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Abstract—Supergene phosphorites were analyzed for Sr, Ba, Zn, Cd, Sc, Cr, Ag, and V, i.e., elements incor-
porated in carbonate-apatite by isomorphic substitution. The phosphorites were subdivided into four groups:
(1) phosphorites related to the weathering of sedimentary rocks, (2) phosphorites related to the weathering of
endogenous rocks, (3) lacustrine coprolite phosphorites, and (4) phosphorites of ocean islands. In all the phos-
phorites groups, Sr, Zn, and Ba were the most abundant of the trace elements, whereas Cd, Ag, and Sc showed
the lowest concentrations. Variations in trace element contents between supergene phosphorites of different
genetic groups or within a single group can be explained by the different compositions of weathered rocks
and geochemical environments of supergene phosphorite formation. At the same time, the contents of some
trace elements are correlated with the structural type of phosphorite. In particular, phosphorite crusts or only
their outer parts show elevated contents of chalcophile elements (Cd, Zn, and Ag), whereas massive phospho-
rites and inner parts of crusts are often enriched in such lithophile elements as Sc, V, and Cr. It was found that
Cd, Zn, Ag, Sr, and Ba are positively correlated with CO, but show negligible correlations with other constitu-

ents of carbonate-apatite.
DOI: 10.1134/S0016702907080034

INTRODUCTION

Phosphorites are typically characterized by a wide
spectrum of trace elements [1-8]. Some elements occur
as isomorphic admixtures in (carbonate)-apatite, the
major mineral of phosphorite, while others form indi-
vidual minerals or associate with the accessory mineral
components of phosphorites. This study focuses on the
abundances and distribution of the elements of the
former group in phosphorites. The following elements
are incorporated in (carbonate)-apatite by isomorphic
substitution: Ag, Sr, Ba, Cd, Zn, Sc, Cr, V, U, Y, REE,
Bi, As, Br [9], and, possibly, I. The contents of these
elements are usually lower than 1%. There is an exten-
sive literature on trace elements in phosphorites, but
most publications address marine phosphorites,
whereas relatively few data exist on trace elements in
supergene phosphorites and concern only some of the
above elements. This paper reports the results of the
analysis of supergene phosphorites for Ag, Sr, Ba, Cd,
Zn, Sc, Cr, and V. The distribution of U in supergene
phosphorites was reported by us previously [10], and
other elements will be considered in future publica-
tions.

Trace elements were analyzed in phosphorites rep-
resenting different geologic settings, structures, chemi-
cal compositions, and compositions of the source
rocks. The contents of the trace elements in supergene
phosphorites were compared with those in marine
phosphorites. The trace element contents of marine
phosphorites were strongly affected by catagenesis and

weathering [11-14]. In particular, most of the Meso-
zoic and Cenozoic phosphorites of Africa were strongly
affected by weathering, and even the most comprehen-
sive publications on this region could not be used for
our purposes. In addition, data on trace element con-
tents in marine phosphorites are scattered and not
always consistent with each other. Therefore, only the
most comprehensive literature sources were used for
comparison.

METHODS

The supergene phosphorites whose trace element
characteristics are reported in this paper were previ-
ously studied chemically and petrographically using an
optical polarization microscope and a JSM-35 scanning
electron microscope [15-19]. The contents of P,Os,
Al 05, Fe,05, TiO,, FeO, and F were determined by
spectrophotometry; CaO, MgO, and MnO were ana-
lyzed by atomic absorption; K,O and Na,O, by flame
photometry; CO,, by the volume method; and SO;, by
the weight method. Standard samples 120b, BCR-32,
Ak, Ar, SG-1a, ST-1a, and SA were used during analysis.
Most trace elements were analyzed by atomic absorption
on Unicum SP-9 and Perkin-Elmer HGA-600 instru-
ments using the SGKhM-2, SGKhM-3, and SKR-2
standards. Only Sc was determined by instrumental
neutron activation analysis. The detection limit was
0.1 ppm and up to 0.5 ppm for Cr at low contents. The
possible relative error was 10%. All analyses were
made at the Analytical Center of the Joint Institute of
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CHARACTERISTICS OF THE MATERIALS

