
of aqueous
solutions

Average
of 3
experi­
ments
Average
of k
experi­
ments

Method
of sedi­
menta­
tion of

the pre­
sence of

There is an interesting regularity in the solubility of the halides of 
these elementsg Solubility increases with a decrease in the atomic 
weight of the halogen. Fluorides have precisely a. maximum solubility^

as minerals in sedimentary rocks 0
(TABLE 2 continued on following page)



TABLE 2 (continued) 
Summation table of the solubility of fluorides

Fluoride

SrF2

BaF2

2nF2

CdF2

HgF2

t°C

0.26
17o38
18 0 00

17o2
18
25

Fluor 

20
25
20

25
25
20

2,5

4.

Solubility in H^O
MF

%

Fluoric

io!35'lo-2
1.171«10~ 2
1.173 °io-2

~

_

ides of the

_
-

about
ko3

-
«

 

^

BT.A+-.

les of 1

Ooll35
0.1171
Ooll?3

1.60.3
1.605
1.21

raetals

l5 0l6
I6e2

Ii3.6
6 0 22

U0 0 6

Ik3«5

»

F
mgo/lt

,he metals

« 

-
-

_
260

of Group

3280
-

-.
1570

-

-

MM

%
m

of Groi

_
-.
 

-
 

lib and

_
_

-
-
~

-

 MS

Author and
year of

investigation

ip Ila (continued

Kohlrausch, 1909
Kohlrausch^ 1909
Kohlrausch, 1909

Kohlrausch, 1909
Kohlrausch, 1909
Garter 5 1930

other divalent su 

Kofelrausch, 1909
G ait°fj©r q 1928
Kiartenacker,
1933

Jaeger 9 1901
Carter, 1928
Kurtenacker,
1933

Kurtenacker,
193.3

^

Notes

)

It is
well to
note the
paper of
JL o xi o

Tananaev
and So No
Ghrela-
slivili
«0n the
Solubil­
ity ̂ of

MgF2!
ID Q TP *!S >Tti*^JD^'JC to o ctXi'J.

stals

Solid
phase
Z.nF2 <,i|H 20

Noticeable
hydrolysis

(TABLE 2 continued on next page)



TABLE 2 (continued) 
Summation table of the solubility of fluorides

Fluoride

Fluoride 

GtaF2

*.,

CoF2

HiF2

r

V.

A1F3

**3

t°c

s of 1

25 
20

25

20

25 
20

25 
10

20

25

25 
25
25

25
25

25

Solubility in H20
MF

%

;he metals 

0*075

1 8 860

--

2«h9

Flue 

2o30

Oc005 
OoOOl

-

-

gr./lt.

of Grottp I

1 0 860

13o3 

13 060

140.30

^rides of t: 

Oo91

-

1.860

F
Wit.

Ib and o 

280

760

551|0

l58i(.o

bivalent

3790

-

HF

ther d

-

«

-

metal

0.52 

Loo

5*59

-

Amtiior and 
year of 

investigation

ivalent metals (c

Kurtenacter^ 
1933

Carter^ 1928

GostacheseiJL;, 
1911 

uaiij©3r^ j*y &.O 
Ktu't^nac k©"^ 
1933

Ga:rt»er^ 1928 
Kurtenacker,
1933

Kurtenacker^, 
1933

s

Tananaev and
Deichman

To Same
8*

Garter^, 1928

("* a v >¥ e**t*> ~\ OOOUdi t»Cr»i a J«,/it,J?

Tan.aaae'?' arid 

Tananaev and

Carter^, 1928

Notes

ontinued)

System

System

Solid 
phase 
NiP2-ljH20

Solid, phase 

.12H20

Minimma solubility in the system FeF~KF~H00 (selectively),



With an increase of valence,., the positive electrical character 

of metals decreases and,, correspondingly^ the hydrolysis of their salts 

in aqueous solutions is intensifiedo This relation applies also to all 

trivalent metals (of Group 11I) 0 Still more it applies to those fluorides 

(salts of weak acidity) in the case of which hydrolysis progresses very 

farj, up to the formation of "basic salts and even of the free hydroxides 

of the metalo Most resistant to hydrolysis is MnocoF3* Heating facili­ 

tates hydrolysis e

From this viewpoint the above-cited figures on the solubility 

of the fluorides Fe*" and Al (Carter) need to be made more precise * For

Cw25wrs1 £s ^"Vica "kTrt'Wlr1 rt"P I TT ^PQ yiQ TSO otr G^r*! Tii* Tl£i*^ /^ViYnsan /lOJiE-TA oVi^trGXeui^pjLejj uiie worit 01 4>» v* jL«*iicUicissv «oiiQ &» u©aLCJuiti®in ^jLyifp j oiiosa 

solubility of Fe* 0<>F3 reaches 560^ in chemically pure water at 25° 

whereas it declines to 0,0001$ (k ngo/lt, FeF^) in the presence of 

NaF because of the formation of the complex., poorly soluble salt 

and the effect of the excess of the common fluoride ion (NaF) e

In the system FeF-^-KF-B^O,, for example^, we have at 25° G« the 

following, eqoilibriim points (selectively)g

J.I-3

2 0 30

OoQOl

% KF

0,52

KS }

Precipitated phase

FeF3 .3H20 4 2KF 0FeF^ 0 H00

iiif.iWF3.ia
 >  £.

Relations close to these take place in the case of 

(Tananoev and Lel^chuk

quadri­

valent metals in aqueous solutions are still more unstable than the salts
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of the metals of Group III, They are usually synthesized by the dry 

method* Exception® are elements of lower periods (VI, VII) with a hif 

atomic weight^ for example lead (period VI, serial no c 82 )  The solu­ 

bility of the fluoride of lead (PbFjJ at different temperatures is as 

follows §

t°G

9
18
26 06
25

% PbF^

5»98xlO- 2
6 6 IOxlQ~2
60 91xlO~ 2

-

gro/lt. PbFj^

about Oo598
-
  0

Oo66
!

mgc/lt 0 F

-
-,

100

Author, year

Kohlrausch5 1909
« 1909
18 1909

Carter^ 1928

The fluorides of the metals of Gro-ups V - VIII have been investigated very 

littleo

Ao Complex compounds of fluorides

Fluor ides, and generally the halides of the metals IU, IV, and 

higher grotqas, have a well developed capacity for forming various complex 

compounds, among which we note first of all compounds of the type  xMF^W^ 9 

where R = Al, F@*«°£ Cr|-M = Ha, Kj and x * 3, 2, or 1* Such a structure 

is possessed by the natural mineral cryolite and by a number of other 

minerals of this group 0 These compounds are slightly soluble in water and

Fluoride

Li3AlF6

NaoAlFg (cryol: 
it

K..A1F

t°Go

20

Lte) - 
20 
20

%

loO?0

O.ijll 
0«285 
1.580

dissoluble

epjl^.

*

Author and year of 
investigation

Weinland and Koppen^ 
l899f Carter^ 1928 
Treadwell and Kflhl, 1926 
TananaeVp 1939 
TananaeVj, 1932

H^fl Tissnsa tSb^T £>"n<rl Ti^Tf f^lhi'ni^in_ i&sHmtl^ 1̂ ^ v dUiQ, JJ^JLwIJJII^iXi
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It is well to stress once more that the above-indicated figures 

on the solubility of fliiorides refer to chemically pure HpQ as the dis­ 

solving agent 0

In the case when a system contains common ions^ the solubility 

of salts can change considerably* As regards cryolite,, for example, an 

experimental paper was published in 19U7 by I 0 V. Tananaev and Iu° L* 

Lel^chuk on the system AlF^-NaF-H^O at 2S»°Goj according to these workers

the equiponderant solubility of AIFo in this system is expressed by the

("] 1following data (selected figured points)? ^ ^

1 A1F3

0.5281^
OoGOG88-x~
0 0 0011

-

-

% NaF

0
o c o6o
0 0 880
I e 2?6
1.381
1.381

Precipitated phase

")

V llNaF 0 ijAlFH (cryolite)
J
llNaF J4AU'34 3NaF o A1F3

Field 3NaFoA.lF3

M

Notes

The ^seasoning89 period for
the systems equals 8-12
hours ̂ with continuous
mixing

-x- Corresponds to about 8 e 8 mg 0/lt«, AJO?O.

