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Introduction 

Black shale sediments are widely spread worldwide.
They represent a very favorable geochemical environment
for the primary chemical adsorption of noble and rare met-
als and are the source of such metals during metamorphic
alteration [1–6]. Black shale sediments are associated with
gold deposits in the world and in the Southern Ural [7–10]. In
the Orenburg Region of the Southern Ural, gold-bearing ore
occurs in carbon deposits of Kumak ore field adjoining the
Anikhovsky Graben of the East Ural Uplift. Here, a score or
two gold ore deposits were discovered (East Tykasha, Kom-
mercheskoe, Zabaikal, Baikal, Tsentralnoe, Kumak, Kumak 
South, etc.). Numerous exploration and geological studies
accomplished in this area within nearly a century enabled
adjustment of the ore field geology, as well as the metallog-
eny imaging and reconstruction of deposition of sediments
[7, 11–14].

The key objectives of this study are examination of carbon
deposits in Baikal mineralization site, assessment of their
gold content, and specification of features of noble-metal
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and gold–tourmaline mineralization widespread in enclos-
ing rock mass. To this effect, in 2018–2020 the authors have 
carried out field the works and analyses to refine some con-
troversial issues concerned with history of the ore site under 
discussion.

Research techniques 

Noble metals were assessed at the laboratory of Oren-
burg Diversified Company (Orenburg, executive A. I. Kor-
chagina). Gold content was estimated by atomic absorption 
and extraction using organic sulfides (NSAM 237-S proce-
dure, measurement range 0.10–20 g/t), and silver content 
was determined by flame atomic absorption (NSAM 130-S 
procedure, measurement range 2–2000 g/t, spectrophotom-
eter S-115, flame photometric analyzer PAZH-1, photoelec-
tric colorimeter KFK-2).

Surface imaging of gold grains and microprobe analysis of 
polished sections were implemented using scanning electron 
microscope Tescan Vega 3 with energy dispersive spectrom-
eter Oxford Instruments X-act at the Sharing Center affiliated 
with the South Urals Federal Research Center of Mineral-
ogy and Geoecology, Russian Academy of Sciences (analyst 
M. A. Rassomakhin, carbonaceous coating, boosting voltage 
20 kV, net time 120 s, reference standards – courtesy Micro-
Analysis Consultants LTD, Registration No. 1362).

Geological structure of study area 

The test gold ore body adjoins the Bredin carbon–car-
bonate–terrigene series (C1bd) 2 kilometers north of Kumak 
field (Fig. 1). The geological profile of the series is dominated 
with carbon-bearing terrigene sediments: siltstone, carbo-
naceous–clayey shale and sandstone, which form a thick ore 
host band 70–140 m wide and 20 km long (Fig. 2). At the bot-
tom of the profile, some effusive dacite and andesite porphy-
ritic and tuff rocks occur. The Bredin series age is determined 
from the estimates of foraminifers in limestone interbeds, rem-
nant microfauna and spores of old fern, calam ite and other 
plants. Extensive N–S and nearly N–S faulting is observed in 
the site. Faulting is represented by schistosity, associate shear 
zones and quartz reefs. At a great depth, carbonaceous shale 
is broken by an intrusion of Kumak diorite (δC1k) lengthwise 
the entire ore zone. 

Depending on the composition and ratio of the compo-
nents, black shale rocks can be divided into sericitic–quarzto–
carbonaceous, quartzo-carbonaceous–tourmaline, ottrelite–
carbonaceous and quartzo–carbonaceous–ottrelite species. 
Sericitic–quartzo–carbonaceous black shale is spread to the 
widest extent, and represents grayish black and sometimes 
black finely grained, weakly schistous rock. High goffering is 
governed by elongated quartz and tourmaline grains, as well 
as by mica flakes, laths and scale aggregates. The texture is 
conditioned by inconsistent-width bands of mostly quartz and 
mica with carbonaceous substance. Black shale mineralogy is 
represented by quartz (to 40%), sericite (5–10%), carbona-
ceous substance (to 50%), carbonate (5–10%) and sulfides 
(to 5%). Muscovite and chlorite are present in an insignificant 
amount. Accessory minerals are zircon, rutile, apatite, ilmen-
ite, baddeleyite, as well as a variety of rare earths (monazite, 
xenotime, bastnasite, Ce-rhabdophanite). 

