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Abstract

The composition of minerals, the structure of apatite and the content of ecologically controlled elements
in the phosphorites from the Khubsugul (KhPB) and Dzabkhan (DPB) phosphorite-bearing basins of Mongolia
are investigated. The structural chemical and mineralogical classification of the phosphorites is performed.
With respect to the mineralogical composition, the major part of phosphorites belongs to the cherty and
carbonate-siliceous types. The phosphate substance of the KhPB and DPB deposits is represented by hydrox-
ylcarbonatefluoroapatite. As regards the ratio of the major components, the apatites comprising these phos-
phorites belong to the first subgroup of the alkaline type, 7. e. are phosphorus-deficient with respect to the
stoichiometric composition. The content of trace elements in phosphorites was estimated using the dimension-
less universal characteristics, 7. e. ecological index of phosphates, which was 1.186 for the phosphorites of the
Khubsugul deposit and 1.643 for the Burenkhan deposit, which means their ecological safety and suitability for
use as fertilizers without chemical processing and enrichment. The proposed classification and ecological eval-
uation are necessary for solving the problem concerning the choice of an optimal technology of phosphorite
processing, including mechanochemical treatment as the simplest and ecologically safest one. The classification
can be useful for solving the genetic problems and for the search for new phosphorite deposits.

INTRODUCTION deposits of phosphate ores using optimal me-

thods of their processing should play an im-

There are two world’s largest phosphorite-  portant role in improving the economical sta-

bearing basins in Mongolia: the Khubsugul
(KhPB) and Dzabkhan (DPB). More than 30 large
and small deposits of phosphorites are explored
in the former and about 20 in the latter, with
the mean phosphate content of 15 to 28 %
P,O;; in some cases it reaches 39—40 % P,O5
[1-5]. The predicted resources of the Khubsu-
gul and Dzabkhan phosphorite-bearing basins
are more than 4.5 and 1.2 billion tons of ore,
respectively [3—5]. The development of the

tus of Mongolia surviving the difficulties of
the transition to the market economy. The im-
portance of a multi-aspect investigation of
phosphate ores and of the development of
optimal processing methods for the most rapid
development is evidenced by the instructions
of the Government of Mongolia to the Mon-
golian Academy of Sciences on the develop-
ment of the project “Phosphorite”. This inves-
tigation was carried out within the bounds of
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the Agreement on collaboration between the
Siberian Branch of the RAS and the Mongo-
lian Academy of Sciences.

In order to achieve economical reasonable-
ness of the usage of phosphate ores, the ex-
isting methods of processing put forward strict
requirements to the quality of raw material,
determined as the phosphate content and the
presence of harmful admixtures, which causes
additional consumption of raw material and
brings complications into the processing [6]. A
substantial part of the phosphorite ores of the
KhPB and DPB, processed by conventional
methods, must be enriched to obtain concen-
trates with P,O5 content of 28—30 % [7]

The choice of enrichment and processing
procedure is determined by the specificity of
mineral composition and type of apatite com-
prising the phosphorite [8, 9]. The ecological
aspect is another important item in characteri-
zing the phosphate raw material and fertilizers
made of it. Phosphate ores contain a broad
variety of trace elements; some of them pass
into the fertilizers during manufacture, are
brought into soil, get assimilated by plants and
thus bring danger for human health in the case
of the increased content [10].

One of the promising methods of process-
ing the phosphorites of the KhPB and DPB is
mechanical activation for the purpose of ob-
taining ready-to-use fertilizers. During mecha-
nochemical processing of phosphate ores, all
the admixtures and elements and trace fully
remain in the fertilizer and pass into soil. Be-
cause of this, a detailed investigation of the
ores of the Khubsugul and Dzabkhan phos-
phorite-bearing basins, which are unique in
the scale and structural features of apatite in
phosphorites of them, and the content of trace
elements has not only the scientific interest
but is urgently needed for reasonable and ef-
ficient development of the deposits. The major
part of works considering the KhPB and DPB
is dedicated to the studies of ore genesis, cha-
racter of their bedding, interconnection of
the phosphate substance with other minerals,
1. e. mainly to the problems related to geology
and geochemistry [1—5]. The authors of [1, 11]
investigated the changes of the phosphate sub-
stance of the ores from the Khubsugul basin

formed in sea water and had survived nume-
rous transformations and interactions with the
accompanying minerals during the subsequent
long period of existence on land (for 500-
800 mIn years), under great pressure and in-
creased temperature.

The substantial and chemical composition
of the phosphorites from the KhPB and DPB
is reported in most detail in [1, 3]. On the basis
of the data of chemical analysis of more than
1000 samples of phosphorites for the content
of the major components — P,05, CO,, CaO,
F~, MgO, AlLO;, Fe,O; Na,O, K,O, SiO, —
the author of the monograph [1] did not mana-
ge to compose a full general characteristics of
the chemical nature of the KhPB phospho-
rites because of large nonhomogeneity of their
chemical composition. The chemical and sub-
stantial composition is characterized in [1] on the
basis of the classification of phosphate ores
from the KhPB with respect to the texture
and structural modifications of phosphate sub-
stance and the accompanying minerals; in the
group of chemogenic and fragmental debris,
the author classified the subgroups: aphanitic
phosphorites, granular, sandstone, coarse,
among which the modifications of the carbon-
ate and siliceous composition are revealed [1].

