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Abstract. Thermogravimetric analysis (TGA) is used to estimate calcite content in
ore feedstock through the mass loss in the CaCOs decarbonation window (700—850 °C).
In manganese ores this interval overlaps with the MnO2 — Mn20s — Mn3O4 reduction
chain and silicate dehydroxylation, making unambiguous attribution of the mass loss to
carbonate decomposition impossible. X-ray fluorescence (XRF) provides only the bulk
Ca content without phase assignment. A cross-validation protocol is proposed to test
the carbonate hypothesis. Since CaCOs — CaO + COs- releases 43.97 wt.% CO., the
calcite fraction from TGA equals the mass loss divided by 0.4397; an independent XRF
estimate uses the molar ratio M(CaCOs)/M(Ca) = 2.4973. Agreement within a relative
discrepancy of about 5 % (|8] S 5 %, the propagated 1o limit) indicates that the mass
loss is attributable to decarbonation. The protocol is tested on two contrasting ores from
Central Kazakhstan: carbonate-bearing Bogach (positive control) and silicate-bearing
Zhaksy (negative control). For Bogach the two estimates agree (14.33 wt.% TGA, 13.58
wt.% XRF; 6 = +5.2 %), confirming a carbonate origin of the high-temperature mass
loss. These mutually consistent bulk values nonetheless exceed the phase-resolved
XRD value (8.4 wt.%), so the protocol screens for carbonate-bound Ca rather than
quantifying calcite absolutely. For Zhaksy 6 =+70.5 %, clearly violating the hypothesis;
two independent checks corroborate this: the DSC heat effect (537 J g!) is sixteen times
higher than expected for the XRF-based calcite content, and the dTG-DSC minimum
offset of +77 °C (versus +9 °C for Bogach) indicates different underlying processes.

55



ACADEMIC SCIENTIFIC JOURNAL OF CHEMISTRY

The protocol flags samples for which naive TGA-based estimation would overestimate
calcite and directs them to phase-resolved analysis (XRD Rietveld, TG—MS).

