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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 were nade on the solubility of crystalline CaFjp
in chemically pure water, in aqueous solutions of components of sea water--
CaB04, NaCl, NaoS04, 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 facles

index is suggested. Literature is reviewed.

VO LO Sﬂ



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

By
A. V. Kazakov and E. I, Sokolova (1)

\
\

I. GEOLOGIC CONDITIONS OF DEPOSITS OF SEDIMENTARY FLUORITE

A. First stage of geologic investigations (1809-1925)

The development of investigations on the origin of sediﬁeniary
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. Andrée, Ia. V.
Samoilov, A. E, Fersman), and by a quest for a relation to mégmatic,
fumarolic, and hydrothermal processes (A. P. Karpinskii, B, P. Krotov,
A. Knop, 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 asgigned to sediments of the Kashira

horizon of the Middle Carboniferous (CQk), In 1848 the field observa-
tions were repeated by Professor Roulie? 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 1811, I. Lagusen reporied new discoveries of ratovkite in
the region of the upper Volga River; within the Staritsk and Zubtsovsk
districts. Ratovkite was referrable here tc the same Kashira horizon.

The English geologist:V,.Mackié (1901),.who investigated thm
halogenic Triassic sediments of England and Germany, 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,

Almost half a century after the studies of Roulié and Lagusen,
Russian geologists and lithologists again became interested in fluorite
of sedimentary rocks, As a result, special geologic studies were organized
in 1912-1L for the investigation of fluorites in the region of the upper
Volga River (Sergeev, 1912, 191L) on the initiative of A, E., Fersman, How-
ever, the origin of ratovkite remained completely uncertain.

In 1915 an investigstion of ratovkits in the Moscow province
was reported by A, P. Karpinskii, who concluded that ratovkite is gen-
etically connected with deep magmatic intrugions (emanation of fluorine).
At about the same time Profsssor Ia. 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, Fersman 1in association with
Vo I. Kryzhanovskii and L. A. Kulik, As a result of this work, Fersman
arrived at a genetic concept; his hypothesis occupied a middle position
and aimed to reconcile the conflicting views of A. S. Sergeev and A, P.
Karpinskii on the one hand ("emanation of fluorine compounds" connected

with processes of "tectonic, magmatic, and hydrothermal character, which



10

developed along the periphery of the Moscow sea" --Fersman, 1922, p. 152),
and of Ia. V, Samoilov on the other hand (biolitic origin of phosphorites
as the primary form of fluorine compounds, with a subsequent separation
from them of fluorine and its fixation as ratovkiﬁe).

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 193L: "Really,
the nature of the formation of the so-called ratovkite has remained far
from clarified,”

In 1917 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 Jjuvenile waters
containing SiFh. The scheme of the reaction is:

SiFh + 20&003 t XHoO  ouhy ZCaF2 t 8i0p . ag t 2C05.

Eventually B. P. Krotov (1928) abandoned this genefic scheme
and adopted the hypothesis of a sedimentary forgation of ratovkite in
saline relict basins,

B. Second stage of geologic investigations (1926 - 19L5)

The second stage of the development of geoiogic~lithologic rew
search on sedimentary fluorite is already characterized by prevalence of
hypotheses of a sedimentary origiﬁ 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, 19.1),

and otheygs.
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A, P. Ivanov reported in his geologfcal-stratigraphic paper,
summarizing data on the Carboniferous of the Moscow arsa, that there
are numerous occurrences of ratovkite in the basin of the Upper.Vom!
River (Tver® province) which can bs referrsd to the Kashira horizon
(CIIZ)o As an sxperienced field geologist, Ivanov is one of the first
Russian investigators to arrive at the conclusion of a sedimentary origin
of ratovkite; "with the discovery of a colorless, fluorine-.containing
mineral in C, (Kashira horigzon) the origin of ratovkite ceases to be a
riddle and must be considersd as one of the particular cases of the
secondary deposition of minerals from compounds already contained in
sedimentary strata® (Ivanov, 1926, p. 139).

It is also necessaxy to notse the waluable work of B. Po Krotov
(1928), who described Upper Permisn fluorites in paragenstic association
with gypsum-bearing dolomites and arrived al the conclusicon of a probabls
chemogene origin of fluorites from evaporating sea waters,

In the same yeaw, 1928, 1. I. Ginsburg published a nota on ths
discovery of fluorite in the limestones of the western frings of the Don
Basin, |

In 1936 the papers of N, S, Zaitsev and G, I. Bushinskii des-
cribed for the first time fluorite occurrences in the Ozmerskii district,
discovered in exposures along the Oka River and referrable to the Kashira
horizon of the Middle Carboniferous, The fluorite is found hera in the
form of lenses of red fluoritic sandstone. These red sedimenis were

studied and described geologically and lithologically as esarly as 1929

by V. S. Isblokov, who characterized them as polymict, texturally

slantingly schistose, and containing much fluowspar. G. I. Bushinskii

gave no genetic hypothesis for the fluorites of the Ozerskii district,
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saying: "the local conditions of the concentration of fluorine are not
clear,” In 1936 N, A, Uspenskii discovered fluorite in a gypsum-celes-
tite deposit in the Kaslinsk district of the Cheliabinsk wregion, in-
Permian sediments., The fluorite occurs here in the form of inclusions
in syngenetic celestite concretions. «.

In the same year, 1936, a report was published by Ia. Ia,
Iarzhemskii, who detected fluorite in dolomitized portions of the sub-
salt strata of Middle Canbrian age in the Priangar'e region of Siberia.

The next year, 1937, saw the publication of the comprehensive
work of L, V. Pustovalov desling 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). The 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, The infinitesimally
small crystals of fluorite are syngenetic with the enclosing rock and
constitute the first chemical sediment of a saline basin, Larger
crystals of fluorite 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

#fluorine-phosphorus¥gcissors#), At the_beginning of each cycle the sedi.

ments are relatively high in.ﬁhosphorus anc. very low in fluorine; at
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the end they contain very litile phosphorus and much fluorine. Regret-
tably, these interesting relations between fluorine and phosphorus were
not duly 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 the same year, 1937, V. P. Baturin found fluorite in the
area of the salt dome in the Emba River, where it is present in in-
soluble residues of the Kungur limestones and dolomites of the Urals-
Emba region; in 1938 and 1940 E. N. Egorova (VSEGEI) esteblished the
existence of a heightened content of fluorine (from 0.6 to 1.l 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 fluorine; according to the author, is sea water.

Increased concentrations of fluorine were found in recent
years by Iu, V. Morachevskii in the insoluble residues of some potas-
sium salts.,

These investigations were lately broadened by M. G. Valiashko
(of the Vsesoiuznyi Nauchnoissledovetel'skii Institut Galurgii), who
pointed to the following distmﬁ%u&ion (éoncentration) of fluorine in
the salt strata of Lake Inder:

Halite ¢ + o o o« o o« o 0,001-0,0001% F.
Sylvitee « ¢ o o mostly 0.,02-0,03% F of total amount

of salt,
Cap-rock o o ¢ « o o o Secondary concretions of fluorite,

Borates: (a) ascharite - up to 1% and even 10% F;
(b) calcium borates - 0,0X% F.
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In 1939 and 191 L. M. Miropoliskii reported finding fluorite
in the Kazan“(PZKaZ°2) anhydrites of the Cheboksary district, the Kungur

(ﬁKF) dolomites of the lower ranges of the Kama River, and the Artinsk

Art,
2

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

(p ) gypsum-bearing dolomiies and Upper Carboniferous (CB) gypsum-
cores, The fluorite occurs in paragenetic association with celestite
and chalcedony, Miropoliskil correctly refers the fluorite of sedi.
mentary rocks to chemogene formations of halogenic facies deposited from
sea water of high concentration.

In 1940 M, S, 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,

V. P, Florenskii (1941) detected fluorite in the Kungur halo-
genic strata of the Tuimazy oil deposit. The maximum fluorite concenw
tration occurs in dolomitic interstratifications underlying the anhydrite-.
dolomite strata, The size of the fluorite graing is mostly 0.1 - 0.3 mm,,
Nm = 1,435 4 0,002,

V. P. Maslov, who in 194} studied the sediments of the Middle
Carboniferous in the area of Rzhev and Staritsa, definitely stressed in
1945 the paragenstic 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 publisbed comprehensive work of A. N. Churakov
(1947) stands somewhat in a class by iitself. Its autbor, adhering to
the views of A, P. Karpinskii and V. I. Vernadskii, expresses himself
in favor of a direct genetic relation between sedimentary fluworiie and

the volcanogenic.fumarolic processes connected "with the alkaline
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fluorine-bearing rocks bordering the Russian table lands." On our part,
we do not deny, of course, the important role of the volcanogenic-fumarolic
processes as powerful sources of the propulsion: of chlorine and fluorine
on their way to the world'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 mg./lt. in the
sea water of normel salinity., This salt content of oceans is very stable
and does not change practically over the entire globe either in the 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 investi#
gated a more restricted problem: Is sedimentation of fluorite in sea
basins possible, under what geologic-lithologic conditions does this
process develop, and where is its place in the solar diagram of evapo-
ration?

' C. General geologic conclusions on sedimentary'%luorites

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 charw
acter of the distribution of respective facies. We summarize the con-
clusions reached by investigators.,

B 1. Sedimentary fluorites cannot be referred to any definite
period in the earth's history and are not related to any specific paleo-
biologic develcpmen£ of organic life. Sedimentary fluorites have been
identified in sediments dating from the Cambrian to the lower Cretaceous

inclusive. (See table 1),
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TABLE 1.