Based on geological characteristics, the supergene
phosphorites were subdivided into four groups: (1)
phosphorites formed in the areas of weathering of sed-
imentary rocks, (2) phosphorites formed in the areas of
weathering of endogenous rocks, (3) lacustrine copro-
lite phosphorites, and (4) island phosphorites. The
ancient weathering residues of sedimentary rocks were
exemplified by karst and allied phosphorites from the
following deposits and occurrence: Belkin, Telek,
Obladzhan, Seibinsk, and Irsym in southern Siberia;
Ashin in the southern Urals; Dzhantys in southern
Kazakhstan; Mirnyi in Central Kazakhstan; Liege in
Belgium; and deposits in Florida and Tennessee,
United States. Supergene phosphorites from the areas
of weathered endogenous rocks were studied by the
example of the Magan, Yraas, and Essei massifs from
the Maimecha—Kotui ultramafic alkaline province of
northern Siberia, the Belaya Zima carbonatite massif of
the East Sayan, and the Kovdor Massif of the Kola Pen-
insula. The phosphorites of the Antonov-Lipovsk
occurrence in the Middle Urals and the Lahn deposit of
the Nassau area, Germany, were presumably formed
through weathering of sedimentary and endogenous
rocks. Coprolite phosphorites were represented by the
Eocene lacustrine deposits of the Zaisan Lake area in
Kazakhstan. The coprolite phosphorites of the Arkheo-
logicheskaya Cave in southern Siberia were considered
together with supergene phosphorites developed in the
areas of weathered sedimentary rock because of their
resemblance in many components. Ocean island phos-
phorites were exemplified by the rocks of Christmas
Island, Indian Ocean.

Structurally, the supergene phosphorites were sub-
divided into massive, nodular, coprolite, and crust vari-
eties. The latter were additionally subdivided into rela-
tively thick-bedded crusts with centimeter- to millime-
ter-thick layers and thin-bedded with layers thinner
than 1 mm. Phosphorite crusts envelope phosphorite
fragments of earlier generations or develop along fis-
sures. Thin-bedded phosphorites occur occasionally as
individual blocks up to several cubic meters in size. In
some samples, trace elements were analyzed in the
inner and outer parts of crusts or the trace element com-
position of massive phosphorites was compared with
that of enclosing crusts.

ANALYTICAL DATA AND DISCUSSION

The major element compositions of the phospho-
rites are given in Table 1; their complete chemical com-
positions were reported elsewhere [10]. Most samples
were almost monomineralic, but this requirement could
not always be satisfied. As can be seen from Table 1, the
main mineral of the phosphorites is carbonate-fluorap-
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atite, with the exception of samples from the Arkheo-
logicheskaya Cave and Christmas Island, which are
practically free of fluorine and composed of carbonate-
hydroxylapatite (dallite). In addition, carbonate-apatite
from the phosphorites of the Maimecha—Kotui province
contains oxygen substituting for monovalent anions.
Some other phosphorites, primarily, those from the
deposits of southern Siberia [16] and the Maimecha—
Kotui Province in the northern part of the region [18]
are characterized by a deficit of F. In general, carbon-
ate-apatites contain more than 1% CO, in the form of a
carbonate ion incorporated in the apatite structure [20].
As can be seen, most of our samples meet this criterion,
with rare unsystematic exceptions. At the same time,
the samples show considerable variations in CO, con-
tent, from less than 1% to more than 5%. The phospho-
rites have low Na,O contents of a few tenths and occa-
sionally even hundredths of a percent. Low Na content
is a characteristic feature of supergene phosphorites
[14], distinguishing them from marine phosphorites
containing more than 1% Na,O.

The contents of trace elements in supergene phos-
phorites are listed in Table 1 together with their major
element compositions.