Keywords: manganese ore, calcite quantification, thermogravimetric analysis,
differential scanning calorimetry, X-ray fluorescence, Bogach deposit
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Annoramusi. TepmorpaBumerpusiiblk Tangay (TIA) xameiur memmepin CaCOs
nexkapoonnzanus natepainbiHaarsl (700-850 °C) macca sxoranybl apKbUIbl Oarajayra
KoJaHeaael. Mapranen kenzaepinze Oyn uaTepBal MnO: — Mn20s; — MnsOs
TOTBIKCBI3JaHy Ti30€eTiMEH jKoHE CHIIMKATTapAbIH ACTHIPOKCHIIIEHYIMEH KabaTTacaipl,
Oys1 mMacca >KOFalTyblH KapOOHATThl peakuusra Olp MOHII JKaTKbI3yAbl MYMKIH eMec
ereni. Pentrenduyopecuentrik Tangay (PDA) Ca-HbIH Tek Kalllbl MeJIIepiH
¢dazanbik Oaiinmanbicchi3 Oepeni. KapOoHaTThl rumore3aHbl alKacTBIPBIT TEKCEPY
xarramachkl yebiHbUIIBL. CaCOs; — CaO + CO: biabipaysn kedinge 43,97 mac.% CO2
OemninerinaikTen, TI'A OoiibIHIIA KAIBIUT MeJIIIepi Macca xoranybid 0,4397-re Genyre
TeH; POA OoiibrHina Toyencis 6aranay M(CaCOs)/M(Ca) = 2,4973 MoIb1iK KaTbIHACHIH
naiiganananel. [llamamen 5% meringeri (16| S 5 %, ecentenren 1o-1meri) colikecTik
Macca JKOFalybIHbIH JeKapOOHW3alMsAdaH TYBIHIANTBIHBIH KepceTedi. Xarrama
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Oprainbik KazakcTaHHBIH €Ki KapaMa-Kapchl KeHIHAE ChIHAJIbL: KapOoHaTThl borai (oH
OakpuIay ) )koHe criIMKaTThl JKakcel (Tepic 6akpuiay). boram yinin exi Oaranay yineceni
(14,33 mac.% TT'A, 13,58 mac.% PDA; 6 =+5,2 %), Oyi1 skoFapsl TemMIepaTypajbl Macca
YKOFATyBbIHBIH KapOOHATTHI IIBIFY TeriH pacTaiabl. Jlereamen Oy e3apa yiuiecimai
xannsl MoHAep (azanbik cesimran XRD Oaranaybinan (8,4 mac.%) aceim Tyceni,
COH/BIKTAaH XaTTama KaJbLUTTI aOCOJIOTTI aHBIKTAay eMec, KapOOHATThI-0aiIaHbICKaH
Ca y1riH yisaeciMIiTiKTi TeKcepy Kypajbl Oonbin Tadbutazs!. JXKakcesl yurin 6 = +70,5 %,
runoresa Oy3bUTazbl; eKi Toyenci3 kputepuii MmyHbl pactaiiabl: JICK xbity s dexrici
(537 Ix T ") POA GoiibIHINa KAIBIUTKE KYTUITGHHEH OH anThl ece worapsl, ann dTT—/ICK
MUHEMYMIapbIHbIH +77 °C biFbicysl (19 °C boraiika Kapchl) IpoLECTepIiH SpTypii
TaburaTelH Kepcereni. Xarrama Tikeneil TI'A KongaHy KanbLUTTI acklpa OaranalTbIH
YJITUIepli aHBIKTAIl, onapabl (a3anbik ceziMran tangayra (XRD-Putsensn, TI'-MC)
xioepei.
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¢dazoBoil mpuBszku. [IpeayioxkeH NPOTOKON MEPEKPECTHON MPOBEpKU KapOOHATHON
runote3sl. [lockonbky npu pasnoxenun CaCOs; — CaO + CO: Beinensercsa 43,97
mac.% CO., conepskanue kanbiuTa o TT'A paBHO Macc-miotepe, aenéunoit Ha 0,4397;
He3aBucuMas oleHka o PDA ucnonbsyer momsipaoe otHomeHne M(CaCOs)/M(Ca)
= 2,4973. Cormacue B mpeenax OTHOCUTEIBHOTO pacxXokIaeHust okoiio 5 % (|0] < 5
%, paccunTaHHBIH |G-TIpenen) ykasblBaeT Ha KapOOHaTHOE MPOUCXOKICHHE Macc-
notepu. [IpoTokosn ucbITaH Ha IByX KOHTpacTHBIX pyaax LlenTpansHoro Kaszaxcrana:
kapOoHaTHOW pyne borad (NMOJOKHUTEIBHBIN KOHTPOJIb) M CHIMKATHOHM pyne JKakchl
(oTpunarensHbIil KOHTpOIB). s Borad o6e ouenku cornacyrores (14,33 mac. % TTA,
13,58 mac. % PDA; & = +5,2 %), 4To moATBEpKIACT KApOOHATHOE MPOUCXOXKIICHUE
BBICOKOTEMIIEPATYpHOH Macc-OoTepU. OTHU B3aMHO COINIACOBAHHBIE BAJIOBBIE
3HauUeHHs, TEM HE MeHee, NPEBBIMAIOT (Pa30uyBCTBUTENbHYIO oueHKy XRD (8,4
Mac.%), MO3TOMY MPOTOKOJ CIYKHUT MHCTPYMEHTOM NPOBEPKH COIIACOBAHHOCTH LIS
kapOoHaTtHO-cBsi3aHHOTO Ca, a He abCOoNOTHOTO onpeneneHus kainpuuTa. s XKakcer
o = +70,5 %, runore3a HapylleHa; ABa HE3aBUCUMBIX KPUTEPHS MOATBEPKAAIOT ITO:
terutoBoit dpdext JJCK (537 [k 17') B 1IecTHAAIATE pa3 MPEBHIIIACT OXKKUIAEMBIN IS
cozepxkanus KanbiuTa 1o POA, a cmemenne muaumymon dTT—JICK +77 °C (npotus
+9 °C nmnst borav) yka3plBaeT Ha pa3Hylo mpupoay npoueccos. [IpoTokon BbIsBisET
poOBI, IS KOTOPBIX MpsiMoe npuMeHeHne TIA 3aBbllacT colep)KaHUe KalbIUuTa, U
HampasisieT ux Ha (azouyBcTBUTENbHBIN aHanu3 (XRD-Putsensa, TT-MC).
KuaroueBble cJjioBa: MapraHiieBas pyla; KOJMYECTBEHHAs OLCHKA KaJlbIUTA;
TEPMOTPaBUMETPUICCKUI aHanu3; nudhepeHInanbHas CKAaHUPYIOIIas KaJOPUMETPUS;
peHTreHo(IyopeceHTHBIN aHaan3; MecTopokaenue borau