Carbonaceous substance represents large veins and flakes 
of graphite or finely dispersed graphite particles, which gives 
the rock a dark grey color (up to black). Isotopic composition 

of carbon δ13C, as against PDB standard, ranges from (-19.07) 
to (-22.80) and points at biogenicity of carbon [15]. The aver-
age content of Сorg in shale is 6.4% (maximum 11.1%), owing
to which this is carbonaceous shale. The thermo-gravimetric 
analysis of Bredin carbonaceous deposits shows that organic
carbon is highly metamorphized to a rank coincident with the 
epidote–amphibole sub-facies of greenschist facies [15]. 

Petrochemically, Bredin series black shale falls within the 
fields of terrigene–carbonaceous and silica–carbonaceous 
formations in the standard diagram. Deposition conditions 
were very specific for the deposits of the Southern Ural. Ter-
rigene and highly aluminous sediments experienced minimum 
portage and were mainly generated from broken base rocks 
and erosion products of acidic vulcanite at the bottom of the 
geological profile. Sedimentation occurred in transition from 
rifting to collision situation in geodynamics. 

Fig. 1. Geological map of Baikal ore site (by E. E. Mironov, 

with authors’ simplification) 

1 – conglomerates, 2 – sandstone, 3 – siltstone, 4 – limestone, 5 –
carbonaceous shale, 6 – sericitic shale, 7 – tuffite, tuffaleurolite 
and tuffsandstone; 8 – green clayey shale; 9 – float sampling; 10 – 
mineralization outline; 11 – delve position
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Ore content of carbonaceous shale

Kumak field features a variety of gold
ore mineralization and complex poly-for-
mation mineralization [7] mostly adjoined
to bands of quartzo–micaceous–tour-
maline metasomatically altered carbo-
naceous shale. The alteration represents
sericite ribbons, recrystallization and seg-
regation of quartz into different thickness
veins and strings, tourmalinization, devel-
opment of carbonate and ferruginization.
Rich ore zones are traced at the inter-
sections of the N–S Eastern Anikhovsky
Faults and branching disturbed fractures
of the N–E and N–W orientation [14]. 

In archive documents and in publica-
tions, the data on mineral associations
widely spread in ore, and on associate
minerals of gold are scarce and ambigu-
ous. Four mineral associations contain
gold [13]. The first association occurs
in the south of the study ore field (Kumak 
ore body and Baikal site) and represents
a gold–bismuth–telluride mineraliza-
tion (Fig. 3, No. 3; Table 1), as well as
inclusions of rucklidgeite and native gold
in cobalite (Fig. 3, No. 2). The second 

association is fine native gold (films and
nests) observed in all kinds of shale and in
quartz and scheelite–quartz veins (Fig. 4).
The third association is poly-metal min-
eralization with low content of noble met-
als (this association weakly shows itself in

Fig. 3. Submicroscopic images of mineral inclusions in carbonaceous shale in 

Baikal site:

1 – accretion of chalcopyrite (Ccp) and gersdorffite (Grf); 2 – grains of cobaltite (Cbt)
with inclusions of native gold (Au) and rucklidgeite (Rk); 3 – accretion of indefinite
bismuth telluride (Bi–Te) with gold (Au), nickel telluride (melonite, Mel), bismuth
telluride (tellurobismuthite, BiTe) and gold (sylvanite, Silv); 4 – native gold (Au) in 
quartz (Q)

Fig. 2. Sketch of delve wall and noble metals; sampling scheme A–B (see Fig. 1):

1 – sericitic shale; 2 – black carbonaceous shale; 3 – clayey and green shale, 4 – quartz veins, 5 – ferruginous rocks, 6 – landwaste–rubble
residuum; 7 – sampling points and significant contents of Au and Ag, 8 – panning sampling points and number of washed gold particles
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the study area). The dominant fourth associa-

tion is traced in the main shear zone in the north.
Gold is finely dispersed here, is associated with
fine crystals of pyrite and with arsenopyrite, and
adjoins zones of abundant tourmalinization.

