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The cover shows an exhibit of the Mining Museum - trilobites in limestone. Leningrad Region.
Asaphus kowalewskii Lawrow has a solid dorsal carapace and high stalked eyes; the body consists
of eight segments with rounded lateral spines. Very long eyestalks look like submarine periscopes.
This arrangement of the eyes is associated with the lifestyle of these trilobites — they dug into the
sediment to a depth of the eyestalks length and led a discrete living. Illaenus schmidti Nieszkowski
is characterized by a solid oval-shaped dorsal carapace, genal spines, and narrow sickle-shaped
eyes, the body consists of ten segments. These trilobites made it possible to carry out a detailed
division of the Lower-Middle Ordovician deposits of the Russian Platform into 18 trilobite zones.
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Geochemical characteristics of weathering crusts on the Dzhezhimparma Ridge
and the Nemskaya Upland (South Timan)

Oksana V. Grakoval<, Nataliya Yu. Nikulova, Yuliya S. Simakova
Institute of Geology FRC Komi SC of the Ural Branch of the RAS, Syktyvkar, Russia
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Vol. 272. N 16405, p. 3-15.

Abstract

Numerous local varieties of weathering crusts are known in the South Timan. They differ in their position in the
section, type of weathering products, substrates, and occurrence. The aim of the research is to identify patterns in
the distribution of rock-forming, rare and rare earth elements and the composition of clay minerals in clay formations
of the weathering crusts. The main task is to describe the occurrence and geochemical features that enable deter-
mining the genetic type and formation conditions of weathering crusts. The paper presents the results of a study of
the distribution of petrogenic, rare earth, rare elements, and clay minerals in weathering crust of different ages,
genetic types and occurrence conditions on the Dzhezhimparma Ridge and the Nemskaya Upland in the South
Timan. We found that hydromica-kaolinite-type weathering crust is developed after the Late Riphean Dzhezhim
Fm. rocks in the basement-cover contact zone on the Dzhezhimparma Upland, and the layer of fine-grained rock at
the base of the Devonian section previously considered a weathering crust was formed as a result of mechanical
destruction of the Devonian sandstones during movement in the thrust zone. In the Vadyavozh quarry located on
the Nemskaya Upland, we studied and described the formations of Mesozoic-Cenozoic areal and linear weathering
crusts after the Late Riphean Dzhezhim Fm. rocks. We found that micaceous siltstones in the siltstone-sandstone
strata of the Dzhezhim Fm. are associated with the Riphean stage of crust formation and are composed of weathering
crust material redeposited in the epicontinental basin.

Keywords
weathering crust; Dzhezhim Formation; suitesandstones; chemical composition; detrital material; sedimentation con-
ditions; South Timan
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Introduction

Commercial deposits of bauxite, titanium ores, gold and diamond occurrences, etc. are associated
with weathering crusts in Timan [1-3]. In the Northern Urals, the redistribution and accumulation
of ore components, in particular nickel, occurred in weathering crusts of hyperbasites of the Serov-
Mauk ophiolite belt [4]. The enrichment of zircon in rare metal and rare earth elements (REE) from
the granitoids of the Chukotka plutonic belt [5] and the formation of REE minerals in the Lower
Proterozoic metamorphic schists of the Svalbard Archipelago [6] are associated with endogenous
processes and hydrothermal alterations. Ancient Early Riphean weathering crusts (secondary
quartzites) in the southern part of the Baltic (Fennoscandian) Shield preceded the rapakivi granite
formation, 1.65 Ga [7].

This is an open access article under the CC BY 4.0 license



In plain South Timan with a developed Quaternary cover, the Paleozoic and Mesozoic-Ceno-
zoic weathering crusts are penetrated by coring boreholes™?3, They are recorded on the day surface
only within the few projections of the Riphean basement (Fig.1, a), where their distribution area
coincides with the outcrops of arkosic sandstones of the Upper Riphean Dzhezhim Fm. [8, 9].
It should be noted that recent studies report on the discovery of a macrofossil assemblage in the
Dzhezhim Fm. rocks, which may attribute the age of the Dzhezhim Fm. to Late Vendian [10-12].
However, since the Interdepartmental Stratigraphic Committee has not made any changes to
the current stratigraphic chart, we use the stratigraphic subdivision adopted in the existing geo-
logical maps [13, 14].

In the South Timan, numerous local varieties of weathering crusts found by drilling during geo-
logical survey differ in their position in the section, type of weathering products, substrates, and oc-
currences. For example, residual weathering crusts are developed after the substrate of terrigenous
Late Riphean and Vendian deposits. They have either areal or linear distribution. Weathering crusts
redeposited after carbonate rocks of the Yshkemes and Vapol Fms. are present in the composition of
clayey-sandy rocks in karst depressions of the pre-Paleozoic topography and basal horizons of the
Asyvvozh and Izyamel Fms. Meso-Cenozoic weathering crusts after the Dzhezhim Fm. substrate are
represented by both areal (Vadyavozh and Dzhezhim quarries) and linear ones, associated with the
Late Jurassic fault tectonics (Vadyavozh quarry). The discovery in 1998 of diamond crystals in the
gritstone-sandstone strata of the Devonian section base in the immediate vicinity of weathering crusts
exposed to the day surface in the Asyvvozh! quarry area in the basement-cover contact zone prede-
termined the further studies conducted in South Timan [15-18]. The weathering crusts and the basal
part of the Devonian section were considered as promising targets in the search for diamond placers
of the so-called Vishera type [19].

Over twenty years that passed since the recent studies, the technical capabilities and instrumen-
tation have advanced, allowing the study of targets promising for placer deposits and clay raw mate-
rials at a qualitatively new level. New artificial outcrops are made in the operating quarries, pene-
trating the weathering crusts. Geochemical study of weathering crusts is necessary for paleo-
geographical reconstructions, unveiling the development history and sedimentation patterns in a
poorly studied potentially diamond-bearing region, as well as clarifying the prospects for clay raw
materials.

The main objective of the study is to describe the geochemical features, distribution of rock-
forming, rare and rare earth elements, and the mineral composition of clay rocks considered to be
weathering crust formations.

Research methods and materials

Samples of weathering crusts (11 pcs.) and substrate rocks (4 pcs.) were collected in artificial
outcrops of the Asyvvozh and Dzhezhim quarries on the Dzhezhimparma and Vadyavozh ridges of
the Nemskaya Upland (Fig.1, a). All analytical work was carried out at the Geoscience Collective
Use Centre of the Institute of Geology FRC Komi SC of the Ural Branch of the RAS. The rock-
forming oxide contents were determined by the traditional gravimetric analysis in the Laboratory of
Chemistry of Mineral Raw Materials, maintaining the metrological standards (Conclusion N 774). The
contents of rare and rare earth elements were determined on an Agilent 7700x ICP-MS. To transfer the
sample into solution, the multi-acid digestion (a mixture of acids in the ratio HNO3z:HF:HCI = 1:5:2) under
microwave heating conditions was used. Digestion was carried out in a Sineo MDS-10 microwave
digestion system.

! Tereshko V.V., Kirillin S.V., Kazantseva G.Ya. et al. Geological survey at 1:50,000 scale in adjacent sheets R-40-73-C,D;
R-40-74-C; R-40-85-B; R-40-86-A. Syktyvkar, 1991.

2 Kulbakova F.A., Shametko V.G., Torlopova S.M. et al. Prospecting for diamond placers of the Vishera type in the South Timan
and southwestern Timan region. Ukhta, 2001.

8 Kirillin S.V., Zharkov V.A., Shumilov A.V. et al. Report on geological survey at 1:200,000 scale in adjacent sheets P-40-XX,
P-40-XXV1 (Nemskaya area). Syktyvkar, 2002.
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The phase composition of rocks was determined using X-ray diffraction analysis of non-oriented and
oriented samples subjected to standard diagnostic treatments, by a Haoyuan DX-2700BH X-ray diffrac-
tometer, CuKa radiation, 40 kV at 30 mA, scanning interval at 20 — 2-70°, scanning step at 26 — 0.05°,
shooting speed — 1 °/min. Semi-quantitative X-ray diffraction analysis of the samples was performed
in Profex software.

Brief description of the geological position

The study area is in the southeast of the Timan folded-block structure and is the northeastern part
of the Dzhezhim-Ksenofontov megaswell, which formed due to the reverse-thrust displacements and
progradation of large block-slices in the Early Jurassic [10]. Such blocks, representing basement
projections in which rocks are brought to the surface along a series of thrusts, are the Dzhezhimparma
and Vadyavozh anticlinal structures.

The Asyvvozh (1 in Fig.1, a) and Dzhezhim (Il in Fig.1, a) quarries are on the Dzhezhimparma
ridge, coinciding with the Dzhezhimparma anticlinal structure [13]. In the Asyvvozh quarry
(61°47'12" N, 54°06'35" E), weathering crusts are found in the contact zone of the Riphean and
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Fig.1. Schematic geological map according to [6]: a — 1, 2 — Permian (1 — lower series — limestones, dolomites,
siltstones, sandstones, gypsums, 2 — upper series — clays, limestones, sandstones); 3 — Carboniferous —
limestones, dolomites, clayey limestones, clays; 4 — Devonian, middle-upper series — gritstones,
sandstones, conglomerates, siltstones; 5-7 — Riphean sub-eotheme (5 — VVapol Fm. — dolomites with sandstone,
mudstone, and chert interlayers, 6 — Yshkemes Fm. — dolomites, siltstones, mudstones, 7 — Dzhezhim Fm. —
sandstones, siltstones, gritstones); 8 — geological boundaries — conformable (a), unconformable (b); 9 — thrust;
10 — studied sections in quarries (I — Asyvvozh, Il — Dzhezhim, 111 — VVadyavozh); b — structural diagram of the section
of the contact zone of the Riphean and Devonian deposits in the Asyvvozh quarry: 1 — sandstone; 2 — silty sandstone; 3 — clay;
4 — large-block debris; 5 — ferrugination; 6 — faults; 7 — section line and sampling points;
¢ — scheme of the relationship between the Dzhezhim Fm. deposits and weathering crust in the Dzhezhim and Vadyavozh quarries:
1 — Mesozoic-Cenozoic areal; 2 — linear; 3 — weathering crust in the Riphean section;
d — linear weathering crust after the Dzhezhim Fm. rocks in the Vadyavozh quarry

This is an open access article under the CC BY 4.0 license
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Paleozoic deposits (Fig.1, a, b). The Late Riphean Dzhezhim Fm. (RFsdz) represented by feldspar-
quartz sandstones with subordinate interlayers of siltstones and gritstones, lie with an azimuth of 190°
SSW and a dip angle of 20-25°. In the contact zone, the Dzhezhim Fm. rocks are disintegrated to a
thickness of approximately 10-12 cm and consist of small splintered fragments. The Middle-Late
Devonian Asyvvozh Fm. is represented by quartz sandstones with conglomerate, gritstone, siltstone,
and clay lenses (dipping azimuth 310° NW and angle 15°). The Precambrian and Paleozoic parts of
the section are separated by a wedging-out clay layer, which lies on different layers of the Riphean
siltstone-sandstone strata and has a three-membered structure (Fig.1, b). In the lower part there is a
bed of lilac-pink clayey thin horizontally layered rock with a maximum thickness of about 40 cm
(Fig.1, b, samples R-5, 6). The bulk clay contains sand-sized grains and rare angular fragments of
sandstones, shales, and felsic igneous rocks to 3 cm in size. Above lies a layer (0.5-0.6 m) of pinkish-
grey clayey rock similar in structure and texture (Fig.1, b, samples R-7 and O-33). It contains single
fragments of the above-mentioned rocks to 1.5 cm in size. Directly beneath the base of the Devonian
sandstones is a wedging-out layer of greyish-beige sandy-clayey rock to 0.5 m thick (Fig.1, b, c,
sample R-8). The bulk of this rock contains unevenly distributed coarse sand-sized grains of quartz,
isolated fragments of carbonaceous shales and quartz sandstones to 1.5 cm in size. The rock has an
obvious external resemblance to the overlying sandstones, lies unconformably on the underlying clays
and, in our opinion, could be formed as a result of mechanical destruction of the Devonian rocks. In
the geological survey report*, clay rocks in this section are classified as linear weathering crusts as-
sociated with faults developed after both the Riphean and Devonian rocks. Doubts about this inter-
pretation of the clay rock origin arise from a detailed study of the clay layer structure and its relation-
ship with the underlying rocks (Fig.1, b), since hypergene transformations along faults do not cause
mechanical redistribution of detrital material and the emergence of thin-layered deposits that lie un-
conformably on the underlying rocks.

Mesozoic-Cenozoic weathering crusts of the residual areal type, which, according to the geological
survey data [14], practically coincide with the Dzhezhim Fm. outcrops of the Upper Riphean, are ex-
posed by the Dzhezhim and Vadyavozh quarries (Fig.1, a). In the Dzhezhim quarry (61°42'55" N,
54°21'80" E), the Dzhezhim Fm. is represented by cherry-brown feldspar-quartz sandstones with
lenses and interlayers of small-pebble polymictic conglomerates and greyish-brown siltstones. The
weathering crust developed after various layers of the Dzhezhim Fm. is expressed by pinkish-grey
sandy clay with rare small (to 1.0 cm) fragments of underlying rocks (Fig.1, d). The Late Riphean
Dzhezhim Fm. exposed by the Vadyavozh quarry (61°27'47" N, 55°49'33" E) is composed of feld-
spar-quartz sandstones with gritstone, siltstone, and shale interlayers. The Mesozoic-Cenozoic areal
residual weathering crust deposits, a few metres thick, in the lower part being the gruss of the original
sandstones, siltstones, and shales cemented with clay material, are gradually replaced by a pinkish-
yellowish clay mass with an admixture of sand and fragments (to 1.0 cm) of sandstones, siltstones,
and shales (Fig.1, d). The fact that these crusts were not subject to redeposition is evidenced by the
sometimes recognizable relics of the substrate structures®. The weathering crusts are covered by a soil
and vegetation layer.

Most of the areal weathering crust layer in the Dzhezhim and Vadyavozh quarries was destroyed
by previous geological prospecting and modern quarry stone mining. Therefore, the undisturbed weathering
crusts are preserved only as individual small outcrops and blocks. The linear weathering crusts that we
discovered in the southern wall of the quarry, outside the areal weathering crust zone, where the Riphean
rocks are directly overlain by the soil-vegetation layer, are confined to a fault in the Riphean rocks and
are represented by a loose olive-brown gruss-sand-clay mixture (Fig.1, ¢). The terrigenous strata of the

4 Tereshko V.V., Kirillin S.V., Kazantseva G.Ya. et al. Geological survey at 1:50,000 scale in adjacent sheets R-40-73-C,D;
R-40-74-C; R-40-85-B; R-40-86-A. Syktyvkar, 1991.

5 Kirillin S.V., Zharkov V.A., Shumilov A.V. et al. Report on geological survey at 1:200,000 scale in adjacent sheets P-40-XX,
P-40-XXV1 (Nemskaya area). Syktyvkar, 2002.
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Dzhezhim Fm. contains interlayers of grey micaceous siltstones that differ significantly from the sur-
rounding rocks (Fig.1, d). Analysis of our previous data on the composition and formation conditions
of the terrigenous strata in the Vadyavozh quarry [20] allows us to assume the presence of a significant
amount of the Riphean intraformational weathering crust material in the fine-grained rocks.

Geochemical characteristics of rocks

The contents of the main rock-forming oxides, lithochemical modules and indicator ratios used
to characterize the deposits and reconstruct their formation conditions are given in Table 1. The studied
rocks have low alkali content with a noticeable predominance of potassium over sodium and are
arkoses (Table 1, Fig.2, a) [21]. In the log(Fe20stt/K20) — log(SiO2/Al,03) diagram [22], the figura-
tive points of the rocks from the Asyvvozh and Vadyavozh quarries are in the arkose and subarkose
fields, and the Mesozoic-Cenozoic weathering crust points from the Asyvvozh and Dzhezhim quar-
ries fell into the wacke field (Fig.2, b).

Table 1
Chemical composition of rocks (wt.%b), indicator ratios, coefficients and modules
Quarry Asyvvozh Vadyavozh Dzhezhim
Age RF Pre-Middle Devonian D RF MZz-KzZ RF (?) RF MZz-Kz
é :]8: Tec- é Wﬁ;ﬁﬁle_ nggfﬁer_ Areal é Areal
Rock 8% Redeposited weathering crust 2 tonic Rz} . . weathering 3 weathering
S s la ] rng | ming crust S crust
A & clay & | crust | crust &
Elements,
modules R2 | R5 | R6 | R7 | R8 |0-33| R-9 |V9.4|V144|V9.10|V14.3|V9.3|Dzh1|Dzh 2|Dzh 3
SiO2 86.2 |84.36 | 75.60 | 80.64 | 81.12 | 86.79 | 83.52 | 93.74 | 86.48 | 80.48 | 62.56 | 62.22 | 89.80 | 62.14 | 69.40
TiO2 023 | 022 | 050 | 043 | 031 | 0.34 | 044 | 011 | 026 | 0.38 | 0.83 | 0.71 | 0.09 | 0.91 | 0.62

Al203 6.57 | 7.55 | 11.43| 9.50 |10.03| 7.94 | 9.04 | 2.15 | 6.03 | 8.90 |19.75|17.28 | 3.59 | 16.43 | 13.56
Fe203 042 | 043 | 247 | 1.14 | 042 | 0.39 | 047 | 053 | 1.49 | 1.78 | 1.15 | 3.07 | 2.22 | 5.14 | 3.57

FeO 056 | 0.24 | 024 | 0.24 | 0.24 | 0.14 | 0.24 | 152 | 1.34 | 0.85 | 0.62 | 1.68 | 1.24 | 0.91 | 0.88
MnO 0.01 | 0.01 |0.01|0.01]|001]|001]|0.01]|0.02]|0.01]|006]|001]|0.02]|0.01]|0.03]0.02
MgO 0.26 | 0.30 | 0.62 | 0.46 | 0.62 | 0.22 | 0.46 | 0.70 | 0.14 | 1.02 | 2.15 | 3.23 | 0.15 | 2.28 | 1.23
CaO 0.12 | 0.40 | 0.40 | 0.02 | 0.20 | 0.26 | 0.40 | 0.12 | 0.23 | 0.47 | 0.35 | 0.47 | 0.23 | 0.64 | 0.70
Na:0 0.24 | 0.25 | 0.34 | 0.28 | 0.28 | 0.07 | 0.09 | 0.03 | 0.16 | 1.35 | 0.40 | 0.32 | 0.56 | 1.48 | 2.67
K20 419 | 417 | 514 | 487 | 409 | 1.39 | 1.06 | 0.26 | 1.52 | 1.52 | 6.15 | 5.21 | 2.12 | 475 | 3.67
P20s 0.03 | 0.05 | 0.05 | 0.03 | 0.04 | 0.02 | 0.03 | 0.05 | 0.04 | 0.16 | 0.05 | 0.17 | 0.04 | 0.13 | 0.12
LOI 203 | 191 | 297 | 211 | 259 | 241 | 241 | 0.87 | 2.04 | 3.01 | 494 | 543 | 0.67 | 522 | 3.61
Total 100.90| 99.89 | 99.76 | 99.73 | 99.90 | 99.98 | 98.20 |100.00| 99.70 |100.00| 99.00 | 99.81 |100.70|100.06|100.05
lo

(Nazo/ngo) -124|-122|-118|-1.24|-1.16|-1.30 | -1.07 | -0.94 | -0.98 | -0.05 | -1.19 | -1.21 | -0.58 | -0.51 | -0.14
lo

(SiOz/Ag|203) 112 | 1.05 | 0.82 | 0.93 | 091 | 1.04 | 097 | 164 | 1.16 | 0.96 | 0.50 | 0.56 | 1.40 | 0.58 | 0.71
log

(Fe:0500/K:0) -1.00 | -0.99 | -0.32 | -0.63 | -0.99 | -0.55 | -0.35 | 0.31 | -0.01 | 0.07 | -0.73 {-0.23 | 0.02 | 0.03 | -0.01
F1 -3.441|-3.19|-353|-3.60|-3.16|-3.71 | -3.47 | -3.59 | -3.51 | -1.72 | -2.51 | -1.68 | -3.41 | -2.16 | -1.12
F2 -4.26 | -355|-4.01|-393|-2.78| 0.65 | 2.22 | 249 |-1.11| 2.17 |-2.59 |-0.63 | -2.93 | -0.29 | -0.78
F3 16.13 | 13.64 | 8.66 | 12.04| 896 | 0.60 |-1.23 | -4.10 | -1.53 | -0.07 | 5.85 | 3.70 | 5.39 | 3.03 | 3.52
F4 458 | 3.98 | 251 | 412 | 343 | 0.56 | 0.83 | 5.01 |-3.19|-0.08| 4.22 | 4.46 |-5.95| 2.24 | -0.13

K20/Na2O | 17.46 | 16.68 | 15.12 | 17.39 | 14.61 | 19.86 | 11.78 | 8.67 | 9.50 | 1.13 | 15.38|16.28 | 3.79 | 3.21 | 1.37
SiO2/Al0s | 13.12 | 11.17 | 6.61 | 8.49 | 8.09 |10.93| 9.24 |43.60 | 14.34 | 9.04 | 3.17 | 3.60 | 25.01 | 3.78 | 5.12
Al20s/SiO2 | 0.08 | 0.09 | 0.15 | 0.12 | 0.12 | 0.09 | 0.11 | 0.02 | 0.07 | 0.11 | 0.32 | 0.28 | 0.04 | 0.26 | 0.20
CIA 56.01 | 57.13 | 62.47 | 62.17 | 65.59 | 79.11 | 81.69 | 79.63 | 72.12 | 65.31 | 71.25 | 71.06 | 49.65 | 65.24 | 58.42
CIw 91.46 | 86.88 | 89.87 | 95.03 | 92.40 | 93.10 | 91.16 | 88.92 | 89.84 | 74.31 | 93.84 | 92.59 | 72.82 | 82.02 | 70.52
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End of Table 1

Quarry Asywvozh Vadyavozh Dzhezhim
Age RF Pre-Middle Devonian D RF MZ-KzZ RF (?) RF MZ-KzZ
(5] [<5) (5] i (5]
I5 I5 Tec- I5 Wﬁ;ﬁﬁ:}_ vbégfﬁg_ Areal I5 Areal
Rock Az Redeposited weathering crust R tonic Rz} - - weathering 3 weathering
= c c ring ring =
< < clay < crust < crust
N %] n crust | crust )

E:]%”Jﬁ?;: R2 | R5 | R6 | R7 | R8 | 0-33 | R9 |V94|V144|V9.10|V143| V9.3 |Dzh1|Dzh 2|Dzh 3

ICV 097 | 093 | 093 | 0.87 | 0.75 | 042 | 045 | 1.31 | 0.66 | 1.01 | 0.77 | 1.05 | 1.55 | 1.16 | 1.17
K20/Al20s | 0.64 | 055 | 045 | 051 | 041 | 0.18 | 0.12 | 0.12 | 0.25 | 0.17 | 0.31 | 0.30 | 0.59 | 0.29 | 0.27
Na2O+K2O | 443 | 442 | 548 | 515 | 437 | 146 | 1.15 | 0.29 | 1.68 | 2.87 | 6.55 | 553 | 2.68 | 6.23 | 6.34

HM 0.09 | 010 | 0.19 | 0.14 | 0.214 | 0.10 | 0.12 | 0.05 | 0.11 | 0.15 | 0.36 | 0.37 | 0.08 | 0.38 | 0.27
SPM 0.67 | 059 | 048 | 054 | 0.44 | 0.18 | 0.13 | 0.13 | 0.28 | 0.32 | 0.33 | 0.32 | 0.75 | 0.38 | 0.47
a b c
7 2.0 0.4
N o 7y
61 o
N -
5 Graywackes 5 hid Fe-sandstone 0.31 oL I———
S < 101 € Silites v
g 47 3
o) Q 202 o
& 31 v Arkoses g_‘i
Z 54 E, 0 . a o o
1 ’ Quartz o I
arenite [ ]
04 paa % om © 10 0
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0.3 Q X
go{ e 4 e
v X \ 2
= | <+ 2|8
202 o ~ b S0 5 .
S I ol e Felsic |gl|<neous
5 0y o 21 % rocks
s e o =i i 4y =
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Fig.2. Position of figurative points of rock compositions
g on classification diagrams: a — K20 — Na20 [21]: 1-4 — Asyvvozh quarry
(1 — sandstone of the Late Riphean Dzhezhim Fm., 2 — weathering crusts

after the Dzhezhim Fm. rocks, 3 — sandstone of the Middle-Late Devonian
Asyvvozh Fm., 4 — tectonic clay (?); 5-7 —~Vadyavozh quarry
(5 — sandstone of the Late Riphean Dzhezhim Fm., 6 — areal weathering crusts
after the Dzhezhim Fm. rocks, 7 — linear weathering crusts after the Dzhezhim
Fm. rocks); 8 — ancient (Riphean) weathering crusts; 9, 10 — Dzhezhim quarry
(9 — sandstone of the Late Riphean Dzhezhim Fm., 10 — areal weathering crusts after
the Dzhezhim Fm. rocks); b — log(SiO2/Al203) — log(Fe203tt/K20) [22];
¢ —Na20+K20 — HM; d — SPM — HM [23]; e — (FeO + MgO)/(Al203 + K20) — SiO2:
I —rhyolites, granites, Il — dacites, granodiorites, 11 — andesites, diorites,
IV — basalts, gabbro [24]; f — F3 — F4 [25]; g — Fe203 + FeO — Al203 — CaO +
+ MgO + K20 + Naz20 [26]: 1-3 — correlation fields of weathering products
(1 —initial, zone of bleaching and mechanical disintegration, 2 — clayey,

Fe0;+FeO 20 40 60 80 SE:SS Mgao 8 clay products of hypergene transformation of rocks,
z z 3 —final, kaolin and bauxite clays, bauxites, iron ores);
) [ 1 1 1 1
NNN R == [N 72 I-111 — correlation fields of igneous rocks (I — ultramafic,
Il — mafic, Il — intermediate and felsic)
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After the hydrolyzate module (HM) values in accordance with the classification by Ya.E.Yudo-
vich and M.P.Ketris [24], the substrate rocks and most of the clay formations of the weathering crust
are silites, and the three points corresponding to the samples distinguished by the maximum contents
of hydrolyzate elements are siallites — rocks whose alumina content is due to the presence of kaolinite
(Fig.2, c). For most of the studied samples, the sodium-potassium module (SPM) value exceeds 0.3
(Fig.2, d), which is a criterion [23] for the presence of unaltered potassium feldspar in the rocks. The
Riphean sandstones from the Vadyavozh quarry and the linear weathering crust formations, Devonian
sandstones and underlying clays, located in the subarkose field on the classification diagram (Fig.2, a, b)
are distinguished by low SPM values (Fig.2, d).

In the (FeO+MgO)/(Al.03+K>0) — SiO. diagram [24] showing fragments of various types of
igneous rocks in the sediment, most of the figurative points were found to be near the felsic rocks
region, and the points of the Mesozoic-Cenozoic areal weathering crusts from the Vadyavozh and
Dzhezhim quarries are observed near the field of intermediate rocks (Fig.2, e). In the factor diagram
F3 — F4 [25], which considers the ratio of rock-forming oxides, the figurative points corresponding to
these samples also gravitate toward the field of igneous rocks of intermediate composition (Fig.2, f).
The Devonian sandstones and underlying clays fell into the field formed by igneous rocks of felsic
composition (Fig.2, ). The position of most of the figurative points in the diagram of weathering
products chemistry [26] allows us to assume that most of the studied rocks contain detrital material
inherited from felsic and intermediate igneous rocks that were weakly weathered in arid climate con-
ditions (Fig.2, ).

The chemical index of alteration (CIA) values [27] for the Devonian sandstones and underlying
clays, the Mesozoic-Cenozoic and Riphean areal weathering crusts in the Vadyavozh quarry slightly
exceed 70 and correspond to warm climate conditions in the erosion area (Table 1). A wide range of
the index of compositional variability (ICV) values [28] suggests the presence of detrital material of
varying maturity in the rock [22]. For most of the studied samples, the chemical index of weathering
(CIW) [21] in the range of 82-95 corresponds to rocks containing weathering crust material (Fig.3, a).
In the K/Al — Mg/Al diagram [29], the points of the Riphean sandstones and weathering crusts are in
the area of rocks dominated by illite and potassium feldspar. The points of the Devonian sandstones
and underlying clays are near the kaolinite trend (Fig.3, b).

According to X-ray diffractometric analysis, the approximate quantitative content of minerals for
the studied samples was, %: muscovite (illite) ~ 6-25, chlorite ~ 1-3, smectite ~ 0-15, feldspars ~ 0-10,
quartz ~ 20-70. The composition and percentage ratio of finely dispersed component minerals in the
samples of different rocks vary. In all the studied samples, the constantly present layered silicate is
muscovite of the ordered polytypic structure 2Mi. A smectite-like mineral (mixed-layer swelling
phase) was found in the linear weathering crust samples in the Vadyavozh quarry (Fig.4, a, b). Disor-
dered swelling mixed-layer phases of the illite/smectite and chlorite/smectite types are observed in

a b
100 0.6 :
Chlorlte\
'Safy,:
G {2
804 47’7,,'(. clelid L 04
I’%}, m ; o : ’ n
S 601 °S v <
O )
v s
0.2 o -
J Fresh granites 7 Ilite +
. v K-feldspar
Fresh basalts g O o
/A Illite °© o 4 4 4
20 y ; : : 0 Kaolinite : A I:II : v
0.5 1.0 15 2.0 25 0 0.2 0.4 0.6 0.8 1.0

ICV

K/AI

Fig.3. Position of figurative points of rock compositions in diagrams:
a—ICV - CIA [30]; b — K/AI — Mg/Al [29]. See Fig.2 for legend
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Fig.4. Diffraction patterns of rocks from samples V 14.4 (a), V 9.10 (b), R-8 (c), Dzh 2 (d)
| — oriented, air-dry; Il — oriented, saturated with ethylene glycol; Il — non-oriented;
M — muscovite (2M; and 1M — polytypic structures); Ch — chlorite; Mix/lay — swelling smectite-like mixed-layer phase;
I/S and Ch/S — disordered mixed-layer illite/smectite and chlorite/smectite formations; K — kaolinite; Q — quartz
See sample numbers in Table 1

the weathering crusts from the Dzhezhim quarry (Fig.4, d). Layered silicates from clays underlying
the Devonian sandstones in the Asyvvozh quarry are represented by muscovite and kaolinite
(Fig.4, c).

The REE and rare element contents and their ratios used to construct the diagrams and compare
them with the Riphean and Devonian rocks are given in Table 2. The total contents of REE in the
studied rocks differ insignificantly and are close to the post-Archean Australian shale (PAAS). The
highest amounts of REE (263 g/t), including ¥ LREE (229 g/t), are observed in sample V 9.3 from
the linear weathering crust in the Vadyavozh quarry. The graphs of the REE distribution in sandstones
and clay formations of the Asyvvozh quarry are similar to PAAS in the slope of the curves and the
europium minimum intensity (Fig.5) [31]. Samples of clayey rocks from the base of the Devonian
section (R-9) and Devonian sandstones (O-33) differ from the Riphean sandstones and associated clays
in a higher LREE content (Table 2, Fig.5, a) and the absence of a europium minimum (Eu/Eu* 0.90
and 0.92, respectively). The graphs of REE distribution in clayey formations of the Mesozoic-Ceno-
zoic areal weathering crusts from the Dzhezhim quarry are distinguished by a gentle slope in the
LREE region [32] compared to the original Riphean sandstones and PAAS and a weak expressed
europium minimum (Fig.5, ¢). The Ce/Ce* ratio of 0.8-1.0 (in sample Dzh 3 — 0.7) in all studied
samples corresponds to the values characteristic of epicontinental settings [33, 34]. In the La/Sc,
Zr/Sc, and Th/Sc ratios, the studied rocks are close to the Paleozoic sandstones formed as a result of
the destruction of igneous rocks of intermediate and felsic composition [35-37]. The slight excess in
the LREE content in sample Dzh 2 compared to PAAS and the absence of a europium minimum
probably reflect increased amount of plagioclase fragments in the composition of the original rocks.

The graphs of REE distribution in clay formations of the weathering crust in the Vadyavozh
quarry differ in the nature of the curves slope and the Eu/Eu* ratio. The REE content in them is higher
compared to the original Riphean sandstones. Micaceous siltstones (sample V 9.3), attributed to the
Riphean weathering crust in the Dzhezhim Fm. (Table 2, Fig.5, c), are distinguished by the maximum
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REE content, a steep slope in the LREE region and an intense europium minimum. The studied rocks
are close in shape to the upper continental crust (UCC) normalized [38] distribution spectra of trace
elements, the content of which in the clay formations of the weathering crust is slightly higher than
in the original rocks (Fig.6). The clay formations of the weathering crust are characterized by reduced
Co, Ni, Cu, Sr, and Cs contents compared to UCC and increased Zr, Mo, and Pb contents.

Table 2
Content of REE and rare elements, g/t
Quarry Asywvozh Vadyavozh Dzhezhim
Age RF Pre-Middle Devonian D RF Mz-Kz RF (?) RF MZz-Kz
LB e | B[] e [ B e
Rock Rz Avreal weathering crust 3 tonic Rz - h weathering 2 weathering
3 B oW | & |oust |oumt | o | F| o
Element R-2 R-5 R-7 R-8 0-33 R9 |V94 [V144|V910(V143| V9.3 [Dzh1| Dzh2 | Dzh 3
Sc 55 3.3 4.8 2.0 3.9 54 1.0 7.1 56 | 140 | 150 [ 10| 16.0 | 46
\Y% 210 | 210 | 290 | 9.0 | 16.0 | 430 | 6.0 450 | 39.0 | 170.0 | 119.0 | 10 | 110.0| 61.0
Cr 260 | 250 | 290 | 110 | 140 | 350 |204.0 | 133.0 | 45.0 | 137.0 | 108.0 [345.0| 114.0 | 77.0
Co 11 05 05 0.8 1.0 0.6 4.8 4.6 6.6 24 | 110 | 25| 120 | 100
Ni 3.0 2.0 2.0 4.0 6.0 1.0 | 29.0 | 20.0 | 17.0 | 30.0 | 42.0 |31.0| 740 | 51.0
Cu 5.0 6.0 5.0 6.0 7.0 20 | 150 | 450 | 220 | 25.0 | 240 |150| 5.9 7.4
Zn 8.0 5.0 5.0 40 | 100 | 3.0 | 120 | 160 | 400 | 16.0 | 39.0 | 8.3 | 89.0 | 50.0
Ga 6.2 6.4 9.6 3.3 58 | 13.0 | 1.9 100 | 7.2 | 350 | 240 | 39| 220 | 140
Rb 61.0 | 620 | 81.0 | 23.0 | 37.0 |1140| 7.0 61.0 | 28.0 | 66.0 | 93.0 [51.0| 158.0 | 41.0
Sr 219 | 278 | 289 | 65 89 | 380 | 36 120 | 55 | 19.0 | 120 |33.0| 70.0 | 46.0
Y 7.9 79 | 101 | 120 | 150 | 140 | 41 7.8 6.2 88 | 150 | 7.3 | 340 | 150
Zr 95.0 | 107.0 | 147.0 | 152.0 | 173.0 | 189.0 | 52.0 | 153.0 | 62.0 | 189.0 | 119.0 |38.0| 176.0 | 142.0
Nb 3.2 3.0 4.6 4.7 1.7 6.0 1.2 53 27 | 200 | 110 | 18| 13.0 | 87
Mo 0.9 0.8 0.2 0.2 0.5 02 | 210 2.3 0.9 0.8 04 | 48| 05 0.8
Cs 0.9 1.2 2.0 0.8 3.7 2.8 0.1 0.9 0.4 5.3 18 | 05| 23 0.9
La 172 | 198 | 147 | 11.0 | 170 | 240 | 4.6 220 | 45 | 120 | 510 {13.0| 45.0 | 120
Ce 332 | 406 | 30.7 | 23.0 | 350 | 490 | 9.0 430 | 81 | 22.0 |111.0|27.0| 78.0 | 19.0
Pr 4.1 5.0 3.8 2.9 4.2 6.4 1.1 4.9 1.2 3.7 | 120 | 35| 120 | 36
Nd 149 | 190 | 150 | 11.0 | 150 | 250 | 4.3 180 | 5.0 | 140 | 46.0 [14.0| 49.0 | 140
Sm 2.7 3.6 3.0 21 2.9 4.8 0.8 31 13 31 80 (25| 9.8 3.0
Eu 0.8 1.0 1.0 0.5 0.7 15 0.2 0.8 0.3 0.8 14 | 09| 27 | 120
Gd 3.0 3.9 3.9 2.6 35 51 1.0 3.6 14 3.2 84 |26 100 | 33
Th 0.3 0.4 0.4 0.4 0.5 0.6 0.1 0.4 0.2 0.5 09 (03| 13 0.5
Dy 1.7 1.9 2.1 2.0 25 3.0 0.8 17 1.2 3.1 37 [ 14| 65 2.7
Ho 0.3 0.3 0.4 0.4 0.5 0.6 0.2 0.3 0.2 0.6 06 | 03| 13 0.6
Er 1.0 1.0 1.3 1.3 16 18 0.5 0.9 0.7 18 22 (01| 37 1.6
Tm 0.1 0.1 0.2 0.2 0.2 0.3 0.1 0.2 0.1 0.3 03 (01| 05 0.2
Yb 1.0 0.9 1.3 1.3 15 11 0.4 11 0.6 18 19 |07 31 15
Lu 0.2 0.1 0.2 0.2 0.3 0.3 0.1 0.2 1.0 0.3 03 (01| 05 0.2
Hf 2.9 31 4.4 4.2 5.0 5.8 14 4.3 1.6 5.3 34 [ 10| 49 3.8
wW 0.3 0.3 0.3 0.5 0.7 0.3 0.5 0.8 0.5 2.0 08 | 16| 1.0 0.6
Pb 315 [ 130.3| 138 | 12.0 | 23.0 | 190 | 26.0 | 51.0 | 21.0 | 239.0| 70.0 | 83| 84 3.7
Th 4.9 6.4 55 3.7 5.0 8.1 1.7 8.3 3.6 5.8 99 (25| 110 | 3.2
] 0.8 1.0 1.1 10 14 15 0.6 25 0.7 34 3.7 (07| 38 0.8
Eu/Eu* 0.9 0.8 0.9 0.7 0.7 0.9 0.6 0.8 0.8 0.7 05 |11| 08 1.2
CelCe* 0.9 1.0 1.0 0.9 10 0.9 0.9 0.9 1.0 0.8 1.1 | 09| 08 0.7
YLREE | 73.0 | 89.0 | 68.0 | 51.0 | 75.0 | 111.0| 20.0 | 92.0 | 33.0 | 56.0 | 229.0 |61.0| 197.0 | 53.0
X REE 89.0 | 106.0 | 88.0 | 71.0 | 101.0 | 138.0 | 27.0 | 108.0 | 53.0 | 76.0 | 263.0 | 75.0| 257.0 | 78.0
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Discussion of results and conclusions

The studied varieties of weathering crust in the Riphean rocks differ slightly in the ratio of rock-
forming elements, the content and composition of micaceous minerals and are diagnosed as rocks of
the bleaching and mechanical disintegration zone. The figurative points of sandstones and clay for-
mations in the KoO — NazO ratio [22], which are arkoses in the log(Fe20zit/K20) — log(SiO2/Al203)
diagram (see Fig.2, b), are in the field of sub-arkoses and wackes, which includes weathering crust sam-
ples distinguished by the highest mica content. The (Na2O+K>0) — HM and SPM — HM diagrams [23]
show an increase in alkalinity (total and normalized) in samples of weathering crust after the Riphean
rocks and a decrease in these parameters for clay formations at the base of the Devonian strata.
Devonian sandstones and clays are also distinguished by maximum values of the weathering indices
CIA and CIW [21, 27]. The CIW values in the Devonian sandstones and underlying clayey rocks
(93 and 91, respectively) characterize them as weathering crust formations. All previous geological
surveys and investigations noted the presence of crustal material in the rocks of the Middle-Upper
Devonian Asyvvozh Fm. [13, 14] this fact served as an argument for searching for placer diamonds?®.
High CIW values (94 and 93) are also noted in the siltstones of the Dzhezhim Fm., which confirms

6 Tereshko V.V., Kirillin S.V., Kazantseva G.Ya. et al. Geological survey at 1:50,000 scale in adjacent sheets R-40-73-C,D;
R-40-74-C; R-40-85-B; R-40-86-A. Syktyvkar, 1991.
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Fig.6. UCC [37] normalized contents of trace elements
in the original sandstones and clay rocks

our assumption about their connection with the weathering crust. Riphean sandstones and associated
clay formations of the weathering crust from the Asyvvozh quarry contain a significant proportion of
feldspars and potassium micas, which, according to the article by Ya.E.Yudovich and co-authors
(1991), is characteristic of arid weathering crusts widely developed in the Riphean deposits.

The composition and ratio of clay minerals in multiple-aged weathering crusts differ. The occur-
rence of disordered swelling mixed-layer formations (illite/smectite, chlorite/smectite) in samples from
the Vadyavozh quarry indicates the transformation of the original rocks into weathering crust. A mixed-
layer swelling phase was found in the Mesozoic-Cenozoic weathering crust samples. Its content can
reach 15 %. In addition to the 2M; structure, they contain a weakly ordered muscovite polytype 1M,
the appearance of which is a diagnostic sign of crust formation. The phase composition of layered sili-
cates in the weathering crust of the Asyvvozh quarry is represented only by muscovite and kaolinite.

In the Asyvvozh quarry, the REE content in the Riphean sandstones and clay formations of the
weathering crust differs insignificantly and is close to PAAS. The Devonian sandstones and underlying
clays lack a europium minimum. In the Vadyavozh quarry, the micaceous siltstones of the ancient
weathering crust in the Dzhezhim Fm. are distinguished by the maximum REE content, a steep slope
in the LREE region, and an intense europium minimum (see Table 2, Fig.5, c¢). In the clays of the
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Mesozoic-Cenozoic weathering crust after the Riphean sandstones, the inherited low contents of Co,
Ni, Cu, Sr, and Cs compared to UCC and elevated Zr, Mo, and Pb are preserved.

It should be noted that geologists from industrial organizations, during geological survey and
exploration, considered the Dzhezhim Fm. deposits and the weathering crusts developed after them
as a potential intermediate collector of placer diamonds. The distribution features of rock-forming
oxides and REE in the studied weathering crust varieties after the Riphean rocks and in the Riphean
psammites themselves do not reveal any signs of kimberlite destruction products [39, 40]. Our studies
confirmed the correct identification of siltstones in the Dzhezhim Fm. in the Vadyavozh quarry as
rocks formed as a result of the redeposition of the Riphean terrigenous rocks transformed in the
weathering crust.

The petrochemical characteristics of the fine-grained rock from the base of the Devonian section
and the overlying sandstones are virtually identical. Since the presence of weathering crust material
is characteristic of all rocks of the Asyvvozh Fm., including those lying where no clay layer is at the
strata base in the presence of tectonic contact, we believe that the clay layer formed due to mechanical
abrasion of the original sandstones.
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Abstract

The Saltakh Massif is located in the northern Anabar Shield, in the Saltakh shear-zone. It consists of two-pyroxene
schists and plagiogneisses metamorphosed under granulite-facies conditions. Their chemical composition is
consistent with that of a differentiated series of rocks ranging from gabbro to tonalites with abundant alaskitic
gneissose granite veins and bodies. The rocks are mainly high-potassium (K20/Na20 > 0.50), high-magnesium
(mg# 50-70), low-titanium (TiO2 0.35-1.31 wt.%) with low TiO2 concentration in clino- and orthopyroxene.
Normative olivine makes up 6-9 % of metagabbroic rocks. The rocks display well-defined negative Ti, Nb, Ta,
and P anomalies typical of subduction magmatism. The two-pyroxene gneisses show high Sr/Y ratios of 67.6-88
and (La/Yb)n of 24.8-25.6. Saltakh rocks are part of a shoshonite series, as indicated by Nb/La, La/Yb, Th/Nb
and Ce/Yb ratios. All the rocks display positive end(T) values of 1.9-4.1 and esr(T) of 0.77-17.8 indicative of a
mantle source of magma and T(nda)DM of 2,20-2,26 Ga. U-Pb zircon dating (SHRIMP 11) has shown that the
protoliths of Saltakh melanocratic rocks were dated at 2100-2086 Ma, and those of two-pyroxene plagiogneisses
of tonalite composition were dated at 2025+7 Ma. Alaskitic gneissose granites were dated at 1969+7 Ma.
The study of the trace element composition of zircon has revealed general enrichment in LREE. High LREE
concentrations are due to secondary zircon alterations and the shoshonitic pattern of the melt, the high-tempera-
ture conditions of crystallization, and an anomalous fluid regime. The geodynamic setting in which the Saltakh
Massif was formed was consistent with a pericontinental magmatic arc. The formation of alaskitic gneissose
granites was due to anatexis provoked by later collision processes. Saltakh magmatic rocks were formed
simultaneously with magmatic rocks from the Khapchan prospect which occur farther south, and were studied
earlier (2095+10 Ma tholeiitic metadiorites and 2030+17 Ma calc-alkaline metatonalites). We interpret them as
part of a metamorphosed juvenile Paleoproterozoic suprasubduction complex.
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Introduction

The Siberian Craton is an old platform with an Early Precambrian highly metamorphosed basement
located in the northern part of the Eurasian continent. The Anabar Shield, consisting of granulitic ter-
rains, forms a basement scarp in the northeastern Siberian Craton. Extending in the eastern Anabar Shield
is the boundary of two Precambrian basement provinces: the Archean Anabar province and the Paleo-
proterozoic Olenek province formed of the Khapchan foldbelt. The Saltakh complex is located in the
Popigai Terrane within the Olenek province. Its massif lies in the northern Saltakh shear-zone.

The Saltakh shear-zone extends in the northeastern Anabar Shield across the upper reaches
of the River Staraya, the Popigai terrain and the right-hand bank of the River Nalim-Rassokha
(Fig.1) [1]. The visible length of the zone is about 130 km. In the north and south, it is overlain
by Riphean sandstones. The zone varies in width from 1-2 km in the south to 17-20 km in
the north [2].
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Fig.1. Geologic map of the Saltakh Massif area. Based on Gosgeolmap-200
(A.1.Trukhalev et al., 1972, unpublished data), modified

1 — Quaternary deposits (Q); 2 — red sandstones and gritstones of the Ilyinsk suite (RFil); 3 — broken down and retrogressed granulites
in shear-zones; 4 — Magan alaskitic-leucogranitic-migmatitic complex (lyPR:1mg); 5-7 — Saltakh gabbro-dioritic-tonalitic complex (v, 8,
v8 PRysl): 5 — two-pyroxene plagiogneisses (metatonalites), 6 — two-pyroxene gneisses (metadiorites), 7 — two-pyroxene schists
(metagabbroic rocks); 8 — Khapchan series (PR1hp): garnet, biotitic-garnet, garnet-pyroxene and sillimanite-garnet paragneisses, silicate
marbles, carbonate-silicate and pyroxene-scapolitic rocks; 9 — undivided Paleoproterozoic (PR;) rocks: orthopyroxene and two-pyroxene
gneisses and plagiogneisses, mesocratic and mafic schists; 10 — silicate marbles, carbonate-silicate and pyroxene-scapolitic rocks;

11 — garnet, hypersthene-garnet gneisses, plagiogneisses and their varieties with biotite and graphite; 12 — hypersthene, two-pyroxene
and amphibole-pyroxene plagiogneisses; 13 — clinopyroxene-plagioclase, two-pyroxene-plagioclase and amphibole-pyroxene-plagioclase
schists; 14 — mesocratic orthogneisses and plagioschists; 15 — two-pyroxene plagiogneisses; 16 — boundaries: a — steeply dipping faults,
b — overthrusts; 17 — sampling sites and the numbers of samples for isotopic analyses
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The Saltakh complex consists of two large massifs: the Saltakh Massif (covering an area
of 10 x 24 km, including its northeastern satellite) and the Ulkhan Massif (2 x 20 km), as well
as 10 smaller lenticular metagabbronorite intrusive units identified during the compilation of the
Gosgeol-200 Map in 1971-1972 (A.l.Trukhalev et al., 1972, unpublished). The intrusive units of the
Saltakh complex extend northwest for 100 km, varying in width from 10 km in the north to 20 km in
the south. Metaintrusive rock exposures are more massive, but the boundaries of the massifs are in-
distinct, because their rocks have experienced granulite-facies metamorphism. Transitions to the host
gneisses and schists are generally gradual. Zones of cataclasis and mylonitization are often formed
along the contacts. Banding and stratification in the Saltakh Massif dip at 40-60° from the centre to
the periphery of the massif [2].

Salltakh rocks have been metamorphosed along with host rocks under granulite-facies conditions.
Most of these rocks contain hypersthene with antiperthitic feldspar. Transitions from the highly granitized
host plagiogneisses and crystalline schists to Saltakh rocks are gradual [3]. Stretching along the western
pluton boundary is the Saltakh diaphthoresis zone with amphibolite-facies polymetamorphic rocks, mig-
matites and alaskites [3]. Migmatization in the massif is widespread. It is intersected by numerous
lenticular biotitic and alaskitic granite bodies, which vary in thickness (up to 0.5-0.9 km) and length (from
several meters to tens of kilometers). The alaskitic granite bodies are affected by cataclasite zones, but
they themselves are not cataclastic and are conformable with the western and southern massif
boundaries. We have studied two prospects in the Saltakh Massif: one in the north, downstream from the
Kyongdei River mouth, and the other in the southern zone of the massif extending along the banks of the
Obryvistyi River (Fig.1). In the northern part of the massif, the rocks have been more intensely subjected
to cataclasis, while in the southern part, the rocks are better preserved.

Methods

Major elements concentrations in the rocks were calculated by XRF methods, while ferric and
ferrous iron concentrations were measured by titration and trace element concentrations by ICP-MS
in the Karpinsky Institute laboratory, St.Petersburg.

Zircon samples were subjected to U-Pb dating using a SHRIMP Il ion microprobe at the CIS,
Karpinsky Institute, St.Petersburg (analyzed by P.A.Lvov) following standard methods [4]. The data
obtained were processed with SQUID software (K.Ludwig, 2000). U-Pb ratios were normalized to
the value 0.0668 for the TEMORA zircon standard dated at 416.75 Ma [5]. Errors in single analyses
(ratios and ages) are given at the 1o level, and errors in the calculated values of concordant ages and
intersections with the Concordia curve are given at the 2c level. Plots were constructed using
ISOPLOT/ET software (K.Ludwig, 1999).

Trace elements in zircon were analyzed using ICP-MS method on a Cameca IMS-4f ion microprobe
at the Yaroslavl Branch of the Institute of Physics and Technology, RAS. The study is described in detail
in [6]. Data on the trace element composition of the zircon enabled us to reconstruct its conditions of
formation [7-9] and to correctly interpret the dating results [10-12].

Rb-Sr and Sm-Nd isotope studies were conducted using the method described in [13]. Isotopic
measurements were made on a ThermoFinnigan MAT TRITON mass-spectrometer (CIS, Karpinsky
Institute, analyzed by E.S.Bogomolov) in a static regime.

To calculate eng(7) values, we used the following modern isotopic ratios for a homogeneous chon-
dritic reservoir (CHUR): 2#Sm/***Nd = 0.1967 and **3Nd/***Nd = 0.512638 [14]. A model age for a one-
stage model of Tna(DM) was calculated relative to relatively depleted mantle (DM) with the parameters
147Sm/MNd = 0.2136 and 3Nd/***Nd = 0.51315 [15]. Mineral symbols are used as per [16].

Results

Geologic-petrographic description. We have identified three rock groups in the Saltakh Massif
study areas: two-pyroxene schists (metagabbroic rocks); two-pyroxene and orthopyroxene gneisses
(metadiorites and metatonalites); and granitoids.

Two-pyroxene schist — their texture is generally massive and chaotically gneissoid (flaser).
Cataclastic varieties display a banded texture. Thin sections are dominated by a granohetero-
blastic structure, and a relict gabbroic structure persists locally. We identified two rock varieties:
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in one variety, the concentration of plagioclase is either equal to or less than that of dark-colored
minerals, while in the other, plagioclase is clearly dominant.

The melanocratic varieties of the schist samples analyzed show the following mineral composi-
tion, vol.%: Pl (Ansssg) 45-50, Cpx 20-25, Opx 5-10, Bt 10-25, Mag 4, Iim 1, Ap 1. Leucocratic
schist varieties have the following mineral composition, vol.%: Pl (Anso) 55-60, Cpx 15, Opx 5,
Bt 18-20, Mag 4, llm 1, Ap 1.

Plagioclase often forms isometric grains with fractured margins and no twinning. The granulated mass
occasionally contains superposed quartz and K-feldspar. Plagioclase occurs mainly as andesine-labradorite.
Bitownite is occasionally present (Anz2) in the Ulkhan Massif, where original rocks are better preserved.

Clinopyroxene of the diopside-hedenbergitic series forms irregular isometric grains and often
replaces orthopyroxene. Clinopyroxene crystals generally contain the decay structures and twins of
solid solutions with thin orthopyroxene laminae. TiO2 concentration in the clinopyroxene is as low
as 0.06-0.25 wt.% [2].

Orthopyroxene occurs as hypersthene and bronzite, which display pleochroism in pink tones,
forming irregular and short-prismatic grains. Orthopyroxene is replaced by clinopyroxene, biotite,
and amphibole with magnetite grains. It contains less TiO2 (0.02 wt.%) than clinopyroxene [2].
Apatite is regularly distributed, forming isomorphic grains often showing hexagonal cross-sections.

A distinctive feature of two-pyroxene gneisses is the presence of antiperthitic plagioclase, quartz and
orthopyroxene, which dominates over clinopyroxene. Their mineral composition vol.%: Pl (Anzo-ss) 55-70,
Qz 10-15, Opx 6-10, Cpx 4-5, Bt 5-10, Or 0-8, Mag 2, lim 1, Ap 0.5.

Red-coloured gneissose granites (sample 347) show the following mineral composition vol.%: Kfs 35,
PI (Anzo-30) 30, Qz 28-30, Bt 3, Mag 1. Single coarse grains occasionally contain Ap and Ttn, Zrn, and less
often Mnz and Rt. Orthopyroxene, replaced by biotite and iddingsite, is occasionally present. Plagioclase
is often antiperthitic and is corroded by quartz and orthoclase.

Alaskitic gneissose granites (sample 673) consist, vol.%: Kfs 37, Qz 32, Pl (An12) 27. Microcline
aggregates are commonly larger (1-3 mm across) than plagioclase. They often contain relics of myr-
mekitized plagioclase and orthoclase. Dark-coloured minerals are present as biotite and ore minerals
such as magnetite and ilmenite. Articulate twins of rutile are occasionally derived from ilmenite.
Grains of Ap, Zr, Mnz, and Aln are scarce.