Analysing samples of the o:rystals of natural Greenland cryolite 

and of synthetic cryolite,, the authors ascribe to cryolite the formula 

11 NaFoliAlFoj, instead of the usually accepted formula 3NaF 0AlFo 0 Such a 

contention*, based purely on calculations of analytical balances of F^ 

seems to us at least premature* If consideration is given on one 

hand to the regularity in the highly developed isomorphism of the fluoride- 

ion and hydroxylion in natural minerals (see Fig 0 k) 9 demonstrated and 

stressed by tas^ and on the other hand to the well developed capacity of 

fluor-aluminum for forming the basic fluorides of aluminum of the type 

A1F(OH)2 and A1F2(OH)^ then the gross formula of cryolite

(1) See "also the previously published analytical-theoretical paper 
this system by I. ?0 Tananaev and Sh0 Talipov (1939)o
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can be harmonized with good probability into the formula 

or 3NaF eAlF2(OH).

In sedimentary rocks these* compounds are unstable! the minerals 

of the cryolite group are to be referred to tsones of pneomatolysiSo 

B. Salts of hydrofluoric quadrivalent metals

In a complete review reference should also be made t© the salts 

of the hydrofluoric acids ©f qaadrivalent metals^, among lahieh the most 

common and well investigated is the group of H^^ -where Me s Sis Ti? Zr^ 

and others, and -where the hydrogen ia replaced by uetals of the Groins I 

and IIo

The fluosilicates of the alkalis contain no water, and the least 

soluble among them is the K-salt* The solubility of the fluosilicate metals 

of Group II decreases from the light metals to the heavy metals 5 the fluo- 

silicate of Ba has the least solubility in mter<>

Fluoride

- Na^SiF^

18

K2S^6

Hieratite

C*Q ̂5*i U* *> wdOJLo? /C

Jj5l&w3eJ? /C

w
w

GuSiF^
ZnSiF^
MgSiP6

t°G

0

20

0

16

" -

0

16
25
20
20
20

%

\

59*08 | 0.11
U9o9l* 1 0,23
37*9k 4 0*2£

gr./lt.

U.350

7.350

0*770

1*320

105.8

o.i5o

0*190
0*250

Author and year
of investigation

Garter , 193p

w 1930

« 1930 .

w 1930

Garter^ 1930

« 1930 ,

  1930
« 1930

¥orthingt©% 1931



The solubilities 

1931-1932 by Ginsberg §

Fluoride

Li2Ti3?6
Na2TiP5
K2TiF5
Rb2TlF5
CB2TiP6

t°C

20-22
-
*.
«,

20-22

% Huoride

Wo
S ft   [->65 4- 5
12 4 1
841

25 4 1

Author and year of
inve stigation

Ginsberp, 1931
« 1931
» 1932
it 1931
« 1931-1932

As can be from the table, the titanofluorides are 

eoluble than the respective fluosilicates and thus offer little interest 

for otar purposes (they do not ocoar as minerals in sedimentary rocks)*

Go Gonclusiong

is CaF2 (fli

The fluorides of the other metals and metalloids possess a con-

concentration in sedimentary rockg especially in the f orra of tiro 

fluorapatite and fluorite 

lerals c<

N0 e

1

2
3

h
5

Minerals

Apatite
Fluorite CaFp
Sellaite MgF2

Sulfohalite

Facie®
Marine

^^^S^^L^i^^^.
1
.
-

1 Group of

Over- saline

_
4
+ (?)

sulfatohalodes

6- Fluoborite - f (?)

Continental
__£sa,IL,t^J^§£}___Y__

.
-
-

f
»
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Illo THE SOLUBILITY OF FLUORITE IN CHEMICALLY PURE ¥ATER - THE POLYTHERM 

A 6

A pure fluorite in large crystals was used in experiments*, 

It was obtained from the collection of the Mlneralogieal Institute of the 

Acadeicy of Sciences of USSR and came originally from region of the 

Tadzhik SSR C we pulverised it in an agate mortar 9 gifted it throtigh a 

sie^e of 0 0 25-uime mesh5 treated 100 gr» in a glass with hydrochloric aeid 

(diluting k idLo HC1 31*23% to 100 rol e with HgO) while mixing thoroughly, 

left it standing for half an hoiar to precipitate, and poured off the 

solution remaining above the sediment« This procedure was repeated twice 

The sediment CaF2 was next washed in distilled water, with decantatio% 

until there no reaction toj Cl 8 (AgNO-o)^ and the residue was dried in 

an ov@n at .30° Co The washed ̂ uid dried CaF2 w^§ then placed in 10-gr 

amounts in, bottles, one samplp per bottle, and 200 ml. of distilled 

 water was poured into each bottle e In all experiments the ratio of the 

solid phase (S) to the liquid |>hase (L) was? 6sL=l§20. The bottles were 

put into a constant temperatiarfe bath and mixed to obtain an equilibrium 

more rapidly*, From time t© t3jme samples taken of the liqaid phase

In all our experiments $ fluorine in the solutions was deter­ 

mined colorimetrieallyj zircon was determined by the alizarin method 

of Bear-Thompson and Taylorj, with a preliminary removal of fluorine 

according to ¥Hlard~¥inter in a number of cases *

Bo Comparative solubility of alkaline*earth, fluorides

The literature generally contains a relatively limited number 

of papers on subjects ¥e will review principal ones among 

themj, mainly in application to the subject of our investigation - fluorite.
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Solubility

B _j g-5-  >* &

and Campbell (1939) on the solubility of flmorite*

TABLE 3

Solubility of fluorides in chemically pure water

Fluoride

GaF2
natural

CaF2
synthetic
MgF2
SrF2
BaF2

NaF
KF

content
of F

W.67

Ii8t,6?
60.98

-
17 o98

h$»'2h
 

t°C

18

I8o8
18

«
25

25
25

 aMKMBXHaMQMOMi

Cone en- -
tration of
fluoride^
rag, /It.

15.0

16.3
87.li

_
1910

3? TOO
1*95 ooo

Concen­
tration of
fluoride -
ion, mg./lt.

7.3

~.

53*3
-r

3li3ok

 
 

Author
and year of
investigate

ion

Kohlrausch,
1908

w 1908
« 1908

-
Caitpbell^
1939

" 1939
« 1939

Method

Elec­
trical
conduct­
ivity

18

n
-

Ghfaaieal
analysis

18

8?

<??>  & VIGo.Il "^ Tl,U.i

fluorite CaFg has the least solubility. The

and barium possess a mach higher owing

occur in

2  Factor of

The dependence of the solubility of fluorides on temperature 

has been studied for CaF2 and MgFp by Kohlrausch (1909), in part also by 

the polish mineralogist Thugutt^ and experimentally by us in 19¥; 0 The 

results are summarized in Table iu
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TABLE k

Solubility of CaFp and MgF2 in chemically pure water 
(in mgo/lt.), as a function of temperature

tQC

Oe05

16.1
17.5
I8e0

18.8
26.1
26,6
27*0
iiO.O

100

206-210

3aF2 crystalline

GaF2

13.1
Hi. 8

 
i5*o

_
_

16.0
_

16<>7

-

29,6

F

6,37
7«20

_

7.3
_

7o79
 

8,13

30oO

lUftiil

CaFp synthetic

F

_
16*2

_.
16.3
17.2

_
~
-

.

-

MgF2

F

90*1+

«,
87^

 
_»
_

8U.1
-

-

-

Author and year
of investigation

Kohlrausch, 1909
n 1909
« 1909
« 1909
« 1909
tf 1909
« 1909
« 1909
w 1909

KazakoT

Thugutt^ 1936

Table ij. shows that the solubility of CaF2 increases noticeably 

with a rise of temperature! the relationship is practically linear;

£ 0,190 rag./It. GaF ? per £ 1°G, / within the interval 

or £ 0,092 mg./lt. F per | l0^^ of 0 - 26° C,

In the case of high-temperature hydrotherms the solubility of CaF2 can be 

doubled (Thugutt), It is very interesting that, in contrast to fluorite, 

the solubility of MgF2 markedly decreases with an increase of temperature,

The papers of Aumeras (1927) and Mougnaud (1931) give figures 

on the solubility of CaF2 in chemically pure water which are close to the 

data of Kohlraush (see Table 5)«
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TABLE 5

Solubility of CaF2 in chemically pure water 
(summary of data in the literature)

Author and year of 
investigation

Kohlrausch, l8?3
11 1908
« 1908
» 1908
» 1908
» 1908
» 1908
» 1908
» 1908

Aumlrasj 1927
Mougnaudj 1931
Jensen^ 1937

« 1937

Solubility
i°C,

18
17*5
18.8
26 a
0.05

16.1
18.0
26.6
Uo.o
25
18
-

-

CaF2 
mg»/lt»

1U
16.2
16 9 3
17.2
13*1
Ilu8
15*0
16.0
16.7
18
18,3
Uu3

I6.k

F 
m^./lt.