Lithophile Elements

Strontium and barium. In terms of Sr and Ba dis-
tribution, the material studied can be subdivided into
four groups. The first group includes samples with Sr
and Ba contents of tens and hundreds of ppm, with the
predominance of either of these elements. This group
involves supergene phosphorites related to sedimentary
rocks. Only two samples (5055a and 5055b) from the
Telek deposit have Sr contents of >1000 ppm. The aver-
age contents of Sr and Ba in this group are 397.4 + 373
and 245.6 + 155.5 ppm, respectively (Table 2). The
average content of Sr is higher than that of Ba, but par-
ticular samples often show the opposite relation. The
second group includes lacustrine coprolite phospho-
rites from the Zaisan Lake area. Their average Sr con-
tent is much higher than that of Ba (2932 + 551 against
714 £ 115 ppm). It can be seen that the Sr content of this
group is almost nine times that of the phosphorites of
the first group, whereas the Ba content is only two times
higher. The group of supergene phosphorites related to
endogenous rocks contains 1289 + 790 ppm Sr and 918 £
516 ppm Ba. The fourth group comprises phosphorites
from Christmas Island, which have the lowest Sr
(176 ppm) and Ba (100-125 ppm) contents. The ranges
of Sr and Ba variations for the groups are shown in
Table 2. The lowest variations of these elements are
observed in the Eocene lacustrine coprolite phospho-
rites of Zaisan Lake, the minimum and maximum val-
ues of which differ no more than by a factor of 1.6. The
maximum-to-minimum ratios of Sr and Ba contents are
5-7 for the phosphorites formed after endogenous
rocks and 24-26 for the phosphorites related to sedi-
mentary rocks. According to Bliskovskii [21, 7], the Sr
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content of weathering-related continental phosphorites
varies within 80—-400 ppm, occasionally up to 800 ppm.
These values are similar to those obtained by us for the
majority of supergene phosphorites. However, some
phosphorites from the areas of weathered sedimentary
and endogenous rocks have significantly higher Sr con-
tents (>1500 ppm), and coprolite phosphorites formed
presumably in saline lakes contain up to 3500 ppm Sr.
The Sr content of marine phosphorites unaffected by
catagenesis and weathering reaches 3600 ppm and
occasionally 5000 ppm [21] at normative contents of
2300-2500 ppm [7, 22]. These values are significantly
higher than those of supergene phosphorites. A
decrease in Sr and Na contents in supergene phospho-
rites as compared with marine ones was noted by Blisk-
ovskii et al. [21] and McArthur [23]. The Ba content of
coprolite phosphorites and phosphorites related to
weathered endogenous rocks is in general higher than
that of marine phosphorites (Table 2), whereas the
supergene phosphorites related to sedimentary rocks
are similar in this respect to marine phosphorites.

Vanadium. The vanadium content of the supergene
phosphorites is typically tens and, occasionally, a few
hundreds of ppm. In particular, the V content of the
supergene phosphorites related to the weathering of
sedimentary rocks ranges from 10 ppm (“hard” phos-
phorites of Florida) to a few hundreds ppm (some phos-
phorites from the Belkin, Seibin, Ashin, and some other
deposits), averaging 94.76 ppm. The maximum values
(279 ppm) are several tens of times higher than the min-
imum values (10 ppm). The V content of phosphorites
related to the weathering of endogenous rocks ranges in
a narrower range of 26-82 ppm, averaging 52.12 ppm.
The lacustrine coprolite phosphorites of the Zaisan
Lake area also show minor V variations from 31 to
57 ppm, averaging 44 ppm. Two samples of island
phosphorites contain 17 and 20 ppm V. The V content
of marine phosphorites varies from 7 to 300 ppm
according to Altschuler [5] and from 10 to 1200 ppm
according to Bliskovskii [7]. The average V content is
100 ppm in most deposits and may reach 300 ppm. The
average V contents in all the distinguished types of
supergene phosphorites are lower than 100 ppm. Most
of the samples also showed less than 100 ppm V. Thus,
the V content of supergene phosphorites is lower than
that of marine phosphorites.