Petro-geochemical types of rocks. The geochemical features of the rocks were studied based on
13 original analyses (Table 1). In addition, we used earlier evidence to understand better the petro-
chemical characteristics of the samples, such as 18 silicate analyses of two-pyroxene crystalline
schists and gneisses (metadiorites) from the Saltakh Massif [2] and three analyses of crystalline
schists (metagabbronorites) from the Ulkhan Massif. The Saltakh Massif [2] contains rocks ranging
from monzogabbro to granodiorites, but as rock migmatization is ubiquitous, a TAS diagram can
hardly be used. Since intermediate to mafic rocks prevail, our classification was based using all major
rock constituents (Fig.2, a) and diagrams for the relations of relatively immobile high-charge ele-
ments Zr/Ti-Nb/Yb (Fig.2, e), equivalent to a TAS diagram (J.A.Pearce, 1996), and a Th-Co diagram
(Fig.2, f), equivalent to a K2O-SiO; diagram [17]. The correlation of normative feldspars was used
for the classification of felsic rocks (Fig.2, d) [18].

The chemical composition of two-pyroxene schist (Table 1, Fig.2, @) is similar to that of gabbro
(sample 672c, 672b), gabbronorite (Ulkhan Massif), and monzogabbro (samples 672, 672a, and 696).
They are comparable in trace element concentration (Fig.2, b) to normal alkaline basaltoids. In the
AFM diagram (Fig.2, c), the rocks are part of a calc-alkaline series. Earlier analyses indicated higher
iron concentrations, which likely resulted from the distinctive analytical identification of elements by
the wet chemistry method and a laboratory error.

The samples show a potassium type of alkalinity KoO/Na,O = 1.0-1.6, except for cataclastic
rocks enriched in plagioclase with superposed quartz (sample 694-696, K>.O/Na,O = 0.2-0.5).
Figure 2, f shows that in Th-Co coordinates, all the rocks are part of a calc-alkaline series. However,
it should be noted that Th is depleted during granulite-facies metamorphism. In the Ce/Yb-Ta/Yb
diagram, the rocks are clearly plotted in the shoshonitic series, which separates calc-alkaline and
shoshonitic series using the poorly mobile elements Ce, Yb and Ta (Fig.2, h) [19, 20].
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Table 1
Contents of major (wt.%) and trace (ppm) elements in the rocks of the Saltakh Massif
;r&ucrl)(ss Opx-Cpx shists Cpx-Opx plagiogneisses Gneissose granites
Sample 672¢c 672b 672 672a 696 696a 695 696b 346 347a 694 347 673
SiO2 50.9 50.7 516 | 50.8 | 53.0 62.4 63.4 66.3 62.3 64.6 68.2 70.2 75.2
TiO2 0.88 0.89 129 | 1.31 | 1.16 0.92 0.72 0.69 0.49 0.35 0.57 0.23 0.01
Al203 11.3 11.4 16.3 | 164 | 18.0 16.1 15.9 15.3 16.4 16.8 14.9 15.5 13.9
Fe20s 3.82 4.18 363 | 532 | 301 2.07 2.06 2.23 2.36 1.44 2.15 1.28 0.48
FeO 4.42 4.61 487 | 3.79 | 4.06 3.25 2.34 1.39 2.44 211 1.39 0.97 0.13
MnO 0.18 0.21 0.13 | 014 | 0.11 0.09 0.06 0.07 0.09 0.08 0.06 0.03 0.02
MgO 10.5 10.2 6.03 | 5.99 | 543 3.06 3.05 1.80 2.64 1.89 2.11 0.64 0.18
CaO 11.4 11.7 7.36 | 7.30 | 6.86 5.06 4.62 5.62 5.32 4.32 4.96 1.46 0.68
Na20 2.0 221 336 | 347 | 5.14 4.70 4.46 4.95 3.84 3.61 3.83 2.75 2.65
K20 2.89 2.29 346 | 341 | 167 1.39 2.13 0.79 2.64 3.60 0.70 6.05 6.27
P20s 0.48 0.50 069 | 0.68 | 0.34 0.27 0.22 0.20 0.22 0.18 0.18 0.14 0.02
LOI 0.52 0.43 047 | 052 | 061 0.30 0.68 0.41 0.76 0.78 0.68 0,55 0.34
Total 99.29 | 99.32 | 99.19 [99.13| 99.39 | 99.61 | 99.64 | 99,75 | 99,50 | 99.76 | 99.73 | 99.80 | 99.72
Th 1.84 1.67 178 | 2.11 | 0.69 0.50 0.34 0.97 6.13 2.25 4.55 21.2 0.20
U 0.54 0,46 066 | 0.72 | 0.20 0.12 0.13 0.18 0.19 0.25 0.71 0.80 0.17
Rb 163 136 133 141 27.4 17.8 55.2 4.46 66.7 74.2 4.14 149 143
Cs 2.03 0.95 138 | 1.71 | 0.36 0.26 0.37 <0.1 0.27 0.22 0.11 0.27 0.22
Ba 1730 986 2210 | 2200 | 292 365 506 255 996 1120 | 80.9 | 1960 425
Sr 493 377 997 849 441 494 517 404 646 617 495 498 206
La 20.3 239 28.3 | 30.7 | 39.6 21.7 23.9 25.6 323 25.7 23.7 52.2 5.41
Ce 45.6 53.5 65.3 65 117 48.7 474 50.7 64.6 489 479 94.1 6.27
Pr 5.86 6.72 8.86 | 8.84 | 16.6 6.39 5.42 5.88 7.02 5.34 5.54 9.22 0,46
Nd 25 27 383 | 36.1 | 69.8 259 224 225 25.4 20.2 20.6 325 1.37
Sm 5.08 5.29 6.44 | 6.42 | 115 4.02 3.56 3.52 3.66 3.06 3.63 3.54 0.20
Eu 1.32 1.21 212 | 1.95 | 230 1.30 1.10 1.14 1.08 0.87 0.87 0.91 0.58
Gd 3.84 4.29 502 | 4.89 10 3.25 2.97 3.15 2.94 2.39 2.68 2.17 0.11
Tb 0.62 0.65 059 | 0.66 | 1.40 0.46 0.42 0.45 0.41 0.29 0.38 0.26 0.02
Dy 3.18 3.17 326 | 324 | 7.26 251 2.00 2.40 2.08 1.55 1.94 1.04 0.10
Ho 0.70 0.65 055 | 0.61 | 1.47 0.47 0.40 0.44 0.33 0.26 0.33 0.14 0.02
Er 1.59 1.74 136 | 1.52 | 3.99 1.12 1.07 1.12 1.03 0.70 1.06 0.33 0.05
Tm 0.24 0.24 021 | 022 | 0.64 0.20 0.13 0.17 0.14 0.11 0.16 0.06 0.01
Yb 1.67 1.63 161 | 143 | 4.16 1.26 1.01 1.20 0.85 0.70 0.84 0.47 0,09
Lu 0.19 0.26 0.17 | 0.21 | 0.57 0.18 0.14 0.15 0.15 0.12 0.15 0.05 0.01
SREE 115 130 162 162 286 118 112 118 142 110 110 197 14.7
Zr 117 99.2 132 132 213 165 154 159 110 125 141 241 21.2
Hf 3.61 3.24 328 | 330 | 548 3.99 3.42 3.61 2.88 3.09 371 5.97 0.88
Ta 0.33 0.41 0.44 | 047 | 0.92 0.49 0.35 0.90 0.14 0.21 0.91 0.05 0.05
Nb 5.68 6.46 832 | 844 | 165 9.19 6.53 9.46 4.13 4.73 8.61 2.05 0.25
Y 16.2 16.5 15.3 15.3 43.4 12.8 10.7 11.6 9.55 7.04 9.69 4,14 0.64
Cr 450 450 595 | 56.1 111 94.8 107 85.8 54.3 40.2 118 42.0 14.4
Ni 125 127 51.7 | 420 107 66.8 45.9 322 19.6 18.2 322 4.65 2.82
Co 445 48.6 355 | 36.7 | 255 17.0 15.9 11.8 15.5 10.1 9.83 4.36 1.00
Sc 38.3 46.0 182 | 178 | 171 8.58 9.42 7.76 10.9 7.29 6.24 1.94 0.10
\Y 217 206 159 177 119 92.7 88.0 719 825 58.8 76.8 26.0 4.47
Pb 8.38 7.75 17.1 13.7 5.64 5.75 6.78 4.24 16.0 175 4.28 32.0 29.2
Ga 13.9 134 17.7 18.6 23.0 19.2 19.8 17.5 17.1 15.6 17.8 13.8 13.2
mg# 70 69 57 55 59 52 56 49 51 50 53 35 35
Eu/Eu* 0.91 0.78 1.14 | 1.06 | 0.66 1.10 1.03 1.05 1.01 0.98 0.85 1.0 12
(La/Yb)n 8.2 9.9 11.9 14.5 6.4 11.6 16 144 25.6 24.8 19 75 40
SrlY 30 23 65 55 10 38.6 48 35 67.6 88 51 120 322
Nb/Ta 17 16 19 18 18 19 19 11 30 23 10 41 5

Note. The chemical composition of the rocks corresponds to the samples 672c, 672b — gabbronorites; 672, 672a — gabbro;
696 — gabbrodiorites; 696a, 695, 696b — quartz diorites; 346, 347a, 694 — tonalites; 347, 673 — granits. Rocks in the samples 694-696
cataclazed and quartered.
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Melanocratic schists are Mg-richest (mg# = 69-70). They contain high Cr, Ni and V concentra-
tions. The spidergrams (Fig.3, a, b) show positive anomalies for Ba, Rb, and Pb, and negative anomalies
for Ta, Nb, and Zr. The rocks are enriched in REE (XREE = 115-130 ppm), with an indistinct Eu-
minimum (Eu/Eu* = 0.78-0.91) and fractionated REE distribution (La/Yb)n = 8.2-25. In schists with
more plagioclase than mafic schists, the mg# value decreases to 55-57. The spidergrams are similar,
but the Ba concentration is higher (2200 ppm). The presence of a positive Sr anomaly increases Sr/Y
ratio to 23-30 for melanocratic crystalline schists and 55-65 for plagiocrystalline schists. REE con-
centration increases (XREE = 162 ppm) mainly due to light lanthanides, resulting
in a (La/Yb)n value of 11.9-14.5 and the formation of a positive Eu anomaly (Eu/Eu* = 1.06-1.14).
Cataclased and silicified crystalline schists (sample 696) contain the highest REE concentrations
(XREE = 286 ppm), show the Eu-minimum (Eu/Eu* = 0.66), and their REE-spectrum in the LREE
field is convex.

Two-pyroxene plagiogneisses, which are petrochemically equivalent to diorites and quartz dio-
rites, plot in the tonalite field based on their normative feldspar ratio (see Fig.2, d). In two cases, they
are present in the granodiorite field (samples 346 and 347a, K2O/Na>O = 0.7-1.0). Most rocks of this
group display positiveanomalies for Rb, Ba, and Pb, and negative anomalies for Ti, P, Nb, and Ta,
with occasional anomalies for Th and U. The REE spidergrams are asymmetric, showing fractionated
distribution in the L- and MREE fields and a flat distribution for HREE, beginning with Ho
(Ho/Yb)n = 1.07-1.15. The Eu anomaly is either poorly-defined or absent (Eu/Eu* = 0.85-1.10).

Rocks with high K>O concentrations (sample 346 and 347a) display positive anomalies for Rb,
Ba, Pb, and Sr, the highest depletion in Ta and Nb, and high Sr/Y (68-88), Nb/Ta (23-30), and
(La/YDb)n (248-25.6) ratios. Cataclastic varieties of two-pyroxene gneisses (samples 694 and 695)
contain low concentrations of K, Cs, Rb and Ba, and elevated concentrations of U and Th. Zr/Y ratio
of 5-17.8 and La/Yb ratio of 9-38 markedly exceed the indicator values for separation of tholeiitic
and calc-alkaline series (> 4.5 and > 5.3, respectively) [24], indicating that the rocks discussed are
part of a calc-alkaline series (Fig.2, g).

Granitoids are described as Mg-rich, calc-alkaline, and peraluminous (ASI = 1.12-1.14). They
have potassium levels comparable to shoshonites. The trace-element and rare-earth element spectra
of gneissose granites (sample 347) are similar to those of the two-pyroxene gneisses, displaying
positive anomalies for Rb, Ba, Th, and Pb, and negative anomalies for Ti, Ta, Nb, and P. A high Sr/Y
ratio of 120 and the highest Nb/Ta ratio of 41 were revealed. The REE spectrum is similar to that of
two-pyroxene gneisses, and Eu-minimum is absent (Eu/Eu* = 1.0), but REE distribution is more
fractionated (La/Yb)n = 75.

Alaskitic granites (sample 673) display positive Rb, U, Pb, Sr, and Eu anomalies, with the highest
Sr/Y ratio of 322 and the lowest Nb/Ta ratio of 5. The rocks are depleted in REE (XREE = 14.7 ppm),
and show a fractionated REE distribution with (La/Yb)n = 40. The REE spectrum in the Er-Lu zone is
convex, and there is a well-defined positive Eu anomaly (Eu/Eu* = 12).

U-Pb age. Zircon age dating (Table 2) was conducted for five samples: two-pyroxene schists
(samples 672 and 696), two-pyroxene plagiogneisses (samples 696a and 346), and alaskitic gneissose
granites (sample 673). For sample 672, we obtained only metamorphic zircon with discordant
U-Pb age values. The upper intersection of the Discordia curve from six analyses yields an age of
1991423 Ma.

In Opx-Cpx schists (sample 696) of metagabbrodiorite composition, zircon occurs as grey rounded
50-100 um long short-prismatic grains with the elongation coefficient (EC) of 1-2. The well-defined BSE
image (Fig.4, a, b) shows cores portions with sectoral and oscillatory zoning, and two types of shells: thin
white, light-grey, and wider dark-grey to black. The cores have median concentrations of Th at 156 ppm
and U at 237 ppm, with a Th/U ratio of 0.65. Two grains with analytical points 1.1 and 6.1 show higher
Y 1198-1593 ppm and REE 959-1345 ppm concentrations (Table 3). The REE spectra (Fig.5, a)
clearly show positive Ce (Ce/Ce* = 8.38-33.4) and negative Eu (Eu/Eu* = 0.38-0.80) anomalies.
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Fig.3. Multi-element diagrams for Saltakh Massif rocks: a, b — Opx-Cpx schists;
¢, d — Cpx-Opx plagiogneisses; e, f — gneissose granites.
Concentrations were normalized for the primitive mantle and CI chondrite compositions after [25]. For sample numbers, see Table 1
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The REE distribution pattern is generally consistent with magmatically derived zircon, displaying a steep
slope from La to Lu with positive Ce and negative Eu anomalies. In the HREE field, the spectra do not
extend outside the magmatic zircon field, while the zircon is richer in LREE than a magmatic type
(Fig.5, a). The entire zircon deviates in REE (Fig.5, g) from a magmatic type, occurring in the porous
zircon field. U and Ca concentrations are low (Fig.5, h).

The shells show a lower Th/U ratio of 0.16-0.23, Th concentration of 85.2-206 ppm, U concen-
tration of 528-917 ppm, and P concentration is lower — 108-136 ppm. Ce anomalies are weaker than
those in the cores (Ce/Ce* = 4.87-7.65), but positive Eu anomalies are present (Eu/Eu* = 1.08-1.18).
REE concentration in the shells are lower than in the cores (XREE = 164-378 ppm), and the
REE distribution spectra are more subdued, showing a low (Sm/La)n ratio of 1.44-2.67. Metamorphic
zircon with low Th concentration and a low Th/U ratio is crystallized near the solidus line simultaneously
with monazite and allanite, which are known as major Th concentrators [26]. However, Th/U ratio
decreases here due to the growth of U in zircon. P, Y, and £REE decrease probably due to the simul-
taneous zircon and apatite crystallization.

A positive Ce anomaly indicates oxidation conditions during zircon crystallization. The reduced
pattern of Ce-anomaly in zircon shells indicates a decline in oxygen activity. A negative Eu anomaly
in zircon cores suggests that plagioclase was crystallized together with zircon. A positive Eu anomaly
in zircon shells indicates that plagioclase is dissolved, and the zircon crystallization medium is en-
riched in europium. Maximum age values of 2°’Pb/?%Pb in the cores are 2103+19 Ma. The upper
intersection of the Discordia line from seven measurements yields an age of 2086+8 Ma (see Fig.4, b).
Shells that are grey in cathode luminescence (CL) contain more uranium, and show a mean Th con-
centration of 134 ppm, U concentration of 456 ppm, and a Th/U ratio of 0.28. A cluster of measure-
ments made for the shells yields the value 1971+10 as the upper intersection of the Discordia line
from three measurements, indicating multiple partial melting processes. Thin white shells have not
been studied due to their thinness.

Cpx-Opx plagiogneisses (sample 696a), petrochemically equivalent to quartz metadiorites,
contain zircon similar to sample 696 (Fig.4, c, d). Shells that are white in CL are wider and can thus
be dated. The cores of grains displays the following mean concentrations, ppm: Th 134, U 317,
Th/U 0.40, Y 624, Nb 25; XREE = 524. The increase in REE concentration is accompanied by a
decrease of the Eu-minimum. The Eu/Eu* ratio is generally 0.33-0.66, while at points 1.1
and 4.1, where XREE increase to 564-598 ppm, the Eu-anomaly increases and becomes positive
(Eu/Eu* = 1.03-2.89). Zircon cores, like those in sample 696, are enriched in LREE (Fig.5, b), but
some of the cores are enriched in Ca (Fig.5, h). The Discordia line, constructed from nine measure-
ments in zircon cores, yields an upper intersection at 2100+7 Ma (Fig.4, d), which is accepted as the
time of zircon crystallization in the magmatic protolith of two-pyroxene plagiogneisses.

The shell, which is white in CL, with the analytical point 9.1, shows an age of 1986+26 Ma and
low Th (24) and U (48) concentrations (ppm), but a Th/U ratio of 0.51 is similar to that of magmatic
zircon. Negative Eu anomaly (Eu/Eu* = 0.65) and positive Ce anomaly (Ce/Ce* = 19.8) are well-
defined. At this point, REE concentration is lower than in the cores (Fig.5, c), and the Eu-minimum
decreases (Eu/Eu* = 0.65). Later shells that are dark in CL (points 8.1 and 10.1) show higher con-
centrations than in white shells, ppm: Th 56-100, U 701-786, and a low Th/U ratio of 0.08-0.13 typical
of metamorphic zircon. They generally show low REE (XREE = 192-239 ppm), Y of 156-238 ppm,
and Ce/Ce* of 3.22-3.58, but they are enriched in Eu (Eu/Eu* = 1.54-2.92), Li 9.72-11.36 ppm, and
Hf 15124 ppm. The Discordia line from three measurements in metamorphic shells yields an upper
intersection with an age of 1984+11 Ma indicating the time of metamorphism.

Cpx-Opx plagiogneisses (sample 346), petrochemically equivalent to metatonalites, contain grey
zircon crystals with yellow and pink shades of colour. These semi-transparent, subidiomorphic crys-
tals exhibit thin, well-defined growth zones under an optical microscope (Fig.4, e, f). The crystals are
100-220 um long, with their EC of 2-4. The zircons are dark in Cl and their zoning is either oscillatory
or is present as relics.
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Fig.5. Geochemical diagrams for zircon from Saltakh rocks: a-e — diagrams showing REE distribution in zircon from samples 696,
696a and 346. Concentrations normalized for CI chondrite composition after [25]. Grey field — magmatic zircon composition
after [28]. Numbers of spectra are consistent with the numbers of analytical points in Fig.4 and in Table 2; f — types of zircon

in (La/Gd)n-U+Th diagrams (after [29], arrow indicates a LREE concentration trend, provoked by the damage of the crystalline
lattice due to radioactive irradiation); g, h — (Sm/La)n-La and Ca-U diagrams after [30]. Porous zircon is understood as altered
magmatic zircon produced by dissolution-redeposition in the presence of water fluid [31]
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The zircons contain, ppm: Th 149-494, U 453-713, and Th/U 0.17-0.46. Their distinctive feature
is LREE concentration (Fig.5, d, f). Their REE-richest spectra (XLREE = 185-558 ppm) are shown
in Fig.5, e. Based on its LREE enrichment, the mineral falls within the porous zircon field, (Fig.5, g).
Ca concentration is also high (Fig.5, h). The zircons exhibit a poorly defined positive Ce anomaly
(Ce/Ce* = 1.33-2.91) and and a poorly defined Eu-minimum (Eu/Eu* = 0.35-0.67). The Eu/Eu* ratio
shows a positive value (1.37) in zircon with point 9.1. Characteristic Hf concentrations range from
10908 to 19615 ppm.

Most of the figurative points of zircon form a compact field on the Concordia line. A concordant
age of 2025+7 Ma was obtained for eight points (see Fig.4, e, f), except for a grain with an analysis 5.1
showing 8 % discordance and a grain at 2.1, with an age of 1945+8 Ma. The discordant grain with
analysis 5.1 contains anomalously high Ca, Sr, P, Y, REE, Th, U, and Hf concentrations.

Zircon from sample 346 has a low (Lu/Gd)n value of 16.3-34.6. In LREE-richest grains (analytical
points 1.1, 6.1, 9.1 and 10.1) a low (Lu/Gd)n value of 9.9-12.2 suggests the presence of garnet in
paragenesis during zircon crystallization.

Zircon from the alaskitic gneissose granites (sample 673) appears as grey transparent and semi-
transparent, prismatic, and rounded idiomorphic to subidiomorphic crystals. The crystals are 200-400 pum
in length with an EC of 1-2. Zircon grains in CL are polygenic, with occasionally identifiable cores
and shells. Many grains exhibit coarse concentric and mottled zoning. Zones that are light in CL
contain 97 ppm of Th and 83 ppm of U, with a Th/U ratio of 1.22. The grain margins are generally
black in CL, containing higher Th (258 ppm) and U (134 ppm) concentrations and have a Th/U ratio
of 0.67. The Discordia line from 10 analyses yields an upper intersection age of 1969+7 Ma, which
coincides with the age 1971+10 Ma of black shells in sample 696, suggesting the age of rock
anatexis in the Saltakh zone and the crystallization age of alaskitic anatectic melt.

The isotopic Sm-Nd and Rb-Sr systems of the analyzed rocks were studied in five samples
(Table 4). In most rocks, 14’Sm/*4Nd ratios vary slightly (0.10-0.11), generally lower than a medium
crustal value (0.12). All the rocks have positive eng(T) values ranging from +1.9 to +4.1. Their points
are plotted just below the Nd evolution line in a depleted mantle source (Fig.6, a), indicating a magma
source had a very short crustal prehistory. Only the gabbroic rocks of sample 696 align with the
mantle sequence of rock evolution (Fig.6, b). The other rocks deviate due to enrichment in radiogenic
strontium. Schists in sample 672c exhibit anomalous Nd isotopic characteristics, likely due to

multiple processes.
Table 4

Nd and Sr isotope composition on the rocks of the Saltakh Massif

Sample | Age, Ma | Sm, ppm | Nd, ppm | #7Sm/*Nd | “3Nd/*Nd | ena(T) T(N%EM’ Rb, ppm | Sr, ppm | &Rb/BeSr | 7Sr/8Sr | 6(T)
346 2025 3.94 24.9 0.0957 0.511397 2.1 2.26 65.9 727 0.2621 | 0.710767 12.0
672 2100 6.79 37.8 0.1085 0.511515 1.9 2.36 133 1116 0.3454 | 0.713067 8.37
672¢c 2100 4.49 18.5 0.1469 0.512868 18 - 148 526 0.8136 | 0.728116 21.0
696 2100 13.9 73.6 0.1144 0.511683 3.6 2.25 29.5 512 0.1667 | 0.707128 0.77
696a 2100 4.96 27.7 0.1082 0.511621 4.1 2.20 18.6 545 0.0986 | 0.706265 17.8

Discussion

The Saltakh Massif consists of granulite-facies two-pyroxene schists and plagiogneisses. A dif-
ferentiated series of rocks, ranging from gabbro to tonalities, was reconstructed, based on their chem-
ical composition. Despite granulite-facies metamorphism, Saltakh rocks have many features indica-
tive of a shoshonitic type. It has been noted in [32] that shoshonitic series have a high K2O/NaxO ratio
> 0.5, normative hypersthene + olivine, low iron, high LILE, high but variable Al,O3 (9-20 wt.%) and

31
This is an open access article under the CC BY 4.0 license



iz Journal of Mining Institute. 2025. Vol. 272. P. 16-39
X8 © Nikolai I. Gusev, Lyudmila Yu. Romanova, 2024

end(T) en(T) DMM

6 - 6 - il ')\
1 S (&)
4l ot . | D %«, ©69%a
A5 S %, B
XS © %

& &
oA >
V) > 7 672
2| Am S z AT
672 &
0 d T T z T T T T T 0 T T T T T T T L
20 22 24 26 28 30 30 20 -10 0 10\ 20 es(T)
] Age, Ga 72l

Fig.6. Diagrams of end(T) — age (a) and end(T) — esr(T) (b) for Saltakh Massif rocks. DMM, PREMA, HIMU reservoirs
were normalized for their modern isotopic parameters after [33]. Primary isotopic ratios and end(T) and esr(T) values
were calculated using values for CHUR *3Nd/***Nd = 0.512638, ’Sm/*Nd = 0.1967; UR 87Sr/86Sr = 0.7045,
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low TiO2 concentration. Shoshonites are enriched in both alkaline and alkaline-earth elements, as
well as in P, Ce, and Sm, while the concentrations of other incompatible elements, such as Ta, Nb,
Zr, Hf, Ti, Y and Yb, remain low [20]. In spite of the slight prevalence of K over Na in some rocks,
it is elevated Ce and low Yb concentrations that were responsible for the presence of Saltakh rocks
in the shoshonite field (see Fig.2, h).

Saltakh rocks are rich in magnesium: mg# is 55-70 in two-pyroxene schists and 50-56 in two-
pyroxene plagiogneisses. The protoliths of mafic granulites display the cumulative accumulation of
plagioclase. Hence, Al,O3, Sr, Ba and REE concentrations increase and positive Eu anomaly appears.
Geochemical features ([34] such as MgO/FeOt < 1.39; TiO2 < 0.41 wt.%; Yb < 1.36 ppm;
Sc 38-46 ppm; Eu/Eu* = 0.78-0.91), indicate that the protoliths of melanoschists are non-cumulative
rocks, while those of leucoschists (Sc < 33 ppm; Eu/Eu* = 1.06-1.14) are intermediate between
cumulative and non-cumulative gabbroic rocks.

Plagiogneisses of diorite composition contain lower Yb (1.02-1.26 ppm), and have more
fractionated REE (La/Yb)n = 11-16. As their silicic acid content increases, Y decreases from 16.5
to 9.55 ppm and the Sr/Y ratio increases to 35-48. The elevated Sr/Y ratio (> 20) is attributed to
an abundance of water in the melt, which contributes to the crystallization and fractionation of a
phenocryst phase (amphibole and/or biotite), while suppressing plagioclase crystallization [35].
This process is most distinct in two-pyroxene gneisses of tonalite composition (samples 346 and
347a), Sr/Y = 67.6-88. Tonalites are more depleted in HREE (La/Yb)n = 24.8-25.6, likely due to
garnet fractionation. The presence of garnet in the restite is supported by trace element concen-
trations in zircon, with a low (Lu/Gd)n value (zircon of sample 346, (Lu/Gd)n = 9.9-12.2) indi-
cating the presence of garnet in paragenesis upon zircon crystallization. Garnet fractionation
is indicated by the increase in (Dy/Yb)n [36] zircon in mafic rocks (Dy/Yb)n = 1.23-1.26 to
1.43-1.58 in felsic varieties.

The geochemical characteristics of tonalites suggest that the melt was formed at depth in equi-
librium with a garnet-bearing association. Garnetiferous rock varieties are fractionated under similar
high-pressure conditions in an aquatic medium, resulting in the formation of TTG-rocks in the lower
zone of the island-arc crust [37].
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Differences in the geochemistry of potassium granites are noteworthy (see Fig.3, e, f). Gneissose
granites (sample 347) form bands within tonalites. They differ in REE distribution from the 1967+7
Ma anatectic gneissose granites of sample 673 but are similar to tonalites of samples 346 and 347a
dated at 202547 Ma. Their trace and rare-earth distribution spectra are conformal, showing slightly
higher concentrations of Rb, Ba, Th, Pb, Zr, and LREE, but with better-defined depletions in Ti, Ta,
Nb, P, and HREE. It appears that the granites of sample 347 were produced by a 2025+7 Ma old
impulse of magmatism.

The age of the Saltakh Massif. Zircon monofractions from metadiorites in the northern zone
of the massif were dated — the results showed a U-Pb age of 2100-2086 Ma. The structure and
geochemistry of the dated zircon cores indicate its magmatic origin. In sample 696, a maximum
age value in the cores is 2103£19 Ma, while an age of 2086+8 Ma was obtained from an upper
intersection of the Discordia line. For highly metamorphosed rocks, the age decrease along
the Concordia line could be due to the loss of radiogenic lead induced by prolonged impact of
granulite-facies metamorphism [38]. Thus, an age date of approximately 2100 Ma is the most
reliable estimate for the crystallization age of Saltakh gabbrodiorites and diorites.

A smaller concordant age of 2025+7 Ma was obtained for zircon from metatonalites (sample
346) in the southeastern portion of the massif. In CL, these zircons appear magmatic, but their geo-
chemistry differs from that of magmatic zircon due to enrichment in LREE. This type of enrichment
has been previously reported for porous zircon described as microporous zircon with hydrothermally
indicative geochemistry. Despite this, their morphology does not differ from that of magmatic zircon
magmatic zircon [31].

The main characteristic of “typical” REE distribution in magmatic zircon is the increase in REE
concentration from La to Lu, as the compatibility of REE with smaller ionic radii increases in this
direction in zircon at Lan > 10. Th zircon composition (see Fig.5, g) closely resembles the porous
zircon field, but in Fig.5, h, the LRRE-enriched analyses are in the uncertainty field. The anomalous
LREE enrichment in zircon could also be due to disequilibrated REE distribution between the rock
and the melt, defects imperfections in zircon’s crystalline lattice, radioactive U and Th decay damag-
ing zircon’s crystalline lattice and multiple hydrothermal processes [39-41].

Elevated LREE concentrations, caused by the presence of monazite or orthite aggregates in zir-
con fractures, are generally accompanied by an increase in Th [42]. However, in zircon from sample
346, U and Th concentrations are low, and Th does not correlate with LREE (Fig.5, f). If inclusions
were formed in fractures, then high- and low-LREE zircon analyses could be expected, but all the
analyzed zircon from sample 346 is enriched in LREE.

The damage of zircon’s crystalline lattice by radioactive U and Th decay is conducive to its
LREE enrichment affected by hydrothermal fluids [39] that induce cation exchange in the crystalline
lattice. Such enrichment is indicated by a positive correlation between U+Th and the increase of
LRRE indicated by a (La/Gd)N ratio [29]. As no correlation of this type has been revealed (Fig.5, f),
LREE enrichment is not related to radioactive irradiation.

The effect of fluid is felt in zircon with analytical crater 5.1, where the U-Pb isotope system is
distorted (discordance D =8 %), and non-formula element concentrations (Ca, Sr, P, Y, REE, Th, U
and Hf) in zircon are anomalously high [43]. In Fig.5, h, the grain is in the hydrothermal zircon field.
In other cases, the U-Pb system discordance is low, and non-formula element concentrations do not
differ markedly from those of zircon with a typical magmatic profile on other spidergrams, except for
the Ca enrichment of high-LREE zircon that is shown in Fig.5, h.

A quantitative assessment of the chemical alterations in zircon (LREE-I index after [44]
LREE-I = (Dy/Nd) + (Dy/Sm)) indicates that all of the zircon samples are altered
LREE-I = 1.5-8.3 (for altered zircon, this value is expected to be < 10).
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LREE enrichment, along with the disturbance of estimated zircon/melt distribution coefficients,
has been observed in zircon from sanukitoids. This is due to the originally imperfect structure of the
mineral formed upon the crystallization of zircon from melt at high temperature in an anomalous fluid
regime [6, 30, 45]. Both Saltakh rocks and sanukitoids [46-48] belong to the shoshonite series or are
related to it for tonalities in sample 346. This suggests high temperature crystallization and an anoma-
lous fluid regime leading to the LREE enrichment of zircon. LREE enrichment could have been
induced by the simultaneous crystallization of hornblende and clinopyroxene, which remove MREE
and HREE from the melt, causing the LREE oversaturation of the melt [29].

We interpret concordant U-Pb age of 2025+7 Ma obtained for porous zircon not as a sign of
rejuvenation provoked by hydrothermal alterations, but rather as indicative of the disturbance of the
U-Pb isotope system. Most of the age values obtained are concordant. In addition, similar isotopic
dating results for metamagmatic rocks have been obtained in the Khapchan belt, located 170 km south
of the Saltakh Massif, in the Khapchan prospect, where the concordant U-Pb age of zircon from the
dioritic protolith of two-pyroxene plagioschists is 209510 Ma, while the tonalitic protolith of two-
pyroxene plagiogneisses is 2030+17 Ma. Hence, the Saltakh Massif should be described as polychro-
mous, containing gabbro and diorites dated at ca. 2100 Ma and younger tonalites dated at 2025 Ma.

Geodynamic setting. Calc-alkaline and shoshonitic magmatism is typomorphic for active
continental margins. Shoshonitic magmatism in subduction orogens is generally simultaneous
with or takes place after calc-alkaline magmatism during postorogenic extension [49, 50]. Experiments
have demonstrated that the high-pressure fractional crystallization (10 kbar) of calc-alkaline
magma resulting in shoshonite formation, may take place at the base of thick crust in continental
or highly mature arcs [51]. The origin of shoshonitic magmatism is related to thermal events in
the mantle generally caused by slab detachment or underplating, which can be brought about
by the intrusion of basaltic magma into the lower portion of the crust upon extension [49].
Shoshonitic series are known in continental, oceanic, and postcollisional magmatic arc settings,
and in intraplate settings [19, 20].

According to the algorithm for assessing the geodynamic setting for rocks of potassium alkalinity
([19], the sequence of diagrams in Fig.7, a-d), Saltakh rocks do not fit the profile of intraplate mag-
matic products (Fig.7, a, b). InFig.7, c, d, they are classified as potassium magmatic products (derived
from shoshonitic magma) of continental arcs. It should be noted that metagabbroic rocks are con-
sistent with postcollisional arc rocks. A similar geodynamic setting is reconstructed using other
poorly mobile elements, e.g., Nb, La, Th and Yb (Fig.7, e, f).

The compositions of Saltakh rocks are plotted in the alkaline arc field (Fig.7, €). The position of
gabbroic rocks in the oceanic island field in Fig.7, f is likely due to the Th depletion of gabbroic rocks
during granulite-facies metamorphism. According to the authors of diagrams 7, e, f [34], the Aeolian [52]
and Apennine-Magrib arcs in the modern Western Mediterranean region [53], related to the postorogenic
extension of the Earth’s crust, are the tectonotype of modern alkaline arcs.

Available geochemical data indicate that the Saltakh zircon was formed in the continental crust
and was concentrated in the continental arc field (Fig.7, g). The upward elongation of the point field
is interpreted as the formation of magma from an enriched mantle source or the addition of crustal
material to the mantle source. In Fig.7, h, the zircon composition is positioned in the mantle rock
sequence, primarily due to low Yb concentration in zircon, supported by positive end(T) values
ranging from +1.9 to +4.1 for Saltakh Pluton rocks.

Thus, the geodynamic setting in which the Saltakh Massif was formed appears to be consistent
with a near-continental magmatic arc, which experienced postorogenic extension. Shoshonitic series
are generally formed in post-collisional, intra-arc, and back-arc rifts, when a compression setting is
followed by an extension regime.
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Age of metamorphism and anatexis. Earlier data for the Khapchan belt indicate that sedimentary
deposits were fully metamorphosed 1.97 Ga ago and later subjected to areal granulite-facies meta-
morphism, peaking at 1.91-1.92 Ga ago [55]. Studies in the Billyakh tectonic zone [1] suggest that
the Daldyn and Khapchan terrains collided between 1983+3 and 1971+4 Ma. While the current study
does not recalculate the time of collisional metamorphism, available age dates indicate distinct pattern
and sequence of metamorphic processes at the main stage of metamorphism.

Zircon from the dated samples reveals two types of metamorphic shells. Earlier zircon from the
shells (198626 Ma), which appears white in CL, is poorly preserved and is usually surrounded by a
later zircon rim (197110 Ma), which appears almost black in CL. These two types of zircon exhibit
the contrasting geochemical characteristics of Th/U, Eu/Eu* and Ce/Ce* ratios. Modelling [26] indi-
cates that the main factors affecting the Th/U value in suprasolidus metamorphic zircon include the
Th and U concentrations in the system, as well as the destruction and growth of monazite or allanite,
which are in equilibrium with zircon. Monazite and allanite, which are major Th-bearing phases
growing alongside subsolidus zircon, decrease Th concentration and thus reduce Th/U [26]. Zircon,
that formed during the early stages near the metamorphic peak, would show elevated Th/U values
(e.g., white shells with Th/U = 0.51), whereas zircon that formed closer to the solidus line would
display relatively low Th/U ratios (dark rims with Th/U = 0.08-0.13).

Zircon, which is white in CL, exhibits a higher Ce/Ce* = 19.8 and a better-defined negative Eu
anomaly, (Eu/Eu* = 0.65), indicative of its formation in the plagioclase stability field under high
oxygen fugacity conditions [56].

Zircon which is black in CL exhibits a positive Eu anomaly (Eu/Eu* = 1.54-2.92) but a weaker
Ce anomaly (Ce/Ce* = 3.22-3.58), characteristic of a highly reducing setting. Besides, the positive
Eu anomaly may result from the destruction of plagioclase (replacement of plagioclase by garnet and
pyroxene), enriching the zircon crystallization medium in Eu. Similar to dark zircon shells, anatectic
alaskitic gneissose granites (sample 673) also display well-defined positive Eu anomaly. However,
both types of zircon display relatively high (Lu/Gd)n ratios: 28.8 in white zircon and 51.9-53.3 in
black zircon, indicating the limited involvement of garnet in metamorphic paragenesis. This is likely
due to the pattern of their protolith (mafic rocks), where pyroxene, rather than garnet, was formed
under granulite-facies conditions.

The formation of alaskitic gneissose granites forming migmatite leucosome appears to be
associated to the metamorphic peak. They exhibit high K20, La/Yb, and Sr/Y ratios, and positive
Eu anomaly (Eu/Eu* = 12). This suggests partial rock melting provoked by potassium fluids re-
sulted in the accumulation of cumulative plagioclase in the migmatite leucosome, which took
place in equilibrium with garnet-granulite restite. The formation of leucogranites equilibrated
with garnetiferous restite is possible at a temperature of 680 °C and a pressure of 11 kbar, with a
high-water content [57]. The geochemical characteristics of alaskitic granites imply that plagio-
clase was involved in melting, provoking the Al, Sr, and Eu enrichment in the melt. The formation
of alaskitic granites is linked to collision processes, with an excessively aquatic type of melting
characteristic of collisional overthrusts, where a relatively cold inundated plate releases water
into a hotter upper plate [57]. Paleoproterozoic granites of alaskitic type, associated with large
lit-par-lit migmatite fields, are part of the Magan alaskitic-leucogranitic-migmatitic complex and
are widespread in the Anabar Shield [55]. This suggests that the intensity of alaskitic-granitic
magmatism is possibly related to collision processes. U-Pb dating indicates that the Magan com-
plex was formed 1984-1952 Ma ago [55]. The zircon from alaskitic gneissose granites (sample
673) provides a concordant age of 1967+7 Ma.
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Conclusion

The Saltakh intrusive massif, composed of gabbro-diorite-tonalit, was metamorphosed under granu-
lite-facies conditions and consists of two-pyroxene schists and plagiogneisses. Geochemical data indicate
that it was formed by crystallization of calc-alkaline and shoshonitic magma in the near-continental mag-
matic arc extension conditions. Its isotopic-geochemical characteristics, including positive ena(T) values
ranging from +1.9 to +4.1 and fractionated HREE, suggest that the melt was formed at depth in equilib-
rium with a garnetiferous association. U-Pb zircon dating (SHRIMP I1) reveals that Saltakh rocks intruded
between 2100-2025 Ma ago from a deep source, which had a short crustal prehistory (T(ng)DM = 2.20-
2.26 Ga). The age of the metaintrusive Saltakh rocks is consistent with that of the Khapchan orthogranu-
lites studied earlier [58], which are interpreted as part of a metamorphosed juvenile Paleoproterozoic
suprasubduction complex.
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Abstract

First quantitative estimates are presented for nitrogen isotopic fractionation during diamond crystallization with respect
to nitrogen-bearing fluid components using quantum-mechanical (DFT) calculations on the defect (with the substitutional
nitrogen) diamond lattice. Provided equilibrium isotopic fractionation, SN/*N ratio decreases within the sequence of com-
pounds NH4* > N2 > (diamond, NHs) > CHsN > CN™ > NH2. At temperatures of 1,100 to 1,200 °C fractionation among
diamond and fluid N-compounds are estimated at —2.23, —0.77, 0.01, 0.44, 1.31 and 2.85 %o, and substantially (over
1 %o) exceed the already available estimates based on the modeling diamond C-N bonds by analogy with HCN or CN~
molecules. Depending on the dominant nitrogen and carbon substance in the mineral-forming fluid, diamond formation
can be accompanied by different isotope compositional trends, as expressed either by zoned patterns within individual
diamond grains or by isotopic 8°N vs §*3C covariations during successive crystallization. Provided the dominance of
NHs component (the reduced conditions, high pressures and the cold geotherm) nitrogen isotope fractionation between
diamond and fluid does not exceed 0.1-0.2 %o and the isotope shifts at temperature ca. 1100 °C AN << A3C. In
nitrogen depleted reduced mantle fluids possible existence of compounds with low heavy isotope affinity at temperature
of diamond formation (especially NHz) implies high isotope fractionation between diamond and the fluid and hence,
evolved AN/AC ratios. Oxidized fluids dominated by CO2 or COs coupled with N2 component are characterized by
close to zero A®N/AC ratios as inferred by prevailing carbon isotope fractionation with respect to nitrogen isotopes,
the latter change considerably with nitrogen distribution coefficient among diamond and the growth media.
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Introduction

The conditions of diamond growth and transformation are reflected by the morphological proper-
ties, spectroscopic features, impurity compositions [1-3], and inclusions [4, 5]. One of the most im-
portant indicators of the formation conditions — isotopic composition of carbon in diamond — charac-
terize both the initial substrate (eclogites, peridotites, websterites, with different proportions of
sedimentary and mantle components) as well as a mineral-forming fluid (oxidized, reduced, mantle,
surface) [6]. Diamond can represent the most ancient isolated parts of the mantle [7] and thus retains
carbon isotopic labels from the early stages of the Earth formation. In addition to carbon, diamond is
characterized by significant amounts of nitrogen (up to thousands and even tens of thousands ppm in
subduction-related microdiamonds), the occurrence of which is driven by mineral-forming fluids [8].
The combination of isotopic systems 2C-13C and *N-°N is widely used not only to reveal the con-
ditions of formation, but also to characterize the cycles of carbon and nitrogen in deep conditions.
Very high retention of carbon and nitrogen in diamonds [9] encourages preservation of isotopic
systems both in conditions of formation at great depths (>110 km) and during rise to the surface.
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Hence, the two elements in diamond taken together provide a unique opportunity to study the Earth's
mantle down to depths of about 800 km and ages up to 3.5 billion years [10]. Considering generally
low nitrogen content in the upper mantle, diamond *°>N/*N isotopic ratio could be a sensitive indicator
of mantle and sedimentary reservoirs mixing [11].

The observed large variations of diamond isotopic composition can be explained by both isotopic
heterogeneity (including mixing) of the initial substrate and by fractionation of isotopes during crys-
tallization. Quantitative characterization for processes related to diamond genesis primarily requires
estimated isotope fractionation factors between diamond and the crystallization medium. Carbon
isotopic fractionation factors depending on temperature have been determined for many systems re-
lated to diamond formation, including diamond-CO., diamond-CaCOs, diamond-CHa, and a number
of others [12-14]. Unlike carbon isotopes, fractionation of nitrogen isotopes with diamond are barely
studied. There are still no experimental data on the distribution of nitrogen isotopes between diamond
and possible nitrogen-containing substances in diamond growth media. The available calculated
(theoretical) nitrogen isotopic fractionation factors are restricted to individual molecules (NH4",
NHs, N2) in equilibrium with arbitrary molecular analogues of the C-N bond of diamond, such as
HCN or CN™[9]. In the absence of more or less reliable determinations of nitrogen fractionation
factors between diamond and mantle fluids, it is impossible for example, to distinguish the processes
of mixing nitrogen of fluid from different sources, to assess the evolution of the isotopic composition
under various mechanisms of interaction between fluids and the nascent diamond, etc.

The present work aims to provide first quantitative estimates of equilibrium isotope fractionation
of nitrogen during diamond crystallization relative to nitrogen-containing fluid compounds using
quantum-mechanical calculations (within the framework of the density functional theory DFT) for
the defective (N-containing) lattice of diamond and N-containing molecules of the mineral-forming
fluid. For comparison, calculations were also carried out for diamond without nitrogen (fractionation
of carbon isotopes) and the carbon-containing fluid molecules.

Calculation methodology

Isotope fractionation factor between phases A and B, aas (Ra/Rs, R being the ratio of the atomic
concentrations of the heavier and lighter isotopes in a given compound) at isotopic equilibrium is
expressed by

1,000In 0t =1,000Inp, —1,000In ., (1)

in which p — values (the reduced partition function ratios of the isotopologues under consideration,
or so-called B-factors) without accounting for anharmonicity are calculated from the frequencies of
oscillations (phonon spectra) of isotopologues depending on temperature [15],

p-T1{% ) e | 2

sinh(0,5u, ) u.
In—; 2
smh(O 5u; ) Z' nui* @)

or, in logarithmic form:

Inp=>"In

u — the dimensionless frequency, u = hv/kT; v — the frequency of the harmonic oscillator;
T — temperature, K; h and k — are the Planck and Boltzmann constants; superscript * refers to the
heavier isotope; the subscript i numbers independent harmonic vibrational frequencies for a com-
pound. Summation is carried out for all vibrational states (3N-6 for nonlinear molecules, 3N-5
for linear molecules, 3N-3 for crystals); N — number of atoms of a compound. Hyperbolic sinus
sinh(x) = (exp(x) — exp(—Xx))/2.

Experimental vibrational frequencies are mostly known only for the prevalent isotopologues (or
for their natural mixtures) of individual substances. Therefore, to determine the values of v for the
expression above, calculations “from the first principles” (ab initio) are currently used based on the
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position of nuclei and the electronic properties of elements. In the present work, the vibrational fre-
quencies of isotopologous are determined by the “frozen phonons” approach of the density functional
theory as implemented in the CRYSTAL code (current version CRYSTALZ23 [16]) with a set of
Gaussian all-electron bases 6-311G(d). The basis sets for carbon and nitrogen are presented at the
program site (https://www.crystal.unito.it/Basis_Sets/). Before calculating the phonon spectra, the
parameters of the outer orbitals of the basic functions were optimized and the values of the vibration
frequencies for the crystal lattice of pure diamond and diamond with different nitrogen impurity con-
tents were compared, as well as structural optimization. Among the tested functionals of interaction
between atoms (including LDA, GGA, hybrid), the minimum discrepancy with the experimental
values of the calculated vibrational frequencies of pure diamond was obtained for the WC1LYP func-
tional. The energy convergence threshold for self-matched field (SCF) calculations was chosen at the
level of 10t amu. (Hartree) both during the optimization of the structure and calculation of vibra-
tional frequencies, and the truncation of the summation series was controlled by the parameters of the
CRYSTAL (TOLINTEG) program at values of (9; 9; 9; 9; 25).

Nitrogen in diamond occurs at various positions, including in place of carbon (substitutional nitro-
gen) and is present in various forms of aggregation [17]. Aggregated forms of nitrogen (A and B centers)
usually are not associated with the initial defect formation, but are considered as secondary products
during a long-term, of the order of billions of years residence (natural annealing) at high temperatures.
The aggregation is restricted to the displacement of atoms within separate grains and does not affect the
bulk isotope balance of diamond crystals. The present work deals with isotope effects associated with
the primary (during diamond growth) entry of nitrogen into carbon sites with the appearance of substi-
tutional nitrogen (C-centers). The possibility of nitrogen atoms being outside the C-center (dislocations,
between lattice nodes, etc.) is not considered, as well as the entry of nitrogen in the form of A-center
during crystallization [18]. Thus, carbon atoms were replaced by nitrogen atoms during calculations
and the most energetically advantageous configurations of atoms in the diamond structure with C-cen-
ters have been determined, followed by the phonon spectra determination for nitrogen isotopologues
and calculation of B-factors for substituted nitrogen. To adequately display real nitrogen concentrations,
the method of expanded cells (super cells) with the number of carbon atoms n = 16; 32; 54; 128
(replacing one carbon atom with nitrogen atom in the cubic lattice) was used. The convergence of the
results is achieved at n = 32-54 (corresponding to 20,000-30,000 ppm and exceeds maximum nitrogen
concentrations in natural diamonds). Further volume increase of expanded cells leads to large costs of
computing resources without any significant improvement of the results (including values of B-factors).

Calculations of B-factors for molecules representing possible fluid components during diamond
formation (the set of molecules such as NHs, NH4", and N has been accomplished by NH2, CHsN,
C2He in the work) included a sequence of nuclei coordinate optimization followed by vibrational level
determination and calculation of B values. The B3LYP hybrid functional and basis vector sets of the
TVZP quality in conjunction with the D3 dispersion correction [19], which minimized the discrepancy
between calculated and experimentally determined frequencies, were used for molecular calculations.
A more accurate presentation of the experimental spectra was achieved using the scaling factor,
SF [20], with the reduction of the calculated frequencies of the main isotopologues to the experimental
data together with the corresponding change of the frequencies of the heavier isotopologues.

Values of the B-factors were estimated from the expression (2) for temperatures from 0 to 2,500 °C
with a step of 10 °C, the corresponding dependencies were approximated by polynomials x = 108/T2 (K):

1,000In :Zaix‘. The results (Table 1) for diamond and molecular species are presented in the
form of the 5th degree polynomials (i = 6 for CO2 and NH2). The approximation error in all cases

does not exceed 0.02 % at temperatures above 100 °C and 0.04 % at temperatures above 0 °C (coef-
ficient of determination r? > 0.999).

Results

Table 1 shows the obtained temperature dependencies for determinations of diamond °*N/*N
[-factors. Estimates are based on calculations for an expanded cell of 54 atoms. As noted above, further
increase of the cell volume (with a corresponding decrease in the concentration of nitrogen in diamond)

42
This is an open access article under the CC BY 4.0 license


https://www.crystal.unito.it/Basis_Sets/

Journal of Mining Institute. 2025. Vol. 272. P. 40-50  [El¥ieE
© Dmitrii P. Krylov, 2024

with the substitution of one atom C => N does not yield any noticeable change in isotopic fractionation
factors. The Table 1 also lists newly calculated (NH2, CHsN) as well as previously known (N2, NHz,
NH4") results for probable nitrogen-containing components of mantle fluids, together with the results
for carbon B-factors of diamond without nitrogen impurities as well as p-factors of fluid-carbon com-
pounds. The presented data can be used to deduce (see expression (1) isotopic fractionation factors
for nitrogen (a®*#) and carbon (a!**?) between diamond and fluid components possible during crys-
tallization. Hereafter, isotopic fractionation factors are presented in the form of the conventional
values A = 1,000 In(a).

Table 1

Temperature dependences of 1000 Inp to calculate nitrogen and carbon fractionation between diamond and fluid

Compound a a | as a as as Source
15N/UN
oumos | 151355 | odsen | poze | ooy | ammiel || miswon
N2 15.27791 —2.088265 0.248047 —0.015932 0.0004036 - [21]
NH3 13.91689 —2.437494 0.339134 —0.023827 0.0006369 - [21]
NH4* 18.40726 -3.003117 0.397865 -0.027115 0.0007104 - [21]
Diamond (CN") 10.97264 —-1.275805 0.138451 —0.008467 0.0002086 - [21]
NH2 8.293659 -1.827601 0.351646 —0.038804 0.0021684 —4.751E° This work
CHsN 12.69071 -1.384621 0.155546 —0.009723 0.0002388 - This work
lSC/IZC
Diamond 20.931829 —0.859144 0.048253 —0.0020401 4,09635E° B This work
+0.10803P —-0.010389P +9.129E“4P | —4.8886E°P | +1.115E°P
Diamond 21.649 —0.9790 0.052834 70.0018779 0.30747?*‘ B [22]
0.10768P —0.0097P 0.00079P -3.7385E°P 7.6468E7P
Diamond 19.856 —0.4086 - - - - [23]
Diamond 20.398968 —0.858690 0.050281 —0.002209 4,56732E° [24]
Diamond 19.949068 —0.622300 0.014645 _ B B [6]
+0.08177P —0.00609P +0.00024P
COsz> 24.74146 —-1.08996 0.03178 - - - This work
CO2 31.32194 -3.969173 0.485570 —0.032037 0.0008268 - This work
CO2 30.48662 —4.092939 0.620806 —-0.061011 0.0032451 ~7.027E° [13]
CH4 20.23303 —2.915760 0.371371 —0.024974 0.0006513 - [9]
CH4 18.81124 -1.818667 0.136254 —0.005159 0.0000743 - [25]
CoO 17.00663 -1.647067 0.122574 —0.004226 3.76328E - [26]
C2He 20.71712 —2.397034 0.275367 —0.017105 0.0004143 - This work
C2He 19.84650 -1.631380 0.115636 —0.004252 0.0000601 - [25]
CHsN 22.33125 —2.555513 0.291656 —0.018280 0.0004487 - This work

Notes. The results recalculated in the form of of x polynomials [9, 21]; P, GPa dependence is estimated according to [22, (9)]; determi-
nations based on the density of states (DOS) obtained from inelastic neutron scattering [24]; DFT calculations at 0 < P < 80 GPa [6]; experi-
mental data [26]; temperature range: 0 < T < 1,000 °C [23]; 300 < T < 1,200 °C [26]; 0 < T < 800 °C [25]. Hyphen — not calculated.