Tourmaline in Baikal site is observed as idio-
morphic crystals, features green pleochroism, is
nonuniformly developed in rocks and prevails in
the intervals rich with carbonaceous substance
(Fig. 5a). It is rarely found in quartz–mica inter-
beds (Fig. 5b), and its elongated prismatic crys-
tals are curved in the longitudinal sections. Tour-
maline in the longitudinal sections is represented
by thin and elongated narrow-prismatic crystals
to 0.8 mm in size, often with fissures; in the lat-
eral sections – by various hexagons. Fissures in
tourmaline crystals (closed or slightly open) are
reflective of brittle deformation of tourmaline.
Sometimes, in the kinks of folds nearby open
fissures, plastic deformation of tourmaline is
revealed in the slight bending of crystals. Crys-
tals often show zonal structure of tourmaline,
accentuated by the mineral color: bluish green
in the center and light green in the periphery
(Fig. 5c). High objective magnification allows
observing some few poikilitic inclusions of car-
bonaceous substance. Chemically, Baikal site
tourmaline falls within the field of dravite, foitite
and schorl (Table 2, Fig. 5j). This tourmaline is
high-magnesia, free from impurities of metals,
Mn, F and As typical of tourmaline from porphy-
rite and granite deposits [16–18], and is similar
to metamorphogene dravite from orogenic gold
and gold–sulfide deposits as well as to tourma-
line from gold–porphyritic bodies [18–22].

The prevailing tight intergrowth of nee-
dle-shaped tourmaline and gold implies their
synchronous deposition. This fact allowed
M. N. Albov to delineate a gold-bearing quartzo-
tourmaline formation within Kumak ore field
[12]. Considering specific chemical composi-
tion of tourmaline and its occurrence at sericite–
quartzo– carbonaceous shale, Serdyuchenko’s
model of tourmaline forming seems assumable
[23]. In this model, first, primary deposition of
boron took places in old marine sand and clay
sediments; then, during regional or contact–
regional metamorphism, rock experienced par-
tial recrystallization, and boron migrated and
deposited in quartzo–sericitic strings and car-
bonaceous shale [24, 25].

In the center of Baikal site, we described and
assayed a delve which totally exposed the ore-
enclosing black shale belt (see Fig. 2). Float sampling of all 
rock varieties along the cross-section and across the area 
of the ore body showed commercial gold content to 6.5 g/t 
(Table 3) stable high silver content to 7.6 g/t (Table 4). Con-
sidering extremely nonuniform content of gold in ore bodies, 
we additionally washed panning concentrate samples taken 
from carbonaceous shale and residuum composed mainly of 
landwaste and veined quartz and carbonaceous shale debris, 
as well as examined crushed samples (see Fig. 2). All in all, we 

obtained 40 fine gold particles from 0.05×0.1 to 0.3×0.1 mm 
in size. Furthermore, in a quartz string, we discovered a large 
gold cluster penetrated to a depth of 1.5 cm in the sample. 
Native gold has diverse shapes: platelike, isometric, aggre-
gates and lamellas (see Fig. 4). Gold particles are often cov-
ered with colloform botryoidal crusts of limonite and with 
muscovite and tourmaline accretions. The microprobe analy-
sis shows a uniform composition of elements (Table 5). Gold 
belongs to the high carat type (Au 90–96%), and silver content 