6,82
7.88
7*93
8,37'-

8,77
8.91
7*20

7.98

Notes

} Precipitated
"gelatinous11 GaF2

-\

Pulverized
*" fluorite (mineral)

>

Freshly precipitated
By method of dis­
solution
By method of cry­
stallization

There is interest for us in Jens en's paper published in 1937 $ 

in which the author gives wholly justifiably two figures of solubility 

(Table 5), - one obtained by the ''method of dissolution11 ^ the other by 

the wmethod of crystallization'1 from an oversaturated solution (a mixture 

of aoiieous solutions of HF and Ca(OH)2)» The determination proper of 

the concentration of equiponderant solutions was carried out by the method 

of electrical conductivity* The size of the particles of sedimented 

in these experiments was of the order of 1-2 microns  

G« The polythena of the solubility of crystalline 
in chemically pure water

We made experiments on the solubility of natural GaF2 in chem­ 

ically pure water at temperatures of 0, 10, 20, and 100°G. In our tests 

Nos, 7 and 8 special note was taken of the effect of an admixture of



powdered GaGO-  The time,, during which the containers with the solutions 

were left standing for the dissolving of GaF25 was as long as 130 days 

at most* The results are summarised in Table 6 and Figure 1.

TABLE 6

Solubility of crystalline fluorite in chemically pure water 
at t° = 0»10~20=10Q°G e (A. V. Kazakov and E 0 I. Sokolova) 
Pulverisations Q»20 meshj Solid § Li quid = 1?20.

Duration of
experiment,,
in days

10
20
30
lid
5o
60
70
90

100 125
UiO

k hours
(boiling)

Average
equilibrium
Corresponding
quantity of
CaO-x- (by
calculation)

Experiment
No* 15

t° = 0°G.
F 8

rag ./It.

10
11

' 12
12

=>
«,
«,
»
=,
-
c.

«-

11

I6o2

Experiment
No e 2,

t° = 1Q°G«,
pi

TflCT -. / I jK&t4c:L 0 / oJUa V O

9
9
9
.

13
11
12
.

13
13
13

_

13

19»2

Experiment
No. 3,

t° = 20°Go
F s

rag ./It. -

.
12

«
16
16
16

»
15

«=
-*
.
«,

15

99 1£,£, e JL

Experiment
No. k,

to s 100°G«,
Duration of

boiling

30 rain.
1 hour
2 hours
k hours
6 hours

F"

j^^t^^^

20
27
27
30
30

30

hk»2.

-x- For 25°G 5 by calculation § 15»9 ago/It. F ? and correspondingly 23°5 rag./lt- 
GaO,

Our experiments gave the solubility of fluorite in chemically pure 

water as ranging .from 11 rag./It. F at 0°G. to 15 mg*/lt. F at 20°G e and 30 

rag./It. F at 100°G. Thus^ the results which Kohlrausch obtained by the in­ 

direct method of electrical conductivity are decreased by almost half,,



Fig-ire 1

Solubility of crystalline GaF9 in chemically pure water 
at temperatures from 0° to 100° G.

Mg,/lt.F 

30

20

16 
15 
lii

12
10

i i i
10 20 25 5o
Temperaiiirs °C

100

Experiments for the determination of the solubility 
of amorphous precipitated

The literature contains a number of papers Which report a 

greater solubility for .ilghly dispersed CaF2 (precipitated, amorphous) 

than for natural crystalline flue-rite  

Paterna and Mazzuohelli (19QU) have shown that the solubility 

of hydros ol and hydrogel particles has a ratio of 2 0 2 3 1 when tha ratio 

between their radii is Isl0e Kohlrausch (1909) also noted this phenomenons

t°c

18
26,5

% CaP2
"Ur^o^SilSle"

1.50MO" 3

^TiiDneTSiG
colloidal

i^^
l.6oc lo°3 i.72U(r->
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Our efforts to determine the solubility of samples of the highly 

dispersed precipitated CaF2 at our disposal were unsuccessful because the 

given system HsO-CaFa yielded a stable non- filterable hydrosol e

Figure 2
Kinetics of the crystallization of CaFg from supersaturated 

solutions (according to Towborg-Jensen^ 1937)

o to & JO to fo en 70 go n too i/o

Time in minutes

IV c THE INFLUENCE OF CALCIUM SALTS ON THE SOLUBILITY" OF FLUORITE

The literature contains a considerable number of papers on 

the influence of calcium salts upon the solubility of fluorite CaFa* 

The investigations have dealt mainly with the chlorides of calcium  

The data on the role of gypsum are very limited 3 and there is no infor­ 

mation on the effect of the bicarbonate of calcium,. The decrease in 

the solubility of fluorite, produced by calcium salts, reflects a knowa 

law of the effect of common ions c

A* The influence of CaClg on the solubility
of fluorite

The earliest data on the influence of CaClg in decreasing the 

solubility of fluorite CaF2 are given in the description of the classie
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method of Rose for the determination of .fluorine by weight in the form 

of CaF2s

Paterno and Maasuohelli (190l|.) point to the analogous effect 

of CaCl9 and Ga(NOo)r» 0 Dinwiddie (1916) yecoimra&nds that,, in the analysl
&» ** £*

of solutions for the presence of fluorine$ the F-ions be precipitated by

5 the first tomeans of powdered gyp gram 0 Treadwell and

publish figures on the solubility of GaF9 in aqueous solutions of 

(see Table 7 and Figure 3).

 ility of CaF,, in
and kBhl5 1926). Rec

:dons of GaGHg 
by A c Ve Kas

Ga°« in G mollt

F ' ro
«-«o->F 8

mg 0/lto

(in the form

0 0 0002

lli.5

0

10142
11459

C 0 0

1120

itol

120L 
1683

ilol

1603

0.100

mg,/lt. 2.62

2.88 3.10 11,09

Note.-«C mole/It, is the sxoess (oversatuiration) of Ga*« ions in 
g-mole/itg, (at expense of addition of GaCloJs FO ! $-s *^e concentration 
of ions in the solution of GaP^ in chemically p-ure wateri F* is the 
concentration of ions in the solution of GaPo in the pres*?nos of GaGlo«

The minimom solubility of GaF2 corresponds to Ga g-raole/lt« « 0«027j
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Carriers and Rouanet (1.929) report in their paper a method 

for the determination of fluorine by weight in the form of GaFp in the 

presence of GaCl2 at the temperature of boiling . The concentration of 

GaGl2 in the system precipitated by the authors ! procedure is equal to 

6 e937 gr./lt. CaClgj or 3«5o5 gr./lt* GaO (as against the optimum concen­ 

tration of Io5l5 gr./Lt. CaO^ recommended by Treadwell)  

Figure 3
Influence of calcium salts on the solubility of 
the system GaF^-GaGio-HoO (according to Treadwell

and KBhl^ 1926)

B a The influence of Ca(OH)o and HF on the solubility of 
fluorite (the system CaO-HF-HpOj isotherm 25UC«)

There are no experimental investigations of the equilibrated 

system CaO-HF-HgO in the literature. Studies were made only of parts of 

this system,, Besides the determination of the solubility of GaF9 in HOj
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there is also an indication that in the presence of HF the solubility of 

GaF2 declines considerably «, reaching values smaller than 0,01$ CaJ^I how­ 

ever ̂ the investigators give no other data*

In 193? and 1939 A« V, Kazsakov investigated the system GaO-HF-HgO 

at the temperature 25°C ej and in 191$ he studied the fluorapatite system^ 

The results (2? experiments) are summarised in Fig e k of the present paper 

and in Fig* 2 of the paper of A, V* Kazakov wThe fluorapatite system of equi­ 

libria in the conditions of formation of sedimentary rocks,,, 88 published

in the present issue lliij, no e l|0^ of the Trudy (see p 9 23 9 TEI-

Figure k
Influence of calcium salts on the solubility of 

the systems CaF2-Ca(OH) 2-H20 at 25°Ge and at 25°G«

Scale em*ymg/lt CaO 

/ /020W /OQ 260 ZOO /OOP
/¥00 /MO 2208

<D 
H 
OJ 
Om

OJ

fit 
I

WII7



The micro-texture of the bottom sediment of GaF,

The bottom sediments in the segment of the CaO-HF-HpO system 

studied by us consisted of two phases § GaJV? and Ga(OH)p. The micro- 

structure of the precipitated GaF2 (at 25°C 0 ) is very interesting»

Judging from the investigation of A. V9 Kazakov and E. I. 