In the temperature range within 1,000 and 1,400 °C (probable conditions of the lithospheric diamond
formation) isotopic fractionation factors estimated from the calculated values of 8 are shown in Fig.1 in
comparison with previously obtained results of the theoretical calculations. Such calculations of diamond
nitrogen isotopic fractionation have been based so far on p-factors of molecules, which are assumed to
represent C-N bonds in diamond. The molecules of HCN and CN™ are considered as the analogues [9].
At 1,127 °C, A®N between HCN molecule (diamond) and fluid is —2.3 (for NH3) and —1.1 %o (for Ny).
According to the results of the DFT calculations, isotopic fractionation between diamond and NH3

43
This is an open access article under the CC BY 4.0 license



E¥teEl  Journal of Mining Institute. 2025. Vol. 272. P. 40-50
B : © Dmitrii P. Krylov, 2024

4¢ molecule is nearly absent (—0.01 %o at 1127 °C),
N and between diamond and N2 equals, given the
\ same temperature —0.76 %o. The results differ by
2} 1 NH, —2.3 and 0.3 %.. A decrease of N/*N occurs in
£ CHNH the series of compounds NH4* > N2 > (diamond,
g [ NH3) > CH3N > CN™ > NHa. At temperature of
fé 0f— ; NFs 1,100 °C, fractionation between diamond and the
£ 4 N, above N-containing fluid compounds is estimated
S ———— T % ——nwup at-223 -077, 001 044, 1.31 and 2.85 %,
Lol == — T Ny respectively, and significantly (over 1 %o) exceeds
— — 8 estimates based on C-N bond in diamond by
3l —— NH, . -
- analogy with CN™ molecule.

gl — — NHp Significant discrepancies in the substitu-
tion of nitrogen bonds in diamond with the mo-
> ; . : y lecular bonds are due to substantially different

1,000 1,100 1,200 1,300 1,400 . .
T °C strength and nature of the bonds (which is
_ _ . _ manifested, for example, in the parameters of

Fig.1. Isotopic fractionation of nitrogen . . . . . .

between diamond and fluid vibrational spectra). Isotopic fractionation with
1-4, 7 — isotope fractionation factors, determined condensed phases is different from that of gases

by DFT; 5, 6, 8 — isotope fractionation when modelling

CN diamond bonds by CN- molecule with the same composition [27], so that nitrogen

in diamond can concentrate the heavy isotope
more than gas molecules HCN or CN™. Consi-dering CN™ molecule as a model of nitrogen isotopic
fractionation, the positive value of AN between diamond and fluid corresponds to N-containing
fluid compounds which are common for upper mantle, but have not yet been identified by either experi-
mental or theoretical studies. Thus, calculated B-factors of HCN and CN™ molecules can be considered at
best only as very rough approximations for estimating diamond isotopic fractionation [9]. For a number
of nitrogen and carbon compounds that may be specific to the sublithospheric mantle, the values of
B-factors are already known (Table 1). Our calculations show that nitrogen B-factors of NH> are sig-
nificantly smaller than those of other molecules under consi-deration, so that even at temperatures
exceeding the lithospheric values, there is a noticeable enrichment of diamond by *°N isotope relative
to the equilibrium fluid (about 2 %, at equilibrium fractionation diamond-NH., T = 1,400 °C). Isotopic
fractionation of carbon between diamond and C2Hs molecule roughly corresponds to the fractiona-
tion with CHa4 (differ by ~ 0.2 %o, T = 1,400 °C). These compounds can be considered as possible
fluid components provided sublithospheric diamond origin.

Isotopic fractionation of nitrogen between diamond and fluid under mantle conditions is considered
to exceed significantly carbon isotopic fractionation with most of the known carbon-containing dia-
mond forming fluids [21]. Our results demonstrate that at a temperature of 1,200 °C, diamond nitro-
gen B-factors are reduced relative to the molecules of N2 and NH4* by 0.8 and 1.0 %o, respectively,
but exceed p-factors of CHsN and especially, NH2 by 0.3 and 2.4 %o. Fractionation of carbon isotopes
between diamond and fluid species at the same temperature increases from negative values of
—3.5(C0Oy), —1.8 (COs?*) and —0.4 %o (CH3N) to positive 1.1 %o (CH4).

Pressure effect

Available calculations of B-factor on pressure dependencies [28, 23] demonstrate significant
(about 0, n %o) increase in diamond B3C at T ~ 1,000-1,200 °C and P > 10 GPa. Within the framework
of the DFT method, pressure effect can be determined by B-factor variations with the lattice volume
(within the quasi-harmonic approximation — QHA), including dependence of the volume V on poly-
nomial coefficients 1,000 Inp with variable x = 108/T2. All polynomial coefficients linearly (r2> 0.99)
depend on diamond volume with a decrease of V/Vo to 0.88 (which approximately corresponds to a
pressure up to 110 GPa):
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AaV [ AV =-24.701, Aa)V /AV =2.08287, AaV /AV =~-0.16878;

. 15 14 . (3)
AaV [ AV ~0.00867; AaV /AV ~-0.00019 (°N/“N);

AaV [ AV ~—-47.795; AaV /AV ~4.5919; Aa\V /AV ~-0.40351; @
AaV | AV ~0.021607; AaV /AV ~-0.0004926 (**C/*C).

Thus, the following decomposition is valid

Aa) %{{(%)AP}+%K2—ZJAPZ}}+_.. ©)

Using the definition of the isothermal bulk modulus of elasticity Kr = -VoP/oV and confining to
the second-order members, the relation (5) can be represented as

A(ay) = %{—%AP+%%((2—EJ+1}APZ}+._.

For diamond, Vo = 3.416 cm?, K = 442 GPa, 0K/0P = 3.61 (our QHA calculation results, which are
almost identical to the experimental data [29]: K = 445 GPa, with 0K/0P = 4). In general, change in the
coefficients a; as a function of pressure (Table 1) is determined by the expression

Aa, (P)~V (Aa)/AV {~0.00226AP +1.1799-10 ° AP?}.

1

At T = 1,000 °C, carbon B-factor increases by 0.6 (given P = 10 GPa), and the nitrogen factor in-
creases by 0.33 %.. At T = 1,700 °C, the change in carbon B-factor is 0.25 (10 GPa), and that of nitrogen
0.14 %o. Thus, the dependence of p-factors on pressure for nitrogen isotopes is approximately 2 times
lower than that for carbon. For control, the data on the change in the lattice constant of diamond during
the substitution of carbon isotopes can be used. In particular, at T = 25 °C (8p/0P)r = 0.619 (GPa ™), and
the calculated value of the change in the coefficient of thermal expansion, a at isotopic substitution
(Aa)/a = AV/3V = —(0p/0P)TRT/(3V) is 1.50E*, which is equal to the experimental value [23]. The ob-
tained diamond B*3C or >N dependencies on pressure are insufficient however, to determine the isotope
fractionation between diamond and fluid, since for high-density fluids the assessment of the effect of
P on B-factors of mineral-forming solutions is still a challenge.

[-factors considered determine the values of isotope fractionation during diamond formation
for the volume (bulk) properties of the crystal lattice under conditions of equilibrium with the
growth medium. The values of  can decrease significantly (up to several permille) in natural nano-
crystalline diamonds (the size effect). For example, based on phonon density of states (PDOS) from
the results of inelastic neutron scattering on diamonds with different size, isotopic shifts of carbon
B-factors 10%InBuui-10%INBrano relative to the bulk values were estimated [24, Fig.6]. For nanodia-
monds, the change of the coefficient Aai was estimated from the approximate digitization of the
lines [24, Fig.6], corrected for the deviation of the phonon DOS from the parabolic ratio due to
surface inclusions. Interpolation of Aai value for nanodiamonds by linear dependence on size:
Aa; =~ 1.7768 — 0.0092xsize, nm with the coefficient of determination r? ~ 0.99. Shifts of
1,000 Inp*3C for nanodiamonds at 5 nm Aa; — 1.799; at 40 nm Aa; — 1.321; at 170 nm Aa; —
0.227 %o. Given the diamond size of 5 nm, isotopic ratio shifts due to surface effects can reach —1 %e.

It is possible to assess the surface effects due to the preferential development of certain facets
during diamond growth and the formation of sectorial (including isotopic) zoning [30]. The composition
of the growing crystal is a consequence of the competition of growth and diffusion at the surface (for
example, GEM is a model of growth capture [31]). The crystal inherits the composition of the growth
surface at low diffusion at the surface, which can be characterized by the Peclet number:

Pe=r-0.5L/D,
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where r — is the growth rate, mm/s; L — is the thickness of the surface layer, nm; D is the diffusion
coefficient of the element (or isotope) under consideration. The growth face is represented by a periodic
plate with the number of layers LS. The inner layer is determined by the structure of the gross
diamond, the outer LS-1 layers are reconstructed [32]. The parameters of the CRYSTAL calculation
and sets of basis vectors are the same as during calculations on the bulk (gross) structure. Change of

1,000 Inp relative to the gross values of Zi(aiO —ai) x'; a’—are given in Table 1.

Table 2
1000 Inp for diamond growth facets
Edge Index* l LS l a ‘ a, l as ‘ a as
15N/14N
{111} 2 12.14579 —-0.59010 0.03920 —-0.00176 4.190E°
4 12.93791 —-0.60624 0.04139 —0.00204 4.621E5
{110} 2 10.99022 -0.52717 0.02365 —0.00097 1.948E°
4 12.70019 —0.69832 0.04544 —-0.00304 3.966E°
{100} 2 8.66005 —0.20426 0.01380 —-0.00129 9.954E7
4 11.30632 —-0.41044 0.02322 —-0.00102 2.1295
6 12.67306 —0.44731 0.02390 —0.00100 2.015E5
lSC/IZC
{111} 2 19.98622 -1.11557 0.08240 —0.00415 9.234E°
4 20.50007 -1.17320 0.08803 —0.00447 9.997E5
6 20.82774 -1.18265 0.08748 —0.00432 9.623E°
{110} 2 18.23049 —0.93891 0.05031 —0.00205 4,197E°
4 20.55262 -1.14874 0.08495 —0.00428 9.542E°
{100} 2 14.19463 —0.44483 0.02006 —0.00074 1.364E°
4 18.91818 —-0.81383 0.04992 -0.00227 4.770E5
6 20.02506 -0.85221 0.04975 —-0.00216 4.402E5

* Miller's index.

The key parameters of the model can be controlled by experimental observations but in most cases,
they are not determined under natural conditions [32]. Since the volume p-factors characterize growth
at equilibrium (Pe << 1), the values of B-factors for individual faces (Table 2) provide possibilities to
estimate deviations from ideal conditions.

Comparison with natural **N/*N fractionation

In the conditions of isotopic equilibrium between growth medium (homogeneous fluid) and the
surface of the produced diamond (according to the Rayleigh mechanism), linear relationships can arise
between ratios B*C/*2C, N/*N and the logarithm of nitrogen concentration In(N) which are noted in
numerous works [21, 33, 34]. The observed covariances both within individual diamond grains and
among genetically related diamonds enable estimates “natural’ isotopic nitrogen fractionation. The re-
gression slope between genetically related diamonds in coordinates is determined by the equality

§13C vs 51N = ABBC/(ABNKy),

where Kn — is the nitrogen partition coefficient between diamond and fluid; A = 1,000 Ina, o — being
factors of equilibrium isotope fractionation of carbon *3C/*2C or nitrogen *N/**N between diamond
surface and growth medium [21]:

§°N—-38"N, =A"In f, =A®KIn f,

f — fraction of fluid consumed; f,, — fraction of fluid nitrogen species consumed.

Provided f = fc (the fraction of fluid consumed equals the fraction of carbon species in the fluid),
the following expression is valid
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§°C = (85N -3"N, ) A" (AK, ) +57C,,

where §'3Co or §*°N — diamond isotope composition at the initial growth stage. The value of Ky is
defined by the dependence of 5'3C on nitrogen content in diamond In(N),

§°C =[ (In(N)-In(N,)) |A* /(K ~1)+8"C,.

The above expressions are restricted to fluids dominated by carbon species although can be genera-
lized for fluids of mixed composition. For example, **N/*N fractionation between diamond and
growth media was estimated at —4.0 %o (given T = 1,100 °C for a fluid dominated by CO3*~ carbonate
ion, ABC ~ —1.7 %o, Kn = 4.4, Jericho kimberlite [33]). Data on the bulk isotopic composition of
carbon and nitrogen in diamonds from a lherzolite xenolith (representing the lithospheric mantle)
were used to estimate AN value at +1.2 %o (T = 1,200 °C, provided the methane-rich fluid [35]).
Data on ultra-deep diamonds from Guinea, with a crystallization temperature of about 1,725 °C, were
applied to determine AN between diamond and fluid (—4.5 %) in the conditions of crystallization
from a fluid dominated by CO3z?", A*C =-0.9 %o [36].

Isotopic fractionation factors of nitrogen in diamonds, AN estimated from natural covariances
S13C-81°N-In(N) depend, in addition to the choice of AC values, on the balance of fluid components
as well as other parameters, including the fractionation model and the accepted crystallization tem-
perature. Despite numerous assumptions and speculations especially regarding the values of K, in
the absence of other calibrations, this method has so far been practically the only way to estimate
AN between diamond and fluid.

The results of AY’N/AC estimates by covariances from the natural genetically related samples
can be compared with empirical dependencies and fractionation factors determined within the work.
64 series of conventionally cogenetic diamonds have been identified among the available dataset [9, 37]
with the significant correlation AN vs AC (at a confidence level of 1), with the derived distribu-
tion of AN/AYC ratio (Fig.2, solid red line). At 26 confidence level, the number of the series de-
creases (57 series), with no significant change in the distribution (the main maximum of AY/A® of
about 0 and local peaks around 1 and 2). The representativeness of each series was assessed using the
Student’s t-distribution. The lines represent theoretical (see Table 1) A®®N/AC values among dia-
mond and fluid of different composition calculated at temperatures of 800 to 1,800 °C. Composition

12 - ==T,°C

10 +
= 1,600

= 1,400

Number of series

= 1,200

= 1,000

AN/ AC

Fig.2. Frequency distribution of A>N/AC ratio in a series analysis of natural diamonds
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of nitrogen species shown as the numerator, carbon species — as the denominator. Solid lines —assuming
independent fractionation from Kn = 1, dashed Ky = 5, double dashed line Kn = 2.5. Double dashed
green line — NH3/COg, purple — N2/COz, blue — N2/COs. The figure was constructed with no use of the
“empirical” fractionation factors estimated from natural nitrogen and carbon isotopic distributions.
Most of the A®N/AC ratios fall within the values of —1.5 to 0.5 (with a maximum of about —0.3).
Close to zero A®N/AC ratios may reflect the predominance of NHs as nitrogen-containing fluid
compound during diamond genesis (AN close to zero) and/or the dominance of carbon-containing
component with relatively high fractionation of 3C/*2C during diamond growth (CO2, COs). CO2+N>
or CO3+N_ dominated fluids have positive A®N/AC ratios. Provided two-component carbon source,
the maximum distribution of A®'N/AC may represent isotopic exchange of diamond with CO2 or
carbonate ion mixed with CHa, with N, dominating as the nitrogen source. Evolved AN/A™C ratios
(local maxima of the A®N/AC ~ ratio at 1.5 and 2.3) may correspond to diamond crystallization from
a fluid dominated by NH4/CO2, N2/CO3 or NH2/CH4. C2Hs or CH3N species are possible as a source.
Negative AN/AC correspond to a combination of such components as NH4/CHs, N2/CHa4 or
NH3/CHs (the latter, at temperatures above 1,250-1,300 °C). It should be noted that temperature in-
crease shifts the equilibrium isotopic ratios of °N/**C. Empirically estimated values of the A®N/AC
ratio beyond the range of —4 to +4 may indicate extreme nitrogen partitions between diamond and the
growth medium, or the presence of some unconsidered fluid components enriched in either °N or
13C relative to diamond. Depending on the A®N/AC ratio, the Rayleigh crystallization within the
cogenetic series of diamond may be accompanied by the increase of 3°N, by the decrease of this
value or by the lack of any trend.

Conclusion

Isotopic fractionation factors have been relatively well established for carbon in many systems
related to diamond genesis. The distribution of nitrogen isotopes between diamond and the mineral-
forming fluid is, however much less studied and is mainly based on empirically observed trends from
natural diamonds, yielding significant uncertainties in estimates and the need for more rigorous con-
strains [11]. The reliable values of nitrogen isotope fractionation factors should be a prerequisite for
revealing the causes of the observed isotopic heterogeneity of diamond, the nature of covariances in
S13C-81°N-N values, the composition of fluids and, possibly, other conditions during diamond for-
mation. In this paper, an attempt is made to quantify the fractionation of nitrogen isotopes “from first
principles” based on crystallo-chemical properties of diamond with nitrogen substitution and nitro-
gen-containing fluid species.

In particular, the “frozen phonon” method within the density functional theory using the
full-electron bases was adopted to determine the sets of B-factors (**N/*N, 3C/*?C) of diamond in
harmonic and quasi-harmonic approximations at temperatures from 0 to 2,500 °C. To achieve repre-
sentativeness of the calculations, the method of expanded cells (with an increase in volume by 8, 16,
27 times) was utilized. In addition, some B-factors of fluid components (including carbon C2Hes,
CH2NH and nitrogen CH2NH) have been deduced to estimate isotopic fractionations during dia-
mond formation. The results of the ab initio calculations differ significantly from the previously
obtained theoretical results based on the representation of the CN bonds of diamond by the molecular
compounds HCN or CN™. In the conditions of diamond formation, with a volume decrease under
pressure, factors of isotopic fractionation of nitrogen and carbon can increase by tenths of permille
for carbon. Pressure effects diamond nitrogen isotope fractionation more than carbon isotope
fractionation, which in extreme conditions (super cold subduction) can lead to an increase in frac-
tionation factors up to significant values. The volume increase in diamond lattice due to thermal
expansion however, partially reduces the effect of pressure, so that the shifts in isotopic ratios are
generally determined by the value of the AP/AT gradient. In the “standard” lithospheric conditions
of diamond genesis (about 6 GPa and 1,100 °C), factors of carbon and nitrogen isotopic fractiona-
tion do not change significantly.
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Depending on the dominant nitrogen and carbon substances, fractionation of isotopes during
diamond formation can result either in various zonation of isotopic composition within individual
grains and different variations within cogenetic series. In most cases (maximum in the A®N/AC
distribution, Fig.2), nitrogen isotope fractionation is negligible (AN << A3C), which is consistent
with calculations of the fractionation factors between diamond and NH3-CO: or N2-CO: fluids. Shifts
in the AT’N/A3C ratio to the negative values may indicate reduced conditions at high pressures and the
“cold” geotherm [38]. In nitrogen-poor reduced mantle fluids [39], amines (NH2) or methanimine
(CH3N) may play an important role and their dominance may also correspond to the occurrence of local
maxima within the A™N/AC distribution. Oxidized fluids dominated by CO2 or COs in combination
with the N2 component yield positive APN/AC between diamond and fluid and significantly depend
on the nitrogen partition coefficient ratio.
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Abstract

Possessing high strength, low density and significant chemical resistance, titanium has found wide application in
various fields of the national economy — the chemical industry, aviation and rocket technology, mechanical engineering,
medicine, etc. The production of titanium products is hampered by a fairly strong oxide film covering its surface.
Removal of the oxide film from the surface of titanium workpieces is carried out by etching in solutions of mineral
acids of various compositions. A spent acid etching solution (SAES) is formed, containing titanium salt and the re-
mainder of unreacted acids. Almost all etching solutions contain HF and one of the strong acids. This is H2SO4, HCI
or HNOs. Thus, the SAES includes ions of titanium, fluorine or chlorine, orsulfate, or nitrate. SAES is quite toxic and
must be diluted or cleaned several times before being discharged into a reservoir. Most of the methods used to extract
impurities contained in SAES lead to a decrease in their content. As a result of such purification, there is a loss of
substances contained in SAES in significant quantities and of interest for further use. The work presents experimental
results obtained from the combined processing of SAES containing titanium fluoride, hydrofluoric and hydrochloric
acids. At the first stage, SAES is treated with sodium hydroxide. The resulting titanium hydroxide precipitate is filtered
off. At the second stage, the filtrate containing sodium fluoride and chloride is processed in a membrane electrolyzer.
In this case, not only the extraction of sodium salts from the filtrate occurs, but also the production of sodium hydroxide
and a mixture of hydrofluoric and hydrochloric acids. Sodium hydroxide can be used for processing SAES, and a
mixture of acids for etching titanium workpieces.

Keywords
titanium etching; spent etching solution; electrochemical processing; membrane electrolyzer; titanium hydroxide;
sodium hydroxide; hydrochloric acid; hydrofluoric acid
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Introduction

Titanium and its alloys are widely used in the manufacture of a wide variety of equipment, which
is in high demand due to its anti-corrosion resistance, a good combination of strength properties,
temperature resistance, low density and relatively high metal consumption. The main consumers of
titanium and its compounds are aircraft and rocket manufacturing [1], chemical industry [2-4], metal-
lurgy [5], medicine [6, 7], catalyst production [8], paint and varnish industry [9]. As a rule, the
manufacture of titanium products is accompanied by heating, as a result of which its surface is covered
with a fairly strong oxide film. To ensure the manufacturability of titanium workpieces, especially when
applying modifying coatings to its surface, it is necessary to remove the oxide film from the surface.
To perform this operation, various methods are used [10-12].

In addition to mechanical, thermal and other methods, thermochemical methods are also widely
used [13-15]. Such methods consist in treating the surface of products with mineral acids at certain
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temperatures [16, 17]. Hydrochloric, sulfuric, nitric, phosphoric and other acids are used as acids to
dissolve oxide films on the surface of titanium and its alloys in various concentrations and at different
temperatures [16, 17]. In contrast to these acids, hydrofluoric acid dissolves titanium at room tempera-
ture. In order to regulate the rate of dissolution of titanium, acids such as HCI, H2SO4, and HNO3 are
introduced into the solution of hydrofluoric acid [18]. If the presence of sulfuric acid slightly increases
the rate of the titanium dissolution process, then with the introduction of hydrochloric acid into the
solution, it almost doubles, and the use of nitric acid leads to a decrease in the rate of dissolution”.

In AO Bashkir Soda Company for etching the surface of titanium in the production of oxide-
ruthenium-titanium anodes (ORTA), hydrochloric acid is used. The etching process is carried out in
25-27 % HCI at a temperature of about 85 °C. The resulting spent acid etching solution (SAES) in
this case contains up to 180 g/l of titanium chloride and up to 110 g/l of hydrochloric acid.

VSMPO-AVISMA Corporation uses a mixture of aqueous solutions of HF and HCI at room tem-
perature to etch the surface of titanium. The resulting SAES contains about 22 g/l of titanium fluoride,
about 1.7 g/l of hydrofluoric acid and about 6.2 g/l of hydrochloric acid. This solution is even more
toxic than a solution containing only titanium chloride and hydrochloric acid, due to the presence of
anion fluoride. The maximum permissible concentrations of SAES components in water bodies of do-
mestic and domestic water use are for ions, mg/l: fluorine 1.5, chlorine 350, sulfate 500, titanium 0.1
(GN 2.1.5.1315-03. Hygienic standards. Maximum permissible concentrations (MPC) of chemicals in
the water of water bodies for domestic and domestic water use). Thus, when SAES is discharged into a
water body, significant water costs are required to dilute it. In addition, in this case, there is a loss of
valuable components that can serve as raw materials for obtaining marketable products. There are
known methods for the utilization and neutralization of SAES using ion exchange [19-21], coagulation
and sedimentation [22-24], and neutralization [25, 26].The process of neutralization of SAES leads to
the consumption of alkaline reagents, the formation of toxic solid wastes such as CaF. and Na>TiFs
of the 2nd hazard class, as well as to the loss of mineral acids [27-30].

In the authors' previous works, the possibility of processing wastewater containing various sub-
stances to obtain products that can be used in the production process was considered [31-33]. This
article presents the results of research on the processing of SAES containing titanium fluoride,
hydrofluoric and hydrochloric acids. The SAES was processed in two stages. At the first stage, the
SAES was treated with sodium hydroxide titanium. The resulting titanium hydroxide precipitate
was filtered off and dried. At the second stage, the filtrate containing fluorine, chlorine and sodium
ions was processed in a membrane electrolyzer. As a result of electrochemical treatment of the
filtrate in the electrolyzer, sodium hydroxide and a mixture of hydrofluoric and hydrochloric acids
were generated.

Methodology

Experimental studies were carried out in two stages. At the first stage, SAES was treated with
crystalline sodium hydroxide. For this purpose, crystalline NaOH was added to 100 ml of SAES. The
resulting precipitate of titanium hydroxide was filtered and dried at a temperature of 200 °C to a
constant weight. The sediment mass was used to determine the degree of titanium recovery from the
SAES. The second stage consisted of electrochemical treatment of the filtrate obtained after the sepa-
ration of titanium hydroxide in electrolyzers with ion-exchange membranes. Two types of electrolyzers
were used for the research — without a flow and with the flow of solutions through the chambers.

The study of the distribution of components in the electrolyzer chambers, the determination of the
current yield and the specific energy consumption for the leachate processing process was carried out
in a four-chamber membrane electrolyzer without the flow of solutions through the chambers (Fig.1).

* Acid solutions used in the chemical method of cleaning the surface of semi-finished products made of titanium alloys.
URL: https://sv-barrisol.ru/polufabrikaty/102-kislotnye-rastvory-primenyaemye-pri-himicheskom-sposobe-ochistkipoverh-nosti-
polufabrikatov-iz-titanovyh-splavov.html (accessed 09.04.2024).
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The electrolyzer chambers with a diameter K A K
of 6 cm were made of plexiglass plates with a 0.1n NaOH Filtrate 0InHCI [ 0.InH.SO,
thickness of 2.5 cm. Membranes manufactured H, 0
by OOO Shchekinoazot were used to separate f Na* F.Cl FoCr \ N
the chambers: cation exchange membranes of — =T 1 7 —
the MK-40 brand, anion exchange membranes \ o " " f
of the MA-40 brand. The working surface of OH 7 T - H*
each membrane separating the chambers was
14.1 cm?. The cathode material is a stainless ) 2 3 4
steel plate, the anode material is a titanium plate Fig.1. Diagram of a non-flowing electrolyzer
coated with ruthenium oxide (ORTA). A 0.1 n for processing leachate obtained after removing titanium
sodium hydroxide solution was loaded into the from the SAES
cathode chamber of the 1st electrolyzer. The fil- A~ anion exchange; K - cation exchange membrane

trate obtained after the extraction of titanium
from the SAES was loaded into chamber 2. In chamber 3 — 0.1 n solution of hydrochloric acid.
A 0.1 n solution of sulfuric acid was placed in the anode chamber 4. The volume of solutions loaded
into all chambers of the electrolyzer was 60 ml.

In the process of treating the filtrate in an electrolysis cell (Fig.1), water decomposes on the
cathode to form hydrogen gas and generate hydroxyl ions. At the anode, water decomposes with the
release of gaseous oxygen and the generation of hydrogen ions. Sodium and hydrogen ions migrate
to the cathode, and hydroxyl, fluorine, and chlorine ions migrate to the anode. The migration of
hydrogen ions is hindered by the anion exchange membrane, and the migration of hydroxyl, fluorine,
and chlorine ions is hindered by the cation exchange membrane. As a result, sodium hydroxide accu-
mulates in the cathodic chamber 1 of the electrolyzer, and a mixture of hydrofluoric and hydrochloric
acids accumulates in chamber 3 of the electrolyzer.

To determine the maximum concentrations of alkali and acid mixtures generated in the cathode
and chamber 3 of the electrolyzer, a membrane electrolyzer with a flow of solutions in the chambers
of the apparatus was used, schematically shown in Fig.2. The electrolyzer consisted of four cells
separated by electrode plates. Each cell is divided into four chambers, which are separated from each
other by cation exchange and anion exchange membranes. The working surface of each membrane
was 30 cm?. Framed chambers were made of a polyvinyl chloride plate 2 mm thick. To prevent the
membranes from sticking together, a mesh stretched from calendered vinyl was placed in each cham-
ber. The entire structure was pulled into a single package by plexiglass plates.

The concentrations of solutions used in an electrolyzer with flow chambers (Fig.2) are similar to
the concentrations of solutions used in an electrolyzer without their flow through the chambers of the
apparatus (see Fig.1).

HCI, HF

NaOH L}

1

H,SO,
~_Filtrate A

- KTA K + K ATK — KTA K +

K ATK —

. T A
Filtrate

H,SO4

Fig.2. Diagram of a flow-through electrolyzer for processing leachate obtained after removing titanium from the SAES
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In chamber 2 of the electrolyzer, filtrate circulated, in the anode chamber — a solution of sul-
furic acid. The cathode chamber and chamber 3 are made without the flow of solutions and were
pre-filled with 0.1 n solutions of sodium hydroxide and hydrochloric acid, respectively. Solutions
of sodium hydroxide and mixtures of hydrofluoric and hydrochloric acids left their respective
chambers as they accumulated.

The studies were carried out with a model solution containing titanium fluoride, hydrofluoric
acid and hydrochloric acid. The studied solution was obtained by dissolving metallic titanium in a
mixture of hydrofluoric and hydrochloric acids. For this purpose, 10 g of VT1-0 titanium was dis-
solved in 1 | of a mixture of hydrofluoric and hydrochloric acids containing 14.7 g/l of HF and 6.2 g/I
of HCI. The composition of the resulting model SAES designed for titanium fluoride is 22 g/I, 0.21
mol/l; hydrofluoric acid — 1.7 g/l, 0.085 mol/l; hydrochloric acid — 6.2 g/, 0.17 mol/I.

Results and discussion

The results of experiments on the extraction of titanium from the SAES by its treatment with
sodium hydroxide are presented in Table 1.Treatment of SAES with sodium hydroxide leads to com-
plete recovery of titanium when the pH of the filtrate reaches 7.6. The filtrate obtained after sedimen-
tation and washing contained 0.92 mol/l of sodium fluoride and 0.17 mol/I of sodium chloride.

Table 1

Dependence of the degree of titanium recovery from the SAES on the mass of NaOH and pH of the filtrate

NaOH mass added to 100 ml of SAES, g 2.4 2.6 2.8 3.0 3.2 3.4 3.6 3.8 4.0 4.2
pH 375 | 55 6.45 7.2 7.6 7.8 9.4 9.85 10.6 12.8
Recovery rate, % 85.4 | 89.8 96.5 98.1 99.6 100 99.8 100 100 100

To study the distribution of sodium, fluorine and chlorine ions in the electrolyzer chambers, to
determine the current yield and specific energy consumption for the process, an apparatus without
the flow of solutions through the chambers was used (see Fig.1). The weight of the components in
the electrolyzer before the experiments, determined by a calculation based on the volume of solutions
used and their concentration, was: sodium ions 0.138 g in chamber 1 and 1.504 g in chamber 2;
fluorine ions 1.048 g in chamber 2; chlorine ions 0.362 g in chamber 2 and 0.213 g in chamber 3. The
current density in the process of filtrate processing varied from 20 to 80 mA/cm?. The amount of
electricity passed in all experiments remained constant and amounted to 1.2 A-h. The distribution of
sodium, fluorine and chlorine ions is shown in Table 2.

Table 2

Distribution of sodium, fluorine and chlorine ions in the electrolyzer chambers

Weight, g N .
Current density Violation of the material
2 Sodium Fluorine Chlorine balance calculated
mA/cm fi i
or chlorine, %
Chamber 1 Chamber 2 Chamber 2 Chamber 3 Chamber 2 Chamber 3
20 0.955 0.687 0.606 0.422 0.233 0.312 5.2
40 0.929 0.713 0.593 0.455 0.228 0.311 6.3
60 0.987 0.655 0.590 0.458 0.237 0.324 3.8
80 0.967 0.675 0.602 0.446 0.235 0.329 5.7
Averages
0964 | 0683 | 0598 |  0.450 | 0233 | 0.319

In the process of electrolysis, sodium ions migrate to chamber 1 of the electrolyzer. In this cham-
ber, sodium ions are concentrated to form hydroxide. In chambers 3 and 4, the presence of sodium
ions was not detected. There is no dependence of the degree of extraction of sodium, fluorine and chlo-
rine ions from chamber 2 on the membrane density of the current. This made it possible to determine
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the average values of the mass of ions in the electrolyzer chambers and calculate the error in the
results obtained. The calculation of the relative error according to the Student's distribution for a 95 %
confidence level for all components varies from 2 % for fluorine ions in electrolyzer chamber 2 to
5.6 % for sodium ions in the same chamber. The average recovery rate of sodium ions from chamber
2 was 79.8 %. Fluorine and chlorine ions migrate to the electrolyzer chamber 3 and accumulate in it,
forming hydrofluoric and hydrochloric acids. The presence of fluorine and chlorine ions in chambers
1 and 4 was not detected. The average recovery rate was 36.4 % fluorine ions and 35.6 % chlorine
ions. Since the extraction of sodium ions from the filtrate was calculated by increasing the concen-
tration of sodium hydroxide in chamber 1 of the electrolyzer, and the extraction of fluorine was cal-
culated by increasing the concentration of hydrofluoric acid in chamber 3, it is not possible to calcu-
late the violation of the material balance for these elements. In contrast, the content of chloride ions
was determined in all chambers of the apparatus, which made it possible to calculate a violation of
the material balance, which amounted to 3.8 to 6.3 %.

Table 3 shows the specific consumption of electrical energy for the leachate processing process
and current yield. The data presented are calculated from the results obtained for the extraction of
sodium from the filtrate.

Table 3

Current yield and specific energy consumption of the leachate processing process

Electricity consumption
Voltage, V Current density, mA/cm? Current yield, %
W-h/g W-h/mol
197 20 79.3 2.36 65.67
4.12 40 76.8 4.94 145.41
7.06 60 82.4 8.47 228.97
12.14 80 80.5 14.89 413.67

The current yield (average value 79.8 %) is independent of current density. The consumption of
electrical energy for the extraction of sodium fluoride and sodium chloride ions from the filtrate is
determined by a membrane current density. An increase in the membrane current density is accom-
panied by a quite sharp increase in the electricity specific consumption for the process. For example,
a change in the current density by 20 mA/cm? in the range of 20-40 mA/cm? is accompanied by an
increase in energy consumption by 79 W-h/mol, and in the range of 60-80 mA/cm? — by an increase
in energy consumption of 185 W-h/mol, i.e. 2.3 times.

Studies on the processing of filtrate in a non-flowing four-chamber electrolyzer with cation
exchange and anion exchange membranes indicate the possibility of obtaining solutions containing
sodium hydroxide and a mixture of hydrofluoric and hydrochloric acids. To determine the maxi-
mum concentration of sodium hydroxide solutions and a mixture of hydrofluoric and hydrochloric
acids, a series of experiments was carried out in an electrolyzer with flow-through chambers 2 and 4
(Fig.2). The filtrate treatment process was carried out until the concentration values of sodium hydro-
xide and a mixture of hydrofluoric and hydrochloric acids generated in the electrolyzer ceased to
change. The volume of solutions circulating in chambers 2 and 4 of the electrolyzer was 2 | each.

Figure 3 shows changes in the concentration of sodium hydroxide, hydrofluoric acid and hydro-
chloric acid over time at different current densities. The intensity of concentration of alkali and acids
is determined by the current density and is maximum at the initial moment of time. Over the course
of leachate processing time, the concentration rate decreases and then stops changing. The maximum
concentration of substances generated in chambers 1 and 3 of the electrolyzer, achieved in the experi-
ments, is determined by the amount of water transported with the corresponding ions through the
ion-exchange membranes, and increases with an increase in current density. The values of the maxi-
mum concentrations of sodium hydroxide, hydrofluoric and hydrochloric acids are given in Table 4.
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Maximum NaOH, HF and HCI concentrations achieved
Current density, Sodium hydroxide Hydrofluoric acid Hydrochloric acid
mA/cm? g/l mol/l g/l mol/l g/l mol/l
20 15.7 3.94 47.3 2.36 47.4 1.31
40 291.4 7.29 57.7 2.89 52.0 142
60 341.1 8.53 63.6 3.18 55.8 1.53
80 380.4 9.51 67.0 3.35 57.6 1.58

The change in the concentration of sodium hydroxide, hydrofluoric acid and hydrochloric acid
in the concentration chambers of the electrolyzer is determined by the mobility of sodium, fluorine
and chlorine ions that create an electric current, the design parameters of the unit and is described by
the equation

dc jSt
—~=(C_-C)=, 1
dt ( nas ) q ( )

where Chnas is the limit concentration of these compounds; j — current density; S is the area of the ion-
exchange membrane; q is a parameter depending on the mobility of ions and technological modes,
determined experimentally for each of these compounds.
The solution of equation (1) has the form:
—jSt

C(t)=Cp|l-e |[. )
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It follows from the ratio (2) that the change SAES NaOH
in the concentration of sodium hydroxide, hydro-
fluoric acid and hydrochloric acid in the concen-

tration chambers of the electrolysis cell occurs ac- Neutralization

cording to an exponential law, depending on the

parameter g, which coincides with the experi- Filtration

mental curves (Fig.3). As follows from the above ‘ ‘
experimental studies, for sodium hydroxide oH Eiltrate
Cnas = 380.4 g/l, 4 = 4.06-10%C; hydrochloric acid dryi'rfgl Czﬁcining NaF, NaCl

Cnas = 57.6 ¢/l, q = 2.84-10° C; hydrofluoric acid
Cnas = 67.0 g/, 0 =2.44-10°C. ‘
The above ratios can be used in process de-

. . . Electrolysis

sign. The results obtained during the study of the Y

process of processing of spent acid etching solu-

tion of titanium production, containing titanium, NF, HCI NaOH
. .. . . After etching adjustment

fluorine and chlorine ions, made it possible to pro-

pose an approximate technological scheme of Fig.4. Technological scheme for processing

processing (Fig.4). spent acid etching solution
Conclusion

The presented results obtained during the study of the process of SAES processing containing
22 g/l of titanium fluoride, 1.7 g/l of hydrofluoric acid and 6.2 g/l of hydrochloric acid without taking
into account impurities in metallic titanium of the VT1-0 grade, allow us to draw the following con-
clusions.

SAES contains significant amounts of titanium fluoride, hydrofluoric acid and hydrochloric acid.
Such a solution has increased toxicity and must be cleaned of impurities before being discharged into
a water body. It is possible to process SAES to obtain substances used in production.

Treatment of SAES with sodium hydroxide to the pH of a solution of 7.6 makes it possible to
completely recover titanium. After drying and calcining the sludge, titanium oxide can be used in the
paint and varnish industry (titanium white). The filtrate after the separation of titanium hydroxide
consists of a solution of fluoride and sodium chloride. Processing of this filtrate in a four-chamber
electrolyzer with cation exchange and anion exchange membranes makes it possible to obtain solu-
tions of sodium hydroxide and mixtures of hydrofluoric and hydrochloric acids. Sodium hydroxide
can be used to treat SAES to extract titanium. A mixture of hydrofluoric and hydrochloric acids, after
adjustment, can be used for etching the surface of titanium billets.
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Abstract

Avrtisanal small-scale gold mining is the largest artificial source of mercury pollution and has been a very common
problem recently. This study examined the contribution of Hg release due to artisanal small-scale gold mining in
contaminating the sediment of the watershed in Indonesia. Different from other methods, we measured Hg pol-
lution using the stable isotopes of carbon and nitrogen. This report is the first time analytical reports in Indonesia
since most papers focus primarily on only detecting heavy metals in river water and sediments, neglecting deep
research on Hg pollution and resources. The findings of this study indicate that artisanal and small-scale gold
mining activities, located in the upstream areas of the tributaries that act as point sources, are the primary source
of mercury in the sediment of the Ciujung watershed. The isotopes §'3C and &§'°N successfully trace the
Hg-contaminated sediment in the Ciujung watershed derived from the Cisimeut and Ciberang Rivers based on
soil organic matter. The biological effect showed the Hg concentration in most of the sampling sites exceeded
the effects-range medium and probable effect limit values. The risk quotient values of Hg indicated the Hg pol-
lution had a possibility effect on the benthic organism. Several limitations have also been added in this study and
needs for further investigation.
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Introduction

Metal contamination in the Ciujung watershed has recently received increasing attention due to
urbanization and industrialization [1, 2]. The Ciujung watershed, the longest river in Banten Province,
Indonesia, is used for sanitation and irrigation activities. It has a catchment area of 1,858 km? and
flows from the south to the north with a total length of 179 km (based on Environmental and forestry
agency of Banten Province in the Final Report of Environmental Protection and Management Plan.
Banten, Indonesia, 2019).

In recent decades, the rapid development of industrialization has caused the Ciujung watershed to
receive different pollutant sources discharged through two tributaries: Cisimeut and Ciberang River [3].
A published report by the Indonesian Center for Environmental Law in 2013 (Final Report: Strengthening
the Right to Information for People and Environment. 2013, p. 1-57) estimated that the overall input
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of industrial wastewater discharged into the Ciujung watershed reached 43,044.35 m®/day from a
significant number of industries disposing of, for instance, pulp and paper, fertilizer, coal combustion,
electroplating, chemical industry as well as domestic waste. The untreated wastewater discharge
flown directly into the river causes the degradation quality of the Ciujung watershed leading heavy
metal concentrations in surface water and sediment to exceed the acceptable limit as prescribed in
environmental standards or regulations. Therefore, the demurrage and instability among residents to
local governments keep rising every year.

Most studies done in the Ciujung watershed have dwelt on heavy metals contamination,
however, there is still no available information regarding Hg contamination in the Ciujung water-
shed sediment. One of the biggest artisanal small-scale gold mining (ASGM) hotspots in Indonesia
is found in Cisitu village, Lebak District, Banten Province and these activities are unregistered and
have informal operations located upstream of the Ciujung tributaries [4]. Blacksmith Institute in
2013 reported” that 1,000 t of mercury was still used in ASGM where 95 % of all Hg used illegally
in the amalgamation process is released into the environment, and it was estimated to affect
300,000-500,000 people. This attracted many researchers to investigate the effect of ASGM activities
in this area. Several studies have been conducted in Cisitu village, reporting that Hg concentration
from the collected soil, sediment, human hair, blood also fish nearby ASGM activities exceeded
the acceptable limit value [3, 5-7]. Worst of all, some studies reported that the fish collected in
Cisitu pond were found to be high in Hg concentration. Other reports [8] reported that 70-90 % of
the organic Hg that exists in fish and shellfish is methylmercury (CHsHg") which is the most toxic
form of Hg [9]. It was revealed that ASGM activities were the point source of Hg contamination in
these matrices.

Hg contamination from ASGM is likely to be highly heterogeneous [10]. Mercury can be deposited
in specific hotspots where mining activities are concentrated, and its distribution can vary signifi-
cantly over short distances due to differences in mining intensity, local hydrology, and sediment
transport [11]. Understanding how Hg is transported within the river systems and the mainstream
(e.g., through sediments, water column, biota) necessitates a denser network of sampling points to
map out these pathways accurately. We can infer that Hg released into the river flows through settling,
dissolving in the water, and getting deposited in sediments can pose long-term environmental and
health risks in downstream areas. Therefore, monitoring of the Ciujung watershed is essential to be
conducted.

Sediments can vary widely in their geochemical properties, such as organic content, particle size
distribution, pH, and mineralogy, all of which affect Hg mobility and bioavailability [12]. In this
study, sedimentary organic matter and isotope (6*C and 5!°N) are used as an environmental pollutant
tracer to identify the Hg source in downstream sediment. The Hg has a strong correlation with organic
matter (OM) which affects the partitioning of mercury to suspended solids in the water column and
the sequestration of mercury to sediments [12]. Therefore, the mercury source can be represented
based on sedimentary organic matter. Stable isotopes (8*C and §°N) in OM in lake sediments are
frequently used to trace organic matter sources due to the isotopic composition of sedimentary organic
matter being relatively unaffected by post-photosynthetic, or diagenetic processes [13]. By using the
isotope mixing model, we can determine the source of Hg in a certain mixture.

We conducted a field survey in the wet season to trace and quantify the sedimentary OM com-
position and total mercury (THg) contamination due to ASGM in the Ciujung watershed in Indonesia.
The investigation of this issue was conducted in the wet season because, during the wet season, heavy
rainfall causes an increase in the water level of rivers (flood), soil run-off, and also flash out sediment,
which can lead to increased sediment transport from upstream to downstream area of the Ciujung
watershed. Moreover, biological effects and ecological risk assessment of Hg to the benthic organism
in the sediment of the Ciujung watershed were evaluated based on sediment quality guideline values

* Mitigating Mercury Emission from Artisanal and Small Scale Gold Mining in Indonesia. Program Report. 2013, p. 39.
URL.: https://wedocs.unep.org/bitstream/handle/20.500.11822/31242/MercE.pdf?sequence=1 (accessed 02.11.2023).
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Fig.1. Bibliometric analysis for research trend using keyword
“artisanal small-scale gold mining” (1) and “artisanal small-scale gold mining
Indonesia” (2) [14]. Data was taken on 25 June 2024

(SQGV). This study was the first to examine the sediment associated with Hg pollution in the Ciujung
watershed. This is the first time analytical reports in Indonesia since most papers focus primarily on
only detecting heavy metals in river water and sediments, neglecting deep research on Hg. It is also
confirmed by the bibliometric analysis based on Scopus database that only 136 documents until now
for articles relating to ASGM in Indonesia (Fig.1), which is less number compared to general ASGM
publication (reaching 1,024 documents). This makes the scientific publication relating ASGM in
Indonesia needed to be reported.
This insists our novelties in this paper, including:

« evaluating Hg in two rivers in West Java Indonesia, namely Cisimeut and Ciberang Rivers and
their tributaries, which are one of the important rivers in Indonesia;

« understanding the detection of Hg in sediment level that is possible from ASGM activities;
« evaluating sedimentary organic matter in the level of sediment, which were examined based on
OM in soil organic matter (SOM);
» using stable isotopes of 5!°C and 5'°N to trace the source of Hg;
« evaluating Hg-contaminated sediment by the risk quotient;
« analyzing and understanding potential effects of Hg in rivers on benthic organisms (biological
effects).

Methods

Study Area. The research was conducted in the Ciujung watershed, Banten Province, Indonesia.
The sampling area was distributed in latitude 6°1'28.423"E to 6°34' 3.031"E and longitude 106°10'
9.354"S to 106° 9'53.67"S. We also showed the magnification from the map in Fig.2, a, which is

a b

Indonesia

Banten Province Java Sea

S44/
S3
S244B3

2‘?1 Ciberang River
Ciujung _.Tl"' "W;' Cisimeut River
watershed b s

. Cisitu-Lebak Locations sites
st ~.~-*2(ASGM hotspot). e Ciujung River
fJ N @ Cisimeut River
] 10km A
—_—

@ Ciberang River

Fig.2. The location of surface sediment sampling («) and detailed sediment sites (b) according to [15]
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presented in Fig.2, b. In 2019, the Agency of Environment and Forestry, Banten Province, reported
that the Ciujung watershed has two large tributaries: the Cisimeut River (458 km?) and the Ciberang
River (305 km?). The water from these two rivers is used, specifically by the population for sanitation,
daily activities, and agriculture. Thus, the research direction can have a wider impact on the im-
portance of this study.

In the south of Rangkasbitung City, which is the capital city of Banten Province, these tributaries
unite and flow to the North into the Java Sea. Interestingly, the upstream tributaries also come from
the Karang and Halimun mountains [3] where the inhabitants of the upstream areas of the Ciujung
watershed are mainly employed as farmers and gold miners, particularly in the Lebak District [3, 16].
Residents used the amalgamation processes in the forest, water river, and also their yard.

Sampling. In January 2021 (wet season) the sediment samples (0-10 cm) were collected from
11 sampling stations in the Ciujung watershed including two large tributaries: the Cisimeut and the
Ciberang River (Fig.2, a). Six sites were distributed in the mainstream from the upstream (S1), middle
stream (S2 and S3), and downstream (S4, S5, and S6). Two locations along the Cisimeut River: T1
and T2 and from three locations in the Ciberang River: B1, B2, and B3 (Fig.2, b). The sediment was
collected one day after the big flood occurred in the Ciujung watershed which might lead to variations
in the Hg content in the sediment [17].

The sediments were collected using a grab sampler and three times, were homogenized, and then
stored in a cool box. They were then transported immediately to the laboratory before the analyses.
Subsequently, the material was sieved through a 150 um-sized sieve [18] and dried at 20 °C at room
temperature. The dried samples were measured using a direct mercury analyzer.

Surface water was collected in each site using a point sampler horizontal based on Indonesian
National Standard (SNI 6995:2021) method for water and wastewater, then surface waters were fil-
tered with 0.45 pm of pore size and collected in polypropylene bottle, then acidified by using nitric
acid until pH < 2. All bottles were transported to the laboratory in an ice-cooled container and stored
in the refrigerator (4 °C) until analysis. THg concentration in the surface water sample was measured
using Cold Vapour — Direct Mercury Analyzer.

Chemical and Sample Digestion. A high-purity Hg standard solution (1000 mg/I) was used for
the calibration (Merck, Germany and Wako, Japan). The mercury concentration in the sediment was
determined through the EPA method 7473, using thermal combustion with amalgamation atomic ab-
sorption spectrometry (Direct Mercury Analyzer 3,000 NIC, Japan). For determining the characteris-
tics of the sediment, the total organic carbon (TOC) and total nitrogen (TN) were analyzed using an
elemental analyzer (Thermo Fisher Scientific, ConFlolV).

The particulate organic phosphorous (POP) was determined by subtracting the sum of the inorganic
phosphorus fractions from the total amount of phosphorus in the sediment after performing the ignition
method [19]. Bulk surface sediment samples were collected for isotopic analysis (8*3C and §°N). The
sediment sample was acidified for 24 h in a bath containing 1N HCI solution to remove carbonates from
the sediment matrix. The samples were washed with ultrapure water and oven-dried overnight at < 80 °C.
The dry sediment sample was then ground to a fine powder using a mortar and pestle.

Isotopic analysis was performed using an elemental analyzer coupled online with an isotope ratio
mass spectrometer using air nitrogen and Pee Dee Belemnite standards for N and C, respectively
(Thermo Fisher Scientific: Flash 1112 Series, ConFloIV, DELTA Plus). The §!3C and °N values
were compared with the Vienna Pee Dee Belemnite and air nitrogen standards, respectively [20]. The
C:N, N:P, and C:P ratios were calculated by their respective molecular weights (%),

8N = {[Mj - 1} -1000;
Rstandard
§8C = {[MJ - 1} -1000,
Rstandard
where R corresponded to the 2*C/*2C or >N/*N ratios.
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Quality control and quality assurance. Certified reference material (CRM) marine sediment
NMIJ 7302-a (Japan) was used for internal quality control to assess the validity of the data, and the
number of replicates of CRM and samples were examined in duplo and triplicates. According to the
analytical parameters, the accuracy of the method was 101.28 %, repeatability was 3.68 % of RSD,
and the limit of detection (3SD of blank) was 20 ng/kg. This shows that the method was efficacious
in determining the Hg content in the sediment.

Mixing model of isotope. All analyses were performed using freeware R version 4.0.2. The pro-
portional contribution of each end-member (i.e., SOM of each tributary) to the surface sediment of
each station was estimated using Bayesian mixing models according to the Markov chain Monte
Carlo method [21]. The analyses were performed using the R package “simmr”, which is the upgraded
version of the “siar” and a prior distribution for this analysis is the Dirichlet, a generalization of the
Beta distribution [22]. The trophic enrichment factor was set to zero concerning the non-trophic re-
lationship among them. Four Markov chains with lengths of 10,000,000 were run, and the first
100,000 samples were discarded during burn-in. The thinning was adjusted to 100 depending on the
convergence of the chains. The obtained Gelman — Rubin diagnostic statistics were close to 1 for all
the estimated parameters, which satisfied the rules of thumb for the convergence assessment (less
than 1.1) [23].

Biological Effects. According to Australian and New Zealand Environment and Conservation
Council (ANZECC) guidelines, there are two recommended SQGV points, namely effective range
low/median (ERL/ERM) trigger values representing the threshold value to trigger an adverse effect
and threshold/probable effect level (TEL/PEL) value representing the high probability effect to evaluate
the biological effect.

To evaluate the risk level of Hg in sediment, we used index RQ which is the most feasible method
for risk assessment of pollutants in the environment [24, 25]:

RQ= =T,
SQC
where MEC is the measured concentration for a single chemical measured at a sample, pg/kg; SQC
is the sediment quality criterion, ng/g.
The sediment quality criterion of mercury

SQC=K, -WQC, (1)

where K is the partition coefficient of Hg between solid phase and interstitial water, 1/kg.
The partition coefficient of Hg was calculated using equation

K, =S.(Hg)/S, (Hg),

where Ss (Hg) — Hg in sediment sample of each site, ng/kg; Sw (Hg) — Hg in water sample of each
site, pg/kg.

In this study, the dissolved Hg concentrations ranged from n.d. (not detection) to 46 ng/l with an
average of 14.2 ng/l. The partitioning coefficients (log Kp) of Hg between particulate matter and water
in the Ciujung watershed were obtained at 0-5.21 with an average of 4.28. The average K, derived in
this study was calculated at 19,054 I/kg, and WQC is the water quality criterion (ng/l). The WQC was
derived from tissue-based criterion (TBC) and bioaccumulation factor (BAF) using equation

TBC
wQC BAE (2

The TBC is the tissue-based criterion derived by the species-sensitive distribution method. In
this study, the TBC (HC5) value was 0.062 mg/kg based on data reported by [25]. BAF value was
3,023.00 I/kg based on data reported by previous reports [4]. Then using equation (2). The WQC of
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Hg in the Ciujung watershed is 20.5 ng/l. Based on the average value of Ky (19,054 I/kg), the SQC of
Hg was calculated to be 390.80 ng/g using equation (1). To evaluate the ecological risk of mercury:
if RQ > 1, the risk posed by Hg is high; if 0.1 < RQ < 1.0, the ecological risk is moderate, and if
RQ < 0.1, the ecological risk is low [25].

Results and discussion

Hg distribution in the sampling sites. Table 1 lists the THg concentration in the mainstream of
the Ciujung watershed ranging from 0.02 to 0.91 mg/kg of dry weight with average values of
0.59+0.32 mg/kg. Detailed analysis in Table 1 is shown in Fig.3. In the middle stream areas (S2 and S3),
the THg concentration was relatively high, particularly in S3, it can be caused by confluence between
tributaries (the Cisimeut (T1 and T2), the Ciberang River (B1-B3)) and mainstream (S1-S6) of the Ciu-
jung watershed where the concentrations of Hg transported by these tributaries were extremely high ranging
between (0.42-0.83 mg/kg). It showed that these high levels of Hg-contaminated sediments might have
been caused by illegal small-scale gold mining activities that operated in the upstream areas of these
tributaries as shown in Fig.2, a. To prove this, we examined the soil paddy field located within 500 m
near the ASGM hotspot in Cisitu, Lebak District which acts as an Hg source in upstream of these tributaries.
Based on research reported by other reports [6], the water used for the irrigation system is derived from
Hg-contaminated water from the amalgamation process. The Hg concentration in the soil paddy field (n = 3)
was obtained at 45.86+2.37 mg/kg of dry weight. The Hg concentration in soil paddy field was above
than permissible level by the World Health Organization (Hg in soil for agriculture is 0.05 mg/kg) [26].

Table 1

Sediment characteristics and THg (dry weight) concentration in mainstream and its tributaries of the Ciujung River

-

Location TOoC”, ™, POP, CIN | N/POP | CIPOP | 65C" % | 55N", % | THg™, mglkg
sites umol/g umol/g umol/g
Mainstream
S1 174430 2042 1.0+0.9 8.8 18.2 138 -25.1 1.4 0.02+0.01
S2 800433 81+3 3+1 9.9 27.3 232 -26.0 29 0.62+0.04
S3 1,174+£110 110+2 6+2 10.7 18.5 170 -25.9 31 0.65+0.05
sS4 958+370 94437 6.0+0.8 10.2 15.3 134 -25.8 25 0.91+0.04
S5 707+190 7448 5.0+7 9.7 13.8 114 -25.7 2.6 0.86+0.06
S6 357+150 38+12 4.0£0,1 9.3 9.8 78.8 -25.5 2.7 0.46+0.04
Min 174 20.0 1.0 8.8 9.8 78.8 -26.0 1.4 0.02
Max 1,174 110.0 6.0 10.7 27.3 232.0 -25.1 31 0.91
Mean 695.0 69.5 4.2 9.8 17.1 144.5 -25.7 2.6 0.59
SD 372.9 34.2 1.9 0.7 59 52.4 0.3 0.6 0.32
Cisimeut River
T1 192+10 16+1 3£0.1 11.6 59 58 -26.2 2.0 0.62+0.04
T2 405+30 45+5 3+0.2 9.1 14.6 113 -25.3 32 0.52+0.04
Min 192 16 3 9.1 5.9 58 —26.2 2.0 0.52
Max 405 45 3 11.6 14.6 113 -25.3 3.2 0.62
Mean 298.5 30.5 3.0 10.4 10.2 85.5 -25.7 2.6 0.57
Ciberang River
B1 320+30 33+4 440.1 9.8 7.8 65.4 -25.7 35 0.77+0.04
B2 397+63 4443 44+0.8 9.1 12.0 94.3 -25.2 31 0.83+0.09
B3 281421 28+1 3+0.8 10.0 104 89.3 -26.1 2.4 0.42+0.05
Min 281 28 3.0 9.1 7.8 65.4 -26.1 2.4 0.42
Max 397 44 4.0 10.0 12.0 94.3 -25.2 35 0.83
Mean 332.7 35.0 3.7 9.6 10.1 83.0 -25.7 2.0 0.67
SD 59.0 8.2 0.6 0.5 2.1 15.5 0.5 0.5 0.22

* Number of samples (n = 3); ™ (n = 2).
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Fig.3. The distribution pattern of the 3*3C and 65N values (%o), organic matter,
and THg concentration (umol-g~*) from each stream of rivers

When the Hg is discharged into the soil paddy field, it can be strongly bonded with the SOM.
The soil will be transported into the river and accumulated in the sediment due to soil run-off during
the wet season. Moreover, the highest Hg concentration occurred at S4 (0.91 mg/kg) followed by S5
(0.84 mg/kg) which is located downstream of the Ciujung watershed. The high Hg concentration at
S4 and S5 might be due to these sites being the deepest sites in the Ciujung watershed with total
depths of 6.72 and 4.22 m, respectively causing deposition of more suspended particles at these sites
when the low flow rate occurs.