Deposits of sedimentary fluorite,
its paragenetic association and facies

Jl Lower lias

(b) Jurassics
Switzerland

(¢) Triassic:
England,Germany

(d) Permian:
Cheboksary

4]

Belgium, Liége
area
Urals-Emba

region
n fn

Basin of
middle Kama

River
i1 1

(e )Carbonifer-
ous 3

Urals

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

- schists

Potassium salts,

Dolomites and dolo-
mitized limestones;
cement of red con-

glomerates; barite
concretions

Sandstones (cement)s
barite and halogenid
facies

Anhydrites with dolo
nite
Gypsum-bearing dolo-
nites

Red~brown limestone

Salt domes

borates
A1l halogenic
sediments

Gypsum-bearing dolo-
mites

Limestones
Linmestones

Adhesions on cracks
in dolomotized lime-~
stone

/ Paragenetic Author,
Feologic Age Location association, Year of investigation
' facies
(a) Lower
Cretaceous:
Cry Valanzhim Alps Dolomites Anarée, 1,09

Duparc, 1898

Mackie, 1901
Miropol'skii, 1911

Krotov, 1928
Baturin, 1938
Egorova, 1938

-

Miropoltskii, 191

Zaitsev, 1883
Miropoltskii, 1941

Krestovﬁikovb 1936
(verbal commnic. )

(TABLE 1 continued on following page)
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TABLE 1 (continued)
Deposits of sedimentary fluorite, its paragenetic association and facies
' Paragenetic Author
Geologic Age Location association, Year of investigation
' facies
C2p°d Moscow basin Limestones -
Co Upper Volga re- | Limestones, dolo- Lagusen, 1871
gion - Rzhev, mites, dolomitized Pustovalov, 1937
Staritsa, Zubt- [ palygorskite
sov ,
Clk Zubtsov, Rzhev | Limestones, 4olo- ‘Maslov, 1945
mitized Bushinskii, 1936
Clk Vereia Palygorskite, dolo- | Sergeev, 1912
K mitized limestones
Co Ozerki on the Red fluoritic sand- | Zaitsev, 1936
Oka River stone Bushinskii, 1936
02k Oksko-Tsninskii | Dolomitic facies Trofimov, Kalmykov
embankment
Co Donbas, Elenov- | Along cracks in Orlovskii, 1934
Y , skie pits limestones Ginsburg, 1928
Gy Urals In cracks and cavi- |Krotov, 1917
ties in limestones
Cq " Limestones, bauxites | Smol'ianinov, 1928
Cy England, west- Fluorite, red sand. ' | Lewis, 1931
ern Cumberland stones, barite
(f) Devoniang
D3l Urals Bituminous lime- Krestovnikov, 1936
stonesy upper hori. |[(verbal commnic,)
zons# along cracks
D England, Car- Red fluoritic sand- |Heard & Davies,
diff stone, barite 92L
(g) Silurien:
S, U.S.A., Ohio; Gypsum-bearing dolo- | Morrison, 1935
Ontario mites, celestite,
Halogenic facies of
a relict basin
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2, Attention is particularly drawn to the fact that fluorite
can be referred to the saline facies of relict basins, 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-Taninskii embankment - north-
ward from the line Kasimov.Elat'ma)., 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.

li. 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" proposed by us.
The relatively slight solubility of fluorite (together with a sensitive
reaction to F') makes it also suitable for solving questions regarding
the time relation to halogenic facies of those sediments which do not
contain any visible mineral remnapts 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 diagram®
of evaporation of sea water, 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 sedimentary rocks, we carried out systematic labo-
ratory investigations of the systems of fluorite equilibria (as precipitated
phases) in different solutions. Determinations wers made of the isotherms
(0-10-20 and 100° C) of the solubility of crystalline CaF, in chemically
pure Hy0, in aqueous solutions of different concentrations of CaS0), NaCl,
NasS50), and MgSO), (basic components of sea water), and in the sea watser
itself at various stages of concentration (evaporation) from a normal
salinity to a 15-fold evaporaticn by volume (the field of anhydrite sedi-
mentation).

IT. THE SOLUBILITY OF FLUORIDES

(General comparative characterization)

Before presenting the results of ow experimental investigations
on the systems of fluorite equilibria, it is of interest to give a brief
comparative outline of the solubility of fluorides. This problem is treated
in the works of Ll authors,(See table 2.).

The figures and other data cited from the literature will be

classified by us under four basic groups of fluorides:
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I. Simple fluorides of metals and metalloids of various wvalency.

II. Complex compounds of fluorides (of the type of cryolite, etc.)

ITT. Fluosilicates of the type of K,SiFg (hisratite)

IV, Titanofluorides

Many minerals containing fluorine (See $able 2) are not in-
cluded in this scheme because the literature gives no data on their
solubility,

Substantial advances in precision as to the solubility of NaF
and KF were reported in the new publications of I, V. Tananaev and his
associates, who studied the systems NaF-HF-H50 and KF-HF-H,0.

Among the conclusions reached by investigators we note the
following:

(a) The existence of double salts of the type of NaF°HF, KFe°HF,
KFe2HF, KFe3HF, KFeJHF, and KF°5HF in the precipitated phases is sstab-
lished.,

(b) In the presence of HF the solubilities of NaF and KF decline
congiderably because of the effect of a common ion and the formation of
complexesy their minimum solubilities corwrespond to the figured points

of the following systems:

Fluoride | Isotherm, o/o fluoride o/o HF | Precipitated | System
% Co phase
0 0.32 15,30 ‘
NaF 20 Lal6 12,60 NaF oHF NaF-Hf-Ho0
Lo 2.58 10.9k
0 9,86 6l.13
KF 20 17,45 6L.12 KF o LHF KF-HF-H0
Lo 26,25 60,5
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TABLE 2

Summation table of the solubility of fluorides

Solubility in H»0 % Author and
Fluoride | t°C T F HF year of Notas
% gro./lt.] mg./lt. investigation
(L) (2) (3) (4) (5) (6) (1) (8)
Fluorides of the metals MF, - Group Ja
18 0,26 2.7 - - | Mylius, 1897
25 - 1.51 1110 - | Carter, 1928
LiF - ? - 2.60 - - Fredenhagen and
Cadenbach,
1330
i 25 0.132 - - - Fajans, 1931
15 3.85 - - - Fremy, 1856
18 1,22 - - - | My1ius, 1897
- 21 L.0L - - -~ | pitte, 1896
NaF 25 4,03 - - - | Clarke, 1919
25 - Lo.54 [183k0 - | carte#, 1928
25 4,03 - - - Fajans, 1931 System
25 - 37.70 - - | campbell and NaF -HF -
K Campbell, -H,0
1939
0 0,32 - - 15.30 Tangnani
1938,19
NeF-HE 41 20 1.16% - |12.60] same’
Lo 2,58% - - 10,94
{ 18 | 8.0 - - - | Myrius, 1897
KF 21 Lh9.1 - - - Ditte, 1896 Method of
? - 380 - - Fredenhagen and | electrical
Cadenbach,1930 | conduct-
KFe2H,0 | 25 - 105 - - | campbell and ivity
Campbell, 1939 | System
0 9. 8633¢ - - 6li.13 Tanaﬁiavg 1938, | KF-KCI-
o 19 -H,0
3KF « LHF 20 17 L5 - - -6L,12] Same 2
Lo 26.25%¢| - - 60.5L]
RbF-H,0 | 18 75,06 - - - | Lannung, 193k
CsF 18 85,36 - - - 5 193}

Minimum solubilities of NaF in the system NaF-HF-H,0
%3¢ Minimum solubilities of KF in the system KF-HF-H50

(TABLE 2 continued on following pags)
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TABLE 2 (continued)
Summation table of the solubility of flucrides

1]
!

Solubility in H20 Aubhor and
Fluoride | t°c TE F H% year of Notes
% gr./1t.| mg./1t. investigation
Fluorides of the metals of Group Ib - monovalent heavy metals¥#
AgF 15 57.5 - - - |Gore, 1870
Fluorides of the metals of Group IIa
0.3 | 9.04°10-3| 0,090 - |Koblrausch, 1909
18 | 8.71.10-3| 0.087L - |Kchlrausch, 1909
27 | 8.41.10-3] 0.08L1 - - |Kohlrausch, 1909
25 - 0.130 80 - | cartar, 19?8
0,054 1.31°10-3| - 6.37 - |Konlrausch, 1909
16,08} 1.148-10-3 - 7.20 - | Kohlrausch, 1909 |Indirect
18.00| 1.50010%3| - 730 - |Xckixausch, 1909 |me*hod of
nrybte ~l~26,59 1,60010-3 - 779 - |Kchlrausch, 1909 |electrical
110,00 | 1,67¢10-3 - 8.13 - [|Kohlrausch, 1909 |conductio
CaFy 17,47 | 1.62:10-3) - - - [Kohlrausch, 1909 |of aqueous
collai- 4 J8.80]1.63¢10-21 - - |Kohlrausck, 1909 |sclutions
dal - 26,11 | 1.62-10-3| - - Kohlrausch, 1909
syntheticlf8.00 | 1.80+10-3] 0,018 - Aape*asgl927
CaF, 18 |1.51°10-3] 0,0151 | 7.ho - |Mougnsud, 1931 |Aversge
cal- of 3
cined g experd-
800°c. ments
CaF, 31 |1.83¢10-3}0.0183 | 8.91 - mo 1931 |Average
fre%hly ) ' of U
sedi- experi.
mented ments
100°¢. S
206- |2,96°1073 10,0296 I| 1,1 | - |Thugutt, 1936  |Msthod
~-210 | Autoclave |- of sedi.
‘ menta-
tion of
CaF, in
the pre-
sence of
CaCl.,

% There is an interesting regularity in the solubility of the halides of

these elements:
weight of the halogen.