Sokolova (I9h9)* the order of the mixing of reagents /Ca(OH) 0I*HF7
cans £ "% CKO

has no noticeable effect upon the micro structure of the deposited GaF^f 

as distinguished from the system with ^9%* ^e conne<3^ this character­ 

istic with three features of the process of crystallization of CaF2 in 

our systems (a) a protracted latent,period of crystallization (see 

Fig* 2)| (b) weakly developed adsorptive properties (see below) as 

regards the ions of Ga and F| and (c) absence in the system of any 

other fluoride than GaF^^e

As to the given speed of crystallization,, it had a noticeable 

effect on the degree of dispersion of CaFp* which should have been ex­ 

pected* This effect is shown by the following tables

Serial
No* of 
experi­ 
ments

Given speed of 
tallisation (25°C) 

of GaF
hoiir

Siae of grains 
of the sediment

Sedimentation and 
capacity for 

filtering

85
98

81;

Ilu6 
79 - 36

800 - 2000

1-2
Settles well and gives 
an articulate4 clear- 
cut Debye pattern« 
Colloidal, does not

A second specific characteristic of the sediments 

system GaO-HF-H^O was a couplet® absence, of aggregation of s 

which distinguishes it strongly from sediments of calcium



G, The influence of gypsum and calcite on the 
  solubility of fluorlte

In 1915 we studied the system GaFg-GaSO^.SH^O-HgO* The 'results 

showed that the presence of gypsum decreases the solubility of £luorlte«

The experiments wars conducted sim?iltaneo'3Bly by the method cf dissolution 

and the method of crystallization of GaJV* In the latter case the system

increasing the content of F 1 to 30 mg,/lt»)* whereupon gypsum, was introduced, 

In both, cases we obtained wholly oomparable results (Table 8)g (1) 6 rag./It, 

F in the experiments with dissolution^, .and (?.) 8 mg./it. F in the experi­ 

ments with crystallization. Tile solubility, of fluorite in chemically pare 

water without- feypsum was 12-15 mg,/lt 0 F« The minimum solubility of .fluorite 

(6 mgo/lt, F) corresponded to a, saturated solution of gypsum,

TABIE 8

Solubility of GaF?- in a saturated solution of 
«"2H-O n f Solid? Id cr n ̂  - "i g^Hg tc s i  a © 'JT,>A 1^1 W O \\ l^ V?t--*^f±i1 jit 0 dL.JiJba \J[ <=*,i.Ti i A ^ uha ft C=j ** O -* ci

io Vt Kazakov'and E 0 I 0 Sokolova^ 1914.9.

3>oration of
experiments^
in days

pH F
mgc/l,t e

Experiment No e 5
t (Metttod of dissolving GaF0 )

£.

9

12
18
25
30
6k
66

AWage S

6.7?

A 7? O» | |

6 (r>c-» 
*77

6.77
6 9 77
6.77
6.77

6

6
6
5
7
6
6

Duration ©f
experiments £
in days

f,0r
W v^ pH F

jngo/it

Experiment Ho« 6
(Method of crystallizing CaF9 )

Prelimimry
2-hour boiling
of CaF0 in H«0

sL <£ 

1
13
21
3550  
 

100

10
10
10
13
Ik
 

6 ATO

6,93

6,93
7«36
7,36

=
7.36

«0

25

8
-
-
7
8
 

8



¥e also studied the siimiltaneoiss effect of gypsum -and calcite5 

on the one hand (Experiment Nc 0 7)$ s-nd of gyps'jsij caleite^ and GO^s on 

the other hand (Experiment Mo 0 8) e Both experiments were carried out by 

the method of crystallization* In the Experiment No 0 9 we introduced 

G09 for 9 hours into ifee system CaPo40,aSOj,«2H9G 4 OaCOoS the pH cf the
C, & £4 is, ,,}

system was equal to 6.71.

The alkalinity of the system Oa{QH)o* as judged by the phenol- 

phthalein index« was increased to pH 8,20 and was maintained at this 

 value (see Table ^ and Plg-are i|.) 0

 TABLE 9

Influence of gyp sum and oalcite (Experiment No. ?) 5 
and of gypstan$ calcite, and 4 C02 (Expe.riro.8nt 
No« 8) iapon fee solubility of CaFg in bhemi- 

cally pure H ;>0 (Institute of Geological 
Sciences, "Acad. Scd 0 TJSSR^

Duration of
experiment

2 hours
7 dayB
13 days
21 days
35> days
£0 days

Solid

R'yn^T'1! m^sT1
.ijJXL^^A, C&BA1-&W  

Is20
Ig20

^ Ig20
Ig20
Is 20
1§20

t°G pH
F

mg c/lt.

it Noo 7

100
10
10
10
13
111

6o77
8 0 20
7,9k
8 0 20'=
7.36

25
12
12
12

8*5
8

Duration of
experiment

Solid
f.».f»j^n''Tf 'JijTT-gi

laqjiid ^Ort 
T,- U PH

F
Big c /It,

Experiment NQ O 8

2 hours
12 days
20 days
35 days
SO days

1§20
1§20
Is20
1§20
Ig20

 " 

100
10
10
13
111

<±»

16.77
7«6o
7.9t
8,20
7o9li

ca

X ^9

10
10

6
6
MO

Our experiments Nos« 7 and 8 likewise showed a decreased 

solubility of fluorite in the presence of gypsum and calcite in the pre« 

cipitated phase (common-ion effect of



D. General conclusions

1. Calcium salts (GaC^, CaSOr, CafOH^ and G 3(303) r 

the solubility of Ca?2 in water ̂ in full accord with the rule of the 

effect of common ions*

2. As a first approximation^, the solubility of Ga?2 can be 

considered to be inversely proportional to the content of calcium cations 

(see Figure Jj.).

3. The lowest experimentally obtained figures for the solu­ 

bility of CaFg in aqueous solutions of calcium salts are given in Table 

10?

TABLE 10 

Solubility of CaF? in aqueous solutions of calcium salts

Salts

uaC;-Lo

Ca(OH) 2

CaSO]4 ,2H20-x-

G one entr ations 
of CaO, in
mgo/lto ;

lli56-22UO

711

1211.7

Saturated
solution
of gypsum

t°C.

25

25

10

Solubility of 
GaFg 5 in 
mg . /It .

2 068

5.3

2.6

6*0

Method of 
determina­ 
tion

Method of '
crystalli­
zation
Method of
dissolving^
Method of
dissolving
and crystal­
lization

Author 
and year

Treadwell
and K8hl,
1926

Kazakov5
1937

Kazakov
and

Sokolovaj,
19li9

^ According to the data of P« P. Budnikov (1933)^ 'the solubility of 
110 in chemically pure water is as follows g

Temperature

CaS0.2H20
mg,/lt*Ca
mg./lt.GaO
mg./lt e SO^

00

2. la
56l,0
iQk.l

13hk*2

18°

2.59
603.0
81*3*3

11M.7

2h°

2.65
«,

862,8
-

320

2.69
_

875.8 -

380

2.72
_

885.6
«

ia°
2.69-
-
-

90°

2.22
-
»
-

Note

Calculated
to ions
and oxides
by Ao Vc
Kazakov
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V. THE INFLUENCE OF SODIUM SALTS ON THE SOLUBILITI OF FUJORITE

The influence of sodium salts on the solubility of fluorite 

is much more complex than that of calcium salts* "where the basic factor 

is the effect of the common cation of calcium. Our principal interest 

is, naturally, in the chloride and the sulf ate of sodium, as they are 

the fundamental and prevalent forms of alkali salts in natural waters.

A. The system

The literature contains no direct investigations of the in­ 

fluence of acjaeous solutions of NaCl upon the solubility of GaFg* There 

are, however, indirect references in the pagers of Gameron (1901), Orlov 

(1902), and Van-Goff on the system CaSO^-NaCl-HgO, and in the paper of 

Gameron and Bell (1906) on the system GaSO^-MgSOj^-HgO (Fig. 5).

Figure 5
Influence of sodium salts on the solubility of GaF2 § 
effects of NaGl and MgSO^ on the solubility of gypsum

Solubility of
CaS04*2%0
g-aoie/lt.