Chromium. The highest average Cr content was
found in the hypergene phosphorites related to weath-
ered sedimentary rocks (25.84 ppm), at minimum and
maximum contents of 5 and 86 ppm, respectively. The
Cr content of the supergene phosphorites from the areas
of weathered endogenous rocks averages 5.38 ppm
with the range from 5 to 8 ppm. The lacustrine coprolite
phosphorites have significantly higher Cr contents from
13 to 22 ppm, averaging 17 ppm. Two samples from
Christmas Island contain 5 and 9 ppm Cr (7 ppm on
average). Similar to the supergene phosphorites, the
minimum Cr contents of marine phosphorites are a few
ppm, whereas the maximum contents reach hundreds of
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ppm (up to 300 ppm and even more) as compared with
tens of ppm in the supergene phosphorites.

Scandium. The minimum Sc content of
0.09-0.47 ppm was found in the phosphorites of
Christmas Island. The Sc contents of phosphorites from
the areas of weathered sedimentary rocks vary within a
wide range from 0.1 to 16.1 ppm at an average content
of 2.05 ppm. The phosphorites from the areas of weath-
ered endogenous rocks contain 0.25 to 20.07 ppm Sc at
an average value of 7.27 ppm (Table 2). The highest Sr
contents of 4-124 ppm (averaging 33.78 ppm) were
observed in the lacustrine coprolite phosphorites. The
maximum-to-minimum ratio of Sc contents is 31 in the
lacustrine phosphorites, 80 in the phosphorites related
to weathered endogenous rocks, and 161 in the phos-
phorites related to weathered sedimentary rocks. The
Sc content of marine phosphorites varies from a few
ppm to a few tens of ppm [5, 24], i.e., within the same
range as most of the supergene phosphorites. It is note-
worthy that the Sc content of one of our coprolite phos-
phorite samples (124 ppm) appeared to be the highest
reported to date in phosphorites.

Chalcophile Elements

Zinc. Zn is the most abundant among the chalco-
phile elements analyzed in the supergene phosphorites.
Supergene phosphorites developed in sedimentary
rocks have the highest average Zn content (614.5 ppm),
with the range from 26 to 2181 ppm. There is a clear
discrimination between deposits in terms of Zn content.
For instance, most samples from the Telek and Seibin
deposits of the Altai-Sayan area contain more than
500 ppm Zn, whereas phosphorites from the Obladzhan
deposit contain no more than 150 ppm Zn. Previously,
we observed similar Zn contents in the phosphorites
from the Seibin and Obladzhan deposits [25]. Signifi-
cantly lower Zn contents were measured in all phospho-
rites related to endogenous rocks: from 34 to 511 ppm
with an average value of 233.38 ppm. The Zn content
of the lacustrine coprolite phosphorites ranges within
39-69 ppm and averages 49.4 ppm; none of the samples
showed more than 100 ppm Zn. At the same time, two
samples from Christmas Island contain 23 and 460 ppm
Zn (241.5 ppm on average). Previously, the Zn content of
ocean island phosphorites (Nauru, Oshen, and other
islands) was estimated by Bliskovskii [7] as 200—1000 ppm,
i.e., fairly close to our values. At the same time, super-
gene phosphorites from the areas of sedimentary rocks
have an average Zn content of 614.5 ppm. This is sig-
nificantly higher than that of marine phosphorites,
which usually contain less than 300 ppm Zn [7, 5, 26,
27]. The extremely high Zn contents in the phospho-
rites of the Kuonam Formation of the Siberian Platform
(more than 2000 ppm [26]) are related to the presence
of sphalerite.

Cadmium. Similar to Zn, the highest average
Cd content (10.09 ppm with the range from 0.29 to 64
ppm) was observed in phosphorites related to sedimen-
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TRACE ELEMENTS IN SUPERGENE PHOSPHORITES