The accumulation of Hg in mainstream and tributaries was a serious problem where the THg
concentrations in the mainstream and tributaries sediment of the Ciujung watershed were above the
permissible limit set (0.15 mg/kg) by the Australian and New Zealand Environment and Conservation
Council Interim Sediment Quality Guidelines (ANZECC I1SQG) and Hongkong Interim Sediment
Quality Guidelines (Hongkong 1ISQG) except in the S1 (upstream) [27]. Values of sediment quality
indicators: the threshold values to trigger and adverse effect (ERL —0.15; ERM — 0.7 mg/kg), evaluation
the biological effect (TEL — 0.13; PEL — 0.7 mg/kg). The information of sediment quality from Indo-
nesia government is still not available. Therefore, the sediment in the mainstream and tributaries had
a high potential ecological risk due to Hg contamination, particularly for aquatic organisms.

Worldwide comparison of mean Hg. Among the Indonesia River, data from the Ciujung water-
shed are very limited. Results of other rivers from previous published are presented for comparison.
Table 2 presents a comparison of the THg concentrations obtained in the study with the results of
studies from other countries [28-31]. The THg concentrations in the Ciujung watershed were higher
than those in the unpolluted areas, such as the Yangsuri lacustrine wetland, Korea; they were roughly
comparable to the concentrations in Jiaozhou Bay, China, but were lower than those in other polluted
areas, including Minamata Bay, Japan, and the Hunza River, Pakistan. The THg in the sediment of
the Ciujung watershed and its tributaries indicated that they were moderately polluted by Hg.
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Table 2
Comparison of THg in surface sediment in different basins/countries

Basin Source of Hg THg in surface sediment, mg/kg Reference
Yangsuri Lacustrine wetland, Korea Wetland 0.001-0.086 [28, 30]
Minamata Bay, Japan Industrial activities 0.1-3.34 [29, 31]
Jiazhou Bay, China Industrial activities 0.12-0.58 [30, 32]
Hunza River, Pakistan ASGM 0.22-6.40 [31, 33]
Ciujung watershed, Indonesia ASGM 0.02-0.91 This study

Characteristics of OM (TOC, TN, and POP) in sediment. TOC, TN, and POP concentrations are
essential parameters for describing and determining the abundance of OM in sediments [32]. The
distribution of TOC, TN, and POP in the Ciujung watershed sediments (S1-S6) was found to be similar.
They were found to increase from upstream to the middle stream areas but decrease in the downstream
areas (see Fig.3). The TOC, TN and POP concentrations in the mainstream were found in S3 (TOC —
1,174; TN — 110; POP — 6 pmol/g) followed by S4 (TOC — 958; TN — 94; POP — 6 umol/g), and S5
(TOC —707; TN — 74; POP — 5 umol/g) and the mean concentration of TOC, TN and POP was 695,
69.5 and 4.17 umol/g, respectively.

The TOC, TN, and POP were found to be highly concentrated in S3, it might be caused by high
terrestrial input of OM, and, it might also impact the composition of OM in the sediment during heavy
rain [33]. Meanwhile, the mean concentration of TOC, TN, and POP generated was 298.5, 30.50, and
3.00 umol/g, respectively, in the Cisimeut River and 332.67, 35.00, and 3.67 umol/g, respectively, in
the Ciberang River. The varying concentrations of TOC, TN, and POP in these tributaries indicate
the variation in the origin of these compound accumulations in the rivers. Other reports [34] reported
similar research to our study that the concentrations of TOC, TN, and POP in the sediment of the
Mianjiang River sub-watershed were significantly different.

Correlation between Hg, TOC, TN, and POP and their molar ratio. Pearson’s correlation analysis
was performed on the concentration data about the following: Hg, carbon, nitrogen, and phosphorus
as well as for their molar ratios and isotopes, and the results have been presented in Table 3. The
amount of TOC concentration was positively correlated with TN, POP, C/N, N/POP, C/POP, §°N,
and Hg content. A strong correlation existed between the amount of TOC and TN in the sediments of
the Ciujung watershed and its tributaries (r = 1.00; P < 0.01), which suggests that a major part of TN
was associated with TOC that can be considered as organic nitrogen [35]. Moreover, a strong corre-
lation existed between the TOC and POP (r =0.78; P < 0.05).

Table 3
Pearson’s correlation matrix of Hg, 8*°N, §:3C, TOC, TN, and POP
and their molar ratio from the Ciujung watershed and its tributaries
Items TOC TN POP CIN N/POP C/POP s1C 3N
TOC
TN 1.0™
POP 0.78™ 0.77™
CIN 0.27 0.20 0.35
N/POP 0.57 0.60 —0.04 -0.21
C/POP 0.66" 0.68" 0.07 —0.06 0.99*
313 -0.28 -0.22 -0.29 —0.87 0.06 —0.08
3N 0.37 0.40 0.51 —-0.05 0.03 0.06 —-0.03
Hg 0.51 0.52 0.79™ 0.33 -0.14 -0.06 -0.30 0.61

*p <0.05; *p <0.01.
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The results suggested that the type of OM should be similar at all sites. Therefore, we can assume
that the Hg accumulation in the sediment can be represented by OM. The findings of this study are con-
sistent with the findings reported in the previous research conducted by other reports [36] that found that
the Hg concentrations correlated significantly with the TOC contents in Bohay Bay, Northern China, and
Tianjin’s Haihe River caused by the thermally labile fraction of OM released during pyrolysis at 300 °C.
It revealed that the strong correlations between the TOC, TN, POP, and Hg concentrations indicate the
strong correlation between OM and Hg adsorption onto the sediment. The meaning of this result is Hg
released from amalgamation processes is strongly bonded in the organic matter of sediment.

Identification of the type of OM. OM in the sediments in the mainstream and tributaries was
analyzed to investigate the source of Hg in the mainstream of the Ciujung watershed (see Table 1).
The molar ratio and stable isotope ratio of both organic C and N were used to determine the origin and
transformation of OM affected by the anthropogenic impacts on local and regional ecosystems [32]. An
analysis of the C/N ratio together with §!3C and §*°N can provide information on the OM sources and
identify the type of OM). The narrow range (from —26.2 to —25.1 %o) of 613C in the sediment
collected from the Ciujung watershed and its tributaries was attributed to the prevalence of higher
hydrodynamic energy conditions in this watershed [36].

This study was conducted during the rainy season; therefore, the flow rate of the river was high,
and the spatial distribution of sedimentary OM was expected to be strongly affected by river flow.
Therefore, we assumed that during the wet season, the SOM in upstream of these tributaries can be
transported in the mainstream of the Ciujung watershed. To identify the type of OM, we evaluated it
according to !3C and §*°N (Fig.4, a).

The results failed to distinguish between the types of OM based on some values derived from
phytoplankton and OM in the soil. However, as predicted by the C/N ratio and §*3C values, the mean
313C values indicated that the OM derived from the soil was abundant, which agrees with the soil
organic properties of OM (Fig.4, b) [37]. This revealed that OM in the sediment of the Ciujung wa-
tershed and its tributaries was not generated by the phytoplankton and this result is consistent with
that reported by other reports [38].

Mixing model of stable isotopes. A Bayesian mixing model was used to estimate the proportional
contribution of each OM to the sediment at each site using the stable isotope and the three sources:
S1 as uncontaminated upstream of the mainstream, T1 as a contaminated tributary (the Cisimeut
River), and B1 + B2 as a contaminated tributary (the Ciberang River). In this case of B1 + B2 as points
of sources, it can be caused because these areas have similar isotopic and geological characteristics.
Therefore, we assume that these sites are treated as one group.

In this study, the proportion of the contribution of n + 1 different sources could be determined by
different isotopic tracers. Based on the conservation of mass of the stable isotope. Based on the biplot
of 8°N and §'*C (Fig.5), OM, which accumulates sediment downstream of the Ciujung watershed
(mixtures S4, S5, and S6), had similar characteristics to the OM obtained from the mixtures T2 and
B3; these sites were relatively close to the source (T1 and B1 + B2). In the case of S3 and B2 which
are out of the triangle, we used the “siar” package based on a Monte Carlo simulation of mixing
polygons to apply the point-in-polygon assumption to these models [22].
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Fig.4. Plot of §13C vs 8'°N (a) and plot of C/N radio vs §*3C (b)
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2044 _ % W 56 linear solution, we could obtain the contribution of
B \ ¥-s1 the outside of the polygon.
Teed 1 T The contribution of soil OM represented by
15 Ssoo BI+B2  (mean+SD) from the Cisimeut River (T1) was found
~ ¥ in most of the downstream sediment in S3-S6,

in which the highest was S4 (60.79+£0.05 %), fol-
lowed by S5 (49.32+0.07 %), S3 (39.00+0.0 %),
and S6 (23.83+0.09 %). The OM from the Ciberang
River contributed to the downstream sediment in
S3-S6, with the highest contribution in S6 (47.51+0.01 %), S5 (36.29+0.01 %), and S4 (26.00+0.01 %).
It was revealed that the soil OM from the Ciujung and Ciberang Rivers, which contained Hg, con-
tributed to the accumulation of Hg in the sediment in the downstream area of the Ciujung watershed
caused by a strong formation and complexation ionic bonds between mercury and SOM affected the
sequestration of mercury to sediment [39]. Therefore, it can be assumed that the sediment organic
matter in the downstream is predominantly derived from these tributaries.

Biological effect. Hg-contaminated sediment affects benthic organisms. Therefore, assessment of
ecotoxicology of the Hg concentration in sediment was used effect range low (ERL)/effect range median
(ERM) and threshold effect level (TEL)/threshold probable effect level (PEL). Due to the ERL and TEL
values being less than expected to have adverse effects on sediment-dwelling organisms, we evaluated
the biological effect using the ERM and PEL values indicating the chemical concentration above which
adverse effects are likely to occur in the aquatic ecosystem [40]. These values provide a reliable tool to
evaluate the quality of sediment and adverse biological effects on estuarine sediment [41].

As shown in Table 1, except for in S1, Hg concentrations in all sampling sites exceeded the TEL
and ERL values. Based on PEL and ERM values, several sampling sites showed that extremely high
concentrations of Hg exceeding the PEL and ERM values were found in downstream S4 and S5, and
also in tributaries B1 and B2. Therefore, these sites can be categorized as potential toxicity to the
benthic organisms. The impact of contaminated sediment on aquatic ecosystems is likely to be due
to remobilization and re-suspension processes [40].

The data of Hg toxicity including abnormal and deformed aquatic organism-based tissue according
to NOEC (no observed effects concentration) and LOEC (lowest observed effect concentration)
values was reported by previous reports [25] for several benthic organisms, for instance, mollusks,
crustaceans, aquatic insects, and fish. The deformed of growth in aquatic organism was found in
mollusks (Pyganodon grandis, Hg = 0.686 mg/kg) and fish (Perca flavescens, Hg = 0.125 mg/kg;
Sandae vitreus, Hg = 0.25 mg/kg); the abnormality of the cellular system was found in fish (Liza
aurata, Hg = 0.1 mg/kg; Bileophtalmus dussumieri, Hg = 0.59 mg/kg); the biochemistry disorder
was found in fish (Ameiurus males, Hg = 0.59 mg/kg; Brycon amazonicus, Hg = 0.63 mg/kg); crus-
taceans (Dapnia magna, Hg = 0.859 mg/kg); aquatic insects (Hexagenia sp., Hg = 0.166 mg/kg), and
the effect of mortality was found in molluscs (Mytillus edulis, Hg = 1.12 mg/kg); fish (Poecilia
reticulate, Hg = 0.2 mg/kg; Onchorhynchus keta, Hg = 0.8 mg/kg). The previous study reported by
other reports [3] showed the bioaccumulation factor of the selected fish namely Barbonymus gonionotus
and Channa striata in the Ciujung watershed is found to be higher than 1,000 which includes dangerous
categories if consumed and also consistent with the research reported by other reports [7] that the Hg
concentrations found in Cisitu ponds ranging from 0.1-1.3 mg/kg which exceeding the maximum
quantity for human consumption.

2625 2600 2575 2550 -25.25 —25.00
31C
Fig.5. Mixing model of isotope using Bayesian mixing model
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In this study, the ecological risk of Hg toxicity based on RQ at the 11 sampling sites show that
the RQ values of 10 sediment sampling sites in the Ciujung watershed including mainstream and
tributaries are more than 1, while the RQ of S1 is less than 0.1. RQ values of Hg at the 11 sampling
sites of Ciujung watershed: mainstream — S1 — 0.05; S2 — 1.59; S3 — 1.66; S4 — 2.33; S5 — 2.20;
S6 — 1.18; tributaries (Cisimeut River) — T1 —1.59; T2 — 1.33; tributaries (Ciberang River) — B1 — 1.97;
B2-2.12; B3-1.07.

A similar result was reported by a previous report [25] in Taihu Lake where almost the range of RQ
values in the 31 sites was between 0.10-1.00, and two sites showed higher than 1 were S12 (RQ = 2.04)
and S13 (RQ = 2.18). Based on that, the ecological risk of Taihu Lake is in the middle level.

The results of this study showed that the RQ values in the Ciujung Watershed were quite higher
compared to the Taihu Lake, indicating that overall, the ecological risk level of Hg in Ciujung sedi-
ment was high. Regarding this, we can infer that Hg contamination in the Ciujung watershed has the
potential effect on benthic organisms as a food chain in most of the sampling sites except S1. Future
research is highly required to examine different species of fish and benthic organisms from those
sampling sites in the Ciujung watershed.

Limitations of this study as follows:

* Indonesia’s rivers are managed by local government authorities. To collect samples from these
rivers, individuals or organizations must obtain specific permissions from local government.

« Local governments are responsible for the monitoring and supervision of rivers and have desig-
nated specific sampling points, individuals or organizations must adhere to the procedures established
by local authorities.

* The challenging access to the rivers, which are surrounded by dense forests. Therefore, we have
to follow the procedure established by local government. This process could limit the temporal and
spatial representation of the collected data.

* Reliable identification of spatial patterns and correlations with other geochemical characteris-
tics typically requires a larger dataset (30 samples at least) to ensure statistical significance and to
reduce the impact of outliers.

A small number of samples (11 samples) inadequately represents geochemical diversity and
does not account for the influence of environmental factors such as vegetation cover, land use, and
human activities, nor does it capture the temporal fluctuations in mercury levels due to seasonal
changes such as varying water flow rates, sediment deposition, and erosion patterns; thus, it provides
insufficient geographic coverage and risks missing significant variations in mercury contamination
within the river system. Therefore, further investigation should be conducted to ensure sufficient
geographic coverage for a comprehensive result.

* Besides ASGM, other potential sources of Hg contamination, such as industrial discharges,
atmospheric deposition, and historical contamination, need to be considered. Understanding the
relative contributions of these sources requires a more comprehensive sampling strategy.

Conclusion

The average concentration of total Hg on the surface sediment of the Ciujung watershed ranges
from 0.02-0.91 mg/kg d.w., and based on the sediment quality guideline, the concentration of Hg on
the surface sediment exceeded the normal limit value in all the sampling sites except S1. This study
is important since it is the first to investigate Hg contamination in the mainstream of the Ciujung
watershed, Banten Province as a result of illegal ASGM activities.

This study confirmed the presence of mercury contamination in the Ciujung watershed, where
the average total concentration of Hg in the surface sediment of the Ciujung watershed ranges from
0.02-0.91 mg/kg d.w., and based on sediment quality guidelines, the concentration of Hg in surface
sediment exceeds the normal limit value in all sampling locations except S1. The Bayesian mixing
model using isotopes shows that the percentage of SOM distribution in the main stream of the Ciujung
watershed consists of 23.8-60.8 % from the Cisimeut River and 26.0-47.51 % from the Ciberang
River. The results utilizing C/N and §'3C revealed that the OM sedimentary is composed of SOM
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where THg concentration and C, N, and P was strongly correlated based on Pearson's correlation
analysis. This revealed that these rivers have contributed to the Hg contamination of the mainstream
of the Ciujung watershed due to illegal ASGM activities carried out in the upstream areas of the
tributaries that act as point sources.

The biological effects evaluated by ERM and PEL showed that the concentration of Hg exceeded
the normal limit value with a moderate index risk quotient level. It can be concluded that sediment in
the Ciujung watershed confirms the high probability of its effect on residents with Hg. This study is
significant because it addresses Hg pollution and provides suggestions for further environmental manage-
ment of Hg and sediment remediation.
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Abstract

The annual increase of coal production and its demand lead to the necessity in temporary storage places (ware-
houses) organization to accommodate raw coal materials before the shipment. It is noted that at the open method
of coal storing the dust emission from loading/unloading operations and from the pile surface effects negatively
the health of the warehouse workers and adjacent territories. An alternative solution is closed-type warehouses.
One of the main hazards of such coal storage can be the release of residual methane from coal segregates into
the air after degassing processes during mining and extraction to the surface, as well as transportation to the place
of temporary storage. The study carries the analysis of methane content change in coal during the processes of
extraction, transportation and storage. Physical and chemical bases of mass transfer during the
interaction between gas-saturated coal mass and air are studied. It is determined that the intensity of methane
emission depends on: the coal seam natural gas content, parameters of mass transfer between coal, and air
and the ambient temperature. The dynamics of coal mass gas exchange with atmospheric air is evaluated
by approximate approach, which is based on two interrelated iterations. The first one considers the formation of
methane concentration fields in the air space of the bulk volume and the second accounts the methane emission
from the pile surface to the outside air. It is determined that safety of closed coal warehouses exploitation by gas
factor can be ensured by means of artificial ventilation providing volumetric methane concentration in the air
less than 1 %. The flow rate sufficient to achieve this methane concentration was obtained as a result of computer
modeling of methane concentration fields formation in the air medium at theoretically calculated methane emission
from the pile surface.

Keywords
hard coal; coal dust; coal warehouse; methane; residual methane content; hard coal transportation; methane desorption;
effective diffusion coefficient
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Introduction

The coal industry is one of the key sectors of Russian industry, including mining, production,
transportation and marketing of coal. The Russian Federation ranks 2nd place in the world in terms
of coal reserves, most of which are located in Siberia and the Far East [1-3]. Coal production in 2023
amounted to 438 million t, including 213 million t of coal exported to China, BRICS countries and
others [4, 5].

The growth of coal production and increased commercial interest in its acquisition lead to the
need for coal’s temporary storages in port terminals and storage areas to be shipped to the consumer
in future [6-8].

Nowadays, the most common method of temporary coal storage is its placement in open area [9-11].
However, data analysis shows, this method, firstly, reduces the raw materials quality, and secondly, there
is an aerotechnogenic load on the environment and workforce due to the dust emissions [12-14]. The
cause of coal’s piles high dusting is wind flow, the value of which reaches 20 m/s in some regions. Cal-
culation of coal dust emissions into the atmosphere from the open warehouses operations was carried out
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according to the Industry methodology”. Depend- 2 e
ence of atmospheric air dustiness (points at dif- £ 175 N 7
ferent distances from the piles) on the wind speed S E 11255 D\ /
is presented in Fig.1. g\ |/

The obtained analysis indicate that at low g 575 A\
wind speed (1-5 m/s) removal of coal dust from § 05 \
the pile surface and its dispersion occurs 0.25 _J/\
mainly in the storage area and the adjacent ter- 0 500 1000 1500 2000
ritory of the enterprise, exposing the negative Distance from the source of dust emissions, m
impact of the workforce. Due to wind flow in- 1 -2 3

— 4 —5

creasing, dusting from the pile intensifies, but
at the same time, dispersion and settling of coal
dust will occur mainly outside the industrial
territory, inducing aerotechnogenic impact on
the environment.

An alternative solution for the environmental problem and prevention of coal quality reduction
is the exploitation of temporary closed warehouses [15-17]. Following this method, the air velocity
is determined only by the parameters of natural or forced ventilation. In comparison with the wind
flow velocity, the air inside closed warehouse moves less faster which contributes to minimal dust
disruption from the surface of coal pile. Meanwhile, the high residual methane content in coal segre-
gates can lead to the formation of explosive concentrations in the warehouse air environment [18]. In
order to avoid such cases, the maximum methane content in the closed warehouse air is limited by
the current regulations (1 % of the volume) [19].

The obtained analysis indicate that many Russian coal deposits are characterized by high natural
gas content. This information is presented in the Table, which contains the values of minimum and
maximum natural methane content of some Kuzbass coal seams [20-22].

Fig.1. Dependence of coal dust dispersion
on the distance to the dust source at different air
velocities

1-1m/s;2-3m/s;3-5m/s;4—-10m/s; 5-20 m/s

Methane content of some Kuzbass coal seams

Minimum natural methane Maximum natural methane

Coal deposit content, m3/t content, m3/t
Alardinskoye 0.10 447
Baidayevskoye 0 30.3
Berezovo-Biryulinskoye 2.0 36.7
Egozovo-Krasnoyarskoye 0.3 135
Kedrovsko-Krokhalevskoye 0.01 17.6
Kiselevskoye 0 35
Leninskoye 0 25
Olzherasskoye 1 31
Raspadskoye 1 22
Sokolovskoye 2 17.1
Shelkanskoye 1 235
Chertinskoye 0 35

Reduction of gas content (methane content) relative to its initial value takes place in several
stages: coal extraction to the surface, loading into railcars, transportation by rail, unloading

* Industry methodology for calculating the amount of harmful waste captured and emitted into the atmosphere by
coal mining enterprises. Perm: MNIIECO TEK, 2003, p. 115.
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to the warehouse. The coal mass degassing processes at each stage depend on such parameters
as petrographic coal composition, ash content, average size of a coal piece, ambient temperature,
etc. [23-25].

Hence, the purpose of the work is to study the influence of residual gas content of coal on closed
coal warehouse’s safe operating conditions and to choose the ventilation mode for gas regime nor-
malization when required.

Methods

Methane in coal seams is in a bound sorbed state. During the coal massif distructure, a part of
methane, located in seam pores and cracks, escapes into the mine space instantly, and
the other part of gas — continue to desorb, but at a slower rate. The intensity of gas emissions
from coal depends on several factors: ambient temperature, mass transfer parameters, initial gas coal
content, etc. [26-28].

After mining and extraction to the surface and during transportation to the customer, coal is
stored in various shapes of piles, which are bulk volumes containing coal pieces surrounded by air
space. Piles may include coal mounds before loading into railcars, coal volumes filling in railway,
and coal mounds formed in temporary storage places (port terminals, storage facilities at thermal
power plants, chemical and metallurgical plants, etc.) [19, 29, 30].

If during the coal transportation from the extraction place to the final destination, degassing
of initially contained in the coal methane occur only partially, the coal mass have some residual
gas content.

The degassing process of coal stored in piles is carried out as follows. In the initial period, imme-
diately after the pile formation, the methane concentration in the air, that filing intergranular voids
is 0. Over time, the air voids begin to be filled with methane coming from the surface of each
coal unit, and the methane concentration in the air voids continuously increases, reaching a certain
asymptotic value. If the a coal pile surface is washed by air, then simultaneously with the increasing
of methane concentration in the depths of the pile, an outflow of methane from the surface occurs,
and in the adjacent to the pile surface zones, zones are formed with a reduced concentration
of methane relative to the areas to which the influence of gas exchange from the surface has not
yet spread.

It may appear that firstly the methane flow from the pile surface increases to a certain value, but
then it decreases monotonously.

To estimate the dynamics of coal mass gas exchange with atmospheric air at all stages
of its storage in piles or railcars, an approximate approach based on the use of two interrelated
iterations determining both the formation of methane concentration fields in the air space of
the bulk volume and the values of methane emission from the pile surface to the outside air is
proposed.

The first iteration is performed under the assumption that methane emission per unit volume
of the coal mass, where the coal particles surface area is Fvoi, 0ccurs under the condition of isolation
of this volume, in which the coal particles and voids filled with air occupy volumes 1 —m and m,
respectively, from the outside air surrounding its surface. The methane flow j from the each coal
particle surface is calculated under the assumption that it can be represented in the form of a ball with
radius ro, and the methane flow from its surface is determined by the effective diffusion coefficient
Detr, the value of which was established on the basis of experimental studies (Fig.2) for Kuzbass coals
ranks gas and fat (bituminous) coal [31].

The graph in the Fig.2 shows the increasing of effective diffusion coefficient with ambient tem-
perature raising.
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The differential equation of methane diffusion Effective diffusion coefficient , m?/s
in each coal particle can be represented in the form: 61510 S.IE10 41E-10 31EA0 21EA0 LIE-0 111
aC o°C L20C 1 240
6F0003| - eff aRZ r aR 1 ( ) .l 250
! I I I I o 260
C(R,0)=Cy; - 270
{ { { { . :P. { 280
oC = C(R; Foc°a') : | 290
| | o e | | | 300
C(l,’t):CT; I PRt I I | | | 310
J 320
oc(0,Fo*")
——F—=0, Fig.2. Graph of the change in effective diffusion
oR coefficient from ambient temperature.
where C — methane concentration in coal parti- Correlation ratio v0.993

cles, kg/m®; Fo*@ — Fourier diffusion number for
coal, m¥s, Fo®™ =D t/r’; © — time, s; Co — initial methane concentration in coal mass, kg/m?;

R — dimensionless radius, R = r/ro; ro — average radius of coal particles of bulk coal volume, m;
C: — methane concentration in the air, kg/m?3.

The solution of equation (1), presented in a general form, at C. = const, has a complex form,
which complicates its further use for calculating the methane concentration dynamics in air voids.
Therefore, the asymptotic representation of the general solution at actual values of the Fourier diffu-

sion number for the considered conditions was used to determine C(R, Fo*):

_ (10%°-10™) (1.5-4)-10°

Focoal
0.05?

=0.1-0.2. )

Then the diffusion flow for these Fourier number with high accuracy can be represented as:

ﬁj(co—cf)- @)

j(Fo™) = Dy /ro[—1+ —

In case C: varies according to an arbitrary law, the methane flow is established on the Duhamel's
theorem:

. D 0  (Fo 1
Foo) =——__— __ ~1+—=— || C,—C.(Fo™ —g) |d&. 4
J( 0 ) ro aFocoal .[0 [ +\/%J|: 0 ‘r( 0 &)] & ()
Methane concentration changes in per unit volume of bulk airspace:
dC (Fo™
% = (1-m)Fqj(Fo™). (5)
Initial conditions C(Fo™ )|, .._,=0.

The solution of equation (5), using the Laplace transform, with respect to the methane concen-
tration in the air space can be represented in the form:

Cr (Focoal ) _ Cof(Z): (6)

where f(Z) — tabulated function,
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f(z)= l—exp(kzFoc"a' )erfc(k Fo® );

erfc(k\/ Fo°°a') = 1—%k T exp(-£*)dé;

coal
2 k+/Fo

il f exp(—£?)dé — probability integral atk :%FVO, (1-m); Fvol — total surface of coal particles

Jr

in unit of coal mass bulk volume, m?/m?; m —the relative volume occupied by air per unit bulk volume
of coal mass, unit fraction.

Initial methane concentration in coal mass is related to gas content (methane content) by the
following:

CO = pmetpcoaleet’ (7)

where pmet — methane density, kg/m?; pcoal — coal density, m®/t; Xme: — initial methane concentra-
tion, m/t.

One way to calculate the average methane concentration in the bulk volume airspace C. (Fo°°a')
over the storage or transportation time Fo® is to integrate expression (6) with subsequent averaging
over time Fo™ . However, in this case, the expression C, (Fo°°a') turns out to be rather cumbersome,
that is not effective for further estimates.

Another way to calculate CT(Fo“a') is to use the balance equation, based on total methane flow

calculation, that enters to the bulk volume airspace from the coal particles during the time Fo®. This
is possible under the condition of the average methane concentration constancy for this time and with
the subsequent calculation of the increment of the average methane concentration in the air space
relative to the initial value equal to zero. The dependence can be presented as:

Focoal 05
Cok 2( j —Fo*
T
Focoal 05 .
1+0,5Kk 2[ ] — Fo*®
T

c.(Fo) = ®)

o 8 . T codl\ . :
£ Calculations of C_(Fo™") for various diffu-
C X
Sg 6 sion coefficients are shown in Fig.3.
§§ 5 = According t_o calculatio_ns, the average me-
Sg 47 — thane concentration sharply increases after 1 day
o / . .. . .
23 37 of storage. This raising of concentration is espe-
c O J . - - -
£ g i / cially noticeable for high ambient temperatures,
=2 ol as the value of the effective diffusion coefficient
£ 3 6 9 12 15 increases with increasing temperature [32, 33].
Coal storage time in warehouse, days For example, at residual methane content after
— 1 2 — 3 transportation of 10 m3/t and duration of coal stor-
— 4 — 5 — 6 age in the warehouse for 15 days, the methane
. . concentration in the warehouse volume will ten-
Fig.3. Graph of methane concentration changes i 3- 3. i
in the airspace of the bulk volume tatlvely be 8 kg/m In summer and 7 kg/m INn wWin-
over time ter period.
1 — residual methane content after transportation H i H
15 8 (.20 °C); 2 - 16 Mt (0.°C); 3 15 Mt (+10 °CY: The sec.onfj iteration allows to establish the
410 m¥/t (-20 °C); 5 — 10 m3t (0 °C); 6 — 10 m3t (+10 °C) methane emissions from the surface of the bulk
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volume into the air surrounded this surface at each time instant t. To determine methane emissions
from the bulk volume surface, it is necessary to choose its geometric shape. For the bulk volume of
the railcars, it is proposed to use the semi-constrained space model, and for the bulk volume in the
form of a pile, placed in a closed warehouse, the geometric model of an unconstrained cylinder with
an equivalent radius Rsurf.

In this case, it is assumed that the methane flow from the surface of the bulk volume for the

time 7 is determined by the resulting effective diffusion coefficient Dy calculated according to the

methodology similar to this work [34]. This methodology is based on the assumption that the coal
mass can be considered as two binary mixtures, one of which consists of coal particles surrounded by
voids containing air Deff1, and the other, on the contrary, of voids with air, which are surrounded by
coal particles Deff 2> The effective diffusion coefficient is calculated using the formulas:

Dcf(;al

i e

Deffl = D:flfr 1+ Vcoal Dai, ; (9)
1-3 Veoal (l al ]

~ ~coal
Deff |

-3
D
e
Deff2 = D:f?al 1+Vair Dcoa| !
1-3 Vair [1_ De:ir ]
eff

where DS — effective diffusion coefficient of methane in coal according to the graph in Fig.2, m?/s;

(10)

D2 — effective diffusion coefficient of methane in the air, D3 =2 - 10°m?s [35-37]; Veoa — relative

volume of coal particles, veoa = 1 — m; Vair — relative air space volume corresponding to the porosity
of the bulk volume, Vair = m.
Based on formulas (9) and (10) the resulting effective diffusion coefficient of methane is:

D% =0.2D,, +0.8D,;,. (11)

The methane emissions (methane flow) from the railcar’s surface and from the pile surface are:

‘]train = [:;ffs [ C (Focoal) - Cair:|; (12)
et 1 D)
‘inle :RS—::f —05+m |: CT(FO I) _Cairji’ (13)

where Fo™ — Fourier diffusion number for coal pile; Cair — methane concentration in the air, kg/m?3.

The total methane amount entering the air from the railcar bulk volume of coal is based on de-
pendence (12). Furthermore, the total methane amount entering the air surrounding the open coal

77
This is an open access article under the CC BY 4.0 license



Egx=m  Journal of Mining Institute. 2025. Vol. 272. P. 72-82

surface is determined firstly, and then — the
residual gas content (methane content) of

Total methane flux per unit time,

where ™ — railcar open surface area, m?;

surf

— 1 coal mass for the transportation time Ttransp
— 2 py next formula:
— 3
—1 il
\] . Fl’al

__ 5 Xtransp — XO_ train ~ surf , (14)
— B pmet rail

7

8

9

Prail — railcar load capacity, t.
Based on the results, the residual
Coal storage time in warehouse, days methane content of coal mass, loaded into
the stockpile, can be from 14 to 7 m%t
Fig.4. Dependence of methane flow from the open coal pile surface ~ depending on the ambient temperature and

on its storage time transportation time.
LSO B0 OrS ST Or TR According to the formula (9), & de-
9-5mt (0 °C) pendence graph of methane flow from the
open coal pile surface during its storage
time was plotted (Fig.4). The initial methane concentration in the coal pile Co was calculated with the
residual methane content calculated by formula (14).

The methane concentration’s change in the closed warehouse, assuming a plane-parallel charac-

ter of air movement along the pile surface, is determined by the following expression:

Cu = Ce (17}, (15)

where Cy — threshold level value, Cy = 1 %; P — pile lateral side perimeter, m?; L — pile length, m;

Based on formulas (13) and (15) the air flow rate vary from 5 to 27 m3/s in winter (average
ambient temperature —20 °C) and from 11 to 45 m3/s in summer (average ambient temperature
+20 °C) for different residual coal methane content before loading into the stockpile. The maximum
air flow rate corresponds to the maximum value of methane flow.

Mathematical modelling of methane flow aerodynamics in the volume of a closed warehouse.
The mathematical modelling of the gas transfer was carried out, taking into account the air flow
aerodynamics where methane enters from the pile surface. It was accomplished to verify the validity
of using a plane-parallel scheme of air movement in the coal warehouse and to establish the distribu-
tion of methane concentrations along the length of the warehouse, The Flow Vision software package
was used for this purpose. The real geometry of the warehouse and the coal pile (height 23 m, width
on the base 65 m and length 600 m) were taken as initial data. In addition, the mathematical model
considered the influence of the loading and unloading equipment inside the warehouse (portal
reclaimer) on the airflow aerodynamics.

Calculations is carried out for the residual methane content before loading to the stockpile, equal
to 15 m%/t and at ambient temperature +20 °C. For these conditions, the average methane flow from
the coal pile surface is 6-10°¢ kg/(m?s).

The warehouse ventilation is carried out according to the fresh air supply scheme through open-
ings located on the lateral side at the end of warehouse, and exhaust of polluted air through a centre

pipe (Fig.5).
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Due to the symmetry of the closed ware-
house with respect to vertical planes passing per-
pendicular (in the central section of the ware-
house) and parallel (along the length of the
warehouse perpendicular to its base) to the hori-
zontal axis, the calculation area was divided into
4 equal parts (Fig.5). All calculations were per-
formed for one of these parts.

Gas admixture transfer process modelling
was carried out for 16 h until the methane concen-
tration stabilized. To establish the regularities of
methane concentration distribution over the ware- Fig.5. Scheme of a closed coal warehouse
house volume, the pOintS 0-10 were chosen, lo- 1 — air exhaust pipe; 2 — airflow; 3 — open for air supply;
cated every 30 m from the air exhaust pipe to- 4 — coal pile; 5 — portal reclaimer
wards the air supply openings (Fig.6).

Resulting from the turbulent nature of air mass flow and the influence of loading and unloading
equipment on the trajectory of their movement, the methane concentrations distribution over the
volume of the closed warehouse will look as follows. The methane concentration takes the maximum
value of 0.00547-0.99 % by volume (red colour) near the air exhaust pipe (Fig.6). This is explained
by the post-penetration accumulation of methane during the rotational movement of air mass over the
coal surface, emitting methane.

The methane concentration changes with time at different space points of a closed warehouse is
presented in Fig.7. According to this figure, the growth of methane concentration up to 0.99 % occurs
before it reaches quasi-stationary values within ~45000 s, which corresponds to 12.5 h of coal storage
in the warehouse.

Thus, according the influence of complex flow aerodynamics, the air flow rate providing dilution
of methane concentration up to threshold values by calculations is 48 m®/s. Satisfactory coincidence

Time = 56041.00000 s

0.0054790
LN LR Y
B 00044195
0.00388%4
0.0033593
0.6028232
0.8022991
B o0oo1769
00012389
0.0007080)
000017872

Open for air
reclaimer supply

Fig.6. Methane mass fractions and location of measurement points
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of the analytical calculations with the results
of mathematical modelling (the discrepancy does
not exceed 6 %), confirms the validity of the
assumptions used in the mathematical model de-
velopment.

Conclusion

Coal placement in closed warehouses is an ac-
tual method of mineral temporary storage with the
possibility to limit the climatic conditions impact
on it, as well as to reduce the aerotechnogenic im-

Methane concentration, %

0 10000 20000 30000 40000 50000
Modelling time, s

A A5 .
=0 el 2. A3 A pact on the environment.
m 6 o7 ® 3 ® 9 B 10 .
The high natural gas content of some coal
Fig.7. The graph of methane concentration changes seams can lead to explosive situations during
with time at different space points (0-10) of a closed mining, transport and temporary storage of raw
warehouse

materials due to the limited gas volume (mine, rail-
cars, warehouse). In this regard, the ensuring safe operation problems of closed warehouses will be
related to the released methane gas.

The information about the residual methane content of coal is important to prevent explosive
situations at each stage:

« after coal mining, its extraction to the surface and temporary storage before loading into
railcars;

« during transportation before coal placement in closed warehouses;

« during direct coal storage.

Despite reduction of residual gas coal content after each stage of handling and transportation, it
can reaches values at which the operation of closed coal storage becomes unsafe, due to the possibility
of exceeding the maximum permissible value of methane concentration in the air, taken as 1 %
by volume.

The safety of closed coal warehouse operation in terms of methane factor will depend not only
on residual methane content, but also on the ambient temperature, which directly affects the rate of
methane release from coal particles: then higher the temperature, the more intense the methane release
process is.

The reduction of methane content in summer (average ambient temperature +20 °C) is higher
than in winter (average ambient temperature —20 °C) by almost 2 times. Thus, the accumulation of
methane concentration in the closed warehouse volume in summer period will be faster, which re-
quires more intensive ventilation for this period.

The analytical calculations results of the required air flow rate do not take into account the com-
plex aero-dynamics of the air flow in contrast to mathematical modelling. Satisfactory coincidence
of the obtained data confirms the validity of the assumptions used in the development of the mathe-
matical model.
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Abstract

The deeper the mineral deposits developments are, the worse the mining and geological conditions become. Significant
growth of stress level in the rock mass contributes to possible manifestation of rock pressure in dynamic form.
The resulting task of assessment of rock impact hazard is closely related to the task of obtaining more accurate results
of compression tests of samples in rigid or servohydraulic test presses using graphs of their full deformation.
This approach requires special expensive equipment, considerable time resources, and sufficient core material.
Therefore, it is important to have an approach that allows to assess the propensity of rocks to brittle fracture with
research methods simple enough not to result in the loss of quality and reliability of the obtained results. This paper
presents the results of laboratory tests of rocks from the Norilsk Industrial Region to determine their tensile and
compressive strengths. Test methods involved both domestic and foreign standards for determining the value of
the brittleness coefficient. The impact hazard potential of rocks was determined using the Kaiser criterion. It is found
that the tested lithological types (rich sulfide ores, hornblende, disseminated ores, and gabbro-dolerite rocks), with
the exception of anhydrite, have a low impact hazard potential.

Keywords
impact hazard potential; rock impact, rocks; Kaiser criterion; brittleness coefficient; uniaxial compression and tension;
servohydraulic test press
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Introduction
Development of mineral deposits at great depths generally leads to more complicated geome-

chanical conditions [1-3] such as increased rock pressure, as well as increased risk of its dynamic
manifestation [4-6]. For example, the depth of the Talnakh mine development in some areas today
reaches more than 1000 m at the known critical depth of the impact hazard of 700 m [7-9]. At such
great depths and consequently high stress values, the rock mass is characterized by the fracturing of
its edge part, potentially manifested in brittle form with the release of elastic energy, i.e. in the form
of a rock impact [10-12].

According to the recommended practices, it is necessary to identify areas in a rock mass where
the possibility of rock impact is the highest, i.e. it is necessary to assess the propensity of rocks to
brittle fracture [13-15]. One of the most accurate ways to assess the propensity of rocks to brittle
fracture is the ratio of the elasticity modulus E to the decrease of material modulus M. Given the ratio
(E/M) > 1, the test specimen is assumed as not vulnerable to impact, and in the case of (E/M) < 1, the
test specimen is assumed as vulnerable to impact. Such an assessment requires compression tests on
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specimens to obtain full deformation diagrams. This approach can be carried out on either rigid or
servohydraulic test presses, taking into account the increase in the transverse strain rate [16-18]. Such
tests require specialized equipment, a large time frame both for the tests and for logistics, and quality
core material in sufficient quantity.

A rather simplified method for assessing the brittle fracture susceptibility of rocks is the method
of Ya.A.Bich [19, 20], which consists in comparing the values of elastic and total deformations. In
this case, the impact hazard coefficient is determined by the formula

k. =2d
e Etot
where ge is deformations in the elastic zone; et is total deformations (before fracture).

A rock is considered impact hazardous at kimp > 0.7. According to the recommended practices”,
when determining the correlation between the value E/M and the impact hazard coefficient Kimp,
it is allowed to carry out the number of tests for the sixth and subsequent specimens at pre-limit
loads [21, 22].

Due to the large number of tests, the possibility of applying the well-known Kaiser criterion [23],
which consists in determining the value of the impact hazard potential of rocks [24], seems quite
promising. Application of this criterion requires only the results of the determination of the compres-
sive and tensile strength of rocks. Thus, in this case, the propensity of rocks to brittle fracture is
determined in a rather simple way, which allows us to obtain a quick assessment of the impact hazard
potential of the studied rocks [25-27].

Research method

Studies of the rock impacts in Canadian mines have shown that the rock impact hazard can
be estimated quite accurately using the indicator of rock impact hazard potential [23]. This indi-
cator takes into account such parameters as UCS (uniaxial compressive strength) and the ratio of
the compressive strength of rocks to their tensile strength UCS/UTS, defined as their brittleness
coefficient [28].

It is known that the compressive strength of rocks is characterized by the energy accumulated
in the rock mass up to the moment of its fracture: the higher limit of rock strength corresponds to
large values of potential energy of elastic deformations and kinetic energy, which leads to dynamic
destruction of the mass in the form of ejection of rock mass and distribution of individual rock pieces.
Another important indicator of the propensity of rock to fracture as a result of thin plate detachment
is the brittleness coefficient defined as the ratio of the compressive strength to the tensile strength of
the examined rock samples (core material) [29].

While studying impact hazard of deposits located in the territory of the Russian Federation, this
approach was successfully applied to ores and rocks of deposits of the Khibiny massif the and Novo-
shirokinskoe polymetallic ore deposit located in the Zabaikalsky Krai [30-32].

When carrying out underground mining operations at great depths in rocks with the potential for
impact hazard, rock impacts are possible, and if there is no such potential, the probability of dynamic
manifestation of rock pressure is close to zero [27, 28].

It should be noted that after obtaining the test results for determining the compressive and tensile
strength of rocks, it is possible, by increasing the scale of the work performed, to obtain more reliable
and statistically significant results. For this purpose, the results of laboratory tests for determining the
physical and mechanical properties of ores and rock mass of two deposits of the Norilsk Industrial
Region in 2018-2023 were used.

* Recommended practices for assessment of the propensity of ore and nonmetallic mineral deposits to rock impact. Approved by
the Order 216 of the Federal Service for Environmental, Technological and Nuclear Supervision dated 23.05.2013.
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Several types of ores and rocks of the Norilsk Industrial Region were considered for the assess-
ment of the impact hazard potential (Table 1). These ores and rocks have been chosen because the
first four lithological types for the Talnakh mines were classified as brittle fracture-prone rocks, ac-
cording to the Federal Industrial Safety Standards and Regulations. It should be noted that anhydrite
is not classified as an impact-prone rock in the Talnakh mines [33, 34].

Data obtained from uniaxial compression and tensile tests was used for assessment of the impact
hazard potential of rocks and ores. The results according to GOST and ASTM (ISRM) were com-
pared. Sample preparation and testing were performed according to GOST 21153.2-84 “Rocks.
Methods of Determining Uniaxial Compressive Strength” and GOST 21153.3-85 “Rocks. Methods
of Determining Uniaxial Tensile Strength”. Determination of tensile strength is regulated by standards
“ASTM D7012-14. Standard Test Methods for Compressive Strength and Elastic Moduli of Intact
Rock Core Specimens under Varying States of Stress and Temperatures” and “ISRM Suggested
Methods for Determining Tensile Strength of Rock Materials” [35, 36].

In the tests carried out according to the GOST regulated methods, the specimens had a ratio
of height to diameter of 2:1 for compression and 1:1 for tension. For tests carried out according to
foreign standards, the ratio of height to diameter for compression specimens was 2:1 and 2.5:1, for
tensile specimens — 0.5:1. For the first sample, a series of tests was performed, including six speci-
mens for compression, six specimens for tension, according to GOST, and four specimens for tension
(as per ASTM). The obtained test results were averaged.

Laboratory test results

The experimental studies resulted in determining of the strength properties of five lithological
types of ores and rocks of the Norilsk Industrial Region. The obtained results concerning the deter-
mination of the impact hazard potential of rocks and ores are summarized in Table 1.

Table 1
Distribution of the impact hazard potential of rocks and ores of the Norilsk Industrial Region
. . . Rock :
) Rich ores Hornblende Disseminated ores . Anhydrites
Indicator gabbro-dolerites

| 1 | 1 | 1 | 1 | 1
Total samples 51 96 140 144 47 29
No potential, % 80.4 68.6 54.2 76.0 60.0 70.0 57.6 61.8 0.0 0.0
Low potential, % 15.7 275 40.6 23.0 33.6 27.1 36.1 34.0 0.0 0.0
Medium potential, % 3.9 39 52 1.0 6.4 29 5.6 4.2 0.0 0.0
High potential, % 0.0 0.0 0.0 0.0 0.0 0.0 0.7 0.0 0.0 0.0
Very high potential, % 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.7 0.0 0.0

Note. Method | — GOST, method Il — ASTM.

Graphic distribution of samples is shown on Fig.1.

According to the obtained results, samples of all lithological types with the exception of anhy-
drite have a low level of impact hazard potential [37, 38]. At the same time, the ratio of non-impact-
prone samples ranged from 54 to 80 %, depending on the lithology type and test methodology. These
percentages are quite sufficient to classify these lithological types as impact-prone, since, according
to the recommended practices, the minimum percentage of impact-prone rocks should be at least
10 %. The best matching of results from different methods is observed in the testing of rock gabbro-
dolerites. Thus, in the case of rich ores, the number of samples with impact hazard potential was 12 %
higher when tested by foreign methods compared with domestic ones. For disseminated ores
and hornblende, the highest percentage of impact-prone samples was obtained when tested as per
domestic methods. However, despite some discrepancies in the obtained proportions, no significant
differences were observed [39, 40].

85
This is an open access article under the CC BY 4.0 license



EiRRE
I
[OLE]
a 350+
300
250 |
g
< 200
& 150
-]
100 -
50 -
0

Journal of Mining Institute. 2025. Vol. 272. P. 83-90
© Aleksandr P. Gospodarikov, Mikhail A. Zatsepin, Aleksandr P. Kirkin, 2025

b 350-
300 -
250 -

&
2 200-
&3 150

-}
100

50

0

€ 350~

3001
250

o

< 200

&3 1501
100

UCS/UTS, MPa

350
300
250

N

S 200+

&3 150 1
100

UCS/UTS, MPa

15 20
UCS/UTS, MPa

UCS/UTS, MPa

® GOST

°* ASTM

Fig.1. Impact hazard potential of the main lithological types:
a—rich ore; b — hornblende; ¢ — disseminated ores;
d — gabbro-dolerite intrusion; e — anhydrite [41]

I — very high; Il — high; Il — medium; IV — low

As expected, anhydrites are non-impact-hazardous and, according to the results obtained, do not
possess the potential of impact hazard.

The impact hazard of hornblende and gabbro-dolerites is conditioned mainly by their high com-
pressive strength which can reach up to 300 MPa in a sample, while rich ores are characterized by a
higher value of the brittleness coefficient (Table 2) compared to other rocks, which indicates the
propensity of such rocks to spalling in thin plates as a result of their detachment (pressing off).

Average value of brittleness coefficient of the studied lithological types

Table 2

Method Rich ore Hornblende Disseminated ores Rock gabbro-dolerites
GOST 10.57/13.73* 9.85/11.98 9.63/11.93 9.29/11.59
ASTM 11.73/14.81 8.49/10.93 8.95/11.53 9.10/11.63

* All samples/impact hazardous samples.
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Fig.2. Examples of ore delamination in the border zone under the action of high level stresses

Such a characteristic feature (high value of brittleness coefficient) is manifested in rich ores and
in rock mass. Thus, during the development of mineral deposits at deep horizons, the border zone of
the ore massif is pressed off, forming characteristic delaminations (Fig.2), while in other geological
varieties such effect usually does not occur [42].

The average brittleness coefficient of anhydrites is not shown in Table 2, it amounted to 8.75;
compressive strength did not exceed 105 MPa.

The same conclusion about the lower brittleness coefficient in the strongest rocks was also made
in [30] when investigating the impact hazard potential of rocks at apatite-nepheline deposits.This is
clearly presented in Fig.3, which shows the distribution of lithological types in the diagram according
to the average values of brittleness coefficients and compressive strength (samples without impact
hazard potential were not considered in this sample).

Thus, taking into the account the rock test results it can be determined that, despite the different
nature of possible impact hazard, all the rocks considered with the exception of anhydrite are assigned
a low level of impact hazard.

Laboratory studies carried out to assess the
impact hazard of rich ores of the Norilsk Industrial
Region by means of compression tests of samples 300 -
in the mode of controlling the growth rate of trans-
verse deformation [19], showed that they are
impact hazardous. This confirms the possibility & 200
of using the Kaiser criterion to assess the impact =

hazard potential in the considered conditions. § 107

Conclusion 1007

« As a result of tests using domestic and 50 , , , , , :
foreign methods, the strength properties of various 5 10 15 20 25 30 3
rocks and ores of the Norilsk Industrial Region UCS/UTS, MPa
have been determined and the values of their
brittleness coefficients have been calculated. Fig.3. Average values of impact hazard potential

« Using the Kaiser criterion, it was found that of the studied lithological types: rich ore (1 — GOST,
the percentage of non-impact-prone samples 2_d'?‘sssln'\ﬂﬁgg”gf:?;_@goggsg '_4,(3'-?,?;)-'\/');
varied from 54 to 80 % depending on the type rock gabbro-dolerites (7 — GOST, 8 — ASTM)
of lithology and testing methodology, which I-IV - see Fig.1
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confirms the propensity to dynamic fracture of rocks of the Norilsk Industrial Region. The highest
percentage of impact-prone samples obtained during hornblende testing according to Russian
methods amounted to almost half of the tested samples. The best matching between the methods used
was observed when testing rock gabbro-dolerites. The obtained research results reflected a sufficient
qualitative convergence between domestic and foreign methods.

« It is noted that rich ores have the lowest compressive strength than other impact-prone rock
types, but at the same time have the highest brittleness coefficient, which indicates their tendency to
spalling in the form of thin plates. The latter fact is confirmed by the results of field studies in mines,
where ore plates were pressed off under high stress levels from the border zone of the rock mass.

« It is determined that the studied lithological types with the exception of anhydrite have a low
impact hazard potential. There is no impact hazard potential of anhydrites, i.e. they are non-impact-
prone.

To assess the impact hazard of rich ores of the Norilsk Industrial Region using the Kaiser crite-
rion, a broad comparison with the results of compression tests of samples in the mode of controlling
the growth rate of transverse deformation was carried out. The comparison confirmed that the rich
ore is impact hazardous.
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Abstract

Solving the problems of modern building materials science is reduced to obtaining high-quality materials, expanding
and searching for a rational raw material base, which can be carried out through the use of various industrial wastes. In
this paper, the possibility of using waste from the mining industry — saponite-containing material (SCM) obtained
during the enrichment of kimberlite ores from the Lomonosov diamond deposit, as an active mineral additive for cement
binders and concretes is considered. The influence of mechanical and thermal treatment on a number of properties of
the material selected from the tailings dump and in its initial state was studied. The study of the surface activity of SCM
samples consisted in determining the sorption capacity, acid-base centers and their distribution. An increase in the
activity of the surface of the material particles as a result of mechanical activation and its decrease during temperature
treatment were determined. These effects are associated with phase rearrangements and structural changes in the sandy-
clay rock, which was confirmed during thermal analysis. The temperature effect has no pronounced effect on the mi-
crostructure, the “smoothness” of the particles and the formation of a consolidated surface of the structural elements of
the saponite-containing material are noted.
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Introduction

Construction materials science in modern conditions is focused on the production of high-quality
materials while achieving effective technical and economic indicators. The search for rational solutions
makes it possible to expand the raw material base, which can be carried out by using secondary products
of various industries and industrial waste.

Waste of man-made origin, in particular from the mining industry, is an important source of raw
materials for the construction materials industry (CMI). About 40 billion t of such waste, of which at
least 30 % of overburden and tailings of enrichment, almost all metallurgical and fuel slags, are
potential raw materials for the CMI industry [1]. The volume of waste increases annually, is stored
and occupies huge areas. Mining waste can reasonably be considered a backup reserve of the raw
material base of the Russian Federation, equivalent to the opening of new deposits. Despite the huge
resource potential as a source of raw materials and the possibility of reducing pressure on the envi-
ronment, they have not found the proper degree of application in our country, they are used irrationally
and in small quantities.
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In foreign countries, the level of waste involvement in economic turnover is much higher and
has some application experience. Many developed countries are focusing their policies on energy
and resource conservation, actively implementing the practice of recycling man-made waste and
developing new technological solutions through reuse in various industries. For example, the
leaders in waste recycling are the USA and Japan, the share of waste in the total raw material
balance of these Countries is about 26 %, in most economically developed countries this indicator
ranges from 16-20 %, in the USSR it was 15 %, in modern Russia — about 10 % [1, 2]. Secondary
use resources are gaining momentum in other countries [3-6] (Canada, Great Britain, South Africa,
Spain, India, etc.)".

Representatives of the M.V.Lomonosov NARFU Scientific School, together with AO Severalmaz
and scientists of BSTU named after VV.G.Shukhov, are actively conducting research on one of the types
of waste from the mining industry — saponite-containing material (SCM), which is a secondary product
of the enrichment of kimberlite ores from the Lomonosov diamond deposit of the AO Severalmaz pro-
cessing plant (Arkhangelsk region), for its use in the production of building materials [7]. Technologies
for the use of SCM in the manufacture of ceramic tiles, mineral wool materials, magnesia and com-
posite binders have already been developed [8-11]. The paper proposes to expand the range of SCM
applications in the building materials industry, as the largest in terms of consumed raw materials and
manufactured products, through the development of an active mineral additive for cement binders
and concretes.