Fig. 5. Tourmaline mineralization in carbonaceous shale in Baikal site 

Tur – tourmaline; My – muscovite; Q – quartz; Gph – graphite; a and b – banded 
and curved structure of carbon-bearing quartz–micaceous shale; c – zonal 
distribution of tourmaline with inclusions of carbonaceous substance; d andd
f – submicroscopic images of cross sections of tourmaline crystals and thef
test points (Table 2); j – comparison of tourmaline compositions in differentj
genesis deposits: 1 – points of tourmaline compositions in Baikal site; 2–6 – 6
fields of tourmaline compositions from 2, 3 – Hnilets tin deposit, Slovakia [18]: 
2 – granite;2 3 – enclosing metamorphic rocks; 4 – orogenic gold at Hatti, India 
[19]; 5 – Cu–Mo–Au–Te porphyry deposit Fakos in Greece [20];5 6 – gold–sulfide6
deposit Murtykty [22]

Fig. 4. Image of native gold in quartz string and submicroscopic image 

of surface of gold particle washed out from carbonaceous shale and 

residuum in Baikal site
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is 4–9%. It is interesting that secondary gold redeposition is 
sometimes observed in the form of small spongy high-grade 
nodules (Fig. 4, gold particle No. 9) typical of hypergenesis 
zone. 

Conclusions

Thus, the studies of black shale sediments in Baikal site
show that the sediments belong to the carbonaceous type,
as well as to terrigene–carbonaceous and silica–carbona-
ceous formations. Carbonaceous substance represented by
slightly metamorphized sapropel sedimentation–diagenetic

and metamorphic graphite has a biogenic nature and experi-
ences metamorphism in the condition of green shale facies. 

It is found that gold ore mineralization within the study
site adjoins mostly bands of quartzo–micaceous–tourmaline
metasomatically altered carbonaceous shale. Gold is finely
dispersed and is connected with two basic mineral associa-
tions: gold–bismuth–telluride and native gold intergrown with
tourmaline. By chemical composition, tourmaline belongs to
dravite and foitite, and is similar to the same minerals in oro-
genic gold and gold–sulfide deposits. Tight intergrowth of gold
and fine needle-like tourmaline points at their synchronous

Table 3. Float sampling results on Au

(g/t) in quartz veins and carbonaceous

sediments in Baikal site

Test
No. 

Sample 
No.

Au
Test
No.

Sample 
No.

Au

1 km08s 0.15 12 km09s 0.55

2 km10s – 13 km01s 0.28

3 km11g 3.50 14 km02s 0.10

4 km12s – 15 km03s 0.34

5 km01g 6.50 16 km04s 0.15

6 km04s – 17 km08s 0.16

7 km04g 0.64 18 km09s 0.20

8 km10g 0.79 19 km10s 0.12

9 km12g 0.32 20 km11s 0.11

10 km13g 0.57 21 km12s 0.17

11 km14s 0.15 22 km13s 0.13

Comment: 1–4 – quartz veins; 5–22 – 
black shale; 5–10 – quartzy and 
ferruginous shale; 11–22 – slightly 
altered carbonaceous shale; dash – gold 
content is below the test sensitivity.

Table 4. Float sampling results on Au and Ag (g/t) in section A–B

No. Sample No. Au Ag No. Sample No. Au Ag No. Sample No. Au Ag

1 km85g-1.0 0.09 3.4 10 km85s-80.4 0.18 2.0 19 km85s-29.0 0.08 1.4

2 km85g-4.0 – 3.2 11 km85s-100.0 – 1.8 20 km85s-30.0 – 1.4

3 km85g-11.4 0.15 3.4 12 km85s-105.0 0.09 2.2 21 km85s-40.0 0.09 1.0

4 km85g-35.6 0.15 7.2 13 km85s-21.1 0.44 1.8 22 km85s-66.0 0.10 2.0

5 km85g-42.8 0.06 3.4 14 km85g-29.2 0.12 3.0 23 km85s-75.0 0.16 1.4

6 km85g-48.3 0.06 2.6 15 km85s-55.0 0.09 2.6 24 km85s-90.0 0.09 0.8

7 km85g-60.3 0.08 4.2 16 km85g-96.3 0.09 1.8 25 km85s-70.0 0.35 2.4

8 km85s-67.7 0.15 1.6 17 km85g-102.8 0.08 2.6 26 km85g-86.5 0.08 3.4

9 km85g-72.0 0.07 7.6 18 km85s-25.0 0.06 2.2

Comment: 1–12 – grey sericitic shale; 13–17 – black carbonaceous shale; 18–24 – veined 
quartz; 25 – fungous and ferruginous veined quartz; 26 – brightened ferruginous grey
carbonaceous shale; dash–gold content is below the test sensitivity.

