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Abstract. This article considers the possibility of processing sodium sulfate (Na.SO.) solutions generated in various indus-
trial processes into valuable products - sulfuric acid (H.SO4) and sodium hydroxide (NaOH) using the electrodialysis method.
The problem of processing sodium sulphate solutions is relevant due to their significant volume and high content of inorganic
impurities, while traditional methods of purification are energy-intensive and economically inexpedient. The authors have
analysed the existing methods of obtaining and processing sodium sulphate solutions by electrodialysis using MC-40, MA-41
and MB-21 membranes and Ralex BM membranes. In purpose of electrodialysis the schemes of 3-chamber and 6-section elec-
trodialyzers using cation- and anion-exchange membranes of MC-40, MA-41 (RF) and EDC1R, EAC1R (PRC) grades were
applied. The scheme of bench installation of a multichamber electrodialyzer using EDAM and EDCM membrane brands was
considered. The conditions of experiments on 3 installations according to the method of probabilistic-deterministic planning of
experiments by Malyshev V.P. The dependences for the first installation were obtained: the degree of conversion on the con-
centration of Na;SOs, the duration of the process on the cathodic density and the content of MgSO4 impurity. Dependences of
energy consumption on concentration of initial solution and current density at 3 installations allow to judge about expediency
of electrodialysis process.
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1. Introduction main drawbacks of the process include low productivity and
significant gas evolution in the cell compartments.

Publication [10] presents a process flow diagram for the
treatment of Na,SO4-10H,0 precipitate via electrodialysis.
This precipitate forms at temperatures of 8-10°C. The tech-
nological scheme includes the following equipment: a three-
compartment electrolyzer, with a PbO; anode and a stainless-
steel cathode; circulation pumps; and solution storage tanks.
The initial concentrations of the solutions were: sodium
sulfate — 120 g/l, NaOH -5 g/l, and H»SOs—7g/l. Upon

In the industrial cycle of ore and concentrate processing,
which involves the extensive use of reagents such as H,SO4
and NaOH, a low-concentration sodium sulfate solution is
generated as a waste or by-product. The purification of such
dilute solutions is considered economically unfeasible and
energy-intensive. One of the methods for converting sodium
sulfate into concentrated alkali and acid is through mem-
brane-based electrodialysis processes [1-8] driven by an
electric current.

In article [9], the process of electrodialysis of a Na;SO4
solution using MC-40, MA-41, and MB-2I membranes is
studied, with the aim of producing concentrated solutions of
alkali and acid. The sodium sulfate solution used is a by-
product of the battery scrap recycling process. The authors
conducted experiments using model solutions of Na;SO4
(0.5 mol/l), H,SO. (0.005 mol/l), and NaOH (0.01 mol/l),
and presented several cell configurations employing ion-
exchange membranes. The best results were achieved using a
three-compartment, non-flow-type electrodialyzer equipped
with cation- and anion-exchange membranes. The resulting
concentrations of the products were 0.34 mol/l for NaOH and
0.23 mol/l for H,SO4, with specific energy consumptions of
0.84 kwWh/mol for NaOH and 1.10 kwh/mol for H,SO4. The

completion of the process, the resulting concentrations
reached 150 g/l for NaOH and 182 g/l for HSO4, under a
current density of 2 A/dm? and a processing time of 5 hours.
The system demonstrated a productivity of approximately
1 kg/(m?>h) and a specific energy consumption of
7.5 kWh/kg. The authors note the following drawbacks of the
process: significant gas evolution, the need for preliminary
purification of the solutions from impurities, and a limitation
on current density-exceeding 3 A/dm? is undesirable due to
the potential deterioration of process parameters.

Research [11] describes the conversion of sodium sulfate
into H,SO, and NaOH using Ralex BM membranes. The
investigation focused on the effects of current density and the
concentrations of acid and alkali on membrane transport
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efficiency. The system's productivity increased proportional-
ly with current density and decreased as Na,SO4 conversion
progressed. The current density in the experiments ranged
from 200 to 1000 A/m?, while the concentrations of acid and
alkali varied from 0.5 to 4 N. The setup employed platinized
electrodes, with a solution circulation rate of 2.5 I/h.

2. Materials and methods

Sodium sulfate solutions were prepared using analytical
grade Na,SO. reagent in accordance with GOST 195-77
[12]. The chemical composition of the substance used is
presented in Table 1.

Table 1. Composition of initial sodium sulfate

Name of indicator
Mass fraction of sodium sulfur dioxide Na,SOs,
%, not less than
Mass fraction of water-insoluble substances, %,
not more than

Pure for analysis
98

0.003
Shall withstand the tests

Acidity outlined in s. 3.4.
Mass fraction of alkali Na,CO;, %, not more 0.05
than )
Mass fraction of thiosulfates (S,03), %, not

0.02
more than
Mass fraction of chlorides (Cl), %, not more 0.00
than 005
Mass fraction of iron (Fe), %, not more than 0.0005
Mass fraction of arsenic (As), %, not more than 0.00002
Mass fraction of heavy non-ferrous metals (Pb), 0.0005

%, not more than

In the present work, experiments were conducted on three
setups differing in design and solution circulation schemes,
in order to compare key performance indicators.

For electrodialysis of sodium sulfate solutions with MgSO4
admixture to obtain H,SO. and NaOH, an installation in the
form of rectangular plates and frames made of Plexiglas was
made. The electrodialysis process was carried out in a three-
compartment apparatus (Figure 1) using MC-40 and MA-41
ion-exchange membranes [13, 14]. According to the manufac-
turers' specifications, the average electrical resistance of both
membrane types is in the range of 10.0-11.0 Q-cm?.

Figure 1. Electrodialyzer 3-section

The initial sodium sulfate solution, with a concentration
of 20-80 g/l and supplemented with MgSQO4, was fed into the
central (working) compartment of the apparatus. The catho-
Iyte and anolyte were prepared as follows:

— catholyte, distilled water with the addition of 2 ml of
30% NaOH solution;

—anolyte, distilled water with the addition of 2 ml of
300 g/l H2SO4 solution.

A platinized electrode served as the anode, with dimen-
sions of 50x100x2 mm and an anode surface area of
37.5 cm?; the cathode was made of stainless steel, sized
55x100x1 mm with a surface area of 41.25 cm?.

Experiments were conducted varying the following pa-
rameters:

— current intensity from 0.4 to 1.0 A;

— electrodialysis duration from 2 to 8 hours;

— MgSOQ, impurity concentrations of 2, 4, 6 and 8 g/l.

Figure 2 shows an improved design of a three-
compartment electrodialyzer with solution circulation and
pressurized tanks. The total solution volume, including the
pressurized tanks, was 600 ml.

Figure 2. Electrodialysis plant with continuous circulation of
solutions

Electrodialysis was performed using ion-exchange mem-
branes EDC1R and EACLR (PRC) [15, 16]. According to the
manufacturers' data, the electrical resistance of these mem-
branes averages 4.5-5.5 Q-cm? The setup consists of six
compartments arranged in the following order: cathode —
cation-exchange membrane (CEM) — anion-exchange mem-
brane (AEM) — anode — AEM — CEM - cathode. The dis-
tance between compartments is 10 mm. A platinized plati-
num (Pt) anode is installed in the central compartment, while
iron (Fe) and titanium (Ti) cathodes are placed in the outer
compartments.

Electrodialysis of sodium sulfate solutions on the pilot-
scale setup was carried out in continuous circulation mode
with simultaneous concentration of alkali and acid solutions
(Figure 3). The volumes of H,SO4, NaOH, and Na;SO4 solu-
tions were each 2 L. EDAM and EDCM [17] ion-exchange
membranes with a specific electrical resistance of 2.5-3 Q-cm?
were used. A platinized electrode served as the anode, while a
stainless-steel electrode was employed as the cathode.

In the last two setups, the circulation rate of electrolytes
was controlled by adjusting the power supply voltage to the
membrane pumps and by the electrolyte level in the pressur-
ized tanks. The densities of the Na;SO4, H2SO4, and NaOH
solutions were measured using a D6 Excellence digital densi-
tometer.
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Figure 3. Bench installation for electrodialysis of NazSOa solutions

Electrodialysis experiments with sodium sulfate solutions
were conducted following the probabilistic-deterministic exper-
imental design method developed by V.P. Malyshev [18-20].

3. Results and discussion

The conditions of experiments on electrodialysis of sodium
sulfate with magnesium sulfate admixture in a 3-chamber elec-
trodialyzer, and the results of experiments are given in Table 2.
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Table 2. Conditions of experiments on electrodialysis of
Na2S04+MgS0s solutions

Na;SO4, | MgSO,, Current Duration,

N gll g/l intensity, A hour Yo exp
1 20 4.00 0.60 4 63.92
2 20 4.00 0.40 2 16.01
3 20 4.00 1.00 8 93.05
4 20 4.00 0.80 6 66.7
5 40 2.00 0.60 2 34.66
6 40 2.00 0.40 8 53.1
7 40 2.00 1.00 6 53.42
8 40 2.00 0.80 4 50.67
9 60 8.00 0.60 2 13.53
10 60 8.00 0.40 8 35.55
11 60 8.00 1.00 6 48.43
12 60 8.00 0.80 4 24.61
13 80 6.00 0.60 2 22.97
14 80 6.00 0.40 8 32.35
15 80 6.00 1.00 6 39.22
16 80 6.00 0.80 4 16.48

Figure 4 presents the dependencies of the conversion de-
gree of the solution on the initial Na,SO4 concentration,
cathodic current density (ranging from 50 to 125 A/m?),
electrodialysis duration and MgSO4 impurity content.

Electrodialysis was performed at cathode current densi-
ties, dg, ranging from 50 to 125 A/m?. According to the
presented graphs, the degree of Na;SO4 conversion increases
with both the current density and the duration of the process.
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Figure 4. Dependence of the Na2SO4 conversion degree on various factors: (a) — initial Na2SO4 concentration; (b) — cathodic current
density; (c) — electrodialysis duration; (d) — MgSO4 impurity concentration

Figure 5 illustrates the dependence of the current strength
on the duration of electrodialysis.

The gradual decrease in current strength at the end of the
sodium sulfate electrodialysis process under a constant volt-
age is due to the reduction in salt concentration in the central
compartment, which in turn leads to a decrease in the solu-
tion’s electrical conductivity.

Figure 6 shows the dependence of specific energy con-
sumption during electrodialysis of sodium sulfate solution on
the initial Na;SQO4 concentration, cathode current density, and
MgSO. impurity content. Figure 6a shows that at high initial
sodium sulfate concentrations (60-80 g/l), the specific energy
consumption for electrodialysis is approximately 5 kWh per
1 kg of Na,SO..
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With an increase in current density (Figure 6b), energy
consumption increases accordingly.
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Figure 5. Dependence of current strength on the duration of
Na2S04 solution electrodialysis
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Figure 6. Dependence of specific energy consumption during

electrodialysis on various factors: (a) — initial Na2SO4 concentra-
tion; (b) — current density; (c) — MgSO4 impurity concentration

In the circulation setup, a dependence (Figure 7) was es-
tablished between energy consumption per unit mass of salt
and an average current density at the platinized anode of
60 A/m2. At sodium sulfate concentrations ranging from 60
to 150 g/l, energy consumption was found to be in the range
of 4-7kW-h/kg.

Reducing the salt concentration in the solution entering
the electrodialysis leads to a significant increase in energy
consumption from 7 to 34 kW-h/kg. In the apparatus the
distance between the cathode and anode was 3 cm. The in-
crease in energy consumption was attributed to the rise in
electrical losses along the circuit: platinized anode — H,SO.
solution — anion-exchange membrane — Na,SO4 solution —
cation-exchange membrane — NaOH solution — steel cathode.
Depending on the temperature and composition of the solu-
tions in the electrodialysis cell compartments, the total elec-
trical resistance of the system ranged from 2.8 to 10.9 Q.

35

30

¥ =1,3033x? - 14,724x + 44,75

25 R*=0,963

20

26,9 38,7 57,24 63,98 83,3 1209 150,2

Energy consumption (kW-h/kg Na,SO,)

Initial content of Na,SO, in solution, g/L

Figure 7. Dependence of specific energy consumption per 1 kg
of Na2S0O4 on the initial sodium sulfate concentration

For comparison of electrodialysis performance, experi-
ments were conducted on a pilot-scale setup equipped with
10 pairs of ion-exchange membranes. The conditions of the
sodium sulfate electrodialysis experiments, as well as the
conversion degree values obtained on the pilot setup at dif-
ferent initial solution concentrations and current densities,
are presented in Table 3.

Table 3. Conditions of experiments

N Na;SO, Current density, | Duration, = Na,SO, con-
g/l A/m? min version rate, %

1 86.3 17.02 600 8.7

2 78.8 14.15 1140 13.73

3 66.7 13.16 1080 7.20

4 61.9 23.10 300 5.53

5 79.6 118.57 240 36.53

6 50.5 60.24 300 22.92

7 39.0 89.64 300 42.33
NaOH circulation ' H,SO, circulation Na;SO,

N volume, L volume, L circulation volume, L

1 14.2 14.6 13.9

2 71.86 75.45 69.1

3 67.19 65.92 65.68

4 21.48 19.46 19.23

5 17.68 12.77 12.98

6 23.97 19.90 23.91

7 20.94 21.51 22.17

At duration of electrodialysis from 4 to 19 hours, con-
sumption of initial solution of sodium sulfate (Na,SO4) 13.9-
69.1 liters and current density 13.2-118.6 A/m? the degree of
conversion of sodium sulfate was 5.5-42.33%. The energy
consumption for the electrochemical process was 0.95-2.11
kW:-h per 1 kg of Na,SO..

Figure 8 shows the dependence of energy consumption for
electrodialysis on the initial concentration of sodium sulfate.
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Figure 8. Dependence of energy consumption for electrodialy-
sis on initial concentration of sodium sulfate

For predicting the required duration of the electrodialysis
process of sodium sulfate solutions to achieve the desired
degree of conversion, a dependence of the degree of conver-
sion on the current density was established. Based on the
data from Table 3, the values of current density and degree of
conversion were recalculated using interpolation. Figure 9
presents the dependence of the degree of conversion of
Na;SO4 on the current density at an electrodialysis duration
of 1 hour and an average salt concentration of 65 g/L.

¥y = 1,0594x - 0,475
R? = 0,9885

Conversion rate, %
)

20 30 40 50 60 70 80 20 100 110 120

Current density, A/m?

Figure 9. Dependence of conversion rate on current density

Figure 9 clearly demonstrates that an increase in current
density leads to a consistent increase in the degree of conver-
sion of sodium sulfate during the electrodialysis process.

4, Conclusions

A series of experiments by the method of planning exper-
iments with solutions of Na,SQa, in the presence of magnesi-
um sulfate impurity MgSQ, at concentrations from 2 to 8 g/l
was carried out. During the electrodialysis process, the pos-
sibility of magnesium precipitation as a hydrated precipitate
was identified, along with the simultaneous production of
target products — alkali and acid.

A series of experiments was conducted using the experi-
mental design method with sodium sulfate (Na;SOs) solu-
tions of varying concentrations. The methodology was re-
fined, and dependencies of the key electrodialysis parameters
were obtained under steady-state conditions without solution
circulation. This enabled the development of an approach for
predicting the process duration required to achieve complete
conversion of the initial solution, as well as determining the
calculated number of electrodialysis stages needed for opera-
tion of the unit in continuous flow mode.

The main performance indicators of the sodium sulfate
electrodialysis process, determined based on solution density
and controlled according to Faraday’s law, are the degree of

conversion and the specific energy consumption per unit
mass of Na;SOa.

Dependences of sodium sulfate conversion degree on ini-
tial solution concentration, current density during electrodi-
alysis and process duration are described by polynomials of
the second degree.

The scaling up of sodium sulfate solution electrodialysis
technology is significantly limited by the high specific energy
consumption for salt processing. From this perspective, the
use of multi-chamber electrodialyzers is advisable, as they
enable an increase in the energy efficiency of the process.
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CLiITi ’K9HE KBIIIKbLI pereHepaursiCbiMeH HAaTPuil cyJib(arbl
epITiHAITIEPIHIH JIeKTPOANAJIU3IHIH MEMOPAHAJIBIK
NMPoLeCTePiH 3epTTey
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Anpatma. byn okymbIcta opTypii eHAipicTIK mporectepae TysineriH Hatpuit cyibdartel (NapSOs) epitiHainepin
INEKTPOIMATH3 JIICI apKBLIBI KYHIBI OHIMAepre — KyKipT KblnkbuieiHa (H2SO4) sxoHe Hatpuit ruapokcuaine (NaOH) kaiita
OHJIey MYMKIHZIrl KapacTelpbuiaael. Harpuii cynegarel epiTiHALIEpiH KaliTa eHIEY Maceseci OJap/blH KeIl MeJlepie
TY3UIyiMeH jkoHe OefopraHUKaJbIK KOCTIaIap/IbIH KOFaphl KYPaMbIMEH ©3€KTi, ajl JACTYPJIIl Ta3apTy 9iCTepi SHEPTHUSHBI KOl
KaKET €Teli KOHE SKOHOMMKAJBIK TYPFhIIaH THimcis. ABtopiap MK-40, MA-41 xone MB-2U, conpaii-ak Ralex BM
MeMOpaHaTapslH KOJJaHa OTBHIPBIN, HATPUI Cyab(aThl epiTiHAUIepiH 3JIEKTPOIUATN3 apKelIbl OHAIPY MEH KaiiTa eHICYdiH
KOJIJIAaHBICTAFbI dJIiCTEpiHE TaNAAy JKYPTi3/i. DIEKTPOoAHAU3 )KYPIridy YIIiH KaTHOH- XoHe aHnoHanMmacTthiprbiin MK-40, MA-
41 (P®) xome EDCIR, EACIR (KXP) wmapkansl MemOpaHamapsl KOJJAHBUIFAH 3 KaMepayibl JKOHE 6 CEKIHSIIBI
3JIeKTpoaAranu3aTop cyjibanapel naiiganansuiasl. Cornaii-ak EDAM xone EDCM mapkainsl MeMOpaHanap KOJAaHBUTFaH KOTl
KaMepaibl CTEHATIK KOHABIPFBIHBIH CYJI0achl KapacTBIPBUIABI. YII KOHZIBIPFBIAA ToXipuOenep >xyprisy maptrapsl B.IL.
MaJbImeBTiH BIKTUMAJIABIK-TIETCPMUHACTIK AKCHEPUMEHTTEPAl JKocmapiay odiciMeH KYpacTHIPhULABL. bBipiHINI KOHIBIPFHI
YIIiH Kejxeci Toyenniumikrep anblHAbl: NapSOs KOHLIEHTpAIMsAChIHAH KOHBEPCHUS JIOPEXeCi, KaTOATBIK TOK THIFBI3/IBIFBI MEH
MgSO; KocmachbiHBIH MeJepiHe OalIaHBICTBI IPOLECC Y3aKTHIFbl. bacTanmkbl epiTiHIIHIH KOHIEHTPAIMACHl MEH TOK
TBIFBI3/IBIFBIHA  OAalJIaHBICTBI SHEPTUs IIBIFBIHBIHBIH YII KOHIBIPFBI OOWBIHIIA aJbIHFAH TOYCSJAUIIKTEPl 3JIEKTPOIUaIH3
NPOLIECIHIH OPBIHABIIBIFBIH Oaranayra MYMKIHIIK Oepei.
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HcciaenoBanue MeMOpPaHHBIX MPOLECCOB IEKTPOAMAIN3A PACTBOPOB
cyJb(aTa HATPUS C pereHepanuei MeJ04Yr U KUCIOThI
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AnHoTauus. B nanHoi pabote paccMaTpuBaeTcs BO3MOKHOCTB IepepaboTku pacTBOpoB cynbdara HaTpus (NaxSO4), 006-
pasyIomUXCsl B Pa3lUYHBIX NPOMBIIUICHHBIX INPOIEccax, B IIEHHbIE MPOXYKTHI — cepHylo kucinoty (H2SOs4) m rmapoxcun
Hatpus (NaOH) ¢ ncnonb3oBaHmeM MeTona siekTpoananuia. [Ipodiaema mepepaboTku pacTBOPOB Cyib(ara HATPUS aKTyallb-
Ha B CBS3M C UX 3HAYUTEIBHBIM 00BEMOM M BBICOKHM COJICpKaHHEM HEOPTaHWYECKUX MPUMECEH, MPH 3TOM TPaJULIUOHHbIC
METOJIbl OYHUCTKH SIBJISIOTCS YHEPTOEMKHMHU M IKOHOMHYECKH HelLlelleco00pa3HbIMU. ABTOpPaMH MPOBEJECH aHaJU3 CYLIECTBY-
IOIIMX METOJMK MOJY4YEHHs U TIepepadOTKH PacTBOPOB CyJb(ara HaTPHs AIIEKTPOHAIN30M C UCIONIb30BaHneM MeMOpan MK -
40, MA-41 u MBb-211 u mem6pan Ralex BM. C uenbio npoBeieHHs SJIEKTPOIHaIN3a IPUMEHEHbBI CXEMBI 3-X KaMEepHOTo U 6-
TH CEKIIMOHHOTO 3JEKTPOJHAIN3aTOPOB C HCIOJIh30BAHMEM KaTHOHO-, aHHOHOOOMEHHBIX MeMOpaH Mmapok MK-40, MA-41
(P®) u EDCIR, EACIR (KHP). PaccmarpuBanack cxema CTEHJOBOH yCTaHOBKHM MHOTOKaMEPHOTO 3JIEKTPOAMANM3ATOpa C
ucroib3oBaHueM MemOpaH Mapku memOpan EDAM u EDCM. CocraBiieHbl yCIOBUS MPOBEACHHS DKCIIEPUMEHTOB Ha 3-X
YCTaHOBKax MO METOXy BEPOSTHOCTHO-AETEPMHHHUPOBAHHOTO IUIAHMPOBAaHUS SKkcnepuMeHToB MaubiieBa B.II1. IMomydenst
3aBUCHMOCTH /7SI IEPBOIl yCTAaHOBKH: CTEIIEHb KOHBEPCUH OT KOHIEHTpauuu Na,SOs, MpomomKUTEIBHOCTH Tpoliecca OT Ka-
TOJHOW IUIOTHOCTH M cofeprkanne npuMecu MgSOs. 3aBUCHMOCTH pacxo/ia 3HEPTUU OT KOHIIEHTPAIK Ha4aJbHOTO PacTBOpa
Y IUTOTHOCTH TOKA HA 3-X YCTAHOBKAaX IO3BOJISIOT CYAUTH O LENECO00Pa3HOCTH MIPOBEICHNUS MTPOIIECCa IEKTPOANANIN3A.

Knrwouegvie cnosa: cynopam nampus, s1eKmpoouanus, Memopantvle npoyeccol, CUOPOKCUO HAMPUs, CepHAs KUCIOMA.
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The effect of iron on the production of ferrosilicon
and the volatilization of non-ferrous metals from a mixture
of sulfide ores from the Shalkiya and Zhayrem deposits
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Abstract. The article presents the results of studies on the complex processing of ores from the Shalkiya and Zhayrem de-
posits, a distinctive feature of which is not only a low degree of floatability (due to close mutual intergrowth of zinc and lead
ore minerals with non-metallic minerals), but also a high content (40-50%) of silica. The studies were carried out by thermo-
dynamic modeling methods using the HSC-6.0 software package based on the principle of minimum Gibbs energy, second-
order planning and electric smelting in an arc single-electrode furnace of sulfide ores from the Shalkiya and Zhayrem deposits
(with a ratio of 1:1) together with carbon (coke) and iron (steel cuttings). The effect of temperature and the amount of iron on
the equilibrium distribution of silicon, zinc, lead, the composition of the silicon-containing alloy and sublimates containing
zinc and lead was determined. Conditions for the equilibrium formation of grade ferrosilicon with the transition of 60 to 85%
silicon, at least 99% zinc and 48-89% lead into sublimates were determined. Ferrosilicon grade FeSi45 was obtained by elec-
tric smelting of a mixture of the Shalkiya and Zhayrem ores in the presence of 26% coke and 18% steel cuttings, and ferrosili-
con grade FeSi25 was obtained in the presence of 26% coke and 38% iron. Sublimates of electric smelting contain 25.0-26.1%
zinc and 10.5-11.8% lead.

Keywords: lead-zinc polymetallic ores, ferrosilicon, sublimates, thermodynamic modelling, electrosmelting.
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1. Introduction million tons of lead-zinc barite-free ore [17], containing 3.4-
5.73% Zn, 0.56-1.5% Pb [18]. A distinctive feature of these
ores is the high silica content (49.63-56.0%), which makes
them not only a source of non-ferrous metals, but also a
potential raw material for the production of silicon-
containing ferroalloys, such as ferrosilicon.