tary rocks, although the absolute contents of these ele-
ments are very different: in most cases, the Cd content
is tens or even hundreds of times lower than the Zn con-
tent. The maximum Cd contents, as well as the maxi-
mum Zn contents, were detected in the phosphorites of
the Seibin deposit, southern Siberia. The contents of
these elements in the Obladzhan deposit of the same
region are significantly lower, which is in agreement
with our previous results [25]. The supergene phospho-
rites related to endogenous rocks contain from 1.2 to
6.5 ppm Cd, with an average of 2.75 ppm, which is sev-
eral tens of times lower than the Zn contents. Even lower
average Cd contents (1.8 ppm) were determined in the
lacustrine coprolite phosphorites (from 1.3 to 2.9 ppm)
and island phosphorites (1.55 ppm on average and 1.3
and 1.8 ppm in particular samples). The Cd content of
marine phosphorites varies from tenths to a few tens of
ppm, occasionally higher [26-28]. In general, the Cd
content of marine phosphorites is comparable with that
of supergene phosphorites related to sedimentary and
endogenous rocks but significantly higher than that of
coprolite phosphorites.

Silver. The Ag content of the phosphorites is the
lowest among the trace elements considered in this
paper. Phosphorites from the areas of sedimentary
rocks show a wide scatter from <0.01 to 14.4 ppm with
an average value of 2.54 ppm. The highest silver con-
tents (up to 10 ppm and more) were detected at
Karaul’naya Mount in the Seibin deposit, southern
Siberia. Five samples average 10.3 ppm Ag, with vari-
ations from 8.3 to 14.4 ppm. The average Ag content is
2.19 ppm for the Telek deposit (seven samples) and
1.6 ppm for the Obladzhan deposit (three samples).
However, none of the supergene phosphorites related to
sedimentary rocks beyond the Altai-Sayan area of
southern Siberia contained more than 1 ppm Ag. The
supergene phosphorites related to endogenous rocks
also show low Ag contents: only four of eight samples
contain more than 1 ppm Ag (minimum and maximum
values of 1.3 and 2.6 ppm). The coprolite phosphorites
show a relatively high average Ag content of 2.52 ppm
(from 0.1 to 5 ppm). The phosphorites of Christmas
Island contain 0.29 and 0.5 ppm Ag. The Ag content of
marine phosphorites varies from <0.1 to 7 ppm [5],
which is similar to those in most supergene phospho-
rites. At the same time, the Ag contents measured in the
supergene phosphorites of the Seibin deposit, southern
Siberia (up to 14 ppm) are higher than those of any
marine phosphorite. Higher Ag contents in phospho-
rites reported from the Karatau basin (up to 210 ppm)
are not related to carbonate-apatite [4].

The contents of the trace elements in different
groups of supergene phosphorites decrease in the fol-
lowing sequence.

1. Supergene phosphorites related to sedimentary
rocks:

Zn>Sr>Ba>V>Cr>Cd>Ag> Sc.
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2. Supergene phosphorites related to endogenous
rocks:

Sr>Ba>7Zn>V>Sc>Cr>Cd>Ag.
3. Lacustrine coprolite phosphorites:
Sr>Ba>7Zn>V>Sc>Cr>Ag>Cd.
4. Ocean island phosphorites:
Zn>Sr>Ba>V>Cr>Cd>Sc>Ag.

It is seen that the three highest scores in all the phos-
phorite groups belong to Sr, Zn, and Ba. Sr or Zn shows
the highest content, Sr or Ba is the next highest, and Ba
or Zn is the third highest. The fourth place is occupied
in all cases by V; the sixth place, by Cd or Cr; and sev-
enth and eighth places, by Sc, Cd, or Ag. The highest Sr
and Ba contents were observed in the coprolite phos-
phorites and phosphorites related to weathered endoge-
nous rocks, and the lowest contents of these elements
are characteristic of island phosphorites. The highest
Zn contents were measured in the phosphorites from
the areas of weathered sedimentary rocks, and the low-
est Zn contents, in the coprolite phosphorites. The high-
est V contents were observed in the phosphorites from
the areas of weathered sedimentary rocks, and the low-
est V contents, in the island phosphorites. The highest
Cr and Cd contents are confined to the phosphorites
related to weathered sedimentary rocks. The highest
Sc contents were detected in the coprolite phosphorites,
and the maximum Ag enrichment was observed in the
phosphorites related to weathered sedimentary rocks
and in the coprolite phosphorites (Table 2).

