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Abstract. The distribution of gold in biogenic apatites from the Ordovician deposits in the northwest of the East Euro-
pean Platform shows that the maximum concentration of gold in apatites is found within the Ladoga-Baltic suture zone.
Gold mineralization has a superimposed character, which is confirmed by the dependence of the gold content on the
size of apatite particles and a number of isotope geochemical systematics in biogenic apatites. Gold is present in the
form of high fineness particles to 20 um in size on the surface of biogenic apatite fragments (phosphate brachiopod
shells and conodont elements) and is easily extracted. In 10 % of samples of biogenic apatites, the total content of rare
earth elements is more than 1 wt.%.
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Introduction. For many centuries, gold has been a measure of the value of goods and services.
It has served as a universal monetary unit, as well as a symbol of wealth and power. In our time, gold
is increasingly being used not only in jewelry, but also in industry. Russia is one of the ten largest
gold mining countries along with China, Australia, and the United States. In the material mineral
deposites of Russia, gold reserves significantly predominate part in primary deposits, with a gradually
decreasing amount of gold in placers. The average gold content in Russian placer deposits over the
past 30 years has decreased by 2.5 times [1, 2]. Thus, the search for new sources of high-grade and
affordable deposites seems to be a relevant task.

Industrial concentration of apatite develops in two processes, magmatic (alkaline and alkaline-
ultramafic rocks) and during the formation of sedimentary phosphorites. The phosphorites contains
such minerals as quartz, glauconite, dolomite, clay substance and others from the non-phosphate
mineral series, as well as biogenic apatite, similar in composition to hydroxylfluorapatite. In Russia,
the apatite deposits are known in the Kola Peninsula, Eastern Siberia, and the Urals. Apatite and
phosphorite concentrate are used mainly for the production of phosphate fertilizers. In the Lenin-
grad Region, phosphorite accumulations are confined to the Pakerort Horizon of the Lower Ordo-
vician [3].

Phosphorite basins of the shell type formed during the Ordovician and Silurian. At present, the
Baltic-Ladoga, Lena-Tunguska, South Swedish, and North Wales basins are known [4]. A useful
component of shell-type phosphorites is the shells of phosphate brachiopods, consisting of hydrox-
ylfluorapatite. Sedimentary phosphorites have certain prospects not only as a raw material for phos-
phorus, but also as a possible source of rare earth elements and yttrium [5, 6].
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The association of gold with nodulous and granular phosphorites has been known for a long
time: clastogenic and chemogenic-sedimentary gold was found in phosphorite nodules of the VVolga
phosphorite basin [7]. In phosphorite nodules of the Ediacaran and Cambrian of the East European
Platform, the average gold content is 0.3 ug/g [8]. In phosphorites of the Yegoryevsk deposit, gold
grains to 0.22 mm in size and fineness of 900-920 were found [9].

In the ore concentrate from the Kingisepp deposit of the Baltic-Ladoga basin, whose productive
stratum is a layer of quartz sands 1-5 m thick incorporating to 40 % of brachiopod shells, gold grains
with a fineness of 775-910 and to 2 mm in size were found [2]. A subsequent study of biogenic
apatites (fragments of phosphate brachiopod shells and conodont elements) revealed an increased
gold content in them, to 20 pg/g. Gold is present on the surface of biogenic apatites in the form of
particles 3-20 um in size with a fineness of 865-985 [10, 11].

The article presents data on the distribution of gold in biogenic apatites from the Ordovician
deposits from the southern Ladoga region to southern Sweden, i.e., within two phosphorite basins,
the Baltic-Ladoga and South Swedish.

Methodology. The structure of the studied region contains both ancient, Archean-Proterozoic
rock complexes, and relatively young, Paleozoic ones. Ediacaran, Cambrian, and Ordovician sedi-
mentary complexes with a total thickness to 500 m lie on the basement rocks. All Lower Paleozoic
deposits lie horizontally or near-horizontally, often separated by small unconformities or occur con-
formably. Most outcrops of the Ordovician rocks (sands, limestones, and mudstones) are confined to
the so-called Baltic-Ladoga glint, which can be traced along the southern coast of the Gulf of Finland
and further south of the Neva and Lake Ladoga [12-15]. The Ordovician shell phosphorites, attributed
to the Pakerort horizon in the Leningrad Region [12], are quartz sandstones rich in brachiopod shells.
The overlying Koporye black shales, enriched in uranium and vanadium, belong to the same horizon.