In M. Auezov South Kazakhstan University, together with
National Center for Complex Processing of Mineral Raw
Materials of the Republic of Kazakhstan, a technology for
complex processing of complex polymetallic ores of the
Shalkiya and Zhayrem deposits is being developed [19-21].
The technology is based on the joint production in one unit —
an electric furnace, of several types of products - silicon fer-
roalloy and non-ferrous metal sublimates. The developed
technology significantly increases the efficiency of non-
ferrous metal extraction and the complex use of raw materials,
significantly reducing. Previously, studies were focused on the
processing of ore from the Shalkiya deposit. At the present
stage, joint processing of the Shalkiya and Zhayrem ores is
becoming relevant, with the organization of their industrial
processing in one of the regions of Kazakhstan. Previously,
studies were conducted to determine the thermodynamic prob-
ability of joint processing of a mixture of the Shalkiya and
Zhayrem ores with a carbon and iron content of 22% [22].

The existing approaches to zinc production and extrac-
tion, mainly based on traditional pyrometallurgical and hy-
drometallurgical processing of sulfide ores, face a number of
significant difficulties [1-3]. Despite the fact that up to 80%
of the world’s zinc is obtained from sulfide raw materials
according to the classical scheme [4-9], it is characterized by
a significant number of stages: crushing, grinding, enrich-
ment, roasting, leaching, solution purification, electrolysis
and obtaining cathode zinc. This approach leads to relatively
low rates of valuable metal extraction and the formation of a
large amount of waste, such as enrichment tailings and leach-
ing cakes. Research in the field of enrichment and hydromet-
allurgical processing of lead-zinc ores is also not able to
completely solve the problem of low zinc and lead extraction
into concentrate, and is also associated with the formation of
multi-ton waste — enrichment tailings [10-13]. These prob-
lems are especially relevant for the Shalkiya and Zhayrem
complex polymetallic ore deposits. The reserves of these
deposits are significant: Shalkiya contains 129.35 million
tons of balance and 119.56 million tons of off-balance ores
(3.49-4.27% Zn, 0.8-1.28% Pb) [14-16], and Zhayrem con-
tains 136.7 million tons of barite-polymetallic ore and 62.9
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The paper presents the results of studies on the effect of the
amount of iron on the formation of ferroalloy and distillation of
non-ferrous metals in relation to the joint processing of ores
from the Zhayrem and Shalkiya deposits, with a ratio of 1:1.

2. Materials and methods

The studies were carried out by thermodynamic modeling
using the HSC Chemistry 6.0 software package, with the
Equilibrium Compositions module [23]. To calculate the
equilibrium distribution of components (o, %), an algorithm
created by employees of Department of Metallurgy of M.
Auezov SKU was used [24].

Calculations were carried out in the temperature range of
500-2000°C with an interval of 100°C and a pressure of 1
bar. The amount of carbon was determined based on what
was theoretically necessary for the complete reduction of
zinc, lead, silicon and iron, and amounted to 26% of the mass
of the ore mixture. The amount of iron in the mixture varied
from 13 to 47% of the mass of the ore mixture. Composition
of the original mixture, mass. %: 49.1 SiO,, 19.1 Ca0, 7.9
Al,O3, 3.1 FeS;, 1.3 PbS, 6.2 ZnS, 3.6 MgO, 0.8 MnO, 5.7
Fe»03, 0.4 Na20, 3.1 BaSO..

The determination of the optimal technological parame-
ters for ore processing was carried out using the method of
second-order rototable planning (Box-Hunter plan) [25, 26].
The MathCAD program [27] was used to visualize the opti-
mization parameters and create three-dimensional and flat
graphic models.

3. Results and discussion

Using the software package, primary information was ob-
tained on the quantitative (kg) distribution of substances in the
system of 50 kg Shalkiya ore, 50 kg Zhayrem ore, 26 kg car-
bon, 30 kg iron, using the algorithm [24] the equilibrium degree
of distribution of components in the system was calculated.

From Figure 1 it is evident that the formation of FeSi and
FesSi begins at a temperature of 1200°C, FesSis at 1400°C,
FeSi, and FeSiy3; at 1500°C, CaSi at 1800°C. The highest
degree of distribution of silicon in elemental form is ob-
served at 2000°C and is 16.1%.

FeSi 45 -
% ALRSiOs ... [| Fe3Si
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Figure 1. Effect of temperature on the equilibrium distribu-
tion of silicon: (a) —formation of ferrosilicon phases and ele-
mental silicon; (b) — transition of silicon into the gas phase in the
form of SiO

A further increase in temperature leads to a decrease in the
proportion of silicon in elemental form, which is associated
with the transition of silicon into gaseous oxide — SiOg (at
2000°C, the degree of extraction of silicon in SiOg is 12.3%).

Figure 2 shows the effect of temperature on the equilibri-
um distribution of zinc and lead, from which it is evident that
zinc simultaneously begins to be reduced and converted into
gas at 1100°C. At 1700°C, more than 99% of it passes into
the gas phase.
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Figure 2. Effect of temperature on the equilibrium degree of
distribution of zinc (a) and lead (b)

Lead in the system is almost completely reduced at 1200-
1300°C. Then, with increasing temperature, it passes into gas,
reaching a maximum of 87.03% at a temperature of 2000°C.

Depending on the temperature, the following elements
pass into the alloy: Al, Ca, Fe, Mg, Mn, Na, Pb, Si, Zn, and
the following elements pass into the gas phase: Al, Ca, Mg,
Mn, Na, Pb, Si, Zn. Figure 3 shows the extraction of ele-
ments into the alloy and into the gas phase.
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Figure 3. Effect of temperature on the degree of extraction of
elements into the alloy (a) and into the gas phase (b)

The highest degree of silicon extraction into the alloy is
observed at 2000°C (81.2%). Aluminum is transferred to the
alloy to the maximum (19.3%) at 2000°C. The degree of
silicon extraction (ZaSi(g) = aSi(g) + aSiO(g)) into the gas
phase is 3.26% at 1700°C and 12.3 at 2000°C.
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Figure 4 shows information on the content of Si, Pb, Zn, Al
in the alloy (excluding iron) and the concentration of Zn, Si, Pb
in the gas phase (excluding Ca, Mg, Mn, Na, CO, CO,, SOy).
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Figure 4. Effect of temperature on the content of elements in
the alloy (a) and gas phase (b)

At 1800°C the alloy contains 65.18% Fe, 33.06% Si,
0.16% Al, 0.02% Ca, 0.03% Mg, 0.84% Mn, 0.01% Na,
0.67% Pb, 0.04% Zn. The maximum silicon content in the
alloy (33.75%) is observed at 1900°C. The aluminum content
in the alloy reaches 1.5% at 2000°C. The content of elements
in the gas phase (excluding CO(g), CO2(g), COS(g), CS2(g),
CS(g), SO2(g)) at 1800°C is as follows: 46.46% Zn, 8.55%
Pb, 17.25% Si, 0.02% Al, 0.05% Ca, 12.75% Mg, 1.78%
Mn, 3.3% Na, 9.83% O, 0.01% S. The highest concentration
of zinc in the gas phase (98.1%) is observed at 1300°C, and
lead — 8.6% at 1700°C. Silicon (as the sum of Si(g) and
SiO(g)) also passes into the gas phase, its content is maxi-
mum at 2000°C — 21.7%.

Effect of temperature and iron content on the degree of sil-
icon extraction and its concentration in the alloy is shown in
Figure 5. As follows from Figure 5, changing the amount of
iron significantly affects the technological parameters.
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Figure 5. Effect of temperature and iron on the extraction (a)
and concentration (b) of silicon in the alloy. The numbers near
the lines are the amount of iron, %

With an increase in the amount of iron in the system, the de-
gree of silicon extraction into the alloy increases, while the
concentration, on the contrary, decreases. The maximum degree
of silicon extraction (86.5%) is observed at 2000°C and 47%
iron. The highest concentration of silicon in the alloy (45.9%) is
observed at 1900°C and a minimum iron content (13%), while
the degree of silicon extraction does not exceed 72.4%.

Changing the amount of iron does not significantly affect
the degree of zinc and lead extraction into the gas (Figure 6a).
The degree of silicon extraction into the gas phase in the form
of X (SiO and Si) decreases with increasing iron. For example,
at a temperature of 2000°C and 13% iron, the degree of silicon
extraction into the gas is 21.2%, and at 47% iron — 7.3%.

From Figure 6b it is evident that changing the amount of
iron has little effect on the lead concentration in the gas. The
maximum lead concentration is observed at 1800°C (7.7-
9.5%). Up to 1600°C, the amount of iron has virtually no
effect on the zinc concentration in the gas. Then, up to
2000°C, with an increase in the amount of iron, the zinc con-
centration increases. The maximum zinc concentration
(98.2%) occurs at 1300°C regardless of the amount of iron.
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Figure 6. Effect of temperature and amount of iron on the degree of metal extraction into gas (a), concentration of zinc and lead (b)
and silicon (c) in the gas phase. The numbers near the lines are the amount of iron, %
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The silicon content in the gas phase (Figure 6¢) decreases
significantly with increasing iron content. At 1800°C and
13% iron, the silicon concentration in the gas is 24.04%, and
at 47% iron — 10.73%. In order to determine the optimal
equilibrium parameters of the effect of iron on the formation

of alloy and lead-zinc sublimates from the mixture of the
Zhayrem and Shalkiya ores, the studies were conducted us-
ing the second-order rototable planning method. The study
planning matrix is given in Table 1.

Table 1. Planning matrix and results of studies of the effect of temperature and amount of iron on technological indicators

Variables . .
No. Coded view Natural view aSIé/a”"y)’ CSL‘;”"V)’
X Xs T,°C | Fe % ’ ’
1 -1 -1 1743.6 17.9 67.00 38.50
2 +1 -1 1956.4 17.9 75.50 41.00
3 -1 +1 1743.6 421 78.30 27.00
4 +1 +1 1956.4 42.1 85.38 27.00
5 1.414 0 2000 30 81.18 33.56
6 -1.414 0 1700 30 70.22 30.57
7 0 1.414 1850 47 84.26 26.59
8 0 -1.414 1850 12 65.20 43.35
9 0 0 1850 30 79.54 33.40
10 0 0 1850 30 78.80 33.50
11 0 0 1850 30 80.40 33.30
12 0 0 1850 30 79.10 33.20
13 0 0 1850 30 80.00 33.80

Based on the results of the research according to the plans
presented in Table 1, the regression equations were obtained:

aSicaiioy) = -515.189+0.569-T +1.863- Fe~1.415-10~* -T2 -

~1.43.1072.Fe? -2.757-107* .T - Fe @)
CSi(alioy) = —206.971+0.259-T +0.091- Fe - 6.386-T2 + 2
+4.979-10~3 . Fe? —4.855-10™ .T - Fe

aZN(gas) = 74.723+0.025-T —0.016- Fe —6.369-10°° - .
T2 42049 -Fe? +6.214-10°.T - Fe

CZN(gas) =1154.65-1.124-T +1.156 - Fe +2.78-10 - @
T2_-1.318-1073-Fe? —3.495.10*.T - Fe

aPlygas) =-1030.71+1.073-T —0.147- Fe - 2.555-10~* - -
7241427103 . Fe? -3.884-10°.T - Fe

CPb(gaS) =-24.16+0.043-T —0.318-Fe—1.465- ©
T2-4849-10% Fe? +2.268-10™*.T - Fe

aSi(gas) =—146.464+0.12-T +1.293- Fe —1.606-10* )
T214173-10°% . Fe? -9.903-10 4 .T - Fe

CSi(gas) = —286.557+0.307-T —0.148- Fe—7.261-10 - ©

T2 424791072 . Fe? -2.33-10%-T -Fe

Using which 3D models and their horizontal response
surfaces were constructed (Figures 7-10).

From Figure 7 it follows that the highest degree of silicon
extraction into the alloy — 85.69% is observed at a tempera-
ture of 1960°C and 47% iron, and the maximum concentra-
tion is 44.5% at 1960°C and 13% iron.

11

(xZn(gaS), CZn(gaS), an(gas)v CPb(gas), aSi(gas), CSi(gas),
% % % % % %
99.42 50.00 58.60 7.90 7.50 20.00
99.78 29.30 85.20 6.33 16.80 27.00
99.34 61.50 56.40 9.20 3.00 10.00
99.73 39.00 82.80 8.80 7.20 15.80
99.80 32.01 87.10 7.50 12.30 21.76
99.17 64.57 48.82 8.60 3.26 11.69
99.58 48.82 71.25 9.38 4.47 11.87
99.69 34.39 77.08 7.10 14.26 26.32
99.63 41.96 73.72 8.33 8.15 18.57
99.63 41.80 72.80 8.42 8.10 18.40
99.65 42.20 73.83 8.30 8.22 18.60
99.64 41.70 73.75 8.26 8.25 18.30
99.62 42.30 73.85 8.38 8.13 18.70

From Figures 8-10 it is evident that at 13% iron and a
temperature of 2000°C the maximum degree of zinc extrac-
tion is 99.82%, lead — 89.49% and silicon — 21.08% into the
gas phase, as well as the highest silicon content in the gas
phase — 30.27%. The highest concentration of zinc (71.8%)
and lead (9.36%) in the gas phase is observed at 47% iron
and a temperature of 1700°C and 1775°C, respectively.

&)

‘.\‘ \

—|_gs—

kE] S

aSi(alloy).%

—— {73

1775 1850 1925 2000
Temperature, °C

®)

C Si (alloy), %

1850 1925
Temperature, °C
o

(b)

Figure 7. 3D models and planar projections illustrating the ef-
fect of temperature and iron content on silicon behavior:
(a) — degree of silicon extraction into the alloy; (b) — silicon con-
centration in the alloy

The basis for determining the optimal equilibrium tech-
nological parameters was the silicon concentration in the
alloy corresponding to its grade.
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Figure 8. 3D models and planar projections illustrating the ef-
fect of temperature and iron content on zinc behavior:
(a) — degree of zinc extraction into the alloy; (b) — zinc concentra-
tion in the gas phase
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Figure 9. 3D models and planar projections illustrating the ef-

fect of temperature and iron content on lead behavior:
(a) — degree of lead extraction into the alloy; (b) — lead concentra-
tion in the gas phase

Geometric optimization was performed by superimposing
the dependencies aSi(alloy) = f(T, Fe) and CSi(alloy) = f(T,
Fe) on one horizontal plane with the determination of
aZn(gas), aPb(gas) and aSi(gas) at the points of the bounda-
ry regions (Figure 11 and Table 2). Table 2 shows the tech-
nological indicators at the points of Figure 11.
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Figure 10. 3D models and planar projections illustrating the
effect of temperature and iron content on silicon behavior in the
gas phase: (a) — degree of silicon extraction; (b) — silicon concen-
tration in the gas phase
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Figure 11. Combined picture of the effect of temperature and
amount of iron on technological parameters

It is evident from Figure 11 that ferrosilicon grade
FeSi25with the extraction degree of 75.9-85.5% silicon is
formed in the temperature range of 1700-2000°C and 35.87-
47% iron. At the same time, 99.1-99.2% zinc, 47.2-86.0%
lead, and 2.0-10.0% silicon pass into the gas phase contain-
ing 34.7-71.8% Zn, 8.0-9.1% Pb, and 6.1-11.4% Si.

In the temperature range of 1741-2000°C at 13-17.83%
iron, ferrosilicon grade FeSi45 is formed, into which silicon
passes by 60.8-74.2%. The content of metals in the gas
phase: zinc — 25.7-48.4%, lead — 5.4-7.7%, silicon — 21.8-
30.3%. In this case, 99.4-99.8% Zn, 59.4-89.5% Pb, 21.8-
30.3% Si pass into the gas phase.
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Table 2. Values of technological parameters at the points of Figure 11

Points of

Figure T, °C Fe, % dsi(auoy), % CSi(a"cy), % U.ZIl(gas), %
a 1700 47 75.9 24.9 99.1
b 2000 47 85.5 24.7 99.8
c 2000 35.87 84.0 29.9 99.8
d 1700 31.9 71.9 30.0 99.2
k 1741 13 60.8 41.0 99.4
m 1845 16.6 70.1 41.1 99.7
n 2000 17.83 74.2 41.0 99.8
| 2000 13 70.0 445 99.8

Photographs of ferroalloys obtained by electric smelting
of batches No.1 and No. 2 are shown in Figure 12. SEM
analysis of the alloy of batch No. 2 is shown in Figure 13.
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Figure 12. Photographs of the obtained ferroalloys. (a) — batch
No. 1, (b) — batch No. 2
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Figure 13. SEM microstructure and EDS spectrum of the al-
loy obtained from batch No. 2. Elemental composition (wt.%):
8.59 C, 0.46 Na, 0.40 Al, 33.45 Si, 0.26 CI, 0.91 Ti, 0.30 Cr, 1.47
Mn, and 54.17 Fe.
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CZn(gaS), % UvPb(gas) % CPb(gaS), % aSi(gas), % CSi(gas), % A"Oy grade

718 472 9.1 20 6.1

386 84.8 9.1 6.2 145 .
347 86.0 8.0 10.0 19.0 FeSiz5
64.9 487 87 29 11.4

48.4 59.4 77 8.9 218

365 75.0 73 126 245 .

27.7 88.6 6.0 18.4 27.7 FeSi45
25.7 89.5 5.4 211 30.3

Experimental exploratory electric smelting of the mixture
of the Shalkiya and Zhayrem ores with different amounts of
iron was carried out. (A detailed description of the electric
smelting technique is presented in [28, 29]). The electric
smelting of batch (No. 1) containing the mixture of the
Shalkiya and Zhayrem ores, 26% coke, and 16.4% iron
yielded ferrosilicon with a silicon content of 36.0-41.5%,
which corresponds to ferrosilicon grade FeSi45 [30].

The resulting sublimates contain 27.0-29.1% zinc and
12.5-14.2% lead. The electric smelting of batch (No. 2) con-
taining the mixture of the Shalkiya and Zhayrem ores, 26%
coke, and 38% iron yielded ferrosilicon with a silicon content
of 28.8-37.2%, which corresponds to ferrosilicon grade
FeSi25. The process resulted in the formation of sublimates
containing 25.0-26.1% zinc and 10.5-11.8% lead (the analy-
sis of the sublimates was carried out by titrimetric method in
Central Analytical Laboratory of A-Mega Trading LLP).

4. Conclusions

Based on the obtained results on the effect of the amount
of iron on the formation of ferroalloy and distillation of non-
ferrous metals during the processing of the mixture of ores
from the Zhayrem and Shalkiya deposits, in a ratio of 1:1, it
was established that:

Under equilibrium conditions:

- the interaction products in the system are: CO), FeSi,
CaSiOs, FeSiOs;, *2CaO*SiO;, SiOy, CaS, MgSiOs,
CaO*A|203, FE3Si, ZnS, Ca(g), A|203, A|25i05(A), Zn(g),
FeO, Si, *3Ca0O*Al,03, Mg(g), BaO, Al, MgO, Ca0, Al),
Pb, MI’ISiO3, Pb(g), FE5Si3, PbS, Nazsi03, Zn, CaSi, Mn,
Mne), MnO, FeSiz, COyq), Nag), FeSizzs, *2Ca0*Al,0s3,
COSyg), Si(g), FeSiz.a3.

— with an increase in the amount of iron in the system, the
degree of silicon extraction into the alloy increases, while the
concentration, on the contrary, decreases;

— ferrosilicon grade FeSi25, which contains 24.7-30% Si,
is formed in the range of 1700-2000°C in the presence of
35.87-47% iron. The degree of silicon extraction into the
alloy is 75.9-85.5%. 34.7-71.8% zinc, 8.0-9.1 lead and 6.1-
11.4% silicon pass into sublimates;

— ferrosilicon grade FeSi45 is formed in the range of
1741-2000°C with the iron content of 13-17.83%. The degree
of silicon extraction into the alloy is 60.8-74.2%. The sub-
limes contain 25.7-48.4% zinc, 5.4-77% lead and 21.8-30.3%
silicon.

Ferrosilicon grade FeSi45 was obtained by electric smelt-
ing of the mixture of the Shalkiya and Zhayrem ores in the
presence of 26% coke and 18% steel cuttings, and ferrosili-
con grade FeSi25 was obtained in the presence of 26% coke
and 38% iron. The sublimes formed in this case contain 25.0-
26.1% zinc and 10.5-11.8% lead.
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Hlanxus sxone Koipem cyb(PuATI KeHAEPiHIiH KOCIACKIHAH
TYCTi MeTaJIAaAPAbI aliay KIHEe KPeMHHJIi GeppoOKOPbITIAHBI
aJyaa TeMipaiH dcepi
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Anparna. Maxkanaga Illankus xoHe JKoiipeM KeH OpBIHIApBIHBIH KEHICPIH KEHICHAlI oHJey OOMBbIHIIA 3epTTeylepaiH
HOTIDKEINIEpl KeNTIpPUIreH, OHOAFbl  (proTanusiayAblH TOMEH IopekeciHae FaHa eMmec (MBIPHIII TeH KOPFACchIH KEeHiHiH
MHUHEPAIIAPBIHBIH METa/Ul eMeC MUHEpaJIapMEeH ©3apa THIFbI3 ocyiHe OaliIaHBICTHI), COHBIMEH KaTap KPEMHE3EMHIH XKOFaphl
mesmepiniriven (40-50%) aiipsikma epexmeneneni.3eprreynep Llankus sxone XolipemM KeH OpBIHIAPBIHAAFBI CYIbQHUATI
keHaepai (1:1 xaTbIHACBIMEH) KOMipTeTiMEeH (KOKCIIEH) JKOHE TeMipMeH (TeMip JKOHKACHIMEH) Oip 3JIeKTPOATHI JOFAJbI MEIITe
ANIEKTPJIi OAJKBITYMEH, CKiHIII PeTTi jKocmapiiayMeH oHe ['MOOC SHeprusiChIHBIH MUHHMMAIAbI NPHUHIMIIIHE HEri3JenreH
HSC-6.0 bargapinaMainblk KelleHIH KOJIJaHy apKblIbl TEPMOJMHAMUKAIIBIK MOJEJIbICY daicTepiMeH xyprisinai. TemnepaTtypa
MEH TeMip MeJIIepiHiH KPeMHHMHKYpaMIac KOPBITIIAHBIH, MBIPBIII MEH KOPFAChIHBI Oap aijaynap/AblH KYpaMblH JKOHE
KPEMHHI/IIH, MBIPBIIITBIH, KOPFACHIHHBIH OIpTeKTi TapayyblHa ocepi aHblKTayabl. Kypambiga 60-tan 85% kpemuuiire,
keminge 99% wmbipbiin xoHe 48-89% KOpracklH aiijaynapeiHa OTETIH COPTTHl (EeppOCHIMUMUA TY3UIyHAiH Tene-TeHJIK
maptTapbl aHbikTaiael. Hlankus sxoHe JKolipem keHIepiH dIeKTpuiOaiKbITyia Kocna Kypambl 26% kokc xone 18% Oomat
JKOHKACBIHBIH KaTbicybIMeH FeSi45 mapkanel ¢eppocumummii, an 26% Kokc koHe 38% TeMip >KOHKACHIHBIH KAaTBICYBIHIA
FeSi25 deppocummmmii anbHabl. DneKTpiaidankeiTy ainaymapst 25.0-26.1% mbipei nen 10.5-11.8% kopracsiHHAH Typasbl.