Solubility increases with a decrease in the atomic
Fluorides have precisely a maximum solubility,

which in itself is sufficient for pre-determining their non-existence
as minerals in sedimentary rocks.,
(TABLE 2 continued on fellowing page)
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TABLE 2 (continued)
Summation table of the solubility of fluorides
Solubility in H,0 % Author and
Fluoride | 1°C ME T HF year of Notes
% gr./1ltd mg./1t investigation
Fluorides of the metals of Group IIa (conbinued
| 0,26 | 1.135°10-2}0.1135 - - |xohlrausch, 1909
| ser, 17.38 | 1.171-1072f0,1171] - - | ohlrausch, 1909
18,00 | 1.173°10-2]0,1173 - - | Xohlrausch, 1909
17,2 - 1,603 - - Kohlrausch, 1909 It is
BaF, 18 - 1,605 - - Kohlrausch, 1909 wsll to
25 - 1.21 260 - Carter, 1920 note the
paper of
I. Ao
Tananaev
and S, N,
4 Chrela-
(™ shvili
H0n the
Sclubil-
ity, of
CaFs,
MgF', o
BaF,, and
SrFH."
Fluorides of the metals of Grouwp IIb and other divalent metals
20 - 16.0 - - Kokhlramsch, 1909
ZnFo 25 - 15,16 | 3280 - |carter, 1928 Solid
20 - 16,2 - - Kurtenacksr, phase
19.33 an2ohl{20
about
25 ko3 fi3.6 - - |Jaeger, 1901
25 - 6.22 1570 - Carter, 1928
CdFy 20 - 0.6 - - |Xurtenacker,
1933
25 - 3.5 - - |KXurtsnacker,
1933
= HeF, - - - - - - Noticeable
hydrolysis

(TABLE 2 contirued on next page)
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TABLE 2 (continued)
Summation table of the solubility of fluorides

Fluoride | t°C ] F ___lHF year of Notes
% gre/lt. | mge/1t, investigation
Fluorides of the metals of Group IIb and other divalent metals (continued)
Cul 25 0.075 0.750 280 - Carter, 1928 System
2 20 - - - - Kurtenacker, CuFy-HF-
1933 »HQO
MnFo 25 1,860 | 1.860 760 - Carter, 1928
20 - 13.3 - - Costachescu, System
CoF2 25 - 1,15 | 5540 - Carter, 1928 S
20 - 13.60 - - Kurtenacker,
1933
25 - L0.30 15840 - Carter, 1928
. 10 2.49 - - - Kurtenacker, Solid
NiFy 1933 phase
20 2,50 - - - Kurtenacker, NiF,-LHA0
1932 '
Fluorides of trivalent metals
25 2,30 - - 0,52 | Tananaev and Solid phase
Deichman FeF3°Ho0 4
Fec o °F 3 19451946 §EZOBOZKF?
25 00005 - - 2089 TO saﬂl@ ).‘F@FQ"llICEe
25 0.001 - - fhoo] v +12H50
Fe°°°F3 25 - 0,91 L4160 - Carter, 1928 '
25 - - 13790 |5.59 | caztex, 1929
A1F3 25 - - - - Tananaev and
Abilov, 19L2
Tananaev and
Teltchuk, 1947
MnF 3 25 N 1,860 - - Carter, 1928

3 Minimum solubility in the system FeF~KF~H20 (selectivelﬁ)o
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With an increase of va}ence, the positive electrical character
of metals decreases and, correspéndinglya the hydrolysis of their salts
in aqueous solutions is intensified. This relation applies also to all
trivalent metals (of Growp III). Still more it applies to those fluorides
(salts of weak acidity) in the case of which hydrolysis progresses very
far,.-.up to the formation of basic salts and even of the free hydroxides
of the metal, Most resistant to hydrolysis is Mn°°°F3. Heating facili-
tates hydrolysis.

From this viewpoint the above-cited figures on the solubility
of the fluorides Fec°°° and Al (Carker) need to be made more precise. For
example, the work of I. V. Tananaev and E., Deichman (1945) shows that the
solubility of Fec°°°F3 reaches 560% in chemically pure water at 25° C.,
whereas it declines to 0.0004% (L mg./1t. FeF3) in the presence of 1%

NaF because of the formation of the complex, poorly scluble salt 2FeF3e5NaF
and the effect of the excess of the common fluoride ion (NaF).

In the system FeF3-KF-H,0, for example, we have at 25° C. the

following equilibrium points (selectively):

% FeF4 % K& Precipitated phase

2030 0052 FeF303H20 '& QKFOFGFBoHZO
0,005 2.89

00001 hooo 11KF°}.1F6F3°12H20

Relations close to these take place in the case of AlFj
(Tananoev and Lel'chuk, 1947 ).

Fluorides of the metals of Group IV. - The halides of quadri-

valent metals in aqueous solutions are still more unstable than the salts



of the metals of Group III. They are usually synthesized by the dry
method, Exceptions are elements of lower perdods (VI, VII) with a high
atomic weight, for example lsad (pericd VI, serial no, 82), The solu-
bility of the fluoride of lead (PbF)) at different temperaturss is as

follows:s

t°C | % PbF), gr./lt. PbF), mg./1lt. F| Author, year
9 |5.98x10-2 about 0,598 - Kohlrausch, 1909
18 |6.41x10-2 - - " 1909
26,616.91x10~2 - - L 1909
25 - 0.66 100 Carter, 1928
|

The fluorides of the mehtals of Groups V - VIII have besn investigated veary

little,

A, Complex compounds of fluorides

Fluorides, and generally the halides of the metals ITI, IV, and
higher groups, have a well developed capacity for forming various complex
compounds, among which we note first of all compounds of the type xMFeRF3,
where R = Al, Feeeo, Crg.M = Na, K; and x = 3, 2, or 1, Such a structurs
is possessed by the natural mineral cryclite and by a number of other
minerals of this group. These compounds are slightly soluble in water and
apparently become partly hydrolyzed., We give below the data available in

the literature,

Ruthor and year of
Fluoride +9C, A gr./1t, .1 investigation
LisAlFg 20 1.070 - Weinland and Koppen,
18993 Carter, 1928 _
Na3AlFg (cryolite) - 0.411 - Treadwell and K8hl, 1926
" 20 0,285 151 Tananaev, 1939
A1F 20 1.580 - Tananasv, 1932
c25(A1Fg), - easily
dissoluble - Tananaev, 1932
SNaFOQFeFB - _ _ Tananaev and Deichman




It is well to stress once more that the above-indicated figures
on the solubility of fluorides refer to chemically pure H,O as the dis-
solving agent,

In the case when a system contains commen ions, the solubility
of salts can change considerably. As regards cryolits, for example, an
experimental paper was published in 1947 by I, V. Tananaev and Iu. L.
Lel'chuk on the system AIF3-NaF-H,0 at 25%C.3 according to these workers

the equiponderant solubility of AlF3 in this system is expressed by the

following data (selected figured points): (1)

7A AlF, % NaF Precipitated phase Notes

- 0 The "seasoning® period for
0,528l | 0,080 the systems equals §-12
0,00088%| 0,880 11NaF.LALF, (cryolite) | hours, with continuous

0,0011 1,276 mixing
- 1,381  |11NaF,LAlF343NaF.ALF
- 1,381  [Field 3NaF.AlF,

¥ Corresponds to about 8.8 mg./lt, AlFq.

Analyzing samples of the crystals of naitural Greenland cryclite
and of synthetic cryolite, the authors ascribe to cryolite the formula
11 NaF.LAIF;3, instead of the usually accepted formula 3NaF.AlF3. Such 2
contention, based purely on calculations of analytical balances of F,
seems to us at least premature., If consideration is given on the one
hand to the regularity in the highly developed isomorphizm of the fluoride-
ion and hydroxylion in natural minerals (see Fig., L), demonstrated and
stressed by ug, and on the other hand to the wsll developed capacity of
fluor-aluminum for forming the basic fluorides of aluminum of the type

AIF(OH)o and AIF,(OH), then the gross formmla of cryolite llNaFohAlF3

(1) See also the previously published analytical-theoretical paper on
this system by I. V. Tananaev and Sh. Talipov (1939).




28

can be harmonized with good probability into the formula lZNaF.3A1F30A1F2(OH)
or 3NaF.AlF,(OH).

In sedimentary rocks these‘compounds are unstable; the minerals
of the cryolite group are to be referred to zones of pneumatolysis,

B. Salts of hydrofluoric gquadrivalent metals

In a complete review reference should also be made to the salts
of the hydrofluoric acids of quadrivalent metals, among which the most
common and well investigated is the group of HoMFg, where Me = 8i, Ti, Zr,
and others, and where the hydrogen is replaced by metals of the Groups 1
and II,

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; the fluo-

silicate of Ba has the least solubility in water.

Fluoride £9C 4 gre/lte Author and year
, of investigation
-Na,SiFg 0 ] L1350 Carter, 1930
L 20 74350 " 1930
K,SiFg 0 ‘ 0.770 " 1930
Hieratite 16 1,320 n 1930
Ca8iFg - 105.8 Carter, 1930
BaSiFg 0 | 0,150 " 1930
" 16 0,190 " 1930
" 25 0,250 " 1930
CuSiFg 20 59,08 % 0,11 Worthington, 1931
2nSiFg 20 L9.9L $ 0.23
MgSiF6 20 . 37 ® 9h $ Oe29
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The solubilities of the titanofluorides were determined in

1931.1932 by Ginsberg:

Fluoride +°¢ % fluoride Author and year of
investigation
LioTiFg 20-22 180 Ginsberg, 1931
NasTiFg - 65 4 5 1 1931
K,TiFg - 12 41 " 1932
RboTiFg - 8 41 " 1931
CsoTiFg 20-22 25 4 1 g 1931-1932

As can be seen from the table, the titancfluorides are more
soluble than the respective fluosilirates and thus offer litile interest

for our purposes (they do not occur as minerals in sedimentary rocks).

C. Conclusions

Ameng all the investigated flmorides the leasgt scluble in water
is CaFp (fluorite), |

The fluorides of the other metals and metalloids possess a con-
siderably greater solubility, which explains the universality of fluorine
concentration in sedimentary récks especially in the form of two minerals:
fluorapatite and fluorite,

Of the minerals containing fluorine, the following few varieties

are known to occur among sedimentary rocks:

Tacies
No, Minerals ~ Marine Continental
Normally saline | Over-saline (sait lakes)
1 Apatite R - -
P Fluorite CaFgp - 4 -
3 Sellaite MgF, - $+(2) -
L Schairerite } Group of sulfatchalodes
5 Sulfohalite - - t
6 Fluoborite - % (2) -
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II1. THE SOLUBILITY OF FLUCRITE IN CHEMICALLY PURE WATER - THE POLYTHERM

A. The characterigtics and preparation of fluorite

A pure fluorite in large crystals was used in our experiments.
It was obtained from ths collection of the Mineralogical Institute of the
Academy of Sciences of USSR and came originally from the region of the
Tadzhik SSR. We pulverized it in an agate morbar, sifted it through a
sieve of 0,25-mm, mesh, treated 100 gr. in a glass with hydrochloric acid
(diluting L ml. HC1 37.23% to 100 ml. with H,0) whils mixing thoroughly,
left it standing for half an hour to precipitate, and poured off the
solution remaining above the sedimsnt. This procedure was repeated twice.
The sediment CaF, was next washed in distilled water, with decantation,
until there was no reaction to| C1' (1!&:;2[\103)‘,9 and the residue was dried in
an oven at 30° C, The washed Fnﬁ;dried CaF, was then placed in 10-gr
. amounts in bottles,--cne sample per bottle,-~and 200 ml. of distilled
water was poured into each botftle., In all experiments the ratio of the
solid phase (S) to the liquid phase (L) was: 8:L=1:20. The bottles were
put into a constant temperaturé bath and mixed te obtain an equilibrium
more rapidly, From time to tﬁhe samples taken of the liquid phase were
analyzed for their content of fluorine,

In 21l our experiments, fluorine in the solutions was deter-
mined colorimetricallys zircon was determined by the alizarin method
of Bear-Thompson and Taylor, with a preliminary removal of fluorine
according to willard-Winter in a number of cases.