Had Cameron (1901)

u /

Cameras and Bell (1906)

5- 3" o g-mole/lt ,



The introduction of NaGl into the system at first increases t 

solubility of gypsum. At a concentration of 2.5 mole/It, NaCl (or 114.6.1 

gr./lt. NaGl)^ calcium sulfate reaches its maximom. solubility (3.5 times 

greater than its solubility in pure water). With a further increase of 

the concentration of NaGl, the solubility of calcium sulfate diminishes.

¥e studied the solubility of GaF0 in aqueous solutions of NaGl
V S T,

for various concentrations from 10 to 300 gr./lt» NaCl at a temperature 

of about 10°G (see Table 11). Our results likewise showed that with an 

increase of the concentration of NaGl the solubility of fluordte gradually 

increases (Fig 6 6) and reaches a maximum (about 18 mg 0/lt. F) with a con­ 

centration of 100 gr./lt. Na01 6 A further increase of the concentration 

of NaGl leads to a diminution of the solubility of fluorite, which de­ 

clines to 8 mg 0/lt 0 F in the field of saturation with halite*

The quantity of mg./lt. F was determined in all experiments 

by removal with subsequent application of the sirconium-alizarin method 

of colorimetry.

Bo The system CaFo-Na98Oj-H00
__ ____.______________________________^-^_____^^^_ t̂ :'__ LL &L

As distinguished from NaCl, sodium sulfate does not have any 

noticeable effect on the solubility of GaFg. The five experiments, eon- 

ducted by-us with aqueous solutions possessing concentrations of 10 - 25 - 

100 - 200 - 270 gr./lt. Na^SO^ at a temperature of lit0 G 65 gave values 

of the solubility of crystalline CaF2 hardly differing from its solubility 

in chemically pure HgO (see Table 12 and Figure 6). The experiments were 

made by the method of dissolution with continuous mechanical stirring.



TABLE 11

Influence of NaGl on the solubility of fluorite 
s Is20s t° s 10°G*j pH s 7,0 4 O e

Serial 
No, of

(1)

_
9

10
11
11-K*
12
ill.
lli-K*
15
16

Duration of 
experiment^, 
In days

(?)

30
~
70

120
60
38
70
99
50
36

Equiponderant concentrations
NaGl

  gr./lt.
137

0
10
25
SO5'c

100
200
200
250
300

CaFp

(k)

13
lU
is
16
1,6
18
16
17
10
8

Experiment^ by the method of crystallization of CaF ? feom s^pe 
saturated solutions (preliminary heating of system^' to 100°C 0 )

nflm^DOft of sodium salts on t&e solubility of 
the system CaFo-NaC-l-H^O a4' ]0°C. and the sy

S6H0 at llicC 0

NaCl

01025 50 100 150 

Solvent ./it
250 270510 

faaC!



Ill

of Na0SO) on t&n solubility of fluori
r-'-i rt ~ '1 «vOo 4 ^  " 1 SiOp ° -nil - ^ fl 1 P 1[a.Ju(i   J. L ,i'«| >'>   .Lil U o 9 PA! " i c'-J f ^ * 

Serial 
No e of

expeT-iment.

fiy
17 
18
19
20
21

Duration cf 
e^ftriLmftDt,, 

in da ;VB
T2T 

T r" 
J 71

30
39
ko
39

^^^E^'^pcndejjar,t c on csntrati one
Na^SC^

O-yv /I 4- 
_^^_iB/^.>_0^

1, J" J

10
'35

100
200
270

CaF2
rngo/lt«F

omr ^.--KiMM^TipcW--Mi, MU   ! atfl,!

(4j

13
12
11
12
12

¥e must now consider the influence exerted on the solubility 

of flnorite by ^SO^^, the fotirfch of fbe basic components,,of sea water-«. 

The literatere gives no direct- indications on thi^ s-ib^eci^ The syste­ 

matic experiments conducted by -05 (see Table 13 and Figo 7) have revealed 

a very interesting and unexpected regi^Laritys magnetrbiin s^lfa.te ha^ a 

strong dissolving effect- en fl^ozdte at concentration's off 10 gr e /lt 0 

MgSOj. in the -solution,, bat a gaits insigrdficant dissolving effect at 

small concentrations (about 2 gr./lt. MgSOh) e

Taking into account general considerations regarding properties 

of magnesium -salts and their capacity to form complex e;ompoiinds<) it seems 

justifiable to explain the pronounced increase of the solubility of GaFg 

in the system GaFp-MjgSOr-HpO by a process of formation of complexes (at 

least in the solution,) andc, perhaps, by a partial exchange reaction 

CaF2 4MgSO|4 ^ MgF24CaSO^ with the formation of a more solubl
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Though the investigation of this quest-ion is outside the scope 

of our present subject,, from a geochemical standpoint- it must be recognized 

at present an a pending problem in general chemistry^ Let us note here 

that in otir current work on the magn.es Ite- dol omit e system it is likewise 

not possible to clarify sufficiently the .nature and mechanism of the 

formation of an alkali reserve in the system CaO-MgO-CO-p-HQO, in the 

presence of components of sea water 9 wit-bout taking into account a forma­ 

tion of magnesian c Duplexes (a series of basic carbonates of magnesium, 

and so forth.) 0 One of the latest papers of Ber^on (19L-?) notes, for 

example^ such complexes ass MgCNC^MgCOH)^! Mg(N03) ? .L|Mg(OH)c?j etc e

VII. THE INFLUENCE OF ¥EAK (ORGANIC) AGIDS AND AMMONIUM SALTS ON THE 
SOLUBILITY. OF FLUORXTE

Before considering the 3cQ.iibility of fTuorite in sea water 5 we 

giT/e the lltr-lt-ed data available in, 'the literature on the solubility of 

CaF2 in some organic acids and ammonltsm saltsu

The solubility of fly or ite in aqpieo'os solutions of acetic acid 

was studied In detail by D'lSparo (1925) and Moixgnaud (1931) c The?lr results 

are given in -Table lh and [figures 8 and 9 0

TABLE 111

Solubility of CaF9 in acetic acid (in gr./lt.)

t°C 0

ho
60
80

100

- 30 grTTTTT^"

0*153
0.178
0 0-206
0.229

" 1

50 gr.TIt*

Ool75
0.203
0,23?
0.26U

2
1^0 grT/lts

0,192
0 C 229
Oo26?
Oo300



Figure 8 0 --Influence of 
on the solubility of 

kO° to 100° C 0

(organic) 
the systei

and ammonium salts
0 at

Temperature

Figure 9« Influence of weak (organic) acids and anmonium 
salts on the solubility of CaF2 »

The systems: 1 0 CaF2-CI%COOH-H20| 2

(according to Mougnaud, 193-0



VIII 0 THE SOLUBILITY OF FLUORITE IN SEA, WLTER OF NORMAL SALINITY 
AT VARIOUS TEMPERATURES

Now that we have studied the behavior of ilucrite in a number 

of saline solutions (components of sea water) 9 we shall consider the, 

conditions of equilibrium of fluorite in sea water of various concentra­ 

tions e In this investigation^ we used water to which known amounts of 

appropriate salts had been added in order to obtain the composition of 

sea watero The data of S 0 V0 Bnxevich (Table l£) served as the basis 

for this preparationo

TABLE 15

Composition of sea water of normal salinity 
(according to data of S* V e Bruevich)

Lculations based on dry salts)

Salts

NaGl
NaBr
KG1
MgGlg
GaG.1.9
NaHG03
MgSQj^

Average

Content
in gr./lt.

27 « 021
0.085
0.739
2.U93
1.163
0«206
3.368

1.028

Calculations Sasecl on oxides
S'aKs

M?0
GaO

GOrt01'

so3

mg./lt..

2183
587

108
19210.

221^0

The salts NaGl/ NaBr,"TCl, andTfaHCO^ were weighted and intro­ 

duced in a dry form0 The salts MgGl and GaGl2^ which are hygroscopic^, 

and the salt MgSO) ie xHoO. which has the tendency to become dehydrated in
4_4> £a

dry air 9 were introduced as solutions based on calculations 8

In order to prevent the precipitation of gypsum, the salts 

were placed in a receptacle in the order indicated in Table 15.
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The results of the experiments on the solubility of GaFo in sea
^ 

water of normal salinity are summarized in Tables 16 and 17  

TABLE 16

Solubility of crystalline GaFp in sea water of 
normal salinity (1 »«Sea Water") at t° = 0°.C«

(An average equiponderant 7»0 adopted)

Duration of 
experiment $ 
in days

1
22
28
3k
37
hi

Solids Liquid

Is20
Is20
Is20
Is20
Is20
Is20

pH

7.9U
-
«
-
-
-

Analysis of liquid 
phase^ in mg./Lt.F

Ue5

6 6 0

6 e O
6,5
7,5
7oO

TABLE 17

Solubility of crystalline CaF2 in sea water of
normal salinity at t° = 15° C. 