Hezizzi co30ep: muipbiut neH KOpeacih NOIUMEmMAaill KeHoepi, ¢peppocunuyuil, auoaynap, mepmoOUHAMUKATIBIK MOOeboey,
9NEKMPOOATKLIMY.
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AHHOTauuA. B cTaThe MpuBOASITCS pe3ynbTaThl UCCIEAOBAHNN 10 KOMIUIEKCHOH TiepepaboTke pyx MecTtopoxkaeHui [a-
kus ¥ JKalipeM, OTIIMYUTENEHON 0COOCHHOCTHIO KOTOPBIX SIBIIICTCS HE TOJIBKO HE BBICOKas CTENeHb (protupyemoctu (u3 -3a
TECHOT0 B3aMMHOT'O MPOPACTAHUS PYAHBIX MUHEPAIOB [IMHKA U CBUHIIA C HEPYAHBIMU MUHEpaJaMu), HO U BBICOKOE COJIEpKa-
Hue B HUX (40-50%) kpemuezema. VccnenoBanus MpoBeIeHB METOJaMU TEPMOAMHAMHYECKOTO MOJICIIUPOBAHUSI C UCIIONB30-
BaHUEeM IporpamMmHoro komiwiekca HSC-6.0, 0cHOBaHHOT'O Ha NPUHIIMIIC MHHUMYMa 3Heprun ['n60ca, IIaHUpOBaHUEM BTO-
pOTo MopsiJIKa U IIEKTPOIUIABKOW B AYrOBOH OJHOIEKTPOJHOM Neun cynbQUIHbIX pya MectopoxkaeHuid [Hankus n XKaiipem

15


http://www.mogroup.com/hsc
https://doi.org/10.1051/e3sconf/202453101025
https://doi.org/10.51301/ejsu.2023.i6.02
mailto:shevkovm@mail.ru
mailto:shevkovm@mail.ru

D. Aitkulov et al. (2025). Engineering Journal of Satbayev University, 147(6), 8-16

(c orHOMIEHHEM 1:1) COBMECTHO ¢ yriiepoaoM (KOKCOM) U Kene30M (CTalmbHOU cTpykkoii). OTnpeiesieHo BIUsSHUE TeMIIepaTy-
PBI ¥ KOJIMUYECTBA JKEJIe3a Ha PAaBHOBECHOE paclpezielieHue KPEMHHUS, [IMHKA, CBUHIA COCTaB KPEMHHUHCOEPIKAIETO CIUIaBa U
BO3TOHOB, COJAEPXAIIMX LUHK U cBHHel. OmpeneseHbl YCIOBHS PaBHOBECHOI'O OOpa3OBaHMS MAapOYHOrO (heppoCHIMIus C
nepexonoM B HUX oT 60 no 85% kpemuusi, He MeHee 99% nmHka 1 48-89% cBUHIA B BO3TOHBI. DIIEKTPOIUIABKOH CMECH Py
Hlankust u XKaiipem B npucyrctBun 26% kokca u 18% cranpHO# cTpyxku nosnydeH ¢eppocunununii Mmapku FeSi45, a B npu-
cyrcTBuH 26% Kokca u 38% ixene3a -dpeppocununuii FeSi25. Bo3rons! anekrporiaBku coaepxar 25.0-26.1% munaka u 10.5-
11.8% cBuHIA.
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Abstract. Recycling manganese-rich industrial residues is a significant technological and environmental challenge in min-
ing regions because it lowers long-term waste accumulation and provides a valuable supplementary feedstock for ferroalloy
production. This study thoroughly examined fine-grained manganese sludge from the Ushkatyn-3 deposit (JSC «Zhayremsky
GOKM») using particle size analysis, X-ray fluorescence spectroscopy, X-ray diffraction, ICP-AES, and differential thermal
analysis. Nearly all of the original technogenic material, which contained 15.0-18.3% Mn, was composed of barite, quartz,
bixbyite, calcite, and braunite. Based on the identified granulometric and mineralogical properties, a gravity-magnetic benefi-
ciation flowsheet was created. Sequential treatment using jigging, concentration tables, and high-intensity magnetic separation
produced a finely dispersed manganese concentrate with a Mn content of 34.9-35.2% and a recovery of roughly 61%. Pelletiz-
ing mixtures containing calcium oxide, natural iron-bearing diatomite, and, in certain compositions, coke was made using the
resultant concentrate. The formation of green pellets during granulation in an Eirich mixer-granulator has been examined in
relation to binder content and particle-size distribution. The thermal behavior of the composite mixture was examined using
TGA-DTA/DSC and quadrupole mass spectrometry, which revealed dehydration, carbonate breakdown, and polymorphic
transformations of manganese phases over the temperature range of 200-1160°C. Because it offers adequate phase consolida-
tion without partial melting, the sintering process proved that 1170°C is the optimal firing temperature. The formation of ferro-
bustamite (CaFe,Si20O4), hausmannite (Mn3Oa,), and jacobsite (MnFe,0O.) was verified by X-ray diffraction analysis of the fired
pellets. This is the ferrosilicon calcium binding phase, which strengthens the agglomerates’ structural integrity. The sintered
pellets’ high mechanical strength (up to 33.8 kg per pellet), apparent density of 1.45-1.91 g/cm3, and open porosity of 27-35%
attest to their suitability as feedstock for ferromanganese alloy production. The developed beneficiation and agglomeration
method represent an effective way to convert low-grade manganese sludge into useful metallurgical raw materials. The pro-
posed technology reduces the environmental impact of tailings ponds and opens a viable path to the sustainable use of manga-
nese-containing industrial waste.
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1. Introduction Study [6] provides data on the processing of ore material
containing 17% pyrolusite, 78% calcite, and 4% quartz. In
the first stage, using gravity enrichment on separation
equipment, a pyrolusite concentrate was obtained, character-
ized by a specific manganese oxide content of 20%.

Subsequent application of high-intensity magnetic sepa-
ration increased the MnO content to 44.3% with a total ele-
ment recovery of 61.3%. Studies have been conducted on the
enrichment of fine-grained manganese ore with a low man-
ganese content [8]. Classification followed by a two-stage
process of high-intensity magnetic separation (1.7 and 1.1 T)
made it possible to obtain an iron-manganese concentrate
with a Mn content of 37% and a recovery rate of 48%.

The possibility of gravitational and magnetic enrichment
of aged manganese sludge has been studied [10]. Using a
3.0-0.63 mm class screening process and 0.63-0.071 mm
class magnetic separation, a concentrate with a manganese
content of 38.25% was obtained.

The processing of manganese ores produces significant
volumes of finely dispersed manganese-containing raw mate-
rials [1]. The use of mineral formations of technogenic
origin, including finely dispersed crushing products, residues
after enrichment, and slags from metallurgical processes,
opens up new opportunities for the effective development of
the raw material base and reduction of natural resource use
by involving secondary resources in the technological cycle.
This approach not only significantly reduces the costs asso-
ciated with traditional mineral extraction but also contributes
to solving pressing environmental issues related to the dis-
posal of industrial waste and reducing the anthropogenic
impact on the environment [2-5].

Research is being conducted on the enrichment of low-
quality iron-manganese raw materials using flotation and
magnetic separation processes [6-9].
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For use in metallurgical processes for smelting finely dis-
persed concentrates obtained by enriching manganese-
containing sludge, they must be agglomerated into pellets and
briquettes. The strength characteristics, melting and reducing
properties of manganese pellets have been studied depending
on the nature of the fluxing materials, carbon content, ratio of
acidic and basic oxides, and heat treatment conditions [11-
17]. As a rule, substandard concentrate of the fine fraction is
used for pellet production. Various types of binders are added
to the charge to ensure strength characteristics.

Work [18, 19] presents the results of pellet formation us-
ing bentonite as a binder. The resulting pellets were dried
and then fired at a temperature of 1300°C. According to the
assessment, the physical and mechanical properties of the
pellets met the requirements for ferroalloy production.

A method for producing composite pellets for silicoman-
ganese production, consisting of manganese ore, iron ore,
fine coke, and ferromanganese slag without additional bind-
ers, is described [18]. The physical properties of the pellets
obtained, such as cracking and reducibility, were significant-
ly improved compared to the original lump manganese ore.

The results of the study [19] confirmed the effectiveness
of the thermohydrotreatment method in autoclave conditions
for strengthening fluxed manganese material. It was found
that the initial (raw) pellets had a strength of about
3.55 kg/pellet, while after autoclave treatment, this figure
increased to 40-60 kg/pellet. The samples obtained demon-
strated thermal stability and retained their structural integrity
under rapid thermal exposure up to 1000°C, which indicates
their suitability for smelting carbon ferromanganese.

Thus, it has been established that autoclave-hardened
manganese pellets formed from finely dispersed concentrates
are characterized by high strength, uniformity in particle size
and chemical composition, and are capable of effective car-
bon reduction under metallurgical process conditions.

In recent years, researchers have shown growing interest
in the use of fine-grained manganese residues that remain
after ore beneficiation and metallurgical operations. These
materials are difficult to handle because of their small parti-
cle size and uneven mineral composition, and for that reason
they cannot be directly fed into pyrometallurgical processes.
This makes the question of how to agglomerate them into a
stable, uniform product an important practical issue.

Another point that requires attention is the choice of addi-
tives introduced into the pellet mixture. Fluxes, carbon mate-
rials, and various silicate components influence the reactions
that occur during firing and determine which binding phases
eventually form. Several publications report that natural
aluminosilicates, clay-rich residues, and diatomite can pro-
mote the formation of calcium-silicate and related phases,
which improve the strength of pellets under reducing condi-
tions typical of ferroalloy production [20-23].

At the same time, manganese-bearing waste from specific
deposits in Kazakhstan has not been investigated in detail.
Differences in mineralogical composition, particle shape,
impurity content, and moisture content require adjustments
to separation stages and pelletizing methods. Therefore,
additional research is needed to determine methods for pro-
ducing agglomerated materials that meet the requirements of
metallurgical processing.

The aim of this work was to develop methods for enrich-
ing finely dispersed manganese-containing raw materials and
obtaining pellets suitable for smelting into ferromanganese
alloys based on manganese concentrate.
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2. Materials and methods

A sample manganese sludge with a size of -5+0 mm was
taken at the Ushkatyn-3 deposit (JSC «Zhayremsky GOK»)
with a mass of 200 kg. The manganese content in the average
sludge sample was 15.04% (15.96%), and the iron content
was 6.03% (5.97%).

The following materials were used in the study: manga-
nese concentrate obtained by enriching manganese-
containing sludge, diatomite from the Zhalpak deposit, calci-
um oxide, and coke.

The chemical composition of the raw materials and pro-
cessed products was determined by analysis using inductive-
ly coupled plasma atomic emission spectrometry (ICP-AES)
on an Optima 8000 DV (ICP, PerkinElmer, Norwalk, CT,
USA), and X-ray fluorescence data was obtained using a
Venus 200 wave dispersion spectrometer from PANalytical
(Netherlands).

X-ray phase data were obtained on a D8 Advance diffrac-
tometer (Bruker AXS GmbH, Karlsruhe, Germany) with a
cobalt anode, radiation, Cu. Differential thermal analysis of the
mixture for pellet production was performed on a TG-
DTA/DSC synchronous thermal analyzer and a STA 449 F3
Jupiter® quadrupole mass spectrometer (NETZSCH, Germany).

The particle size distribution of manganese-containing
technogenic raw materials from the Ushkatyn-3 deposit was
studied on a sample with a size of -5.0 + 0 mm.

Sieve analysis was performed by sequentially sieving the
test sample through a standard set of laboratory sieves, fol-
lowed by determination of the mass fraction of material re-
tained on each sieve, calculated based on the mass of the
initial sample. To evaluate the size distribution of particles in
the slurry sample, sieves with mesh sizes of 2.0, 1.0, 0.5,
0.315, 0.16, and 0.1 mm were used. Sieving was performed
using a mechanical vibrating analyzer.

3. Results and discussion

The particle size distribution of the material under study
is presented in Table 1. The content of manganese, iron, and
silicon was determined in the sieve analysis products.

Table 1. Results of sieve analysis of a sample of sludge frac-
tion (-5.0+0) mm from the Ushkatyn-3 deposit

Element content, % Element distribution, %

Class, mm Yield, % Mn Fe Mn Fe
+2.0 22.17 16.10 5.10 22.37 18.91
-2.0+1.0 22.44 15.01 5.21 21.08 19.56
-1.040.5 24.32 15.92 6.24 24.26 25.38
-0.5+0.315 9.02 16.12 6.81 9.11 10.27
-0.315+0.16 14.25 16.34 7.02 14.58 16.68
-0.16+0.1 3.95 18.30 8.22 453 5.43
-0.1+0.0 3.85 16.88 5.86 4.07 3.77
Total 100.0 15.96 5.97 100.0 100.0

The results of the granulometric analysis of manganese-
containing sludge from the Ushkatyn-3 deposit (Figures 2 and
3) show that the largest mass is represented by the +0.5 mm
size class and accounts for 68.93%, while the other size classes
vary from 3.85% to 14.25%. The content and distribution of
manganese and iron in different size classes of manganese-
containing sludge are shown in Figures 2 and 3. It is shown
that the manganese content in different fractions differs insig-
nificantly and ranges from 15.0 to 18.3%. Most of the manga-
nese is concentrated in fractions larger than 0.5 mm.
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Figure 2. Manganese and iron content in different size classes
of manganese-containing sludge
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Figure 3. Distribution of manganese and iron in different size
classes of manganese-containing sludge

Along with studying the particle size distribution, X-ray
fluorescence and X-ray phase analyses of the sample were
performed (Table 2 and 3).

Table 2. Results of X-ray fluorescence analysis of a sample of
manganese-containing sludge from the Ushkatyn-3 deposit

Component Component

Components contsnt, % Components contsnt, %
0 44.12 K 0.273
Mn 16.78 Ca 16.21
Fe 5.52 Ti 0.149
Na 0.301 As 0.036
Mg 0.795 Cu 0.015
Al 141 Zn 0.067
Si 6.89 Pb 0.239
P 0.025 Sr 0.127
Cl 0.041 Ba 6.437
S 0.701 Pb 0.002

Table 3. Results of X-ray phase analysis of a sample of man-
ganese- containing sludge

Compound name Formula S-Q, %
Calcite Ca(co.) 41.2
Quartz SiO, 13.0

Brownite Mn; Og (SiO4 ) 10.1
Bixbyite FeMnO; 9.85
Barite BaSO, 6.59
Pigeonite Mgo_eg Feo.23 Cagos S|03 6.58
Dikit Al; Si; Os (OH), 5.57
Hematite Fe1_957 03 4.59

X-ray phase analysis of manganese-containing sludge
showed that the main manganese-containing minerals are
braunite Mn;Og(SiO4) and bixbite, while the rock-forming
minerals are calcite, quartz, and barite (Table 3).
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Manganese ore enrichment is mainly carried out by flota-
tion. To carry out flotation, the difference in density between
manganese minerals and waste rock must be at least
400 kg/m3. Since the density of most manganese minerals is
3200-3800 kg/m®, and that of waste rock does not exceed
2800 kg/m?, this operation can be carried out.

A study of the processes of gravitational enrichment of
manganese-containing sludge was carried out, resulting in a
finely dispersed concentrate with an increased manganese
content. A 50.0 kg sample of sludge was screened using
sieves of different particle sizes: 2.5, 1.25, and 0.071 mm.

Beneficiation of sludge with particle sizes of -2.5+1.25
and -1.25+0.071 mm was carried out in a jigging machine.
The optimal operating parameters are: bed size (manganese
grains) — 10-8 mm, bed height — 30-40 mm, pulsation fre-
quency — 350 oscillations/min, oscillation amplitude — 8 mm
enrichment of the -0.071+0 mm size class was carried out on
concentration tables under the following conditions: table
stroke — 14 mm, number of deck oscillations per minute —
240, deck inclination — 35 degrees.

A technological scheme for the gravitational beneficia-
tion of manganese sludge has been developed, allowing the
production of a concentrate with a manganese content of
28.5% and iron content of 7.25%. At the same time, the ex-
traction of these components was achieved at a level of
62.01% and 39.85%, respectively (Figure 4).
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Figure 4. Schematic diagram of gravity enrichment of man-
ganese-containing sludge

The combined manganese concentrate from the tailings
and concentration table was separated using a SMP-PR-02
laboratory magnetic separator (manufactured in Ukraine) at a
magnetic field strength of 900 mT.

As a result of applying the gravity-magnetic enrichment
scheme, a manganese concentrates with a manganese content
of 34.9% and iron content of 7.9% was obtained; the extrac-
tion rates were 61% and 39%, respectively. The optimal
technological parameters for the formation of «raw» pellets
from a composite mixture including manganese concentrate,
special coke, iron-containing varieties of diatomite, and lime
were established. The chemical composition of the starting
components is shown in Table 4.



S. Temirova et al. (2025). Engineering Journal of Satbayev University, 147(6), 17-23

Table 4. Chemical composition of the starting materials

Source
material Mn SiO; Al,O3 Fe,05
Manganese concentration = 34.9 10.31 1.83 14.82
Diatomite - 63.94 8.03 10.30
Lime - 0.23 0.05 0.09

Manganese concentrate-based pellets were obtained by
pelletizing on a laboratory automated mixer-granulator manu-
factured by Eirich (Figure 5 and 6). Granulation process pa-
rameters: steel drum rotation speed — 170 rpm, drum angle —
30(0), drum rotation relative to the swirler — counterclockwise.

Figure 6. Samples of manganese pellets

Experiments were conducted to obtain pellets based on
two compositions with different fractional compositions of
manganese concentrate: 1) content of fractions 0.5-0.16 mm
— 61.3%; 0.16-0.071 mm — 34.0%; less than 0.071 mm —
4.7%; 2). The particle size distribution of the material under
study is as follows:

—the 0.5-0.16 mm fraction accounts for 39.8%;

— fraction 0.16-0.071 mm — 31.2%;

— particles smaller than 0.071 mm account for 29.0%.
Kazakh diatomite containing iron oxides (Zhalpak deposit)
was used as a binder in the mixture for producing manganese
pellets. The chemical composition of diatomite is as follows,
in mass %: SiO; — 63.94; Al,O3 — 8.03; Fe;,O3 — 10.30; CaO
—8.06; MgO - 9.61; others — 0.6.

Diatomite is a natural material, the main component of
which is quartz (69.4%), also containing goethite, barium-
manganese, magnesium, calcium-aluminum, and barium
silicates (Figure 7).

To obtain pellets, 500 g of the raw material mixture was
poured into the mixer-granulator. The mixture was mixed for
30 seconds at a maximum vortex speed of 2000 rpm. When
small granules appeared, the vortex speed was reduced to
1000 rpm, followed by powdering of the mixture.

Oxide content, mass %

CaO MgO BaO K,0 Na,O other ppm
6.86 131 7.68 0.17 0.90 5.56 -
8.06 9.61 - - - 0.6 -
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Figure 7. Diffractogram of a diatomite sample

To obtain pellets, 500 g of the raw mixture was poured in-
to the mixer-granulator. The mixture was mixed for 30 sec-
onds at a maximum agitator speed of 2000 rpm. When small
granules appeared, the speed of the swirler was reduced to
1000 rpm, followed by powder coating of the mass. After 1
minute, the remaining part of the binder component was add-
ed, and the moistened mass was powder coated, reducing the
speed of the swirler to 700 rpm. After one minute, the speed
of the swirler was reduced to 500 rpm, then to 300 rpm. After
continuing granulation at this speed for 3 minutes, the process
was completed and the raw pellets were unloaded.

It was found that pellets based on a charge with a high
content of fine manganese concentrate (less than 0.071 mm)
have high strength characteristics.

To establish the patterns of structural and phase transfor-
mations occurring during the heat treatment of manganese
pellets, a differential thermal analysis was performed on a
mixture with the following composition, in mass %: manganese
concentrate — 85, diatomite — 10, calcium oxide — 5 (Figure 8).

In the temperature range of 200-550°C, endothermic ef-
fects were observed with extrema at 281.8°C and 495.8°C.
They are accompanied by a decrease in the weight of the
sample, which indicates the dehydration of iron hydroxides.
The combination of an endothermic effect with an extreme
at 587.4°C and an inflection point on the DTA curve at
708.2°C may be associated with the decomposition of
(Fe,Mn)CO¢) .An intense endothermic effect with an ex-
treme at 836.5°C reflects the decomposition of calcite. The
endothermic effect with maximum development at 1168.9°C
can be attributed to the polymorphic transformation of
brownite 3Mn 203 (Mn,Mg,Ca)SiOg). At 1191°C, crystalli-
zation of the fayalite phase 2FeO-SiO(2) phase. The exo-
thermic effect at 979.8°C is probably associated with the
crystallization of ferroboostite (CaFe()Si)O))-

The sintering range of experimental manganese-
containing pellets was studied, which was 1160-1200°C,
with an optimal pellet firing temperature of 1170°C.

As the firing temperature increases, the strength of the
samples increases, but at a temperature of 1200°C, signs of
melting are observed.
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Figure 8. Derivatogram of the charge consisting of manganese concentrate, diatomite, and calcium oxide

X-ray phase analysis of fired compositions based on man-
ganese concentrate with additives revealed that manganese in
the pellet structure is present in the form of jacobsite
(MnFe204) and hausmannite (Mn3O4) phases. The binding part
of the structure contains cwalcium and iron silicate — ferro-
bustamite (CaFe,Si>Og), which contributes to the strengthening
of pellets and increases their mechanical strength.

The physical and mechanical properties of manganese
pellets were determined. For the optimal particle size distri-
bution, pellets were produced using two compositions. In the
first composition, the pellet mixture consisted of manganese
concentrate (85 wt.%), diatomite (10 wt.%), and calcium
oxide (5 wt.%). In the second composition, the charge con-
sisted of manganese concentrate (78 wt.%), diatomite
(11 wt.%), calcium oxide (6 wt.%), and coke (5 wt.%).

The pellets exhibited the following properties: open po-
rosity of 27.3% and 34.5%, apparent density of 1.91 and 1.45
g/cmsd, and water absorption of 12.5% and 19.2%, respective-
ly. The compressive strength of pellets based on the manga-
nese concentrate—diatomite—CaO mixture was 33.80
ka/pellet, while the addition of coke reduced the strength to
23.28 kg/pellet.

4, Conclusions

A technological scheme has been developed for the bene-
ficiation of finely dispersed manganese-containing raw mate-
rials with obtaining a concentrate with a Mn content of
35.2%. The optimal technological parameters for forming
pellets from a mixture including manganese concentrate,
special coke, diatomite, and lime have been established. By
firing at a temperature of 1170°C, it was found that manga-
nese in the obtained pellets is present mainly in the form of
jacobsite (MnFe;Q4) and hausmannite (Mn3O4), and a phase
of ferrobustamite phase, which contributes to the increased
strength of the products.

The compressive strength of the formed pellets was 33.8
kg/pellet, which indicates their sufficient mechanical
strength. The obtained pellets meet the requirements for raw
materials for smelting ferromanganese alloys and can be
effectively used in ferroalloy production.
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AnpaTrna. MapraHenke Oali ©HEPKOCINTIK KaABIKTapAbl KalTa eHJAeYy TayKeH OHJIpici alMaKTapbhlHIa MAaHBI3/IbI
TEXHOJIOTHSUIBIK JKOHE SKOJOTHSUIBIK KHUBIH/ABIK TYIbIpaabl, ce0ebi o y3aK Mep3iMal KaIIbIKTapJIblH >KUHATYBIH a3aiiTajibl
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KacHeTTepre CYHEeHEe OTBHIPBIN, TPAaBUTALMSIIBIK-MArHUTTIK OalbITy aFbIHIBIK CXeMachl acaiuabl. JOKUTTHHT, KOHIIEHTpaLus
KecTeJepi JKOHe KOFaphl KapKBIHIBI MAarHUTTIK Oeiryni KoJmaHa OTHIPHII, Ti30eKTi eHAeYy HoTIbKeciHme Mn memmepi 34.9-
35.2% >koHe KaimblHa KenTipyl mamameH 61% O0oJjaThlH ycak AMCHEPCTI MapraHen KOHIEHTPAThl ajJbIHAbI. AJIBIHFaH
KOHIICHTPATTHI MalIanaHbII, KaJdbIIni OKCHI, TAOUFH TeMipi Oap IUaTOMHT koHE Keiibip Kypamaapaa Kokc Oap TYHipIIikTey
KocIanapsl yKacanipl. DHpHX apanacThIPFhINI-TPaHySTOPbIHAA TYHIPIIIKTEY Ke3iHJE >KachUl TYHIpIIIKTEpAiH maiina Ooirysl
OalTaHBICTHIPYIIBI 3aTTHIH KypaMbBl MEH OeINIIEeKTepHiH MOJIIEpiHiH TapailyblHa OaimaHBICTHI 3epTTenmi. KoMImo3uTTik
KOCIIaHBIH TEepMUSUIBIK MiHe3-Kyikbl TGA-DTA/DSC jkoHe KBaipymnojibJl Macc-CIEKTPOMETPHUSHBI KOJIAaHY apKbLIbI
seprrenni, Oy1 200-1160°C TtemmepaTypa AnWama3oHBIHAA Mapraser (a3zajdapblHBIH JeTUAPATAlUsACHIH, KapOOHATTHIH
BIJIBIPAYBIH JKOHE MOJIMMOP(THI TYpJIEHYJEpiH aHbIKTagbl. JKapTeiaaid OankpIMal, KETKITIKTI (aszanblK KOHJCHCALUSHEI
KaMTaMachl3 eTeTIHAIKTeH, Kydmipy mpomeci 1170°C oHTaliimsl KYHZipy TeMmeparypachl eKCHIH —JIOJeJACi.
®deppobycramurtin  (CaFezSiz04), raycmauuuttiy (Mn3Os) xoHe skobcurtiH (MnFeyOs) maitma Gosysl KyhmipinreH
TYHIPIIIKTEPiH PEHTIeHAIK IU(PAKIUIBIK Talgaybl apKbUIbl pacTaiasl. bys armoMepaTrapslH KYPBUIBIMIBIK TYTACTHIFBIH
HBIFAlTaThIH (peppOCHIMIINK KanbLuiiH OaitlaHblcThIpy (asacsl. bitenren TyHipuiikTepaiH >KOFapbl MEXaHUKaJIBIK OEpIKTiri
(6ip ryiiipmrikre 33.8 kr-ra neiiH), kepiHeTiH ToIFBI3ABIFBI 1.45-1.91 r/cm® xoHe ambIK Keyektimiri 27-35% omapaslx
(eppomapraser] KOpBITIIACHIH OHJIpYyre apHaJfaH LIMKi3aT PETiHAE >KapaMIbLIBIFBIH pacTaipl. O3ipJeHreH OaibITy XKoHe
arJioMeparus 9Jici TOMEH CYpBINTH MapraHell MUIaMBIH HaiJallbl MeTAIUTYPTISUTBIK ITUKi3aTKA aifHAIIBIPYIBIH THIMII TOCUTIH
oinmipeni. ¥CHIHBUIFAH TEXHOJIOTHS KAaJJIbIK KOWMAaJIapbIHBIH KOpIIAFaH OpTara OCepiH a3alTajabl JXKOHE Mapraser] Oap
OHEPKICINTIK KaNABIKTApbl TYPAKThl MalJaIanyFa ’KOJl allajpbl.