B, Comparative solubility of alkaline-earth fluoridss

The literature generally contains a relatively limited number
of papers on this subject. We will review the principal ones among

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

Campbell and Campbell (1939) on the solubility of fluorite,

TABLE 3

Solubility of fluorides in chemically pure water

(comparative table)

Table 3 gives the data obtained by Kohlrausch (1909) and by

4
Fluoride | content{ t°C | Concen- . Concen- Author
of F tration of |tration of and year of Method
fluoride, | fluoride- investigat-
Blge/lbo ien9 mgo/l‘t"o ion
CaF, L8.67 | 18 15.0 To3 Kohlrausch, |Elec-
natural 1908 trical
conduct-
ivity
CaFy
synthetic 18,67 | 18.8 16,3 - w 1908 #
MgF, 60,98 | 18 87.L 53.3 " 1908 "
SrF - - - - - -
BaFg 17,98 | 25 1910 3h3.L Campbell,  |Chemical
1939 analysis
NaF L5.2h | 25 37 700 - " 1939 t
KF - 25 k95 000 - w1939 u

earth fluorides, fluorite CaF

It can be seen in Table 3 that, among the alkali and alkaline-

2

hags the least solubility.

The fluorides of

magnesium, strontium, and barium possess a much higher solubility, owing

to which usually they do not occur in sedimentary strata.

2. PFactor of temperature

The dependence of the sclubility of fluorides on temperaturse

has been studied for CaF, and MgF, by Kohlrausch (1909), in part also by

the Polish mineralogist Thugutt, and experimentally by us in 194k, The

results are summarized in Table .
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TABLE U

Solubillty of CaF, and MgF, in chemically pure water
(in mg./lt.), as a function of temperature

aFo crystalline CaF2 synthetic MgF, Anthor and year
£°¢ of investigation
CaFZ F F F

0.05 13.1 6.37 - 90.4 KchlrauSch 1909
16.1 1L.8 7.20 . - 1909
17.5 - - 16.2 - Ul 1909
18,0 15,0 7.3 - 87.1 u 1909
18.8 - - 16.3 - ] 1909
26.1 - 17.2 - " 1909
26,6 16,0 | 7.79 - - " 1909
27.0 - - - 8L.1 n 1909
1,0.0 16.7 | 8.13 - - " 1909
100 - 30,0 - - Kazakov

206-2100 29.6 | 1h.hl - - Thugutt, 1936

Table L shows that the solublllty of CaFo increases notmceably
with a rise of temperatureo the relatlonshlp is practlcally llnear~

1o0. 190 ng./1t. CaF, per 3 1 ci;}Z within the interval

or § 0.092 mg./lt. P per 4 1°¢, of 0 - 26° C.

In‘the casé of highjiemperéture_hydrqtherms £ﬁe”§;iubility of CaFp can be
doubled (Thugutt). It is ve;yinterésting;thaﬁ, in contrast to fluorite,
the solubility of MgF, ﬁarkeéiy déc;easé;»with an incréase 6f @eﬁperatmrea
| . The papers of Auméras (1927) ahﬁjMoughaud (1931) give figures
on the solubility of CaF, in chemically pure water which are close o the

data of Kohlraush (see Table 5).
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TABLE 5

Solubility of CaF, in chemically pure water
(swmmary of data in the literature)

Author and year of Solubility A
investigation BEACR CaFo F Notes
mg./1t, {mg./1t.
Kohlrausch, 1893 18 1 6.82
‘ n 1908 17.5 16,2 7.88 Precipitated
" 1908 18.8 16.3 7.93 ngelatinous" CaFs
u 1908 26,1 17.2 8.37
" 1908 0,05 13.1 - _
n 1908 16.1 14,8 Pulverized
n 1908 18.0 15.0 fluorite (mineral).
" 1908 26.6 16,0 ‘
" 1908 L0.0 16.7
Auméras, 1927 25 18 8,77
Mougnaud, = 1931 18 18,3 8.91 Freshly precipitated
Jensen, 1937 - 1.3 720 By method of dis-
N\ solution
n 1937 - 16.4 7.98 By method of cry-
stallization

There is interest for us in Jensen's paper published in 1937,

in which the author gives wholly justifiably two figures of solubility

(Table 5), - one obtained by the

"method of dissolution®, the other by

the "method of crystallization® from an oversaturated solution (a mixture

of aqueous solutions of HF and Ca(OH),). 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 CaFyp

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

C. The polytherm of the solubility of crystalline

CaF, in chemlcally pure water

We made experiments on the solubility of natural CaFp in chem-

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

Nos. 7 and 8 special note was taken of the effect of an admixture of -
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powdered GaCOBo The time, during which the containers with the solutions
were left standing for the dissolving of CaFp, was as long as 130 days

at most, The results are summarized in Table 6 ard Figure 1.

TABLE 6

Solubility of crystalline fluorite in chemically pure water
at t° = 0-10-20-100°C. (A. V. Kazakov and E., I, Sokolova),
Pulverizations 0.20 meshgy Solid:Liquid = 1:20.

Duration of | Experiment | Experiment | Experiment Experimsnt
experiment, No. 1, No. 2, No. 3, No, L,
in days 9 = 00¢, | +° = 109, Jt° = 200, +0 = 100°C,
‘ F FT ¥ Duration of F
ng./1t. mg./lt, mg./1t. | Tboiling mge/1te
10 10 9 - 30 min, 20
20 11 9 12 1 hour 27
30 12 9 - 2 hours 27
Lo 12 - 16 L hours 30
50 - 13 16 6 hours 30
60 - 11 16
70 ’ - : 12 -
90 - - 15
100 = 13 o
125 - 13 =
140 - 13 -
L hours - - -
(boiling)
Average 11 13 15 30
equilibrium
Corresponding
quantity of
ca0x (by
calculation) 16,2 19,2 22,1 Wlio2

% For 25°C, by calculation: 15.9 mg./lt. F' and correspondingly 23.5 mg./lt.
Cao,
Our experiments gave the solubility of fluorite in chemically pure
water as ranging from 11 mg./lt. F at 0°C, to 15 mg./lt. F at 20°%C, and 30
mg./1t. F at 100°C, Thus, the results which Kohlrausch obtained by the in-

direct msthod of electrical conductivity are decreased by almost half,
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Pigare 1

Solubility of crystalline CaF, in chemically pure water
at temperatures %rom,oo +to 1000 C,

Mg./1t,.F
30 o]

16
15

T

1

12

SIS e o=
1

‘.. (o] T

010 20 25 50 100
Temperaturs OC

Do Experiments for the determinatior of the solubility
of amorphouz preaipitated CalF,,

The literature contains a number of papers which report a
greater solubility for aighly dispersed GaFy (precipitated, amorphous)
than for natural crystalline fluorite,

Paterna and Mazzuchelli (190L) have shown that the solubility
of hydrosol and hydrogel particles has a ratio of 2.2 : 1 when ths ratio

- between their radii is 1:10, Kchlrausch (1909) also noted this phenomenong

| % T3F;
’ +°C CETSTETTTS SYNTRETIC
colleidal
18 1,50%1073 1.6241073
26,5  1.6001073 1.72¢1073
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Our efforts to determine the solubility of samples of the highly
dispersed precipitated CaFs at our disposal were unsuccessful because the
given system Ho0-CaFs yilelded a stable non-filterable hydrosol.

Figure 2

Kinetics of the crystallization of CaFp from supersaturated
solutions (according to Towborg-Jensen, 1937)

y_4x
U
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L\ O
Vg boe o o by T

0 10w W 4 T el 0 W 90 ded I

Time in minutes

IV. THE INFLUENCE OF CALCIUM SALTS ON THE SOLUBILITY OF FLUORITE

The literature contains a considerable number of papers on
the influence of calecium salts upon the solubility of fluorite CaFs.
The investigations have dealt mainly with the chlorides of caleium.

The data on the role of gypsum are very limited, and there is no infor-
mation on the effect of the bicarbonate of calecium. The decrease in
the solubility of fluorite, produced by calcium salts, reflects a known
law of the effect of common ions.

A. The influence of CaCl, on the solubility
of fluorite

The earliest data on the influence of CaCls in decreasing the

solubility of fluorite CaFs are given in the description of the classic
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method of Ross for the determination of fluorine by weight in the form
of CaFs.

Paterno and Mazguchelli (1904) point to the anslogous affect
of CaCl, and Ca{NO3)y. Dirwiddis (1916) wrecommsnds that, in the analysis
of solubions for the prssence of fluorine, the F-ions be pracipiiated by
means of powdersd gypsum, Treadwsli and K8hl (1926) are the first 4o
publish figures on the solublliity of GaF, in aqueous solutlons of CaCly

(see Table 7 and Figure 3)e

TABLE T

Solubility of CaF. in aqusous solutions of Calls (Treadwell
ard K1, 19§6), Recalenlated by A, V. Kazakov

Cace in C mol/1t.| 0,00026 | 0,026 | ©.028 | o.n3c | o0.0ho | 0.100
FO‘ - - - >
s—ﬁ o Lpal !.;.,2. hol llol 30:;2;
mg./1t.Cace 1004 1042 1102 1202 1403 Leo8
mg./1%,Ga0 1he56 § 1h5y | 1E7 1483 22Lh -
mge/1t.Cace 0 1ohe } 1120 | 1200 | 169C Loos
(in the form
mg./1t. F! 11,0 2,68 2,62 | 2,58 2,68 3ol
gr./lt. Calls 0 2,88 3,10 §3.32 [ Lok3 ] 11.09

Note,-=C mols/lt, is ths sxssss (eversatufat or) of Caee icns in
g-mole e/1t. (at cxpense of addition of CaCl,) is the conecentration
of ions 1n the solution of CaF, in chemic y’pure waterg F' is the
concentration of ions in the soluiion of CaFy in the presence of CaCla,

The minimum solubility of CaFs corresponds to Ca g-mole/lte, = 0.027,

which equals 0,027 x 40,08 = 1.0822 gr./1t. Cac* (or 1.515 gr./lt. Cal).