In [1], only the data on deposits and phos-
phate occurrence of the Khubsugul basin are
embraced, except very large Burenkhan de-
posit which was discovered later [4]. Publica-
tions concerning chemical and mineralogical
characteristics of the phosphorites of the Dzab-
khan phosphorite-bearing basin, which was
discovered twenty years later than the KhPB,
are very scarce [3, 5]. The authors of [12] re-
port the data on the content and distribution
of trace elements in some deposits of the
Khubsugul phosphorite-bearing basin.

The authors of [10] proposed a procedure
of the overall ecological evaluation of the con-
tent of ecologically monitored elements (EME);
we used this procedure in the present investi-
gation.

The goal of the present work is compara-
tive characterization of the mineralogical and
chemical composition of phosphorites of the
Khubsugul and Dzabkhan phosphorite-bearing
basins of Mongolia, which are the richest in
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resources and promising for development; eco-
logical evaluation and structural chemical clas-
sification of the apatites comprising them. In
addition to research interest, these data can
serve as the basis for the recommendations re-
lated to an optimal technology of processing,
in particular mechanochemical processing, as
the simplest and ecologically safest method.

EXPERIMENTAL

The samples of the phosphorites of char-
acteristic diversities from the largest and bet-
ter explored deposits of the KhPB (Burenkhan,
Zhankhay and Ongilignur) and DPB (Alagiyn-
Daba and Tsakhir-Ula) were investigated. We
also used the literature data on the chemical
composition of phosphorites from some KhPB
deposits and on the content of trace elements
in them [1, 10, 12]. Petrographic investigation
of the texture and structure of phosphorites
was performed by studying the polished sec-
tions with the help of optical microscope at
a 100—400-fold magnification. Chemical anal-
ysis for macrocomponents was performed in
the geological laboratory of Mongolia accord-
ing to the manual for the analysis of phos-
phate ores [13]. Apatite monofractions were
isolated by means of centrifuging the phos-
phorites in heavy liquids at the Laboratory
of Physical Chemistry of ICCT, MAS. Trace
elements Mn, Cu, Zn, As, Pb, Hg, Cd, Co,
Ni, Cr, Ba, Sr, V, U, Th, Y and rare earths
were determined by X-ray spectral, fluores-
cent, atomic absorption, y-spectral and pho-
tometric techniques [3, 10, 12]. The content
of phosphate soluble in 2 9% citric acid solu-
tion (CASP) and in ammonium citrate with
PH 9 (ACSP) was determined according to
the State Standard (GOST) [14].

X-ray phase analysis was performed with
the JIB instrument (Japan) (CuK, radiation,
Ni filter, U = 40 kW, I = 40 mA). The infrared
spectra were recorded with Specord-75 DR in-
strument, samples were pressed as tablets with
dried KBr. Thermal analysis was performed
with a Q-1500 D instrument within tempera-
ture range 25—900 °C. ESR spectra were re-
corded with Radiopan SE/X-2544 (Poland) at
room temperature (A = 3.2 cm, f,,,q = 100 kHz)

before and after irradiation at the experimen-
tal stand of the Institute of Nuclear Physics,
SB RAS, equipped with the ELV-6 electron
accelerator. The energy of accelerated elec-
trons during irradiation was 1.4 MeV, the ab-
sorbed dose was 3 Mrad. The irradiation of
samples was necessary to increase the intensity
of spectra for the purpose of more exact in-
terpretation of the paramagnetic centers ini-
tially present in the sample.

RESULTS AND DISCUSSION

Texture and structural characterization
of the phosphate ores

For reasonable usage of phosphate ores, it
is necessary to know the chemical composition
of phosphorites and minerals comprising the
ore, as well as the character of their inter-
connection in the rock itself. The degree of
intergrowing and phase state of the minerals
in phosphorite affect the enrichment and other
properties of the ores. According to the data
of petrographic investigations, the phospho-
rites from the KhPB and DPB are characteri-
zed by different forms of the occurrence of
phosphate substance and by the variety of tex-
ture combinations of phosphate and accompa-
nying minerals [1, 3—5, 11]. The variety and
intricacy of the intergrowth of minerals com-
prising phosphorites can be seen in a brief
description of the polished sections of the ores
from different deposits of the KhPB and DPB
(Fig. 1).

One of the examples of various combina-
tions of minerals and the character of their
interaction can be the polished sections from
the Burenkhan deposit of the KhPB (see
Fig. 1, a and b). The first one of them shows
the phosphatic-sandy rock in which the phos-
phate and quartz-sand parts are mixed with
each other. The sandy regions are composed
of fragments cemented by fine crystalline
quartz; in some places, the cement substance
is fine crystalline phosphate and clay material
(see Fig.1, a). Quite a different combination
of minerals is observed in the second section
(see Fig. 1, b), in which the pelleted phospho-
rite is strongly cabronatized; calcite replaces
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Fig. 1. Micrographs of the polished sections of phosphorites from the deposits: Burenkhan (a, b), Ongilignur (c),
Zhankhay (d), Alagiyn-Daba (e) and Tsakhir-Ula (f): a — 100-fold magnification (without analyzer), light-coloured
particles — quartz fragments, dark background — sandy phosphate cement; b — 400-fold magnification (analyzer),
phosphate grains and clots (dark parts) in calcite; ¢ — 400-fold magnification (without analyzer), apatite (light
particles) is crystallized from amorphous phosphate (dark); d — 200-fold magnification (without analyzer), amor-
phous (dark) and decolourised phosphate (gray) with calcite insertions and quartz veins; e — 200-fold magnifica-
tion, quartz sandstone grains (white) in the mass of amorphous phosphate (dark background); f — 400-fold
magnification, phosphate grains (dark) and quartz grains (white), crustified at the edges with phosphate, in the

phosphate amorphous cement.