Hezizzi co30ep: xypamvinoa mapeaney 6ap KanObiKmap, MexHOIOUANLIK CYaba, mapeauely KOHYEHMpamvl, mapeaney
mytiipwikmepi, 6epikmiei.
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Annoranus. [TepepadoTka 60raTbIx MaprasieM MPOMBIIUIEHHBIX OTXO/I0B IIPEACTABISIET CO00I Cephe3HyI0 TEXHOJIOTHYe-
CKYIO M 3KOJIOTHYECKYIO NMpO0OJeMy B TOPHOIOOBIBAIONINX PErHOHaX, MOCKOJBbKY OHA CHMXKACT JOJITOCPOYHOE HAKOIUICHHE
OTXOJIOB U 00ecreunBaeT IeHHOe JONOJHUTENBLHOE ChIphe JJIs POU3BOJICTBa (eppociuiaBoB. B naHHOM nccnenoBaHun ObLT
MPOBE/ICH TIIATEIBHBIN aHATN3 MEITKO3EPHUCTOTO MapTaHIIEBOTO [UIaMa ¢ MECTOPOXKICHUs YmKaTeiH-3 (AO «Katipemckuit
I'OK») ¢ ucnosnp30BaHMEM I'PaHyJIOMETPHYECKOTO aHaIM3a, PEHTIeHO(IYOPECEHTHOW CHEKTPOCKONHH, PEHTIT€HOBCKOW /-
¢dpaxmuun, UCIT-ADC u nuddepeHnnanbHOro TepMIIecKoro anainmsa. [IpakTHaeckn Bech MCXOHBIN TEXHOTEHHBIN MaTepHa,
conepkamuii 15.0-18.3% Mn, cocrosut u3 OapuTa, KkBapua, OMKCOMKTA, KaubluTa U OpayHura. Ha oCHOBe BBISIBIEHHBIX Ipa-
HYJIOMETPUYECKUX M MHHEPAJIOTHYECKHX CBOMCTB OblIa pa3paboTaHa TEXHOJOTMYECKas CXeMa IPaBUTAI[OHHO-MarHUTHOTO
oboramenus. [TocnenoBarenbHas 00pabOTKa ¢ UCIIOIL30BAHUEM OTCAJOYHBIX MAIIMH, KOHIIEHTPALIMOHHBIX CTOJIOB M BBICOKO-
MHTEHCUBHON MarHWTHOHM cCemapanyy IMO3BOJMIA MOIYYUTh MEIKOANCIIEPCHBI MapraHIEBBIH KOHIEHTpPAT C COJIEp)KaHHWEeM
Mn 34.9-35.2% u BbIXOIOM IpuMepHO 61%. M3 nony4eHHOro KOHILEHTpaTa ObUIM H3TOTOBJICHBI TPAaHYJIUPOBAHHBIE CMECH,
CoJIeprKalliie OKCHJ KaJbIUsl, IPUPOJHBIA JKEIe30CcoIepKaNi TUaTOMUT M, B HEKOTOPHIX cocTaBax, KOkc. McciemoBaHo
00pa3oBaHKe 3eJeHbIX IPaHyJl B MPOLIECCe TPaHyIMpOBaHus B cMecuTelne-rpanyisitope Eirich B 3aBucuMocTH OT copepxkaHust
CBSI3YIOIIEr0 M TPaHyJOMETPHYECKOr0 cocTaBa. TepMHUYecKOe IOBEJCHHE KOMIIO3UTHOW CMeCH OBLIO M3Y4EHO C IOMOIIBIO
TIrA-ATA/ACK u KBanpymnosibHONH Macc-CIIEKTPOMETPHH, KOTOpPBIE BBIIBWIM JETHIPATALMIO, pa3pylleHne KapOOHATOB M
noJaruMOop(dHBIE TIPEBpaIIeHUsT MapraHneBex (a3 B quanazone temmepatyp 200-1160°C. ITockonpKy mporecc ciekanus odec-
MeYMBACT aJICKBAaTHYIO KOHCOJMAANMIO (a3 0e3 4aCTHYHOIO IUIaBJIECHHs, ObUIO JI0OKAa3aHO, YTO ONTHMAJIbHOW TEeMIIepaTypou
obxwura sBisercs 1170°C. PeHTreHOAUPPAKITMOHHBIN aHATN3 000XOKEHHBIX TPaHyJ MOATBEPAWI oOpa3oBaHue (heppodycTa-
mura (CaFe;Siz0s), raycmannura (Mn3zOs) u skobcuta (MnFe 04). D10 (hasza, cBs3biBaroiias GeppOCUIHINN U KalbIUiA, KO-
TOpasi YKpeIUsieT CTPYKTYPHYIO LIEIOCTHOCTh arjioMepaTtoB. Bricokasi MexaHW4ecKast IPOYHOCTh CIIeYeHHbIX rpanyi (10 33.8
KI' Ha TpaHyiy), Kaxymascs mioTHocts 1.45-1.91 r/cm® u oTkpeITast nopucrocts 27-35% CBHAETENBCTBYIOT 00 MX MPUTOIHO-
CTH B Ka4eCTBE CHIPhS ISl IPOM3BOJACTBA (eppOMapraHIeBIX CIUIAaBOB. Pa3paboTaHHBI MeTO 000TaIeHNs U ariioMeparyun
Ipe/CTaBIsIeT co00i 3¢ HeKTUBHBIH cr1ocod peodpa3oBaHnsl HUI3KOCOPTHOTO MApraHIEBOro IlamMa B I10JIe3HOE METaJuTypri-
yeckoe chIpbe. [Ipemmaraemasi TEXHOJIOTHS CHIDKAeT BO3ACHWCTBHE XBOCTOXPAHMJIMI HAa OKPYXKAIOIIYIO CPEAy M OTKPBIBAaET
MEPCIIEKTUBHBIN MyTh K YCTOMYMBOMY HCIIOJIb30BAHHIO MPOMBIIIICHHBIX OTXO0JI0B, COJIEPIKAIINX MapraHel.

Kniouegvie cnoga: mapeaneycooepicauyue omxoobl, MEXHOIOSULECKAS CXeMA, MAP2AHYEGblll KOHYEHMPAm, Mapeanyegule
OKAMbIUUU, NPOYHOCHb.
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Abstract. This study aims to identify prospective zones for mineral exploration and enhance understanding of mineraliza-
tion processes within Precambrian terrains. High-resolution aeromagnetic data were analyzed using integrated geophysical
techniques such as Analytic Signal, Tilt Derivative, Phase Symmetry, Source Parameter Imaging, Butterworth bandpass fil-
tering, 3D magnetic anomaly inversion, and Euler Deconvolution to delineate subsurface structures and determine their spa-
tial distribution, depths, and relationships to mineral occurrences. The results revealed NE-SW and NW-SE trending linea-
ments corresponding to major shear zones and fault systems that govern mineral emplacement. Shallow sources (250-500 m)
are associated with industrial minerals such as clay, intermediate depths (500-720 m) relate to rare-metal pegmatites hosting
columbite-tantalite and wolframite, while deep-seated structures (>1200 m) indicate potential source regions for mineralizing
fluids. High-amplitude analytic signal anomalies (0.04-0.05 nT/m) coincide with geological contacts and structural bounda-
ries marking zones of potential mineralization. This represents the first comprehensive investigation of subsurface mineral-
ized structures in the region, and by applying multiple geophysical processing techniques, previously unmapped structural
features were exposed and the vertical continuity of mineralized zones confirmed. The findings provide depth-specific map-
ping of economic mineral deposits, offering valuable insights for targeted exploration efforts and enabling more precise, cost-
effective strategies for locating columbite-tantalite, wolframite, kaolin, and other economically significant minerals in the
Basement Complex.
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1. Introduction West African Craton and holds significant potential for various
mineral deposits, including clay, columbite, garnet kao-
lin/kaolinitic clay, mica, talc, tantalite, tourmaline, wolframite,
iron ore, gold, and rare earth elements [8, 9]. Recent advance-
ments in magnetic survey technologies and data interpretation
methods have opened new avenues for understanding the
subsurface geology of such complex terrains [2-4]. By detect-
ing subtle variations in the magnetic field anomalies caused by
differences in rock magnetization, these techniques have re-
vealed valuable information about underlying geological struc-
tures and potential mineralization zones [5].

Over the past few decades, several studies [10, 11] have
been conducted to explore the mineral potentials and geolog-
ical characteristics of this region. These studies have utilized
various geological and geophysical techniques to understand
the structural framework and mineralization processes within
the basement complex. The ability to detect magnetic field
variations in the Earth, caused by subsurface magnetic min-
erals such as magnetite and ilmenite presents magnetic sur-
veys as essential tools for exploring basement complex ter-
rains [12]. These variations of magnetic anomalies, are key

Variations in magnetic field of the earth at some regions
can indicate the presence of certain mineral deposits or geo-
logical structures. Exploration and discovery of mineral
resources play a crucial role in the economic development of
nations [1], particularly in regions with untapped geological
potential. In recent years, advanced geophysical techniques
has revolutionized the field of mineral exploration, offering
more precise and cost-effective methods for identifying
promising deposits [2-7]. Among these techniques, the anal-
ysis of magnetic anomaly signatures has emerged as a pow-
erful tool for unraveling the hidden subsurface mineralized
structures of economic value [5].

Nigeria, with its diverse geological landscape, is recog-
nized for its mineral resource potential [7]. However, large
areas of the country, particularly within the Precambrian
Shield regions, remain underexplored. The Kaduna-Nasarawa
region, situated within the Nigerian Precambrian Basement
Complex, represents one such promising yet understudied
region [7]. This area, characterized by its ancient rock for-
mations and complex tectonic history is itself a segment of the

© 2025. E. Abraham, M. Abdulfarraj, M. Emetere, A. Usman, |. Ikeazota

ema.abraham@funai.edu.ng; mmrajab@kau.edu.sa; emetere@yahoo.com; ayatuusman@gmail.com; iheanyi.ikeazota@gmail.com

Engineering Journal of Satbayev University. elSSN 2959-2348. Published by Satbayev University

This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http:/creativecommons.org/licenses/by/4.0/),
which permits unrestricted reuse, distribution, and reproduction in any medium, provided the original work is properly cited.

24



mailto:ema.abraham@funai.edu.ng
mailto:mmrajab@kau.edu.sa
mailto:emetere@yahoo.com
mailto:ayatuusman@gmail.com
mailto:iheanyi.ikeazota@gmail.com
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.51301/ejsu.2025.i6.04
mailto:ema.abraham@funai.edu.ng

E. Abraham et al. (2025). Engineering Journal of Satbayev University, 147(6), 24-39

indicators of geological structures, such as faults, fractures,
intrusions and shear zones, which often serve as conduits for
mineralizing fluids. In the Kaduna-Nasarawa Precambrian
Shield (KNPS), interpreting these magnetic anomalies can
reveal hidden mineral deposits and provide insights into the
structural controls governing mineralization. However, de-
spite the recognized mineral potential of this region, detailed
geophysical studies to delineate these subsurface structures,
depth extents and trends are relatively limited, necessitating
the need for this study. This study will shed light on the en-
closed geological features of the Kaduna-Nasarawa region,
paving the way for a more targeted and efficient mineral
exploration efforts in the region. The area under investigation
is basically parts of four states, Kaduna, Nasarawa, Plateau
and Bauchi States of northern Nigeria and covers an area of
18150 km?. It is bounded by Longitudes 8°00'-9°30' E and
Latitudes 9°00'-10°00' N (Figure 1).
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Figure 1. Map of Nigeria. The map also displays an overview
geological setup within the region (modified from [2])

Early geological mapping efforts, such as those by
McCurry [11] and Rahaman [10], provided a foundational
understanding of the lithological composition and structural
features of the region. These studies highlighted the presence
of various rock types, including syenite, quartz, gabbro,
migmatites, gneisses, schists, and granitoids, and emphasized
the importance of fault systems in controlling mineralization.
Subsequent geochemical surveys, conducted by Ogezi [9]
and other researchers, identified significant concentrations of
tin, columbite, gold, and other minerals, particularly in asso-
ciation with the Younger Granites of the Jos Plateau and
quartz veins within the schist belts. Woakes et al. [13]
demonstrated the utility of aeromagnetic data in revealing the
structural framework of the Crystalline Basement Complex
of Nigeria and its influence on mineralization. These studies
showed that major fault systems, trending NE-SW, NW-SE,
and E-W, are key structural features that control the em-
placement of mineral-rich fluids, thereby influencing the
distribution of mineral deposits [7]. Although these studies
have provided insights into the region's geology, they have
often been limited by reach and resolution of the data leaving
significant gaps in the understanding of the subsurface geol-
ogy and mineralization processes of the basement complex.
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Other previous investigations relied on surface mapping,
which may not fully capture the complexity of the subsurface
structures and their role in mineralization. Moreover, the
region's challenging terrain and dense vegetation often make
traditional geological mapping difficult, further complicating
efforts to accurately delineate mineral deposits. There is a
pressing need for a more comprehensive geophysical ap-
proach that can provide higher resolution data and better
constrain the subsurface structures and mineralization zones
[2,4,5,12].

Despite the mineral potential of the study area, compre-
hensive geophysical exploration remains limited. However,
some insights have been provided by Ugwu et al. [14], who
analyzed aeromagnetic data in the Jos Plateau region, which
encompasses a smaller part of our study area. Their analysis
revealed distinct structural lineaments oriented in multiple
directions:  northeast-southwest  (NE-SW),  northwest-
southeast (NW-SE), east-west (E-W), and north-south (N-S).
These structural trends were interpreted as potential fault and
fracture systems, suggesting a complex tectonic history that
may have influenced mineralization patterns in the region.
The correlation between these structural trends and mineral
occurrences, warrants further investigation through integrat-
ed geophysical approaches. Our study aims to investigate the
magnetic anomaly signatures within the KNPS and their
implications for mineral exploration. We seek to identify and
characterize promising areas for further exploration efforts
through the integration of high-resolution aeromagnetic data
with geological information. The increasing demand for
sustainable mining practices and the need to optimize explo-
ration strategies to minimize environmental impact and max-
imize economic benefits in the mining and exploration indus-
try makes this study very timely.

1.1. Geological setting

The Kaduna-Nasarawa region is situated within the Nige-
rian Precambrian Basement Complex, a crucial component of
the Trans-Saharan Belt (TSB) of West Africa [15]). This
belt, extending from Algeria through Niger and Nigeria to
Benin, represents a major Pan-African orogeny that occurred
during the late Neoproterozoic to early Cambrian period (ca.
600-540 Ma) [16]. The Nigerian Basement Complex, cover-
ing approximately half of Nigeria's landmass, plays a pivotal
role in understanding the region's tectonic evolution and
mineralization potential [7]. This complex is characterized by
a diverse assemblage of metamorphic and igneous rocks,
primarily of Precambrian age and is broadly divided into
three major lithological units (Figure 2):

1. Migmatite-Gneiss Complex; which forms the basement
sensu stricto and is considered to be Archean to Early Prote-
rozoic in age (>2000 Ma). It also consists of high-grade
gneisses, migmatites, and local occurrences of meta-
supracrustal rocks [17].

2. Schist Belts; which are predominantly metasedimen-
tary and metavolcanic rocks of Late Proterozoic age (900-
600 Ma). They occur as N-S trending belts within the Mig-
matite-Gneiss Complex and are interpreted as ancient sedi-
mentary basins that were deformed and metamorphosed
during the Pan-African orogeny [18].

3. Older Granites; which are Pan-African intrusive suites
emplaced during the late Neoproterozoic to early Cambrian
(750-450 Ma). They range in composition from tonalite to
granite and are typically unfoliated to weakly foliated [19].
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Figure 2. Geologic map of the study area (Map was extracted
from the Nigerian Geological Survey Agency [8])

The Kaduna-Nasarawa area specifically straddles the
boundary between the Migmatite-Gneiss Complex and the
Schist Belts, providing a unique geological setting with po-
tential for various mineralization styles. The dominant lithol-
ogies in the Kaduna-Nasarawa region are the Migmatitic
gneisses that forms the basement rocks and are composed of
quartzo-feldspathic minerals with variable amounts of biotite
and hornblende (Figure 2). Complex folding and banding
patterns, with leucosomes of granitic composition and mela-
nosomes rich in mafic minerals are noticeable [10]. Predom-
inant quartz-mica schists, with occasional occurrences of
graphitic and calc-silicate schists has also been recorded and
they typically contain quartz, muscovite, and biotite as major
minerals, with garnet, staurolite, and kyanite as common
metamorphic index minerals indicating amphibolite facies
metamorphism [20]. Amphibolites occur as concordant
bands within the gneisses and schists, and often associated
with meta-ultramafic bodies. They are composed mainly of
hornblende and plagioclase, with minor amounts of quartz,
biotite, and epidote. Some amphibolites may represent met-
amorphosed mafic volcanic rocks or intrusions [21]. Occur-
ring as resistant ridges, are quartzites which are often ferru-
ginous and may host significant iron mineralization. They are
composed predominantly of quartz with minor amounts of
muscovite, biotite, and magnetite. The ferruginous quartzites,
also known as banded iron formations (BIFs), consist of
alternating bands of iron-rich (mainly hematite and magnet-
ite) and silica-rich layers [22]. The granitoids include both
the Older Granites (Pan-African) and younger intrusive bod-
ies and they range in composition from granodiorite to sye-
nite. The Older Granites are typically porphyritic, with large
K-feldspar phenocrysts in a matrix of quartz, plagioclase,
biotite, and hornblende. Younger intrusions include pegma-
tites, which are often associated with rare metal mineraliza-
tion [23]. Meta-ultramafic rocks (although less common),
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occur as small bodies within the schist belts and are com-
posed mainly of serpentinized peridotites and pyroxenites.
They may represent remnants of oceanic crust and could be
associated with nickel and chromium mineralization [24].

The KNPS region has undergone multiple phases of de-
formation, resulting in a complex structural framework. Some
of the key structural features are the NNE-SSW trending
foliation, which is the dominant structural grain in the area.
This foliation is associated with the main phase of the Pan-
African orogeny and is particularly well-developed in the
schists and gneisses [25]. The tight to isoclinal folds, often
with axial planar cleavage and typically associated with the
deformation phase having axes that plunge gently to moder-
ately towards the NNE or SSW [26]. The shear zones and
faults, some of which may control mineralization. Major
shear zones in the region trend NE-SW and NW-SE, and
often show evidence of multiple reactivation events. These
structures have been noted to host significant gold mineraliza-
tion, particularly where they intersect favorable lithologies
[27]. Late-stage brittle fractures and joints, which often trend
E-W and may be related to Mesozoic rifting events associated
with the break-up of Gondwana [28]. Mylonitic zones, partic-
ularly along the margins of granitic intrusions, indicating
high-strain deformation during the emplacement of the Older
Granites [23]. Okonkwo and Folorunso [30] showed that the
Migmatite-Gneiss Complex typically shows evidence of high-
grade metamorphism, reaching upper amphibolite to granulite
facies conditions (T =650-800°C; P =6-10 kbar) and the
Schist Belts generally exhibit lower to middle amphibolite
facies metamorphism (T =500-650°C; P =4-7 kbar), with
local variations depending on proximity to intrusive bodies.

Therefore, the geological setting of the KNPS region
provides favorable conditions for various types of minerali-
zation (Figure 3) to include: Gold, which usually associated
with quartz veins in shear zones within the schist belts and
may be related to hydrothermal activity during the late stages
of the Pan-African orogeny [18].
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Iron ore hosted in banded iron formations and ferruginous
quartzites known to contain significant reserves of hematite
and magnetite [22]. Rare Earth Elements (REE) which are
potentially concentrated in pegmatites and alkaline granites.
The pegmatites also host significant tantalum and niobium
mineralization (Figure 3) [29]. Gemstones including beryl
(aquamarine, emerald) and tourmaline in pegmatitic bodies,
particularly those associated with the younger granitic intru-
sions. Nickel and Chromium, potentially associated with the
meta-ultramafic bodies. Although economic deposits of
nickel and chromium have not yet been ascertained in the
region, we believe this study would provide ample infor-
mation of the structures within the suspected regions for
further assessments and action.

Other mineral occurrences have been documented in the
region. Some of them includes Clay and Kaolinitic Clay
(Figure 3), which are widely distributed throughout the re-
gion, and are primarily derived from the weathering of feld-
spar-rich rocks such as granites and gneisses. The quality and
quantity of these clay deposits make them potential resources
for the ceramics and paper industries. Columbite and Tanta-
lite also recorded in the N, NW and southern regions are
often referred to collectively as coltan and are found in the
pegmatites associated with the Older Granite suite. They
typically occur as accessory minerals in pegmatites, often in
association with cassiterite (tin ore).

1.2. Mineral setting

The Nasarawa area, in particular, has been noted for its
columbite-tantalite mineralization, which is part of the larger
Jos Plateau tin field (Figure 3). Garnets are common in the
metamorphic rocks of the region (Kwi location), particularly
in the higher-grade gneisses and schists. Almandine garnet is
the most common variety, often found in garnet-mica schists
and as porphyroblasts in gneisses [21]. While most occur-
rences are of mineralogical interest, some deposits may be of
gem quality. Various types of mica, including muscovite and
biotite, are abundant in the region's Older Granitoid rocks
(SE region). Large mica books, of potential economic inter-
est, are primarily associated with pegmatites [18]. The Older
Granite pegmatites in particular have been known to host
significant mica deposits. Talc deposits in the region are
typically associated with ultramafic bodies that have under-
gone hydrothermal alteration. These deposits often occur as
talc-schists or steatite bodies within the metavolcanic se-
quences of the schist belts [20]. The quality and extent of
these deposits vary, with some potentially suitable for indus-
trial applications. Tourmaline mineral is commonly found in
the pegmatites of the region, often in association with other
rare-metal mineralization. Tourmaline in the Kaduna-
Nasarawa area ranges from common schorl to gem-quality
elbaite varieties [30].

Some pegmatites in the region have yielded gem-quality
tourmalines of various colors. While Wolframite is less
common than some of the other minerals documented in the
region, it has been reported at the NE region of the study are
(Palama location) (Figure 3) and typically associated with
quartz veins in granitic and metamorphic terrains [18]. We
belive the distribution of these minerals is closely tied to the
regional geology as the pegmatites, particularly those associ-
ated with the Older Granites, are the primary hosts for co-
lumbite, tantalite, beryl, tourmaline, and some high-quality
mica deposits. The metamorphic rocks, especially the schists
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and gneisses, host the garnet and some of the mica occur-
rences (Figure 3). Clay and kaolinitic clay deposits are found
in the weathered profiles developed over feldspar-rich base-
ment rocks in the Central region of the study area. Talc de-
posits are associated with ultramafic bodies within the schist
belts found in the NW and SE regions.