The specificity of the composition and properties of SCM has predetermined a fairly wide range
of areas of its use, in addition to CMI. Thus, this secondary product is used as a base for drilling
mud [12], as a sorbent for cleaning industrial wastewater [13], for waterproofing in the construction
of landfills for storing solid household waste, radioactive burial grounds and for wastewater filtration,
as well as in medicine and resort business [14]. Saponite occupies a special place in agriculture as a
mineral additive to feed and fertilizers, filler and granulant, is used for soil detoxification, sorption of
herbicides and pesticides introduced into the soil, heavy metals, etc. [14].

Saponite-containing material is a sandy-clay rock in a watered state (with a humidity of at least
60 %) and has:

* mineralogical composition — the main component is saponite (60-70 %), the remaining mass of
the rock is quartz, montmorillonite, palygorskite, phlogopite, clinochlorite, talc, dolomite;

« the chemical composition — the main oxides are SiO2 (53 %), MgO (17 %), Fe203 (10 %),
Al>203 (9 %), CaO (4 %) [8].

The process of enrichment of clay rock requires a large amount of water consumption. The presence
of raw materials in a suspended state makes it difficult for its further use in the construction industry,
difficulties in separating the solid fraction do not allow the use of water as a circulating water due to
the low degree of purification [12, 13, 15-17]. In this regard, it is necessary to select the method and
parameters of processing the raw materials that allow the rational and effective use of SCM in the
building materials industry.

It is known that mechanical activation affects not only the dispersion characteristics of the raw
material, but also the properties of its surface [18-21], increasing the activity for subsequent interac-
tion of the material components [22, 23].

Due to the affiliation of SCM to clay minerals, the effect of temperature treatment should be
considered. The use of burnt clays as mineral additives in cement systems has a fairly long history
[24-27]. This component is characterized by increased activity, which is due to the processes caused
by temperature exposure and associated with the formation of primary dehydration products and the
destruction of clay minerals, which leads to a restructuring of the crystal lattice. It is noted that the
main clay minerals (kaolinite, montmorillonite, illite, bentonite, etc.) pass into the active form

* Cement Statistics and Information. URL: https://www.usgs.gov/centers/national-minerals-information-center/cement-statis-
tics-and-information (accessed 08.05.2024).
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precisely at a temperature of 200+600 °C [25, 26, 28, 29]. When referring to saponite-containing
material isolated from a recycled water suspension, it was found that modification transformations
stop at a temperature of 900 °C, the effect of which leads to a change in a number of properties — an
increase in true density, a decrease in specific surface area, porosity, and water absorption [8, 30].

The structure of saponite, which acts as the main mineral of the waste from the enrichment of
kimberlite ores, is represented by a three-layer structure with an expanding crystal lattice, which al-
lows moisture to be sorbed. Saponite has rather weak bonds between the layers, which are formed by
Van der Waals forces. As a result, the process of grinding raw materials can be accompanied by
modification of the resulting powder. Mechanical action contributes to the transformation of the crys-
tal lattice of the material [22], followed by a transition to a two-layer serpentine structure [25]. Ser-
pentine itself can also be an effective component of building materials [31, 32]. Further high-tempera-
ture treatment leads to the modification of serpentine into forsterite [30]. Thus, a chain of mineral
transformations is built as a result of mechanical and thermal treatment (Fig.1). Initially, mechanical
grinding of saponite-containing raw materials intensifies the stages of the chemical transformation
process, and increasing the duration of the grinding unit allows increasing the quantitative yield of
serpentine and, as a result, forsterite.

To determine the nature of the effect of SCM emission technology on its properties, it is neces-
sary to investigate the effect of mechanical and thermal effects on the initial suspension selected from
the tailings before the insertion of various flocculants and other substances.

Methods

The paper considers the potential possibility of using saponite-containing material as a mineral ad-
ditive for concrete. The suspension was studied in the initial (i.e., watered rock of sandy-clay composi-
tion), as well as mechanically activated dried and burnt states.

The SCM was dried to a constant mass in a drying cabinet with a thermostat at a temperature of
70 °C. Next, dry grinding was carried out to a highly dispersed state in a laboratory ball mill with
uralite grinding media to eliminate the possibility of milling (usually happens in metal mills). The
specific surface area was measured by the PSKh-11M(SP) device, which uses the generally accepted
in world practice method of Kozeni — Karman gas permeability.

The temperature treatment was carried out in a muffle furnace at 700 °C, the choice of tempera-
ture regime was consistent with the known data.

The reactivity of [33-35] saponite-containing raw materials based on:

* sorption capacity determined by the Zaporozhets method by changing the concentration of
Ca(OH). in a saturated solution due to the absorption of lime by SCM particles. The amount of
Ca(OH)2 in the solution was determined by titration with a solution of hydrochloric acid with a con-
centration of 0.05 N. The amount of absorbed calcium hydroxide (1 mg per 1 g of the test substance)
from the lime solution was estimated by the difference between the initial and final concentrations.
In this case, the measurements were carried out at specified time intervals (1; 3; 6; 24 and 30 h from
the moment of introduction of the test material into the lime solution), selected according to the re-
quired measurement accuracy and the specifics of the samples;

Mechanical
Saponite grinding Active oxides with the release of bound 0
Mg3[A|S|301o](OH)24Hzo _— water: SiOZ, MgO and H,O
. 4H,0 Serpentine
6MgO + 4Si0; + 4H,0 - S Mge(OH)s[Si:Ox] (I
Serpentine — 2nn.an0 © Forsterite
Mgs(OH)s[Si,Oxo] L28009007C 3Mg,SiO, + S0, + 4H,0 (i

Fig.1. Schemes of mineral transformations [30]
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« acid-base properties that allow to evaluate changes in surface characteristics by using the indi-
cator method of distribution of adsorption centers (DAC) and the theory of Bronsted — Lowry and
Lewis. The point of the method is that various acidic and basic centers on the surface of a solid
selectively adsorb indicator molecules. The study of the surface properties of a solid substance im-
plies the determination of the concentration of active centers of qpKa, equivalent to the amount of
adsorbed indicator of the acidic strength of pKa. The results obtained make it possible to regulate and
predict the mechanism of physical and chemical processes on the surface of a solid.

When determining the activity, three parallel measurements of the selected samples were per-
formed, the error between the obtained values was 2-3 %.

Using the NETZSCH synchronous thermal analysis device STA 449 F1 Jupiter, which allows
combining the methods of differential scanning calorimetry (DSC) and thermogravimetry (TG),
a sample of the initial SCM, dried to a constant mass, was studied in the temperature range of
25-1200 °C. The method is based on recording the difference in heat fluxes coming from the test
and reference samples. The heat flow is measured as the temperature difference at two points of the
measuring system at a certain point in time. Measurements of heat and mass fluxes were carried out
under completely identical conditions.

The microstructure of the SCM was studied using the Mira 3 FesSem scanning electron micro-
scope (Tescan). The shooting took place in high vacuum discharge mode.

Discussion of the results

A specific surface area of 165 m?/kg, optimal for this type of equipment (ball mill), was deter-
mined for the dried initial SCM containing clay and sand components. The grinding time was 40 min.
Longer grinding is not effective, since there is no significant increase in the specific surface area, but
energy consumption increases significantly.

To determine the sorption capacity of the samples after mechanical activation, the activity and
dynamics of absorption of lime Ca(OH) from a solution of a sub-sample material were studied. In order
to detail the result, SCM samples were studied at all stages of grinding — after 10, 20, 30 and 40 min.

Based on the results obtained, it can be concluded that with an increase in the specific surface area,
the volume of lime absorbed from the solution (Ca(OH)2) increases. The activity for samples crushed
for 40 min is 69.2 mg/g, which is 6 % higher than for crushed at 10 min, and 39 % higher than for dried
SCM (without grinding — 0 min). The positive dynamics is caused by mechanical activation, which is
an affordable and effective way to increase the activity of mineral dispersed materials [23, 34].

Due to the obvious positive effect of mechanical activation on the value of the sorption capacity,
samples of the control composition (initial sample, without grinding) and crushed within 40 min after
firing were fired.

Temperature treatment helps to reduce the

g, mol/g
80 activity of the material by 5.7 %, compared with
70- the material after 40 min of grinding, which is
60 caused by the interaction of the components during

firing, the processes of destruction of the crys-

talline lattice of the clay fraction.

/ | To analyze the acid-base properties of the sur-
i +  face, SCM samples were studied, dried and se-
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Fig.2. Distribution of adsorption centers on the surface
of the SCM after mechanical and thermal exposure

1 — without grinding; 2 — grinding for 10 min;
3 — grinding for 40 min; 4 — grinding for 40 min + firing
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\ AY lected at different stages of grinding: control —

without grinding, at the initial point of grinding —
grinding for 10 min, at the final point — grinding
for 40 min, as well as a sample after mechanical
activation for 40 min and firing at 700 °C (Fig.2).

Over the entire range of the pKa scale, the sur-
face of the SCM sample has the highest concentra-
tion of active centers after 40 min of grinding. Their
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predominance in the area of Bronsted centers is noted: for Bronsted acids (pKa = 2.5) — 70 mmol/g, for
bases (pKa = 8.4) — 75 mmol/g. The sample after 10 min of grinding is characterized by a decrease in
activity by 32 % (pKa = 8.4). This fact has a logical explanation. Mechanical activation for 10 min is
not sufficient to achieve high dispersion and a highly developed surface, as at 40 min, when an opti-
mal specific surface is reached and longer grinding is not required. The mechanically activated and
fired SCM sample has a minimum number of active centers in all areas. This correlation of values is
maintained when calculating the total number of adsorption centers (Table 1).

Table 1
The number of adsorption centers of different nature on the surface of the SCM particles
Number of adsorption centers, mmol/g, +£2
SCM sample
Lewis bases Bronsted acids Bronsted bases Total number
Without grinding 255 39.7 64.9 130.1
Grinding for 40 min 58.3 94.6 141.9 294.8
Grinding 40 min + firing 49 13.0 7.8 25.6
Grinding for 10 min 23.7 475 98.2 169.5

Thus, an increase in the activity of the surface of SCM particles as a result of mechanical acti-
vation and its decrease during temperature treatment associated with phase rearrangements and struc-
tural changes of sandy-clay rock were noted.

A study of the reactivity of saponite-containing raw materials in the initial and pretreated state
(grinding, firing) was carried out. For a detailed assessment of the results, a comparison of these
indicators with traditional components of natural and man-made origin currently used as mineral poz-
zolan additives is presented (Table 2): natural silica-containing raw materials — quartz sand, granite,
silica clay, perlite; man-made raw materials — ash of Nazarovskaya TPP (Krasnoyarsk region) and
Troitskaya SDPP (Chelyabinsk region).

It should be noted that acid-base properties are presented selectively, only in the area of Bronsted
acid centers, which mainly determine the growth of activity.

According to the Table 2 the studied samples of SCM have sufficiently high activity indicators
comparable to the activity results for natural and man-made materials used as pozzolan additives.

Table 2
Comparison of the reactivity indicators of traditional and investigated components
of mineral pozzolan additives
Concentration Sorntion capacit
Raw materials components Method of treatment of Bronsted acid centers, P / pactty, Source
mmol/g maig
Sand 335 335
Granite b indi 36.3 27.9 [36]
ry grindin
Silica clay ye 9 22.3 53.1
Perlite 35.3 30.2
Ash of the Nazarovskaya 44 1.0
TPP B [37]
Ash of Troitskaya 454 30
SDPP ' '
- 39.7 495
scM Dry grinding (40 min) 94.6 69.2 Author's
Dry grinding (40 min) + firing 13.0 65.1 data
Dry grinding (10 min) 475 65.2
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Fig.3. Thermogram of the SCM sample

Thermal analysis methods are based on the course of various chemical transformations in mate-
rials when they are heated, which are usually accompanied by a change in mass. During this type of
research, the sample of the initial SCM was dried to a constant mass and tested in the temperature
range of 25-1,200 °C.

The thermogram obtained (Fig.3) shows the presence of thermal effects. The course of endother-
mic processes occurs at peaks, the minima of which correspond to temperatures of 86; 171; 605; 803;
819 and 951 °C.

The presence of the first peak (86 °C), representing an endothermic thermal effect, is associated
with the removal of adsorption-bound water. It is with this fact that the choice of the temperature value
for drying saponite suspension samples is 70 °C, due to the possibility of minimizing structural changes
and preserving the initial parameters and characteristics of the material. The second peak (171 °C) is
also characterized by an endoeffect and corresponds to the removal of interplane/interpack water.

A small endothermic peak was noted at 575 °C (it is not indicated on the thermogram), which is
associated with the transition of low-temperature a-quartz SiO- to high-temperature B-quartz.

Peaks of 605 and 803 °C, as well as peaks of insignificant size at a temperature of about 700 °C
(not indicated in Fig.3) are endothermic effects corresponding to the dehydroxylation of serpentine,
which in the form of various modifications is part of the saponite-containing material [30]. Its for-
mation can be caused by the formation of the active form of magnesium and silicon oxides in an
aqueous dispersion medium. The most pronounced peak of the exothermic thermal effect corresponds
to 819 °C, associated with the formation of high-temperature forsterite from serpentine (this peak also
means that the dehydration of serpentine has ended). The results obtained are confirmed by previously
performed studies [8, 30]. At the end of heating, the particles of the saponite-containing material
gradually sinter,

Thermogravimetric analysis records a mass loss curve depending on temperature changes. The
total mass loss of the sample is 11.48 %. At a temperature range of 200-600 °C, a section of the
plateau is marked, which demonstrates sufficient stability and the absence of chemical transfor-
mations. A sharp drop in the gravimetric curve indicates the chemical decomposition of the material.

The study of the microstructure of a material is one of the informative research methods that
allows identifying the structural features of an object, determining the dimensional parameters of
individual elements, the shape and morphology of the particle surface, observe the interaction of sys-
tem components, the formation of new structures, defects, etc. With regard to raw materials for the
production of building materials, these studies in combination with physical and chemical methods
of substance analysis allow to make a predictive assessment of the effectiveness of using certain
components in the composition of polymineral polydisperse raw materials mixtures, as well as to
explain the results obtained analytically.
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Fig.4. The microstructure of the SCM:
a — mechanically activated; b — mechanically activated and thermally treated

The microstructure was studied on similar samples of dried SCM after mechanical and thermal
treatment. It follows from the analysis of the images that the bulk of the sample of mechanically
activated SCM is composed of polydisperse particles of sandy and clay components (Fig.4, a). Quartz
particles with a size of up to 300 um are the largest. The morphology of the particles is angular, with
a shell-like fracture typical of quartz. Quartz mineral grains have varying degrees of roughness. There
is a “pouring” of clay aggregates onto quartz particles. Clay particles are well identified by their
characteristic plate-like shape and layered structure. The layers of clay minerals are formed mainly
by thin leaf-like structures tightly adjacent to each other.

The general character of the microstructure of the SCM samples after temperature exposure is pre-
served and ensured by the presence of a polydisperse system of granular quartz particles and clay aggre-
gates of plate-like shape (Fig.4, b). The difference from the samples before heat treatment consists in the
purchase by the material of some consolidated surface of the particles of the SCM.

Based on the microscopic analysis of the SCM samples in the form of mechanically activated
and burnt dispersed powder, it was determined that the bulk of the material is composed of quartz
grains with an angular fracture and plate-like particles of clay minerals with different layering.

Conclusion

The article considers the possibility of using saponite-containing material, which is a waste product
of the enrichment of kimberlite ores during diamond mining at the Lomonosov deposit, as an active
mineral additive for cement binders and concretes. For this purpose, the influence of mechanical and
thermal treatment on a number of properties of the material selected from the tailings dump and in its
initial state was evaluated.

The study of the surface activity of SCM samples was reduced to determining the sorption ca-
pacity, acid-base centers, and their distribution and allowed to determine the increase in the surface
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activity of material particles as a result of mechanical activation and its decrease during temperature
treatment, which is associated with phase rearrangements and structural changes of sandy-clay rock.

As a result of the thermal analysis method, endothermic thermal effects associated with the re-
moval of adsorption-bound and interplane water, the transition of low-temperature a-quartz SiO to
high-temperature B-quartz, the dehydroxylation of serpentine and the subsequent formation of high-
temperature forsterite were revealed.

Microscopic analysis indicates the predominance of the bulk of the material from quartz grains
and plate-like particles of clay minerals with different layering. The temperature effect has no pro-
nounced effect, there is some “smoothing” and consolidation (sintering) of the surface of the struc-
tural elements of the saponite-containing material.

REFERENCES

1. Larichkina F.D., Knysha V.A. Rational use of secondary mineral resources in the context of Ecologization and the introduc-
tion of the best available technologies. Apatity: 1zd-vo FITs KNTs RAS, 2019, p. 252.

2. Vinslav Yu.V.,, Lisov S.V., Lunjkin A.N. For efficient management of mineral-raw material complex in Russia: problems of
subsurface use. Russian Economic Journal. 2017. N 3, p. 37-60 (in Russian).

3. Marrocchino E., Zanelli C., Guarini G., Dondi M. Recycling mining and construction wastes as temper in clay bricks. Applied
Clay Science. 2021. Vol. 209. N 106152. DOI: 10.1016/j.clay.2021.106152

4. Vo T.L., Nash W., Del Galdo M. et al. Coal mining wastes valorization as raw geomaterials in construction: A review with
new perspectives. Journal of Cleaner Production. 2022. Vol. 336. N 130213. DOI: 10.1016/j.jclepro.2021.130213

5. Benahsina A., El Haloui Y., Taha Y. et al. Substitution of natural clay by Moroccan solid mining wastes to manufacture fired
bricks. Materials Today: Proceedings. 2022. Vol. 58. Part 4, p. 1324-1330. DOI: 10.1016/j.matpr.2022.02.211

6. Dod R.D., Dhodare S.S., Bhandari J. et al. Extraction of sand from the complex matrix of coal mining dump waste:
A sustainable approach in Indian context. Cleaner Materials. 2024. Vol. 12. N 100243. DOI: 10.1016/j.clema.2024.100243

7. Pashkevich M.A., Alekseenko A.V. Redutilization Prospects of Diamond Clay Tailings at the Lomonosov Mine, Northwestern
Russia. Minerals. 2020. Vol. 10. Iss. 6. N 517. DOI: 10.3390/min10060517

8. Malygina M.A., Ayzenshtadt A.M., Drozdyuk T.A. et al. Structural modification of saponite-containing material during its
mechanical dispersion. Construction Materials. 2022. N 9, p. 32-38 (in Russian). DOI: 10.31659/0585-430X-2022-806-9-32-38

9. Buravchuk N.I., Guryanova O.V., Parinov I.A. Use of technogenic raw materials in ceramic technology. Open Ceramics.
2024. Vol. 18. N 100578. DOI: 10.1016/j.oceram.2024.100578

10. Migunthanna J., Rajeev P., Sanjayan J. Waste Clay Bricks as a Geopolymer Binder for Pavement Construction. Sustainability.
2022. Vol. 14. Iss. 11. N 6456. DOI: 10.3390/su14116456

11. Juenger M.C.G., Winnefeld F., Provis J.L., Ideker J.H. Advances in alternative cementitious binders. Cement and Concrete
Research. 2011. Vol. 41. Iss. 12, p. 1232-1243. DOI: 10.1016/j.cemconres.2010.11.012

12. Zubkova O.S., Pankratieva K.A. Complex processing of saponite ore of the Lomonosovsky diamond deposit. Achievements
in chemistry and chemical technology. 2021. Vol. 35. N 8 (243), p. 129-130 (in Russian).

13. Zubkova O.S., Pyagay I.N., Pankratieva K.A., Toropchina M.A. Development of composition and study of sorbent properties
based on saponite. Journal of Mining Institute. 2023. VVol. 259, p. 21-29. DOI: 10.31897/PM1.2023.1

14. Kosareva E.N., Kabachkova N.V., Romanov E.M., Shabanova E.N. The use of saponite-containing materials as fertilizers in
the cultivation of potatoes. Bulletin of the Russian State Agrarian Correspondence University. 2018. N 28 (33), p. 11-20 (in Russian).

15. Oblicov A.Yu. Some aspects of utilization of high-clay enrichment waste. Mining Informational and Analytical Bulletin.
2013. N 7, p. 390-392 (in Russian).

16. Alexeev A.l., Zubkova O.S., Polyanskiy A.S. Improving the technology of enrichment of saponite ore in the process of
diamond mining. Bulletin of Higher Educational Institutions. North Caucasus region. Technical Sciences. 2020. N 1 (205), p. 74-80
(in Russian). DOI: 10.17213/1560-3644-2020-1-74-80

17.Jones T.R., Poitras J., Paterson D., Southam G. Historical diamond mine waste reveals carbon sequestration resource in
kimberlite residue. Chemical Geology. 2023. Vol. 617. N 121270. DOI: 10.1016/j.chemge0.2022.121270

18. Stroganov V., Sagadeev E., Ibragimov R., Potapova L. Mechanical activation effect on the biostability of modified cement
compositions. Construction and Building Materials. 2020. Vol. 246. N 118506. DOI: 10.1016/j.conbuildmat.2020.118506

19.Sanchez F., Sobolev K. Nanotechnology in concrete — A review. Construction and Building Materials. 2010. Vol. 24.
Iss. 11, p. 2060-2071. DOI: 10.1016/j.conbuildmat.2010.03.014

20. Sadique M., Al-Nageim H., Atherton W. et al. Mechano-chemical activation of high-Ca fly ash by cement free blending and
gypsum aided grinding. Construction and Building Materials. 2013. Vol. 43, p. 480-489. DOI: 10.1016/j.conbuildmat.2013.02.050

21.Sharmin S., Sarker P.K., Biswas W. et al. Characterization of waste clay brick powder and its effect on the mechanical
properties and microstructure of geopolymer mortar. Construction and Building Materials. 2024. Vol. 412. N 134848.
DOI: 10.1016/j.conbuildmat.2023.134848

22. Ayzenshtadt A., Strokova V., Nelyubova V. Physical and chemical characteristics of the surface of powders of saponite-
containing material after its mechanical dispersion. Physics and Chemistry of Materials Treatment. 2024. N 1, p. 53-64 (in Russian).
DOI: 10.30791/0015-3214-2024-1-53-64

23. Alfimova N.I., Kalatozi V.V., Karacupa S.V. et al. Mechanical activation as a way of improving the efficiency use of raw
materials of different genesis in building materials science. Bulletin of Belgorod State Technological University named after V.G.Shu-
khov. 2016. N 6, p. 85-89 (in Russian).

98
This is an open access article under the CC BY 4.0 license


https://doi.org/10.1016/j.clay.2021.106152
https://doi.org/10.1016/j.jclepro.2021.130213
https://doi.org/10.1016/j.matpr.2022.02.211
https://doi.org/10.1016/j.clema.2024.100243
https://doi.org/10.3390/min10060517
https://doi.org/10.31659/0585-430X-2022-806-9-32-38
https://doi.org/10.1016/j.oceram.2024.100578
https://doi.org/10.3390/su14116456
https://doi.org/10.1016/j.cemconres.2010.11.012
https://doi.org/10.31897/PMI.2023.1
https://doi.org/10.17213/1560-3644-2020-1-74-80
https://doi.org/10.1016/j.chemgeo.2022.121270
https://doi.org/10.1016/j.conbuildmat.2020.118506
https://doi.org/10.1016/j.conbuildmat.2010.03.014
https://doi.org/10.1016/j.conbuildmat.2013.02.050
https://doi.org/10.1016/j.conbuildmat.2023.134848
https://doi.org/10.30791/0015-3214-2024-1-53-64

© Tatyana N. Orekhova, Mariana N. Sivalneva, Mariya A. Frolova,

Journal of Mining Institute. 2025. Vol. 272. P. 91-99 EI:#%E
Valeriya V. Strokova, Diana O. Bondarenko, 2024

24, Fernandez R., Martirena F., Scrivener K.L. The origin of the pozzolanic activity of calcined clay minerals: A comparison between
kaolinite, illite and montmorillonite. Cement and Concrete Research. 2011. Vol. 41. Iss. 1, p. 113-122. DOI: 10.1016/j.cemconres.2010.09.013

25. Sabir B.B., Wild S., Bai J. Metakaolin and calcined clays as pozzolans for concrete: a review. Cement and Concrete Compo-
sites. 2001. Vol. 23. Iss. 6, p. 441-454. DOI: 10.1016/S0958-9465(00)00092-5

26.Balykov A.S., Nizina T.A., Volodin V.V., Korovkin D.I. Strength of cement stone with mineral additives based on calcined
clay and carbonate rocks. Expert: Theory and Practice. 2020. N 4 (7), p. 26-30 (in Russian). DOI: 10.24411/2686-7818-2020-10031

27.Volodin V.V., Balykov A.S., Nizina T.A et al. The activity of a mixed cement binder with additives of thermally activated
clays. Young scientists — development of the National Technology Initiative (POISK): sbornik materialov Natsionalnoi molodezhnoi
nauchno-tekhnicheskoi konferentsii, 22-24 aprelya 2020, Ivanovo, Russia. 2020. N 1, p. 779-782.

28.van Jaarsveld J.G.S., van Deventer J.S.J., Lukey G.C. The effect of composition and temperature on the properties of fly ash- and
kaolinite-based geopolymers. Chemical Engineering Journal. 2002. Vol. 89. Iss. 1-3, p. 63-73. DOI: 10.1016/S1385-8947(02)00025-6

29. Gerasimov A.M., Eremina O.V. Application microwave radiation for directional changes of layered silicates properties.
Eurasian Mining. 2021. N 1, p. 55-60. DOI: 10.17580/em.2021.01.11

30. Drozdyuk T., Frolova M., Ayzenshtadt A. et al. Preliminary Study on the Mechanical Activation and High-Temperature
Treatment of Saponite-Containing Tailings Generated during Kimberlite Ore Dressing. Applied Sciences. 2022. Vol. 12. Iss. 10.
N 4957. DOI: 10.3390/app12104957

31.Jain A., Agrawal V., Gupta R. Using serpentine in concrete: A literature review. Materials Today: Proceedings. 2023, p. 5.
DOI: 10.1016/j.matpr.2023.03.138

32.Zinchuk N.N. Specific features of kimberlites serpentinization. Proceedings of Voronezh State University. Series: Geology.
2017. N 3, p. 66-74 (in Russian).

33. Shekhovtsova J., Zhernovsky 1., Kovtun M. et al. Estimation of fly ash reactivity for use in alkali-activated cements — A step
towards sustainable building material and waste utilization. Journal of Cleaner Production. 2018. Vol. 178, p. 22-33.
DOI: 10.1016/j.jclepro.2017.12.270

34.Yadykina V.V., Trautvain A.l. The influence of the active filler based on the technogenic siliceous raw materials on the
strength cement systems. Fundamental Research. 2015. N 5, p. 174-179 (in Russian).

35. Skvortsova L.N., Chukhlomina L.N., Minakova T.S., Sherstoboeva M.V. Investigation of acid-base and sorption properties
of surface of metal-ceramic composites. Russian Journal of Applied Chemistry. 2017. Vol. 90. N 8, p.1246-1251.
DOI: 10.1134/S1070427217080092

36. Nelyubova V.V., Strokova V.V., Danilov V.E., Aizenshtadt A.M. Comprehensive activity analysis of silicacontaining raw
materials for use in mechanical activation efficiency evaluations. Obogashchenie rud. 2022. N2, p. 17-25 (in Russian).
DOI: 10.17580/0r.2022.02.03

37.Markov A.Yu., Strokova V.V., Markova |.Yu. Evaluation of properties of fuel ashes as components of composite materials.
Construction Materials. 2019. N 4, p. 77-83 (in Russian). DOI: 10.31659/0585-430X-2019-769-4-77-83

Authors: Tatyana N. Orekhova, Candidate of Engineering Sciences, Associate Professor, https://orcid.org/0000-0002-8284-9811
(Belgorod State Technological University named after VV.G.Shukhov, Belgorod, Russia), Mariana N. Sivalneva, Candidate of Engineering
Sciences, Associate Professor, 549041@mail.ru, https://orcid.org/0000-0002-4957-9207 (Belgorod State Technological University
named after V.G.Shukhov, Belgorod, Russia), Mariya A. Frolova, Candidate of Chemical Sciences, Associate Professor, https://or-
¢id.org/0000-0003-4079-5066 (Northern (Arctic) Federal University named after M.V.Lomonosov, Arkhangelsk, Russia),
Valeriya V. Strokova, Doctor of Engineering Sciences, Head of Department, https://orcid.org/0000-0001-6895-4511 (Belgorod State
Technological University named after V.G.Shukhov, Belgorod, Russia), Diana O. Bondarenko, Candidate of Engineering Sciences,
Associate Professor, https://orcid.org/0000-0001-9708-2791 (Belgorod State Technological University named after V.G.Shukhov,
Belgorod, Russia).

The authors declare no conflict of interests.

99
This is an open access article under the CC BY 4.0 license


https://doi.org/10.1016/j.cemconres.2010.09.013
https://doi.org/10.1016/S0958-9465(00)00092-5
https://doi.org/10.24411/2686-7818-2020-10031
https://doi.org/10.1016/S1385-8947(02)00025-6
https://doi.org/10.17580/em.2021.01.11
https://doi.org/10.3390/app12104957
https://doi.org/10.1016/j.matpr.2023.03.138
https://doi.org/10.1016/j.jclepro.2017.12.270
https://doi.org/10.1134/S1070427217080092
https://doi.org/10.17580/or.2022.02.03
https://doi.org/10.31659/0585-430X-2019-769-4-77-83
https://orcid.org/0000-0002-8284-9811
https://orcid.org/0000-0002-4957-9207
https://orcid.org/0000-0003-4079-5066
https://orcid.org/0000-0003-4079-5066
https://orcid.org/0000-0001-6895-4511
https://orcid.org/0000-0001-9708-2791

ISSN 2411-3336; e-ISSN 2541-9404

JOURNAL OF MINING INSTITUTE b
Zapiski Gornogo instituta :%S:TUTE

Journal homepage: pmi.spmi.ru Vol. 272 + 2025

Research article Geotechnical Engineering and Engineering Geology

Laboratory studies of hydraulic fracturing of intersecting boreholes
in a non-uniform stress field

Andrey V. Patutin I<, Aleksandr A. Skulkin, Leonid A. Rybalkin, Andrey N. Drobchik
Chinakal Institute of Mining, Siberian Branch of the RAS, Novosibirsk, Russia

How to cite this article: Patutin A.V., Skulkin A.A., Rybalkin L.A., Drobchik A.N. Laboratory studies of hydraulic fracturing
of intersecting boreholes in a non-uniform stress field. Journal of Mining Institute. 2025. Vol. 272. N 16319, p. 100-109.

Abstract

This study focuses on the features of hydraulic fracture propagation in intersecting boreholes in polymethyl methacry-
late blocks in a non-uniform stress field. Glycerol aqueous solution and plasticine were used as the working fluids.
According to linear fracture mechanics, a stress concentrator at the borehole intersection contributes to the beginning
of crack formation, with further crack propagation occurring in the plane containing their axes. The relevance of this
study is due to the search for innovative approaches and the development of technological solutions to address the issue
of effective longitudinal crack formation and its further propagation in a rock mass under unfavourable stress field
conditions. This paper provides a scheme of laboratory stand operation and a general view of the sealing packers used
to isolate a specified interval when performing tests. The graphs of glycerol pressure versus injection time are presented,
and the breakdown pressure in the blocks is specified. The shape of fractures formed during the indentation of plasticine
into the borehole system was investigated. The findings of physical modelling indicate that longitudinal cracks are
predominantly formed in the boreholes. The deviation of the crack trajectory from the vertical plane containing the
borehole axes is primarily affected by the magnitude of the horizontal compressive stress field rather than the increase
in the angle between them. In addition, the angles of inclination of the longitudinal crack plane measured at its inter-
section with the side face of the block are specified.
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Introduction

The emergence and development of hydraulic fracturing (HF) is closely associated with en-
hanced oil recovery from producing wells [1-4]. This approach is commonly used due to the relatively
straightforward underlying principle. The final shape of a crack in rocks largely depends on the di-
rection and magnitude of compressive stresses [5, 6]. During hydraulic fracturing operations con-
ducted at significant depths commonly observed in numerous oil and gas fields, the possible orienta-
tion of the resulting cracks is limited by the maximum vertical stress. In such conditions, the initiation
of a longitudinal crack in a vertical well or a radial transverse crack in a horizontal well is most often
observed.

The implementation of the HF method in mines is complicated by some features. The challenge
in accurately predicting the path of cracks to be formed is due to high horizontal stresses [7, 8] as well as
the impact of nearby underground workings and inseam boreholes on the stress state of the rocks. Addi-
tionally, there are various tasks to be tackled, such as intensifying the methane drainage from coal seams
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[9-12], controlling hard roof collapse [13-16], protecting underground workings from pressure filtra-
tion [17], and conducting in situ stress measurements [18-21]. Of interest are methodological and
technical solutions aimed at increasing heavy oil production by hydraulic fracturing in the Yaregskoye
field, which is developed using the thermal mining method [22].

Increasing the efficiency of the mine modification of the HF method requires establishing the fea-
tures of crack propagation in a non-uniform stress field in laboratory conditions. Most testing systems
used for these purposes are specifically engineered to analyze the initiation of cracks in a core subjected
to axial loading and uniform compression along its side surface [23-25]. Such experimental setups do
not accurately replicate the reservoir conditions and do not allow addressing the problems characteristic
of underground mining.

The increasing popularity of laboratory units that can subject cubic samples to true triaxial loading
is driven by the need for reliable results in hydraulic fracturing physical modelling [26, 27]. Such cubic
samples should be sufficiently large, with an edge length of 150-200 mm or more, to exclude the
influence of edge effects on crack propagation and to incorporate models of underground working or
several boreholes.

The results of previous studies demonstrate that the crack path can be controlled in several ways. For
example, it is possible to use various technical means for cutting initiating slots on borehole walls [28],
performing directional loading or unloading in the target interval [29, 30], creating additional cracks in
advance to alter the local stress field [31], or changing the properties of the working agent [32] and
parameters of its injection into the rock mass [33, 34]. In addition, crack growth direction is influenced
by various factors, such as the complex geometry perforation of the casing, the specific arrangement of
several boreholes of different directions, and the presence of additional sidetracks.

One promising way to create longitudinal cracks is to perform HF in intersecting boreholes.
Cracks are assumed to grow in the plane containing their axes. A similar approach was used in the
development of directional hydraulic fracturing technology, which involves the creation of several
radial boreholes of small diameter from a vertical one and further injection of working fluid into the
formed system [35]. It has been shown that a crack is highly likely to initiate in the plane formed by
radial boreholes, regardless of the stress field within the massif. Additionally, the influence of the
relative position of radial boreholes on fracture propagation was studied [36]. The experimental results
demonstrate that increasing the angle between the borehole axis and the direction of maximum stress
results in a higher breakdown pressure.

A similar solution for the in-mine hydraulic fracturing of a coal seam yielded a high convergence
of the results of mathematical modelling and experimental measurements [37]. The application of the
developed technology was found to reduce the breakdown pressure and allow the direction of the
initial growth of cracks to be controlled.

This study investigates the possibility of longitudinal crack formation between intersecting bore-
holes in a stress field unfavourable for its propagation. During the experiments, such a field was created
by applying the maximum stress perpendicular to the plane containing the borehole axes.

Methods

A laboratory system was developed and implemented to study the HF process in cubic blocks.
This system was installed on the basis of a hydraulic press PG-100. Presented below are the specifics
regarding the operation of the system. The sample compression in a horizontal plane in two orthogo-
nal directions is performed using four flat jacks DN10P10 with a load capacity of 10 tf installed in a
load-bearing frame. A similar jack is fixed on the upper part of the frame to provide loading along
the vertical axis. The sample can be independently loaded in a triaxial fashion by connecting the jacks
separately to the high-pressure manual pump. A more comprehensive description of the laboratory
system design can be found in [38, 39]. A schematic diagram of the system is illustrated in Fig.1, a.
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Fig.1. A schematic diagram of the laboratory system (a) and a plexiglass block in a testing cell
prepared for indentation of plasticine (b)
1 — manual pump; 2 — pressure gauge; 3, 8 — collectors; 4 — shut-off valve; 5 — high-pressure pipelines; 6 — hydraulic flat jack;
7 — sample with intersecting boreholes; 9 — pressure sensor; 10 — laptop computer; 11 — data communication channel;
12 — pressure data logger; 13 — mechanical syringe pump

The collection and recording of data during the experiments were conducted using a pressure
sensor, specifically the MIDA-PI-51P, which was connected to a data logger through a cable. The
logger is equipped with a 24-bit analogue-to-digital converter (ADC), which allows the signal to be
transmitted to a laptop via Bluetooth for further processing and visualization [40].

Physical modelling of hydraulic fracturing was performed in artificial blocks made of
polymethyl methacrylate (plexiglass) with an edge length of 180 mm. Two factors influenced the
choice of materials for this study. The first is optical transparency, which facilitates accurate control
of crack growth without the need for additional technical means. The second is the brittle fracture
that occurs when a crack propagates in the plexiglass. This fracture is characterized by the absence
of any significant plastic component, making it possible to exclude its effect on the final crack path.
The analysis can then focus only on the impact of compressive stresses and the angle between inter-
secting boreholes. The combination of these features and the similarity of the mechanical properties
of plexiglass (compressive strength of about 70 MPa) and rock massif, led to its widespread use in
HF modeling in laboratory conditions [41-43].

Two intersecting boreholes with a diameter of 14 mm were created in each block. One of
the boreholes was vertical, with the other forming an angle y of 30 or 60 deg. The bottom of the
inclined borehole was inside the block, with its head sealed by a device equipped with two rubber
rings (Fig.2, a) [44].

Fig.2. Sealing device for isolating an inclined borehole (a) and a double packer tool (b)
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Two different working fluids were used in the laboratory
experiment: a coloured aqueous solution of distilled glycerol
(GOST 6824-96) and plasticine. In the first case, a vertical
borehole was drilled through the sample, and the fracturing
interval was isolated by a special double packer tool (Fig.2, b).
Glycerol was injected using a mechanical syringe pump. In the
second case, the distance from the bottom of the vertical bore-
hole to the lower face of the block was approximately 20 mm.
The plasticine was pressed by tightening the bolt, with a thread
created in the upper part of the borehole (see Fig.l1,b).
Figure 3 displays the location and type of boreholes in the
block, depending on the working fluid used and the direction
of compressive stresses [44].

In accordance with the main purpose of laboratory tests,
Sxx was specified as the maximum compressive stress in the
experiment. The excess of this particular stress over the others
affects the rate of rotation and the deviation of the formed
longitudinal fracture from the plane defined by the intersecting
boreholes. The features of hydraulic fracture propagation in a
similar problem statement were investigated using numerical ‘s
analysis [45] and physical modelling on sand concrete samples Fig.3. The location and ;;/pe of boreholes
[46]. Table 1 provides the angles y for all manufactured blocks, in the block during fracturing with glycerol (a)
the loading conditions during the physical modelling process, and plasticinsirgtél ifrilercompressive
and the working fluid used for HF [44].

Table 1
The main characteristics of the blocks and experimental parameters

Block Loading conditions, MPa . .
number Angle y, deg 5 5 5. Working fluid

1 30 13 1.0 1.0 Glycerol

2 60 13 1.0 1.0 Glycerol

3 30 1.3 0 1.0 Plasticine

4 60 13 0 1.0 Plasticine

5 30 15 0 1.0 Plasticine

6 60 15 0 1.0 Plasticine

Results and discussion
During the hydraulic fracturing of block 1, two independent cracks were formed within the bore-

holes and partially merged near the stress concentrator (Fig.4, a, b). The resulting fracture exhibited
a distinct deviation from the plane encompassing the axes of the boreholes, with glycerol leakage
observed on the lower face of the block. The breakdown pressure, Py, observed during the experiment
was 11.9 MPa, with the residual pressure measuring 0.6 MPa at the end of the test.

In block 2, the crack was formed at a fairly high pressure of 33.5-37.2 MPa (residual pressure of
0.81 MPa), which is almost three times higher than that recorded for block 1. This significant dis-
crepancy can be attributed to variations in the borehole wall conditions and the structural features of
specific blocks. At the same time, a rather clear longitudinal fracture connecting both boreholes was
formed in block 2 due to virtually no differences between the horizontal stresses Sxx and Syy for such
a high value of Py pressure (Fig.4, c, d). With the deviation of the crack plane from the vertical of
10 deg, the crack was visually observed to extend to the side and bottom faces of the block [44].
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Fig.4. The photographs of the cracks formed during the injection of glycerol in block 1 (a, b) and block 2 (c, d)

Glycerol injection pressure graphs for the cases described are shown in Fig.5. The injection rate
was kept constant at approximately 10 ml/min.

The observed pressure change in block 1 implies that the packers were deformed and compressed
from the load chamber before the crack formation, resulting in a minor depressurization of the interval
isolated by the packers (Fig.5, a). When a maximum pressure of 37.2 MPa was reached in block 2,
the leakage of working fluid from the fracturing interval through the packers was also observed.
Following the cessation of the leakage, a subsequent rise in glycerol pressure due to its injection by
a mechanical syringe pump produced a crack at 33.5 MPa (see Fig.5, b). A lower pressure value may
be associated with irreversible microdestruction of the material around the borehole [47].

In a series of tests, plasticine as the working fluid was indented through the vertical borehole at
Szz = 0. The procedure involved placing and tightly packing the plasticine into intersecting boreholes,
followed by installing the sealing device into the inclined borehole and tightening the metal bolt along
the thread previously cut on the vertical borehole wall. The gradual introduction of plasticine into the
cracks caused enough pressure to break the plexiglass. The breakdown pressure was not recorded.

During the experiments conducted on blocks 3 and 4, the compressive stress ratio was found to
be Sxx = 1.3Syy. During the injection of plasticine, crack formation began in both boreholes, and then
the growing cracks merged into a single longitudinal fracture (Fig.6). Special attention should be
given to the intricate geometry of the resulting cracks, their curvature, and twisting around the bore-
hole, with these effects being more pronounced when y = 60°. The results of other laboratory studies
provided evidence for the creation of branched fracture systems from a single borehole with increasing
viscosity of the working fluid [48].

& p, MPa ® P, MPa
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Fig.5. Glycerol injection pressure graphs as a function of injection time t for block 1 (a) and block 2 (b)
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Fig.7. The photographs of the cracks formed during the indentation of plasticine in block 5 (a, b) and block 6 (c, d)

According to the test conditions in blocks 5 and 6, the maximum compressive stress Sxx was one
and a half times higher than Syy. At the same time, a similar development of cracks was observed as
in the previous experiment (Fig.7). In block 5, the heterogeneity and delamination in the horizontal
plane owing to the plasticine indentation, the vertical growth of the crack stopped. Previous laboratory
experiments have shown similar findings regarding the interplay between created and pre-existing
cracks under compressive stresses [49-51]. In block 6, the most challenging conditions were created
for the formation of a single longitudinal fracture, with y = 60°. In this case, an incomplete connection
of the boreholes by HF was observed, including due to the rotation of the crack plane growing in the
inclined borehole (Fig.7, c).

In order to assess the influence of experimental conditions on the final shape of the cracks formed
in blocks 3-6, we measured the inclination angle of the longitudinal fracture plane at its exit to the
side face of the block. For convenience, the angle measured from the vertical will be referred to as a,
with its values given in Table 2.

Table 2
The value of angle a for blocks 3-6
Block Loading conditions, MPa
Angle vy, deg Angle a, deg
number S Sy
3 13 1.0 30 29
4 13 1.0 60 36
5 15 1.0 30 44
6 1.5 1.0 60 48
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The findings demonstrate that the crack plane in a non-uniform stress field is more effectively
stabilized when boreholes are closely spaced (y = 30°). The deviation from the vertical plane containing
the borehole axes was estimated to be 29° and 44° at Sy« = 1.3 and 1.5 MPa, respectively. The analysis
of the angles a obtained during the HF of blocks 4 and 5 revealed the following features. Despite
the significantly large distance between the walls of the boreholes far from the concentrator area in
block 4 (y =60°) and the limited potential of this scheme to keep the crack in a given plane,
the angle a was found to be smaller than in block 5 (y = 30°). These results indicate that the com-
pressive stress field parameters have a stronger influence on the deviation of the longitudinal fracture
from the vertical plane containing the borehole axes compared to the increase in the angle v.
The earlier findings demonstrate that, given a uniform stress field, the crack propagation caused by
the indentation of plastic substances tends to occur in the plane of the boreholes or along the initially
specified direction [52].

The features of crack growth established in the paper can be used in practice when designing HF
operations carried out in mine workings. The stresses applied to the cubic sample during tests were
limited by the technical capabilities of the laboratory system and were equivalent to the lithostatic
pressure of rocks at a depth of about 200 m. This corresponds to many mineral deposits extracted
by the underground mining method, including the Yaregskoye field of high-viscosity oil, uranium
deposits of the Streltsovskoye ore field, the Handiza” polymetallic deposit (Uzbekistan),
Mezhegeyskoye, Karagaylinskoye coal deposits and others [53-56].

The ratios between maximum and minimum compressive stresses (1.3-1.5) used in the experiments
are observed in many mined seams and fields. The results of studies of natural stress state in the upper
part of the cross section of domestic and foreign deposits are summarized in [57]. It is noted that
horizontal stresses are widely exceeded over vertical ones in both igneous and sedimentary metamor-
phosed rocks, in some cases by a factor of 10. Similar results are also given in publications [56, 58],
describing the distribution of active stresses in coal mines in China.

The success of the in-mine implementation of the approach studied in this article depends on the
possibility of forming a stress concentrator in the rock mass due to the intersection of boreholes. In
underground workings, this can be achieved by installing an oriented wedge-deflector in a given place
of a horizontal in-seam borehole and then cutting a sidetrack from it [59]. The Y-shaped system of
the borehole and sidetrack created in this way will have the necessary geometry for solving the existing
problem. Then the borehole section with the sidetrack is sealed using a packer and the working fluid
is pumped in. The viscosity of the fluid can be increased by special chemical additives or two-com-
ponent resins with a pre-selected polymerization time [60].

Conclusion

The HF method can be used to significantly improve the development of mineral deposits by
creating cracks in a specific direction. In mine environments, the formation of longitudinal cracks can
be a viable solution to address specific mining issues. This study aimed to explore the potential for
developing longitudinal fractures within a system of intersecting boreholes, especially when the di-
rection of maximum stress was perpendicular to the plane containing their axes.

The experiments revealed the tendency for the cracks to initiate independently in vertical and
inclined boreholes. However, with further growth, they combined and were stabilized by the bore-
holes to form a single fracture, also due to the area close to the concentrator. Under the most unfa-
vourable conditions (Sx = 1.5Syy, y = 60°), the incomplete connection of the boreholes by HF was

* About the activities of the Handiza mine. URL: https://agmk.uz/ru/news/xondiza-koni-polimetallar-ombori (accessed
21.07.2024).
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observed upon plasticine indentation, partially due to the rotation of the plane of the crack growing
in the inclined borehole. Particular emphasis should be placed on the complex geometry of
the resulting cracks, their curvature, and twisting around the boreholes, with these effects more
pronounced when y = 60°.

The physical modelling findings indicate that the parameters of the horizontal compressive stress
field have a greater effect on the deviation of the longitudinal crack from the vertical plane containing
the borehole axes compared to the increase in the angle between them. Measuring the angle of incli-
nation of the longitudinal crack at its intersection with the side face of the block revealed that closely
spaced boreholes (y = 30°) better stabilize the fracturing plane in a given non-uniform stress field.
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Abstract

The article presents an overview of the assessment and modelling of the stress state of rocks in the near-wellbore
zone of horizontal wells during acid stimulation of the formation for improving the efficiency of oil and gas field
development. A numerical finite element model of near-wellbore zone of the reservoir drilled by a horizontal
section was compiled using one of oil fields in the Perm Territory as an example. The distribution of physical
and mechanical properties of the terrigenous reservoir near the well was determined considering transformation
under the action of mud acid for different time periods of its injection. Multivariate numerical simulation was
performed and the distribution of horizontal and vertical stresses in near-wellbore zone was determined with
regard for different values of pressure drawdown and changes in stress-strain properties depending on the area
of mud acid infiltration. It was found that a change in elastic modulus and Poisson's ratio under the influence of
acid led to a decrease in stresses in near-wellbore zone. Analysis of the stress distribution field based on
the Coulomb — Mohr criterion showed that the minimum safety factor of rock even after the effect of mud acid
was 1.5; thus, under the considered conditions of horizontal well modelling, the reservoir rock remained stable,
and no zones of rock destruction appeared.
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Introduction

Acid treatment of formation is one of the most frequently used enhancement methods for
intensifying the inflow of hydrocarbons into the well as well as cleaning the near-wellbore zone
from the components of technological fluids used in drilling [1-3]. Despite a high efficiency of
this method, it also has disadvantages — under the action of acid reagents, not only the substances
clogging the near-wellbore zone, but also the rock matrix minerals dissolve. On the one hand,
this effect is manifested in increasing permeability; on the other hand, the chemical interaction
of rock and acid should lead to a deterioration in stress-strain properties of reservoir. During acid
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treatment of a carbonate reservoir the effect of acid usually leads to the appearance of “worm-
holes” [4-6] and should not significantly affect the wellbore stability, whereas for a terrigenous
formation, due to dissolution of intergranular rock cement, a major decrease in Young's modulus
and ultimate strength of reservoir rock will occur [7, 8].

When studying acid effect on core samples, the impact of this reagent on permeability is often
investigated, and the amount of pore volumes for acid breakthrough and the Damkohler number are
determined [4, 6, 9]. At the same time, the effect of acid compositions on physical and mechanical
properties of reservoir rocks was not sufficiently investigated. In some articles by foreign experts
[9-11] the effect of acid treatment on the dynamic Young's modulus and Poisson's ratio was investi-
gated; however, only carbonate reservoirs and filtration of a small amount of pore volume of acid
composition were investigated — prior to its “breakthrough” from the opposite end of samples. At the
same time, as shown in publications [12-14] based on the studies of core samples, the porosity and
permeability properties of reservoir rock can change not only under the influence of physicochemi-
cally active liquids, but also of the changing effective stresses. In this case, the shows of conjugated
mechanical and chemical effects will even more intensely transform the natural properties of reservoir
rocks (porosity, permeability, physical and mechanical properties, etc.) and affect the stress-strain
state of formation, stability of wells and their productivity (injectivity).

When modelling acid action on the formation, the geometry of the forming wormholes and their
impact on permeability are usually investigated [15-17] as well as possible chemical reactions of the in-
teraction of reagent with rock minerals [18]. However, the influence of such effects on the stress-strain
state of the near-wellbore zone and the destruction of rocks was not sufficiently investigated.

One of the most efficient methods of developing oil and gas fields is the use of horizontal wells
[19-21], since in this case the filtration area increases. The use of wells with a horizontal shaft is most
efficient in low-permeability reservoirs. This type of wells is most efficiently used in development of
low-permeability formations [21-24]; multi-stage hydraulic fracturing cracks are created including
the use of acid reagents as fracking fluid [23-25]. Despite the fact that the efficiency of fracking is
directly related to a reliable determination of stress-strain properties and the stress state of formation,
this problem was virtually not investigated from the viewpoint of joint geomechanical and chemical
effects.

Well stability is very important, since wellbore walls can collapse in the process of drilling
and operation, which can lead to an emergency when developing oil and gas fields, particularly, for
horizontal [26], deep and superdeep wells [27]. To solve this class of problems, 1D geomechanical
modelling methods are currently widely used [28-30]. However, this approach has certain disadvantages:
stresses are commonly calculated only on wellbore wall, so their distribution at a distance from
the wall cannot be determined; well design (column, cement stone) is not taken into account; stress
state cannot be calculated near the perforation channels, or perforation holes are considered ideally
as cylindrical surfaces [31].

This article based on the numerical finite element method considers how a change in stress-strain
properties during acid treatment affects the transformation of stresses in the near-wellbore zone and
stability of the open horizontal hole in the terrigenous reservoir. Numerical simulation was performed
using the example of a well drilled in one of oil fields in the southern Perm Territory. Mud acid was
considered as a reagent, which is quite often used for this type of reservoir, primarily due to its ability
to dissolve clay particles [32, 33].

Methodology

Papers [7, 8] present the results of laboratory experiments in which the effect of different num-
bers of pore volumes of acid reagent on stress-strain properties of core samples taken from a terri-
genous reservoir was investigated. Core samples were 6 cm long and 3 cm in diameter. Mud acid,
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which comprised 12 % hydrochloric acid (HCI) and 3 % hydrofluoric acid (HF), was used as a rea-
gent. During experiments residual water saturation was created in samples, and oil saturation was
modelled using kerosene. At the start of the experiment, kerosene was injected into samples, then
different pore volumes of acid reagent were filtered, and samples were kept under its influence
for 4 h, and at the end of the experiment, kerosene was injected again. As a result of research,
it was ascertained that acid treatment of formation led to a decrease in Young's modulus and com-
pressive strength and to an increase in Poisson's ratio (Fig.1).

As can be seen from Fig.1, acid treatment resulted in an almost threefold decrease of elastic
modulus, 18 % decrease of compressive strength and an approximately twofold increase of
the Poisson’s ratio. With increasing number of pore volumes over 100, samples were destroyed after
acid filtration; in Fig.1, the area on the graph over 100 pore volumes is highlighted in pink.
The significance of dependence is given; its value is less than 5 %, which points to applicability
of the ratios used; this is also evidenced by sufficiently high coefficients of their correlations.
The dependences in Fig.1 are used for the numerical computation of the stress state of a horizontal
well under conditions of acid treatment of the formation.

Numerical simulation was performed in the ANSYSS finite element modelling software package
[34-36]. This software implements the numerical computation of differential equations describing the
poroelastic behaviour of a solid body:
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Veo+f=00rVe(c'—opl)+ f =0,

ag, +ip+v-q=8,
Km
where o is stress tensor;  — derivative operator; Ve« — divergence operator; ¢’ — effective stress
tensor; o — Biot coefficient; p — pore pressure; I — second-order unit tensor; f — force vector;
ev — volumetric strain of rock matrix; Kn — Biot modulus; q — fluid flow vector; S — flow source.
The following ratios are also applied for stress and strain relationship:

o' =Dg°®,

where €° is strain tensor; D — matrix of elastic constants.
Darcy's law was applied to describe fluid flow in a porous medium:

q=-kvp/p,

where Kk is the second-order permeability tensor; V — gradient operator; p — fluid viscosity.

To calculate the stress field in ANSYS, a finite element model was created using the poroelastic
finite element cpt212, including a 20 m thick formation section and an open hole well with a 0.108 m
radius (Fig.2). The well was in the centre of reservoir at a depth of 10 m from its roof. Due to the sym-
metry, only half of the selected section of the near-wellbore zone was considered.

The main physical characteristics of the model for the conditions of the considered terrigenous
reservoir in one of oil fields in the southern Perm Territory: elastic modulus of rock without acid treatment
is 11.8 GPa; Poisson's ratio of rock without acid treatment 0.116 u.f.; Biot coefficient 0.85 u.f.; angle of
internal friction of rock 30 deg; reservoir depth 1,500 m; vertical stress 33 MPa; horizontal stress
15.8 MPa; reservoir pressure 15.5 MPa; pressure drawdown 1; 5; 10 MPa. Vertical and horizontal stresses
were calculated for an average formation occurrence depth of 1,500 m. Since the value of Biot coefficient
was not determined in experiments, it was taken as a constant equal to 0.85.