The above element sequences are similar, although
not identical, to the distribution of the average abun-
dances of trace elements in carbonate rocks (in %):
Sr(6.1 x 102) >7Zn(2 x 10%) > V(2 x 103 > Cr(1.1 x 1073) >
Ba(l x 107%) > Sc(1 x 10#) > Cd(3.5 x 107%) > Ag(x X
107%) [29]. This sequence is started with Sr and Zn and
finished with Cd, Ag, and Sc. In the phosphorites, the
second and third places are occupied by Ba, which is
only fifth in abundance in carbonates. This can be
explained assuming that Ba substitution for Ca is more
extensive in the apatite crystal structure than in carbon-
ate minerals. The concentrations of some trace ele-
ments (Sc, Ag, and, to lesser extent, Cd) in the phos-
phorites are higher than their average abundances in
carbonate rocks, whereas Sr shows the opposite rela-
tion [21]. Significant variations in trace element con-
tents were observed not only among phosphorites from
different regions but also within individual deposits and
occurrences. In particular, the lacustrine coprolite
phosphorites contain from 4 to 124 ppm Sc and from
<0.1 to 5ppm Ag. The phosphorites of the Telek
deposit contain 0.17-11.9 ppm Ag and 67-1420 ppm
Sr. Other examples can be found. At the same time,
some individual deposits and even regions are charac-
terized by narrow variations in some elements. The
lacustrine coprolite phosphorites show consistently
high contents of Sr and, in part, Ba. Elevated contents
of all chalcophile elements (Ag, Cd, and Zn) were
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observed in the karst phosphorites of the Seibin and, in
part, Telek deposits of southern Siberia.

The differences in the trace element composition of
supergene phosphorites of various genetic groups are
presumably related primarily to the compositions of
weathered rocks and geochemical conditions of super-
gene phosphorite formation.

In particular, the elevated Sr content in the Eocene
lacustrine phosphorites of the Lake Zaisan area is
related, in our opinion, to the elevated salinity of this
lake. This is supported by several observations. In par-
ticular, the average Na content of coprolite phospho-
rites is 0.64 = 0.26 ppm, whereas lower contents were
obtained for the supergene phosphorites related to sed-
imentary or endogenous rocks (0.33 = 0.14 ppm) and
phosphorites formed in karst cavities or similar envi-
ronments and washed by “fresh” surface water (0.43 +
0.36 ppm). It is known [17, 23] that relatively high
Na contents are characteristic of marine phosphorites,
which are generated in waters with higher contents of
alkalis (more saline) as compared with continental
phosphorites. This is also true for strontium. Indeed, the
Sr content is 8100 pg/l in seawater, 88.7 g/l in the con-
tinental leaching waters, and 183 pg/l in the under-
ground waters of the supergene zone [30]. The Ba con-
tents are 21, 14, and 18.3 ug/l, respectively. These val-
ues are in perfect agreement with the proposition of
Katchenkov [31] that an increase in the Sr/Ba ratio of
sedimentary rocks correlates with the increasing salin-
ity of basin waters. In our case, the Sr/Ba ratio is 4.1 in
the coprolite phosphorites, 1.62 in the supergene phos-
phorites related to sedimentary rocks, 1.40 in the phos-
phorites related to endogenous rocks, and 1.56 in the
phosphorites of Christmas Island. There are grounds
for believing that the Eocene lacustrine coprolite phos-
phorites of the Lake Zaisan area were formed under
conditions of higher water salinity compared with other
phosphorites.

The phosphorites related to endogenous rocks have
higher contents of Na, Ba, and Sr compared with those
related to sedimentary rocks (Tables 1, 2). This is pre-
sumably related to the composition of the weathered
protolith, because the supergene phosphorites consid-
ered here are related to alkaline and alkaline ultramafic
massifs [32, 33]. The geochemical features of weath-
ered rocks are also responsible for the difference in the
contents of V, Cr, and Sc in the supergene phosphorites.
The elevated contents of Ag, Cd, and Zn in the super-
gene phosphorites of the Seibin deposit are explained
by the regional enrichment of the source rocks of south-
ern Siberia in these components. At the same time, the
Cd and Zn of phosphorites from the Seibin deposit are
not completely incorporated as isomorphic admixtures
in supergene carbonate-apatite. It can be suggested that
these chalcophile elements may occur in sulfide miner-
als, which could be present in these rocks. However,
divalent Fe and (or) S were not found in samples 1283a,
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1283b, 1278-KG, and 1295zh with elevated contents of
Cd and Zn.