2. Methods

For this investigation, we analyzed magnetic field data
collected during an extensive aerial survey of Nigeria. Fugro
Airborne Surveys conducted the fieldwork from 2005-2009
under the direction of the Nigerian Geological Survey Agen-
cy (NGSA). The aircraft maintained 500 m spacing between
flight lines while traveling northwest to southeast at 80 me-
ters above ground level. After collection, the data was orga-
nized into gridded maps, with each grid covering a half-
degree square area.

To ensure high data quality, the team accounted for both
regional magnetic field variations and daily fluctuations. The
magnetic measurements underwent Reduction to Equator
(RTE) processing following established methodologies [2],
[31]-[36]. This mathematical transformation, performed
using fast Fourier transform algorithms, incorporated the
local magnetic parameters: -2.15° declination and -13.91°
inclination. The final processed aeromagnetic data appears in
Figure 4.

8°00"
400000

815
425000

845"
475000

9°30"
550000

830 9°00" 9°15'
450000 500000 525000

10°00"

1100000
T

9°40
1|o75000
+
o
i )
i a

00000}
#0008

|
—_—
1

9°50"
I
086

000S.0}

086

.5 F 5.
2 3 - g:
= o‘

9°20"
D26

000SCO}

016

1025000
T

9°10

000000}

006

L
450000
8°30"
25000

.
400000

800"

25000 0

425000
815" 9°00° 9°15°
Magnetic Anomaly

n
metres -117.7 -346 £246153 28.8 41.5 555
WGS84/U TMzone 32N

Figure 4. Residual aeromagnetic anomaly map

The map displayed notable variations in magnetic intensi-
ty, reflecting a range of distinct magnetic properties. High
positive magnetic anomalies (>84.1 nT) are spotted around
Chip, Zol, Het and Jenda locations. These regions are traced
to the granites and older basalts of the Precambrian basement
complex and indicates the presence of high magnetic mineral
at these locations. Significant lower magnetic anomalies
(<-115 nT) are noticeable in the northern and NE regions of
the study area and is traced to the highly fractured and por-
phyritic granite formation in the locations.

2.1. Source parameter imaging (SPI)

Magnetic source depth estimation has been enhanced by
the SPI method, which automatically analyzes gridded mag-
netic data. Unlike traditional approaches, SPI functions ef-
fectively regardless of magnetic inclination and declination
values, making pole reduction unnecessary during analysis
[2]. Recent field testing with drill-confirmed data sources
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shows that SPI consistently achieves depth predictions within
+20% accuracy, matching the precision of established meth-
ods like Euler deconvolution. Nevertheless, SPI surpasses
Euler deconvolution by producing more extensive and inter-
nally consistent solution sets, enabling a better visualization
of underground formations.

The theoretical foundation of SPI rests on a step-source
model [37]. This model is governed by the following math-

ematical relationship:
Depth =1/ Ky » @

where: Knmax is the peak value of the local wavenumber K
over the step source.

(3]

O]

M
dz
(dAJZ da Y’
- + -
dx dy
where: M is the total magnetic field anomaly grid.
The outcome of SPI computations is presented in Figure 5.
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Figure 5. SPI results for the study region

2.2. Butterworth bandpass filter

The application of frequency-selective signal processing
was achieved through a Butterworth bandpass filter, chosen
for its maximally flat response in the bandpass region. This
filtering approach effectively isolates specified frequency
ranges while suppressing others, offering precise control over
the filter's roll-off characteristics without altering the central
wavenumber. The filter order can be adjusted to mitigate
potential Gibbs phenomena, ensuring optimal signal preser-
vation within the frequency band of interest. Unlike alterna-
tive filtering methods that may introduce bandpass ripples,
the Butterworth filter's smooth response makes it particularly
suitable for geophysical data processing where signal integri-
ty is paramount. The Butterworth bandpass filter's transfer
function, H(s), is formulated based on its low-pass prototype
and can be expressed as follows [2], [38], [39]:
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K

s 2N
1+[J
23

where: s = jw is the complex frequency variable; w is the
cutoff frequency; N is the order of the filter; K is the gain at
w =0.

For a bandpass filter, the transfer function can be ex-

pressed as:

H(s)=

The parameter wo represents the central frequency of the
bandpass filter. This filter was implemented using the Ge-
osoft Oasis software, and the resulting output is shown in
Figure 6. The filter order was carefully chosen to achieve an
optimal trade-off between achieving sharp frequency cut-offs
and minimizing ringing effects.

H(s)= 4
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Figure 6. Butterworth bandpass map for the study area

Figure 6 was achieved by implementing a long wave-
length cutoff of 4450 cyc/m and short wavelength cutoff of
1520 cyc/m. The map has successfully identified anomalous
subsurface structures and emphasized their locations within
the region.

2.3. Analytic signal (AS)

The analytic signal (AS) processing technique was em-
ployed as it combines both amplitude and phase information
from magnetic anomalies, facilitating the identification of
subtle magnetic signatures associated with lithological varia-
tions and geological boundaries [34], [40]. The AS technique
has proven especially valuable in complex geological terrains
where traditional magnetic interpretation methods may be
limited by interference effects and varying magnetization
directions [2], [33]. The interpretation of magnetic anomalies
presents significant challenges due to the complex relation-
ship between observed signals and their geological sources.
Magnetic data interpretation is particularly complicated by
horizontal displacements of anomalies relative to their
sources (skewness), which occurs because geomagnetic field
vectors and induced magnetization directions typically devi-
ate from vertical orientations [33], [41].
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The AS function, although not a directly measurable
physical property, plays a crucial role in geophysical inter-
pretation due to its independence from both the inducing
field orientation and the magnetization direction. This unique
characteristic ensures that bodies of similar geometry pro-
duce identical analytic signal responses. Additionally, the AS
peaks are symmetric and are positioned directly above the
edges of broader bodies or over the centres of narrower ones,
providing valuable spatial information about subsurface
structures [42]. AS is given by Equation (6):

o5 (5 (5]

where: T is the observed field at x and y.

AS technique serves as a reliable tool for estimating the
depth of magnetic sources, especially under the assumption
of vertical contacts. Utilizing a straightforward amplitude
half-width approach, this method achieves depth estimations
with a typical accuracy of around 70%. A notable strength of
the AS technique is its capacity to by-pass the challenges
often associated with conventional reduction-to-pole meth-
ods, which are hindered by uncertainties arising from the
influence of natural remanent magnetization on the overall
magnetization of the source. This capability makes the AS
method a robust alternative for magnetic data interpretation,
even in complex geological settings [2], [43]. Figure 7 illus-
trates the outcomes of the Analytic Signal (AS) computa-
tions, confirming its utility in scenarios where the magnetic
properties of subsurface structures are either complex or
insufficiently characterized.
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Figure 7. AS map of the study area, highlighting five strategic
windows (A, B, C, D, E) selected at locations of suspected subsur-
face anomalies with potential mineralization

Rather than relying on absolute magnetic intensities, the
AS technique emphasizes the anomaly's geometry, making it
a robust and adaptable method for interpreting magnetic data.
The ability of the AS method to effectively delineate poten-
tial mineralized subsurface geological structures, as further
corroborated by Phase Symmetry (PS) analysis results, guid-
ed the selection of specific data windows (A, B, C, D, E) at
key locations for additional processing. Subsequently, Euler
Deconvolution (ED) and 3D magnetic data inversion were
applied to these windows, enhancing the resolution and clari-
ty of the final interpretations.
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2.4. Phase symmetry (PS) analysis

Phase symmetry is closely associated with the principle
of phase congruency (PC), which quantifies the alignment of
phase across multiple frequency components. Phase congru-
ency occurs when various frequency components within a
signal exhibit similar phase values, indicating a state of
phase alignment. In regions of symmetry within an image or
signal, the local phase remains consistent across different
scales, resulting in elevated phase congruency levels.

The fundamental concept underlying phase symmetry
analysis is mathematically defined by a series of key equa-
tions [44], starting with signal representation.

A signal I(x) can be broken down in terms of its local
amplitude A(x) and local phase ¢(x) using the analytic signal:

1 (x) = A(x)cos(g(x)) (7)

Phase congruency PC(x) at a point x can be calculated using:

(3 W (¢ (x) =40 (%)) -

‘Z n Wy sin gy (x)—¢0(x))‘
2 aWy

where: ¢n(x) is represents the phase at scale n; Wy isa

PC(x)= (8)

weighing function based on the amplitude; ¢0(x) is the

reference phase.

Phase symmetry PS(x) is calculated as a normalized
measure of phase congruency, incorporating contributions
from both positive and negative symmetries. It is defined as:

P (x) = PC, (x)+PC_(x) I

2
where: PC, (x)and PC_(x)correspond to the phase

congruency values for positive and negative symmetries,
respectively.

In summary, the phase congruency and phase symmetry
measures describe how local phase information can be used
to identify structural features within a signal. These parame-
ters provide illumination- and contrast-invariant representa-
tions, making them highly effective for feature detection and
image analysis.

The computed PS results are presented in Figure 8, while
Figure 9 illustrates the outcomes for phase congruency.
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2.5. Tilt derivative (TDR)

The TDR technique is instrumental in accentuating shallow
features within geophysical datasets and mapping the bounda-
ries of subsurface structures. This approach excels at identify-
ing subtle anomalies and defining the edges of geological
bodies. TDR is mathematically defined as the arctangent of the
ratio of the vertical gradient to the horizontal gradient of a
potential field. This dimensionless parameter reflects the angle
formed between the total gradient vector and the horizontal
plane, providing a robust tool for structural delineation [2],
[45], [46]. TDR result is displayed in Figure 10.
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Figure 10. TDR map of the study area

2.6. Euler deconvolution (ED)

ED was utilized to analyze the residual magnetic data,
providing insights into the depths and spatial positions of
magnetic sources responsible for the observed anomalies.
This approach, based on the second vertical derivative of the
magnetic field, enabled the precise characterization and
mapping of distinct magnetic sources such as faults, dykes,
and mineralized zones.

The generalized 3D form of Euler’s equation is expressed
as Equation (10) [47], [48], [49]:

or _orT el oT oT
X—+Y—+2—+nT =Xg—+Yg—+2g—+nb, (10
ox Yoy TG T T g o gk (10)
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where: X, Y, z are coordinates of a measuring point;
Xo, Yo, Zo are coordinates of the source location whose total
field is detected at x, y, and z; b is a base level; 7 is a struc-
tural index (SI).

The SI represents an exponential factor that correlates
with the rate of field decay over distance for a source with a
specific geometry. The value of the Sl is contingent upon the
type of source body under investigation [48]. For instance,
n =0 denotes a contact, n = 1 signifies the top of a vertical
dyke or the edge of a sill, n = 2 corresponds to the center of a
horizontal or vertical cylinder, and n = 3 represents the cen-
ter of a magnetic sphere or dipole [37], [47]. The implemen-
tation of Euler deconvolution is depicted in Figure 11 for a
structural index of 1. Geosoft Oasis Montaj software [50]
was used in the implementation of these concepts.

2.7. Euler deconvolution (ED)

The processed magnetic data were utilized to develop
three-dimensional (3D) geological models, enabling the
visualization and interpretation of subsurface structures asso-
ciated with mineralization. Incorporating magnetic suscepti-
bility contrasts facilitated the characterization of geological
features and the delineation of potential mineralized zones,
providing insights into the structural extent and spatial distri-
bution of anomalies. The 3D modeling results are presented
in Figure 12.

Pilkington [51] employed the Cauchy norm, as outlined
by Sacchi and Ulrych [52], to tackle the 3D magnetic inver-
sion problem. This method emphasizes the generation of
sparse models by minimizing the number of non-zero param-
eters required to fit the observed data. Unlike constrained
inversion techniques, which integrate explicit geological
information such as drill hole data to guide the modeling
process, Pilkington’s approach is classified as geologically
unconstrained [2]. This unconstrained method relies exclu-
sively on magnetic data and mathematical algorithms, mak-
ing it especially useful in scenarios where geological con-
straints are unavailable or when an unbiased interpretation of
the magnetic anomalies is necessary. However, the lack of
geological constraints may result in solutions that, while
mathematically sound, might not fully align with known
geological structures or properties in some cases.

3. Results and discussion

A direct correlation exists between geological complexi-
ties of a region and increased potential for mineral deposits
within the region. The varied rock types, from magnetic-rich
amphibolite and BIFs to relatively non-magnetic quartzite
and schist, coupled with the structural complexity of the
region, produced a diverse range of magnetic signatures that
we utilized to delineate potential mineralization structures
and zones in the study area. The structural geology of north-
ern Nigeria's basement complex has been significantly
shaped by extensive crustal deformation (Figure 2). This
tectonic activity created numerous conduits and channels,
facilitating the migration of mineralized solutions and mag-
matic intrusions throughout the rock formations.

As a consequence of these intricate geological events, the
region has become a repository for diverse mineral deposits.
The area boasts an impressive array of economically valuable
resources, as illustrated in the mineral distribution map (Fig-
ure 3). These include metallic minerals (tin, iron ore, colum-
bite, tantalite, wolframite, and beryl), industrial minerals
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(clay, kaolin/kaolinitic clay, mica, and talc), and gemstones
(garnet and tourmaline). This remarkable mineral endow-
ment has been well-documented in geological studies [53],
[54] highlighting the region's significance as a mineral-rich
terrain with substantial economic potential. Significant con-
centrations of columbite and tantalite minerals are noticed
within the study area. At the northern locations of Rafin

810812

8'14' 816 818
420000

Bawa, Fedare, Zendi and Wang, these minerals are traced to
the younger granite complex of the region. Similar existence
is noticed at the central (Dorowa Tsofo) and southern (Sis-
sibaki) locations of the younger granite formation. The Pre-
cambrian basement with migmatite gneiss complex at the
western regions of Kurya, Antan and Unguwar Kwasea loca-
tions, also hold significant record of these minerals.
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Figure 12. 3D magnetic inversion result for Windows A, B, C, D and E with r.m.s. error of 0.0001 nT

While tourmaline dominace is noted at the SW location
of Ungwan Bahagn and Jenda towns, kaolin and kaolinitic
clay dominates the northern and central towns of Foron,
Ama, Barakin Rafin, and Fedare. These locations are on the
granite and granite porphyry, and biotite granite of the Pre-
cambrian basement (Figure 2). Porphyritic granite complexes
played vital roles in hosting the mineralized structures in the
study area. Other minerals with significant presence (exam-
ple, talc), are traced to the basalt’s formation.

The residual magnetic anomaly map of the Kaduna-
Nasarawa region (Figure 4) exhibits a significant range of
magnetic intensities, varying from -115 to 91 nT. This broad
range of values reflects the complex geology of the area and
suggests the presence of diverse lithological units with vary-
ing magnetic susceptibilities. Observed magnetic contrasts
are attributed to several geological factors that indicate po-
tential zones of mineralization. The strongly positive magnet-
ic anomalies (50-91 nT) correspond to the mafic rock body
of basalt (Nindam location) and the felsic to intermediate
Migmatite rocks of the Jenda, Chip, Zol and Kagoro loca-
tions. They potentially represent metamorphosed volcanic
rocks or intrusive complexes with particular significance to
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host the mineralization in the region. The elevated magnetic
responses in these areas suggest the presence of deep-seated
structures that may have facilitated mineral emplacement
during the Pan-African orogeny.

Magnetite-rich banded iron formations (BIFs), which are
common in the Precambrian terrain suggests potential for
high-grade iron ore deposits in the study area. Moderate posi-
tive anomalies (0-50 nT) as seen at Ataka, Bokkos and Kano
areas likely reflect amphibolite units within the migmatite-
gneiss complex and also ferruginous quartzite, which may
host stratabound iron deposits. Low-amplitude negative
anomalies (-50 to 0 nT) may indicate granitic intrusions of the
Older Granite suite, typically characterized by lower magnetic
susceptibilities. Significant occurrences of ancient granite
intrusions are observed within the crystalline basement com-
plex of Nigeria, exhibiting diverse directional trends [3]. The
Fedare, Du, Vom Wang, Ambam and Dogo Ndaji areas ex-
hibits lower magnetic intensities (-110 to -10 nT), and locates
mostly on the biotite granite. These zones are associated with
the mica-rich biotite schists, kaolinitic clay deposits, and
tourmaline-bearing pegmatites of the region. The moderate —
lower magnetic signatures at these locations may indicate
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zones of hydrothermal alterations, where primary magnetic
minerals have been partially altered to less magnetic phases.
These zones show correlation with kaolin deposits, talc occur-
rences (possibly indicating ultramafic protoliths), columbite
and clay-rich weathering profiles.

The SPI result (Figure 5) further confirms the locations of
identified subsurface sources and provides depth information
to the sources. Our initial observation confirms the locations
with suspected mineralized structures at the N, north-central,
E and SE regions (Vom Wang, Barkin Rafin, Barakin Kwi,
Mpan, Bokkos and Mushere locations) with shallow depths
(350-470 m). Intermediate depths (500-720 m) are also con-
firmed for intermediate sources identified from the other
techniques at Zendi, Zol, Du, Barakin Rafin Atcha, Durimi
Passa Kai and Chip locations. These are regions with identi-
fied mineralized structures with hosting potentials for kaolin,
clay, niobium, columbite, beryl, tantalite minerals and Tin
ores. Near-surface metamorphic rocks often associates with
clay and kaolin deposits and the shallow sources could repre-
sent weathered zones containing secondary mineralization.
Shallow intrusive bodies, particularly pegmatite, could host
rare-metal mineralization [18].

The application of the frequency domain filter that effec-
tively isolates magnetic anomalies within specified wave-
length ranges enabled the separation of geological features at
varying depths and scale (Figure 6). Cut-off wavelengths
were chosen based on the estimated depths of key geological
features [58]. The high frequency components of the filtered
data reveal near-surface geological features representing
weathered zones potentially hosting kaolin in the central,
western and southern regions (Ambam, Kagoro, Arna,
Barakin Rafin, FOron and Fedare locations), and clay depos-
its at the Het, Mushere and Nasarawa locations. The near-
surface geological features represent surficial expressions of
mineralized structures [59]. Some linear features are also
observed at the SW, W and NW regions. These are likely
representative of shallow shear zones or weathered fault
traces as earlier revealed by other techniques. They also
show strong correlations with weathered zones which are
typically enriched in secondary minerals. The deep sources
(low-pass band) or low-frequency components hints on deep-
seated intrusive bodies and large-scale features (basement
configuration and deep magmatic centers). We recommend
the regions where anomalies are mapped across multiple
frequency bands as high priority targets for further mineral
exploration. We also note that the coincidence of shallow and
deep features may also indicate significant mineralization as
observed in the SE and N regions.

The analytic signal results (Figure 7) also delineates the
edges of magnetic sources, regardless of the ambient magnet-
ic field direction and source magnetization [56]. Several
distinctive features are observed in the AS map which points
at possible mineralization structures in the KNPS. High am-
plitude anomalies ranging from 0.04 to 0.05 nT/m are notice-
able mostly at the NE, NW, S, and SE regions. These anoma-
lies are traced to the Basalt formation in the NE, Biotite
granites in the N and NE, granite gneiss and migmatite for-
mations in the S. They appear concentrated along geological
contacts and structural boundaries as could be seen on the
geologic and lineament maps, and could be associated with
the mineralization in the region. The background values
(generally below 0.13 nT/m) observed at the SW, parts of
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NW and in-between the high amplitude anomalies in the
eastern region represent areas of relatively homogeneous
lithology which may mask deeper sources due to the AS
sensitivity to shallow features. The high amplitude zones
(>0.03 nT/m) correlates strongly with magnetite-rich meta-
morphic rocks hosting garnet deposits (Mineral map — Kwi
location). A strong correlation is also observed with the
mafic intrusions at the NE and SW regions and they may be
related to the columbite — tantalite mineralization at these
locations. The moderate amplitude zones (0.015-0.03 nT/m)
represents migmatitic gneiss with variable magnetic mineral
content and are also of the metasedimentary units hosting
mica and kaolin deposits. The low amplitude zones
(<0.014 nT/m) holds potential for rare-metal pegmatites and
also indicates weathered zones favorable for clay mineral
formation (observed at Het location in the north). Similar
observations were documented by Omotunde et al. [57] at a
location of similar geological setup. The columbite — tantalite
deposits at the NE and SW regions are associated within the
moderate AS amplitudes (0.014-0.03 nT/m) whereas the
rare-metal pegmatites are characterized by low AS ampli-
tudes (<0.01 nT/m). The clay and kaolin deposits (central
and southern regions) are found in weathered profiles over
moderate amplitude sources and also associates with broad,
low-amplitude AS zones in the NW and SE regions of the
study area.

The pattern of anomalies observed in the phase symmetry
(PS) results (Figure 8) suggest major subsurface intrusions.
Strong continuous PS highs (northern region) represent ma-
jor shear zones or faults as confirmed in the geologic map
and earlier analysis. These features are significant as they
often control the emplacement of rare-metal pegmatite con-
taining columbite, tantalite and wolframite [60]. The com-
plex, mottled textures of the PS output at the northern (Vom
Wang, Foron, Fedare) and SE (Hurti, Bokkos, Bonca) indi-
cate intense deformation or alteration in the region. These
textural variations are crucial for identifying potential hosts
for pegmatite mineralization [61]. Columbite, tantalite and
wolframite occurences at the S (Sissibaki) and NE (Fedare)
regions show strong correlation with the edges of the round-
ed PS anomalies. Areas of low PS response at Kurya and
Chip locations corresponds to the clay and kaolin deposits at
the locations. These locations are traced to the migmatite
formation. Low PS response at the SW region also corre-
sponds to the tourmaline mineral presence at the location.
These associations reflect the pegmatite and metamorphic
origins of these minerals [18]. We suggest zones where the
PS features are pronounced and with notable intersections, as
priority targets, especially areas with complex PS textures.

Deeper depths (750-2000 m) have been obtained mostly at
regions unsuspecting of mineralized subsurface intruded
structures or suspected deep sources. This assertion is sup-
ported by results from the analytic signal, Butterworth band-
pass and the PS evaluations. We believe these regions could
host significant mineralize structures but at deeper depths,
hence the weak anomaly signals from the near-surface evalua-
tions. The deep sources are indications of basement struc-
tures, major shear zones and deep-seated granitic intrusions at
the locations. The shallow depths (250-500 m) solutions show
strong association with clay and kaolinitic deposits in the SE
and north-central regions. These industrial minerals are typi-
cally found in weathered zones of the basement complex.



E. Abraham et al. (2025). Engineering Journal of Satbayev University, 147(6), 24-39

There are also some correlation of the shallow depths (300-
600 m) with surficial columbite — tantalite placer deposits at
parts of the N, W, and S regions. In some instance, the deeper
depth solutions (>1200 m) may indicate potential source
regions for mineralizing fluids. We advise focus on areas with
shallow SPI solutions for industrial minerals, weathered zones
and above intermediate-depth magnetic sources for high-
quality kaolin deposits [62], and areas where intermediate-
depth solutions (700-1200 m) intersecting with known struc-
tural controls, for rare-metal mineralization.

There are also some secondary NW-SE trending struc-
tures (Fadiya Bukut, Hurti and Malgyme regions) and E-W
trending discontinuities scattered all over the study area. The
complex overlapping patterns in the features suggest multiple
intrusive events and the sharp transition contact zones ob-
served in the various amplitudes indicates lithological
boundaries [45]. These trends have been corroborated by
results from the phase congruency (PC) evaluations, super-
imposed on the tilt derivative map. Consequently, areas of
high PC density at the NE, NW, SE, and southern regions of
the study area indicates intense deformation. This is also
evident in the geology map of the region. Zones of low PC
density suggest more homogeneous lithology as observed at
the SW region of the study area.

Integration of the tilt derivative with the PC analysis
(Figure 9) show PC edges coinciding with the sharp tilt
gradients (0.5-1.5 rad) evident at Kurya, Nindam, Passa Kali,
Foron, Barakin Rafin and other locations. These interactions
confirms some mapped structures on the geology map and
also reveals subtle structures not apparent in the magnetic
anomaly data. The high frequency, short-wavelength
anomalies in the tilt derivative result (parts of NE, N, and
SE regions) corresponds to near-surface metamorphic rocks
in the KNPS and may indicate zones of hydrothermal altera-
tion. These are potential areas for clay and kaolin deposits.
This deduction is also observed on the mineral map of the
area. The low frequency, long-wavelength features (parts of
SW and NE regions) points to deeper and more extensive
geological bodies (also observed on the geology map), and
may represent basement structures or major intrusive com-
plexes within the KNPS. Columbite — tantalite deposits are
associated with sharp PC edges in the moderate magnetic
anomaly zones, preferentially occurring along NE-SW
trending PC features.