(™ ?
Carridre and Rouanet (1929) report in their paper a method
for the determination of fluorine by weight in the form of CaF, in the
presence of CaCly at the temperature of boiling. The concentration of
CaCly in the system precipitated by the asthors! procedure is equal to
6,937 gre/lt. CaCly, or 3.505 gr./lt. Ca0 (as against the optimum concen-
tration of 1,515 gr./lt. Ca0, recommended by Treadwell),
Figure 3

Influence of calcium salts on the solubility of CaF,:
the system CaFy- CaC.L?wH@O {according toc Treadwell

and KBhl, 1926)
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B. The influence of Ca{0H), and HF on the solubility of
fluorite (the system CaO-HF-H»0, isotherm 25YC.)

Q There are no experimental investigations of the equilibrated
system CaO-HF-H,0 in the literature, Studies were made only of parts of

this system. Besides the determination of the solubility of CaFs in HZO
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there is also an indication that in the presence of HF the solubility of
CaFy declines considerably, reaching values smaller than 0.01% CaFo3 how-
ever, the investigators give no other data,

In 1937 and 1939 A. V. Kazakov investigated the system CaO-HF-H,0
at the temperature 25°C., and in 1949 he studied the fluorapatite system.
The results (27 experiments) are sumarized in Fig. l of the present paper
and in Fig. 2 of the paper of A. V., Kazakov "The fluorapatite system of equi-
libria in the conditions of formation of sedimentary rocks..." published

in the present issue 11lh, no. L0, of the Trudy (see p. 23, TEI-385).

Figure L
Influence of calcium salts on the solubility of CaF,:
the systems CaFo-Ca(OH)o-Hy0 at 25°%C. and CaF,-CaS0) -Hy0"at 259,

Scale cm.‘/mg;lt Ca0
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The micro-texturs of the bottom sediment of CaF2

The bottom ssdiments in the segment of the CaO-HF=H20 system
studied by us consisted of two phasess CaF, and Ga(OH)Q, The micro-
structure of the precipitated CaFs (at 25°C,) is very interesting.

Judging from the investigation of A, V, Kazakov ana E, I,
Sokolova (1945), the ordsr of the mixing of reagents [Ca(on), & HE/
has no noticeable effect upon ﬁhe microstructure of the deposited CaF,,
as distinguished from the system with P205g We connect this character-
istic with three featurss of the process of crystallization of CaFs in
our systems (a) a protracted latent period of crystallization (see
Fig. 2); (%) weakly developed adsorptive properties (ses below) as
regards the ions of Ca and F3 and {c) absence in the system of any
other fluoride than CaFp,

As to the given speed of crystallization, it had a noticeable
effect on the degres of dispersion of CaFy, which should have been ox-

pected, This effect is shown by the following tables

Serial | Given speed of crys-| Size of grains Sedimentation and
No. of tallization (25°C), of the sediment capacity for
experi-| mg./lt. of CaF, per CaF, filtering
ments |- hour M
85 1L.6 1-2 Settles well and gives
98 79 - 36 1-2 an articulate, clear-
: : . cut Debys pattern,
1 8L 800 = 2000 0.5 Colleidal, doss not
3 settle,

A second specific characteristic of the sediments of GaF2 in the
system Ca0-HF-Hp0 wes a complete absence of aggregation of separate grains,

which distingulshes it strongly from sediments of calcium phosphate,
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Co The influence of gypsum and calcite on ths
SOLUL TLlLTy OfL Lluorobe

In 1945 we studied ths system CaFy=CaS0),«2H0=H,00 The:resulﬁs
showed that the pressnce of gypsum decreares the solubilit ty of fluorit
The experiments wers conducted similbtansously by the method c¢f dissolution
and the method of crystallization of Caﬁ‘2 In the latter case the system
GaF2+H20 was subjected to supersaturation fby’a preliminary 2-hour boiling,
increasing the content of F' to 30 mg./lt.), whersupen gypsum was introduced,
In both cases we obtained wholly somparable results (Table 8): (1) 6 mg./1lt,
F in the experiments with dissolutier, and (2) 8 mg./1t. F in the experi-
ments with crystallizaticn, Ths solubility. of fluorite in chemically pure

water without Eypsum was 12-15 mg./it. F. The mirdmum solubility of fluorite

(6 mg./1t. F) corresponded to a saturated solution of gypsume

TARLE 8

Seolubility of CaFs- din a saturated zolubion of
- 0aS0).2H0, (5@11dobwqu4a = 13203 %€ = LQGGJ
A, Ve Kazakov and E, I, Sckclov39 1945,

Duration of Duration of
experiments, H F experiments, 00 pH F
in days mgo/1t. in days mg. /1t
Experiment No. 5 Experiment No. 6
. (Method of dissolving CaF,) (Method of crystallizing CaF,)
9 6.77 5 Preliminary 100 | 6.93 | 25
2=hour boiling
of CaF, in H,0
12 6.77 & 7 101693 8
18 6,77 6 13 1007.3 ) -
25 5.77 5 21 104 7.3 -
30 6.77 7 35 131 - 7
6L 6,77 6 50 7.6 8
66 677 ) - -] - -
Average: - 6 Averages - = 8
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We also studied the simultaneous effect

of gvpbum and calclte,

on the one hand (Experiment Nco 7), and of gypeum, saleite; and CCp, on

the other hand (Experimsnt No. 8),
the method of crystallization,
COy for 9 hours

inte the system CaF?%PaSOL HoC 4 f"aCWB

system was equal to €.71.

In the Experiment No. ¥ we introducsd

Both experiments were carrvied out by

the pH cf the

The alkalirity of *he System16a<QH)29 as judged by the phenol-

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

value (ses Table 9 and Figurs U).

TABLE 9

Influence of gypsum and calcite (Experiment No. 7),
acd of gypsum, caleite, and 4 CO, (Experiment
No, 8) upon the soiubility of CaFz in chemi-

cally purs HaC (Instituts of Gpo¢ogécal
Seienses, Acad, Scl. USSR, 19LE)

Duration of | Solid F Duration of F
experiment | Ifquid {| +°C| pH | mg./1%.|] expsriment 9 | pH  Img./ltd
Experimsnt No, 7 Experiment No, 8
2 honrs 1:20 | 200} 6.77] 25 2 hours 1:20 100 f6.77 2!
T days 1:20 10} 8,20} 12 12 days 1320 10 §7.60 10
13 days - 1220 10) 7.94) 12 20 days 1320 10 {7.94 10
21 days 1:20 | 10]8.20] 12 |} 35 days 1:20 {13 48.20 ) €
35 days 1:20 13] = 8.5 || 50 days 1220 1l §7.54 &
50 days 1:20 1Lf7.36) 8 - - |- -

Our experiments Noz. 7 and 8 likewise showed a decreased
solubility of fluorite in the presence of gypsum and calcits in the pre-

cipitated phase (common-lon effect of Ca),
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D. General conclusions

1. Calcium salts (CaCl,, CaS0), Ca(OH),, and CaC03) reduce
the solubility of CaFp in water, in full accord with the rule of the
effect of common ions,.

2. As a first approximation; the solubility of CaF, can be
considered to be inversely proportional to the content of calcium cations
(see Figure L),

3. The lowest experimentally obtained figures for the solu-

bility of CaF, in aqueous solutions of calcium salts are given in Table

10:
TABLE 10
Solubility of CaF, in aqueous solutions of calcium salts
Concentrations Solubility of | Method of | Author
Salts of Cal, in +°C, CaF,, in determina- | and year
ng./lt, | ‘ mg. /1t tion
CaCly 1456-22h0 2,68 Treadwell
and K8h1,
1926
Ca(0H), 711 25 5.3 Method of
crystalli- [ | Kazakov,
zation 1937
1211.7 25 2.6 Method of
dissolving
CaS0), « 2H, 0% Ssturated | 10 6.0 Method of Kazakov
solution dissolving and
of gypsum - and crystal-| Sckolova,
lization 1949

% According to the data of P. P. Budnikov (1933), the solubility of
CaSOhoZHzo in chemically pure water iz as follows:

Temperaturd 0° 180 21,° 320 380 L1o 90C Note

CaS0.2Hy0 2.11]  2.59] 2.65 | 2.69 1 2.72 | 2.69 | 2.22 |Calculated
mg./1t.Ca | 561.0 | 603.0 - - - - - to icns
mg./1t.Ca0 | 784.7 § 8L43.3 |862.8 |875.8 |885.6 - - and oxides
m&ﬂt%fﬂ&i 1hhk.7 - - - - - by a. V.
Kazakov
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V. THE INFLUENCE OF SODIUM SALTS ON THE SOLUBILITY OF FIUORITE

The influence of scdium 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 sulfate of sodium, as they ars

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

A. The system C&Fg-NaCl—HQO

The literature contains no direct investigations of the in-
fluence of aqueous solutions of NaCl upon the solubility of CaF,. Thers
are, however, indirect references in the papers of Cameron (19C1), Orlov
(1902), and Van-Goff on the system CaSO)-NaCl-H,0, and in.tha paper of
Cameron and Bell (1906) on the system CaSO)-MgSO)~H,0 (Fig. 5)e

| Figure 5

Influence of sodium salts on the solubility of CaFys
effects of NaCl and MgSOh on the solubility of gypsum

Solubility of
CaS04 °2Hz0
g-mole/lt. J

0.050 §
0.040
NeCl Cameren (1901)
. 0,020 +£=25°¢C
0,020
0.010 Mg80, Cameron and Bell (1906)
0

U7 3 4% 5 6 g-mole/lt.
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The introduction of NaCl inte the system at first ingreases the
solubility of gypsum., Ata concen*ration of 2.5 mole/lt. NaCl {or 1Lé.1
gr./lt. NaCl), calcium sulfate reaches its maximum solubility (3.5 times
greater than its solubility in pure water), With a further increase of
the concentration of NaCl, the solubility of calcium sulfate diminishes.