SolidsLiquid » 1?20 (an average equiponderant 12 adopted)

Duration of experiment^ 
in days

10.
30
ho
5o
60
68
78

100
110
125

F 
in mg»/lt*

6
7
6

111
12
11
11
11
13
12

pH

 
8l30
8.08
~
-

$.9U
_
7.9U
8 9 08
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Figure 10.--Solubility of fluorite in sea-water of varying salinity

"0 Sea "water

Degrees of concentration of sea "water

On the basis of these experiments the solubility of GaFg in. the 

sea water of nc.t-mal salinity should be taken ae§

for tc s 0°C 
for t° =

oooooooceeooocooococococeeo 

coooooooeooeoooooooooeeo c,i.

i Hlg o / <!> u o J? j 

^ Jflg o/ 4. v. *

Though this solubility is thus markedly smaller than that in chemically 

pure water £ netrerthelese it i-s from 7 to 12 times greater than the actual 

content of fluorine in the water of the world's oceans (about 1 mg e/lt. P] 

Consequently, the 'water of the world's oceans is still far from 

saturated with fluorite, and deposition of fluorite from pure continental 

waters and from in basins of a normal salinity is not possible,

IX. FLUORITE IN THE SIST1M OF SEA. KILTER OF HIGH SALIN1TT

A C Evaporation in closed basing
(type of%losed systems|* principle of wsolar diagram0 )

In the natural systems of over-salice sea basins the problem of 

fluorite equilibrium becomes much more complicated.- It is convenient to



distinguish first of all between closed systems (without influx of pure 

water) and open systems (with influx of pyre water) $ and between systems 

with elIjn.inB.tion of the salt deposits (in nature ~ by coverage with silt) 

and systems without elimination of precipitated phases 5 namelys such that 

do not exclude their eventual uietamorphism. From the tlaermai^taBdpQ%t 

systems can be isothermal and polyfchermal (with a variable temperature of 

evaporation in the basin),, and so forth 

Let us consider the simple ease of closed evaporating basins* 

This type of evaporation of sea water with a corresponding separation of 

salts is well studied in the classical papers of Usiglio (181$) for the 

water of the Mediterranean Sea, Van-Goff (l89?-190£), and N, 3. Kurnakov 

and V0 I. Hikolaev (1932).

The results of our experiments show that the principal factors 

influencing the extent of GaPj solubility in saline solutions of sea 

water are as follows §

(^) The concentration of the cation, Ca (as common ion with 

flTior5.be) markedly diminishes the solubility of flmrite. Here 'belong 

gypsum, bicarbonate of calcium,, and calcium chloride,, Therefore, we 

should be interested in the sum of all the cations of calcium in solutions 

of evaporating sea water5 expressed in mg«/lt« Ca (Fig* li).

(b) The concentration of MgSOh (in gr 0/lt- 0 ) diminishes the 

solubility of fluorite at -small concentrations ana markedly increases 

it at concentrations greater than 2 gr./lt. MgSOjL (Fig 0 ?) 

(c) A marked increase in the solubility of fluoritb is produced 

by HaCl, up to a concentration of 100 gr./Lto Had (Pig* 6) 0 

Sodium sulfate behaves indifferently (Pigo 6).
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(e) Tbe solubility of fluo:rit»e is decreased by low temperature 

and increased by high temperature.

The experiments of Usdglio showed that- the maximum equiponderant 

concentration of calcium salts during the evaporation (l4Q°C e ) of water in 

the Mediterranean Sea occurs at a infold evaporation (2*kh8 gr e/lt 0 Ca) e 

Thereupon,, beginning with a 5 fold condensation of water volume, there 13 

a precipitation of gypsum and an intensive sedimentation of calcine c, marking 

a transition of the system into a condition less favorable for the. separa­ 

tion of fluorite,,

A some'what different picture :ls indicated by the experiments of 

Van Goff (.1897-190$')<> who dealt with the isothermal evaporation of sea 

water at a lower temperature,, 25 OG 0 In this ease the beginning of the 

precipitation of gypsum and of NaCl Is moved further In the direction of 

more concentrated, solirrdons e

In o'or experiments mth concentrated sea water the beginning 

of the precipitation of a small amotmt of gypsm .and. calcdte corresponded 

to a 7-fold evaporation by volume e A considerable precipitation of gyp stain. 

mixed with ealcite began only In ffolutdens with a l(X-fold5 and particularly 

a 15-foldj, evaporation by volirnp. Our experimental res-alts on the solu­ 

bility of fluorite in sea, waters of various degrees of evaporation are 

summarized in Tables 18-28 and in Figtffe 10.

The above-indicated series., of our experiments on the solubility 

of flTiorite in, sea water was supplemented by a group of tests at- lQ°Coj> 

in which powdered gypsum, was added to the eea water* As should have been 

expected,, the addition of gypsm rectaces still further the solubility of 

of fluorite in sea water during the first stages of the water's evaporation^ 

up to a 5-fold conden«at&&n of volume inclusive (see Table 26.)



as the concentration (evaporation) of sea water progresses,, 

factors with opposite effects make their appearance* The increase in the 

cations of calcium (mainly of gyps-am) reduces the solubility of fluorite, 

whereas the increase in the concentration of NaCl (tap to a definite limit) 

and principally of MgSO^ increases this solubility. The residual effect 

of these opposing influences creates for closed basins a condition in which 

the miriimum solubility of fluorite corresponds to the stage of a 3- to 

Infold condensation of sea water by volume 9 marking the limit of satura~ 

tion with fluorite at low temperatures.

After the beginning of gypsum precipitation and a decrease in 

the concentration of the cations of calcium (common to fluorite) in the 

solution^ the solubility of fluorite begins to increase rapidly (see 

Fig. 10), and the separation of fluorite ceases.

TABLE 18

Solubility of crystalline fluorite in sea water of a 2-fold 
condensation by volume (2 ' ttSea Water*)« Condition of experi­ 

ments Solidsldquid a Is20| t° » 15° Go

Duration of experiment 5
in days

Shak

10
20
30
1*0
5o
60

100
no
i55
170
210
2hO

Average s

Experiment with c
3

10

rag .At. F pH

dng 3 times daily

8
9
9
9
9

12
12
12
10
8

10
10

9

 
«

8.10.
8.08

l»

.=,

8.08
8.08
8,30
8,20
8o20
8,10

8.10 4 0.10
csa

ontinuous mechanical shaking
10
10

--

«
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TABLE 19

Solubility of crystalline fluorite in sea water 
of a 3-fold condensation by volume (3 8SSea Waterw )

SolidsLiquid = Is20| t° - 1$° C 8

Duration of experiment,,
in days mg'*/lt.F pH .

Shaking 3 times daily
10
20
30
ho
57
77

110
125
i55
260

Average g

5
7
5
7
7
7
5
6
7
7

6

Experiment with continuous
3

30

Experiment at tc

6
21

5
6

s 0°G| daily

5
6

8 e 20
«

8 9 20
^

8 6 20
8 e o8
=

8.10
«,
8.10

-

shaking
 
.

ttt^

8.1
8.1

ii in in !  -r_yt^^-_ ' rnn^r-^**>*irf~rrr?

33a,
of crystalline fluorite in sea water 

by volume (k p^e«

Deration "or exp eriunentT"
in days

23
37
62
QO

122
165
230

3Wlt*P -

aM,ng 3 times
8

10
10

, 10
10

8
9

Experiment with continuous
3

10
13
11

pH

daily
8.20
8 0 08
8a5
8 e 10
8.10
8 0 20
-

shaldlng
-
-
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TABIE 21

Solubility of fluorite in sea
condensation by volume "(5

4 . "1 oOAo i'O A "  J~ o (CU a v

water of a 5° 
Water")6

Duration of
experiment^ 

in days

Gontira

32 

Ii2

78

93 

135

1,95

Wit* F

1 f%T3 'Q CslK 23 1/"T! T1 r Jt»wU,O QiiO>JtS«JUllg

16 

16 

18 

18

16

PH

T 
3

8 C 00 

8 B 00

8 e 10

-

Duration of
  experiment 9 

in days

Shaking

12 
20 
96

Tp'VT^ . £5*}'s>*1 1

32

rag. /Lt « F

3 times dail

17 
16

nent at 0° G.