The following boundary conditions were adopted in the numerical model:

« at the lower boundary, displacements in direction of the normal to the surface were fixed (zero
displacements along the vertical axis);

« vertical stress was applied to the upper boundary calculated from the formation depth and
average density of rocks in the overlying strata equalling 2,200 kg/m?;

« horizontal stress determined from vertical stress and Poisson's ratio of rock was applied to the
right lateral surface;

A

'ﬁ;_ ‘ 20m

A
4

250 m
Fragment A

Fig.2. Finite element scheme used
to compute the stress state of a horizontal well
under conditions of mud acid treatment
of formation
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« at the left boundary, due to the symmetry of the
model, displacements were fixed in direction of the
normal to the surface (zero displacements in horizon-
tal direction).

Using the compiled finite element model, multi-
variate numerical computations of the stress state of
the near-wellbore zone were accomplished taking into
account gradual infiltration of acid into the reservoir.
It should be noted that non-stationary filtration of
liquid was not calculated, and the distribution area
of acid reagent was taken based on data from article [7].
Figure 3 shows how the stress-strain properties of
rocks change at different time of filtration and expo-
sure to mud acid. The change in these characteristics
takes into account, in addition to filtration time of
reagent, its effect when holding samples without
filtration for 4 h. In the process of computation, in
addition to transformation of physical and mechanical
properties, pressure drawdown also varied simulating
well operation after acid treatment. Pressure draw-
down is 1; 5, and 10 MPa.

Discussion of results

Figures 4, 5 show the distribution of horizontal
and vertical stresses in case of limiting pressure draw-
down values (1 and 10 MPa) and mud acid reagent
injection time (14 min and 4 h). As can be seen from
Fig.4, 5, an increase in pressure drawdown in most
computation versions led to the growing values of ef-
fective stresses, both horizontal and vertical. At the
maximum acid injection time, the maximum values
of effective stresses decrease at the same pressure
drawdown. The minimum values of effective stresses
behave as follows: for the horizontal stress compo-
nent and pressure drawdown 1 MPa, they increase, at
pressure drawdown 10 MPa, decrease; for the vertical
component at pressure drawdown 1 and 10 MPa, they
decrease.

Analysing Fig. 4, 5, it can be concluded that there is a tendency to stress reduction in near-wellbore
zone at acid treatment, which is associated with a change in elastic characteristics of rocks. It should be
also noted that at pressure drawdown 1 MPa, the distribution of tensile stresses (negative values) is rec-
orded in the upper and lower parts of the well. Despite the fact that their value is small — a maximum of
1.78 MPa (Fig.4, a), tensile strength of rock can decrease under the influence of acid, which can lead to

rock inrushes in these areas.

The next stage involved the assessment of the strength of reservoir rocks near the well based on
the Coulomb — Mohr criterion. Fluid pressure in the formation was taken into account in computa-

tions, so this criterion was written as follows:
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a2

1+sing

c,—ap =USC+(G3—0cp)1_Sin(p,

where 61, o3 are the principal maximum and minimum stresses; USC — ultimate strength of rock under
uniaxial compression; ¢ — angle of internal friction; p — formation pressure.

Fig.6 shows the results of determining the safety factor of reservoir rocks based on the Coulomb —
Mohr criterion at pressure drawdown 1; 5, and 10 MPa for different time of reagent injection. If this
factor is higher than 1, this points to rock stability; if it is less than 1, then its destruction is likely.

Computation results showed that for the simulated conditions, the destruction of reservoir rocks
should not occur, although the minimum safety factor is 1.5, i.e. rocks are close to destruction.
As can be seen from Fig.6, the area with the lowest safety factor lies near the lateral surface of the
well, which is caused by the effect of vertical stresses, which are much higher than the horizontal
ones. A decrease in elastic properties due to the action of mud acid reagent led to a decrease in stresses
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Fig.4. Distribution of horizontal effective stresses at pressure drawdown 1 (a, ¢) and 10 (b, d) MPa
after injection of mud acid reagent for 14 min (a, b) and 4 h (c, d)
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Fig.5. Distribution of vertical effective stresses at pressure drawdown 1 (a, ¢) and 10 (b, d) MPa
after injection of mud acid reagent for 14 min (a, b) and 4 h (c, d)
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Fig.6. Distribution of rock safety factor near the well for pressure drawdown 1 (a, d), 5 (b, €)
and 10 (c, f ) MPa after injection of mud acid reagent for 14 min (a, b, c)and 4 h (d, e, f)

and an increase in safety factor, especially in the upper and lower parts of the well (Fig.6, f), while an
increase in pressure drawdown value led to an increase in this parameter in the areas under consider-
ation and a decrease in the lateral area of the well.

In the course of further investigation of this problem it is planned to compare field data on hori-
zontal wells in which mud acid treatment will be conducted to assess the probability of sand ingress
depending on exposure time and volumes of reagent injection, as well as changes in permeability in
the near-wellbore zone.

The investigation results can be applied to terrigenous reservoir rocks of the Tulskii and
Bobrikovskii producing formations in the southern group of fields in the Perm Territory with similar
porosity and permeability, physical and mechanical properties. Difference in permeability values
leads to a change in acid filtration area depending on time, and the difference in initial mechanical
properties will lead to other ratios describing the relationship of their change depending on the
injected pore volumes of reagent, which can require additional laboratory and numerical experiments.

Conclusion

Using the example of a terrigenous reservoir in one of oil fields in the southern Perm Territory,
the analysis of the stress state of reservoir near the open hole of a horizontal well was conducted
taking into account the transformation of the stress-strain properties of rocks under the action of mud
acid reagent. Based on results of analysis, the following main conclusions can be drawn:

« As part of this work, the numerical finite element model of a region of terrigenous formation
was compiled including an open hole of a horizontal well and allowing for changes in stress-strain
properties of reservoir rocks during mud acid treatment.

* Using the compiled model, a multivariate numerical simulation of the stress state of reservoir
was accomplished for different values of pressure drawdown and filtration time of mud acid reagent.
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* Analysis of stress distribution field showed that an increase in pressure drawdown led
to increasing values of effective stresses in reservoir, while the consequence of a change in elastic
properties of rocks under the influence of acid was, on the contrary, their decrease.

+ Based on application of the Coulomb — Mohr criterion, the distribution of rock safety factor
was determined, which showed that the reservoir was in a stable state both without the effect of mud
acid, and with treatment of the near-wellbore zone with this reagent. At the same time, an increase in
pressure drawdown led to a decreasing rock safety factor, and the effect of acid led to its increase.

* The numerical model compiled as part of the work can be used to calculate the stress distribu-
tion field near horizontal wells for other types of reservoirs, both considering and without considering
the change in stress-strain properties under the action of not only mud acid reagent, but also different
other physicochemically active liquids.
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Abstract

The development of new fields with low-permeability reservoirs required the introduction of new production tech-
nologies, of which the most significant for well killing and underground repair were multi-ton hydraulic fracturing,
the simultaneous operation of two or three development sites by one well grid, and an increase in the rate of fluid
extraction. These global decisions in field development have led to the need to search for new effective materials and
technologies for well killing. The article is devoted to the analysis of problems associated with the process of killing
production wells in fields characterized by increased fracturing, both natural and artificial (due to hydraulic fracturing),
with reduced reservoir pressure and a high gas factor. The relevance of the analysis is due to the increase in the number
of development sites where complications arise when wells are killed. Particular attention is paid to technical solutions
aimed at preserving the filtration and capacity properties of the bottomhole formation zone, preventing the absorption
of process fluid, and blocking the manifestation of gas. The classification of block-packs used in killing is given, based
on the nature of the process fluid. Suspension thickened water-salt solutions are considered, forming a waterproof crust
on the surface of the rock, which prevents the penetration of water and aqueous solutions into the formation. This
approach ensures the safety and efficiency of killing operations, especially when working with formations in which
maintaining water saturation and preventing the ingress of the water phase are of critical importance. Modern trends in
the development of technology are revealed, and promising areas for further improvement of well killing with absorp-
tion control are outlined.
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Introduction

The article is a review of scientific and technical literature devoted to the problem of well killing
with absorption control for the period from the mid-1970’s to the present. The relevance of the work
is the generalization of published materials and the determination of the possibility of using blocking
compositions of different nature as process fluids for well killing in complicated mining and geological
conditions. Particular attention is paid to polymer-based blocking fluids containing suspended parti-
cles with a solid phase, as the most universal and effective.
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The global trend in oil field exploitation is a gradual deterioration in the structure of reser-
ves [1-4]. Well operation is also accompanied by deterioration of the filtration and capacity character-
istics of the bottomhole formation zone [5, 6], gas or water breakthroughs through highly permeable
channels, mechanical wear of underground equipment. In order to effectively overcome these com-
plications and maintain the target level of oil production, it is necessary to carry out routine and major
repairs. One of the important stages of preparation for such work — well killing — includes the intro-
duction of process fluid into the wellbore to create back pressure in order to prevent oil and gas shows.
Analysis of the killing results showed that process fluids have a significant negative impact on the
production potential of wells in formations with low permeability and low formation pressure due to
the absorption of salt solutions into the productive formation [7, 8].

Killing of wells is the most common operation that accompanies a well throughout its entire
period of operation. All underground and major repairs, as well as the treatment of the bottomhole
zone of wells, begin with killing. The main causes of complications during well killing are well
known. The first in importance is associated with a decrease in phase permeability for oil, which
occurs due to an increase in water saturation in the bottomhole zone of the formation. When the water-
based repair and technological fluid is absorbed at low reservoir pressures, an increase in water satu-
ration occurs in the bottomhole zone, which is uncharacteristic for the formation as a whole at the
current stage of development. This problem is especially acute in low-permeability hydrophilic reser-
voirs, and to eliminate it, hydrophobizers from among cationic surfactants are added to the killing
fluid or mutual solvent treatments are carried out [9]. Such measures make it possible to return wells
to their pre-repair operational parameters, but are accompanied by significant additional costs.

The second important reason for the complication is also associated with the penetration of salt
solutions into the bottomhole zone — swelling of clay minerals and the formation of poorly soluble
salts due to a violation of the salt balance [10]. In this case, permeability for liquid decreases and oil
inflow decreases. To prevent these negative phenomena, clay swelling reducers and salt deposit in-
hibitors are added to the killing fluids, which help to remove the complication, but significantly in-
crease the cost of the process.

There is another type of complications during killing, typical for wells with a high gas factor or
development objects in the section of which there are gas interlayers [11]. Gas egress during repair
is unacceptable, and to prevent it, surfactant solutions are injected into the bottomhole zone so that
the escaping gas forms foam, which again means additional costs. The use of fluids with absorption
control essentially eliminates all of the above problems. Absorption control is carried out when repair
and technological fluids have properties that prevent them from escaping into the formation.

The objective of the review is to analyze technological solutions related to well killing with
absorption control in the conditions of development of fields with low-permeability reservoirs, in-
cluding natural and artificial fracturing, with a high gas factor and low reservoir pressure. The mate-
rials presented in the review work will be useful to field workers when performing well killing in
complex mining and geological conditions.

Materials and methods of research

To obtain emulsion blocking compounds for killing, degassed oil, diesel fuel, condensate,
mineralized water, emulsifiers, and microcalcites are used [12, 13]. To obtain thickened composi-
tions, water-soluble polymers of synthetic nature (polyacrylamide, polyacrylic acid, polyvinylpyrroli-
done, polyethylene oxide) and plant origin (carboxymethyl cellulose, hydroxyethyl cellulose, hyd-
roxypropyl guar), biopolymers (xanthan, succinoglucan, scleroglycan), as well as viscoelastic sur-
factants (zwitterionic compounds) are used [13, 14]. Chalk, microcalcites, boiled halite, dolomite,
and siderite are used as colmatants to obtain thickened dispersions [13, 14]. For fractured collectors,
fibrous materials are used: asbestos, peat, water-swelling and degradable synthetic fibers [15-17].
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The following acids are used as breakers after killing during well development: hydrochloric,
formic, acetic, sulfamic; enzymes specific for the decomposition of bio- and plant polymers; perox-
ides (persulfates, peroxocarbonates, urea hydroperoxide); complexones (oxyethylidenediphosphonic,
nitrilotrimethylphosphonic, oxalic acids) [14]. To determine the rheological parameters of blocking
fluids (ultimate shear stress, elastic modulus and viscosity modulus), modern rotational viscometers
are used, including those with an oscillatory rheometry option [18]. Filtration-blocking characteristics
are studied on low- and high-pressure filter presses, as well as using filtration units: imported, for
example FDES-645 (Coretest Systems Corporation), and domestic, for example SMP-PS/FES-2R
(Kortekh LLC) [19, 20].

Industrial implementation of the preparation of blocking liquids is carried out in accordance with
the provisions described in the article [21]. Blocking compounds are prepared at specialized mortar
units [12, 22] or using a mobile mixing and averaging unit. The containers used must be equipped
with paddle mixers that ensure uniform distribution of chemical reagents throughout the volume,
eliminating the occurrence of “dead zones”. The reagent preparation unit or container of the required
volume must be equipped with an external electric centrifugal pump, a paddle mixer, an ejector for
feeding bulk products, piping to the pump, as well as a line for filling and unloading. It is possible to
disperse the powder of the water-soluble reagent-thickener through a dry hydrofunnel of the ejector
into a stream of water-salt base created by an electric centrifugal pump. It is allowed to disperse the
polymer by pouring it into the water-salt solution in the mixing zone of the paddle mixer in the
preparation container.

The piping of the tanks for preparing blocking fluids must have a design that provides for the
possibility of flushing it in the event of the occurrence of “gel defects”. Blocking compositions of
increased viscosity are prepared by dissolving a water-soluble polymer thickener in a water-salt base
and are intended for temporary and reversible reduction of permeability at the boundary of the well
wall — the entrance to the formation, control of the absorption of the killing fluid during underground
repair of production and injection wells without hydraulic fracturing, including those with abnormally
high reservoir pressure (AHRP).

The preparation of a blocking composition with a solid phase includes dissolving a water-soluble
polymer thickener on a water-salt basis with subsequent dispersion of particles with a solid phase,
which is used as microcalcite of different grades, boiled halite, dolomite. Suspension of solid particles
in a polymer solution is intended for temporary and reversible reduction of permeability at the boundary
of the well wall — the entrance to the formation, control of absorption of killing fluids during under-
ground repair of production and injection wells, including those with hydraulic fracturing, wells with
super-collector interlayers in the section, wells with slotted and gravel filters in conditions with ab-
normally low reservoir pressure (ALRP) and AHRP.

The preparation of an emulsion blocking composition for killing requires effective dispersion of
degassed oil in a water-salt base and a chemical reagent-emulsifier. Emulsion blocking compositions
are intended for temporary and reversible reduction of permeability at the boundary of the well wall —
the entrance to the formation of producing wells, control of absorption of killing fluids during repair
of wells without hydraulic fracturing, wells with a high gas factor (more than 400 m3/t), wells
operating water-sensitive reservoirs. The technology for preparing emulsion blocking compositions
includes a set of the calculated amount of degassed oil or hydrocarbon solvent in the reagent prepa-
ration unit. Then the emulsifier is dosed and mixed for at least 30 min with the electric centrifugal
pump of the mixer and stirrer turned on. Then the required amount of water-salt base is added and
mixed again for at least 2 h. The emulsion blocking composition can be stored in the preparation
container before shipment for no more than 2 h. Before shipment after the specified period, this com-
position is mixed in the container using a centrifugal pump.
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Discussion

Absorption control during well killing is ensured by two main mechanisms: an increase in the
viscosity of the process fluid, as well as crust formation on the surface of the rock, when a suspension
of solid particles clogs the pores and filtration channels. In particular, thickened polymer solutions,
hydrogels, and reverse emulsions operate according to the first mechanism, while suspension systems
operate according to the second. There are several essentially similar classifications of blocking com-
positions [23, 24]. The scheme proposed in the article [24], based on the nature of blocking fluids
seems to us more illustrative (Fig.1). Let us dwell in more detail on the main types of blocking com-
positions used in Killing with absorption control. Historically, the mass introduction of reverse emul-
sions in well killing was first carried out at Tatneft PJSC in the 1970°s [12]. Special stationary solution
units were built, where the reverse emulsion of the required density was prepared. This technology is
successfully used at present [25], being a popular tool in capital and underground repair work. Service
contractors use emulsifiers that allow creating reverse emulsions for different temperature ranges.
Reverse emulsions have proven their effectiveness in killing wells in granular reservoirs. In the case
of well killing in fractured reservoirs, as well as in wells with hydraulic fracturing, reverse emulsions
do not always cope with their task, because natural and artificially created cracks are capable of ab-
sorbing viscous liquids.

An illustrative example of the change in the efficiency of the invert dispersion “Disin”, which is
a reverse emulsion stabilized by calcium carbonate and calcium oxide hydrate, was demonstrated at
Yuganskneftegaz PJSC. This reagent was proposed by G.S.Pop for killing wells at facilities in Western
Siberia [26, 27]. At the beginning of its use, when wells with low-volume hydraulic fracturing were
killed, the inverted dispersion “Disin”, which belongs to the class of Pickering emulsion stabilized by
solid particles, coped with its task perfectly [28-30]. As the hydraulic fracturing method developed,
when the mass of pumped proppant increased to 200-300 t, “Disin” as a block pack ceased to exhibit
blocking properties. The fact is that during the operation of the multi-layer object of the Priobskoye
field with a single filter, the highly permeable layer is produced more intensively and the formation
pressure in it decreases more significantly. And, although “Disin” contained solid stabilizers, it was
not possible to create a strong crust on the surface of the proppant packing, because the dispersed
particles were submicron in size and were absorbed by the formation. During repair work, a signifi-
cant amount of repair and technological fluid had to be added to the wells, and subsequently these
wells took a long time to develop and did not reach the pre-repair production level. This problem was
solved by specialists of RN-UfaNIPIneft LLC by using suspension blocking fluids based on xanthan
polymer solutions with a suspended dispersion of microcalcite. Under the leadership of V.N.Gusakov,
together with field engineers (O.V.Akimov and others), suspension Killing fluids were developed,
where xanthan polymer solutions were used as a dispersion medium, and microcalcites of different
grades were used as a dispersed phase [31, 32].

More effective invert dispersions with a solid phase were proposed to be used by D.V.Mardashov
and Sh.R.Islamov [33, 34]. These are reverse emulsions in which dispersions of microcalcite of dif-

Blocking compounds

|
! v y ! }

Thickened Thickened
water-based petroleum-based
solutions solutions

Invert emulsion
solutions (IES)

Suspension Aerated
solutions solutions

Fig.1. Main types of well killing blocking compounds
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ferent sizes are suspended depending on the degree of crack opening (for which an effective emulsi-
fier was selected) for the purpose of killing wells in fractured-porous reservoirs with reduced for-
mation pressure. The fractional composition of microcalcites was calculated purely geometrically
according to the criteria of M.Kaeuffer or S.Vickers.

A significant advantage of the block composition based on inverse emulsions is the fact that their
external phase is hydrocarbon and does not cause additional filtration resistance when inducing oil
inflow after repair. Invert dispersions with granular and fibrous fillers have been successfully used in
killing absorbing wells in carbonate reservoirs [35, 36]. This combined solution allows combining
two important effects from the use of blocking fluids — not increasing the water saturation of the
reservoir and forming a filter cake of solid colmatants. If we compare the effectiveness of invert
dispersions with granular fillers and thickened water-based fluids with the same colmatants, then
preference should be given to invert dispersions, since they do not introduce an additional water
phase into the bottomhole formation zone [37]. The use of invert dispersion is especially relevant in
water-sensitive low-permeability granular reservoirs, where the ingress of the aqueous phase into the
bottomhole formation zone is unacceptable.

An interesting approach to the use of Pickering emulsion is shown in the work [38], in which
emulsions were stabilized by hydrophobic and hydrophilic nanosilicas, which ensured their stability
at high temperatures. In the article [39] the emulsion composition was obtained on the basis of “green
chemistry”. In particular, biodiesel was used as the hydrocarbon phase — methyl esters of fatty acids
obtained by transesterification of rapeseed oil.

The use of thickened water-based solutions for killing wells has also been known for a long time.
B.A.Andreson (1976) proposed using salt solutions thickened with polyacrylamide with the addition
of surfactants for killing wells at Bashneft PJSC. The surfactant-containing polymer solution “Chance”
was successfully used at the fields of YUKOS Oil Company [40] with the introduction of refining
additives.

Unlike polymer solutions, hydrogels used as block packs for well killing are more effective be-
cause, due to their cross-linked structure, they are practically not filtered into the formation. In par-
ticular, in order for a polysaccharide killing fluid based on xanthan or hydroxypropyl guar solutions
cross-linked with a borate cross-linker to begin to filter into the formation, a pressure differential of
more than 6.0 MPa is required [41, 42]. For killing wells in fractured-porous reservoirs with a high
gas factor by D.V.Mardashov and A.V.Bondarenko [20, 43] proposed a hydrogel based on xanthan
gum cross-linked with chromium acetate as a block pack. The advantage of such a hydrogel is that it
successfully blocks cracks, while possessing high gas-retaining capacity.

The use of hydrogels as blocking fluids has been rapidly developing in recent years due to the
possibility of flexible regulation of their properties depending on the conditions of use. Thus, when
killing wells in fractured reservoirs, a viscoelastic gel based on oxyethylated cellulose cross-linked
with copper sulfate was used. A peroxyhydrate-citric acid system was used as a breaker [44]. For the
same purpose in the work [45] a hydrogel based on guar and xanthan gum crosslinked with a borate
crosslinker is proposed. This technology is distinguished by a controlled gel decomposition time,
which is achieved through the use of an encapsulated breaker — the same peroxyhydrate system with
citric acid.

For killing wells in fractured reservoirs with high formation pressure, a sodium bromide-
weighted nanocomposite hydrogel system cross-linked with covalent bonds with a density of
1.2-1.5 g/cm® has been developed [46]. The heat resistance of the blocking composition is determined
up to 160 °C, and the gelation time is regulated from 8 to 12 h.

Foam gel based on a double-crosslinked hydrogel (polyacrylamide + Cr3*+ polyethyleneimine),
foamed due to the release of CO> during the reaction of acid with carbonates, and was used in the
overhaul of wells in reservoirs with low formation pressure and low temperature [47, 48].
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For killing wells containing toxic acid gases in associated gas, such as H2S, CO», SO, a gel
based on plant resin with a crosslinker and pH regulator is proposed. At pH 8, the gel does not break
down for 72 h at 150 °C with a concentration in water of H2S — 300 mg/lI and CO2 — 100 mg/l. After
gelation, the viscosity is 30 Pa-s, and after the introduction of a breaker for 6 hours it decreases to
3 mPa-s [49].

A block composition based on salt-resistant partially hydrolyzed polyacrylamide when killing
highly watered wells in fractured reservoirs allows not only to carry out repair work without problems,
but also to reduce water cut and increase oil production due to the effect of water insulation when gel
leaks into cracks [50]. In the article [51] the use of a high-viscosity gel plug in well repair is described,
which is convenient in that the viscosity of the gelled composition reaches 30,000 mPa-s, and after
exposure to an acid breaker after 4 h it decreases to 5 mPa-s. Viscous gelled blocking compositions with
adjustable gel decomposition time are used for routine and major repairs of wells in order to reduce the
risk of gas manifestations [52].

It should be noted that hydrogels based on partially hydrolyzed polyacrylamide have been in-
creasingly modified with nanoparticles in recent years. The fact is that under severe conditions of
temperature and salt aggression, decomposition of block packs based on cross-linked polymer sys-
tems occurs. The destruction of hydrogels consists of rupture of the main polymer chains, rupture of
cross-links, hydrolysis of the polymer and syneresis [53]. Nanosilica particles interact with their si-
lanol groups with the carboxyl group of partially hydrolyzed polyacrylamide to form a hydrogen bond
(proven by IR spectra) [54], thereby enhancing the interaction with water molecules and preventing
dehydration and syneresis of the gel [55]; in this case, the nanoparticles are evenly distributed
throughout the entire volume of the hydrogel. In the work [56] it has been shown that the introduction
of 9 % nanosilica increases the strength of the hydrogel by 5000 %. From the images obtained using
an electron microscope, it is evident that the nanoparticles reinforce the hydrogel during gelation in
situ, which allows the temporarily blocking material to significantly better withstand temperature,
salt and shear effects compared to the hydrogel without the addition of nanosilica. In fractured car-
bonate formations with low reservoir pressure, it is sufficient to introduce 5 % nanoparticles into the
hydrogel, and at the same time, the increase in the structural and mechanical properties of such a
nanocomposite allows for trouble-free repair work [57]. Data are provided that the addition of 8 %
nanosilica to a gel based on partially hydrolyzed polyacrylamide and an environmentally friendly
crosslinker — polyethyleneimine provides a 14-fold increase in the elastic modulus with a viscosity
modulus of only 71 Pa, which is extremely favorable from the point of view of low damage to the
granular collector [58]. For wells in high-temperature development objects, the nanocomposite gel is
obtained from heat-resistant sulfonated polyacrylamide with the addition of secondary-modified
laponite, thiourea, and a crosslinker — polyethyleneimine [59]. Authors of the article [60] noted that
the linear dimensions of nanosilica significantly affect the properties of nanocomposites. Thus,
a hydrogel based on partially hydrolyzed sulfonated polyacrylamide cross-linked with chromium
acetate has maximum strength characteristics with nanoparticles of 20-30 nm in size compared to
similar gels with the addition of nanosilica of 7-10 nm and 60-70 nm in size.

Specialists from different countries around the world pay much attention to self-destructing hy-
drogels. Thus, in the works [61, 62] self-destructing gels under the influence of temperature based
on pre-formed gel particles are proposed. In the articles [63, 64] gels with an internal breaker with
adjustable decomposition time are described. Safe repair time is determined based on laboratory ex-
periments at reservoir temperature. In order to predict the time of thermal self-destruction of hydrogel
block compositions in the work [65] kinetic experiments were conducted and a mathematical model
was developed that coincided with the results of the study of temperature aging with a correlation
coefficient of 0.988. This approach allows us to predict the time that block compositions will be in
working condition and to estimate the safe period for carrying out repair work on wells.
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Variants of using gel-fiber systems for temporary blocking of the formation are considered.
Cellulose nanofibrils were added to the hydrogel based on heat-resistant sulfonated polyacrylamide
cross-linked with polyethyleneimine [66]. At the same time, such a nanofibrous composite was supe-
rior in its structural-mechanical and heat-resistant properties to a nanocomposite with the addition of an
equal amount of nanosilica. The fibrous synthetic filler was fed into a high-temperature well in a poly-
mer solution, where, over a pre-calculated time, the synthetic fibers were hydrolyzed with the release
of organic acids, which in turn destroyed the polymer [67]. Summarizing the analysis of the use of
block compositions, we can note the review in the article [68], where the properties of gels obtained
in situ, methods for increasing their thermal stability and structural-mechanical properties, regulating
the rate of gelation, methods of destruction and self-destruction are summarized.

Viscoelastic surfactant compositions based on zwitterionic compounds are increasingly used as
hydrogel block packs [69, 70], which have a significant advantage over hydrogels based on water-
soluble polymers — they are destroyed upon contact with oil and water, causing an influx after
repairs.

Thickened petroleum-based solutions (commercial thickened petroleum) [71] are used to Kill
wells with low reservoir pressure. Recently, their use has been very limited in accordance with fire
safety regulations. Although in some production enterprises, for example in Slavneft-Megionneftegaz
PJSC, hydrocarbon-based blocking fluids were once quite widely used [72].

The use of water-based suspension blocking compositions has also been known for a long time.
At first, clay solutions were used in this capacity, which, although they had a slight advantage over
mineral salt solutions, were not effective enough due to the colmatation of the bottomhole formation
zone. In particular, S.Z.Zaripov (1981) showed that killing wells with clay solutions (Bashneft PJSC)
in the 1970s led to a significant decrease in well productivity. Research by the service company M-I
Swako convincingly showed that it is most expedient to suspend the colmatant particles in thickened
solutions of biopolymers. Since biopolymers of microbial origin have a branched structure and fairly
high values of the viscoelastic component of complex viscosity, suspended particles do not settle. In
addition, in the works [73, 74] the calculation of the optimal fractional composition of colmatating
particles depending on the diameter of the pores of the rock is given. Implementation of technologies
using absorption control materials (Liquid Control Materials — LCM), or LCM technologies, involves
the use of such components as a water-salt base,
a water-soluble polymer thickener, a breaker for
breaking down the polymer and restoring per-
meability (Fig.2) [75]. Industrial water is used as
a water-salt base, as well as solutions of mineral Destructor Thickener
salts (water-soluble polymers used as thickeners).

The main technological disadvantages of
polymer thickeners are the risk of obtaining “gel
defects” [76] and a significant loss of viscosity
with increasing temperature. Only systems thi-
ckened with succinoglycan and erucylamidopro-
pyl betaine (belongs to the class of high-viscosity
surfactants) retain their viscosity up to 70 °C [75].

To maintain the production potential of
wells and quickly bring them into operation after
killing when using polymer blocking fluids, it is
necessary to use breakers individually selected
for each class of thickeners. Breakers affect the Fig.2. System of components for the implementation
carbon chains of polymers, chemically modify of LCM technologies

Solid phase
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the functional groups of macromolecules and destroy the network structure of hydrogels. Peroxides,
enzymes, acids and complexones are used for these purposes. Breakers are used in two variants. In
the first case, the breaker is a component of the process fluid. This variant is possible when the breaker
action begins with a long induction period. By this time, the main operations of the current well repair
should be completed, and after the destruction of polymer molecules when well is stimulated, the
permeability coefficient is restored. According to the second variant, the breaker is pumped in after
the main stages of well repair and also ensures permeability restoration. Polymer-free thickened fluids
do not require the use of a breaker, since the viscosity of such a system is reduced upon contact with
water or oil, causing an influx after repair [77, 78]. Due to the fact that the zwitterionic surfactants
used for these purposes have good surface-active properties, after the destruction of cylindrical mi-
celles with viscoelastic properties, an easier influx triggering is achieved. When using suspension
blocking killing fluids, it is possible to use modifying additives from the glycol class, which reduce
the adhesion of the colmatant crust to the surface of the rock [74].

Another method of forming a filter cake with a small depth of penetration of colmatants into the
formation is carried out by selecting the fractional composition of the colmatant corresponding to the
distribution of pores by size. If the particle size is much smaller than the average diameter of the
pores, then undesirable penetration of these particles into the filtration channels will occur; particles
with a diameter much larger than the pore sizes are not capable of forming a low-permeability cake,
which leads to fluid absorption during repair.

Optimization of the colmatant size comes down to selecting the composition of dispersions of
different sizes [79]. According to the Ideal Packing Theory (IPT, M.Kaeuffer), the selection is carried
out by the method of approximating the dependence “integral fractional composition — square root of
the particle diameter” to an ideal straight line. Another option for optimizing the particle size distri-
bution (according to S.Vickers) is specified by a curve with parameters [79] at diameters: Dmax —
particle fraction 90 %; 2/3Dmax — 75 %; 1/3Dmax — 50 %; 1/7Dmax — 25 %; Dmin — 10 %. To create the
densest filter cake according to the A.Abrams criterion, a colmatant with a particle diameter of 1/7 to
1/3 of the pore diameter is required. The densest low-permeability and thin filter cake can be obtained
by selecting particles by size according to the S.Vickers criterion (Table 1 [79]).

Table 1
Results of tests of filter cakes formed by well killing fluids
Calculation of the fracti_onal compo§itic_>n of the colmatant
Disc pore size, pm Parameter according to the criteria
S.Vickers M.Kaeuffer A.Abrams
5 Filtration efficiency, cm3/30 min 21.0 22.0 30.0
Recovery coefficient, % 93.8 495 61.5
20 Filtration efficiency, cm3/30 min 20.0 420 23.0
Recovery coefficient, % 85.7 69.5 80.9
60 Filtration efficiency, cm3/30 min 20.8 31.0 19.0
Recovery coefficient, % 86.2 78.1 935

It should be noted that the justified composition of the colmatant can be determined with
knowledge of the distribution of pore sizes in the porous medium. For the use of a blocking fluid with
a solid phase in wells after hydraulic fracturing, finding the optimal size of dispersed particles is
simplified, since the proppant size for each well is known (Fig.3). The algorithm of actions intended
for the practical use of the technology of killing with absorption control is indicated in Table 2 [14].
The field experience of RN-Yuganskneftegaz LLC in killing wells with absorption control, carried out
according to the algorithm given in Table 2, confirmed the correctness of the chosen solution [14, 31].
The use of microcalcite as a solid phase for suspension blocking fluids is safe, since this colmatant is
easily soluble in acid when needed [80]. The use of polymer thickeners is characterized by the risk
of the formation of so-called gel defects, which arise due to incomplete polymer dissolution in a
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water-salt base. To prevent this phenomenon, disper-
sion of the polymer in non-aqueous polar solvents is
used. Modern technologies of well killing with absorp-
tion control are developing rapidly, since they reduce
the consumption of aqueous brines and, accordingly,
reduce the number of complications caused by the
intensive development of terrigenous and carbonate res-
ervoirs. Thus, in 2008, RN-UfaNIPIneft LLC, together
with employees of RN-Yuganskneftegaz LLC, deve-
loped and patented an effective solution for killing
multi-layer wells of the Priobskoye field with multi-ton-
nage hydraulic fracturing [32, 81]. In comparative tests
with the technology of M-I Swaco (Seal-N-Peel), the
Russian version using a block-composition of muffling

with microcalcite (BSG-MK) showed comparable

efficiency.

Fig.3. Graphical construction of calculation
of proppant packing transparency

Table 2

Algorithm for selecting a well killing design with absorption control

Required calculation parameter

Source of information

The characteristic being determined

Algorithm of action

Volume of blocking killing
fluid V, m®

Excess volume of blocking killing
fluid Vexc, m3

Reservoir pressure Po
at the start of repairs, Pa

Reservoir pressure Pr
for the duration of the repair, Pa

Density of the killing fluid at

20 °C taking into account thermal
expansion at positive temperature
p(t), kg/m?

Daily forecast of change in density
of kill fluid taking into account the
pressure recovery curve

Proppant grain pore mouth
diameter Dmax — Dmin, pm

Fractional composition of
a mixture of microcalcites for the
formation of a filter cake

Thickener concentration in the
blocking killing fluid

Effective viscosity of blocking
killing fluid

Oil and gas
production workshop
data

Oil and gas
production workshop
data

Oil and gas
production workshop
data

Data from
hydrodynamic studies
of wells

Reference literature

Estimated data

Well passport

Filling theory
(according to
S.Vickers criterion)

Experimental data

Experimental data

Specific volume of the well in the zone
from the current bottomhole to the upper
perforation holes

Position of the upper perforations
and the perforated interval

Excessive wellhead pressure Pexc
by water at the beginning of repairs

Pressure recovery curve for a well

Thermal expansion coefficient
of the kill solution
o~ 0.5838 kg/(m3-°C)

Reservoir temperature and pressure

p(T.t) =P°+h—K‘ﬁ+ a(t-20)

vert

Fractional composition of proppant

Criterion according to S.Vickers:

Dmax— 90 %

2/3Dmax — 75 %

1/3Dmax — 50 %

1/7Dmax — 25 %
Dmin—10 %

Dependence of sedimentation stability
of suspension on thickener concentration

Flow time of 500 cm? of blocking liquid
on the VBR-2 viscometer in laboratory
and field conditions

V= 0.001Vsp [hcrm.btm* hup + 150] +
+ Vexc

Vexc = 0.0007hyp + Khpert
K=0.05u0.01 m¥m
for directional and horizontal wells

Po=pgh + Pexc

Pr = Po + K(T)%

p(t) = p(20) — aft - 20)

Calculation of the density of the
killing fluid with correction for
the pressure recovery curve

Proppant brand

Minimization of deviation of the
model curve of microcalcites from
the curve according to S.Vickers
(software product)

Visual observation of suspension
stability

Determination of the flow time
of 500 cm? of blocking liquid on the
VBR-2 viscometer

Notes: K — permeability, um?; herntbtm — distance from wellhead to current bottomhole, m; hyp — distance from wellhead to upper perfo-
ration holes, m; hpert — perforation interval, m; hverr — vertical depth of upper perforation holes, m; g — acceleration of gravity, m/s?;

T, t— formation temperature, °C.
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In 2009, a number of production companies of Rosneft Oil Company introduced the technology
of a suspension blocking fluid with a self-destructing colmatating solid phase — halite (BSG-halite) [82].
The main technological advantage of such a composition is the ability of solid shunting particles to
completely dissolve when causing an influx of watered products after completion of underground
well repair (UWR). This feature allows eliminating the risk of colmatation of the bottomhole for-
mation zone, installing a block pack with squeezing onto the formation, carrying out flushing and
normalization of the bottomhole in conditions of absorption. Due to the growth of the initial shear
gradient when a free gas phase appears, this material can be successfully used for killing oil wells
with a high gas factor and gas condensate wells [83]. A similar approach to the use of water-soluble
salt dispersions is described in a later publication [84]. The use of a dispersion of polyethylene wax
and oil-soluble phenolic resin with rosin is known as oil-soluble colmatants. The advantage of such
materials is that when well is stimulated they completely dissolve in oil. According to core studies,
they provide a permeability recovery coefficient from 0.90 to 0.95 [85].

Another typical example of the use of block packs is demonstrated during the killing of wells at
Jurassic sites developed by Kharampurneftegaz LLC, where the work is complicated by a number of
negative factors, such as low permeability of the hydrophilic reservoir, high gas factor, and low
reservoir pressure. In order to eliminate the impact of these complications on the success of UWR,
an approach to the killing technology was developed, which consists in combining several types of
process fluid, which, when used together, allow to minimize the risks of reducing the production
potential of wells [19]. Thus, to prevent gas leaks, a blocking liquid based on the polymer “Biopol”
and surfactants (gas blocking composition — GazoBS) has been developed, which acts due to its vis-
coelastic properties (polymer) and foaming ability upon contact with gas (surfactant).

A spacer fluid designed to prevent swelling of clay cement, reduce interfacial tension and restore
phase permeability to oil was developed on the basis of a 6 % HCI solution with the addition of a
surfactant-hydrophobizing agent (spacer hydrochloric acid fluid — BufSK). The blocking killing com-
positions BSG-MK and BSG-halite were used to prevent absorption of the killing fluid at reduced
formation pressure in wells with hydraulic fracturing. Pilot-field work was carried out on 23 wells,
where the GazoBS block-packs were used 21 times, BufSK — 9 times, BSG-halite and BSG-MK —
14 and 9 times, respectively (Table 3). All wells underwent UWR to replace the electric centrifugal
pump without changing its size, as well as to replace/review the tubing. Borehole normalization was
performed on two wells. The observed slight increase in fluid flow rate after UWR is due to cleaning
of perforation holes from calcite deposits due to the action of BufSK and abrasive cleaning of paraffin
deposits — with BSG-halite and BSG-MK compositions.

Table 3
Results of pilot-field work tests of process fluids
Number of tests Total relative flow rate, before UWR / after UWR
(bringing to stable production), %
Blocking liquid
With a decrease in oil flow rate during - .
Total the well's commissioning Liquid oil
BSG-MK 9 2 100/100.6 100/100.5
BSG-halite 14 2 100/102.4 100/104.3
BufSK 9 0 100/100.7 100/105.4
GazoBS 21 3 100/102.7 100/101.6
Total wells 23 3 100/102.5 100/102.8

The use of aerated fluids for well killing is necessary in fields with ALRP to avoid the absorption
of the killing fluid into the formation. Back in the 1970s, A.VV.Amiyan proposed using two- and three-
phase foams for this purpose [86]. Subsequently, this technology was successfully extended to gas
and gas condensate fields, which are very sensitive to the water phase in the bottomhole formation
zone [87]. At the same time, the use of foam systems for well killing is complicated by their instability
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over time, as well as destruction upon contact with oil. Rapid restoration of the properties of foam
systems in the wellbore is possible by their repeated circulation.

For the suppression of gas condensate objects with low reservoir pressure and high temperature,
a foam-polymer composition with increased foam stability based on sodium dodecyl sulfonate and
dodecyl methyl betaine, stabilized with xanthan gum [88] and polyurethane thickener [89] is pro-
posed. The composition remains functional at mineralization up to 10,000 mg/l and temperature up
to 150 °C for 24 h. If the well repair lasts longer, it is necessary to restore the foam system in the
wellbore by pumping in new portions [88]. This article provides an example of a well repair to remove
sand from the bottomhole, which lasted 58 h and went without complications. The work described
[88] the technical solution involves the use of complex additional equipment — a tanker-pumper of
liquid nitrogen or a mobile truck-generator of nitrogen, a foam generator. The use of self-generating
foam gel systems as blocking liquids [90] allows for repair work at high temperatures without the
risk of reducing the volume of nitrogen foam. This foam gel system consists of a gel-forming com-
position, a gas-generating mineral composition, and a surfactant. Due to its low density, the foam gel
is easily removed from the wellbore when well is stimulated. The high stability of foam gels over
time and at elevated temperatures is due to the fact that the foam lamellas are a cross-linked polymer
composition with high structural and mechanical properties [91].

Another promising direction for objects with ALRP is the use of aphrons — microbubble sys-
tems stabilized from polymer and surfactant solutions, first proposed by M-I Drilling Fluids. Ini-
tially, these aerated fluids were used in drilling [92, 93].

Based on the materials presented in this review article, recommendations have been made for
the use of various blocking compositions of killing fluids (Table 4). For killing in conditions of mul-
tiple complications, a combination of several types of blocking killing fluids is required, as well as
the development of a selection matrix and application technology in the conditions of a specific re-
search object, fixing the injection order, risks, and limitations of applicability.

Table 4

Selection of well killing fluids

Blocking fluid for well
killing

Basis for selection of blocking killing fluid

IES

IES with dispersed or
fibrous fillers
BSG-halite

BSG-MK

BSG-MK

IES with dispersed or
fibrous fillers

GazoBS

BufSK

Wells in granular and fractured reservoirs without hydraulic fracturing with normal reservoir pressure

Wells in granular reservoirs with hydraulic fracturing. Wells in fractured reservoirs with normal reservoir
pressure and ALRP. Fact of gas shows for the previous UWR

Wells in granular and fractured reservoirs with normal reservoir pressure and ALRP. The fact of excess of the
kill solution consumption is 30 m? higher than according to the technological plan of kill for the previous DPW
(or excess of the kill solution filling rate by more than 1 m%h)

Wells in granular and fractured reservoirs with hydraulic fracturing with normal reservoir pressure, ALRP
and AHRP. The fact of excess of the consumption of the killing solution is 30 m? higher than according to
the technological plan of killing for the previous UWR (or excess of the rate of adding the killing solution
over 1 m¥h)

Wells in multi-layer objects operated by a single filter, granular and fractured reservoirs with hydraulic
fracturing with normal reservoir pressure, ALRP and AHRP. The fact of excess of the consumption of the
killing solution is higher by 30 m3 than according to the technological plan of killing for the previous UWR
(or excess of the rate of adding the killing solution over 1 m3/h)

Wells in multi-layer objects operated by a single filter, granular and fractured reservoirs with hydraulic
fracturing with normal reservoir pressure, ALRP and AHRP. The fact of excess of the consumption of the
killing solution is higher by 30 m® than according to the technological plan of killing for the previous UWR
(or excess of the rate of adding the killing solution over 1 m3/h)

Wells in granular and fractured reservoirs with normal reservoir pressure, ALRP and AHRP. Fact of gas
shows for the previous UWR with a gas flow rate of at least 1000 m3/day

Wells in granular low-permeability water-sensitive reservoirs. Water cut of produced fluid is less than 50 %.
Requires combination with a second block-pack (IES, BSG-halite, BSG-MK)
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Conclusion

Let us note several main trends in the development of the technology of well killing with absorp-
tion control. In the perimeter of the post-soviet countries, the first trend is the implementation of
scientific development of these technologies in oil universities and institutes. Thus, at the St. Petersburg
Mining University, under the leadership of M.K.Rogachev and D.VV.Mardashov, a range of modern well
killing technologies has been developed that respond to almost all production challenges [94-97].
At the Russian Gubkin State University of Oil and Gas, under the supervision of L.A.Magadova and
M.A.Silin, a method of killing using a polysaccharide liquid as a block pack was developed and imple-
mented [98]. At the Ufa State Petroleum Technological University, under the leadership of Yu.V.Zeig-
man and V.Sh.Mukhametshin, this direction is also successfully developing [99].

The second trend is the development, adaptation and optimization of the technology of killing with
absorption control in industry research institutes. Here, the undisputed leader is RN-BashNIPIneft LLC.
This institute supports this direction in the perimeter of Rosneft Oil Company, where development
objects, radically different from each other in their geological and physical characteristics, are geo-
graphically located in almost all regions of Russia. In this regard, universal technical solutions are
impossible, and for each characteristic group of fields it is necessary to optimize the best technologies.
It should be noted that the systematic approach of RN-BashNIPIneft LLC employees allowed them
to first systematize technical solutions for well killing in different mining and geological conditions,
clearly substantiate the criteria for the applicability of block packs of different nature [100], and
then adapt and optimize the technologies of well killing for specific development objects. Thus, for
the carbonate object of the Kuyumbinskoye oil and gas condensate field, suspension and foam gel
block-packs were adapted [101]. For deposits in Eastern Siberia with low-temperature, highly per-
meable terrigenous reservoirs, suspension block packs with instant filtration are recommended,
capable of quickly forming a strong crust and preventing the absorption of process fluid [102].
For killing gas wells exploiting Achimov deposits, RN-BashNIPIneft LLC recommended the use of
suspension block packs, in which a heat-resistant polymer is used as a thickener, as well as a modified
salt composition based on viscoelastic surfactants [103].

The third trend is the wide variety of technical solutions offered by service companies on the ser-
vice market. Each service company has its own range of technical solutions, with which they present
them to tender commissions of oil companies. In this type of business, it is necessary to note such
service companies as Mirrico Group of Companies [104], Zirax Group of Companies [105].

The use of nanocomposite hydrogels is clearly visible in the development trend of absorption-
controlled wellbore killing technologies abroad; moreover, the application options for hydrogel-
based block compositions are quite diverse depending on reservoir conditions and the technical task
of repair [68]. Comparing the technical level of Russian and foreign approaches, it can be noted that
the development of the level of technology and engineering in this direction is proceeding in parallel
courses without any obvious advancement or lag of either side. Publications by Russian specialists
are regularly published in prestigious international journals of the Q1 level, which testifies to the
worldwide recognition of the relevance and novelty of the published materials.

Thus, it is safe to state that today well killing technologies with absorption control in the oil
industry are successfully used all over the world. In Russia, the production needs for adapting tech-
nical solutions to specific geological and physical conditions are met by industry institutes and service
firms. A stable services market has formed, which undoubtedly contributes to progress in this area.
Let us pay attention to aerated fluids for absorption control, in particular aphrons, the discussion of
the structure and properties of which continues to this day [106]. However, they are already being
used stably in drilling, and this direction is developing [107-110]. There is a mention of the use of
aphron-like compounds for waterproofing [111], and there are only a few publications on their use
for well killing, from which the potential of this approach is evident; for example, in the use of aphron-
like foam plastic blocking fluids formed by the interaction of surfactants and polymers with a gas-
liquid system, which are called fuzzy-balls [112, 113].
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Abstract

Due to the insufficient accuracy of existing studies of frozen sedimentary rock cutting process for practical calcula-
tions, the article solves the problem of determining the tangential component cutting resistance for blocked, deep
blocked and cell cutting, which are currently the most commonly used methods in earthmoving equipment. The
cutting tool and rock mass force interaction is considered from the point of view of the emerging stresses, which act
on the separated chip element. The analytical dependences for determining the tangential component of cutting
resistance were obtained. The numerical explanation of the choice of cell cutting in relation to blocked and deeply
blocked cutting is given. For all three methods of cutting, under equal geometrical parameters of the cutting
tool and the physical and mechanical properties of the frozen rock, the numerical value of the tangential component
of cutting resistance is obtained. The comparison of the cutting resistance estimated values has shown that cell
cutting requires relatively less energy and is preferred during the process of frozen sedimentary rock excavation.
During field and laboratory investigations with the use of a multi-purpose cutting stand, a sufficient convergence of
the analytical statements with the physics of frozen sedimentary rock cutting process was established. The results
of the research allow a more reasonable approach to the adjustment of existing methods for determining the required
tractive force and power for the drive of an excavation machine, and, therefore, to the actual efficiency and profita-
bility of work.

Keywords
frozen sedimentary rocks; blocked cutting; deeply blocked cutting; cell cutting; cutting tool; stresses; cutting resistance;
cutting stand
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Introduction

Most of the surface layer of the Russian Federation territory is covered with sedimentary rocks
(clays, loams, sandy loams, sands), which are in a frost or permafrost state for 6-8 months a year due to
the mountain climatic conditions [1]. Mining companies use a localized or major blast in order to de-
struct the frozen rock in quarry during winter [2]. Taking into consideration all costs of drilling and
blasting operations, including the cost of explosives, storage buildings and their security, the transpor-
tation, the cost of the blasting and drilling equipment, the maintenance of explosives technicians and
drillers, the downtime of the mining equipment while anticipating the blast and waiting for the explo-
sion cloud dissipation, the estimated cost of a frozen rock layer destruction is rather high [3]. The in-
crease in the cost of explosives and, in a number of instances, difficulties in their acquisition has led to
the attempts to reject the drilling and blasting method. The other way is to use special machines, which
work on the principle of mechanical destruction, specifically of loosening (cutting) [4, 5]. This cate-
gory includes attached rippers on industrial tractors, excavators with milling equipment, ditch excava-
tors (rotary or chain), surface miners, drilling machines, etc. [6, 7]. The mechanical method is not asso-
ciated with conducting significant preparation works and makes it possible to use a number of mining
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machines designed primarily for the excavation of thawed rock along with the special earthmoving
machines. The mechanical method of frozen rock excavation, which works on the cutting principle,
predominates in the construction and mining industries [8, 9].

For more than seventy years, a pleiad of Russian scientists has been conducting research in the
field of frozen rock cutting and excavating resistance [10, 11]. The studies by N.G.Dombrovsky,
A.N.Zelenin, V.V.Abeshaus, M.l.Galperin, V.l.Balovnev, Yu.A.Vetrov, etc. have given a certain ma-
terial for understanding the regular patterns of frozen rock cutting. However, the knowledge of the
frozen rock cutting process still does not meet the current requirements of the industry when creating
new equipment. The dependences for determining the rock cutting resistance are of an empirical nature
and do not take the physics and the essence of cutting method into consideration [12-14]. There are
discrepancies in determining the influence of rock hardness upon the cutting resistance [15]. The
results of calculation using known empirical dependences of the cutting force tangential component
represent a considerable divergence of values, while the maximum value exceeds the minimum value
by 4.8 times [16-18].

The fundamental difference of the proposed method for determining the frozen sedimentary rock
cutting resistance lies in its analytical nature with the further experimental verification of the results
for the major cutting methods applied in practice: blocked, deeply blocked and cell cutting.

Methodology

The purpose of the study is to develop the analytical dependences for determining the tangential
component of resistance to blocked, deeply blocked and cell cutting. The comparison of the numerical
values of the cutting resistance tangential component for the given cutting methods, under equal
geometrical parameters of the cutting tool and the frozen rock type, will allow determining the most
effective rock excavation method from the point of view of energy intensity.

The scheme of blocked cutting is shown in Fig.1 [19]. During blocked cutting the separated chip
elements have a complex shape (Fig.2) [19].

With small assumptions, the chip element has a shape of a truncated cone half [20-22] with the
depth (h — h2), bound by the surface ODC. The cutting tangential component Po1 can be determined
while studying the chip element limit state before separation from the main rock mass [23]. The parame-
ters of the cutting tool are: cutting angle ac, cutting edge angle 180°. Fracture stresses of act normally
on the separation surface, and shearing stresses t act tangentially to the surface [24]. The stiff core is
formed in the lower part (area h.S), therefore, the rock is crushed by the stresses ocr [25, 26].

This method considers cutting with teeth, in which the slot dimensions h, S, ac, h2 can vary in a
wide range. The cutting was performed on coherent and incoherent frozen sedimentary rocks (loams
and sand respectfully), which is taken into consideration in the dependences of, T, and ocr. During the
experiments the slot parameters were measured, particularly the zone hz, which is characterized by
the absence of camber at the 6 angle and the formation of the crushed rock stiff core. The established
empirical pattern for defining the value of hy is as follows [11, 19]:

« for incoherent frozen sedimentary rocks (sand) h, =1.021h“¢®%";

« for coherent frozen sedimentary rocks (loams) h, =0.728h~*%%e®®™"

Depending on the hy value, the slot section is divided into two
Zones.

In the scheme of forces effect (Fig.2) force N and its components Po;
and Py are the external forces, which act on the rock mass from the working L ' J I
body. The force P and its components Py and P, are the internal forces, S

which act on the separated chip element from the stiff core. The forces P, Fig.1. The scheme of slot section

and P, are the components of the internal resistance to crushing, which  during the process of blocked cutting

i bp bp 3 — camber angle; S — cutting
act on the stiff core from the rock mass. The forces B,* and P," are the tool width; h — slot depth;

. . . . h, — slot bottom depth
components of the rock mass internal resistance, which act on the working
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by

Zone 2 <

Fig.2. The calculation scheme of blocked cutting

body blunting place. The force Po: is equal the sum of three summands, specifically of the tangential
component of the rock mass force effect on the stiff core, the tangential component of the rock mass force
effect on the separated chip element, and the tangential component of the rock mass force effect on the
working body blunting place. All tangential components of the internal forces effect on the working body
are summarized in the formula with definite inclination angles to the x-axis. Thus, the force application
in the scheme (Fig.2) is performed for a general idea of the internal resistances during the working body
movement in the frozen rock mass, but not for the correspondence to each other.

Omitting the trigonometric ratios of sizes and stresses and summing the resistances in the zones 1
and 2, as well as the resistances associated with the cutting tool blunting, the analytical dependency
for determining the tangential component of the frozen sedimentary rock resistance to blocked cutting
is obtained:

2 . 2
P,=o.|Sh,+ ‘glhz tgfpz sin (20% +y) n £,S 190, n nShztg(chtg ((X‘c +) n
sin (o, + ) 8 2

. (1)
N c,bSsin (5, + 1)

cosu

+ (r—Gftge){h _222 (Stgo+h— hz)}

tg

where b stands for the width of the worn place; 8: stands for the angle of inclination between the
worn place surface and the tangential to the cutting tool movement trajectory; p stands for the friction
angle of the rock on the cutting tool; &; stands for the lateral earth pressure index; ¢. stands for the
friction angle of the rock against the rock; ac stands for the cutting angle; 6 stands for the front
separation angle; y stands for the angle between the front surface of the stiff core and the front surface
of the cutting tool.

In matters of frozen rock cutting, the stress differentiation in various cross-sectional zones of the chip
was not carried out. Therefore, the main difference of the conducted research is the division of the slot
section into zones with different stresses. Summing the tangential components of the resistances, which
occur in zones of chip elements separation, in the stiff core and in the blunting place, was carried out on
the basis of the fundamental laws of solid-state physics, theoretical mechanics and strength of materials.