the space between the pigmented phosphate
clots in which typical oncolites are observed,
included into the mass of the structureless
(aphanite) phosphate. The rock is closely pene-
trated by cracks, cured by calcite or filler with
iron hydroxides.

The major part of the minerals of phos-
phate ores survived substantial changes since
the formation moment. For example, a pol-
ished section of the phosphorite from the On-
gilignur deposit of the KhPB is shown in Fig. 1,
c; the relicts of primary dark-brown amor-
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phous phosphate mass of possibly organogen-
ic origin loose their colour during gradual crys-
tallization forming blocks between the cracks.
The formation of both the carbonates and
the quartz is observed along the cracks (see
Fig. 1, ¢). A phosphorite sample from the
Zhankhay deposit of KhPB is composed of
the aggregates of fine crystalline decolourized
apatite and dark-brown phosphate with the
insertions of the smallest calcite crystals; at
the same time, quartz clusters are observed,;
they also fill the cracks (see Fig. 1, d).

A complicated combination and tight inter-
growth of minerals is also observed in the samp-
les from two phosphorite deposits of the DPB.
A polished section of the phosphorite from the
Alagiyn-Daba deposit is shown in Fig. 1, e. It is
composed mainly of the grains of quartz sand-
stone of different sizes and shapes, included
in fine crystalline quartz and the brown mass
of the amorphous phosphate. Scattered mica
particles are observed among the quartz grains
of the rock. A polished section of the phos-
phorite from the Tsakhir-Ula deposit is shown
in Fig. 1, f. The rock is a sandy phosphorite
composed of quartz particles of various sizes
and shapes, held together by the amorphous
phosphate. The bulk is a structureless phos-
phate forming the growth crust over the grain
boundaries; this means that crustification process
is observed both along the quartz grain bounda-
ries and around the darker particles of iron-
containing phosphate, also held together by
the amorphous phosphate mass. The pyrite par-
ticles and iron hydroxide crystals are scattered
over the rock (see Fig. 1, f). The residues of
the ancient marine organisms were observed
almost in all the sections; these were the spi-
cules of sponges, fragments of sea shells, etc,;
they were substituted with quartz, calcite, or
phosphate. In some cases the colouring of the
phosphate substance was due to the presence
of the organic matter which is often an accu-
mulator of the trace elements [8].

The above description of the polished sec-
tions gives only an approximate picture of
the intricacy of composition and fineness of
intergrowth of various minerals, but it can-
not embrace the entire variety of the com-
positions and structures of these complicated
rocks. They have been described in more de-

tail in monographs and reviews [1, 3—5, 11]. A
quantitative ratio of minerals in the phospho-
rites from the KhPB and DPB and their mine-
ralogical characterization have been performed
on the basis of the data of chemical analysis
and physical methods of investigation described
below.

Characterization of the mineral composition
of phosphorites

When investigating 30 deposits and phos-
phate occurrences at the KhPB, the author of
[1] marked two features of their chemical natu-
re: prevalence of carbonate phosphorites, and
a close connection of the phosphate substance
with dolomite. However, later discovered Bu-
renkhan deposit, as well as other deposits of
the KhPB and the phosphorites from the DPB
[3—5], depending on the occurrence of the pro-
ductive packets together with the rocks of the
carbonate or siliceous composition, exhibited a
broad variety of the mineral composition with
the trend towards the phosphorites of the cher-
ty type.

According to the data of chemical analysis
shown in Table 1, in the major part of the
investigated samples of the phosphorites from
the Alagiyn-Daba and Tsakhir-Ula deposits of
the Dzabkhan basin, the main components ac-
companying phosphate was silicon oxide. In the
samples with the mean phosphate content of
20-22 % P,0;, the fraction of silicon oxide
reached 40 %; in not so rich samples it was
more than 50 % (sample No. 12 in Table 1). The
major part of phosphorites from these depos-
its contained less than 5 9% of carbonate mi-
nerals.

The deposits of the KhPB are characteri-
zed by the trend to increased carbonate content
in the phosphorites of deposits situated at the
North-West of the basin [1, 3—5, 11]. For examp-
le, the main minerals accompanying apatite were
dolomite and calcite in the phosphorites of the
Khubsugul deposit situated at the western shore
of the Khubsugul Lake, and the Uleindaban
deposit, which lies to north-west of it (see Table
1, samples No. 49, 50, 54). In the Burenkhan
deposit, situated in the southern part of the
KhPB, predominant are the phosphorites of
cherty type, and more rarely of carbonate-



TABLE 1

Chemical composition of the phosphorites from KhPB and DPB, 9% mass

Sample Deposit CaO P,0, SiO, TiO, Al,O4 Fe,O4 MgO Na,O K,O0 MnO SO, cl H,0 CO, F
No.