Table 5. Element analysis of gold

particles from Baikal site 

Gold 
particle 

No.
Au Ag Total Formula 

1 93.88 6.12 100 Au0.89Ag0.11

2 95.73 4.27 100 Au0.92Ag0.08

3 94.74 5.26 100 Au0.91Ag0.09

4 95.73 4.27 100 Au0.92Ag0.08

5 94.04 5.96 100 Au0.90Ag0.10

6 90.88 9.12 100 Au0.85Ag0.15

7 94.55 5.45 100 Au0.90Ag0.10

Comment: see numbers of particles in Fig. 2.

Table 1. Mineral inclusions in carbonaceous shale in Baikal site

Analysis S Fe Co Ni Cu As Total Formula

1 34.64 30.5 36.15 101.28 Fe0.98Cu1.02S1.94

2 17.13 7.94 2.75 23.6 0.64 47.95 100.00 Ni0.67Fe0.24Co0.08Cu0.02As1.07S0.89

3 16.54 8.73 1.49 24.77 51.15 102.67 Ni0.70Fe0.26Co0.04As1.13S0.85

4 17.76 4.71 21.16 8.88 47.49 100.00 Co0.60Ni0.25Fe0.14As1.07S0.93

5 17.74 6.33 19.14 9.44 47.35 100.00 Co0.54Ni0.27Fe0.19As1.06S0.92

Analysis Ni Au Ag Te Pb Bi Total Formula

6 94.74 5.26 100.00 Au0.91Ag0.09

7 1.78 41.96 20.99 35.5 100.23 (Bi1.93Pb1.15Ag0.19)Te3.73

8 1.83 43.32 18.23 36.62 100.00 (Bi1.98Pb0.99Ag0.19)Te3.84

9 36.95 9.64 48.07 5.35 100.00 (Au1.66Ag0.79)Te3.33Bi0.23

10 19.58 80.20 99.77 Ni1.06Te2.00

11 44.76 4.53 50.28 99.57 Bi0.78Pb0.07Te1.14

12 89.69 10.31 100.00 Au0.83Ag0.17

13 85.63 14.37 100.00 Au0.77Ag0.23

Comment: 1 – chalcopyrite (Ccp); 2, 3 – gersdorffite (Grf); 4, 5 – cobaltite (Cbt);
6, 12, 13 – gold (Au); 7, 8 – rucklidgeite (Rk); 9 – sylvanite (Silv); 10 – melonite (Mel);
11 – tellurobismuthite (BiTe); see positions of the test points in Fig. 3.

Table 2. Chemical composition of tourmaline in carbonaceous shale in Baikal

site 

Analysis Na2O MgO Al2O3 SiO2 CaO TiO2 FeO Total Mineral

g 2.08 5.29 33.76 37.64 0.47 6.84 100.12 Dravite 

h 1.71 5.76 33.58 37.94 0.32 0.67 6.13 100.19 Dravite

i 1.29 3.44 34.43 38.42 0.21 9.28 101.24 Foitite

j 1.46 6.07 34.31 37.57 0.50 0.57 5.72 100.41 Dravite 

k 1.34 2.89 32.86 36.66 0.46 1.07 10.92 99.99 Schorl

Comment: see positions of the test points in Fig. 5.
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formation and enables assessing Baikal site as quartzo–tour-
maline gold ore formation. Panning assaying of all rock vari-
eties showed commercial gold content to 6.5 g/t and stable 
high silver content to 7.6 g/t. According to the analysis of gold 
particles washed out of quartz veins and carbonaceous shale, 
this gold belongs to the high carat type. In the zone of hyper-
genesis, secondary redeposition of gold takes places in the 
form of spongy high-grade aggregates.
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