Data on the location, species composition, and stratigraphic position of the studied samples are
given in [16]. The elemental composition (including Au and rare earth elements) of biogenic apatites
was determined using neutron activation analysis (instrumental technique, INAA). Air-dry weighted
samples of phosphate material were placed in ampoules of highly pure quartz, sealed, and then irra-
diated for 48 h in the research channels of the VVVR-1 reactor at the St. Petersburg Institute of Nuclear
Physics (Gatchina) in a neutron flux with a density of 5x10* neutron/cm=?xs. To determine the gold
content, the 411.5 keV v-line of the **®Au radionuclide was used. The measurements were carried out
on a coaxial Ge-Li detector with a volume of 35 cm®. Gold content was calculated using standard
samples AGV-1 (andesite, USGS, certified Au content = 0.0006 pg/g) and RZS-3 (gold-silver quartz
ore, TsNIGRI, certified Au content = 0.94 pg/g). The average relative error in the determination of
gold was less than 12 % at a concentration of less than 0.05 pg/g and less than 5 % at a concentration
of more than 0.05 pg/g; for REE at the concentrations observed in the studied biogenic apatites, the
average error of determination was less than 7 %.

Results. The average Au content in the shells of phosphate brachiopods is 0.88 pug/g (from 0.052
to 2.99 ng/g, 112 determinations); in conodont elements it is 5.0 pg/g (from 0.33 to 22.1 pg/g,
36 determinations). The given values are close to those previously obtained for biogenic phosphates
of the Baltic-Ladoga phosphorite basin [17].

The research identified that the maximum gold content in fragments of phosphate brachiopods
and conodont elements from the Ordovician deposits in the northwest of the East European Platform
is observed in the areas of intersection of the productive strata with large linear zones: the Trans-
Scandinavian magmatic belt and the Ladoga-Bothnia suture zone (Fig.1).
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Fig.1. Gold content in biogenic apatites of the Baltic-Ladoga
phosphorite basin according to instrumental neutron activation
analysis (INAA): a — shell fragments of phosphate brachiopods;
b — conodont elements
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Fig.2. Dependence of gold concentration on the particle
size of biogenic apatite from the Baltic-Ladoga
phosphorite basin
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We found a dependence between the
size of fragments of phosphate brachiopod
shells and conodont elements and the gold
content: the smaller the size of biogenic ap-
atite fragments, the higher the gold concen-
tration in them (Fig.2).

The distribution of REE in the studied
biogenic apatites is characterized by a pro-
nounced enrichment in light and medium
REE (Fig.3). Since INAA determined an
incomplete list of REEs, it is impossible to
quantify the total content of all REEs in
phosphate brachiopod shells and in cono-
dont elements. Nevertheless, it should be
noted that in 10 % of the studied samples of
biogenic apatites, the concentration of
La, Ce, Nd, Sm, Eu, Th, Yb, Lu exceeded
1.0 wt.%

Gold was extracted from the phos-
phate brachiopod fragments of the phos-
phorite ore from the Kingisepp deposit un-
der laboratory conditions. To do this, 5 kg
of phosphate brachiopod fragments were
placed in a container with a volume of
20 dm? and a chlorine-air mixture was sup-
plied in a ratio of 1:5 at a temperature of
1200 °C for 72 h. Then, AM-2B10P ion-ex-
change resin was loaded into the resulting
hydrochloric acid solution for 15 hours as a
sorbent. After annealing of the sorbent, we
analysed the residue, which showed the de-
gree of gold extraction under laboratory
conditions of 70-75 %. Details of the pro-
cedure are available in the description of
patent N 2386708 of the Russian Federa-
tion [18].

Discussion. The studies of isotope ge-
ochemical systematics of biogenic apatites
from the Baltic-Ladoga basin [19] showed
the presence of a statistically significant
correlation of the gold content with the fol-
lowing geochemical signatures:

« the gold content increased with the
increase in biogenic apatites of sodium, the
total content of La+ Ce + Nd + Sm + Eu +
+ Th + Yb + Lu, and the Th/U value.

* the maximum concentrations of gold
(over 1 pg/g) were found in the group of
samples of biogenic apatites with 8 Sr/8Sr
ratio of 0.7064-0.7072 [20, 21]. In the
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group of samples with 8/Sr/**Sr from 0.7086 to 1000
0.7092, the gold content is more than an order
of magnitude lower and amounts to 0.07 pg/g.
The strontium isotope composition in the sam-

ples of this group corresponds to the strontium § 100

isotope composition of a marine reservoir in £

the Ordovician. g
Solid tissues of modern marine organisms & 10

consisting of calcium phosphate contain no

more than nx10 ng/g [22, 23]. The enrichment

of biogenic apatites in REE (especially with me- 1

dium and light ones) is traditionally associated

Wlth their mpl?cement of calcium in the crystal Fig.3. Distribution of REE values normalized to standard

lattice of calcium phosphates at the early and composite shale in 220 samples of biogenic apatites from the

late diagenesis stages [24, 25]. The result of Baltic-Ladoga phosphorite basin according to INAA results

such a substitution is the so-called hat-shaped (minimum and maximum concentrations are shown). In 10 %
- . ; of samples, the total content of 8 rare earth elements exceeds

form of the REE distribution with a low value 1% wt., in 50 % of samples, more than 0.5 % wt.