1/27 AD 41.30 30.0 20.8 0.26 0.84 1.75 0.24 0.39 0.23 0.01 - 0.88 - 1.02 1.8
2/117 AD 31.82 25.4 37.8 - 0.86 1.26 0.49 0.14 0.32 - - - - 0.4 0.47
3/11 AD 31.11 23.67 39.24 0.1 0.96 1.62 0.58 0.12 0.33 0.17 0.1 2.0 0.05 0.4 1.27
4/19 AD 31.11 23.7 39.2 - 0.96 1.62 0.58 0.12 0.53 - - - - 0.4 1.27
5/6 AD 30.4 22.5 37.5 0.04 1.8 2.2 0.10 0.28 0.24 0.03 - 1.25 - 1.40 1.43
6/20 AD 29.05 21.2 42.7 - 1.53 2.47 0.3 0.1 0.3 - - - - 0.4 1.68
7/34 AD 31.7 21.4 38.34 0.08 1.85 1.14 0.12 0.36 0.39 0.01 - 1.43 - 1.42 0.85
8/36 AD 35.4 21.4 32.40 0.08 1.79 1.43 0.22 0.35 0.29 0.025 - 1.37 - 1.49 0.83
9/40 AD 30.43 20.5 39.27 0.07 1.02 2.19 0.08 0.35 0.19 0.03 - 1.74 - 2.17 1.85
10/3 AD 27.70 20.15 - - - - - - - - - - - - -
11/38 AD 31.2 18.7 40.34 0.05 1.07 2.14 0.07 0.42 0.19 0.015 - 2.69 - 2.19 1.15
12/16 AD 24.39 18.5 53.0 - 0.64 0.45 0.34 0.10 0.18 - - - - 0.4 0.40
13/30 AD 30.40 17.8 42.3 0.06 1.9 2.24 0.08 0.38 0.26 0.01 - 1.72 - 2.14 1.44
14/9 TsU 44.3 36.5 10.90 0.24 0.85 1.55 0.27 0.39 0.24 0.01 - 0.87 - 1.08 2.2
15/35 TsU 40.9 29.5 18.00 0.06 1.90 2.93 0.52 1.65 0.40 0.03 - 3.10 - 1.10 1.45
16/41 TsU 43.0 29.0 16.80 0.12 1.14 1.40 1.60 0.45 0.30 0.03 - 2.30 - 2.10 1.60
17/29 TsU 41.52 27.6 4.86 0.05 1.22 3.47 0.52 0.74 0.43 0.04 - 3.12 0.04 1.1 1.63
18/39 TsU 39.4 25.8 19.33 0.29 2.35 2.48 0.17 0.45 0.41 0.14 - 3.15 - 0.15 2.08
19/10 TsU 31.82 25.35 37.8 0.1 0.86 1.26 0.49 0.14 0.32 0.07 0.1 1.78 0.14 0.4 0.47
20/12 TsU 31.46 23.45 33.0 0.1 1.28 0.6 0.93 0.08 0.36 0.15 0.1 8.74 0.14 7.78 1.06
21/33 TsU 34.14 23.4 31.92 0.54 1.18 2.18 0.54 0.49 0.35 0.02 - 1.15 - 1.34 2.07
22/31 TsU 32.4 21.4 37.12 0.09 1.08 1.17 0.11 0.47 0.39 0.01 - 1.19 - 1.43 0.94
23/32 TsU 31.2 21.4 38.4 0.06 1.05 1.18 0.24 0.19 0.22 0.19 - 2.04 - 1.15 1.07
24 /42 TsU 29.05 21.15 42.71 0.11 1.53 2.47 0.30 0.10 0.30 0.19 0.1 2.24 0.17 0.4 1.68
25/4 TsU 27.2 20.7 48.60 0.05 0.60 0.96 0.3 0.19 0.37 0.05 0.1 1.1 0.11 1.23 0.23
26/8 TsU 26.6 20.5 42.1 0.06 1.17 2.68 0.08 0.41 0.34 0.02 - 1.67 - 2.24 0.49
27/28 TsU 30.10 17.5 39.4 0.09 0.85 1.95 0.25 0.22 0.34 0.01 - 2.49 - 1.17 0.88

[43%
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28/25
29/26
30/24
31/46
32/47
33/48
34/49
35/50
36/51
37/52
38/15
39/13
40/23
41/5
42/44
43/45
44/1
45/2
46/14
47/22
48/43
49%
50*

51*
52*

53*
54*

Bkh
Bkh
Bkh
Bkh
Bkh
Bkh
Bkh
Bkh
Bkh
Bkh
Bkh
Bkh
Bkh
Bkh
Bkh
Bkh
Zhkh
Zhkh
Ong
Ong
Ong
Khb
Khb

Tsag
Tsag

Uhgk
Uld

54.5
54.96
54.8
46.71
46.6
55.7
55.0
53.2
54.96
54.4
53.0
45.76
52.7
40.6
49.86
49.71
47.97
45.5
445
54.8
49.19
41.39
43.87