Let us consider the role of the structural factor on
the trace element composition of phosphorites. The
obtained data are ambiguous (Table 1). For instance, the
inner part of one phosphorite coprolite from the Lake
Zaisan area contains 2284 ppm Sr (sample 7293-1b),
whereas the thick-bedded crust rimming this coprolite
is significantly richer in Sr (2570 ppm). The same rela-
tionships were observed in this sample for other ele-
ments, including Ba (685 ppm in the massive phospho-
rite and 771 ppm in the crust), Cd (1.3 and 1.6 ppm,
respectively), Zn (46 and 69 ppm), and, especially, Sc
(17.7 and 124 ppm). The opposite relationships were
observed for V (57 and 52 ppm), Cr (22 and 19 ppm),
and Ag (3.6 and 2.1 ppm). Thick-bedded phosphorite
crusts from the Telek deposit (sample 5055b-TI)
showed higher contents of Sr (1420 ppm) and Ba
(342 ppm) compared with those in the massive phos-
phorites at the base of the phosphatic crust (sample
5055a-TI, 1328 ppm Sr and 317 ppm Ba). In contrast,
the Sr content of similar massive phosphorites in another
sample from the same deposit (sample 2947b-TI,
568 ppm) is more than two times higher than that in the
thick-bedded phosphorite crust rimming the massive
phosphorite (2947a-Tl, 222 ppm). At the Seibin
deposit, the Sr content of phosphorite varied from
630 ppm in the inner part of a crust (sample 1295-3) to
577 ppm in its outer part (sample 1295-zh). The above
examples concern thick-bedded crusts; however, thin-
bedded crusts also show similar ambiguous relation-
ships. In particular, a massive phosphorite from Ten-
nessee (sample 4761) contains 416 ppm Sr, whereas
thick-bedded and thin-bedded phosphorite crusts from
the same locality contain only 80 (sample 4762-a-Tn)
and 77 ppm Sr (sample 4763-b-Tn), respectively. Many
other similar examples can be found.

Elevated content of chalcophile elements (Cd, Zn,
and Ag) was observed in many phosphorite crusts or
only in their outer parts relative to massive phospho-
rites or the inner parts of the crusts. The lithophile ele-
ments (Sc, V, and Cr) show the opposite tendency. The
contents of Sr and Ba show both patterns. Thus, the
contents of chalcophile elements tend to increase in
phosphorite crusts or only in their outer parts, which is
most distinctly expressed for Cd, whereas the lithophile
elements, especially Cr, show the opposite relation.

Correlation analysis (Table 3) revealed two groups
of trace elements showing significant positive correla-
tions: (1) Sr and Ba and (2) Zn, Cd, and Ag. The ele-
ments of both groups show significant positive correla-
tions with CO,, i.e., with carbonate ions in the apatite
structure. Correlations of these elements with other
constituents of carbonate-apatite are poor. Sc shows a
positive correlation with Na; Cr is negatively correlated
with Ca and F and positively correlated with the chal-
cophile elements. The significant positive correlation of
five trace elements with CO, deserves a detailed con-
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Table 3. Correlations matrix for the contents of trace elements in supergene phosphorites and components of (carbonate)-
apatite for the full dataset; values in bold correspond to correlations significant at a confidence level of more than 0.95