The intersections of the PC trends in Figure 9, indicates
favorable structural settings for columbite-tantalite deposits.
We interpret the broad, diffuse PC features at regions with
concentrated PC and magnetic lows (S and NE regions) as
been associated with the clay and kaolin deposits. Sharp tilt
derivative gradients (southern Jenda, Mushere and Kwi) also
indicates lithological contacts [55] and could be responsible
for the mica mineralization along the pegmatite margins, clay
deposits in the weathered contact zone as well as the garnet
presence in the metamorphic aureoles.

We present results from the Tilt derivative (Figure 10)
with superimposed trends from phase congruency (PC) com-
putations. The superpositioning was performed for ease of
direct comparisons. The patterns are consistently highlighted
in both analyses, despite being derived through independent
methods. Figure 10 presents the lineament map of the study
area, exclusively illustrating the diverse subsurface trends
across the region. Two unique trending were identified.

34

While the general trends were captured from the magnetic
anomalies in the region, trending of the mineralized struc-
tures have also been captured with some interacting with the
general trends of the study area. The tilt derivative map re-
veals several significant features in the study area. Primary
NE-SW lineaments represent major shear zones related to the
Pan-African orogeny and are associated with columbite-
tantalite mineralization. Predominant linear features are ob-
served at Jenda, Ambam, Dogo Ndaji — Hurti, and Foron
regions.

Euler depth solutions from magnetic anomalies windows
(A, B, C, D, and E) are shown in Figure 11. The Euler solu-
tions reveal a multi-level distribution of magnetic sources.
With our primary focus on delineating possible presence of
dykes or sill structures (SI = 1) in the study area, we interpret
the clustering of solutions in the windows as indicative of
dyke or sill structures or edges of these structures hosting
minerals within the considered windows. The shallow
sources (<500 m) corresponds to the weathered zones host-
ing clay, niobium, beryl, kaolin deposits (Windows B, C, D,
and E) and shallow pegmatite bodies containing tourmaline
and mica (Window C and E). These findings align with the
work of Oruc and Salim [65], who noted similar depth distri-
butions in the Precambrian terrains. We interpret the deeper
sources (>500 m) as deep-seated intrusive bodies and possi-
ble ultramafic sources of mineralization (example, talc — NW
region of Gidan Tagwai) and SE region (Mushere). Analysis
of the spatial distribution of Euler solutions reveals several
key patterns with linear clusters predominantly trending NE-
SW (Windows A, B, D, and E). These are interpreted as dyke
swarms or shear zones. The circular and rounded clusters
characterized by concentric arrangements of solutions with
elongations in the E-W, NE-SW trending (Windows A, C, D,
and E) represents multiple structural indices and suggest
complex geometry in the study area. This assertion is con-
firmed in the geology map and the 3D magnetic inversion
results. These clusters may likely represent granitic intru-
sions hosting rare-metal pegmatite and metamorphic domes
with potential for garnet and mica.

Insights into the structural framework has also been pro-
vided by the lineation of the Euler solutions. Linear align-
ments of solutions may represent fault systems and multiple
depth ranges suggest deep rooted structures. These are key
controls on mineralization particularly for the wolframite and
tourmaline bearing pegmatite (Windows E and C), kaolin,
and tin ore (Window B, D, and E). Similar structural controls
were identified by Amigun et al. [66] and Abraham et al.
[67]. Intrusive complexes characterized by clustered solu-
tions with depths >600 m (Windows A, B, C, D, E), are also
potential source regions for rare-metal pegmatite and hydro-
thermal mineralization. The Euler solutions realized have
provided depth constraints to the magnetic lineaments identi-
fied in the tilt derivative map as some clusters of the solu-
tions correlate with zones of high magnetic gradients and
intersections of major structural features.

The 3D inversion results (Figure 12) reveal a complex
distribution of magnetic susceptibility within the study area.
The final representative structures realized in the 3D win-
dows (Figure 12) were achieved by clipping susceptibilities
of various units to leave-out the anomalous units. The mod-
els provide insights into the vertical distribution of potential
mineralization. Suspected structures at Fadiya Bukut (Win-
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dow A) at depths (350-1220 m) traces to possible subsurface
structures hosting niobium, columbite, and tantalite minerals
at the location. A major subsurface structure is mapped SE in
Window A (eastern regions of Ambam — Anta — Ataka). This
structure is significant in size and depths (1000-2500 m).
This could represent deep-seated mineralized structure host-
ing the columbite, molybdenite and tin ores at the locations.
Window B reveals intruded subsurface structures (200-
1600 m) with possible mineralization of columbite, mona-
zite, tantalite and clay. At the Palama — Zendi — Zol locations
(Window C), significant intrusives have been noticed (170-
200 m). These could represent possible kaolin/kaolinitic clay
and tourmaline mineral hosts within the subsurface. Clay,
kaolin and mica-rich pegmatites recorded at shallow mineral-
ization in the windows are consistent with weathering — con-
trolled deposits described by Salawu et al. [63].

A significant interconnected structure (400-3200 m) is
captured in Window D and traces largely to the older basalts,
porphyritic granite, biotite granite and the migmatite com-
plexes. This is indicative of a significant subsurface mineral-
ized structure at this location yet discovered, notwithstanding
traces of tin ores noted at the Old Durowa location. Deep
features (>1200 m) are characteristic of large, cohesive bod-
ies of elevated susceptibility. With susceptibility values rang-
ing from 0.02 to 0.08 SI, a greater percentage of these fea-
tures are interpreted as major basement structures. Intermedi-
ate to deeper depth targets in Window E (150-3000 m) may
be responsible for the columbite — tantalite, wolframite, gar-
net, feldspar, kaolin/kaolinitic clay, beryl, tin/niobium and
clay minerals recorded at the location. These are analogous
to deep mineral systems described by Denith et al. [64].

4, Conclusions

The integrated analysis of high-resolution aeromagnetic
data over the Kaduna-Nasarawa Precambrian Shield (KNPS)
has provided significant insights into the region's mineral
potential and structural framework. Through the application
of multiple magnetic data enhancement techniques, our
study has successfully delineated a complex network of
mineralized structures at various depths, offering a compre-
hensive understanding of the region's mineral resources. The
correlation between magnetic signatures and known mineral
occurrences has validated our methodological approach
while simultaneously revealing new prospective zones for
exploration.

The residual magnetic anomaly patterns, ranging from -
115 to 91 nT, reflect the diverse lithological units within the
study area, with strongly positive anomalies corresponding to
mafic rock bodies and intermediate values indicating poten-
tial rare-metal pegmatite. The integration of tilt derivatives
with phase congruency analysis has proven particularly ef-
fective in identifying subtle structural features not apparent
in the magnetic data, especially along the predominant NE-
SW trending lineaments that control mineral emplacement in
the region. These structural controls, further confirmed by
analytic signal computations and 3D magnetic inversion
modeling, demonstrate the critical relationship between tec-
tonic activity and mineralization processes in the Nigerian
Basement Complex.

Our depth analysis, combining source parameter imaging
and Euler deconvolution, has established a clear vertical
zonation of mineral deposits. Shallow sources (250-500 m)
consistently correlate with industrial minerals, particularly
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clay and kaolinitic deposits, while intermediate depths (500-
720 m) host significant rare-metal pegmatite containing co-
lumbite, tantalite, and wolframite. The identification of deep-
er structures (>1200 m) suggests the presence of potential
source regions for mineralizing fluids, offering new targets
for deep exploration. The coincidence of anomalies across
multiple frequency bands has highlighted priority exploration
targets, particularly in areas where shallow and deep magnet-
ic features intersect. The success of this integrated approach
in mapping both known mineral occurrences and identifying
new prospective zones demonstrates its efficacy for mineral
exploration in complex Precambrian terrains. However, we
recommend ground-truthing of the identified targets through
detailed geological mapping and geochemical sampling to
validate our interpretations.

Our study has contributes to the geological understanding
of the Kaduna-Nasarawa Precambrian Shield and also pro-
vides a methodological framework for systematic mineral
exploration in similar geological settings. The economic
implications of our findings are significant, offering valuable
guidance for targeted exploration efforts in the region. As
Nigeria seeks to diversify its economy through the develop-
ment of its solid mineral resources, the approach and results
presented here represent a valuable contribution to achieving
this national objective.
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Cupek MeTaJIibl MUHEPAJIAHYIBIH KYPbUIBIMABIK 0aKbLJIAYbI:
HurepusinbIH KPpUCTAJ/IbI IPreTachbiHAAFbl IKOHOMHUKAJIBIK KeH
OPBIHJIAPBIHBIH TEPEH KAPTAChIH Kacay

2. Abpaxam®’, M. A6aynsapamk?, M. Dmetepel, A. Yeman?, U. Ukeasora®

LAnexc Ixeyame Ppedepandv ynusepcumemi, Hxeo, Hueepus
2460ynasuz ynueepcumemi, [ocuoda, Cayo Apabusacol
2Boyau ynusepcumemi, Heo, Hucepus

*Koppecnondenyust ywin asmop: ema.abraham@funai.edu.ng

Annarma. byn 3epTreyniH MakcaTbl MHUHEpaIIbIK-O0apiay >KYMBICTaphl YIIIH NEpCIeKTHBAIBI aliMaKTapbl aHBIKTay XXKOHE
KeMmOpuit anusiHAaFrsl TeppaHIap IMeTiHae MUHEepaIIaHy IpOLeCTepiH TYCIHY Il TepeHIeTy OobI Tadbutaasl. JKoFapsl ANIMIKTET]
A3POMarHUTTIK JAEPeKTep aHAIUTUKAJIBIK CHIHAJIIBI, KelOey TYyBIHIbl epicTi, (a3aiblk CHMMETpPHSHBL, KO3 MapameTpliepiH
OeitHeneyni, barTepyopTThIH JKOJAKTHI CY3yiH, MarHUTTIK aybITKYJapIblH YII ©JIIEeMAI HHBEPCHSICBIH J>KoHE OMepliH
JICKOHBOITIOIMSICHIH KOCa aJFaH/a, OipiKTipUIreH Teo(pH3UKAIBIK OiCTep KEeHIeHIH KOJIaHy apKbeUIbl TalmaHasl. by omictep xep
acThl KYPbUIBIMAAPBIH 06l KepceTyre, onapiAblH KeHICTIKTIK TapallyblH, Haiiia 0oJly TepeHIIriH XoHe Mmaiianbl Ka30aiapplH
KepiHicTepiMeH OailIaHbICBIH aHBIKTayFa MYMKIHIIK Oepni. HaTmwkenep MuHepalibl 3aTTap/IblH €HII3UTyiH OaKbUIAWThIH HETrisri
CIBICY alMaKTapbl MEH aKaylbl KyHenepre CoMKec KEJeTiH CONTYCTIK-IIBIFBIC JKOHE CONTYCTIK-OAaTBhIC KECHEIOIHIH CBHI3BIKTHIK
aliMakTapbIHBIH OONyBIH KepceTTi. Tas3 Oymakrap (250-500 M) ca3 CHAKTBI ©HEPKOCINTIK MHHEpAIZapMeH OallaHBICTHL,
KYpaMbIHIa CHPEK Ke3JeCeTiH MeTal merMaturrepi Oap apanbik TepeHmikrep (500-720 M) KOJTyMOUT-TAHTAIMT JKOHE
BONb(PpaMUT; an TepeH KypbUibiMaap (>1200 M) MUHepanmaHaTHIH CYWBIKTBIKTApABIH Maiaa OONyBIHBIH BIKTUMAal aiMaKTapbIH
KepceTelli. AHAIUTHKAIBIK CUTHAJIBIH YKOFAphl aMIDIATYAANBIK aybITKynaapsl (0.04-0.05 HT/M) reonorusuiblK KOHTAKTiUIepMEH
JKOHE KYPBUIBIMBIK IIEKapajlapMeH CoiKec KeJedi, MyMKIH MUHEpalaHy aiiMakrapblH Oenrineini. byn 3eprTey adlMakThIH xKep
acThl MUHEpAJIaHFaH KYPBUIBIMIAPBIH 3€pTTEeyre OaFbITTalFaH ajFallKbl KEIICHAl JKYMbIC OONbIN TaObUIanpl. I 'eodu3nKanbik
ozicTep KelleHiH KongaHy OYphIH KOpCeTIIMETeH KYPhUIBIMABIK EPEKIIETIKTEP Il aHBIKTayFa )KOHE MUHEPAIIaHFaH aiMaKTapIbIH
TIK Y3IKCI3AITiH pacTayFa MyMKiHIiK Oepai. XKapTbuiail alblHFaH HOTIOKENEp MaKCaTThl TeOJIOTUSIIbIK Oapiiay jKYMbICTaphl YIIiH
KYH/IbI TYCIHIKTEpP O€pe OTBIPBIIl JKOHE KPUCTAJIBIK iprerac IeriHae KOMyMOUT-TaHTAIINT, BOJb()PAMUT, KaOJIMH koHe Oacka Jia
OMJIAaCTHIPBUFAaH MUHEPAIAAPABI 13/IEY/IIH ITipeK >KOHE YHEMI CTpaTeTHsUIapbIH 93ipiieyre BIKNAN €Te OTHIPHIN, SKOHOMHKAIIBIK
MaHbI3bl 0ap KeH OpBIHIAPbIH TepeH OarapiiaHFaH KapTara TYCIpy/ll KaMTaMachl3 eTe/i.

Hezizzi co30ep:. macnummix Oepexmep, nauoanwl Kazoaiapovl oOapaay, mepenoiK, KYpblibIMObIK OaKuLiay, May-KeH,
Kpucmanowlx ipeemac.

CTpyKTYpHBI KOHTPOJIb PEAKOMETANIbHOH MUHEPAJIU3ALMHA:
NIYOMHHOE KAPTHPOBAaHUE JKOHOMUYECKMX MECTOPOKACHU I
B KpucTa/LIn4ecKkoM pyHaamente Hurepuun
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AHHOTal[PIﬂ. HCJ'[I) JAHHOT'O MCCIICIOBAHMA 3aK/IIFOYACTCA B BBIABJIICHHUH TCPCIICKTUBHBIX 30H JJII MUHEPAJIOTO-Pa3BEA0OYHBIX
paboT U yriryOieHNM MOHMUMAaHUS TPOIECCOB MUHEPATIHM3ALUH B Ipenesax JOKeMOpHHCKUX TeppeiiHOB. BricokoTouHbIE a’po-
MarHuTHBIE JlaHHblE OBUIM NPOAHAIM3MPOBAHBI C HCIOJIB30BAHWEM KOMIUICKCA WHTETPUPOBAHHBIX T'eO()M3MYECKHUX METOMOB,
BKJIIOYAs] aHAJIMTHYECKHH CHTHAJI, HAKJIOHHOE TPOM3BOJIHOE MoJie, (ha30BYI0 CUMMETPHIO, N300paXKeHHEe IapaMeTpOB MCTOYHH-
KOB, ITIOJIOCOBYIO (mibTpanuio barrepBopra, TpEXMEPHYIO MHBEPCHIO MAarHUTHBIX aHOMAJIHMH WM JIEKOHBOJIONHWIO Diiepa. DTH
METO/BI TIO3BOJIMIIM BBLICIUTH MOATIOBEPXHOCTHBIE CTPYKTYpBI, ONPEAEIUTh UX IPOCTPAHCTBEHHOE pacrpeleieHne, TTyOHHbI
3ajleraHysl ¥ B3aUMOCBSI3b C IPOSIBICHUSAMM MOJE3HBIX HUCKONMAEeMbIX. Pe3ynbTaTel MOKa3alu HalUYUe JIMHEWHBIX 30H CEBEpO-
BOCTOYHOTO W CEBEPO-3aIaTHOTO MPOCTUPAHHH, COOTBETCTBYIOIINX TIIABHBIM 30HAM CIBHUTa M PA3JIOMHBIM CHCTEMaM, KOHTPOJIH-
PYIOIIMM BHEApPEHHE MUHEpaJIbHOTO BetiecTBa. Hermybokue ncrounuxu (250-500 M) cBsi3aHBI ¢ NPOMBIIUICHHBIMA MUHEPAJIAMH,
TaKMMH KakK IJIMHA; NMpOMeXyTouHble riyounsl (500-720 M) ¢ peaKOMeTauIbHBIMM HErMaTUTaMH, COJCPKalllUMH KOJIyMOWT-
TAQHTAJTUT ¥ BOJHLGPAMHUT; TOTAA KaK TITyOMHHBIC CTPYKTYphI (>1200 M) yKa3bIBalOT Ha MOTCHIHAIBLHBIC OOJIACTH 3apOKICHHS
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MHHEpATH3YIOIUX (Irona0B. BeicokoaMIumTyaHble aHoMannn aHaauTuaeckoro curraia (0.04-0.05 aT/m) coBmamaroT ¢ reoio-
TMYECKMMH KOHTaKTaMH M CTPYKTYPHBIMH I'paHUIAMM, 0003Hayasi 30HBI BO3MOXXHOW MHUHepanu3anuu. J[aHHoe uccienoBaHue
npeacTaBsieT co0OH TEpBYI0 KOMIUIEKCHYIO paboTy, HanpapiCHHYIO HAa W3YYCHHE ITOJIIOBEPXHOCTHBIX MHHEPAIM30BaHHBIX
CTPYKTYp peruoHa. [IpuMeHeHne KOMIUIeKca reo(pU3HIECKHX METOIOB O3BOJIMIIO BBIIBHTH PaHee HEOTPAKEHHBIE CTPYKTYPHBIS
0COOCHHOCTH M MOATBEPANUTH BEPTHKAJIBHYIO HEIIPEPHIBHOCTE MUHEPAIN30BaHHBIX 30H. [1osTyyeHHbIe pe3yabTaThl 00ECIICYHBAIOT
IITyOWHHO-OPUEHTHPOBAHHOE KAapTHPOBaHHE SKOHOMHYECKH 3HAYNMBIX MECTOPOXKACHHH, MPEIOCTABIISAS IEHHBIC CBEICHUS JUIS
IeJICHATIPABICHHBIX TEO0JIOTOPAa3BEJOYHBIX pabOT M CHOCOOCTBYS pa3paboTKe Oojee TOUHBIX W IKOHOMHYECKH 3(P(eKTHBHBIX
CTpaTeruii IIOUCKOB KOMYMOUT-TaHTAINTA, BOJIb(QPAMHUTA, KAOJIMHA U IPYTUX IPOMBIIUICHHEIX MHHEPAIOB B Npelenax KpUcTal-
JIMYECKOTo (pyHIIaMEeHTa.

Knrouesvie cnosa: macnumnvie OanHvle, pa3eeoka NONE3HbIX UCKONAEMbIX, 2TyOUHbL, CIPYKMYPHYINE KOHMPOIb, 20pHOE OeNo,
Kpucmauiudeckui pynoamenm.
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Abstract. Dry reforming of methane (DRM) is a promising approach for producing synthesis gas, a mixture of hydrogen
and carbon monoxide, which serves as a valuable intermediate for energy and chemical applications. In the context of the
global energy transition, hydrogen is considered a potential low-carbon energy carrier, while DRM enables the simultaneous
utilization of methane and carbon dioxide. This study aimed to assess the prospects of the Anabai gas field for converting pro-
duced natural gas into synthesis gas via the DRM reaction and to demonstrate the practical feasibility of methane conversion
based on laboratory-scale experiments. To evaluate the potential of methane utilization, data on the methane content of natural
gas from the Anabai field under surface and subsurface conditions were analyzed. Surface gas characteristics were determined
using 56 wellhead samples from Famennian, Lower, Middle, and Upper Visean, as well as Serpukhovian deposits. Subsurface
gas composition was assessed based on 102 samples from the Famennian, Tournaisian, and Visean—Serpukhovian stages. The
results indicate a consistently high methane content across the studied stratigraphic horizons. Experimental DRM studies were
carried out using a 20Co-10Mg-20Al catalyst synthesized by the self-propagating high-temperature synthesis (SHS) method.
The catalytic performance was evaluated in terms of methane and carbon dioxide conversion, synthesis gas composition, and
temperature dependence. Based on the experimental results, practical recommendations for implementing DRM at the Anabai
gas field are proposed, and the prospects for integrating this technology into environmentally oriented energy production
schemes are discussed.
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1. Introduction transition toward a more sustainable and resilient global
energy system, commonly referred to as the energy transi-
tion, has been identified as one of the key pathways for re-
ducing environmental pressures and ensuring long-term
development. The concept of the energy transition refers to a
profound structural transformation of the global energy sec-
tor as an integrated system. This transformation is driven by
changes in the energy mix, including the increasing deploy-
ment of new and renewable energy sources, as well as a
gradual reduction in the share of conventional fossil fuels in
total global energy production.

From a historical perspective, the development of the
global energy system can be divided into four primary stages
of energy transition. The first stage is associated with the
shift from the use of relatively inefficient but readily availa-
ble biomass, primarily wood, to a more energy-dense fossil
fuel — coal. This transition began in the second half of the
nineteenth century, driven by rapid industrialization and the
widespread adoption of steam engines, and is generally con-
sidered to have been completed by the beginning of the twen-
tieth century. During this period, the share of coal in the
global energy balance increased significantly, from marginal
levels to approximately 50%.

Currently, humanity is facing increasingly urgent challeng-
es related to the planet’s future development. Intensive human
activity and extensive industrial growth over recent decades
have led to significant environmental degradation on a global
scale. Anthropogenic factors play a significant role in climate
change and the large-scale transformation of natural ecosys-
tems. Issues such as greenhouse gas emissions, global warm-
ing, environmental pollution, biodiversity loss, soil degrada-
tion, and desertification have become widely recognized and
discussed worldwide. These challenges are inherently global,
as their consequences extend beyond national borders and
impact societies and ecosystems worldwide.

In response to the growing environmental risks and their
potential long-term impacts, governments and international
organizations have undertaken a range of mitigation and
sustainability-oriented initiatives. Environmental protection
and sustainable development occupy a central position on the
United Nations’ agenda. In particular, in 2015, the UN Gen-
eral Assembly adopted the Sustainable Development Goals
(SDGs), formulated as a comprehensive framework aimed at
achieving balanced economic growth, social well-being, and
environmental sustainability. Within this framework, the
© 2025. B.B. Zhaparov, B.B. Bissenov, Zh.S. Tulemissova
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The second stage of the energy transition is characterized
by the growing dominance of oil as a primary energy source.
Its role increased substantially throughout the twentieth cen-
tury, with oil accounting for approximately 3% of the global
fuel balance in 1915 and rising to about 45% by 1975. The
third stage corresponds to the widespread introduction of
natural gas in both energy production and industrial applica-
tions. Unlike previous stages, this period is characterized by
the absence of a single dominant energy resource and a more
diversified energy structure.

The fourth stage of the energy transition has been under-
way since the early 2000s. It is characterized by the large-
scale deployment of renewable energy sources and a gradual
shift away from fossil fuels, specifically hydrocarbons. Ac-
cording to the International Energy Agency, this transition is
expected to extend through the middle of the twenty-second
century, with a projected completion around 2150. Thus, the
present period can be regarded as an active phase of the
fourth energy transition. In this context, the investigation of
hydrogen production pathways derived from natural gas and
methane, in particular, has become increasingly relevant as a
potential component of a more sustainable and low-carbon
energy system.

Dry reforming of methane (DRM) has been widely inves-
tigated as a sustainable pathway for the simultaneous conver-
sion of two primary greenhouse gases, CHs and CO,, into
synthesis gas, which serves as a key intermediate for the pro-
duction of fuels and value-added chemicals [1, 2]. Among the
various catalytic systems explored, Ni- and Co-based cata-
lysts have received considerable attention due to their high
intrinsic activity and economic advantages over noble-metal
catalysts [3, 4]. However, the practical deployment of these
materials is still hindered by catalyst deactivation under se-
vere DRM conditions, primarily caused by carbon deposition,
metal sintering, and insufficient thermal stability.

To address these limitations, significant research efforts
have focused on developing advanced catalyst preparation
techniques and compositional modifications. In particular,
solution combustion synthesis (SCS) and self-propagating
high-temperature synthesis (SHS) have emerged as efficient
and versatile methods for producing catalysts with highly
dispersed active phases, strong metal-support interactions,
and improved resistance to deactivation [5-7]. Catalysts
prepared via these methods often exhibit enhanced redox
properties and structural stability compared to conventionally
synthesized materials, making them especially attractive for
high-temperature DRM applications.

Further enhancement of catalytic performance has been
achieved through the incorporation of promoter oxides and
secondary metals. Rare-earth oxides, such as CeO. and
La;0s, have been reported to improve oxygen mobility and
facilitate the gasification of surface carbon species, thereby
suppressing coke formation on Ni-based catalysts [8]. In
addition, the introduction of transition metal promoters, in-
cluding Mn, Mg, and Fe, has been shown to modify the acid—
base characteristics and redox behavior of the catalyst sur-
face, leading to improved catalytic activity, stability, and
syngas selectivity in DRM reactions [9-11].