47.10
45.22

39.20
43.68

41.1
40.2
40.3
33.5
32.7
39.1
39.9
38.8
38.5
39.65
39.1
35.2
38.3
32.6
33.8
28.7
36.7
33.98
32.5
39.7
32.6
21.73
20.75

29.50
27.65

25.30
21.30

10.08
8.1
0.85

0.85
8.36

23.46
9.88
2.46
10.5
10.93
12.3

5.03
5.12
G r)
2.87
2.20
(ir)
20.46
0.73
G r)

0.07

0.05
0.05

0.86
0.64
0.32

0.32
0.76

0.8

0.79
0.45
0.05
0.05
0.72

0.26
1.02
1.1

0.87
1.79

1.0

traces

1.2
0.96
1.05

1.05
0.97

0.43
0.89
0.82
1.46
1.98
1.06

0.86
0.52
0.61

0.76
0.89

0.71
0.28

1.89
1.5
0.3
0.2

0.3
0.84

0.3
0.84
3.15
0.1
0.3
1.2

1.36
8.49
4.03

4.10
4.80

2.60
8.40

0.4
1.0
0.29

0.29
0.5

0.22
0.7
1.8
0.01
0.04
2.1

0.6

2.15

2.36
1.89

2.43
0.82

0.1
0.15
0.29

0.29
0.1

0.2
0.2
0.1
0.04
0.14
0.3

0.1

2.15

1.08
1.30

0.43
0.49

0.03

0.01
0.07

0.1

0.1
0.1

14

1.97
5.54

0.09

0.03
0.02

0.06
0.87
0.51
0.44
2.50
0.6
0.95
0.86
0.87
1.25
0.6
4.4
1.7
1.13
1.1
6.05
1.28
5.24
2.52
0.8
0.44
16.53
20.15

9.41
12.68

4.36
23.25

2.09
2.85
2.74
2.26
2.35

2.80
2.08

2.18
1.95

Note. AD — Alagiyn-Daba, TsU — Tsakhir-Ula, Bkh — Burenkhan, Zhkh — Zhankhay, Ong — Ongilignur, Khb — Khubsugul, Tsag — Tsagannur, Ukhg — Ukhagol,

Uld — Uleindaban deposits; i. r. — insoluble residue; c. 1. — calcination loss at 900 °C.
*For data [1].
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Fig. 2. X-ray diffraction patterns of the phosphorites from the Tsakhir-Ula deposit (a) (sample No. 25, see Table 1),

and Alagiyn-Daba deposit (b) (sample No. 6, see Table 1).

siliceous composition, and substantial fraction
of ores is characterized by high content of
phosphate (see Table 1, samples No. 28—43).
The composition of minerals was identified
according to the data of X-ray phase analysis
and IR spectroscopy. The XPA data for the
samples of phosphorites from the two deposits

of the DPB are shown in Fig. 2. These data are
also typical for other deposits. In the phospho-
rite samples of the DPB with the phosphate
content at the level of the mean of the de-
posit, the major apatite-accompanying miner-
al was quartz; the intensity of its reflections
in diffraction patterns several times exceeded
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Fig. 3. Mineral composition of the phosphorites from the
deposits of KhPB and DPB.

those of the apatite (see Fig. 2, a, b). In order
to obtain a general view of the ratio of mine-
rals in the phosphorites of the KhPB and DPB,
we built up a diagram for the three-compo-
nent system (Fig. 3). For construction of the
diagram, proceed from the chemical composi-
tion of phosphorite samples, we calculated the
content of apatite, dolomite and calcite, min-
erals of silicon, and aluminosilicates using the
data of Tables [15]. All the components in the
diagram were reduced to three ones: apatite,
the sum of carbonates, and the sum of silicon
minerals with aluminosilicates. One can see in
the diagram that the major part of the inves-
tigated phosphorite samples is adjacent to the
side of triangle: apatite — quartz + alumino-
silicates, i. e. it is mainly siliceous. A part of
the phosphorites from the KhPB deposits be-
longs to typically carbonate ones [1]; however,
the phosphorites of the Khubsugul and some
other deposits of the KhPB contain carbonate
and siliceous minerals, so they can be referred
to the siliceous-carbonate type.

A very difficult problem is to reveal struc-
tural features and the exact composition of
the isomorphous modifications of apatite com-
prising phosphorites. As one can see in Fig. 1,
minerals finely intergrow; to characterize apa-
tite, one should isolate it is an individual phase.

Structural features and composition
of the apatite of phosphorites from the KhPB

In order to determine the structural fea-
tures of the isomorphous modifications of apa-
tite, we isolated the monofractions of phos-

phate matter from the phosphorites of the
Burenkhan and Zhankhay deposits of the KhPB
(see Table 1, sample No. 33 and 44). Both samples
exhibit the deficit of flouorine with respect to
the shoichiometry; hydroxylapatite is observed
in the X-ray diffraction pattenrs of the frac-
tions (Fig. 4), though the X-ray diffraction pat-
terns of the initial phosphorite sample of the
Burenkhan deposit, from which the monofrac-
tion was isolated, exhibited fluorapatite. Ac-
cording to the data of the IR spectroscopy
(Fig. 5), the initial sample and the monofrac-
tion of the Burenkhan phosphorite contain
quartz (absorption bands in the regions of v,
and v, 470-500 and 790-800 cm™! due to the
bending vibrations of the Si—O bonds; stretch-
ing vibrations of these bonds are overlapped
with the absorption bands of the stretching
vibrations of phosphate ion).