Element | P,O5 | CaO | CO, | Na,O F Sr Ba \" Cr Sc Zn Cd Ag
P,O5 1

CaO -0.30 | 1

CO, -08 | -0.17 | 1

Na,O -01 | -0.00 | 0.17 | 1

F -.011| 0.58 | -0.14 | 0.06 | 1

Sr 0.14 | -0.09 | 034 | 0.25 | -0.01 1

Ba -08 |-0.16 | 036 | 026 | -0.23 | 0.61 1

A% 028 | -0.03 | 0.02 |-0.03 | 0.03 | 030 | -0.00 | 1

Cr -0.10 | -0.51 | 0.15 | -0.06 | —-43 | 023 | -08 | -0.15 1

Sc -0.09 | -0.11 | 0.24 | 0.61 | 008 | 028 | 044 | -0.02 | 0.00 | 1

Zn -0.06 | -0.15 | 0.38 | 029 | -0.25 | -0.21 | -0.03 | 0.04 | 052 | -0.14 | 1

Cd -0.19 | -0.10 | 0.32 | -0.16 | -0.21 | -0.15 | 0.03 | -0.07 | 0.32 | -0.15 | 0.60 | 1

Ag -035 | -0.03 | 036 | -0.02 | -0.17 | -0.04 | 0.19 | -0.16 | 046 | -0.07 | 0.65 | 055 | 1

sideration. It is well known that the content of carbon-
ate ion in the crystal structure of carbonate-apatite con-
trols many physical and chemical properties of this
mineral. An increase in CO, content leads to an
increase in the relative distortion of the crystal lattice,
size of coherent scattering domains, solubility in weak
acids [11, 34, 12], and molecular water content [35].
The loosening of the carbonate-apatite structure with
increasing carbonate ion content probably makes it
more suitable for the incorporation of other ions, which
was observed in our case. It is interesting that catagen-
esis leads to the partial release of carbonate ions from
the apatite structure [11] and is accompanied by a
decrease in the contents of some trace elements in the
mineral [26, 36].

CONCLUSIONS

1. The distribution of isomorphic admixtures of Sr,
Ba, Zn, Cd, Sc, Cr, Ag, and V was analyzed in (carbon-
ate)-apatite samples [9] taken from supergene phospho-
rites related to the areas of weathered sedimentary and
endogenous rocks, lacustrine coprolite phosphorites,
and ocean island phosphorites. Most of the phospho-
rites have a monophosphate composition and contain
more than 1% CO,. Therefore, their apatite can be clas-
sified as carbonate-apatite [20].

2. Sr, Zn, and Ba show the highest concentrations in
all the phosphorites: Sr is the first or second and Ba is
the second or third most abundant element. Cd, Ag, and
Sc are the lowest in abundance, and Ag is the last or
next to last among them. This sequence resembles the
distribution of average abundances of these elements in
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the carbonate rocks, in which Sr is the most abundant
and Ag is the least abundant.

3. The concentrations of particular elements within
the phosphorite groups may be either relatively consis-
tent or strongly variable. Significant variations
observed both within and between the genetic groups of
supergene phosphorites can be explained by the differ-
ent compositions of weathered rocks, geochemical
environments of supergene phosphorite formation,
mineralogical characteristics of carbonate-apatite, and
structural features of phosphorites.

4. The distribution of trace elements in phosphorites
shows correlations with their structural features. Phos-
phorite crusts as a whole or only their outer parts often
show elevated contents of chalcophile elements (Cd, Zn,
Ag), whereas massive phosphorites or inner parts of the
crusts often have elevated contents of such lithophile ele-
ments as Sc, V, and Cr. The contents of Sr and Ba show
no clear dependence on the phosphorite structure.

5. It was shown that the supergene phosphorites are
similar to marine phosphorites in terms of Sc, Cd, and
Ag contents. Exceptions are higher contents of Ag in
the supergene phosphorites of southern Siberia and Sc
in the coprolite lacustrine phosphorites. At the same
time, the marine phosphorites are higher in Sr, V, and Cr
than supergene phosphorites, and supergene phospho-
rites have higher Zn contents.

6. Correlation analysis showed a significant positive
correlation of Cd, Zn, Ag, Sr, and Ba with CO, and neg-
ligible correlations with other components of carbon-
ate-apatite. This is explained by the fact that an increase
in carbonate ion content leads to the loosening of the
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mineral structure, which is favorable for the incorpora-
tion of trace elements.
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