We studied the sclubllity of CaF, in aqueous sclutions of NaCl
for various concentrations from 10 to 300 gr./lt. NaCl at a temperature
of about 109C (see Table 11). Our results likewise showed that with an
increase of the concentration of NaCl the solubility of fluorite gradually
increases (Fig. 6) and reaches a maximum (about 18 mg./1t. F) with a con-
centration of 100 gr./1t. NaCl. A further increase of the congentration
of NaCl lsads to a diminution of the solubility of fluorite, which de-
clines to 8 mg,/1t. F in the field of saturation with halite.

The quantity of mg./it, F was determined in all experiments
by removal with subsequent applization of *the zirconium-alizarin method

of colorimetry.

B. The $ystem,GaF2=NaESO!-HBO
As distinguished from NaCl, sodium sulfate does not have any

noticeable effect on the solubility of CaFy. The five experiments; con-
ducted by-us with aqueous solutions possessing concentrations of 10 - 25 -
100 - 200 - 270 gr./lt. Na,S0), at 2 temperatmre of 1L° C., gave values

of the solubility of crystallins CaF, bardly differing from its solubility
in chemically pure H,0 (see Table 12 and Figure 6). The experiments were

made by the method of dissolution with continuous mechanical stirring.
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TABLE 11

Influence of NaCl on the zolubility of flucrite,
(Solidsliquid = 15203 10 = 10,3 pH = 7.0 4 0.10).

Serial Duration of Equiponderant concentrations
No. of expariment NaCl Calfs
experiment n days Sy ALT Mg o /JTF
) ) 3 4n)

- 30 0 13
9 - 10 1l
10 70 25 15
11 120 50 14
11-K3# A0 50 14
12 38 100 18
1 70 200 16
1h-K3# 99 200 N
15 50 250 10
16 36 300 8
¥ Experiments by the method of erystallization of CaF, from super-

saturated solutions (preliminary heating of sysiems to 100°C,)

Influense of sodium salts on the solubilihy
the syztem CaFo-Nall-H,0 at 1C0°C,

Figure 6
of CaFse

O
AU e ()

and +the

GaF 5=NapS0) ~Ho0 at 1LCC,

ng./1t. F
18
17
16
15
14
13
12
11

10
9
8
7

01025 50




TABLE 17

Influenre of Na,sOé or. te selubility of flucwite,
{Solidsliquid = 1:70; +0 = 1L0C,3 pH = 70 4 Cll).

Serial Duraticn of Eguipcnderant concsptrations
No. of experiment Na,30 CxFp
experimsnt, an days <
FpETeL w2y v /1T, Mg o/ 1% JF

TT) 51 o

—
]

17 15 10 13
18 30 25 12
19 39 100 11
20 LC 200 12
2 39 270 12

VI, THE SYSTEM GaFg-MgSOhmHQO

We mast now consider the influenae exerted on the sclubility

«

‘f‘

i

of fluorite by‘MgSOhS the fourth of the hasic components

ag water,

The literaturs gives no dirsct indicationz on thiz sitlect, The syste-

matic experiments conduched by u= {=2ee Table 13 and Pig, 7) have vevealed

N

a very inbteresting and vnexpscted regularitys magresiom snlfatz hss 3

strong dissclving effect con fimor

= gt congentrations QFj} 10 gr. /1%,
MgS0) in the solutlon, but a quite Insigrifleant diswolving effect at
small concentrations (about 2 gr./lt. MgSO)).

Taking inteo account gensral considerations regarding prnpewtleq
of magnesium salts and *“heir capacity to form complex compounds, it seems
Jjustifiable to sxplain the preoncunced increase of the golubility of CaF,
in the system GaFg»MgSOh~H9Q by a process of formabion of complexes {at

east in the sclubtion) and, perhsps, b rtial sxchangs reachion
least in th lut and, heps, a partial han, sachion

GaF2$MgSOhj;2 N@F24Ga80h3‘wiﬂlﬁbe formation of a more 30luble MgF?o
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TABIE 13

Influence of MgSQ), on the scolubility of flucrite.=
(Selid:Iiquid = 13205 1 = 14°Ces pH = 7.0 § 0,10).

Serial Duration of Equiponderant concentrsiions

e Ng:;“" ;;Enf exﬁ.:rig@f% Mg30) CaFy
HPETLISRD wnaevE IYAC g o L1 oF

22 90 2 3

23 83 10 50

2l 70 ‘ 25 55

25 8 50 66

26 L35 100 110

27 50 200 280

28 78 260 300

% All equiponderant samples were filtered through membrane filters No. 2,

Figure 7

Influence of MgSOh or the solubility of CaF, ahb 1100,

CaF;
(g {2E.F)

200 ?’,,,__,——T
.

200

gr/lta MgS04
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Though the investigation of this question is outside the scope
of cur present subjsct, from a geochemical standpcirnt it must be recogniged
at present as a pendirg problem in gsanewral chemistry, ILet us note here
that in our current work on the magnesite-dolomite system it is likewise
not possible to clarify suffictently the raturs and mechanism of the
formation of an alkali reserve in the system CaC-Mg0-COy-H,0, in the
presence of cemponents of sea water, without taking into account a forma-
tion of magnesian complexez (a series of basic carbonates of magnesium,
and so forth), One of the latest papers of Berton {1GL7) nobes, for
example, &uch complexss ass Mg{N03),.Mg(CH) o3 Mg(NO3) ;. LMg(OH)o;5 etc.

VIL. THE INFLUENCE OF WBAK (ORGANIC) ACIDS AND AMMONIUM SAITS ON THE
SCLUBILITY OF FLUCRITE

Before considering the sclubilitv of fluorile in sea water, we
give the limined data avallable ir the 1iterature on the sclubility of
CaF» in some organic acids and ammorium sslhs.

The solubility of fluworite in aqusous solutions of acetic acid
was studied ir detail by Duparc (1925) and Mougnaud (1931). Their results

are given in.Table 1l &nd Figures 8 and 9,

TABLE 1l

Solubility of CaF, in acetic acid (in gr./lt.)

0.5 1 2
t°C. 30 gr./1t, 50 gre/ito 120 gre/Llts
CH-COCH CH2CO0H CH3CO0H
Lo 0,153 0,175 0,192
60 0.178 0.203 0.229
80 0,206 0,237 0,267
100 «229 0.26L 0,300
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Figure 8.--Influence of weak (organic) acids and ammonium salts
on the solubility of CaFs: the system CaFs-CHzCOQH-Ho0 at
40% to 100° C.
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Figure 9.--Influence of weak (organic) acids and ammonium
salts on the solubility of CaFs.

The systems:

1.

CaFs-CHaCOOH-Ho03 2. CaFo-NH4Cl-Ho0;

3, CaFz-CH3COONH4-Hz0; L4, CaF5-C0p-Hz0 (mccording to Mougnaud, 1931).



51

VIIT. THE SOLUBILITY OF FLUORITE IN SEA WATER OF NORMAL SALINITY
AT VARIOUS TEMPERATURES
Now that we have studied the behavior of flucrite in a number
of saline soluticns (componsnts of sea water), we shall consider the
conditions of equilibrium of fluorite in sea water of various concentra-
tions, In this investigation, we used water to which known.amounts of
appropriate salts had been added in order to obtain the composition of
sea water, The data of S. V. Bruevich (Table 15) served as the basis

for this preparation,

TABIE 15

Composition of sea watser of normal salinity
(according to data of S. V. Bruevich)

(Calewlations based on dry salts)

Cortent Calculations based on oxides

Salts in gro/lt. Salts mZe/lT e

NaGl 27,021 MgO 2183

NaBr 0,085 Cad 587

KC1 0,739

MgClo 2,193

CaCls 1,163 COqy 108

NaHCC3 0,206 cl 19241

MgS0), 3,368 S04 2210
%vggaigc 1,028

The salts NaCl, NaBr, KCl, and NaHCO3 were weighted and intro-
duced in a dry form, The salts MgCl and CaCls,, which are hygroscopic,
and the salt MgS0).xH;0, which has the tendency %o become dehydrated in
dry air, wers introduced as solutions based on calculations,

In order to prevent the precipitation of gypsum, the salis

were placed jin a recephtacle in the order indicated in Table 15,
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(™
The results of the experiments on the solubility of CaF, in sea
water of normal salinity are summarized in Tables 16 and 17.
TABLE 16
Solubility of crystalline CaFg in sea water of
normal salinity (1 "Sea Waterf) at t° = 09,
(An average equiponderant 7.0 adopted)
Duration of Analysis of liquid
experiment, Solid:Iiquid pH phase, in mg./lt.F
in days
1 1:20 7.9L L5
22 1:20 - 6.0
28 1:20 - 6.0
3l 1:20 - 6.5
37 1:20 - 7.5
h? 1320 - 700
)
TABLE 17

Solubility of crystalline CaFp in sea water of
normal salinity at t° = 15° C.
Solidsliquid = 1:20 (an average equiponderant 12 adopted)

Duration of experiment, F pH
in days in mg./lt.
10. 6 -
30 1 N 830
LO ; 6 8,08
50 1L -
60 12 -
68 11 $.9L
78 11 -
100 11 7.9k
110 13 8,08
125 12 -
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Figure 10.-=-Solubility of fluorite in seawater of varying salinity.

/2. F
T

\

- e N e e e e ww =  ——— = -
- E WS W e e M e e e W mn - a mm e W Em  wm

[}
)
10 7 Sea water

N e e -

{
|
|
|
|
|
1
\

2

N#

[ 78 P

Degrees of concentration of sea water

On the basis of these experiments the solubility of CaF, in the
sea water of nowmal salinity should be taken ass

fer +C
for +°

0%G, 006060006600000000060000800] mgo‘/l%o F,
15000 00000006008 0008000000000Ll2 Ingo/:[’to F,

[

Though this solubility is thus markedly smaller than that in chemically
pure water, neverthelees it is from 7 to 12 times greater than the actual
content of fluorine in the water of the world's oceans (about 1 mg./lt. F).
Consequently, the water of the world's oceans is still far from
saturated with fluorite, and deposition of fluorite from pure contiﬂental

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

IX. FLUCRITE IN THE SYSTEM OF SEA WATER OF HIGH SALINITY

A. Evaporatiocn in closed basins

principle of %sclar diagram®)

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

fluorite equilibrium becomes much more complicated. It Is convenient to
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distinguish first of all between closed systems (without Influx of pure
water) and op=n systems (with influx of pure water), and between systems
with elimination of the salt depecsits (in nature - by coverage with silt)
and systems withoubt elimination of precipitated pbases, namely, such that
do not exclude their eventual metamorphism, From the thermad-eteadpoigt
systems can be isothermal and polythermal (with a variable temperature of
evaporation in the basin), and so forth,

Let wus consider the simple case of closed evaporating basins,
This type of evaporation of sea water with a corresponding separaticn of
salts is well studied in the classical papers of Usiglic (18LS) for the
water of the Mediterranean Sea, Van-Goff (1897-1905), and N, S, Kurnakov
and V, I, Nikolaev (1932).