Quartz was absent from the monofraction
of the Zhankhai sample, though absorption
bands in the region of 790—800 cm™ were ob-
served in the initial sample (see Fig. 5, spect-
rum 1). The phosphate of both monofractions
of phosphorites was partially substituted by
the carbonate ion, which is evidenced by ab-
sorption bands of the C—O bonds at 720 and
890 cm™! (v, and v, deformation vibrations)
and 1400-1450 cm™ (v} and vi' are stretch-
ing vibrations) [16]. In the monofraction and in
the initial sample of the phosphorite of the
Zhankhay deposit, the stretching vibrations of
the C—0O bonds were many times more inten-
sive, which was the evidence of substantial
extent of the substitution of phosphate for
carbonate ion in the apatite structure (see Fig. 5,
spectra 1 and 2).

The IR spectra of the monofractions con-
tained absorption bands of the P—O bonds of
apatite at 470, 560—580 and 610 cm™! (v, de-
formation vibrations) and 970 (v;), 1050—1060
and 1100 cm™! (v5 stretching vibrations) [16].
Thus, phosphate is represented by hydroxyl-
carbonatefluorapatite in these samples.

A finer structure of apatite and the state
of ions incorporated in it can be revealed by
means of ESR. An ESR spectrum of the mono-
fraction of Burenkhan phosphorite after its y
irradiation is shown in Fig. 6. Paramagnetic cen-
tres (PC) were observed in the anion sublattice
of the comprising apatite both in the position
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Fig. 4. Diffraction patterns of the monofraction of the phosphate substance isolated from the phosphorites of the

Zhankhai (a) and Burenkhan (b) deposits.

of the phosphate ion and at the 65 axis, where
monovalent anion is usually localized. Carbon-
ate ion that substitutes phosphate forms PC of
two types, cog‘ and COg ; the former is very
intensive (see Fig. 6, a, curve 1). At the 6, axis,
where fluorine and/or OH™ ion are usually lo-
calized, three types of oxygen in the form of
O were revealed by means of ESR: OH -O~
—-OH, F -O-F, OH -O -V, where V is a
vacancy. As we have mentioned above, the
fluorine content of the monofraction of Bu-
renkhan phosphorite is much below the stoi-
chiometry, which agrees with the data of ESR

that the substanmtial amount of fluorine is
substituted not only by OH™ groups but also by
more complicated combinations forming PC.
In the phosphate position, paramagnetic
centres PO?” (Th) and PO~ (U) were record-
ed (see Fig. 6, b), which were due to the sub-
stitution of calcium ions in apatite by uranium
and thorium in the form of cations; they pull
the oxygen of the phosphate tetrahedron so
that the PO; ion is formed; capture of an
electron by this ion leads to the formation of
the paramagnetic center pPQO; [17]. It should
be noted that the uranium and thorium con-
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Fig. 5. IR spectra of the phosphorites from Zhankhai
(1,2) and Burenkhan (3, 4) deposits: 1 and 3 — initial
samples, 2 and 4 — after the isolation of phosphate
monofraction.

tent of the samples was thousandth or ten thou-
sandth fraction of per cent, which is much
lower than in the phosphorites of other world’s
deposits [10], but this amount is quite suffi-
cient for the deformation of the phosphate
tetrahedron and the formation of the PC PO3 .

The results of the investigation of phos-
phorites of the mentioned deposits of the
KhPB and DzPB allow us to conclude that the
phosphate comprising them is an isomorphous
modification of hydroxylcarbonatefluorapatite
with partial substitution of the phosphate tet-
rahedron for the PC POz ,CO; and COgs;
fluorine is substituted by OH™ ions and the PC
OH -O"-OH", F-O"-F, OH -0 -V incor-
porating the trace amounts of uranium and
thorium occupying the positions of cations. We

OH-0"-0H"
OH--0O" -V

F-0"—F"

DFPG

b '

PO (Th)

PO (U)

F—0"—F~
cor

9 mTl (i
| IS — . H

Fig. 6. ESR spectra of the monofraction of phorphorite
from the Burenkhan deposit after y irradiation. Record-
ing conditions: a — amplification 1 10* (1) and 1 10° (2);
b — amplification 1 10°, central region of the spectrum
(~) was recorded at the amplification of 1 103

made an attempt to classify the apatites com-
prising these phosphorites of Mongolia, on the
basis of the data of chemical analysis of the
samples containing phosphate more than 30 %
P,0; and the isolated apatite monofractions.