15

pH

y
8 6 0

8.0 
8 6 0

Control experiment with aLiraination
of .fluorine and a continuous '

shaking in a thermostat (
20 
18

15° G,)

TABLE 22

Solubility of fluortte in sea water of a 
=fold condensation iby volume (7 "Sea

s 1»20| t° g

Deration of expernjaent^ 
in days

Con-

25 
76 
92

Average g

s.

25
o/C36
50

mgo/lt, F

sinuous shaki

20
30
25

25

Same at Q°G* 
11
-i rf15 
16

pH
ng

8.1U

«,

8.0

u.



TABIE 23 TABLE 2k

Solubility of floorite in sea water
of a 10-fold condensation 

by vxxLtune (10 !8Sea Water88 ). 
id s l°20s t° s

Duration of 
experiment,
^ in da^rs___

.Sha.

16
26 
k3 
65

Average s

mg 0/lt"oF

d,ng 2 times c

30 
30 

  25 
2k
28

pH

felly

-

-

Solubility of fluorite in sea water
of a 15-fold condensation

by voltana (15 "Sea Water88 ).
Solid § Liquid = 1§20| to - 15°G 8

Duration of
experiment 5

16
2.6
k3
65

Average s

mg 0/lt eF

30
30
36
30

30

pH

8 e10
8.10
8 e 10
8.10

-

TABLE 25

Degree of condensation 
of sea water by volume

0 (chemically pure H^O)
1 «3SW«
2 w
3 'w
It "
JP' 90*"j 90

6 «
7 w

10 ®
15 ra

pH

7«0
8 e O
8 C10
8.10
8.10
8 8 0

<=.
«

7^90
8.0

E quip onder ant c one entra-
^^__tip^ij_i^r[^«/l't'» F

t!o s QOC

11
7
^
5
«

15
.

16
=
«.

^^21 =
i^
12
9

5-6
9

20
2U
25
28
30

TABKE 26
Influence of gypsma on the solisbility of CaF2 in. 

sea water? of varictis concentration.
pH   8 e10 4 0^10,

experiment,
in days of sea water

lil
III

in mgo/lt.F
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- TABLE 28

Modification of the average chemical composition of river 
water by boiling (in B^

Degree of 
eonden-

  f atio% by 
volume

1 

10

100

200

800

Gl

11.3

113

1130

2260

901,0

squ

2k3

Zk3Q

.

«

G03

70,3

703

_

-

00

Ga

1*08

1*080

 

«,

Mg

6.8 

68

680

1380

5520

K

h2

k20

8!;0

3350

Na

11.6 

116

1160

2320

9280

F

2

20

ilQ

160

Notes

Dry residue 
at 110° = 
200 (conditi.)*

Settling of
f^ ^ CJOl4 f 95 f f^
W *23UteJ \J I j ft \J> %%\^ \J O

The average dry residue is taken in its entirety to be 200 rag./It.| 
the figures of Glarke are recomputed accordingly<»

It is left to liis now to consider briefly the regularities governing 

the equilibrium of fluorite in open evaporating basins -with an influx of pure

(river) waters e Generally speaking, conditions in the evolution ©f 

relict -basins are the most frequent in nature because completely closed basins

Th© saline content of river 

depends , first of allp upon the sonditions

is somewhat 

of soil and
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basin and upon the rocks eroded by the river 0 However 5 average annual 

figures can be deduced, as has been done by Glarke and other investigators 

(see Table 27) o

Table 27 shows clearly that river waters mast undergo a very 

considerable condensation by volume in order to attain an icnio concen­ 

tration equal to that of oceanic water*

Cl Na Mg SOj K Ga 
Goef c condensations
ocean w0/river w. 1835 509 1?8 11,9 3k 10.U

It is necessary to note, however, that the cations of K and Mg 

are strongly absorbed by hydrous alianino-f err o- silicates during their chemo- 

sedimentation and processes of diagenesis of bottom silts (principally 

during the formation of hydrous micas ), so that they drop out from the 

salinity eqoilibrium0 This applies also to calcium^ the main mass of 

 which (brought into the ocean by river waters in the basis form of bicar­ 

bonate) precipitates from ocean water as ealeite*

In a considerable measure this is also true of S0\, which 

precipitates in sea basins in the form of gypsum and anhydrite during 

the early stages of the fflsolar diagram83 of evaporation*

From this standpoint, greater dependence can be placed on the 

coefficients of condensation for the ions -showing a relatively sa inertw 

behavior toward mineral formation and biogenic fixation, such as Na, Cl, 

and apparently Br«>

If we follow up the change in the average chemical composition 

of river waters during their evaporation "we Fill saet, that," 

in order to achieve a concentration of Mg-ion equal to its concentration 

in sea water of normal salinity, it is necessary to have at least a 200- 

fold condensation of river waters by volume e In such case the concentration
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water of a U-fold condensation (Is, ^Wjj) for -rfaieh the solubility of fluo- 

rite is the smallest according to Fig 0 10$ then the respective ©©efficient 

of concentration for river waters wold have t© equal to 80Q<, and the con bent 

of fluorine woold rise to 800 x 0<,2 ~ 160 mg e/lt* Fj that is, it would exceed 

by far its limits of solubility imder these conditions (li - 6 mg*/lt* F). 

In these calculations9 we do not take into consideration^ as indicated above,, 

the fixation, of magnesium during the chemo-sedimentation of hydrous micas^ 

so that the real coefficients of concentration of yivfir waters jroa;?t be still 

higher5 apparently approaching the chloride coefficient.

ThBSo in ©pen drying relict basins and lagoons with an inflow of 

piare waters 9 the conditions are still more favorable for the sedimentation 

of fltiorite« Under these conditions fluorite must precipitate together with 

calcite within a range close to ilie sedimentation of gypsum*

X 0 GENERAL CONGLDSIONS OF A GEOLOGIC-GENETIC

1 8 Among the 3k known minerals containing fluorine^ only 6 

minerals occiar in the thermodynamic conditions of sedimentary rocte| of 

these^ k are referable to saline lake deposits of a late stage of halo- 

genesis p being rare minerals^ and only the remaining 2 may be referred to 

marine sediments 0

under the thermodyoamic conditions of high temperature and press-ore (hydro- 

thenag^ pneumatolysisp magmas D volc^anogenic processes^ etc*}

2» The 2 above-indicated minerals containing fluorine and re­ 

ferable to marine sediments aye fluorapatite (seldom fluorhgrdroxylapatite)
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and fluoritef the range of their formation extends to the thermodynamic 

conditions of high temperatures and pressures (magmas^ hypotherms^ vein- 

deposits, etco), which characterise their crystal lattice as very stable 

The experimental data, presented above on the fluorapatite- 

fluorite systems of e'qMli^M.a, content of fluorine in natural waters, 

and geologic-lithologic analysis of occurrences of sedimentary fluorite 

and fltiorapatite, make it possible to increase considerably the precision 

of our knowledge on the conditions of formation and stability of apatite 

and fluorite in sedimentary basins of different types» 

Ao Purs-water basins

,3o In p~ire~wa,ter basiPB the usual content of fluorine in the 

'water is, on the average*, about 0*2 to 0«$ mg«/lt« 5 and the extent of 

flnorite solubility is correspondingly?

11 mg./Lt. for F afc 0°G.,
15 mgo/lt« for F at 20°G.