The results of our experiments show that the principal factors
influencing the extent of CaFs solubility in saline solutions of =ea
water are as followss

{5) The concentration of the cation Ca (25 common ion with
fluorite) markedly diminishes the solubility of fluorite. Here belong
gypsum, bicarbona®e of calcium, and calcium chloride, Therefore, we
should be interested in the sum of all the cations of calcium in solutions
of evaporating sea water, expressed in mg./lt. Ca (Fig. L),

(b) The concentration of MgSO) (in gr./1t.) diminishes the
solubility of fluorite at small concentrations and markedly increases
it at concentrations greater than 2 gr./lt, MgS0), (Fige. 7).

(¢) A marked increase in the solubility of fluorite is produced
by NaCl, up to a concentration of 100 gr./l1t. NaCl (Fig. 6).

(d) Sodium sulfate behaves indifferently (Fig. 6).
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{2) The solubility of fluorite is decreased by low femparature
and increased by high temperature,

The experimentz of Usiglio showed that the maximum equiponderant
concentration of caleium salts during the evaporation (L0°C.) of water n
the Mediterranean Sea occurs at a L=-fold evaporation (2.LL48 gr./lt. Ca).
Thereupon, beginning with a 5-fold condensation of water volume, there 13
a precipitation of gypsum and an intensive zedimentation of calelts, marking
a transition of the system into a condition less favorabla for the separa-
tion of fluorite,

A zomewnat differsnt plcture is indicated by the experiments of
Van Goff (1897-1905), who dealt with the isothermal avaporation of sea
water at a lowsr tempera‘urs, 25°C, In this case the beginning of the
precipitation of gypsum and of NaCl i3 moved further in the direction of
more concentratad zolutlons,

In our expsrimsnts with congentrated sea watsr ths haginning

of the prenipitation of a2 small amourt of gypsum and caleits cormwesponded
to a 7-fold evaporstion by velums. A considerable pracipitztion of gypsum
mixed with calcits began only in sclutiens wirh s 10-fol d, and particularly
a 15-fold, evaporation by volume. Our experimental results on the sclu-
bility of fluerits in sea waters of various degrees of evaporation avs
summarized in Tsbles 18-28 and in Figure 10,

The dbove=-indicated series of ocur experimenits on the sclubi luy
of fluorite in sea water was supplemented by a group of tests at 10°C,,
in which powdered gypsum wag added to the sea waber, As should have been
expected, the addition of gypsum reduces still further the solubility of

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

up to & 5-fold condensation of volume inclusive (3ee Table 26.)
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Thus, as the concentration (evaporation) of sea water progresses,
factors with opposite effects make their appearance, The increase in the
cations of calcium (mainly of gypsum) reduces the solubility of fluorite,
whereas the increase in the concentration of NaCl (up to a definite limit)
and principally of MgSOh'insreases this solubility., The residual effect
of these opposing influences creates for closed basins a condition in which
the minimum sclubility of fluorite corresponds to the stage of a 3- to
li=-fold condensation of sea water by volume, 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 flﬁorite in sea water of a 2-fold
condensation by volume (2 %Sea Water®), Condition of experi-
ments: SolidsLiquid = 1:20;3 t© = 15° C,

Duration of experiment,
in days ‘ mg./1t. F pH
Shaking 3 times daily
10 8 -
20 9 -
30 9 8.1
Lo 9 8.08
50 9 -
60 12 -
100 12 8,08
110 k2 8.08
155 10 8.30
170 8 8,20
210 10 8.20
2Lo 10 8,10
Averages 9 8.10 4 0.10
Experiment with continuons mechanical shaking
3 10 -
10 | 10 -
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TABLE 19

Solubility of crystalline fluorite in sea water
of a 3=fold condensation by volume {3 "Sea Waterh),
Solidsliquid = 15205 +° = 15° C,

Duration of experiment,
in days mgo/1t.F pH .
Shaking 3 times daily
10 5 8.20
20 7 -
30 5 8,20
Lo 7 -
57 7 8,20
17 [ 8,08
110 5 -
125 6 8.10
155 7 -
260 7 8.10
Averages 6 -
Experimsnt with continuons shaking
3 5 -
30 6 -
Experiment at £0 = 090 daily shaking
6 5 8.1
21 6 8,1
TABLE 20

Solubility of crystalline fluorite in sea water
of a li-fold condensation by volume (L "Sea Water®),
SolidsLiquid = 15203 0 = 15°C,

Daration of experiment,
in days nge/lteoF pH
: Shaking 3 times daily
23 8 8.20
37 10 8,08
62 10 8.15
92 .10 8,10
122 10 8,10
165 8 8.20
230 9 -
Experiment with continuows shaking
3 13 -
10 11 -
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TABLE 21

. Solubility of fluorite in sea waber of a 5-fold
condensation by volume (5 "Sea Water®),
SolidsTiquid = 12203 +°© = 150 C,

Duration of Duration of
experiment,, mg./1t. F pH - experiment, mg./lt, F pH
in days in days
, Gon%inucus shaking Shaking'B times daily
32 1L 8,00 12 17 8.0
20 16 -
L2 16 8.00 96 16 -
Experimsnt at 00 C,
78 16 - 32 15 8.0
IS
93 18 8,10 L3 5 8.0
Control experiment with slimination
135 18 - of fluorine and a continuous
shaking in a thermostat (150 C.)
195 16 -
- 20 -
- 18 -
TABIE 22

Solubility of fluorite in sea water of a
7=-fold condenssiien by volume (7 ®Ska Waterw),
Solidsliquid = 13205 0 = 150C,

Duration of experimsnt,

in days mgo/1lts F pH
) Continuous shaking
25 20 8.1l
76 30 -
92 25 -
Averages 25 -
Same at 009G,
25 11 8.0
36 15 -

50 16 -




Solubility of fluorite in sea water

TABLE 23

59

of a 10-fold condensation
by volume (10 “Sea Water¥),

TABLE 2

Solubility of fluorite in sea water

of a 15-fold condensation

by volume (15 ®Sea Watex®),

Solidsliquid = 1:203 t© = 150¢, Solidsliquid = 15203 +0 = 15°C,
Duration of Duration of '
experiment, mgo/1% F PH experiment, mgo/1t.F pH

in days in days

Shaking 2 times daily
16 30 8.10
16 30 - 26 30 8,10
26 30 - L3 36 8.10
L3 25 - 65 30 8.10
65 2l -
Averages 28 - Averages 30 -

TABLE 25

Solubility of fluorite in sea wateri of various concentratior

Degree of condensation Equiponderant concentra-
of sea water by volume pH tion, in mg./lt, F
+0 = 00C 1500
0 {chemically pure Hs0) | 7.0 11 1k
1 nSwWw 8,0 [ 12
2 n 8,10 = 9
3 " 8,10 5 56
L n 8,10 - 9
5 B 8.0 15 20
é % - - 2l
7 n - 16 25
10 " 790 - 28
15 n 8.0 = 30
TABLE 26

Influence of gypsum on the solubilify of CaFgp in
sea watery of various concentration,
Solideliquid = 1:203 t° = 109C,.; pH = 8.10(i 0.10,

Duration of Equiponderant
experiment, Concentration concentration,
in days | of sea water in mg,/lt F

Continuous shalking
L1 1 ngyw 9
I 2w 8
I 3w 6-7
I 5 ® 7
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. TABLE 28

Modification of the average chemical composition of river
water by boiling (in mg./1t.)

Degree of
corgden-
- gation, by| Cl soh €05 Ca Mg K Na F Notes
volume
1 11,3 24.3] 70.3] L0.8] 6.8] L.2| 11.6] 0.2 |pry residue
. at 1100 =
10 113 | 243 703 | Lo8 | 68 |2 116 | 2  |200 (conditi )
100 1130 2430 | - 080 | 680lL20 1160 | 20 [Settling of
C2S0),,CaC0
200 2260 - - - |1380}840 }2320 | Lo
800 9040 - - - | 5520} 3350}9280 |160

: el
¥* The average dry residue is taken in its entirety to be 200 mg./lt.g
the figures of Clarke are rscomputed accordingly.

e B. Evaporation in relict basins

It ig left to us now to consider briefly the regularities governing
the equilibrium of fluorite in open evaporating basins with an influx of pure
(river) waters, Generally speaking, such conditions in the evolution of
’ relict~basins are the most frequent in nature because completely closed basing
are exceptions.

Obviously, the new factor which is introduced here into the process
of the concentration of sea water, developing according to the classic type
of the "solar diagram®, is the addiiional evaporation of incoming pure (river)
waters, These waters have to be examined briefly.A

The saline content of river waters is somewhat varied because it

depends, first of all, upon the conditions of soil and climate in the river
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basin and upon the rocks ercded by the river, However, average annual_
figures can be dsduced as has been done by Clarks and other investigators
(see Table 27),

Table 27 shows clearly that river waters must undergo a very
considerable condensation by volume in order to attain an icni: concen-

tration equal to that of oceanic water,

» ~ cl Na Mg 50 K Ca
Coefs condensations *
ocean w./river w, 1835 509 198 119 34 10.4

It iz neceasary to note, howsver, that the cations of K and Mg
are strongly absorbed by hydrous alumino-ferrc-silicates during their chemo-
sedimentation and processes of diagenesis of bottom silts (principa;ly
during the formaticn of hydrous micas), so that they drop out from the
salinity equilibrium, This applies also to calcium, the main mass of
which (brought into the ocezn by river waters in the basic form of bicar-
bonate) precipitates from ocean waber as caleite.

In & considerable measure this is alse trus of SO"), which
precipitates in sea basins in the form of gypsum and anbhydrits during
the early stages of the ¥solar diagram® of evaporation.