Structural chemical classification of apatites

On the basis of investigation of the com-
position and structure of isomorphous modifi-
cations of apatite formed in the acidid, neu-
tral and alkaline media of the phosphate-cal-
cium equilibrium aqueous systems, and the
investigation of physicochemical properties of
phosphates from different phosphorite depos-
its of the world, we proposed a structural
chemical classification of apatites [18]. The
grounds of the classification is the ratio of the
ions in the investigated modifications of apa-
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tites compared to the stoichiometry, a refer-
ence for which is the fluoroapatite Ca,;(PO,)sF,
with the atomic ratio of ions (Ca/P),, = 1.67,
(F/P),, = 0.33. Under natural conditions, dur-
ing the precipitation and post-genetic trans-
formation of phosphorites, the comprising apa-
tites always contain from several thousandth to
several per cent substituents in different frag-
ments of the lattice [19]. The most widespread
and substantial substituent of the phosphate ion
in phorphorites is carbonate ion CO% , while
calcium in phosphorites is most frequently bound
to apatite and carbonate minerals. Interconnec-
tion of the composition and character of substi-
tutions in apatite can be revealed on the basis
of atomic ratios between the major components:
CaO, P,Os, F, CO,: (Ca—C/P),,, (F/P),, Taking
magnesium carbonates into account, one can use
the comparison of (Ca/P),, with (Ca—C/P),, to
distinguish calcium belonging to the carbonate
minerals and to apatite.

On the basis of the proposed classification,
three main structural chemical types of natu-
ral apatites have been established; their con-
ventional names are “acidic”, “neutral”, and
“alkaline”, similar to the solid phases of apa-
tites formed in different pH ranges in the equi-
librium solutions of the systems [18]. The com-
position of “acidic” apatites is characterized
by the ratios (Ca/P),, <1.67 and (Ca—C/P),, < 1.60;
this means that these are the apatites with the
lack of calcium, which under natural condi-
tions is substituted by various cations. “Neut-
ral” apatites are close in composition to the
stoichiometry with the ion ratio (Ca/P),, ~1.67—
1.70, and (Ca—C)/P),, = 1.62—1.69. “Neutral” apa-
tites are characterized by small amount of de-
fects in the structure, low content of susbtitu-
ent ions, or their equal amount in the anionic
and cationic sublattices, and low solubility in
2 9% citric acid solution. The “alkaline” type
includes the major part of apatites comprising
phosphorites.

With respect to the ionic ratio, three sub-
groups of “alkaline” apatites have been re-
vealed [18]:

1- (Ca/P), = 1.7-179; (Ca—C/P),, = 1.65-1.70
II - (Ca/P),, = 1.8-1.9; (Ca—C/P),, = 1.70-1.80
III - (Ca/P),, = 2; (Ca—C/P),, > 1.75

(Ca/P)y,
2.2+ -

2.1+

2.0+

[(Ca-C}/Plas

Fig. 7. Structural chemical classification of apatites com-
prising the phosphorites from the deposits of KhPB and
DPB.

With an increase of the (Ca/P), ratio, the
reactivity of apatite usually increases because
of substantial substitution of phosphate by
carbonate and other ions.

On the basis of the above considerations,
we classified the apatites comprising phosphate
ores from the deposits of the KhPB and DPB
basins. The structural chemical classification of
the apatites from six phosphorite deposits of
these basins is shown in Fig. 7. Only a small
part of samples relates to the calcium-defi-
cient apatites, 7. e. to the group of “acidic”
apatites with (Ca/P),, < 1.67, as well as to the
group of “neutral” apatites; these are only a
few samples from different deposits. The major
part of phosphorite samples is composed of
the “alkaline” apatites of the first subgroup.
This type of apatites is characterised by the
0.5—1.5 % content of carbonate ion that sub-
stitutes the phosphate in the structure, rela-
tively low solubility in 2 % solution of citric
acid, and the absence of ACSP. The third group
of the “alkaline” type includes some modifica-
tions of the phosphorites from the Alagiyn-
Daba and Tsakhir-Ula deposits. These apatites
contain considerable amount of defects in the
anion sublattice and the substituents of the
phosphate ion; they are well soluble in 2 %
solution of citric acid; in principle, they can
be used as phosphorite powder.

On the basis of the data reported in [18],
one may assume that during the mechanical
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treatment of the phosphorites from the de-
posits of KhPB and DPB, the structure of the
comprising hydroxylcarbonatefluoroapatite will
be destroyed along the prismatic {2120}, {1020}
and pyramidal {2212} planes, which will pro-
vide rather high content of CASP and ACSP,
which are standard tests characterizing the ef-
ficiency of water-insoluble phosphorus-contain-
ing fertilizers.

In order to provide full characterization
of phosphate ores and to determine their suit-
ability for one or another processing technol-
ogy, the ecological evaluation is necessary. The
data on the content of trace elements in the
KhPB phosphorites and their relation to clarke
are reported in [12]. However, an ecological
evaluation of the fertilizer taking into ac-
count the total content of trace elements is
also important. We used the method described
in [10] to characterize the phosphorites of Mon-
golia.

Content of ecologically monitored elements and
ecological evaluation of phosphorites

In addition to minerals composed of mac-
rocomponents, such as apatite, quartz, calcite,
etc., phosphate ore contains a set of impurity
elements incorporated as isomorphous substitu-
ents or forming their own minerals [8]. During
the processing of phosphorites, some trace ele-
ments pass into the fertilizers. When introduced
into the soil, some impurity elements can be
partially assimilated by plants and play a role
of microfertilizers, but their high content and
the presence of toxic trace elements can lead
to hazardous consequences.

No unified regulations for the limiting con-
tent of toxic elements in phosphorus-contain-
ing fertilizers have been adopted in the world’s
production and application of fertilizers. With-
in the recent decade, in many countries only
the upper limit for cadmium content of a ferti-
lizer has been adopted; it differs by an order
of magnitude for different countries. For examp-
le, in the Netherlands, maximal permissible
cadmium level in the phosphorus-containing
fertilizer is 35 mg per 1 kg of P, while in
Australia it is 350 mg per 1 kg of P [20].