Under these conditions any possibility of the precipitation of flnorite 

naturally is excluded e

if. 0 The possibility of the precipitation of hydroxylapatite, 

with the usual attendant fixations of fl?ioride-ion from the water, is 

also excluded because of the negligible concentration of phosphate-ion 

in pure waters and of the comparatively small pH e

S'o However- a partial, extraction of fluorlde ion from pure
fc & Ja  * 

waters by the fluoridation of the bony subetance (l^rdroxylapatite) of 

animal carcasses is still possible tmder these conditions. Me have 

demonstrated experimentally that the coefficient of the fluoridation of 

hydroxylapatite of bony subrtanc^ (substitution of OH 1 for F) reaches
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from 5"5 to 60 percent 0 For hard waters (high aor-.tent of Ca) the co­ 

efficient of the fliiorldation of hydmxyl apatite is still higher  

B 0 Sea basins of normal salinity

6» The salts of sea water exert a varying influence on the 

solubility of fluorite 0 This problem was clarified by a study of the 

solubility of CaF? in the aqueous solutions of a number of pure saltSo

(a) The salts of oalcd'om (sulfates, chlorides, and others), 

which have a common cation Ga with fluorite, decrease the solubility of 

fluoriteo In a saturated aqwsous solution of gypsum the solubility of 

fluorite decreases to 6 mg./lt. F» In aqaeous solutions of OaGl? the 

decrease is still greater, down to 2 06 mg«/l.t« F 0

(b) The salt-^ of magnesiiam,, on the contrary, sharply increase 

the solubility of .fluorite e Thus, for example, with a content of .10 

gr c/lt« MgSO). the solubility of fluorite (1,3'° C*} increases to $0 zugo/lt,
'-T L" .. "

F| with a center:!- of .100 g-./lt. jyfeSO), It iccreases to 110 mg./lt e F|
'-4- .

and with, a contest of 260 gr./lt. .%SO^ it inci-ease?1 to ,300 mg c/lt e F 0

(c) The Halt MaGl, when, 'dissolved in neutral solutions to a 

concentration of 100 gro/lt., increases the solubility of fluorite (to

18 rog 0 /ltc F)| bat with more concentrated solutions the curve of the 

solubility of fluorl.te declines sharply (to 8 mg c/lto F) 0

(d) Aqi'ieous aolaticc^ of Na^SO^ have no effect on the 

solubility of fl^oidt-ft.

7o The direct e^)e:r:Lments conducted by ujs on the solubility 

of fluorite in ocean water of normal salinity showed a solubility of

19 me*/Ito F at 1^° C« ard of 7 mp'./lt.. F at 0°C«§ namely- 10 time^rJU(«^ -**l*fo O/ *=J^- ^ O ** ?«*) ^' <-*" v*^ *=^J O JB "*J *  "*"*> V/ t t, ^ .ssifc^ 9 /f «-*= l ' 0  » "* 'i*' V IW » Q fct-JjfcAJi^.-'cA.-jr « vi=V Wt-jSan&iFi _.'__'
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higher than, the actual content of F in the ocean water (h mg./lt. F5 on 

the average)« Thas, the possibility of the deposition of fluorite in 

sea basins of normal salinity is completely exclude do

8 0 In sea basins of normal salinity there is another wide-
Of

spread process of fixation of fluorine., namely ̂ the sedimentation of 

fliaorapatite in areas of phosphate shelves* This process has been con­ 

sidered, in detail by "us in another paper.

9o The content of F in ocean water is several tens of times 

higher than the content of phosphorus s

P.^Or in a zone of photosynthesis C oooo«o«o 0.01-0.05 rag./It. 

PpO^ in a gone at depths of 300-1;QO mc  « up to 0..30 38 w 

F in all zones of the ocean5 on the average.. 1.0-1.2 w n 

Such ratios can occur only in the case of insufficient amounis 

of the cheioos^dimenting mass of calcium phosphate (apatite lattice), 

and from this standpoint the above-indicate! quantities of fluorine in 

ocean water insist be considered as residuals (excesses) left over after 

a full saturation of the settling phosphate sediments (phosphorites) with 

fluorine to the extent of the formation of normal fluorapatite.

Co Relict sea-basins of high salinity

1. Closed basins
(principle of "solar diagram811 )

10, As the concentration (evaporation) of sea water progresses, 

there appear,, together with the increase of the absolute concentration of 

F in the water mass, a whole series of new factors having opposite effects 

on the solubility of fluorite (compare with paragraph 6)0

lie Beginning with the moment at which a 3- to li-fold evapora­ 

tion of sea water is reached by volume, the solubility of fluorite decreases



down to U-£ mg 0/l,t e F5 and th« c'orve of the solution cro^se*? the line of 

the concentration o£ flnorine cf -^ea water | that is,, the mediran becomes 

saturated  with fluorite*

12 o However $ this .first, period of a possible precipitation o.f 

fluorite in relict and closed sea basins is short 3, because the concentra­ 

tion of the cation Ca° e decreases beginning with the onset of gypsum 

sedimentation whereas the dissolving effect of NaCl and MgSO|^ upon fluorite 

increases* As? a result 5 tbe water system of th^ drying salinified basin 

again ceases to be .saturated with fluorite e Under natural conditions tb.e 

deposition of hoi op elites i^nially prevents the dissolving o.f the pre­ 

viously precipitated finer-it e 0

Open dsyijng relict basins wJ:h an influx 
of pure waters

13 o The sea b as ins of th^ open5 dzying, relict type with an 

influx of pure 'waters offer anaeh greater possibilities of the deposition 

of fluorite in 'the course of the 'basin's evaporation^ first of all because 

of the sharply higher content of fluorine in river waters relative to the 

total mass of salts^ in comparison to ocean water*, The salt G©imposition 

of river waters is 280 ticies richer in fluorine than the salt composition 

of sea waters

river waters »eeo«»««e«»$<»e ̂ -^wiw^n^W-'" " 2 3 ?x 10°*^

nf£>sn TntaHhoi^ss ~.o^J IHE»/J-T/o * 5= O H <**  ~i fY^ytji- "'tl.ll wsi 'j".<, t? oeeoceeoeoeeoc <*oaj»«««^«ifc«»iicu~OBij<«»K-i=! ^ 't, e w ^n. o.vj

For exaniplej, in order to achieve9 by means of evaporation of river waters 

of average c01153osition,, a concentration of Mg-ion ecpial to its concentra­ 

tion in sea water of normal salinity^ it is necessaxy to have at least a
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200-fold condensation of river water "by Tolume 0 This -would result in a 

content of fluoride ion equal to 200 x 0<,2 mg 0 /lt 0 F ~ 40 ing  /It, F 9 -which 

exceeds by far the solubility of fluorite c

3 e Basins in the last phase of halogenesis
(stages of the deposition of potassium salts and borates

l^-o With a further drying of sea basins and their transition to 

the phase of deposition of potassium salts (and primary borates), there begins 

the last stage of precipitation of fluorite from eutonie (sis) brine 0 All in 

all then,, the possible processes of deposition of fluarides in a zone of 

cumulative sedimentation, are reducible to those listed in Table 29 0

Table 29

Facies conditions of deposition of fluorapatite and fluorite,
and of fluoridation of bony substance

Serial 
Ho,, Basins

Fluoridation 
of bony
substance

Sedimentation of 
phosphorites
(fluorapatite)

of fluorite 
CaFa

1 Pure-water basins
2 Sea basins of

normal salinity

Relict sea basins 
in an early 
stage of salini- 
fication (closed 
and open types)

in the stage 
of sedimentation 
of anhydrite and 
halite

Eutonic brine of 
drying sea 
basins

+ sediments on 
the shelves of 
basins in phos­ 
phate formations

None

Hone

+ 1st early stage of 
the 3- to Wold con­ 
centration of sea "water, 
continuing up to the 
beginning of the sedi­ 
mentation of gypsum

Hone
+ 2d stage, occurring 
within the range of sedi­ 
mentation of potassium 
salts and borates (from 
eutonic brine)



iSc The geologic-genetic conclusions advanced above indicate

that sedimentary Huorite can be a sensitive Index of the faciss of sea 

basins at an early stage of their salinification (up to the time of the 

sedimentation of gypsum and anhydrite ) 

Its nse for such purposes may be accomplished by of the 

^fluorine-phosphbr^s coefficient'^ % F* % PoO^ which equals 0 C 0893 for
c, y

normal fltiorapatiteo The actual values of the fluorine-phosphors co­ 

efficient for the phosphorites of the plateau ©f the USSR usually vai^y 

 Hithin the range of 0 0 10 to 0 012| that is<, the phosphorites contain some- 

T<ahat more fluorine than is required by the formula for normal fluorapatite 

Gac^PQj^oF and always include a free highHy dispersed CaCO^. This feature 

is apparently connected with the wide-spread property of poorly soluble 

sediments to capture during their crystallogenesis small quantities of 

other poorly soluble neighbouring coiapowidsi it may be also related to

stance into consideration^, w© propose that the 0 0l5 to 0 0 20 value of the

fluorine-phosphor'is coefficient for a sedimentary rock be considered as 

an already reliable indication ©f the presence of fluorite deposition 

therein and that such a sedimentary rock be referred to the early (pre-

From this standpoint sedimentary fluorite is a typical mineral 

index of halogenic facdes* In a nomber of questionable eases of fluorite 

determination9 gross ana'lyses for F and PoQef can, also give objective^
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