The degree of rock hardness is taken into account depending (1) on the stresses o, T, ocr, the
values of which, based on the temperature, are given in technical literature concerning the frozen rock
(soil) mechanics. In this case the studies by A.N.Zelenin, G.M.Veselov, A.N.Stepanov,
N.K.Pekarskaya, S.S.Vialov, M.l.Rovinsky, G.A.Shloydo, L.I.Sverdlova and many other researchers
should be noted.
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Deeply blocked cutting (Fig.3) is used for frozen rock destruction : - I
less often compared to blocked method [27-29]. During the work of ‘
rotary ditch excavators on frozen rocks in the lower part of the face, the ‘ H

tool passage [30, 31]. In this case deeply blocked cutting is observed.
A similar process occurs during the work of milling machines on any
type of rock of a low or medium hardness [32]. If the ripper tooth of a
ripper bulldozer is inserted in the slot again after the passage through
the rock using blocked cutting method in order to deepen the slot, Fig:3. The scheme of slot section during
deeply blocked cutting occurs [33]. Deeply blocked cutting was inves-  the process of deeply blocked cutting
tigated using only experimental methods [34, 35], thus, the theoretical ~ H - distance between the rock mass
interpretation of the issue is of a considerable interest. surface and the lot bottom

The tangential component of the frozen rock resistance to deeply blocked cutting is defined by
summing the values of cutting resistance in zones 1 and 2 (Fig.4), taking into account the tangential
component of the cut chip shearing resistance along two lateral planes ABCD, as well as along the
plane AD and the front surface of the blunted cutting tool from the slot.

As aresult, the analytical dependency for determining the tangential component of the resistance
to deeply blocked cutting is as follows:

rock is cut in thin chips and does not collapse in slots after the cutting ]
h
!

S

2 : 2
P,=c, {Sh2 + €, tge, sin (2o, +) n £,S 190, " nShytge,ctg (o, +y) j| N

sin (o, +v) 8 2
~h)? R h-h,)*
c2vcose) WML gty o0 25 (0 L )
2tgac thCC 2 2tge

+S(h—h,)(tcos6-o, sin®)+h(H —h)Sy,ctga, (p, cosa, +sina, ),

where p stands for the rock against steel friction index; yr stands for the gravity body force of the
cut rock.

The calculation according to the formula (2) with the parameter values equal to the above stated
values shows that the tangential component of cutting resistance is Po1 = 85,600 N, which is 1.6 times
more than during blocked cutting.

Cell cutting (Fig.5) is a widely used method for frozen rock excavating machines [36].
They include rotary and chain ditch excavators, ditch-digging attachments on tractors, quarry milling
combines, etc. [37, 38].

In order to analytically determine the tangential component of resistance to cutting Poa, it is
advisable to divide the surfaces into four zones (Fig.6) [19], integrate the emerging stresses in each
zone and sum the resulting forces, taking trigonometric functions into account.

y
\ |
// POZ N / // ’*’b ot
7 9 | \ \
\ j Po1 \P/ S te / | \ \\
g & \
/ / A,/\\ H [ VP
ac / = e LA ! i N
/ B S \ L h—h2 \Zone2
/ /C /’[\~ T g ‘ J 2 | h /k / Z / L LT [ \\\‘x{\ Ocr
) ' N L { |5 il N\
Y DA/ o he »Zone 1 - . \‘xli/\/\
, < o
X JJ‘ / O X P
| //\\,/
Fig.4. The scheme of emergence of the resistance stresses acting on the separated chip element
in limit state during deeply blocked cutting
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As a result, the analytical dependency for determining tangential component of resistance to cell
cutting is as follows:

. 2
P —o.|Sh+ bS sin (8, + 1) . (r—c;tge) E(Stge+n]+ 2hZ (Stgd+h—h,) N
cos i tg 0 2 2 3(Stgob + h)
N (Stgo +2h—2h,)* — (Stgd + h)? || Stgd+h—2h, . 2.55tgo
4 3.5(Stgd+h) 3.5(Stgd+2h-2h,) ||
With the before stated quantity values, which are included in the formula (3), the tangential

component of cutting resistance to cell cutting is Por = 33,400 N, which is 1.63 times less than to
blocked cutting and 2.5 times less than to deeply blocked cutting.

(3)

The procedure of field and laboratory investigations
In order to confirm the convergence of resulting interrelations (1)-(3) with the physics of frozen
sedimentary rock cutting process, a series of experiments on cutting frozen loams and sands with the
hardness index 2 in natural environment with the surrounding air temperature from —10 to —15 °C
was conducted [39-41]. The cutting process was carried out with the use of multi-purpose cutting
; stand (Fig.7), geared with a DT-75 tractor. Since finding
I sand in natural occurrence presents certain difficulties, as it
B L Isnottobe found anywhere except flood plains, the process
of sand cutting was performed in laboratory setting, specifi-

4 | y cally in a freezing chamber with the temperature from —15
S hZ‘ to —20°C, on frozen blocks with the dimensions of
1.2x1.2x0.4 m. The frozen block was then installed under the
t cutting tool of the stand.
Fig.5. The scheme of slot section during the process . Steel teet.h’ which acted a.s a cuttlng tOOI’ had the
of frozen rock cell cutting cutting edge width of 40 mm with WC-8 brazed elements
t cutting pitch and the blunting place of 3 mm. The possibility of teeth

penetration into rock was 300 mm.
Cutting stand characteristics are: maximum cutting speed — 0.8 m/s, maximum cutting force —
180 kN, maximum cutting depth — 0.4 m. The stand includes the measuring trolley 6, which is installed
on the frame 4 (Fig.7). During the measurement process the horizontal position of the frame is achieved
by skids 3, and the tractive force is transmitted from the tractor to the frame through the ball joint 1. The

Zone 4 <

Zone3 <

Fig.6. The calculation scheme of cell cutting
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Fig.7. The scheme of the cutting stand for layer-by-layer rock cutting

transportation of the stand to the measurement point is performed by means of the pneumatic wheels 5.
The distance between the frame and a rock layer is changed with the jackscrews 2, which are built in the
skids 3. The measuring trolley 6 movement along the frame 4 guides is performed using the hydraulic
cylinder 7, which is connected to the hydraulic system of the tractor. The rack 9, which is installed in the
measurement trolley frame 8, is moved using the screw 17. The measuring axis 14 and the rear axis 11
are installed in the holes of flange 10. The working body is suspended on the axes 11, 14 by means of the
flanges 13 with the lugs 15 and the guides 12. The tangential component of cutting resistance is measured
with the sensors 16, which are installed on the axis 14 vertically. The normal component of cutting re-
sistance is measured with the sensors installed on the axis 14 horizontally.

The rock samples with the height of 200 mm and the diameter of 71.4 mm were used during the
compression and tensile shear test by the indirect diametral compression method. The bearing stress was
measured by pressing a steel punch with a universal testing machine UMM-50 (GOST 7855-61) in the rock.

During the experimental investigations the following parameters of the slot made by the cutting
tool were determined: camber angle B, depth hz and h, front separation angle 0, the angle between the
front surface of the stiff core and the front surface of the cutting tool .

Discussion

As a result of experimental and estimated data comparison using the dependences (1)-(3),
a sufficient convergence of the analytical statements with the physics of blocked, deeply blocked
and cell methods of frozen sedimentary rock cutting was established (the discrepancy does not
exceed 11 %). In this case, several experiments were selected from a large number (Table 1-3).
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Conclusion

The developed analytical dependences for determining the tangential component of the process
of frozen sedimentary rock cutting with a single cutting tool provide a reasonable opportunity to
determine the required tractive forces for the excavating machine cutting tools the and power for
the drive under given shearing, tensile and bearing limit stresses. Therefore, the actual efficiency
and profitability of work is determined. The presented analytical dependences allow obtaining the
calculation results with a permissible error compared to data, which results from the experimental
investigations. The numerical calculations conducted using the three analytical dependences for
determining the tangential component of cutting resistance under equal parameters of the cutting
tool, cut chip thickness and width, strength properties of the rock show that the value of resistance
to deeply blocked cutting is 1.6 times more than to blocked cutting and 2.5 times more than to cell
cutting. Thus, it is preferred to use cell cutting in machines designed for frozen sedimentary rock
excavation.

REFERENCES

1. Subbotin Yu.V., Oveshnikov Yu.M., Avdeev P.B. Preparation of frozen rocks for excavation in placer mining in Transbaikal
region. Mining Informational and Analytical Bulletin. 2019. N 3, p. 125-133 (in Russian). DOI: 10.25018/0236-1493-2019-03-0-125-133

2. Tikhonov V.A., Dudnik G.A., Panfilov S.Yu., Zhulikov V.V. Specific Features of Blasting Operations in Mining Minerals in Northern
and Arctic Regions of Russia. Russian Mining Industry. 2021. N 2, p. 102-106 (in Russian). DOI: 10.30686/1609-9192-2021-2-102-106

3. Egorov V.V., Volokitin A.N., Ugolnikov N.V., Sokolovsky A.V. Justification of parameters and technology of drilling
and blasting operations to ensure the required lumpiness. Russian Mining Industry. 2021. N 3, p. 110-115 (in Russian).
DOI: 10.30686/1609-9192-2021-3-110-115

4. Kamenev A.V. Analysis of frozen soil loosening. Nauchno-prakticheskie issledovaniya. 2020. N 5-2 (28), p. 114-118.

5. liukhin A.V., Marsov V.l., Dzhabrailov Kh.A., Chantieva M.E. Features of soil development processes by digging and
transporting machines. The Eurasian Scientific Journal. 2018. Vol. 10. N 2. N 65SAVN218 (in Russian).

6. Perepelking M.A., Mokritskaya N.I. Revisiting: the development of earthmoving, excavating and transportation machinery
implements. Russian Mining Industry. 2019. N 2 (144), p. 81-82 (in Russian). DOI: 10.30686/1609-9192-2019-2-144-81-82

7. Tretyak A.Ya., Popov V.V., Grossu A.N., Borisov K.A. Innovative approaches to designing highly efficient rock-breaking
tool. Mining Informational and Analytical Bulletin. 2017. N 8, p. 225-230 (in Russian). DOI: 10.25018/0236-1493-2017-8-0-225-230

8. Yi Liu, Feng Dai. A review of experimental and theoretical research on the deformation and failure behavior of rocks
subjected to cyclic loading. Journal of Rock Mechanics and Geotechnical Engineering. 2021. Vol. 13. Iss. 5, p. 1203-1230.
DOI: 10.1016/j.jrmge.2021.03.012

9. Pebrianto R., Asof M., Susilo B.K., Gofar N. Evaluation of Factors Affecting Ripping Productivity in Open Pit Mining
Excavation. Electronic Journal of Geotechnical Engineering. 2014. Vol. 19. Bund. Zs, p. 10447-10456.

10. Ivkin V.S., Volynshchikov P.Yu. Frozen ground excavation under reduced building conditions. Vestnik of Ulyanovsk State
Technical University. 2013. N 2 (62), p. 62-66 (in Russian).

11. Shemyakin S.A., Gamolya Yu.A., Cheban A.Yu. Technical and technological solutions of the development of frozen and
hard rocks in mining and construction. Khabarovsk: 1zd-vo DVGUPS, 2017, p. 188.

12. Buryy G.G., Poteryaev I.K., Skobelew S.B., Kovalevskiy V.F. Improving the productivity of a single-buckle hydraulic
excavator with a bucket of new construction. News of the Tula State University. Technical sciences. 2019. Iss. 9, p. 12-19
(in Russian).

13. Zhabin A.B., Polyakov A.V., Averin E.A. et al. Ways of development for the theory of rock and coal destruction by picks.
Ugol. 2019. N 9 (1122), p. 24-28 (in Russia). DOI: 10.18796/0041-5790-2019-9-24-28

14. Xinzhong Wang, Weiquan Fang, Dianlei Han, Xuegeng Chen. Review of the Research on Soil Disturbance by Tools. Applied
Sciences. 2023. Vol. 13. Iss. 1. N 338. DOI: 10.3390/app13010338

15. Feng Hou, Yuanming Lai, Enlong Liu et al. A creep constitutive model for frozen soils with different contents of coarse
grains. Cold Regions Science and Technology. 2018. Vol. 145, p. 119-126. DOI: 10.1016/j.coldregions.2017.10.013

16. Shemyakin S.A., Shishkin E.A. Analytical theories for determining the resistances to frozen rock cutting (loosening) and
their application in the practice of earthmoving machines calculation. Khabarovsk: 1zd-vo Tikhookeanskogo gosudarstvennogo uni-
versiteta, 2014, p. 144.

17. Kyznetsova V.N., Savinkin V.V., Ratushnaya T.Y. et al. Study of the Spatial Distribution of Forces and Stresses on Wear
Surfaces at Optimization of the Excavating Part of an Earthmoving Machine Transverse Profile. Coatings. 2021. Vol. 11. Iss. 2.
N 182. DOI: 10.3390/coatings11020182

18. Shemyakin S.A., Cheban A.Yu. Determination of resistance to cutting of frozen rocks deeply blocked (slot). Journal of
Mining equipment and electromechanics. 2015. N 6, p. 39-44 (in Russian).

19. Shemyakin S.A. Justification of surface mining effective technologies based on the improvement of rock excavation process:
Avtoref. dis. ... d-ra tekhn. nauk. Khabarovsk: Institut gornogo dela DVO RAN, 2004, p. 34.

143
This is an open access article under the CC BY 4.0 license


https://doi.org/ 10.25018/0236-1493-2019-03-0-125-133
https://doi.org/ 10.30686/1609-9192-2021-2-102-106
https://doi.org/ 10.30686/1609-9192-2021-3-110-115
https://doi.org/ 10.30686/1609-9192-2019-2-144-81-82
https://doi.org/ 10.25018/0236-1493-2017-8-0-225-230
https://doi.org/ 10.1016/j.jrmge.2021.03.012
https://doi.org/ 10.18796/0041-5790-2019-9-24-28
https://doi.org/ 10.3390/app13010338
https://doi.org/ 10.1016/j.coldregions.2017.10.013
https://doi.org/ 10.3390/coatings11020182

[= *E Journal of Mining Institute. 2025. Vol. 272. P. 136-144
& © Stanislav A. Shemyakin, Evgenii A. Shishkin, 2025

20. Aresh B., Khan F.N., Haider J. Experimental investigation and numerical simulation of chip formation mechanisms in cutting
rock-like materials. Journal of Petroleum Science and Engineering. 2022. VVol. 209. N 109869. DOI: 10.1016/j.petrol.2021.109869

21. Kuznetsova V.N. Physical modeling of the contact process interactions of the working body of the digging machine
with frozen soil. Tomsk State University Journal of Mathematics and Mechanics. 2019. N 61, p. 70-81 (in Russian).
DOI: 10.17223/19988621/61/7

22. Xuezhen Wang, Sen Zhang, Hongbo Pan et al. Effect of soil particle size on soil-subsoiler interactions using the discrete
element method simulations. Biosystems Engineering. 2019. Vol. 182, p. 138-150. DOI: 10.1016/j.biosystemseng.2019.04.005

23. Zhelykevich R.B., Selivanov N.I., Kaiser Yu.F., Lysyannikov A.V. Determination of stresses caused in the disc cutter,
blocked cutting of frozen soils. News of the Tula State University. Technical sciences. 2015. Iss. 8. Part 2, p. 66-78 (in Russian).

24. Kuznetsova V.N., Kuznetsov I.S. Simulation of the contact process interactions of land-moving and earth-transport ma-
chines” working bodies with frozen soil. The Russian Automobile and Highway Industry Journal. 2018. Vol. 15. N 2 (60), p. 189-198
(in Russian). DOI: 10.26518/2071-7296-2018-2-189-198

25.Hu M., Gao T., Dong X et al. Simulation of soil-tool interaction using smoothed particle hydrodynamics (SPH). Soil and
Tillage Research. 2023. VVol. 229. N 105671. DOI: 10.1016/j.still.2023.105671

26. Tekeste M.Z., Way T.R., Syed Z., Schafer R.L. Modeling soil-bulldozer blade interaction using the discrete element method
(DEM). Journal of Terramechanics. 2020. Vol. 88, p. 41-52. DOI: 10.1016/j.jterra.2019.12.003

27. Troyanovskaya I.P., Raznoshinskaya A.V., Kozminykh V.A., Leshchenko E.A. Experimental tests of industrial-scale ripping
of soil. Gornyi zhurnal. 2021. N 5, p. 87-90 (in Russian). DOI: 10.17580/gzh.2021.05.11

28. Rashidov T., Djuraeva N., Atamirzayev M., Normuminov B. Strain state agrogenic soil under its interaction with a deep ripper.
IOP Conference Series: Materials Science and Engineering. 2020. Vol. 896. N 012109. DOI: 10.1088/1757-899X/896/1/012109

29. Ucgul M., Saunders C., Fielke J.M. Comparison of the discrete element and finite element methods to model the interaction
of soil and tool cutting edge. Biosystems Engineering. 2018. VVol. 169, p. 199-208. DOI: 10.1016/j.biosystemseng.2018.03.003

30. Shemyakin S.A., Shishkin E.A. Physical and mathematical model of rock destruction by a milling machine cutter. Journal
of Mining Institute. 2021. Vol. 251, p. 639-647. DOI: 10.31897/PM1.2021.5.3

31. Yadav S., Saldana C., Murthy T.G. Experimental investigations on deformation of soft rock during cutting. International
Journal of Rock Mechanics and Mining Sciences. 2018. Vol. 105, p. 123-132. DOI: 10.1016/j.ijrmms.2018.03.003

32. Nikolayev V.A. Calculation of energy consumption for soil cutting horizontal blade by the analysis process. Scientific and
Technical Journal of Bryansk State University. 2019. N 2, p. 243-250 (in Russian). DOI: 10.22281/2413-9920-2019-05-02-243-250

33. Katinas E., Chotéborsky R., Linda M., Jankauskas V. Wear modelling of soil ripper tine in sand and sandy clay by discrete
element method. Biosystems Engineering. 2019. Vol. 188, p. 305-319. DOI: 10.1016/j.biosystemseng.2019.10.022

34. Makange N.R., Changying Ji, Nyalala I. et al. Prediction of precise subsoiling based on analytical method, discrete element
simulation and experimental data from soil bin. Scientific Reports. 2021. Vol. 11. N 11082. DOI: 10.1038/s41598-021-90682-w

35. Cviklovi¢ V., Mojzi§ M., Majdan R. et al. Data Acquisition System for On-the-Go Soil Resistance Force Sensor Using Soil
Cutting Blades. Sensors. 2022. Vol. 22. Iss. 14. N 5301. DOI: 10.3390/522145301

36. Boyarkina 1.V. The specific energy consumption for processes of soil digging by digging machine bucket. Omsk Scientific
Bulletin. 2017. N 2 (152), p. 5-7 (in Russian).

37. Hegde A., Murthy T.G. Experimental studies on deformation of granular materials during orthogonal cutting. Granular Matter.
2022. Vol. 24. 1ss. 3. N 70. DOI: 10.1007/s10035-022-01227-5

38. Hegde A., Murthy T. An experimental study on shear bands in sand using the orthogonal cutting setup. EPJ Web of Conferences.
2021. Vol. 249. N 10007. DOI: 10.1051/epjconf/202124910007

39. Aresh B., Khan F.N., Haider J. Experimental investigation and numerical simulation of chip formation mechanisms in cutting
rock-like materials. Journal of Petroleum Science and Engineering. 2022. Vol. 209. N 109869. DOI: 10.1016/j.petrol.2021.109869

40. Zaied M.B., El Naim A.M., Abdalla O.A., Sulieman A.M. Effect of Tine Depth and Width on Soil Failure Angle, Cutting
Coefficients and Power in Three-Dimensional Case: Computer Modeling. World Journal of Agricultural Research. 2016. Vol. 4. N 1,
p. 24-30. DOI: 10.12691/wjar-4-1-4

41. Masch F.R., Hecker R.L., Flores G.M. et al. On-the-go sensor with embedded load cells for measuring soil mechanical
resistance. Ciencia del Suelo. 2020. Vol. 38. N 1, p. 21-28.

Authors: Stanislav A. Shemyakin, Doctor of Engineering Sciences, Professor, https://orcid.org/0000-0002-3238-0840 (Pacific Na-
tional University, Khabarovsk, Russia), Evgenii A. Shishkin, Candidate of Engineering Sciences, Associate Professor, 004655@pnu.edu.ru,
https://orcid.org/0000-0003-4387-0228 (Pacific National University, Khabarovsk, Russia).

The authors declare no conflict of interests.

144
This is an open access article under the CC BY 4.0 license


https://doi.org/ 10.1016/j.petrol.2021.109869
https://doi.org/ 10.17223/19988621/61/7
https://doi.org/ 10.1016/j.biosystemseng.2019.04.005
https://doi.org/ 10.26518/2071-7296-2018-2-189-198
https://doi.org/ 10.1016/j.still.2023.105671
https://doi.org/ 10.1016/j.jterra.2019.12.003
https://doi.org/ 10.17580/gzh.2021.05.11
https://doi.org/ 10.1088/1757-899X/896/1/012109
https://doi.org/ 10.1016/j.biosystemseng.2018.03.003
https://doi.org/ 10.31897/PMI.2021.5.3
https://doi.org/ 10.1016/j.ijrmms.2018.03.003
https://doi.org/ 10.22281/2413-9920-2019-05-02-243-250
https://doi.org/ 10.1016/j.biosystemseng.2019.10.022
https://doi.org/ 10.1038/s41598-021-90682-w
https://doi.org/ 10.3390/s22145301
https://doi.org/ 10.1007/s10035-022-01227-5
https://doi.org/ 10.1051/epjconf/202124910007
https://doi.org/ 10.1016/j.petrol.2021.109869
https://doi.org/ 10.12691/wjar-4-1-4
https://orcid.org/0000-0002-3238-0840
https://orcid.org/0000-0003-4387-0228

ISSN 2411-3336; e-ISSN 2541-9404

JOURNAL OF MINING INSTITUTE é‘é”.?.':.’.‘#e

INSTITUTE

Zapiski Gornogo instituta

Journal homepage: pmi.spmi.ru

Research article Economic Geology

Public-private partnership in the mineral resources sector of Russia:
how to implement the classical model?

Sergei M. Lavlinskiib<l, Artem A. Panin, Aleksandr V. Plyasunov
Sobolev Institute of Mathematics, Siberian Branch of the RAS, Novosibirsk, Russia

How to cite this article: Lavlinskii S.M., Panin A.A., Plyasunov A.V. Public-private partnership in the mineral
resources sector of Russia: how to implement the classical model? Journal of Mining Institute. 2025. Vol. 272.
N 16412, p. 145-158.

Abstract

A comparative financial and economic analysis is conducted of different public-private partnership (PPP) models for
industrial infrastructure construction projects in an underdeveloped resource-rich region. The Stackelberg game theory-
based model is used to build a parametrized family of bilevel mathematical programming models that describe an entire
spectrum of partnership schemes. This approach enables a comparison of different strategies for the distribution of
infrastructure investments between the government and the subsoil user and hence a scenario of transformation of
Russia’s current PPP scheme into the classical partnership model, which is practiced in developed economies. To this
end, a database is created on fifty polymetallic deposits in Transbaikalia, and a comparative analysis is conducted of
Stackelberg equilibrium development programs that implement different PPP models. The numerical experiment
results show the classical PPP model to be most effective in the case of a budget deficit. The analysis helps assess the
economic consequences of a gradual transformation of the partnership institution in industrial infrastructure construc-
tion from investor support in the Russian model to government support in the classical scheme. Intermediate partnership
models, which act as a transitional institution, help reduce the budget burden. These models can be implemented by
clustering the deposits, developing subsoil user consortia, and practicing shared construction of necessary transport and
energy infrastructure. The intensification of horizontal connections between subsoil users creates favorable conditions
for additional effects from the consolidation of resources and can serve as a foundation for a practical partnership
scheme within the framework of the classical model.
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Introduction

The public-private partnership (PPP) scheme is widely used in many sectors of economy to co-
ordinate the interests of the government and those of the private investor [1-3]. World experience
demonstrates the efficiency of PPP, primarily, in the provision of new and maintenance of existing
public sector infrastructure. In the mineral resources sector, PPP is practiced mostly in the construc-
tion of new industrial infrastructure; it allows one to considerably expand project funding sources and
encourages subsoil users to develop new deposits in hard-to-reach areas. The partnership institution
in developed economies has been evolving for two hundred years, starting in the 19th century with
the concession, a model traditionally referred to as BOT (Built, Own, Transfer). This model involves
the transfer of certain projects from the government to the private sector and was used to provide
transport infrastructure [4].
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The Australian BOOT (Built, Own, Operate, Transfer) model [5] largely expanded the functiona-
lity of partnerships. The private investor constructs, finances, manages, and operates the facility but
owns it only until the end of the contract, after which the ownership passes to the government [6].
This model prevailed in infrastructure projects at the end of the 20th century.

The next stage in the evolution of PPP is associated with the DBFO (Design, Built, Finance,
Operate) model [7] and the adoption of a new strategy — Private Finance Initiative — for government
projects in the United Kingdom [8]. A private investor sets up for a long term (30 to 60 years)
a special management company that constructs, finances, and manages the facility and provides ser-
vices specified by the government in the contract.

This evolution of the partnership institution in developed economies [9-11] explains why a PPP
model [12-14] that can be called classical gained here a foothold. Its idea lies with the construction
of a publicly owned facility by a private company with the subsequent transfer of the facility to the
government when the terms of the contract and the scenario of mutual settlements are fulfilled [15, 16].
In the mineral resources sector, this PPP scheme allows one to diversify project funding sources,
reduce risks [17-19], and encourage subsoil users to reach out into undeveloped areas with promising
deposits [20-22].

The development of the PPP institution in the Russian raw materials sector is now in an early
stage, and the government has so far no clear understanding on how the starting model should trans-
form [23-25]. Unlike, for example, road construction projects in a developed industrial region, where
a concession may be profitable for the investor because of the paid use of the public road, with the
profitability guaranteed by the budget [26], industrial infrastructure construction projects in an un-
derdeveloped resource-rich area do not attract private investors for several reasons, even in oil and
gas regions [27, 28]. The government, which is interested in the development of the mineral resource
base (MRB), seeks to attract private investors to these regions by providing large-scale support to
subsoil users in creating infrastructure and implementing some of the necessary environmental pro-
tection activities [29-31]. The Russian government used this strategy of cooperation with private
investors in the Comprehensive Development Program for the Lower Angara Region [32, 33],
Transport Infrastructure Project for the Development of Mineral Resources in the Southeast of the
Chita Region [34, 35], and South Yakutia Comprehensive Development Project [36]. In the above
cases the government used funds from the Russian Direct Investment Fund for the design and con-
struction of transport and power grid infrastructure for the Kankunskaya Hydroelectric Power Station
in Yakutia and the construction of the Naryn — Lugokan Railway in Transbaikalia; in the Krasnoyarsk
Region, the government financed not only large infrastructure projects but also the costs associated
with preparing the reservoir bed for the Boguchanskaya Hydroelectric Power Station and the reset-
tlement of the population.

The current results of these projects do not meet budget expectations and raise fair criticism on
the part of expert community. Experience has shown that the current PPP scheme requires not only
excessive budget expenditures but also an evidence-based evaluation whether a balance is indeed
achieved between the interests of society and entrepreneurs. This is confirmed by the current expe-
rience of implementing the Yenisei Siberia Megaproject. There is not enough evidence to confirm
public efficiency of the strategy to construct the Elegest — Kyzyl — Kuragino Railway and the Beya
transport infrastructure using budget funds. The feasibility studies of these projects focus on effi-
ciency assessments from the standpoint of the private investor; thus, the key question of achieving
a compromise between the interests of the partnership participants remains unanswered [37-39].
Under what conditions will the classical PPP model be efficient in today’s mineral resources sector
of Russia? How to transform the Russian version of partnership and make a transition from investor
support to government support? How to build a PPP scheme that will be efficient in a particular
resource-rich region?
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The aim of this work is to conduct a comparative financial and economic analysis of different
partnership schemes within the Stackelberg game theory-based model. By leaving aside the issues of
legal regulation of PPP and focusing on the economic efficiency assessment of specific partnership
models, we can answer the key questions in terms of achieving a compromise between the interests
of the government and business and suggesting transitional forms of the partnership institution, which
could open, in the long run, the possibility of transformation into the classical model. The corresponding
economic and mathematical models complement the strategic planning toolkit and can be incorporated
into digital technologies of subsoil use management.

Methods

The process of forming a particular partnership scheme can be described by a variety of mathe-
matical models, whose solutions enable us to a priori assess the efficiency of a given managerial
decision [40-43]. However, we are faced with a much broader problem, i.e., how to link the nomen-
clature and launch times of mineral deposit development projects with plans for providing the neces-
sary yet currently nonexistent industrial infrastructure; the latter is to be built within a partnership
scheme that remains to be determined [44]. This problem is relevant for most resource-rich territories
in Russia; i.e., an investor cannot launch deposit development projects due to the lack of roads and
power lines, and the government is not ready to build infrastructure facilities unless it is sure that their
capacity is utilized. In most regions of Siberia and the Far East, this factor hinders the development
of regional economies and encourages the search for ways to achieve a compromise between the
interests of the participating parties.

The process of forming a subsoil use program in a resource-rich region with underdeveloped
transport and energy infrastructure is defined by a hierarchy of interactions between the government
and the private investor. This is why we find it appropriate to propose the Stackelberg game as a
partnership model [45-47]. Two players with individual objective functions — the leader and the fol-
lower — take turns in making decisions. The effectiveness of each player’s decisions depends on the
decision made by the other player. The leader makes the decision first; the follower does so second,
constructing its decision in an optimal way with respect to the leader’s actions. The aim is to find
equilibrium solutions that provide the leader with the maximum value of the objective function on
the entire set of alternatives. In our case, the role of the leader belongs to the government, which
makes the first move by selling a license and determining the scope of infrastructure construction
on the territory. Without this step, the investor cannot make a decision on implementing a deposit
development project; therefore, it acts as a follower.

We consider three basic partnership models. The first one is the classical PPP model. Since there
is no industrial infrastructure available for the implementation of deposit development projects, the
investor coordinates with the authorities a nomenclature of infrastructure objects that “open up” re-
source base objects it is interested in and builds these roads, power lines, etc. at its own expense. The
government pays the investor at a later point in time, e.g., from the moment of receiving the first rent
payments. Two reimbursement mechanisms are used to compensate for the infrastructure costs borne
by the investor. The first alternative is that the investor receives compensation payments with the
investor discount according to a government-defined schedule, which does not depend on the overall
results of the partnership (model C1). The second algorithm of mutual settlements builds upon an
integral assessment of the investor’s NPV in the implemented subsoil development program, taking
into account the investor’s incidental infrastructure costs, compensation payments, and the share of
the rent it received while developing the deposits (model C2).

Unlike the classical models C1 and C2, the second model, R, captures the Russian practices of
recent years and assumes that the government itself builds infrastructure in an underdeveloped territory.

The third — transitional — model assumes that both the government and the investor build the
infrastructure using two types of reimbursement mechanisms to compensate for the investor’s infra-
structure costs (models T1 and T2).
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The investor’s objective function in all the models is its net present value. The government’s
target is to maximize budget revenues, taking into account the compensations paid and its own con-
struction costs. We introduce the binary parameters o and 3, which define the participation of the
government and private investor in infrastructure construction. This way we are able to parameterize
the entire family of the above-described PPP models. Thus, in the first, classical PPP model, o =0
and B = 1. In the Russian model R, o =1 and 3 = 0. The transition model uses unity values of o and 3.

We introduce the following notation: NP — the number of deposit development projects; NI —the
number of industrial infrastructure construction projects; T — the time horizon.

Deposit development (mining) project i: CFPj; — the operating cash flow; DBP;: — the budget tax
revenues from the project in year t.

Infrastructure construction project j: Zlj: — the required investment volume in year t; VDI;: — ad-
ditional budget revenues associated with the multiplicative impact of the infrastructure on the local
economy.

The connection between infrastructure and mining projects is represented by the indicator ;.
If mining project i cannot be launched without infrastructure facility j, then pij = 1; otherwise wij = 0.

The budget constraints: Budl: for the investor and BudGt for the government.

The partner discounts: DI for the investor and DG for the government.

The Boolean variables of the model: if the government offers in the leader — follower dialogue
to undertake infrastructure project j, then x;=1; otherwise x;= 0. If the government itself implements

infrastructure project j, then x; = 1; otherwise x; = 0. If the investor implements mining project i, then
zi = 1; otherwise z; = 0. If the investor implement infrastructure project j, then v; = 1; otherwise v; = 0.

The real variables: th is the schedule of compensation payments to the investor, which is offered

by the government; W is the actual schedule of payments from the government to the investor for
the infrastructure.
The Stackelberg model. The upper-level problem (the government)

i[f DBP,z, +§“VD|jt(axj +ij.)—0§:2|thj —BWt]/(H DG)' — max 1)
subject to o a a

B\/\Zmiletistuth, t=1,...T; )

=t
WB>0, t=1,..T; (3)
WB=0, t=1,..,To (4)
(v,2,%) €Q"(oX, BW); 5)
X, {01}, j=1,..,NI, (6)

where Q" (aX, BV_V) — the set of optimal solutions for the investor’s problem.
The lower-level problem (the investor)

T /w NI
Z[ CFRz, ~BYZ1,y, +BWJ/(DI 1) — max )
t=1 \_i=l j=1
subject to
T NI
Z(—BZZ'M +BWI]/(1+DI)t 20; (8)
t=1 j=1
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Z{ZDB BWJ/(HDGYZO; )

—ZCF ) .+BZZ|,»tV,- —pW, <Budl,, t=1,..T; (10)
j=1

oXj + Bvj > zipij, 1=1,...,NP, j=1,...,NI; (1)

oxj+Bvi<l, j=1,...,NI (12)

axi<oax, j=1,..., N (13)

BW, <BW, t=1,...T; (14)

X, z,V; €{0:L}, i=1,..,NP, j=1,..,NLI (15)

The government’s objective function is the part of the natural resource rent it receives in the
form of taxes, taking into account the government’s own infrastructure costs and its compensation
payments to the investor. Budget constraints (10) and (2) limit the number of projects implemented
by the partners. The connection between the mining and infrastructure projects is defined by con-
straints (11). Constraint (9) blocks those mining programs that do not guarantee a positive balance
between the budget revenues and compensation payments, taking into account the government dis-
count, which formalizes the degree of liberality of the investment policy pursued by the government.
Condition (8) plays an important role in choosing the mechanism for generating compensation pay-
ments to the investor. Problem (1)-(15) realizes the investor’s requirement to compensate for its
incidental costs without taking into account that it receives a share of the resource rent directly in the
process of developing the deposit.

An alternative principle of mutual settlements is realized in the models C2 and T2. It is based on
assessing the investor’s overall effect obtained in the process of developing the deposits, building the
necessary infrastructure facilities, and receiving compensations from the government, which ensures
a positive NPV of program (7) implemented by the investor. Such a scheme assumes a higher level
of trust in the partnership and the presence of institutions for monitoring the investor’s effect. For-
mally, such a partnership scheme is described by the same bilevel problem but without constraint (8):
{D)-(7), (9)-(15)}.

The solution to problem (1)-(15) ({(2)-(7), (9)-(15)}) defines the MRB development program:
an infrastructure construction front opened by the government; a list of infrastructure and mining
projects to be implemented by the private investor; a schedule of budgetary compensations for the
investor’s infrastructure costs. Filling the bilevel mathematical programming problem (1)-(15) with
practical data requires a fairly extensive information base. The initial data for the government’s prob-
lem include schedules of investment costs for infrastructure projects and expert assessments of their
multipliers. As far as mining projects are concerned, one assumes there are forecasts of the corre-
sponding tax revenues of the budget. In practice, the government obtains these data on infrastructure
from design organizations and on deposits from the subsoil user’s feasibility studies in the section on
expected payments to employees and budget revenues. The database of the investor’s problem also
includes CFP, which is derived from estimates for the necessary investments and from details of the
production technology applied at the deposit. What is required here is a forecast of changes in market
prices for raw materials and a detailed analysis of the development project.

To solve the bilevel mathematical programming problems (1)-(15), ({(1)-(7), (9)-(15)}), which

belong to the class of ZS —hard problems, we used stochastic algorithms of local search and coordi-

nate descent [48-50]. For a comparative analysis of the effectiveness of the classical and Russian
partnership model, we used a model database on fifty polymetallic deposits and ten transport and
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energy infrastructure construction projects in Transbaikalia. Some of the model infrastructure projects
describe the construction (currently underway) of the Naryn — Lugokan Railway and four power
transmission lines. Other model infrastructure projects generate an additional road network, currently
nonexistent yet necessary for some deposits. The database is arranged in such a way that the implemen-
tation of all infrastructure projects opens up the possibility of developing the entire set of deposits.

The initial information for the database of model (1)-(15) in the calculations was sourced from
the feasibility studies of the mining and infrastructure projects. We possessed information on nine
deposits; two road construction projects; one power line; and design documentation for the Naryn —
Lugokan Railway, which included mostly the cost sections. The feasibility studies themselves were
conducted in different years of the period 2006-2017, so we had to convert the data to the baseline
year of 2010 using regional deflators. For the remaining deposits, we used resource estimates and
constructed the cost characteristics of the development technologies on the expert basis by choosing
a prototype with the closest parameters from among nine options. The planning period in the calcu-
lations was 20 years, from 2010 to 2030. The inflation and national currency exchange rate scenarios
for the period 2020-2030 followed the existing trends.

For the mining projects, we used a special modeling toolkit [51] that allowed us to make long-
term forecasts for metal prices and generate a cash flow in the forecast prices on the basis of a simu-
lation model of the ore deposit development process. The processes of building transport and energy
infrastructure were described by the graphs of the partners’ infrastructure costs with respect to the
PPP model and inflation. For each deposit, we made a forecast of tax payments and cash flow, after
which we applied the deflation procedure to generate a total database of the bilevel planning model
(1)-(15) in comparable prices. The solution of this model determined the MRB development program
in the region.

The resulting information base is largely consistent with the management technologies in the
subsoil use sector and is configured for investment processes with a long time horizon and nonsta-
tionary market prices. This approach takes into account the features of the object being modeled, i.e.,
the process of forming a MRB development program in a territory rich in raw materials yet lacking
production infrastructure. Since such a program rests upon the Stackelberg equilibrium, our primary
interest lies with understanding how the solution of problems (1)-(15) ({(1)-(7), (9)-(15)}) changes
with variations in the main parameters of the model. This is especially important for the partner dis-
counts, whose working ranges can only be estimated approximately by experts.

This circumstance determines the focus of attention in the numerical experiment, i.e., on analy-
zing the dependence of the efficiency of the Stackelberg equilibrium program on the parameters DG
and DI. The former parameter reflects the quality of investment climate from the point of view of the
investor. In the calculations, a favorable investment climate corresponds to DI = 0.11 (the expert
assessment for today’s Transbaikalia is DI = 0.15-0.17). The government discount reflects the level
of liberality of the government’s investment policy. Operating with a discount of 0.01, a liberal
government understands that on the long-term horizon, the most important role belongs to multiplier
effects, which exceed the direct return from budget investments into the infrastructure projects
(including compensation payments) in the form of subsoil users’ tax payments. A conservative govern-
ment runs its investment policy with a tangibly larger discount, which reflects its aspirations to ma-
terialize the expectations of the subsoil owner [52].

Results and discussion

Numerical experiments reveal a substantial dependence of the effectiveness of the development
programs generated by the different partnership models on the investment climate and on the degree
of liberality of the government.

We present some of the calculated results, which help quantify and compare the key characteristics
of the deposit development programs generated under the assumption of unlimited budgets of the
partners with the different algorithms of compensating the investor’s infrastructure costs, o and f3.
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Fig.1. PPP model based on the Investment Fund of Russia (the R model: o = 1 and 3 = 0): values of the objective functions
of the government (a) and the investor (b); government costs (c); and humber of implemented infrastructure projects (d)

Within the Russian model (Fig.1), the government spends, given a favorable investment climate,
125 billion rub. and implements the entire program of infrastructure construction. This outcome does
not depend on the government discount and enables the investor to launch the maximum number of
mining projects. If the investment climate worsens (DI grows), the government is forced to reduce
the amounts of infrastructure construction, which naturally compels the investor to curtail the mining
program and leads to a decrease in the values of the partners’ objective functions. Outside the favorable
investment climate, the government discount, too, tangibly affects the results; i.e., the transition to a
conservative investment policy narrows the range of infrastructure projects that are effective for the
government.

The transition to the classical partnership model markedly changes the territorial development
program. In the case of a low investor discount, the C1 model generates a program in which five or
six infrastructure projects are implemented out of the ten possible ones, depending on the level of the
government discount (Fig.2). Starting with DI = 0.19, the amounts of infrastructure construction and
compensation payments to the investor drop sharply. The C2 model starts with eight projects, and
this number falls quickly with the deterioration of the investment climate. It is important that the level
of compensation payments is much lower here than in the option with the investor demanding imme-
diate compensation for its infrastructure costs. The reason is that in the process of mutual settlements,
the government takes into account the rent obtained from the mining projects and adjusts the pay-
ments accordingly.

In the transition model, the total number of infrastructure projects is less depends on the investor
costs compensation algorithm (Fig.3) and the government discount. The government ceases to par-
ticipate in infrastructure construction depending on the level of liberality as early as at DI = 0.13
within a conservative investment policy, shifting the boundary with the decrease in DG.

The government’s costs on paying the compensations (Fig.4) behave in a rather complex man-
ner. In a favorable investment climate, the T2 model requires noticeably smaller payments to the
investor than T1, with the payments growing as the investment climate worsens. In the T1 model,
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Fig.4. Transitional PPP model: the government’s costs: compensation payments (above);
costs of implementing infrastructure projects (below)

on the contrary, the compensation payments reach a peak at small DI values and largely depend on
the degree of conservatism of the government’s investment policy. As in the classical model,
a government faced with a budget deficit prefers an investor who fully trusts it and consents to the
second-type procedure of mutual settlements.

Figures 5 and 6 show the resulting dependences of the values of the government and investor’s
objective functions under all possible combinations of the partner discounts in the different models.
Based on these data, we can rank the entire spectrum of the partnership models in accordance with
the government’s interests. If we attempt, while analyzing Fig.1 and 5, to rank all the five models
according to the value of the government’s objective function, we see that at any degree of favora-
bleness of the investment climate, the Russian model, under the assumption of an unlimited budget,
formally provides the best result. However, today it seems unlikely that the government would decide
to finance on a large scale the construction of industrial infrastructure for the needs of the mineral
resources sector.

Under budget deficit, the priority shifts to the classical PPP model. Direct budget investments
start from the time of launching the construction of the necessary infrastructure, while the compen-
sation payments are deferred until the time of receiving the first taxes from subsoil users. This
approach allows for a considerable decrease in the budget funds needed to fulfill the partnership
obligations on the part of the government.

That is why, when choosing a PPP model, we should consider only the models C1, C2, T1, and
T2. By analyzing the calculation results presented in Fig.5, we can rank them according to the value
of the government’s objective function (1) for each value of DI. For a favorable investment climate
(DI = 0.11), the desired sequence has the form (C2, T2, T1, C1); for DI =0.13 - (T2, C2, T1, C1);
and for DI >0.13 - (C1, C2, T2, T1).
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Considering the models T1 and T2 as a transition to the classical scheme and taking into account
that they assume partial participation of the government in direct infrastructure investments, we can
leave only the classical models C1 and C2. We choose from this pair by analyzing the balance
between the resulting infrastructure and the compensations paid to the investor, i.e., the difference
between the total cost of the provided infrastructure facilities and the total amount of compensation
payments to the investor (Fig.7). The C2 model turns out to be preferable since it ensures a positive
balance across the entire range of DI values. This choice is further confirmed by the fact that the C2
model requires compensations that are an order of magnitude smaller than C1 (see Fig.2), which is
the most powerful argument in the case of a budget deficit.

Thus, faced with today’s severe budget deficit, the government has a clear goal to implement the
classical PPP model in the C2 modification. The methodological foundation of this scheme lies with
an integral assessment of the investor’s NPV in the implemented subsoil development program. This
approach requires a higher level of trust in the partnership and the presence of institutions for moni-
toring the investor’s effects.

One of the possible institutions of this kind could be a consortium headed by a public-owned
management company, aimed to organize, coordinate, and establish an effective territorial develop-
ment program based on horizontal interactions of private investors. In the case of a budget deficit,
this partnership scheme can generate effects from the consolidation of investors’ resources, open up
the possibility of harmonizing their goals, and, in the long term, adapt the classical scheme to the
Russian realities. A similar model, in which the classical partnership is supplemented by a consor-
tium, was examined in [53]. It was shown that under certain conditions, i.e., the possibility of clus-
tering the territory or the presence and proximity of highly profitable deposits, setting up a consortium
is economically feasible. The participation of Russian Railways in the implementation of such projects
expands the possibilities of this approach and increases the stability of this institution.
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Conclusions

Our analysis of the PPP models allows us to give an economic assessment of consequences fol-
lowing a gradual transformation of the partnership institution in industrial infrastructure construction
from investor support (model R) to government support in the classical model. The results of nu-
merical experiments based on actual information for a typical resource-rich region, in our case,
Transbaikalia, lead us to the following conclusions:

» Under a severe budget deficit, the partnership scheme in which the government itself builds the
necessary infrastructure (model R) has no economic prospects.

* The intermediate partnership models, T1 and T2, serve as a transitional institution, allowing
one to reduce the budget burden and increase the level of trust of the private investor to the govern-
ment. These schemes can be useful for the introduction and development of the PPP institution in
Russia and, after a thorough model analysis, can be recommended for practical use in some regions.
In most cases, the T2 model is preferable for the government.

» Under budget deficit, the classical PPP model in the C2 modification best meets the interests
of the government. This model ensures the minimum possible amount of compensation payments to
the investor and a positive balance between the cost of the provided infrastructure and the amount of
compensations.

* A necessary condition for the feasibility of the C2 model is the presence of an institution for
a coordinated assessment of the investor’s NPV in a given subsoil development program, i.e., an
assessment that takes into account the investor’s incidental infrastructure costs, the compensation
payments it receives, and the share of the rent it has obtained.

* One of the possible forms of this institution is a collaboration based on clustering the deposits
and setting up a consortium to implement the construction of the necessary industrial infrastructure.
This approach allows one not only to construct the necessary industrial infrastructure but also to
establish a practical foundation for the transformation of the Russian PPP institution towards the
classical forms.
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Abstract

The article is devoted to solving the problem of voltage fluctuations in the power supply systems of ore mining enter-
prises. The connection of high-power consumers with abruptly variable operating mode (for example, high-voltage
mining excavators) causes voltage fluctuations and sags, disabling electrical equipment, communication, and automa-
tion devices in the 6-10 kV distribution network, which disrupts technological processes, etc. The use of existing solu-
tions and methods to reduce voltage variations caused by dynamic loads is not effective. To solve the problem, booster
transformers with high-speed thyristor switches can be used to work out switching the control steps towards increasing
or decreasing the voltage. The authors offer a new circuitry solution for a thyristor booster device (TBD) with a pulse-
phase control method. The purpose of the research is to determine the control laws of TBD, which enable to effectively
reduce voltage fluctuations from dynamic load in the power supply systems of mining enterprises. The article provides
a schematic diagram of the TBD and describes the principle of operation of the device. Some modes of increasing and
decreasing the output voltage of the TBD, as well as the basic mode (without voltage addition) are provided. Mathe-
matical modeling of TBD control processes was carried out and adjustment characteristics were set taking into account
the load power factor. On a simulation computer model of a 6 kV electric network with a dynamic load, the verification
of the adjustment characteristics of TBD obtained during mathematical modeling was carried out. Based on the research
results, the laws for regulating the output voltage of TBD were established. The TBD effective control range with
normal permissible limits of odd harmonics have been determined. The conducted research will make it possible to
implement the device control system.
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ore mining enterprises; power supply systems; dynamic load; voltage fluctuations; thyristor booster device; laws of
regulation
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Introduction

The mining industry plays an important role in the Russian economy [1]. The strategy of the
Russian Federation mineral resource base development until 2035” includes the development of ad-
vanced technologies for mining, transporting and processing minerals, and building new infrastruc-
ture elements. The solution to these problems is associated with a continuous increase in the capacity
of power plants and the consumption of electrical energy.

The power supply of ore mining enterprises is characterized by the consumers’ territorial disper-
sion [2], the continuous advancement of the mining front and the displacement of electric energy
consumers [3, 4]. The connection of high-power consumers with abruptly variable operating mode

* Decree of the Russian Federation Government, dated 22 December 2018, N 2914-r “The strategy of the Russian Federation
mineral resource base development until 2035”.
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(for example, megawatt mining excavators) causes Vvoltage fluctuations which exceed
permissible values in the electrical network that negatively affects other loads [5]. Thus, a malfunc-
tion in the operation of powerful elevator machines, autogenous tumbling mills and other
mining loads sensitive to voltage fluctuations leads to a shutdown of the production process,
accidents, etc. Therefore, the issues of developing technical solutions for high-speed devices
that provide voltage variations reduction in the electrical grid of ore mining enterprises are
essential.

The facilities to reduce voltage fluctuations include soft-start devices, static reactive power
sources, longitudinal compensation units, twin reactors, etc. [6, 7]. It is known that the inrush
current of an electric motor can exceed the rated current eight times, causing mechanical and
electromagnetic shock loads on both the electric drive and the actuators [8, 9]. Soft-start devices
can ensure a smooth load increase [10]. However, it is possible that the soft starters and electric
motor overheating is critical with drive frequent starts and shutdowns.

Siemens Industry Inc. produces active input frequency converters (AFE — Active front end)
based on IGBT transistors for dragline operation (a monobucket excavator widely used in the mining
industry) [11]. Despite the fact that AFE are more resistant to grid insurges (voltage sags, fluctua-
tions) even when operating in inverting modes, this reliability depends on the dynamic response of
the rectifier control circuit [12, 13].

A distribution static compensator (D-STATCOM) [14-16] based on a voltage inverter with con-
trolled IGBT transistors can be used to eliminate voltage fluctuations and sags. The D-STATCOM
compares the shape of the linear and reference signals that provides the correct measure of compen-
sation for a reactive power delay or advance [17]. However, IGBT transistors have a lower overload
capacity compared to thyristors, so it is more appropriate to use high-speed thyristor devices in a
6-10 kV electrical grid.

A new type of mine flameproof stabilizing transformer has been developed [18] to
reduce voltage fluctuations in mine power supply systems. The compensating voltage is applied
to the electrical grid voltage through a compensating transformer connected in series with the
power supply line. Thus, the deviation of the electrical grid voltage amplitude is restored in
real time.

The Energy Equipment Company has proposed a dynamic voltage compensator (DVC), a device
with double voltage conversion [19-21] and individual phase control. The DVC is built based on
controlled rectifiers, through which voltage is transmitted to capacitors [22, 23]. DVC output termi-
nals are connected to the load via an inverter unit with IGBT modules and a booster transformer with
secondary winding that induces EMF to compensate voltage sags [24, 25].

An uninterruptible power system using renewable energy sources [26] and a multi-stage
device for automatic switching over to a reserve source [27] is known. However, even
if the power source of a mining enterprise is a sufficiently powerful power plant, additional
generators are needed to maintain the required short circuit level, which increases operating
costs.

A two-transformer substation with a common dual-band controlled voltage regulator [28]
can be distinguished among the approaches and devices for reducing voltage fluctuations.

The devices under consideration allow to reduce voltage fluctuations. However, their significant
disadvantages are the high cost and control schemes complexity. As fluctuations relate to voltage
changes lasting from half a period to several seconds, it is necessary for the device to respond quickly
to voltage changes for subsequent regulation. In existing electrical grids, operational voltage regula-
tion is performed using an electromechanical on-load tap changing device (OLTC) [29, 30]. The
OLTC taps switching time is about 10 s, and the device does not have time to respond to voltage
fluctuations.
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The authors have developed a high-speed thyristor booster device (TBD) [31], which imple-
ments the function of longitudinal regulation that allows using a voltage boost to compensate for
voltage variations on the consumer's buses. The relevance of the work is due to the need to find
effective and low-cost measures to improve the power supply quality of ore mining industry
facilities.

The research purpose is to determine the TBD regulation laws, which allow to effectively
reduce voltage fluctuations due to dynamic load in the power supply systems of ore mining
enterprises.

Methods

To conduct the research, it is necessary to develop simulation math and computer models of the
electrical grid with TBD and dynamic load, that allow to obtain TBD adjustment characteristics for
various modes of operation of the device and load parameters. Schematic circuit diagram and equivalent
circuit of the developed TBD are shown in Fig.1.
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Fig.1. Thyristor booster device:
a — schematic circuit diagram; b — equivalent circuit

T1, 72 — shunt and series transformers;
TS1-TS4 — phase A, B and C thyristor switch modules
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The TBD includes a three-phase thyristor switch, three-phase shunt T1 and series T2 trans-
formers. Each phase of the thyristor switch is a bridge converter with two-direction switches
TS1-TS4 in each branch (Fig.1, a). The TBD operation principle is based on the introduction of a
boost voltage when the device output voltage amplitude changes relative to the input voltage.

32 control stages are provided for the three main TBD operation modes (1 — output voltage in-
crease; 2 — basic mode (without voltage boost); 3 — output voltage reduction): 16 steps correspond to
mode 1 (0-15 steps); 16 steps correspond to mode 3 (17-32 steps); control stage 16 corresponds to
basic mode 2. Each stage corresponds to definite values of thyristor control angles a: and ao. The
required block of counter-parallel thyristors is opened in each phase depending on the set mode — TS1
and TS4 for mode 1, TS2 and TS3 for mode 3. The forward conductance mode (basic) corresponds
to the opening of counter-parallel thyristors blocks TS2 and TS4. The time of one TBD switching is
about 20 ms, the maximum switching time of all 32 control stages is 1 s.

EMF of control stage est is added in mode 1, when it is necessary to increase the voltage level on
the load buses:

UL = Ug + esta

where UL and Ug are the load and electrical grid RMS voltage.
EMF of control stage est excluded from the current circuit in mode 2 (basic).
In mode 3, if the voltage level on the load needs to be reduced, the following equation is true:

UL = Ug — Bst.

Two-zone control is provided: the conversion from mode 1 to mode 2 is carried out by increasing
the thyristors control angle o1 from 0 to 180° with a constant value of the control angle o2 = 180°,
and then decreasing a2 from 180 to 0° with a constant ax = 180°. The same alternating two-zone
control is used for a smooth conversion from mode 3 to mode 2.

The TBD control system includes active adaptive algorithms that allow the device to operate in
automatic mode. TBD thyristors are controlled in a phase-pulse method, ensuring the accuracy and
efficiency of voltage regulation [32]. The current sensors application is not required, that preserve the
TBD control properties while responding promptly to load currents changes.

The line voltage (there is no neutral wire) is regulated in 6-10 kV electrical grid, using the TBD.
The TBD operation principle is considered using the example of line voltage regulation Uag: TS1a,
TS4a, TS1g, TS4g are activate in mode 1; TS24, TS4a, TS2g, TS4s — in mode 2; TS2a, TS3a, TS2s,
TS3g — in mode 3.

The advantages of TBD over thyristor regulators [33, 34] are a reduced number of thyristor
switch modules and reduced transformer power (that increases the device reliability and safety), as
well as less distortion of the output voltage curve.

Math and computer simulation of TBD increasing and decreasing voltage modes, taking into
account the load parameters, enable to determine regulation laws which will form the basis of the
device control system in the electrical grid.