In parallel with Ni-based systems, increasing attention has
been devoted to Co-based catalysts, which generally exhibit a
lower tendency toward carbon formation. Recent studies have
demonstrated that lanthanide-doped Co-Al catalysts prepared
by SCS exhibit promising catalytic activity and stability in
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DRM, highlighting the potential of Co-Ce-Al and Co-La-Al
formulations as viable alternatives to conventional Ni-
containing catalysts [12, 13]. Overall, the existing body of
literature confirms the high potential of Ni- and Co-based
catalysts synthesized via combustion-based methods for DRM.
Nevertheless, a comprehensive understanding of the interplay
between catalyst composition, promoter selection, and synthe-
sis parameters remains incomplete, emphasizing the need for
further systematic and comparative investigations [1-13].

The purpose of this research work was to demonstrate the
potential of the Anabai gas field in utilizing the extracted
natural gas to convert it into synthesis gas through the DRM
reaction, and to investigate and illustrate, using laboratory
scientific experiments on DRM, the practical feasibility of
obtaining synthesis gas from methane.

2. Materials and methods

2.1. Object of study and characteristics of the Anabai gas
field

The object of this study is the Anabai gas field, which is
currently under industrial exploitation and is characterized by a
high methane content in the produced natural gas. This feature
allows the field to be considered a promising source of methane
for synthesis gas production via dry reforming of methane
(DRM). The Anabai gas field is situated in the Moiynkum
district of the Zhambyl region in the Republic of Kazakhstan,
approximately 210 kilometers north of the city of Taraz.

According to the Anabai Deposit Development Project
[14], the component composition of natural gas from the Ana-
bai field was investigated under both surface and reservoir
(deep) conditions. Under surface conditions, 56 wellhead gas
samples were analyzed from Famennian, Lower, Middle, and
Upper Visean, as well as Serpukhovian deposits. Several sam-
ples exhibiting anomalously low or high methane contents
were excluded from the dataset. The methane concentration
under surface conditions was found to range from approxi-
mately 88% to 91%, depending on the stratigraphic horizon.

The reservoir gas composition was evaluated based on
102 deep gas samples collected from Famennian, Tournaisi-
an, Lower, Middle, and Upper Visean, and Serpukhovian
formations. After excluding anomalous samples, the methane
content in the reservoir gas generally ranged from 80% to
83% for Visean and Serpukhovian deposits. In comparison,
significantly higher methane concentrations (up to 95-98%)
were observed for Tournaisian reservoirs. The Famennian
reservoir gas exhibited an average methane content of ap-
proximately 90%. Overall, the consistently high methane
content across different stratigraphic horizons confirms the
suitability of natural gas from the Anabai field as a feedstock
for producing synthesis gas.

2.2. Catalyst preparation

Overall, the consistently high methane content across dif-
ferent stratigraphic horizons confirms the suitability of natu-
ral gas from the Anabai field as a feedstock for producing
synthesis gas.

The SHS process is based on the ability of powder mix-
tures containing fuels and oxidizers to ignite upon local heat-
ing, followed by the propagation of a combustion wave
throughout the reacting system. This process leads to the
formation of solid products with high porosity and developed
surface morphology.
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For catalyst synthesis, 20 g of precursor materials were
used, including 10 g of urea (CH4N2O) as a fuel, 4 g of co-
balt(ll) nitrate hexahydrate (Co(NOs3)2:6H,0), 2 g of magne-
sium nitrate hexahydrate (Mg(NOs3).-6H-0), and 4 g of alu-
minum nitrate nonahydrate (Al(NO3)3-9H,0). The precursors
were dissolved in 15 mL of deionized water in a heat-resistant
chemical beaker. Urea was employed to ensure stable com-
bustion, with the fuel-to-oxidizer ratio maintained at unity.

The resulting solution was preheated to 80°C under con-
tinuous stirring to ensure complete dissolution of the compo-
nents. The homogeneous solution was then placed into a
muffle furnace preheated to 500°C, where combustion oc-
curred over a period of 10-15 minutes. As a result, a solid
foam-like material was formed. After synthesis, the obtained
material was cooled to room temperature (approximately
20°C) for 30 minutes, crushed into a fine powder, and stored
for further use.

2.3. Experimental setup and DRM procedure

The DRM experiments were conducted using the labora-
tory facilities of the JSC Institute of Fuel, Catalysis, and
Electrochemistry, named after D.V. Sokolsky. The experi-
mental setup included an automated laboratory unit equipped
with a CHROMOS GC-1000 gas chromatograph, a muffle
furnace, and analytical laboratory balances.

The reaction was carried out in a quartz tubular reactor,
which was installed inside a furnace. The reactor was packed
sequentially with glass wool, 2 mL of quartz, 2 mL of the
catalyst, followed by another 2 mL of quartz and glass wool
to ensure uniform gas flow and temperature distribution. The
reactor was positioned such that its central zone coincided
with the furnace temperature sensor, allowing accurate con-
trol and monitoring of the reaction temperature.

The DRM reaction was conducted at atmospheric pres-
sure using a gas mixture of CH4 and CO; diluted with argon,
with a volumetric ratio of CH4:COz:Ar = 1:1:1. The total gas
flow rate through the reactor was maintained at 100
mL-min~t. The dry reforming of methane proceeds according
to the following reaction:

CHs + CO, — 2H, + 2CO, 1)

The reactor temperature was increased stepwise from
500°C to 900°C in increments of 100°C. At each tempera-
ture, the composition of the reaction products was analyzed
every 30 minutes using the CHROMOS GC-1000 gas chro-
matograph equipped with Chromos software.

3. Results and discussion

To assess the reliability of the experimental results, all
measurements were performed in duplicate under identical
conditions. The reproducibility of the obtained data was
satisfactory, indicating a high level of measurement reliabil-
ity and experimental consistency.

Table 1 summarizes the inlet and outlet concentrations of
methane and carbon dioxide obtained during the evaluation
of the catalytic activity of the 20C0-10Mg-20Al catalyst in
the dry reforming of methane (DRM) reaction over the tem-
perature range of 500-900°C.

At temperatures of 500 and 600°C, the outlet concentra-
tions of methane and carbon dioxide remain close to their
inlet values, indicating limited catalytic activity in this tem-
perature range.
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Table 1. Inlet and outlet concentrations of methane and car-
bon dioxide during DRM over the 20Co-10Mg-20Al catalyst

Temperature, °C | CH4in.,% COzin, % CHjout., % CO,out., %
500 33 33 29.62 33
600 33 33 29.09 33
700 33 33 11.88 16.36
800 33 33 0.33 6.29
900 33 33 0 491

This behavior is typical for DRM, a highly endothermic
reaction that requires elevated temperatures to achieve signif-
icant reactant conversion.

A pronounced increase in catalytic activity is observed at
700°C, where a substantial decrease in both CHs and CO;
outlet concentrations is detected. The methane concentration
decreases from 33% at the reactor inlet to 11.88% at the
outlet, while the CO. concentration decreases to 16.36%.
This temperature marks the onset of effective DRM over the
20Co0-10Mg-20Al catalyst.

A pronounced increase in catalytic activity is observed at
700°C, where a substantial decrease in both CH4 and CO;
outlet concentrations is detected. The methane concentration
decreases from 33% at the reactor inlet to 11.88% at the
outlet, while the CO, concentration decreases to 16.36%.
This temperature marks the onset of effective DRM over the
20Co0-10Mg-20Al catalyst.

The observed temperature-dependent behavior can be at-
tributed to the endothermic nature of the DRM reaction and
the increased availability of active sites at higher tempera-
tures. The presence of cobalt as the primary active metal
contributes to high methane activation efficiency, while
magnesium and aluminum oxides likely enhance catalyst
stability and modify surface basicity, facilitating CO; activa-
tion and carbon gasification.

Overall, the results demonstrate that the 20Co-10Mg-
20A\ catalyst exhibits high catalytic activity in DRM at tem-
peratures above 700°C, with near-complete methane conver-
sion achieved at 800-900°C. These findings confirm the
suitability of the investigated catalyst composition for high-
temperature DRM applications. They are consistent with
trends reported in the literature for Co-based catalysts syn-
thesized via combustion-based methods.

The experimental data obtained in this study are present-
ed graphically in Figures 1-4. The reproducibility of the
measurements supports the reliability of the results, as all
experiments were performed in duplicate under identical
conditions, yielding consistent trends in gas conversion and
product composition.
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Figure 1. Dependence of methane and carbon dioxide conver-
sion on reaction time during DRM over the 20Co-10Mg-20Al
catalyst
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Figure 1 illustrates the dependence of methane and car-
bon dioxide conversion on reaction time during DRM over
the 20Co-10Mg-20Al catalyst. At short reaction times (30-60
min), the conversion of both reactants remains low, indicat-
ing that the catalytic system requires a specific stabilization
period under reaction conditions. With increasing reaction
time, a pronounced increase in methane conversion is ob-
served, reaching nearly complete conversion after 120-150
min. A similar trend is evident for carbon dioxide, although
its conversion remains slightly lower than that of methane
throughout the experiment. This behavior suggests progres-
sive activation of the catalyst surface and the establishment
of steady-state reaction conditions.
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Figure 2. Dependence of hydrogen and carbon monoxide
formation on reaction time during DRM over the 20Co-10Mg-
20Al catalyst

A corresponding increase in the formation of reaction
products is evident in Figure 2, which illustrates the evolu-
tion of hydrogen and carbon monoxide concentrations over
time. The gradual rise in H2 and CO content correlates well
with the increasing conversions of CH, and CO,, confirming
that the observed reactant consumption is predominantly
associated with the DRM reaction. After approximately 120
min, the product composition approaches a quasi-steady
state, indicating stable catalyst performance under the inves-
tigated conditions.
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Figure 3. Effect of reaction temperature on methane and car-
bon dioxide conversion during DRM over the 20Co-10Mg-20Al
catalyst

The influence of reaction temperature on DRM perfor-
mance is depicted in Figure 3. Both methane and carbon
dioxide conversions exhibit a strong positive dependence
on temperature. At 500-600°C, the conversions remain
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relatively low, reflecting the endothermic nature of DRM
and the limited activation of reactant molecules at lower
temperatures. A sharp increase in conversion is observed at
700°C, marking the onset of effective DRM over the 20Co-
10Mg-20Al catalyst. At 800-900°C, methane conversion
reaches nearly 100%, while carbon dioxide conversion
exceeds 80%, demonstrating high catalytic activity at ele-
vated temperatures.
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Figure 4. Effect of reaction temperature on hydrogen and
carbon monoxide formation during DRM over the 20Co-10Mg-
20Al catalyst

Figure 4 shows the corresponding effect of temperature
on the composition of the gaseous products. The concentra-
tions of hydrogen and carbon monoxide increase significant-
ly with increasing temperature, which is consistent with the
enhanced DRM reaction rate. At temperatures above 700°C,
the Hz and CO contents rise markedly, approaching values
characteristic of synthesis gas suitable for downstream appli-
cations. The higher hydrogen yield compared to carbon
monoxide can be attributed to the combined contribution of
DRM and possible side reactions, such as methane cracking
and the reverse water-gas shift reaction.

The catalytic performance of the 20Co-10Mg-20Al sys-
tem is strongly dependent on both reaction time and tempera-
ture. Efficient methane and carbon dioxide conversion, ac-
companied by high synthesis gas yields, is achieved at tem-
peratures above 700°C and after sufficient reaction time to
reach steady-state conditions. These findings confirm the
suitability of the investigated catalyst composition for high-
temperature DRM. They are in good agreement with general
trends reported for Co-based catalysts prepared by combus-
tion-based synthesis methods.

This paper presents a comparative assessment of the be-
havior of the 20Co-10Mg-20Al catalyst in the DRM reaction
at five temperatures: 500°C, 600°C, 700°C, 800°C, and
900°C. The analysis focuses on the calculated conversions of
CH4 and COq, as well as on the composition of the gaseous
products, namely CO and H.

The outlet concentrations of CH4, CO», CO, and H, were
experimentally measured, and the corresponding conversion
values were calculated using the following relationships:
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The 20Co-10Mg-20Al catalytic system exhibits low ac-
tivity at the lower temperatures of 500°C and 600°C. Under
these conditions, methane conversions reach only 10.2% and
11.8%, respectively, while the formation of syngas compo-
nents (CO and Hy) is negligible. At such temperatures, me-
thane molecules, characterized by strong C—H bonds with a
bond dissociation energy of approximately 435 kJ-mol™,
cannot be efficiently activated on the surface of the cobalt-
based catalystt As a result, the DRM pathway
(CH4 + CO2 — 2CO + 2Hy) is kinetically suppressed.

In contrast, CO, although thermodynamically stable, can
participate in secondary reactions when trace amounts of
oxygen or water are present in the system. One possible route
for CO; formation involves the partial oxidation of methane
(CH4 + 20, — CO; + 2H,0), notably if the catalyst has not
been fully reduced or if residual oxidized species remain on
the support surface. Another pathway is associated with the
oxidation of carbon deposits formed during the cracking of
methane (CH4 — C + 2H,). These deposits can subsequently
react with CO; via the Boudouard reaction or gasification,
leading to additional formation of CO and COg:

C+CO, —»2CO 4)

In both cases, the net effect is an increased concentration
of CO, at the reactor outlet, even though no excess CO is
introduced into the feed. Such parasitic reactions reduce the
overall carbon efficiency of the process, indicating insuffi-
cient catalyst activation or limited dispersion of metallic
cobalt species at low temperatures.

A significant enhancement in catalytic performance is
observed as the temperature increases to 700°C. Under these
conditions, methane conversion rises sharply to 64%, while
CO; conversion reaches 50.4%. This increase is accompa-
nied by substantial production of H, (30.28 mmol) and CO
(31.79 mmol), indicating effective activation of the DRM
reaction pathway. The pronounced jump in activity is con-
sistent with the known kinetic barriers associated with CH,
dissociation. It suggests that the threshold temperature for
efficient C—H bond cleavage on metallic Co° active sites has
been reached. In this context, cobalt plays a crucial role by
enabling the dissociative adsorption of methane, resulting in
surface-bound carbon (C*) and hydrogen (H") species, which
subsequently react with adsorbed CO--derived intermediates.

The high methane conversions of 99% and 100%, togeth-
er with carbon dioxide conversions of 80.9% and 85.1% at
elevated temperatures of 800°C and 900°C, respectively,
further demonstrate the strong temperature dependence of
DRM performance over the investigated catalyst. Such tem-
peratures correspond to conditions close to the thermody-
namic equilibrium region for highly endothermic reactions
such as DRM. The increased yields of CO and H, observed
at these temperatures indicate enhanced reaction Kinetics,
higher surface mobility of the reactants, and an increased
availability of active metallic Co® surface sites.

In addition to the intrinsic catalytic activity of cobalt, the
role of Mg and Al as support components should also be
emphasized. Magnesium oxide introduces basic surface sites
that promote the adsorption and activation of CO,. This ba-
sicity compensates for the acidic character of Al,QOs, result-
ing in a balanced support environment that can stabilize CO2
in the form of carbonate or bicarbonate intermediates before
their decomposition into reactive CO, species. Such dual
functionality enhances CO; uptake and contributes to the
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suppression of carbon deposition by facilitating gas-solid
interactions. Moreover, MgO may promote a more uniform
dispersion of cobalt species within the support matrix, there-
by minimizing sintering at elevated temperatures and im-
proving catalyst durability.

The consistency in the formation of both H, and CO fur-
ther suggests that the reverse water-gas shift reaction
(RWGS) does not play a dominant role under the investigat-
ed conditions. In systems where RWGS becomes significant
(CO; + Hy — CO + H30), the H,/CO ratio typically decreas-
es below unity. In contrast, the present results indicate an
H2/CO ratio close to unity across the entire temperature
range, implying that the DRM pathway proceeds selectively
with limited interference from side reactions.

The DRM mechanism over Co-based catalysts is com-
monly described using a bifunctional model. Methane activa-
tion predominantly occurs on metallic cobalt sites, which
provide the necessary electronic structure and geometry for
the cleavage of C-H bonds. In contrast, CO, preferentially
interacts with oxide supports or oxygen-containing surface
species. The coexistence of MgO and Al;Os in the catalyst
creates a heterogeneous surface with multiple types of active
sites. Surface carbon species (C*) formed during methane
cracking can readily react with oxygen-containing intermedi-
ates derived from adsorbed CO; (such as O™ or CO3%*), lead-
ing to CO formation and completion of the catalytic cycle.

From a performance perspective, the 20Co-10Mg-20Al
catalyst exhibits promising characteristics. The sharp in-
crease in conversion between 600°C and 700°C indicates
effective thermal activation, while the near-complete me-
thane conversion at 800-900°C reflects high intrinsic catalyt-
ic activity. The high yields of H, and CO, together with a
stable H./CO ratio, further confirm both the efficiency and
selectivity of the catalyst under high-temperature DRM con-
ditions.

Nevertheless, certain limitations should be noted. The ab-
sence of significant activity at temperatures around 650°C
may restrict the applicability of the catalyst in processes
designed to operate under milder conditions for improved
energy efficiency. Additionally, the present study does not
address long-term stability or regeneration behavior, which
are crucial parameters for industrial implementation. Coke
formation, although not directly reflected in the observed
conversion values, remains a persistent challenge in DRM,
particularly at elevated temperatures and under conditions
where carbon gasification pathways are limited.

In summary, the 20Co-10Mg-20Al catalyst exhibits a dis-
tinct activation threshold in the range of 650-700°C, above
which it demonstrates high efficiency in the DRM reaction.
The synergistic interaction between metallic cobalt, basic
MgO, and structurally stable Al,O3 provides a solid founda-
tion for achieving high CH4 and CO; conversions, elevated
synthesis gas yields, and consistent reaction selectivity.

To evaluate the structural and elemental stability of the
20C0-10Mg-20Al catalyst under DRM conditions, a compar-
ative analysis was performed using scanning electron mi-
croscopy (SEM) coupled with energy-dispersive X-ray spec-
troscopy (EDS). Both fresh and spent catalyst samples were
examined to assess their morphological features, elemental
composition, and surface changes induced by the reaction.

Representative SEM images and corresponding EDS
spectra of the fresh and spent catalysts are presented in Fig-
ure 5a and Figure 5b, respectively.
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Fresh 20Co-10Mg-20Al
(@)

spectrum 3 (restored)
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Figure 5. EDS spectra of the 20Co-10Mg-20Al catalyst:
(a) — fresh sample; (b) — spent sample after DRM reaction

The fresh catalyst sample (Figure 5a) exhibits a porous
and well-developed surface morphology, as observed by
SEM. Uniformly distributed surface features characterize the
structure, with no visible signs of particle agglomeration or
sintering. Such morphology is advantageous for DRM, as it
provides a high accessible surface area and facilitates the
exposure of active catalytic sites. The corresponding EDS
analysis confirms the presence of all expected elements,
including cobalt (Co), magnesium (Mg), aluminum (Al), and
oxygen (O), as well as trace amounts of silicon (Si), which
are most likely associated with the substrate or external con-
tamination. The average elemental composition (wt.%) of the
fresh catalyst was determined as follows: Co —47.31%, O —
29.35%, Al —13.83%, Mg —9.44%, and Si—0.07%. These
results confirm the successful incorporation of all catalyst
components in the intended proportions. The high cobalt
content reflects its role as the primary active phase, while
MgO and Al,Os act as structural and textural stabilizers.

The spent catalyst sample (Figure 5b) also demonstrates
favorable structural characteristics after DRM operation.
SEM analysis reveals that the overall porous morphology is
largely preserved, with no evidence of severe support degra-
dation or cobalt sintering. Although slight surface smoothing
and limited particle growth are observed, these changes re-
main within acceptable limits and do not indicate significant
structural deterioration. Filamentous carbon species, typical-
ly associated with DRM, are detected on the catalyst surface,
confirming catalytic activity during operation. Importantly,
no encapsulation of the active phase or extensive aggregation
is observed, suggesting that the active cobalt sites remain
accessible after reaction.

EDS analysis of the spent catalyst confirms the presence
of all key elements across different surface regions. The
average elemental composition (wt.%) was determined as:
Co —48.48%, O —23.29%, Al -16.57%, and Mg — 11.66%.
Compared to the fresh catalyst, the cobalt content increased
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by approximately 1.17%, which can be attributed to surface
enrichment resulting from the reduction of cobalt oxide spe-
cies to metallic cobalt during the DRM process. Simultane-
ously, the oxygen content decreased by about 6.06%, con-
sistent with partial lattice oxygen removal under high-
temperature and reducing reaction conditions. The relative
increase in Al and Mg contents is primarily associated with
the decrease in oxygen concentration, which enhances the
relative contribution of metallic elements in the EDS signal.

The EDS spectra of the spent catalyst show well-defined
cobalt peaks, particularly at approximately 6.9 and 7.6 keV,
corresponding to Co Ko and Kp lines, respectively. This
observation confirms the presence and stability of metallic
Co® as the active phase after reaction. The preservation of
peak intensity and sharpness indicates the absence of signifi-
cant cobalt sintering or particle migration during the DRM
process. Magnesium and aluminum signals remain stable,
confirming the chemical robustness of the MgO-Al,O3 sup-
port matrix under reaction conditions. Trace silicon detected
in isolated spectra is considered extrinsic and not intrinsic to
the catalyst formulation.

Overall, the SEM-EDS results demonstrate that the 20Co-
10Mg-20Al catalyst maintains both structural integrity and
elemental stability during DRM operation. The preservation
of a porous morphology, stable dispersion of metallic cobalt,
and the supportive role of MgO and Al,O3 collectively con-
tribute to sustained catalytic activity and resistance to severe
deactivation mechanisms.

4. Conclusions

During the experiments, it was found that the conversion
of methane into synthesis gas via DRM using the 20Co-
10Mg-20Al catalyst begins at a reaction temperature of
700°C. At a reaction temperature of 800°C, the conversion is
nearly complete. Specifically, at a reaction temperature of
600°C, the methane conversion rate is only 11.85%, showing
minimal changes. However, at 700°C, the conversion rate
increases sharply to 64%, and at 800°C, it reaches 99%.
Thus, it can be concluded that for this catalyst and under the
given conditions, the optimal temperature for the DRM reac-
tion lies within the range of 700°C to 800°C.

The synthesized gas produced in this reaction has promis-
ing potential as a renewable energy source, especially for
fuel energy. Considering the high methane content in the
Anabai gas field, this technology offers a valuable method
for converting methane into hydrogen. Therefore, it is rec-
ommended to implement this process at the Anabai gas field,
given its promising energy generation capabilities.

The forecasts for implementing this technology are opti-
mistic. In the future, it may lead to a more environmentally
friendly energy production process, contributing to the Re-
public of Kazakhstan’s achievement of sustainable develop-
ment goals, particularly in the energy sector.