From this standpoint, greater dependence can be placed on the
coefficients of condensabion for the ions showing a relatively ¥inert®
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 will ses 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. In such case the concentration
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of fluorine would be 200 x 0.2 = L0 mg,/1t. F, If; however, ws take a sea
water of a L-fold condensation (I %SW"), for which the solubility of fluo-
rite is the swallest according to Fig. 10, then the respective cosfficient
of concentration for river waters would have to equal to 800, and the content
of fluorine would rise to 800 x 0,2 = 160 mg./lt. Fy that is, it would ex@eed
by far its limits of solubility under these conditions (L - 6 mg./1t. F).
In these caleulations, we do not take inbo consideration, as indicsted above,
the fixation of magnesium during the chemo-sedimentation of hydrous micasg,
so that the resl cosffisients of conmenteation of =iver wahers muzt be still
higher, apparently approaching the chleride coefficient,

Thus, in cpen drying relict basins and lagoons with an inflow of
pure wabters, the condibions are still more favorable for the sedimentation
of fluorits, Under thess conditions fluorite must precipitate together with

calcite within a range clogs to the sedimsntation of gypsam,

X, GENERAL CONCLUSICNS OF A GECLOGIC-GENETIC NATURE

1. Among the 3l known minerals containing fluorine, only 6
minerals occur in the thermodynamis conditions of sedimentary rocksg of
these, h.are referable to saline laks deposits of a late stags of halo-
genesis, being rars minerals, and only the remaining 2 may be referred to
marine sediments, _

The majority of the other minerals containing fluoriﬁe are formed
under the thermodynamic conditions of high temperature and’preésure {hydro-
therms, pneumatolysis, magmas, volcanogenic processes, etc.)

2. The 2 above-indicabsd minsrals containing flucrine and re-

ferable to marine sediments ars fluorapatite (seldom fluorhydrexylapatite}



6L

and fluorite; the range of their formation extends to the thermodynamic
conditions of high temperatures and pressures (magmas, hypotherms, vein-
deposits, etc,), which characterize their crystal lattice as very stable,

The experimental data, presented above on the fluorapatite-

fluorits sy=tems of egliliP®ia, content of fluorine in natural waters,
and geologic-lithologic analysis of occurrences of sedimentary fluorite
and fluowapatite, make it possible to increase considerably the precision
of our knowledge on the conditions of formation and stability of apatite
and fluoriies in sedimentary basins of different types,
As Purs-wahter basing

3o In pure-water basins the usual conbent of fluorine in the

water iz, on the average, sbout 0.2 to 0.5 mge/lte, and the exbtent of

fluorite solubiliby is correspendinglys

11 mg./lt, for F ab 00C.,
15 mg./1te for F at 200C,

Under these conditions any pozsibility of the precipitation of fluorite
naturally iz excluded,

Lo The posafbility of the prescipitation of hydroxylapatite,
with the usual attendant fixations of fluoride-ion from the water, is
also excluded because of the negligible concentration of phosphate-ion
in pure waters and of the comparstively small pH,

5. However, a partial extraction of fluoride ion from pure
waters by the fluoridation of the bony substance (hydroxylapatite) of
animal carcasses is still possible under these conditions. We have
demonstrated experimentally that the coefficient of the fluoridation of

hydroxylapatite of bony substonce (substitution of OH' for F) reaches



65

from 55 to 60 percent, For hard waters (high cortent of Ca) Hhs o=

efficient of the flucridaticr of hydroxylapatite is =Hill higher,

Be g basins

6, The salts of sea water exert a varying influence or tha
solubflity of fluorite, This problem was clarifisd hy a study of the
solubility of CaFy in the aquecus sclubtions of a number of pure =alis,

(2) The salts of calefum (sulfates; chlorides, and cthers),
which have a common cation Cs with fluorite, decrease the sclubility of
fluorite, In a satoratsd agueocus solubion of gypsum ths solubility of
fluorite desreases to 6 mg./lt. Fo In aqueous scolutionz of CaCl. the
decreass iz still greater, dowm +o 2.6 mg./lt. Fe

{(r) The salts of magnesium, on the contrary, sharply increase
the selubility of flueorite, Thus, for example, with a comtent of 10
gro/lt, MgS0y, +he sclvbility of flworite (130 Co) increases o 50 mg?/lﬁo
Fg with a comtert of 100 goe /b, MgS0), it ineresses to 110 mg./l%o‘ng
and with a cortenh of 260 gr./lt. MgSO) it increases to 300 mg./lt. F,

(2} The salt Nall, when dissolved fn nembral sclutions to a
concentration of 100 gr./lt., increases the solubility of fluorite (%o
18 mg./1t, F)g but with mere concentrated scluticns the curve of the
solubility of fluorite declires sharply (%o 8 mg./1t. F)e

(4) Agueous soluticrns of Nagsoh have no sffect on the
solubility of flucrite,

7. The dimect experiments conducted by us on the scolubility
of fluorite in ocean water of vormal salinity showed a solubility of

12 mgo/1t, F at 159 Co, and of 7 mg./1te F at 0% .3 namely, 10 times
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higher than the actual content of F in the ocean water (L mg./lt. F, on
the average). Thus, the possibility of the depositiorn of fluorite in
sea basins of normal salinity iz completely excluded.

8, In sea basing of normal salinity there is ancther wide-
spread process of fixation of fluorine, namely, the sedimentation of
fluorapatite in areas of phosphate shelves. This process haz been con-
sidered in detail by us in another paper,

9, The content of F in ocean water i3 several tens of bimes
bhigher than the conhent of phosphoruss

P50 in a zone of photosynthesis ceeesesss 0s01-0.05 mgo/lte

P20c in a zone et depths of 300-LO0 m. .. up to 0.30 %

F in sall zones of the ocean, on the average,. 1l.0-1.2 E

Such ratios can occur only in the case of insuffici=nt amounts
of the chemosadimenting mass of calcium phosphate (apatite lattice),
and from this standpoint the shove-indleatsl quantities of fluorire in
ocean water muzt be concildered as residuals (excesses) laft over after
a full saturation of the set%ling phosphate sedimentz (phosphorites) with

fluorine to the extent of the formation of normal flucorapabite.

Co Relict sea-basins of high salinity

1. Closed basinaz
(principle of ®solar diagram®)

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 4 ).

11, Beginning with the moment at which a 3- to L-fold evapora-

tion of sea water iz weached by volume, the sclubility of fluorite decreases

3



down to L5 mg./1t, F, and the nurve of the solubtion crosses the line of
the concentration of fluerine of sea waterg that i3, the medinm beccmes
saturated with fluorite,

12, Howevwer, this fiest period of a possibls precipitation of
fluorite in relict and closed sea basins is short, beczuze +ha concentra-
tion of the cation Caece decreazas beginning with the omset of gypsum
sedimentaticn whersas the dissclving effect of NaCl and Mgsoh vpen flucritbe
increases. As a result, the water sysbtem of tha drying salinified basin
again ceases to be sgtvrated with fluorite, Under natural conditions the
deposition of holopeli*es usually prevents the dlsseolving of the pre-

@ouoly precipitated fluordite,

-

Ze  Open dyying relict basins with an Anflux
of purs waters

13, The sea basing of fthe oper, drying, relict type with an
influx of purs waters offer much greater possibilities of the deposition
of fluorite in the course cof the basin's evaporation, first of all becauss
of the sharply higher content of fluorine in river wabters rslative to the
total mass of salts, in comparison to ocean water, The salt composition
. of river waters is 280 times richer in fluorine than the salt composition
of sea water:

river walers cceccesesesecsson

1.0 mg./1t. ¥ = 5 g 4 1075
35,000 mg,

ocean Wabers sesccccocecses
For example, in order to achieve, by means of evaporation of river wabers
of average composition, a concentration of Mg-ion equal to its concentra-

tion in sea water of normal salindty, it is necessary to have at least a



200~-fold condensation of river water by volume.,

content of fluoride ion equal to 200 x 0.2 mgo/jlztu F o=

68

exceeds by far the solubility of fluorite,

58

This would result in a

40 mg./1t. F, which

Basins in the last phase of halogenesis

(stages of the deposition of potassium salts and borates)

1k,

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 eutonic (sic) brine.

All in

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

cumulative sedimentation are reducible to those listed in Table 29,

Table 29

Facies conditions of deposition of fluorapatite and fluorite,

and of fluoridation of bony substance

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

L Same, in the stage
of sedimentation
of anhydrite and
halite

5 Eutonic brine of
drying sea
basing

the shelves of
basins in phos-
phate formations

None

None

None

Processes
. Fluoridation | Sedimentation of Sedimentation
Serial Basins of bony phosphorites of fluorite
No. substance (fluorapatite) CaFs
1 Pure-water basins + None None
2 Sea basins of
normal salinity -+ '+ sediments on None

+ let early stage of
the 3- to 4-fold con-
centration of sea water,
continuing up to the
beginning of the sedi-
mentation of gypsum

None

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




* Do The fluorine-phospheris coefficient as a facies index

15. The geologic-genetic conclusions advanced above indicate
that sedimentary fluorite can be a sensitive index of the facias of sea
basins at an early stage of their salinification (up to the time of the
sedimentation of gypsum and anhydrite).

Its use for such purposes may be accomplished by means of the
#fluorine-phosphors coefficient®, % Fo % Py0g, uhich equals 0,0893 for
normal fluorapatite., The actual values of the fluorine-phosphas co=
efficient for the phosphorites of the plateau of the USSR usually vary
within the range of 0,10 to 0,123 that iz, the phosphorites contain some-
what more fluorine than is required by the formula for normal fluorapatite
Cag(PO),)sF and always include a free highly dispersed CaGO3. This feature
is apparently connachted with the wide-sprsad property of poorly soluble
sediments to capture during thelr crystallogenesis small quaniities of
other poorly soluble neighbouring compounds; it may be also related to
the as yet little-studied physico-chemical phenomena of "joint sedimenta-
tion" and formation of anomalous, mixed crystals. Taking this circum-
stance into consideration, we propose that the 0,15 to 0,20 value of the
fluorine-phosphoras coefficient for a sedimentary rock be considered as
an already reliable indication of the presence of fluorite deposition
therein and that such a sedimentary rock be referred to the early (pre-
gypsum) salinification period of a salinified sedimentary basin.

From this standpoint sedimentary fluorite is a typical mineral
index of halogenic facies. In a nunber of questionable cases of fluorits
determination, gross analyses for F and PZOS can also give objective

indications on the facies conditions of the investigated sedimentary rocks.
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