The trace elements include heavy metals,
toxic elements and natural radionuclides. The

A. 1. Sysin Research Institute of General and
Communal Hygiene, Academy of Medical Sci-
ences of RF, NIUIF and VIEMS performed
investigations on the ecological effect trace ele-
ments present in the phosphate raw material,
in concentrates of a series of deposits and in
phosphorous fertilizers; they found out that
the monitoring of 16 elements is sufficient
for such an ecological evaluation. These ele-
ments are: fluorine, manganese, nickel, cop-
per, zinc, arsenic, strontium, vanadium, chro-
mium, lead, mercury, cobalt, cadmium, ura-
nium, thorium, and yttrium [21]. To estimate
the integral effect of ecologically monitored
elements, the authors of [21] introduced the
summing ecological dimensionless universal pa-
rameter K., called the ecological index of
phosphates:

K. = @5/ (Kp Kip))s Ki = 9:/9uc1ys
Q= 2 (KK

Here K, is the coefficient of concentration of
a chemical element with respect to the Clarke
of the Earth’s crust; g; is the content of an
element in the sample, g/t; g, is the Clarke
content of an element, g/t; K, is the toxicity
coefficient of a chemical element. The toxicity
coefficient of a monitored element is deter-
mined depending on the class of danger of
that element [10]. To express K, numerically,
quantitative characteristics of the class of dan-
ger have been introduced. The first class of
danger includes Hg, Cd, U, Th, and Y; for
them, K, is accepted to be 30 units. The second
class includes Mn, Ni, Cu, Zn, As, V, Pb,
and Co; for these elements, K, is 20. The third
class includes P, F, Sr, and Cr (K, = 10) [10,
20, 21]. In order to render a universal charac-
ter to the ecological index, the sum of K K,
product for each of the 16 elements is divid-
ed by the product K p)K;p) for phosphorus in a
given sample [21].

The K, values calculated for the samples of
Mongolian phosphorites are shown in Table 2.
The authors of [10, 20, 21] analyzed the data
on the content of ecologically monitored ele-
ments in 20 deposits of phosphate ores of
different genesis and in concentrates of them,
in order to reveal which is the fraction of
each EME in the Q¢ value. The calculations
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TABLE 2

Content of ecologically monitored elements in the phosphorites of the Khubsugul and Burenkhan deposits, g/t

Ref.

Th

Pb Hg Co cd

Cr

F* Mn Ni Cu Zn As Sr

Deposit

Khub-

[21]

30 78 23.8 24 39 22.4 1660 26 47 14.3 0.27 12.8 1.6 32 2.8 182.7 1.186

sugul

(8]
[12]

1.26

11

20

23

95 57 80 10 450 150 100 20

700

10

100

40

900

100 15 10

880

[12]

1.5

40

10 90

600

175 15

980

[21]

43 52 29.0 1068 55 52 11.0 0.32 35.7 2.5 38 438 290 1.643

65.6

142

Buren-

[3]

29

10

23

6.5

23

57 52 98 H/O 769 150 28

280

khan

MARINA V. CHAIKINA et al.

*In kilogrammes per ton.

demonstrated that the level of ecological index
(EI) is determined by the concentration of sev-
en components: fluorine, arsenic, strontium,
mercury, cadmium, uranium, yttrium, while
other elements account for 2.4 to 10.7 % of the
EI Thus, to simplify the calculation of the
ecological index of phosphate products, one can
use the K, and K, for the seven ecologically
monitored elements: K; = Q; / (Kp) Kypy, The
authors of [10, 20, 21] proposed to evaluate
the ground phosphates and phosphorus-contain-
ing fertilizers using K, = 2.4 or K. = 2.3. Those
kinds of ground phosphates and fertilizers for
which K! < 2.3 can be used without the dan-
ger of negative ecological effect on the soil
and on the quality of agricultural products.
One can see in Table 2 that the phosphorite
samples from the Khubsugul and Burenkhan
deposits are characterized by low ecological
index and can be introduced into soil without
chemical treatment.

CONCLUSIONS

Mineralogical and ecological characteriza-
tion, and structural chemical classification of
the phosphorites of some deposits of Mongolia
is reported. The minerals comprising phosphate
ores (apatite, quartz, calcite, dolomite, alumi-
nosilicates, etc.) are in close intergrowth, which
can create substantial difficulties in phospho-
rite enrichment.

In the investigated phosphorite samples,
except for the phosphorites from KhPB depo-
sits, the major mineral that accompanied apa-
tite was quartz; so, the major part of phos-
phorites can be related to the siliceous type.
According to the classification, the major part
of apatites comprising phosphorites of the
deposits of KhPB and DPB relates to the
first subgroup of the “alkaline” type and to
the “neutral” type; these apatites are hy-
droxylcarbonatefluoroapatite close to franco-
lite. The content of ecologically monitored
elements in the phosphorites from the de-
posits of KhPB and DPB has no danger for
their use as the fertilizers without chemical
treatment; because of this, they can be proc-
essed mechanochemically.
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