of the La/Sm ratio and high values of the Sm/Yb

ratio. It is this type of REE distribution that is observed in the studied biogenic apatites from the Baltic-

Ladoga phosphorite basin (Fig.3). It indicates the modification of geochemical systematics in biogenic

apatites under the influence of secondary processes.

Uranium and thorium do not accumulate in the tissues of living organisms and do not participate
in physiological processes [23]. Accumulation of thorium and uranium by biogenic phosphates
(bones, teeth, shells) occurs exclusively at the post-mortem stage (after burial in the sediments) and
is associated with the replacement of calcium by Th and U in the hydroxylfluorapatite lattice during
its recrystallization [26]. U*" is easily oxidized to U®* and leached from apatite upon contact with
oxidizing solutions. Therefore, the correlation between Au and Th/U shown in [11] should also be
considered as evidence of gold enrichment of biogenic apatites at the late diagenesis/epigenesis stage.

Studies of Rb-Sr and K-Ar systematics of bulk samples of clay shales from the Upper Precam-
brian-Lower Paleozoic section in the central part of the Russian Plate revealed differences in the
isotope geochemical composition of mudstones in the lower and upper parts of the section. This fact
can be explained by the epigenetic transformation of rocks in the upper part of the section under fluid
impact at the turn of 390 Ma [27, 28]. The appearance of such fluids is associated with the tectonic-
magmatic activation of the East European Platform at the final stage of the Caledonian cycle and/or
at the beginning of the Hercynian epoch. Data on the gold distribution in the scattered organic matter
of the sedimentary cover of the East European Platform, in combination with the isotope geochem-
ical characteristics of kerogens and organic macrofossils [11], confirm the assumption of epigenetic
transformations of the sedimentary cover in the Hercynian stage. The nature of the modification of
the isotope geochemical signatures of biogenic apatites from the Baltic-Ladoga phosphorite basin
makes it possible to evaluate some fluid parameters, namely, the oxidative nature of the medium,
which led to the removal of uranium in the form of U®*, a high sodium content, and the 87Sr/®®Sr
ratio less than 0.705.

The correlation of Au with the sizes of biogenic apatite fragments suggests that the reason for
the biogenic apatites enrichment in gold was the redistribution of gold in the sedimentary sequence
during the Hercynian stage of tectonic-magmatic activation of the East European Platform. The gold
enrichment of biogenic apatites from the Baltic-Ladoga phosphorite basin with anomalously low
87Sr/8Sr values for the Ordovician confirms the stated assumption. The probable mechanism of this
process is sorption, which is confirmed by the dependence between the size of biogenic apatite frag-
ments and the gold content in them (Fig.2).

La Ce Nd Sm Eu Th Yb Lu
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No gold grains were found on the surface of quartz and clay particles. The high fineness of gold
particles on the surface of biogenic apatites and the extremely low content of admixtures (copper,
lead, silver) in them, according to [10], sharply distinguishes them from gold particles previously
found in the apatite concentrate from the Kingisepp deposit of the Baltic-Ladoga phosphorite basin
[29]. One may reasonably assume that the source of gold on the surface of biogenic apatites was
clastogenic gold in the Ordovician strata, mobilized during the post-Ordovician history of the north-
west of the East European Platform. Probably, the ease of gold extraction by the chemical method
under laboratory conditions is determined by the composition and texture of gold accumulated on the
surface of biogenic apatites.

Conclusions. Data on the areal distribution of gold content in biogenic apatites from the Ordo-
vician deposits in the northwest of the East European Platform showed that the maximum concentra-
tions (to 20 pg/g) are confined to zones of increased permeability corresponding to large linear zones:
the Trans-Scandinavian magmatic belt and the Ladoga-Bothnia suture zone. Gold is present on the
surface of phosphate brachiopod shells and on conodont elements in the form of particles of high
fineness and is easily extracted under laboratory conditions. The enrichment of biogenic apatites in
gold in the Baltic-Ladoga phosphorite basin and the high content of rare earth elements in them allows
us to consider them as a potential source of gold and rare earth elements.

The authors thank L.Holmer, L.Popov and T.Tolmacheva for providing some of the samples.
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