This paper demonstrates the prospects of converting natu-
ral gas produced at the Anabai gas field into hydrogen, a
cleaner fuel. While the technology is still in the early stages
and requires further comprehensive scientific research, it
holds significant potential. Future studies should focus on
discovering new, more effective catalysts for the DRM pro-
cess. Despite the challenges, this area of research shows
great promise and offers opportunities for further advance-
ments in sustainable energy production.
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AHa0al ra3 KeH OPHBIHBIH OHIpPiJIreH TA0UFH ra3bl METAH/bI
KYpPFaK puOpMUHT peaKUUsAChl APKbLUIbI CHHTE3/IIK ra3ra ailHaJbIPy
YIIiH maigajJanyaarbl NepCcrneKTUBAJIAPbI

B.b. Xanapos®, B.b. bucenos, XK.C. Tynemucosa
Kazaxcman-bpuman mexnuxanvix ynusepcumemi, Anmamol, Kazaxcman
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Anpgarna. Kyprak merad pudopmunri (KMP) cuHTes ra3pH eHIIpyAiH MepCreKTUBANBI Tociai 0oipn Tabbuiaabl. benrimi
OonraHmail, cuHTE3 Ta3bl OMOOTHIHHBIH Ta3 TOPi3Ii Typi OOJNBIT TaObUIAABI )KOHE KOMIPTETi TOTBHIFBI MEH CYTETiHIH KOCHAachl
6o TabpuTanel. CyTeri OoamiakTa Ta3a OTHIH PETiHAe KOJIIAaHBUTYBl MYMKiH. BYJI FEUTBIMU-3epTTEy JKYMBICHIHBIH MaKCaThl
AHabaii ra3 KeH OpHBIHBIH OHAIpUIreH Tadburu ra3asl KMP peakuuschl apKbliibl CHHTE3/IIK ra3fa aHaIABIPY YIIIH naiinanaHy
NepCreKTHBANIapblH KopceTy, coHbiMeH Katap KMP OoiibiHIIa 3epTXaHanblK FBUIBIMH TOXKIpHOETIep MbICAIbIHAA METaHHAH
CHHTE3 ra3blH ay/blH TOXKIPHOENTiK MYMKIHIIKTEPIH 3epTTey XKoHe KopceTy 0oyabl. MeTaHpl naiiianaHy jkoHe KOHBepCUsiiay
QJIeyeTiH 3ep/eliey YIIiH Kep OeTiHAeri Jie, )Kep KOMHAybIHaFkl 1a AHa0ai KeH OpHBIHA OHIIPIITeH ra3ablH METaH KypaMac
Oeiri Typasbl AepekTep manaananbuisl. JKep ycTi ra3siHbiH cunartamanapel @amen, Temenri Buseit, Opra Buseit, XKoraprbl
Buseit xone CeprnyXxoB KeH OpBIHIApbIHAH J>KMHAJIFaH 56 YHFbIMAa CarachlHBbIH ChIHaMachl apKpUIbl Tajmauisl. JKep
KoitHaybIHBIH cbiHaManapsl ®amen, Typrelt, Temenri, Opra xoHe XKoraprel Buseit sxoHe CepryXxoB Ke3eHIHIETI Ta31apIblH
102 yunricinen anbiEael. by nepekrep AHa®all KeH OpHBIHIAFBl METaHHBIH OpTallla MeJIIepi aTapibIKTail )KOFaphl eKeHIH
kepceteni. byn makamama 20Co-10Mg-20Al HeriziHmeri KaTaau3aTopAsl MalJalaHBII SKCICPUMEHTTEp Ke3iHAE AallbIHFaH
HoTIXKenep OepinreH. Byn katamm3aTop e3IiriHEH TapanaThIH KOFapsl Temmeparypaiblk cuHTe3 (OTXXTC) omici apKbpLIBI
QJIBIHABL. AJIBIHFAH HOTHKEJIEP/IiH MPAKTUKAIIBIK MAHBI3JbUIBIFBIH €CKEPE OTHIPHII, ICKE achIpy OOMBIHIIA YCHIHBIMAApP Oepiim,
ochkl AHa0ail ra3 KeH OpHBIH/IAFbl METAHHBIH OCBIHIAH TYpJIeHYiHIH O0/KaMaapbl MEH MEepCIeKTHBAIaPhI a Kacalibl.

Hezizzi co30ep: 2a3 ke opHbi, KYpeax meman pugopmunei, cunmes 2asvl, MEMaH, Cymeei.

IlepcnieKTHBBI HCIIOJIB30BAHMS IPUPOAHOIO ra3a ra3oBoro
MECTOPOKIeHHsI AHAO0AH NJIA MOJIyYeHUsI CHHTE3-Ta3a METOAOM CyX0ro
pu¢gopMHUHIa MeTaHa

B.B. XKanapos®, B.B. bucenos, X.C. Tynemucosa
Kazaxcmancko-bpumanckuii mexuuueckuil ynusepcumem, Animamol, Kazaxcman
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AunHoTtamms. Peakius cyxoro pudopmunra merana (CPM) siBiisietcst mepcrieKTUBHBIM MOAXO/I0M K MOJTYYEHHUIO CHHTE3-Ta3a
— CMEeCH BOJIOPOJIa ¥ OKCHJIA YTIIEPO/1a, KOTOPAsk MOXKET UCIIOIb30BATHCS B SHEPTETHUECKUX M XUMHUKO-TEXHOJIOTHYECKHUX MTPOLec-
cax. B ycioBusx rmo6GaibHOTO SHEPreTHYECKOTo Mepexojia BOJOPO]] paccMaTpuBaeTCsl KaK MOTEHIMAIbHBIN HU3KOYTIIEPOHBINH
SHEPrOHOCHUTEIIB, TIpH 3ToM CPM 103BOJISET OJJHOBPEMEHHO YTHIIM3UPOBATh METaH M AUOKCH] yriiepoaa. Llenpio maHHO# paboTs
SIBJIICTCS OLICHKA IIEPCTICKTHB ra30BOr0 MECTOPOXKAeHHsT AHaball it mpeoOpa3oBaHus 10OBIBAEMOTO IIPUPOIHOTO ra3a B CHHTE3-
ra3 C UCIOJb30BaHUEM PEaKIUH CyXoro pu(p)OpMHHIa METaHa, a TAKKEe JEMOHCTpPAIUS MPAKTUYECKOH peaan3yeMOoCTH JTJaHHOTO
Iporiecca Ha OCHOBE J1a00paTOPHBIX SKCIIEPUMEHTOB. J{JI OIIEHKH MOTEHIMala HCIOJIb30BaHUs MeTaHa ObUIM NPOaHAIU3HPOBA-
HBI JJAHHBIE TI0 €T0 KOMIIOHEHTHOMY COAEPKaHUIO B IIPUPOIHOM Ta3e MECTOPOXKICHNS AHa0al B MOBEPXHOCTHBIX M TIyOHMHHBIX
YCTIOBHSIX. XapaKTEPHCTHKA T'a3a B MOBEPXHOCTHBIX YCIOBHUX BHITIOIHEHA HA OCHOBE 56 YCTBhEBBIX ITP00, 0TOOpaHHBIX U3 (paMeH-
CKHUX, HIDKHEBH3EHCKIX, CPEIHEBU3ECHCKIX, BEPXHEBU3EHCKNX M CEPITyXOBCKUX OTIOKEHHUH. | TyOWHHbBIE IPOOHI peCcTaBICHEB
102 oGpasmamu ra3za U3 paMeHCKOro, TYPHEHCKOTO U BU3EHCKO-CEPITyXOBCKOro IpycoB. [loydeHHbIE TaHHBIE CBHICTEIECTBYIOT
0 CTaOMIIBHO BBICOKOM COJIEpKaHHHM METaHa BO BCEX HCCIEJOBAHHBIX CTPATUTPa(UUIECKHX TOPHU30HTaX. DKCHEPHMEHTAIbHBIE
uccnenoBannsi CPM ObutM IPOBEZIEHBI € HCIIONb30BaHUWEeM KaranusaTtopa coctaBa 20Co-10Mg-20Al, cHHTE3MPOBAHHOTO METO-
JIOM caMopaclpocTpaHsomerocs: Bbicokoremreparyproro cunre3a (CBC). Katanntnueckass akTHBHOCTD OLIEHMBAJIACh 10 CTe-
MIEHU IPEeBpallleHNs MeTaHa U JUOKCHJA YIIepoJa, COCTaBy CHHTE3-Ta3a M TeMIepaTypHOH 3aBucuMocTU mpouecca. ITpeanoxe-
HBI PEKOMEHJIALINH 110 BHEAPEHHIO TEXHOJIOTHUH CYXOro pudopMHHra MeTaHa Ha Ta30BOM MECTOpPOXKJIeHHN AHalaii, a Takxke pac-
CMOTPEHBI NEPCTIEKTHBBI MHTErPallUi JAHHOTO MOJX0/1a B SKOJIOTUUECKH OPUEHTUPOBAHHBIE SHEPTETUYECKUE CXEMBI.

Knrwouesvie cnosa: cazosoe mecmopodicoenue, cyxoul pughopmune Memanda, Cunmes-2as, RPUPOOHbIIL 243, MemaH, 6000po0.
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Snowmelt water breakthrough into coal mine
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Abstract. The paper addresses the mechanism of flood water inrush from a technogenic ground sinkhole into under-
ground excavation. Basing on computer simulation it was demonstrated that an area of tensile stresses is formed in the zone
affected by underground mining. A natural hydrofracture of rocks may develop from the sinkhole into the mine opening
under the effect of tensile stresses and water hydrostatic pressure. Hazardous water inflow into underground mine opening
may be associated both with direct hydrofracture crack egress into the opening and with preliminary intense filtration water
inflow from the crack into the opening if the crack development slows down. On approaching the mine opening the fracture
may stop growing due to local rock compression near the opening. The modeling has demonstrated that the actual picture of
the catastrophic water inflow into the ventilation gallery cannot be explained by filtration mechanism only. The catastrophic
water breakthrough may be caused by development of a major water-conducting crack growing from natural frost crack in
the bottom of the sinkhole towards the mine opening.
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1. Introduction

Emergency situations caused by spontaneous hydrologi-
cal events show a continuous trend towards increasing fre-
quency and scale of consequences [1]. Major economic dam-
age from floods due to snow melting is inflicted on engineer-
ing constructions on earth surface. However, under certain
conditions meltwater may affect safety of underground min-
ing. There are a variety of mechanisms of this impact. As a
rule, they are associated with general increase in rock mass
water saturation and intensification of filtration.

Underground mining of solid mineral resources at small
depths is sometimes accompanied by local sinking of earth
surface with rupture of rock continuity referred to as tech-
nogenic ground fall-through. The fall-through is caused by
a shift of undermined rock into the opening. In Russia de-
sign and construction of buildings in such cases are done in
accordance with appropriate codes of practice to avoid
adverse effects [2].

The surface sinkholes are often filled with water. In this
case, besides the dangerous geomechanical impact on mining
safety, the sinkhole becomes a source of hydrogeological
hazard as a reservoir of water that can breakthrough into the
underground mine opening. The water breakthrough into the
underground opening may proceed by various mechanisms
depending upon rock mass geological structure, features of
its stress state and water pressure. Water inflow into the
underground opening from a surface reservoir in a rather
homogeneous and well-penetrable rock mass may proceed by

© 2025. N.A. Miletenko, V.N. Odintsev, E.V. Fedorov
nmilet@mail.ru; Odin-VN@yandex.ru; evfedorovs8@gmail.com

a water filtration mechanism [3, 4]. Another mechanism of
water penetration into the underground opening may take
place in rock mass with horizontal layers. In this case rock
undermining is associated with generation of vertical rock
mass tension, bending and disclosing of layer contacts, water
filling of the layer contacts, rupture of some layers due to
critical bending deformation, which results in water penetra-
tion into the opening [5, 6].

If vertical pressure of overlying rock is about twice as
high as natural horizontal stress (this situation is characteris-
tic of sedimentary rock in regions with rather calm geody-
namical environment), fields of tensile horizontal technogen-
ic stress may be generated in the undermined rock. Tensile
cracks may develop and become filled with water in such
regions. This water as a factor of force may play an active
role in crack development due to pressure on the crack sides.
Such fracture cracks may become major canals for water
breakthrough into openings both from surface and under-
ground reservoirs [7].

In subarctic regions water breakthroughs may also be
caused by generation of so-called frost cracks due to ex-
tremely low negative temperature. The generation of frost
cracks descending into depth up to ten meters is characteris-
tic of subarctic regions and is not associated with mining
activities. These cracks may be considered natural objects
affecting subsequent technogenic geomechanical and hydro-
geological processes in the rock [8].

Another mechanism for water breakthroughs from the
sinkhole to the opening related to both to crack generation

Engineering Journal of Satbayev University. elSSN 2959-2348. Published by Satbayev University
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and filtration flow is considered below on the example of the
Yun-Yaga coal mine. As known, study of practical experi-
ence is the best way to understand specific mechanisms of
events and to develop adequate methods for prediction of
similar cases in future.

2. Water breakthrough from a sinkhole into a ventilation
gallery at the Yun-Yaga mine

The now closed Yun-Yaga mine was used to extract coal
from the Yun-Yaga coal deposit located in north-eastern part
of the Pechora coal basin [9]. The climate of this region is
subarctic with sharp temperature and pressure variations.
Average temperature for a many-year period of observation
is minus 6.3°C with absolute minimums of -42 to -52°C and
maximums of +30 to +32°C.

The Yun-Yaga deposit is located in a region involving a
zone of many-year frozen ground. The zone is 50-60% of the
whole area, and there are multiple through taliks in the re-
maining portion, the zone maximum thickness is 180-200 m
(average 50-70 m, predominant values up to 20-30 m), tem-
perature ranges from -0.5 to -3.0°C. The through many-year
taliks are as a rule located under large undrained lakes, the
Yun-Yaga river, some streams and in a region of sinkholes.

The mine field geological structure has several water
bearing sandstone layers located in roofs of coal seams under
operation. The deposit natural hydrogeological conditions are
impaired due to mine construction. The mine construction
was accompanied by large water inflow (reaching 720 m%/h).
The underground water state underwent considerable change
by the end of the construction. A large depression funnel was
generated that reached and even went beyond the deposit
outline involving the Yun-Yaga river-valley. The total de-
crease in the underground water level in main water-bearing
horizons was 65 to 130 m.

A water breakthrough occurred from a rather small sur-
face sinkhole into a ventilation gallery located at about 30m
below the sinkhole. The sinkhole was formed in the area of
influence of the excavation. However, the sinkhole had no
hydrological connection with the ventilation gallery, which
was explained by sufficiently plastic properties of the overly-
ing rocks and rapid closing of induced cracks [10].

Water from the ventilation gallery penetrated further into
the lava and the conveyor drift. Jumpers and water-resistant
doors did not give effect due to water filtration through the
surrounding rock mass and concrete partitions. Lack of pow-
er and flooding of the pumping stations led to flowage [11].

The breakthrough occurred during the period of high
level of melt water (above 0.5 m) due to complete thawing
of the overlying rock strata after their partial freezing in
winter. The causes of the flood included limited water run-
off and insufficient conveyance capacity of the hydrotech-
nical construction (bridge). The water breakthrough into the
ventilation gallery began with weak dripping of water from
the roof of the gallery, which turned into strong dripping
with erosion and fall of loose roof rock and intense flow of
water from the roof.

The coal seam thickness was 1.9 m and inclination was
10° (Figure 1). The immediate roof was a 1m siltstone layer
of 40 MPa strength; the main roof was a sandstone layer
about 14 m thick and 70-90 MPa strong. The overlying rock
mass in weathering area was weakened by oxidation process
and individual frost cracks.
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Figure 1. Scheme of water breakthrough in the Yun-Yaga
mine: 1 -sinkhole; 2 — coal pillar; 3 — worked-out seam; 4 — venti-
lation gallery; 5 - water-conducting crack; 6 —river; 7 - coal
seam egress under the bedrock, 8 —flood level at the event occur-
rence, 9 — natural talik

Check-up at the mine reported the following causes of the
event:

a) absence of preventive activities such as sinkhole filling;

b) inadequate activities for isolation of the opening from
the surface;

¢) absence of hydrotechnical installations to prevent river
overflow and water penetration into mining field at the seam
egress under the overburdens;

d) insufficient conveyance capacity of the bridge over the
river during water floods;

e) flood water rise higher than the maximum expected
level, outflow beyond the protective pillar and breakthrough
via the sinkhole into the ventilation gallery;

) development of frost cracks;

g) development of a sinkhole in the earth surface along
the frost cracks under the effect of flood water;

h) unfavorable complex of natural factors such as early
and strong frost, deep freezing, small snow cover, short and
violent spring water flood.

These causes were not supported by any calculations and
were to a certain degree contradictory. For instance, a frost
crack cannot be deeper than ten meters. The season-associated
temperature variance has no effect at such a depth due to the
talik impact. Development of the major crack should occur in
another manner. Therefore, this event was considered abnor-
mal and requiring a special examination.

3. Modeling of water breakthrough

An attempt was made to model the geomechanical and
hydrogeological situation using the approach described in
[12]. This approach assumes that the occurrence of a large
water-supply crack is associated with the combined effect of
technogenic pressure reduction of rocks and hydrostatic
effect of water in the crack. The growing crack is actually a
hydrofracture of the rock.

Since the initial geometric and geomechanical situation
was not known in detail, different calculation schemes exist-
ed for the formulation of modeling problems. Each of the
patterns included a rock mass up to 100 m deep and a 50-
meter part of the excavations. On the part of the excavated
seam (50 m in length) the resistance of the support to the
movement of the overlying rocks was set by back pressure of
0.5 MPa. There was no back pressure in a small part of the
excavation, including the ventilation gallery.

In the calculation the sinkhole was assumed to be an
ellipsoid earth surface depression of about 3 m in depth,
water pressure near the sinkhole bottom was 0.03 MPa. Since
the sinkhole had no hydraulic connection with the mine



N. Miletenko et al. (2025). Engineering Journal of Satbayev University, 147(6), 48-52

opening and the permafrost was absent in the considered
area, rock mass was assumed to be homogeneous elastic
solid medium with 10° MPa modulus of elasticity and Pois-
son's ratio of 0.3.

Rock pressure in the virgin rock mass was specified by the
academician A.N. Dinnik hypothesis that vertical stresses
were determined by weight of overlying rock (about 0.6 MPa
at a 30 m depth), while side stresses depended upon Poisson’s
ratio of the rock. They were 0.25 MPa in the case considered.

The conditions of the absence of permafrost in the con-
sidered area of rock mass were considered. It was due to
technogenic influence of mining and the influence of sink-
hole. For this reason, the rock mass was considered an elastic
medium without internal stress sources.

A variety of situations with initial crack starting from the
sinkhole were considered including a small vertical frost
crack beginning from the sinkhole bottom and a crack com-
ing out from the sinkhole at an angle. As concerns crack
growth two factors were considered, i.e. technogenic stress
state of the rock mass and water pressure in the crack chang-
ing with depth by hydrostatics law.

Calculation of crack development was made by sequential
steps according to the finite element method. Possibility of
rock destruction at the crack end was assessed at each step by
the Griffiths-lrwin criterion as described in. The vertical co-
ordinate reflects the change in depth from the earth's surface.
The horizontal coordinate defines the changes along the coal
seam. If the criterion was met, a small length increment was
specified along the direction of the highest tensile pressure of
the rock. As a result of a sequence of calculation steps a tra-
jectory was found for crack development from the sinkhole to
the ventilation gallery due to rock natural hydrofracure.

4. Results and discussion

4.1. Stress-strain state and crack propagation

Figure 2 shows some results of stress calculation for a
situation when a water-conducting crack approached the
ventilation gallery (the distance from the crack end to the
gallery was 2 m with a crack of 24 m in length). Figure 2a
shows isolines of main stress which is the highest tensile
stress leading to rock fracture. Figure 2b shows isolines of
von Mises stress that allows assessment of the rock area of
pre-destruction. Rock permeability is known to increase
rapidly in this area [13].
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Figure 2. Stress distribution in the rock mass during crack
propagation toward the mine opening: (a) —isolines of the maxi-
mum tensile stress (MPa); (b) —isolines of the von Mises equiva-
lent stress (MPa): 1-sinkhole; 2 —coal seam; 3 - worked-out
seam; 4 — opening; 5 — crack
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Analysis of the stress-strain state of the rock mass near
the end of the crack and the ventilation gallery shows that the
crack can reach the roof of the gallery under some conditions
or stop in its development under other conditions (due to the
features of the geometry of the opening and the local com-
pression of the rock). The first case is the situation with dy-
namic break of water into the crack at once, the second case
reflects the possibility of water filtration into the opening.

4.2. Filtration flow and water breakthrough mechanism

The problem of filtration theory is solved to analyze the
features of the filtration flow into the ventilation gallery,
including the water filtration directly from the surface and
sinkhole together with the water filtration from the water-
conducting crack. The filtration coefficient of siltstone
0.001 m/s was used in the calculation

As follows from the calculations, for a crack less than
20 m in length the filtration flow of water from the surface
and from the crack to the rock mass is extremely low. The
situation changes when the crack approaches the mine open-
ing. In this case interaction between the crack and the open-
ing begins (Figure 3).

Figure 3a shows the situation for a 24 m long crack. In
the figure the isolines of values of the filtration rate (m/s) are
shown. These values must be multiplied by a correction
factor of 103, As seen, the filtration flow of water is strongly
limited by the end of the crack. Figure 3b shows isolines in
the immediate vicinity of the opening. These isolines are
constructed on a different scale for a different finite element
mesh to verify the correct calculation and to more accurately
estimate the amount of possible water flow into the hole.

The assessment showed that the water flow through the
free surface of 15 m? can reach about 50m? per hour. Such an
intense water flow may really cause washout of weak rock in
the roof of the ventilation gallery and partial roof fall into the
opening with the major crack start and water breakthrough in
the opening to follow, which was the actual case.
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Figure 3. Distribution of filtration flow in the rock mass dur-
ing crack propagation toward the mine opening: (a) — isolines of
filtration flow rate (m/s) for a crack length of 24 m; (b) — enlarged
view of filtration flow isolines in the vicinity of the mine opening:
1 —sinkhole; 2 —coal seam; 3 —worked-out seam; 4 — opening;
5 —crack

18

The modeling has demonstrated that the actual picture of
the catastrophic water inflow into the ventilation gallery can-
not be explained by filtration mechanism only. The cata-
strophic water breakthrough may be caused by development
of a major water-conducting crack growing from natural frost
crack in the bottom of the sinkhole towards the mine opening.
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It follows from the modeling that the major water-
conducting crack may be considered as natural hydro fracture
of rock mass in the area of low technogenic stress. Hydrostatic
pressure in the crack increases during water flood and the
crack may grow to a considerable depth. This factor is of much
importance for a case when the sinkhole occurs near the border
of projection of the undermined seam portion to earth surface.

So, possibility of water breakthrough into the mine open-
ing is associated in some degree with a sinkhole of earth
surface. Note that probability of occurrence of a technogenic
sinkhole on the earth surface under conditions of simple
geometry of mine opening and absence of geological faults
may be assessed using a rather simple formula based on
statistical analysis of data concerning the sinkholes [14]. For
the case considered probability of sinkhole occurrence may
be calculated by a rough formula:

q = (H/s™), 1)
where H is the excavation depth; S is transverse section
of the mine opening.

If g <8, the sinkhole is practically unavoidable; if q > 16
the sinkhole is very rare; if 8 < q < 16 probability of a sinkhole
is about 0.5. However, these relationships can hardly help in
assessing details and consequences of the sinkholes especially
when they are filled with water. To make such a study com-
puter modeling of stress state and hydrogeological state of the
rock mass should be used. Timely modeling of possible situa-
tions with due consideration of geomechanical and hydrogeo-
logical factors could help to predict hazardous situations and to
prevent water breakthrough in the mine opening [15].

It should be noted however that in real conditions of
block structure of the rock mass the induced deformations
can form a more complex picture as established in [16]. Here
we use the idea of rock mass with rheological properties. In
this case the induced cracks are closing over time.

As follows from our modeling, the major rapidly growing
crack may stop to develop near the mine opening. In this case
a heavy local filtration inflow into the opening may occur. In
practice such a local water filtration inflow in loose rock
often leads to washout and fall of the rock from the roof of
the opening. In the case considered the rock mass failure area
reached the end of the water-conducting crack, which result-
ed in a powerful stream of water into the opening.

4.3. Implications for prediction of water breakthrough

The conclusion may be made that if water penetration in-
to mine openings proceeds by the crack-and-filtration mech-
anism, heavy dripping from the opening wall and roof should
occur before the catastrophic breakthrough. Therefore, one
may predict the critical situation with breakthrough of the
major portion of water into the mine opening and take pre-
ventive measures beforehand to reduce hazardous conse-
quences of the water breakthrough.

Assessment of possibility of water breakthrough into un-
derground openings in subarctic regions should involve as-
sessment of possible effect of permafrost, which in general
prevents water penetration into underground mine openings.
However, one has to take into consideration that taliks may
be generated in the rock mass under the effect of mining at
small depth. In addition, the presence of natural and artificial
water reservoirs on the surface further contributes to the
generation of taliks. In this case the poorest conditions for
water breakthrough into underground openings at small
depth are formed due to spring thawing of subsurface rock.
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5. Conclusions

The meltwater-filled sinkhole changes dramatically rock
geomechanical state and makes conditions for generation of a
hydrofracture crack to mine opening. Hazardous water in-
flow into underground mine opening may be associated both
with direct hydrofracture crack egress into the opening and
with preliminary intense filtration water inflow from the
crack into the opening if the crack development slows down.
In loose rock, an intense filtration inflow of water, which
manifests itself by a very intense dripping of water from the
roof of the mine, can be an indicator of the approaching
washout of the rock and the flood of water from the water-
conducting crack.
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Amngarna. Makanaga TEXHOTEHJIIK ep OCTiHIEer! ONMbIPhUIMAaH JKepacThl Ka30achlHa TACKBIH CYJAPBIHBIH 0achIl Kipy
MEXaHU3MI KapacThIpbUIaabl. KOMIBIOTEPIIIK MOJEIbACY HOTHIKECIHIE JKEPacThl KEH OHIIPY oCep €TETiH aiiMakTa CO3bLLY
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