Math simulation of TBD operation modes. The laws of load voltage change (phase and linear)
when TBD switching from mode 1 or 3 to basic mode 2 by alternating changing the thyristor control
angles a1 (in the intervals of the positive power direction) and a2 (in the intervals of the negative
power direction) are described in detail in [35]. An example of diagrams of voltage changes is
shown in Fig.2 when the TBD is switched from mode 1 to mode 2 by alternating changing the
angles a1 (Fig.2, @) and a2 (Fig.2, b).

Due to TBD operation analysis based on the diagrams, it is possible to describe mathematically
the processes of TBD output voltage regulation and determine the main parameters, that affect the
behavior of the device adjustment characteristics, i.e., it is possible to identify the dependence of RMS
output voltage on the control voltage Ucont at different load angles.
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Fig.2. Load instantaneous phase and line voltage
in TBD mode 1 on change oz (a) and oz (b)

Math equations describing the adjustment characteristics were obtained using the method of
alignment boundary values [36, 37]. The method allows to describe processes in piecewise-linear
systems. The integration constants are determined by conjugating equations at the boundaries of ad-
jacent intervals in each time interval, using the first and second switching laws (conditions for conti-
nuity of current in inductive elements and voltage across capacitors) at the switching moments. The
Accepted assumptions are: the resistance of the magnetic circuit and winding T2 is not taken into
account (Fig.1, a); the load is active-inductive, linear. The amplitude of the electrical grid phase voltage
is taken as the basic value.

Instantaneous values of phase voltages on the load side are obtained based on the analysis of
TBD modes 1 and 3, according to the diagrams. The instantaneous values of the line voltage of the
load, which connected between A and B phases, are determined by the formula

ul* = u;L _UZL' (1)

where u’,, Uy, are the load instantaneous voltages on phase 4 and B, a.u.
The RMS load voltage are calculated using the formula

Ugws = lj(Ur)zde, (2)

where U, is a load line voltage, a.u.

The conversion of TBD from modes 1 and 3 to mode 2 in the effective variation intervals a1 and
a2 is considered. Effective intervals are intervals that provide a significant change in the shape and
amplitude of the voltage.

TBD mode 1 in the range of increasing oz from 0 to 180 °while a2 = 180 °= const. It can be seen
from the diagram (Fig.2, a) that the change in the line load voltage during the half-cycle can be di-

. . 21 2n 2n 21
vided into four ranges: ¢, —a,; o, —?+ QL 3 +0, —?+ 0y ?+ o, —m+@, . Instantaneous values
of phase and line voltages on the load side are obtained for all ranges (1).
Instantaneous value of the line voltage:

« for the first range

U,=U, -U, =sin6—(1+kst)sin(6—2?n);
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« for the second range

u,=U}, -U, = (1+ kst)sin6—(1+ kst)sin(e—z—;j;
« for the third range

Uj=Uj -U; =(1+ky)sin6- sm(e—z—;j,
« for the fourth range
. . . ) 21

U,=U, -U, = (1+k )SInG—(1+kst)sm(9—?j.

The law of regulation of RMS output voltage according to the equation (2):

\/(Siﬂ (20,)—sin(2¢, )+2(o, —otl))(3kSt +2k52t)+3n(1+ kszt)l
2n

Similarly, equations are obtained for TBD mode 1 in the range of effective variation oz; for mode 3
in the ranges of effective variation as and ao.
TBD mode 1 in the range of reduction a2 from 180 to 0 °while a1 = 180 °= const. Changes of the

load line voltage (Fig.2, b) during the half-cycle are divided into four ranges: 0—a.,; az—z—;;

u ;MS = 3

2 2n 2n
———+0,; —+0,—T.
3 3 3

Instantaneous value of the line voltage:
« for the first range

Up=U U, =(1+k,)sin6- sm(e—%’rj,
« for the second range
U,=U, —U, =sinb- s1n£6—2—;j,
« for the third range
Uy =Uj —Uj =sino—(1+k, )sm(ﬂ—z—;j,
« for the fourth range

U,=U, -U, =sinb- sm(e—z—::}

RMS load voltage

Ups = 4

o (4)

TBD mode 3 in the range of reduction oz from 180 to 0 °while a2 = 180 °= const. Changes of the
load line voltage are divided into four ranges during the half-cycle, according to [35]: from O to ay;

2n 2n . 2n 2n
from azto —; from — to —+o,; from —+a,to .
c 3 3 3

\/(2(11 —sin(2a, ))(3kSt +kZ ) +3n
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Instantaneous value of the line voltage:
« for the first range

U,=U; -U; :sinﬁ—(l—kst)sine(ﬁ—z—;j;
« for the second range
. . . 21
Ug, =U7, ~U;, =(1—k, )sin0—(1-k, )sm(@—?j,
« for the third range
U,=U; -U; =(1-k,)sin6— s1n(9—2?nj,
« for the fourth range
. . . i ) 2n
U, =U, -U, =(1- kst)SInG—(l—kst)sm(G—?J.

RMS load voltage

(5)

o _\/(2al—sin(2a2))(3k5t—2k52t)+3n(1—kst)2
RMS — 271: '

TBD mode 3 in the range of reduction o2 from 180 to 0 °while a1 = 180 °= const. Changes of the
load line voltage are divided into ranges during the half-cycle, according to [35]: from ¢, to a; from

2n 21 21 2n
oz to ?+<pL; from ?+(pL to ?+a2; from ?+a2 tom+ L.

Instantaneous value of the line voltage:
« for the first range

U,=U, -U, = (1—kst)sin6—sin9(0—2—;j;
« for the second range
U,=U} -U, =sin6- sm(e—z—;}
« for the third range
U,=U; -U; =sino—(1-k, )sm(@—%j,
« for the fourth range
U,=U} -U, =sino- s1n(6—2—?:[j
RMS load voltage

. (Sin(2(pL)—Sin(20Lz)+2(0L2 —(pL))(kszt —3kst)+3ﬂ?
Ugws = o '

(6)

The analysis of the control laws (3)-(6) indicates the influence of the load phase angle ¢, the
control angles a1 and a2 and the depth of the control stage kst on the TBD RMS output voltage.
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The control angles a1 and a2 depend on the control voltage Ucont With range from 0 to 2. Thus,
the TBD RMS output voltage also depends on the Ucont. The amplitude of the reference sawtooth
voltage of the phase-pulse control circuit is taken as the base value. At the same time, thyristor
switching pulses are formed at the moments when the control voltage and the reference voltage are
equal.

The TBD adjustment characteristics in modes 1 and 3 at . = 0°, 30° and 60° are determined
according to equations (3)-(6). The graphs are constructed at the depth of the control stage kst = 0.1
and electrical grid voltage U = 6,000 V.

Computer simulation. A computer simulation model of a 6-10 kV electrical grid section was
developed in the Matlab (Simulink) simulation environment, and it enables to verify and refine the
TBD adjustment characteristics obtained during the math simulation. Both existing elements of the
SimPowerSystems library and masked blocks missing from the standard library are used in the model.
The high calculation accuracy and high performance of the TBD model are due to a two-step approach
to solving differential equations (the ode23th method was used for the solution). The Runge — Kutta
method is used at the first stage, and the method based on the second — order inverse differentiation
formulas is used at the second stage.

Rated load power S = 630 kV-A. The power regulated in the developed TBD model when
changing the angle of shift of the main harmonic of the output voltage relative to the input voltage
in the range of + 5° and regulation the output voltage in the range of £14 % is ~20 % of the load
power. The passport values of device power elements (transformers, thyristors, etc.) are entered in
the block of parameters of the TBD model elements to simulate the operation of the device in real
conditions.

Fig.3 shows a block diagram of the electrical grid section computer simulation model with the TBD.
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Fig.3. Simulation model of electrical grid section with TBD

1 — three-phase power supply block (U = 6 kV; f =50 Hz; R = 0.231 Ohm; L = 0.00368 H);
2 — shunt transformer block (S =106 kV-A); 3 — thyristor switches module;
4 — series transformers block (S = 3x28 kV-A); 5 — electrical load block (U = 6 kV; S =630 kV-A);
6 — higher harmonics measuring block (Fourier transform); 7 — measuring instruments
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The computer simulation model includes seven main blocks: a power source (three-phase voltage
source); three single-phase shunt transformers; three TBD single-phase longitudinal regulation mo-
dules; three single-phase series transformers; three-phase electric load; measuring instruments (oscil-
loscope, ammeters and voltmeters); a three-phase measuring block of the TBD output line voltage
parameters.

Voltages that are either in phase with or out of phase with the corresponding phase voltages,
are generated at the output terminal of TBD. Mode 1 is implemented when the specified voltages
are in phase, and mode 3 is implemented, if the specified voltages are out of phase. A three-
channel oscilloscope is used for visual control of input currents, output voltages and EMF
introduced by TBD into the electrical grid. The TBD adjustment characteristics (RMS voltages)
in modes 1 and 3 for different load angles are constructed using the computer simulation
model.

Discussion of results

The research of the TBD adjustment characteristics obtained on the basis of the math and com-
puter simulation under different device operating modes and load parameters allowed to determine
TBD regulation laws for the control system when it is integrated into the electrical grid. Examples of
TBD adjustment characteristics in mode 1 as part of the electrical grid obtained by math and computer
simulation are shown in Fig.4.

An analysis of the computer simulation graphs showed that the boost voltage is 551 V (9.4 %)
in the voltage increasing mode. The amplitude of the RMS output voltage is reduced by 590 V
(i.e. by 10 %) in the output voltage reduction mode. The load angle influences the behavior of the
TBD adjustment characteristics in both modes.

Effective change of the thyristor control angles a1 and a2 to change (Fig.4) the load voltage is in
following ranges:

o, <o, <180%
0°<a, <q,.

A comparison of the math and computer simulation TBD adjustment characteristics showed a
coincidence of their character and shape (Fig.5). The computer simulation dependencies are lower
than math simulation dependencies. It is explained by taking into account the voltage drops in the
power supply line and on the TBD power elements, as well as taking into account the switching
ranges where boost voltage value is zero. The largest deviation of the characteristics 6 is observed for
mode 1 at ¢ = 60° and is 3.5 %.

a
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Fig.4. Adjustment characteristics of TBD in mode 1 as electrical grid part, obtained
by math (a) and computer simulation (b)
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Fig.5. Adjustment characteristics
for the voltage boost mode at ¢ = 60°: Fig.6. Graph of the total harmonic distortion
1 — math simulation; of the TBD output voltage dependence
2 — computer simulation in the voltage boost mode

Odd harmonics are generated in the electrical grid with the phase-pulse control method for TBD
thyristors. The values of these harmonics do not exceed the allowable limits. Computer simulation
allowed to obtain graphs of the change in the total harmonic distortion THD of the TBD output voltage
in modes 1 and 3. An example of the TBD output voltage THD graph in mode 1 at different load
power factors (cosoL) is shown in Fig.6.

It can be seen from Fig.6 that TBD output voltage THD is inversely proportional to the load
power factor, i.e. THD increases with a cose. reduction. THD takes the lowest value at active load
(coseL = 1).

Conclusion

As a result of the conducted research, the TBD regulation laws that allow to reduce
voltage fluctuations by adding a voltage boost to the electrical grid have been obtained. The
regulation laws represent the dependences of the TBD RMS output voltage on the load phase
angle ¢, the depth of the voltage step regulation ks, control angles a1 and az. The required
stage of regulation Ucont is automatically selected depending on the magnitude of the voltage
variation,

The Equations of the TBD regulation laws allowed us to obtain the TBD adjustment characteris-
tics. Depending on the control voltage, the limits of RMS output voltage regulation were £10 %. The
TBD thyristors phase-pulse control method ensures a smooth change in the output voltage. At the same
time sine voltage total harmonic distortion coefficient over the entire range of effective control zones is
within the range of acceptable values set by State standard 32144-2013.

The introduction of the TBD into the electrical grid of the ore mining enterprises will improve
the reliability of power supply and increase the capacity of power transmission lines.
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Abstract

The issue of determining the main parameters of electric energy storage systems — power and energy intensity —
is being considered, the determination of which is a fundamentally important task when introducing such devices
into the power supply systems of enterprises for both technical (technological) and economic reasons. The work
analyzes problems that can be solved by installing electricity storage systems at gas industry facilities. An indus-
try-wide methodology has been developed for calculating the parameters of an electricity storage system based
on traditional methods and methods aimed at minimizing the standardized cost of electricity with adaptation
to the conditions of the gas industry. A distinctive feature of the presented methodology is the ability to determine
the power and energy intensity of electricity storage systems when performing several functions. The methodo-
logy was tested at a typical gas industry facility — the Yarynskaya compressor station of OO0 Gazprom Transgaz
Ukhta, a characteristic feature of which is an autonomous power supply system. An example is given of calcu-
lating the electricity storage normalized cost using an improved LCOS indicator, which takes into account the
effect of changing the fill factor of the electrical load schedule on the amount of gas consumption by a power
plant for its own needs. To confirm the economic efficiency of introducing electricity storage systems calculated
using the above methodology, calculations of the integral effect, net present value and efficiency index are pre-
sented.

Keywords
electricity storage system; autonomous power supply system; electrical load control; hot reserve replacement; stan-
dardized cost of electricity; gas industry
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Introduction

One of the main problems of energy supply to autonomous facilities and technological com-
plexes in the gas industry is the autonomous power supply systems technical and economic efficiency
insufficient level [1], associated with the need to simultaneously ensure reliability and uninterrupted
power supply, stability and electrical energy sources operation efficiency, especially in cases of creating
systems for power supply to consumers widely separated from each other or consumers with sharply
variable schedule of electrical loads (in accordance with the Concept for the development of energy
supply to production facilities of PAO Gazprom for the period up to 2030).

The solution to this problem may be the use of an electrical energy storage system (ESS). The
development of electricity storage technologies makes it possible to seriously consider these devices
as the main element of power supply systems [2-4]. A distinctive feature of electricity storage sys-
tems, which stimulates their widespread implementation, is the ability to perform several functions
with one device [5]. Even without taking into account the functional features of the ESS when inte-
grating renewable energy sources (RES) [6-8] the use of these devices in centralized and autonomous
systems allows the following:

* reduce the payment for installed capacity by covering load peaks with ESS means;
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* reduce capital investments in the creation and operating costs of power plants for own needs
by reducing the number of operating units and covering peak loads with ESS;

« improve the regularity of power supply and power quality;

« reduce the costs of ensuring the required level of categorization by eliminating the loaded (ro-
tating) reserve for electrical units and replacing it with ESS means;

* reduce the rapidly changing load on motor drive of power plants negative impact by covering
the variable part of the load with ESS means.

When considering the ESS as the main element of the power supply system, it is necessary to
calculate its physical parameters: rated energy intensity, rated power, maximum number of complete
charge/discharge cycles, dependence characteristics of the maximum number of charge/discharge cy-
cles on their depth, efficiency, self-discharge constant, specific energy intensity, etc. At the same
time, given the wide functionality of electricity storage systems, determining its parameters becomes
labor-intensive, since it comes down to multi-criteria optimization, when it is necessary to simulta-
neously consider a set of several incommensurable, contradictory objective functions [9-11].

Despite active work to determine the criteria that have the greatest impact on the ESS parameters
choice, currently there is no single established methodology for calculating the ESS main parameters
of power and energy intensity. In the works [12-14] the methods were developed based on the power
supply systems with renewable energy sources functioning characteristics; in the article [15] the
methodology is aimed at calculating the parameters of ESS for use in microgrids. In paper [16] the
methodology is based on empirical expressions aimed at determining the energy intensity of an elec-
trical energy storage device for energy recovery of traction rolling stock. In the article [17] the metho-
dology for calculating the optimal parameters of the ESS based on the available power of the techno-
logical connection is described, and is supplemented with the maintaining a certain voltage in the
busiest network node criteria. In the source [18] it is proposed to calculate the parameters of electricity
storage systems using linear filtering, which consists of analyzing the harmonic composition of the
load diagrams of generating units and determining those harmonics that are subject to suppression.
In the article [19] an alternative method for selecting ESS parameters according to the conditions for
limiting the depth of voltage dips is presented.

The use of these methods to solve problems in the gas industry is very difficult, since they either are
focused on another industry and are practically not adaptable, or are aimed at solving only one problem,
which, in turn, affects the final effect of the implementation of the ESS. Therefore, the purpose of this
study is to generalize and formulate a universal methodology for determining the main parameters of the
energy saving system for gas industry facilities with an autonomous power supply system [20-22].

Methods

To formulate a methodology for determining the parameters of the ESS, promising tasks for
autonomous power supply systems in the gas industry have been formulated — replacing the rotating
reserve of a power plant for its own needs and ensuring stable operation or changing the installed
capacity of generating units by aligning electrical load schedules.

The ESS implementation will reduce the cost of maintaining the unit in operating condition, which
in turn will reduce fuel consumption and increase the service interval. It is also expected to ensure a
more uniform loading of electrical units with energy accumulation during the hours of least consump-
tion and energy release during the hours of highest consumption. If necessary, it is possible to reduce
the power of the technological connection to the external power system by reducing consumption from
it during peak hours [23, 24].

Taking into account the identified tasks and the analysis of already developed methods for cal-
culating the parameters of the ESS, the most suitable are the traditional (classical) method [25] and a
methodology aimed at minimizing the standardized cost of electricity [26]. However, they require
additional adaptation to the peculiarities of the gas industry.

The traditional calculation method is simple, but does not take into account the economic com-
ponent of the implementation of such systems; only technical and technological aspects appear in the
calculations. According to the adapted traditional methodology, the power of the EES is determined
from several components:
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* The power required to cover the generation capacity in the event of an emergency shutdown of
one of the generators, which is calculated by determining the power of the rotating reserve unit being
replaced, equal to the product of the generating unit installed capacity and the load factor (without
taking into account derating):

PESS = Punitkload’ (1)

where Pynit — estimated power of the unit being replaced, kW; kioad — unit load factor, p.u.

The unit load factor depends on the number of operating units and is determined by
internal regulatory documents, for example STO Gazprom 2-6.2-208-2008, STO Gazprom
2-6.2-1028-2015.

* Power required for uniform loading of electrical units. The need to limit the power consumed
by the load has technical and organizational conditions related to the number of operating electrical
units.

Figure 1, a shows the load graph as an example. Let us say, it is the required that the power to
supply the load received from electrical units does not exceed the limit value Piim, determined by the
number of operating units. The area in which the load exceeds the maximum power marked with red.
The ESS is designed to ensure the elimination of this imbalance.

Figure 1, b shows the same load graph with the installed ESS. When the load power exceeds the
maximum power, the energy storage system switches to the electricity supply (discharge) mode and
eliminates the imbalance. In this case, the calculated power of the ESS should correspond to the
following inequality:

P..=2P

ESS = 4 maxload —

P,

lim?

where Pmax load — maximum load power, kW.

Electricity consumption of the ESS (charging) occurs during periods when the load power
does not exceed the maximum — such areas are shown with green in Fig.1, b. In this case, the
total area of the charge zones must be greater than the area of the discharge zones by n? times to
ensure energy balance for a given period of time (n is the equivalent efficiency of the ESS ele-
ments — matching transformer, filter and inverter, according to GOST R 58092.2.1-2020, GOST
R 58092.3.1-2020).

In addition, in order to more accurately determine the estimated power of the ESS, it is necessary
to take into account the safety factor established by the requirements of the facility:

PESS 2 |Pmax load _F)Iim|ksaf ) (2)

where ksaf — safety factor, p.u. (determined by regulatory documents); if there are no requirements for
stock availability, then ksar = 1.

Pmax load

Plim

Power, kW
Power, kW

0 6 12 18 240 6 12 18 24
Time, h Time, h

Fig.1. Electrical load (a) and load with operating ESS (b) daily graph
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The ESS energy intensity calculation using an adapted traditional methodology, consisting of
several stages, must begin with the calculation of the energy intensity required to start up the backup
unit (the time before start-up is 15 min — the maximum possible time):

15

21,0t @)
ksaf n 0

Determining the energy intensity required to limit the electrical units load, it should be divided
into the following subtasks, solved sequentially:

* exchange energy intensity determination — the amount of energy that the ESS exchanges with
the power system in the process of power control when performing the stated functions;

* storage subsystem minimum energy intensity determination.

The exchange energy calculation using the example of the graph (Fig.1, b) should begin with the
energy produced by the storage subsystem calculation, which is numerically equal to the red zone
area divided by the ESS efficiency:

EESS =

5]
EESS prod — j(Pcurrent (t) - Pdem (t))dt nil’
t
where Pcurrent () — current power, KW; Pgem (t) — demanded power, kW.
The energy accumulated by the storage subsystem is equal to the area of the green zone multi-
plied by the efficiency of the energy storage system:
t

i
EESS acc J-(Pdem (t) _Pcurrent (t))dtn +I(Pdem (t) _Pcurrent (f))d”l

4 t

In the considered daily time interval, the ESS produces the same amount of energy as it accumu-
lates (Eess prod = EEss acc). However, various options for the configuration of the load schedule and,
accordingly, the ESS charge/discharge schedule are possible, when the power output modes or con-
sumption in the period under consideration alternate — one mode is replaced by another for a short
time [27, 28]. In this case, it is necessary to take an individual approach to analyzing the load schedule
and calculating energy intensity, based on the above approach.

Rules for determining exchangeable energy intensity:

« If in order to achieve the demanded P(t) dependence it is necessary to output some Egem (determined
by integration), the accumulation subsystem should be able to output the value Egem/n (a larger value).

« If to achieve the demanded P(t) dependence it is necessary to consume some Egem, the storage
subsystem must be able to consume a value of Egemn (smaller value).

To determine the minimum energy intensity of the storage subsystem, the following data is re-
quired: the required exchange energy intensity of the storage subsystem, taking into account losses
on the Eex elements; required service life (years) of the battery or required service life number of
charge/discharge cycles [29]; parameters of the batteries used (number of available cycles on the
depth of discharge dependence) [30].

Based on the specified data, the of the service life in cycles on the energy storage device depth
of discharge dependence is constructed. Using interpolation and extrapolation methods and having
knowledge of the approximate number of charge/discharge cycles, it is possible to determine the ESS
depth of discharge limiting value (DoD, p.u.). After determining the estimated discharge depth, the
final energy capacity of the ESS is calculated. Next, the obtained energy intensity value is used to
select the layout of the storage subsystem according to the formula

EEX
E, ESS final ﬁ : (4)

However, in the traditional method, when calculating ESS parameters, attention is focused only on
the technical aspects of solving the problem; the economic component of the project does not appear in
the calculations, which is fundamentally important when implementing such systems [31, 32].
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Taking into account the economic component will allow the use of a methodology based on
minimizing the specific cost of energy storage Levelized Cost of Storage — LCOS [33-35]. This indi-
cator is an alternative to the levelized cost of electricity indicator Levelized Cost of Electricity —
LCOE [36] and allows comparing different energy storage systems and alternative solutions, for
example, as is done when planning the power plants construction. A detailed state analysis of LCOS
indicator calculation, as well as adaptation of this indicator for the tasks solved during the implemen-
tation of the ESS in the electrical complexes of the gas industry, is presented in the article [37].

A distinctive feature of the proposed method for calculating LCOS [37] is the ability to take into
account the versatility of the ESS, which also corresponds to the purpose of the study:

T A\t t
Capital+ZOMt(1+l) +(Aux,)(1+e) +Am,

o _AST
LCOS = = (L+r) , 5)
ikzPhn (1+€) +Mwh, (1+e)

t=1 (1+ I‘)

where Capital — capital costs, thousand rub.; t — operation year number; T — lifetime; OM; — operating
and maintenance costs for the year, thousand rub.; i — inflation rate, p.u.; Aux; — electricity cost for
ESS own needs per year, thousand rub.; e — annual change rate in the cost of electricity, p.u.; Am; —
annual depreciation costs, thousand rub.; r — discount rate, p.u.; P — estimated power of the unit being
replaced, KW; k2 — unit load factor; h — backup unit start-up time, s; n—number of emergency launches
per year; MWh;—amount of energy supplied by the ESS to level the load curve, MW -h; AS — reduction
in fuel costs, thousand rub.

For the first time, an indicator that allows us to correlate the state of electrical load schedule
leveling and changes in fuel consumption by generating equipment has been introduced:

AS =0.537 C,MWh (v =¥ ) (6)

where y — load curve fill factor (load curve density); yievel — load graph fill factor after leveling (load
graph density); Co — total fuel costs per year, thousand rub.

The formula (6) allows us to take into account the effect of replacing the rotating reserve and
leveling the electrical load schedule, which, in turn, allows us to more accurately calculate the LCOS
value.

The generalized methodology for calculating ESS parameters based on adapted traditional
methods and methods based on minimizing the specific cost of electricity storage is the following
sequence of actions:

1. Calculation of the ESS parameters for replacing the rotating reserve using formulas (1), (3).

2. Calculation of ESS parameters for leveling the electrical load graph at yievel = 1 using formulas
(2), (4).

3. Calculation of the LCOS indicator using an improved method (5).

4. If the LCOS indicator exceeds the value allowing a positive effect (according to the concept
of the development of the market for electricity storage systems in the Russian Federation —
36 rub. / KW-h), it is necessary to recalculate the ESS parameters to align the graph of electrical
loads at yiever < 1. However, the value of the load graph fill factor after leveling should ensure that
the condition for the minimum LCQOS value (min {LCOS}) is met.

5. If the LCOS indicator provides a potential positive economic effect, then the ESS parameters
used in the calculation can be taken into account for further detailed feasibility study of the use of the
selected system.

6. If it is not possible to achieve the minimum LCOS value, it is necessary to abandon a number
of functions performed by the ESS and recalculate this indicator. If even in this case the LCOS value
exceeds the minimum permissible value that ensures a positive economic effect, then the use of these
devices should be abandoned.
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Fig.2. The power plant self-needs operation design scheme

CB — circiut braker; BSB — bus-section breaker; BSD — busbar section disconnector;
CT - current transformer; HVF — high-voltage fuse; DD — disconnecting device;
DG - diesel-generator stand-by set; T — voltage transformer; G — generator

To test the presented methodology, the ESS parameters are calculated using the example a real
facility in the gas industry — a standard compressor station “Yarynskaya” of OOO Gazprom Transgaz
Ukhta, an element of the design diagram of which is presented in Fig.2. The compressor station (CS)
is a modern high-tech gas transportation facility that ensures gas transportation along the northwestern
corridor of the PAO Gazprom gas trunkline system. The main electricity consumers at the Yarynskaya
CS are gas air cooling units and gas pumping units with gas turbine drives. The power system of this
compressor station is completely autonomous, and electricity is supplied from an auxiliary power plant
based on nine gas-piston electric units with a capacity of 1.5 MW with an average load of
3-4 MW. Such a load requires the constant use of at least four power units to provide a rotating reserve,
and in the event of a shutdown of one of the power units, the distribution of the load among the remaining
units without stopping the technological process.

Results discussion

To confirm the ESS implementation economic efficiency, calculated using the given meth-
odology, the integral effect is used — net present value (NPV) and efficiency index. Due to the
introduction of an electricity storage system, it is planned to change the number of constantly
operating units from four, with load of 70 %, to three, with load 90 %, and
also achieve an additional effect from leveling the electrical load schedule by reducing gas con-
sumption.

As a result of the scientific sources [2, 3, 5] analysis it can be concluded that the electrochemical
type storage subsystem based on lithium-ion batteries is most promising for use as part of an energy
storage system to solve the problems posed in the study, since it allows you to control both the operating
modes of electrical grid equipment and network parameters. In this case, the ESS is not just a local
buffer of electrical energy, but an active element that directly affects the energy efficiency of power
supply.

The following functions can be implemented when using ESS based on lithium-ion batteries —
ensuring power quality, managing power consumption, shifting consumption peaks, leveling the load
curve, cold reserve — which are fully consistent with the objectives of this study.

Despite the fact that the limiting factor for the drives of this type use was their high cost, it is
expected that by 2030 the drives of this type cost will be reduced by four times compared to 2018.
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Fig.3. Electrical load schedule of the Yarynskaya CS:
a — the busiest month (August); b — busiest day (August 7)

The main parameters of the ESS are calculated according to points 1 and 2 of the proposed
methodology. If calculating the ESS power and energy intensity to replace the spinning reserve does
not cause difficulties (unit power 1.5 MW; load factor 0.8; start-up time 15 min), then to calculate the
parameters for regulating the load schedule, a detailed analysis of the electrical loads of the selected
facility is required.

When analyzing the electrical loads of the Yarynskaya CS, it was found that the busiest month
is August (Fig.3, a), and the busiest day is August 7 (Fig.3, b). The averaging period for the electrical
load schedule is determined based on the conditions and method of solving the problem. In the case
under consideration and for the unification of calculations, the averaging period is taken to be equal
to six heating time constants for cable lines with voltages up to 6 kV and higher, supplying workshop
transformer substations and distribution devices, which correspond to one hour. At the same time, the
specified averaging interval does not contradict the conditions for using the ESS to solve the problem
of leveling the electrical load graph — the averaging interval of the load graph should be longer than
the battery response time and the discharge time of the minimum battery charge level, but should not
exceed the discharge time of the current battery charge level. These conditions ensure that the energy
stored in the battery is available to complete the task at hand.

The load graph (Fig.3, b) shows that during peak hours of the day, electricity consumption exceeds
4,000 kW/h, which leads to the launch of an additional generator and, accordingly, additional consumption
of resources. This can be avoided by redistributing excess energy to the morning minimum hours. Then the
ESS produces the same amount of energy as it accumulates (Eess prod = Eess acc), While, according to the
electrical load schedule, the power should not exceed 4,000 kW. Power and minimum permissible energy
intensity are calculated using formulas (2) and (4), and a load graph is plotted after regulation (Fig.4).

The use of ESS to regulate the electrical load schedule makes it possible to achieve a change in
the schedule density from 0.83 to 0.86 with a storage energy intensity of 800 kW -h. However, even

6,000

4,000

2

4

& 2,000~
0-

O O 9 9 9 9 9 9 9 9 9 O 9 9 9 9 9 9 9 9 9@ 9 9
S © & & & & & & & & © S © & & & & & & & & & o
S 4 A ® ¥ 8B 8 KN 8 & S A & & B 8K & & S Jd A @
S © © © © © © o © © « A H H H H o H H NN NN

~ 11:00

Fig.4. Daily load schedule of the Yarynskaya CS after regulation using the ESS
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such a small difference in density will allow gas
60,000 savings of up to 2,000,000 rub. per year, according
S 40,000 to calculation using formula (6).
220,000 Next, it is necessary to calculate an improved
é 0 ! " = indicator of the levelized cost of energy storage.
S 20,000 / Initial data for calculating LCOS: total capital
S -40,000 costs (Capital), cost of energy saving energy

~60,000 (including the cost of transportation to the facility),

installation, commissioning and testing —

Fig.5. Change in NPV depending on the year 119,541.65 thousand rub.; costs of operation and

project implementation maintenance (O&M), maintenance and repair —

796 thousand rub.; the cost of electricity for the

auxiliary subsystem is 6364.872 thousand rub.; the amount of electricity that the ESS produced over

the estimated service life is 6,714 kW-h; design power of the ESS — 1,600 kW; calculated energy

intensity of the ESS — 2,745 kW-h; ESS efficiency — 94 %; calculated lifetime — 20 years; discount rate —

0.08 p.u.; annual correction factor for the cost of electricity — 0.06 p.u.; annual inflation — 0.077 p.u.;

reduction in fuel costs per year — 23,000 thousand rub. The initial data for calculating capital costs, instal-

lation costs and the cost of the ESS are determined based on the operating experience of similar systems
by the ESS manufacturer.

Using formula (5), the LCOS indicator was calculated as 20.68 rub./kW-h, which confirms the
effectiveness of combining several functions for one ESS and allows us to predict a positive economic
effect from the project.

As a result of calculating the indicators of the integral effect without taking into account the reduction
in capital repair costs and indicators of depreciation deductions and property taxes, the following values
were obtained: NPV — 68.207 million rub.; NPV payback period is three years; internal rate of return —
23 %. The graph of changes in NPV depending on the year of project implementation is presented in Fig.5.

The implementation of the ESS that is calculated using the presented methodology will be cost-
effective, since the amount of the integral effect is positive, the payback period according to the NPV
will be three years.

Year of project implementation

Conclusion

The conducted research confirms the possibility of power supply system parameters calculation —
power and energy intensity — using the proposed industry methodology, during the development of
which previous experience in studying the issue of calculating the parameters of electricity storage
systems was generalized and adapted to the peculiarities of gas industry facilities autonomous power
supply system functioning.

A distinctive feature of the presented methodology is an attempt to take into account the ESS
multifunctionality from a technical and economic point of view when implementing such systems.

Selecting the improved LCOS minimization as the objective function provides stakeholders with
the following options:

* selection of the most effective combinations of ESS functions when determining system pa-
rameters, especially power and energy intensity;

» comprehensive analysis of technical, economic and financial changes impacts on the energy
saving energy systems introduction into the enterprise's power supply system;

» domestic and foreign technologies comparison, determination of various electricity storage
technologies competitive advantages.

The LCOS indicator does not limit the calculation to any framework and can become infinitely
more complicated by introducing additional coefficients and variables that allow you to take into
account a larger number of factors and thereby increase the accuracy of the calculation. Also, in favor
of the presented methodology is that the number of tasks associated with the implementation of the
ESS will increase every year, so it is advisable to use the LCOS calculation model as a key criterion
for determining the ESS composition and the functions performed.

The LCOS indicator should be of an industry nature, since in two identical storage systems ope-
rating at different facilities, with different technological processes, the electrical loads nature, and the
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power supply system type, it will take different values. The calculation of components that influence
the LCOS value, such as the initial capital investment and, especially, the exchange energy intensity
of the electricity storage system, should always be adapted to the considered power supply system
characteristics.
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Abstract

The current stage of Russia's development is characterized by dynamic changes in the operating conditions of gas
industry enterprises, which leads, among other things, to significant adjustments in approaches to the development of
energy production facilities. The article examines on the system level the ways to improve energy supply, taking into
account the goals and objectives of the development of production facilities from the conditions of solving a single
technological problem of the gas industry — high-quality gas supply to consumers. The optimal functioning of energy
supply systems, taking into account the peculiarities of technological processes at production facilities, presupposes
the development models coordination of production facilities energy complexes with the gas industry enterprises pa-
rameters based on an integrated unified information space at all stages of their life cycle. The structure of production
facility energy complex and the connections of its elements with related systems are justified taking into account the
purposes of their creation and the requirements for production facilities. Problem solving for each system element as
well as the exchange of information between equivalent systems is done on the basis of a developed hierarchy of
optimization problems adjusted depending on the type of tasks of energy supply improvement of a production facility.
Determining the values of parameters and indicators of energy complexes, as well as optimizing the lists and content
of work to improve the energy supply of production facilities, is planned to be carried out in accordance with the
methodology under consideration using a set of mathematical models.
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optimization problems
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Introduction

Energy supply systems are an integral and important infrastructure component that ensures the
functioning of gas industry production facilities for various purposes, located throughout the Russian
Federation, including remote areas of the Arctic zone.

The gas industry has accumulated a wealth of experience in improving the energy supply of
production facilities based on the developed general conceptual approach to their development?®. The
following components are carried out on a permanent basis: analysis of the functioning and imple-
mentation of energy-saving measures in energy supply systems; search for innovative solutions, par-
ticipation in testing and installation of prototype samples of modern power equipment for trial operation
at production facilities; research and development work in terms of updating and developing industry
standards and standard solutions to improve the efficiency of facilities energy supply.

The transformation of the global economy and energy, the introduction of various types of sanc-
tions, significant changes in the nature of the supply of products, diversification of production lead to
dynamic changes in the operating conditions of gas industry enterprises in our country, changes in the
nature of development, reconstruction and technical re-equipment (R&TR) of production facilities [1],
make a number of issues relevant, including:

L Annual report of PISC Gazprom for 2022. URL.: https://www.gazprom.ru/f/posts/56/691615/gazprom-annual-report-2022-
ru.pdf (accessed 31.01.2024).
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* assessment, using the apparatus of a risk-based approach (RBA), of the impact on the target
indicators of enterprises in the production, transportation, underground storage and processing of
natural gas and liquid hydrocarbons in the gas industry of the pace and quality of maintenance and
repair (M&R), as well as R&TR of energy supply facilities;

« use of this assessment data to develop measures to minimize the consequences of the applica-
tion of RBA to management in the gas industry;

« development of measures to minimize resource costs at various stages of improving the energy
supply of production facilities group and the gas industry as a whole.

The greatest efficiency in solving the problems of developing production facilities energy supply is
achieved by creating energy complexes that are optimally functioning, taking into account the peculiari-
ties of technological processes at production facilities, integrated into a single infrastructure and infor-
mation space of gas industry enterprises. At the same time, the production facility energy complex (PFEC)
is understood as a set of technical and software means of general facility energy supply systems and in-
dustrial air conditioning systems of structures with installations of electricity external networks, heat-,
water supply and sanitation systems, which, through the implementation of an integrated technical solu-
tion and optimal control algorithms, including the use of elements of artificial intelligence in management,
allows you to obtain the maximum value of the TCI of the PFEC under conditions of applying RBA to
management in the gas industry (an integrated indicator of the technical condition (“Technical Condition
Index” combines the values of other technical indicators into a value that is used for comparison and
evaluation). To determine the indicator of the technical condition of electric power facilities, the physical
wear rate is used, manifested in the forms of mechanical wear, corrosion and fatigue of metals, defor-
mation and destruction, changes in the physical and chemical properties of the substance?.

The optimal solution to the problems of improving the production facilities energy supply is
associated with the joint consideration of a significant number of issues with significant uncertainty
in the initial information and the inability, in some cases, of using formalized methods for deter-
mining individual indicators of energy complexes. In problems of this class, the methodology of
system analysis [1-3] using RBA is usually used. As part of the transition to RBA in development
management in the gas industry, the Risk Management Policy and the PAO Gazprom Internal Con-
trol Policy were developed and approved by the Board of Directors on December 25, 2018. This
policy serves as the basis for the formation of the methodology for managing the development of
the gas industry energy sector.

To obtain the maximum technical and economic effect in the process of improving energy supply
to production facilities in the gas industry, it seems necessary to solve a number of scientific and
practical problems in order to develop a methodology for managing energy development:

« Justify the concept for the development of energy supply systems for production facilities of
enterprises on the scale of the gas industry, taking into account the provision of target indicators when
applying RBA to industry management.

* Develop, as part of a decision support system development, a comprehensive (adaptive) model
for determining and forecasting the energy complexes technical indicators for various organizational
and financial scenarios for carrying out work to improve the production facilities energy supply.

* Develop standard lists of measures to improve energy supply, allowing obtaining a synergistic
effect from optimizing technical solutions and operating modes of energy supply systems of jointly
operating production facilities.

* Develop methods that allow you to effectively solve the problems of improving energy supply
on the scale of a production facility, enterprise and industry as a whole in the context of applying
RBA to management in the gas industry.

2 Resolution of the Government of the Russian Federation dated May 30, 2023 N 878 “On introducing changes to the methodology
for comprehensive determination of technical and economic condition indicators of electric power facilities, including indicators of physical
wear and tear and energy efficiency of electric grid facilities”. URL: http://publication.pravo.gov.ru/document/0001202306020055
(accessed 31.01.2024).
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Overview of the problem

Currently, in world practice, the use of various methods of analysis and the theory of a systems ap-
proach for making economic and technical decisions in the oil and gas sector has significantly intensified.
In particular, works numbered [4-6] highlight issues related to risk management in energy markets. Arti-
cles [7, 8] discuss the advantages and disadvantages of various approaches to risk modeling and manage-
ment for practical use, as well as tools and strategies for manufacturers, wholesale consumers, investors
and specialized participants in risk management in commaodity markets.

The ways and political consequences for ensuring sustainable energy development are outlined in
some works [9, 10], and in the given investigation [11] a comprehensive methodology of a systematic
approach to energy saving processes at an industrial enterprise is considered. The results of the discus-
sion of particular problems of energy saving are presented in works [12-14], and the effectiveness of
the implementation of measures to improve energy efficiency is touched upon in works [15, 16].

In scientific work number [17], a fuzzy multi-criteria decision-making structure for assessing the
risks of an integrated energy system is considered, sixteen risk factors from economics, technology,
politics, society and management are identified, the proposed method is compared with other risk
assessment methods, and its advantages are shown. Features of the application of risk management
at the stage of digital transformation of industrial enterprises are analyzed in the research work num-
ber [18]. The main aspects of decision-making for assessing the risks of energy companies are given
in works number [19-21].

An assessment of the consequences of the energy transition for the activities and business models
of the oil and gas industry is considered in article number [22], risks during gas production and trans-
portation are given in the following investigations [23-25]. Article [24] substantiates the relevance of
risk management in oil and gas companies in modern conditions. Based on the systematization of
types of risks, the main risks in the oil and gas business are identified: political, socio-economic,
environmental, scientific, and technical ones.

Research works [26-28] contain information on the experience of applying a systematic approach
to optimizing the production infrastructure of enterprises. Work [28] outlines the case for proactively
managing energy procurement costs and discusses five key levers that support energy optimization and
risk management.

The results of modern research on the use of artificial intelligence in the oil and gas industry and
its contribution to the development of recommendations for increasing the sustainability of oil and gas
projects are presented in the work of [29]. The paper provides information about the most promising
applications and methodologies of artificial intelligence that can help solve problems for the sustainable
development of the oil and gas industry.

In article [30], the relevance of conducting research in the field of energy efficiency of mineral
resource complex facilities due to their specific nature and high-energy intensity is shown, including
the use of the function of determining the effectiveness of energy-saving measures based on certain
energy efficiency indicators.

The results of research on the development of predictive models based on retrospective data
on planned electricity consumption in a region with a significant share of enterprises in the mineral
resource complex are presented in the investigation of [31]. Models were obtained based on ensem-
ble machine learning methods (random forest algorithms, gradient boosting XGBoost and CatBoost),
as well as a recurrent neural network of long short-term memory (LSTM), which make it possible to
create short-term forecasts of power consumption (for a period from one day to a week) with suffi-
ciently high accuracy.

Article [32] is devoted to the development of a SCADA component for the compressor shop of
amain gas pipeline. The developed component allows monitoring the characteristics of the gas pumping
process selected by the operator. The development is based on the Windows operating system and
the integrated environment TRACE MODE (SCADA/HMI).

Work [33] presents the theoretical basis for identifying the features of the use of neural networks
at electric power enterprises in the context of digital transformation, as well as an analysis of methods
for formalizing artificial intelligence systems for their use as part of automated systems.
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In [34], the results of an analysis of the functioning features of autonomous electrotechnical
complexes (ETC) are presented, based on the results of which a mathematical model of the ETC of a
drilling rig with combined backup power sources was developed.

The main directions of energy development and modernization of power supply systems for
technological facilities of the fuel and energy complex are considered in works [35-37]. Issues of
improving the operation of the energy sector and ways to improve the quality of energy supply to
production facilities in the gas industry are presented in works [38, 39].

It is necessary to develop a methodology for managing the development of the energy sector of
production facilities to increase the efficiency of improving the energy sector of the gas industry in
the conditions of applying RBA to industry management.

Methodology for managing the production facilities energy development in the gas industry

Optimization of the improving energy supply process is carried out on the basis of an analysis of
the goals and objectives of the development of a set of production facilities (enterprises) in the gas
industry, solving a single technological problem — high-quality gas supply to consumers — in the
following sequence:

* The identification of industrial facilities which the development of energy supply is planned
for is carried out on the basis of an analysis of the composition and functional purpose of production
facilities (gas field facilities, main gas pipeline facilities, underground gas storage facilities, gas pro-
cessing plant, gas industry facilities within a business process, etc.), affecting the solution of a single
technological problem.

* Boundaries delimitation of the developed (reconstructed) PFEC is carried out on the basis of
ensuring the requirements for energy supply from process equipment in all modes of operation of a
group of production facilities while ensuring the required level of quality of external communications.
Energy supply requirements mean the quantity and quality of energy resources, the level of reliability,
safety and economic efficiency of operation, ease of use of PFEC equipment. External connections
of PFEC are understood as connections with external systems of power supply, heat supply, water
supply and sanitation, with existing and designed components of the facility automation system. The
quality of external relations is determined by the composition of the technical and software tools
responsible for the functioning of these tools. Depending on the developed requirements and features
of the technological problems being solved and the composition of the objects, the set of functions
implemented by the PFEC and their boundaries may change.

* The assessment of prospects for the development of PFEC is determined based on the results
of a feasibility study, during which the condition and technical level of existing energy supply sys-
tems, the effects of the development (reconstruction) of energy complexes for a specific group of
production facilities, the costs of their creation, etc. are assessed.

 Formulation of optimization problems for PFEC parameters and development of corresponding
optimality criteria. Optimization is carried out according to a complex technical and economic indi-
cator in order to minimize the costs of achieving a given value of the index of the technical condition
of energy supply systems during the development of energy supply. The optimization process should
involve taking into account the inverse influence of the technical level during the creation and operation
of PFEC on the performance of a group of production facilities in the conditions of application of
risk-based management principles in the gas industry by determining the individual components of
the resulting effect at the pace of technological processes and (or) decision-making processes in order
to prepare information for making a comprehensively informed decision on managing the improve-
ment of energy supply.

Determination of the structure of the production facility energy complex and the connection of its
elements with adjacent systems based on the formulated goals of creation and requirements for PFEC.

As components of the structure of energy complexes of production facilities, general facility
power supply systems (PSS), heat supply (HSS), water supply (WSS), water disposal (WDS), venti-
lation and air conditioning systems of industrial and household buildings (VAC), including automated
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sources, network structure, installations for ensuring the quality of energy resources, purification of
source water and wastewater, as well as means of interface with automated systems of a production
facility and gas industry enterprise.

It is advisable to divide the PFEC into structural components taking into account the groups of
functions they perform for a specific purpose. The composition of structural components and their
technical implementation, depending on the requirements for PFEC, the technical level of the existing
control system, etc., may vary. An example of the structure and connections of the energy complex
of a production facility with the full composition of energy supply systems is shown in Fig.1.

Reducing the dimension of the optimization problem associated with the development of energy
supply to a group of production facilities.

Taking into account the variety of technical solutions of existing and energy supply facilities under
formation, as well as the fact that changes in individual technical parameters have different effects on
the efficiency indicators of energy complexes, the task of optimizing the process of managing their
development becomes multidimensional and multicriteria. Reducing the dimension of the optimization
problem is possible by replacing the set of real elements of energy complexes and their connections
with equivalent systems, models of aggregated PFEC, which retain only those properties of the real
system that need to be determined when solving problems of its functioning and optimization.

The number of levels of the equivalent systems hierarchy and their number at each level of the
hierarchy for different scenarios for improving groups of production facilities energy supply depends
on the complexity of the real group of energy complexes under study, as well as on the scenario
conditions for financing the process of improving energy supply.

Units (as opposed to the structural components of individual subsystems) can be
implemented both within a separate PFEC, and within a group of energy complexes of jointly
functioning production facilities of a gas industry enterprise or on the scale of the gas industry
as a whole. The latter depends on the requirements for the goals, structure and operation,
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Fig.1. Structure of the production facility energy complex
with a complete set of energy supply systems
1 — electrical energy (EE); 2 — thermal energy (TE);
3 — source water (W); 4 — sewer drains (WD); 5 — information flows;
ES ACS - energy supply automated control system;
ACS TP CPP — ACS for technological processes of a captive power plant
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reliability, safety, maintenance and repair of components of the PFEC, etc. The aggregation
of the PFEC is carried out due to the order of measures implementation for the energy supply
development.

Determination of the composition of tasks for equivalent systems.

The hierarchy of optimization problems is built on the basis of a hierarchy of equivalent systems.
It is created with the aim of streamlining optimization problems at each stage of improving the pro-
duction facilities energy supply. At the same time, optimization problems for each stage differ in
depth and detail of development. From the point of view of the hierarchy of tasks to be solved, the
process of using PFEC is divided into stages: research, creation, operation (due to possible combina-
tions of operating modes of a group of production facilities and external power supply systems).

The optimal distribution of functions between structural components and the possibility of their
redistribution depending on the stage of reconstruction (creation) and the operating mode of the PFEC
within the framework of improving energy supply makes it possible to create redundant groups of
energy complexes.

This is necessary in cases of improving energy supply in several stages, significant changes in energy
supply requirements, changes in the composition of operating sources, networks of a production facility,
and external energy supply systems, and among others can be implemented by means of intelligent auto-
mation systems.

Determination of the composition of indicators and methods of exchange of energy resources and
information between equivalent systems.

The structural components of the PFEC exchange with each other and external systems (power sup-
ply, higher-level automation, etc.), energy resources and information, which under certain condition can
be divided into initial, intermediate, sought and reverse; into external and internal [3].

At the stages of the PFEC life cycle, three groups of optimization problems are solved:

« the task of optimizing the requirements for power supply of the PF, depending on the current TCI
and achievable by means of reconstructing the TCI with the allocated amount of funding. The solution to
the problem is provided by information on level 1 feedback (FB-1) for each level of the hierarchy of
optimization problems of PFEC from hierarchy level 1 (gas industry FB-1.1) to hierarchy level 5 (pro-
duction facility FB-1.5);

« the task of optimizing the list and scope of work for measures to develop the energy supply of PFEC
in the conditions of given restrictions on financing the program to achieve the required level of TCI
(general and/or for individual components) at the stage of creating the PFEC. The solution to the problem
is provided by information on level 2 feedback (FB-2.1 — FB-2.5);

« the task of optimizing the list and scope of work for measures to develop the energy supply of PFEC
under the given restrictions on financing the program to achieve the required level of TCI (general and (or)
individual components) at the stage of operation of the PFEC. The solution to the problem is provided
by information on level 3 feedback (FB-3.1 — FB-3.5).

In conditions of significant uncertainty in the initial information and the lack of strict formalization in
determining a number of indicators, optimization problems in the process of managing the development of
energy supply to production facilities in the gas industry are solved using combined methods — methods of
narrowing Pareto-optimal outcomes and expert methods. The hierarchy of optimization problems at the
stages of development of energy complexes of production facilities in the gas industry is shown in Fig.2.

Analysis of balances of production and consumption of energy resources and information that
individual units must exchange between each other and external systems at various stages of the life
cycle of PFEC will allow in the future to more reasonably solve the optimization problem of deter-
mining priorities in the implementation of measures to improve energy supply and the distribution of
functions between units and individual structural components of energy complexes.

The search for the optimal list and scope of work for development activities of PFEC is associated
with determining the current value of TCI PFEC for various levels of the hierarchy with combinations
of the composition and content of activities that can be implemented using the allocated funds for the
program to achieve the required level of TCI energy supply.
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Fig.2. Hierarchy of optimization problems at the stages of development of PFEC of the gas industry

Extreme values of individual indicators of PFEC and energy supply as a whole, in most cases,
are not the sum of extreme values of indicators of individual elements and subsystems [3]. If there
are several irreducible criterion indicators, it is necessary to rank the criteria, highlighting one of them

as the main one, and using the rest as restrictions.
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The composition of mathematical models for determining the values of parameters and indica-
tors of energy complexes, as well as optimizing the lists and content of work on the development of
energy supply to production facilities.

The set of mathematical models must correspond to the list of problems solved as part of the
development of energy supply to the PF. The general model should make it possible to transform the
values of the specified production facilities target indicators (PFT]I) into the required target indicators
of energy supply PF (TIES) and then into the value of the required index of the technical condition
of the energy supply of a group of production facilities (ITCESgr.pr.f), the functioning of which
directly affects achieving the specified PFTI.

With the help of the model it is possible to assess the value of an integral indicator of energy
supply for a given level of the ITCESgr.pr.f hierarchy and the value of its component indicators: the
availability of energy resources; energy quality; reliability of energy supply; safety of energy supply;
energy efficiency of energy supply; ease of operation (economical operation) of energy complexes.

The basis for the energy supply development process should be the following mathematical
models:

+ a model for determining the current TCI power supply of a given group of PF, as a function of
the totality of initial information presented in Fig.2;

 a model for optimizing the list and scope of work to achieve the required level of TCI energy
supply in the conditions of application of RBA to management in the gas industry (stage of creating
an PFEC). This model should make it possible to build families of trends in the integral indicator and
components of the energy supply TCI for the analyzed group of PF for various combinations of lists
and scope of work, as well as capital investments in the program to achieve a given level of TCI PF
for all levels of the hierarchy, taking into account the design and actually received in the creation
process indicators of energy supply facilities;

« a model for optimizing the list and scope of work to achieve the required level of TCI energy
supply in the conditions of application of RBA to management in the gas industry (operation stage of
the created PFEC). In contrast to the models of the creation stage, models of the operation stage of
PFEC evaluate various options for achieving the required level of TCI energy supply, including
taking into account the optimization of the joint functioning of the created PFEC at a certain level of
their operation.

The complex should include adaptive mathematical models that require the minimum required
amount of initial information and allow:

« justify the level of requirements for the distribution of the balance of production and ensuring
the quality of energy resources between sources and installations of PFEC and external energy supply
systems, as well as to the information properties of individual structural components of PFEC;

« determine the necessary communication capabilities of the structural components of PFEC to
ensure distributed generation and ensure the quality of energy resources at the required level,

« predict the implementation of given scenario conditions, loads on individual energy supply
systems, etc. in order to make informed decisions on optimizing the list and scope of work to improve
energy supply.

The results of modeling energy supply development processes are the basis for developing a
structured proposal from a decision support system in order to optimize the process of improving the
energy supply of industrial facilities in the industry.

Discussion

Using the principles of the methodology described above, the Development Concept and the
Comprehensive Target Program for the reconstruction and technical re-equipment of the
energy sector of production facilities in the gas industry were developed.

The methodology was a tool for the logical organization of research and a means of calculating in-
dicators, which made it possible, based on solving a multi-criteria optimization problem, to formulate a
general vision of the vector of energy supply development in the context of dynamic changes in business
conditions and restrictions on financing development programs, as well as to formulate an optimal list and
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sequence of implementation of reconstruction measures energy of production facilities in order to achieve
the maximum value of the index of technical condition of energy facilities on an industry scale.

Previously, the main tool for developing comprehensive programs was only methods for deter-
mining indicators of the economic efficiency of reconstruction measures, which did not take into
account important technical aspects of the functioning of energy complexes.

To date, the problems of developing mathematical models for finding correspondence between
target production indicators of various levels and the minimum required technical level of energy
supply for groups of production facilities of industry enterprises have not been solved, which is the
subject of further scientific research.

Conclusion

Dynamic changes in business conditions and the use of RBA in the gas industry have led to the
need to develop a methodological approach to improve the efficiency of managing the energy develop-
ment of production facilities, based on a comprehensive analysis of the parameters of jointly func-
tioning technological installations and energy complexes of production facilities in order to solve
business problems.

The methodology developed by the author for managing the development of the energy sector
of production facilities is based on the provisions of system analysis and allows optimizing, at the
pace of changing operating conditions, the process of improving energy supply by solving a multi-
criteria optimization problem when determining the technical condition index of PFEC under condi-
tions of restrictions.

The use of the provisions of the developed methodology made it possible to substantiate at the
system level the optimal list and priority of implementation of measures to improve the energy sector
of production enterprises in the gas industry as part of the development of a program for the recon-
struction and technical re-equipment of the industry’s energy supply.

Further scientific research is associated with the development, based on the provisions of the pro-
posed methodology, of a decision support system, which allows, by structuring heterogeneous infor-
mation about the current state and possible options for improving the energy sector of the gas industry,
to optimize the process of solving business problems of production facilities within the framework of
the implementation of various scenario conditions for the development of the industry.
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