Introduction. Manganese ores of the Atasu mineralogical province in Central
Kazakhstan supply feedstock for the domestic ferroalloy industry (Gordon et al., 2018;
Matsanga et al., 2025) and are considered as a raw material for trimanganese tetraoxide
(MnsO4) pigment production (Safarov et al., 2021). The province is dominated by
hydrothermal—sedimentary deposits of the Atasu type (Brusnitsyn et al., 2021), which
carry oxide—carbonate parageneses with cryptomelane, hollandite, braunite, hausmannite
and a variable carbonate fraction. The Bogach deposit (Karaganda region) and the
Zhaksy deposit (Akmola region) are end-member representatives of this paragenesis.
Bogach is an oxide—carbonate ore enriched in calcite, whereas Zhaksy is a silicate-
bearing braunite ore with a negligible carbonate component (Safarov et al., 2021, 2025).
Quantification of the Ca-bearing phase in such ores is a prerequisite for predicting
their pyrometallurgical behaviour and for selecting the appropriate beneficiation route
(Matsanga et al., 2025).

Calcite acts simultaneously as a gangue mineral and as a carbonate precursor
during high-temperature processing of Mn ore. Its decarbonation releases CaO that
participates in slag formation and conditions the charge during calcination and sintering
stages (Gordon et al., 2018). At the same time, calcite imposes a substantial energy
penalty on the smelting stage. The decarbonation reaction CaCO; — CaO + CO: is
endothermic with a standard enthalpy of about 178 kJ mol™ (Rodriguez-Navarro et al.,
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2009). Quantification of the calcite mass fraction therefore enters the energy balance
of the smelting stage and the estimate of CO: released during pre-sintering of Mn ore
feedstock (Gordon et al., 2018). For deposits with variable Ca content along the body,
such as Bogach and Zhaksy, this requirement translates into a need for an applicable
analytical protocol that can be deployed on many bulk samples without resorting to
slow phase-resolved methods.

Reliable calcite quantification in this matrix calls for an analytical decision rule that
flags samples in which the decarbonation interpretation of the TGA signal becomes
unreliable. The present work develops such a rule by combining two routinely available
bulk methods — TGA and XRF — and using the discrepancy between the two derived
calcite estimates as a diagnostic of carbonate-bound Ca. The protocol is applied to
two contrasting ores from Central Kazakhstan: the carbonate-bearing Bogach ore as a
positive control and the silicate-bearing Zhaksy ore as a negative control. The objectives
are (i) to derive the consistency criterion from propagated measurement uncertainties
rather than postulating it, (ii) to apply the criterion to a paired comparison and interpret
the resulting discrepancy values in terms of Ca-phase speciation, and (iii) to support the
interpretation by an independent dTG-DSC co-registration test and by a plausibility
check based on the standard enthalpy of CaCOs decarbonation.

Literary review.

Quantification of calcite in a manganese matrix is non-trivial because the
decarbonation window of pure calcite at 10 K min™ under flowing N: lies between 700
and 850 °C (Zhuang et al., 2025), a range consistent with data obtained in flowing air
at 2—-15 K min™" (Rodriguez-Navarro et al., 2009). The decarbonation window overlaps
with two competing thermal processes specific to Mn-rich ores. The reduction chain
MnO: — Mn20; — MnsOs proceeds through 400—-1000 °C with mass losses of up
to several wt.% (Song et al., 2023), and slow oxygen release from Mn(Ill)-bearing
oxide phases extends the upper edge of this interval (Mei et al., 2022). In silicate-
bearing ores an additional dehydroxylation contribution from clay-like phases falls in
the same window, with reported activation energies of 35-60 kcal mol™ for kaolinite-
type structures (Polcowiiuk Iriarte et al., 2025). As a consequence, the integrated mass
loss between 700 and 850 °C cannot be assigned to calcite by inspection of the TG
curve alone, and the carbonate signal must be cross-checked against an independent
measurement.

The magnitude of the competing thermal signals must also be considered if calcite
is to be identified by both mass loss and heat flow. Calorimetric measurements have
established formation enthalpies for the Mn-oxide end-members and constrain the
heat budget of each redox step (Birkner & Navrotsky, 2017), while crystallographic
compilations describe the structural relationships between the phases that coexist during
reduction. Simultaneous TGA/DSC/XRD analysis of mechanically activated MnsOa
has resolved its oxidation behaviour as a stepwise transformation through Mn.Os, with
mass changes of several wt.% in the 400-800 °C interval (Berbenni & Marini, 2003).
Pyrometallurgical surveys of Mn-ore feedstock report cumulative pre-smelting mass
losses that combine calcite decarbonation with Mn-oxide reduction and water release
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(Gordon et al., 2018), confirming that the bulk thermal record of a Mn ore is intrinsically
multi-source. These reference data fix the order of magnitude of the non-carbonate
background against which any TGA-based calcite assignment in such a matrix must be
performed.

Several analytical strategies are available to address this overlap. X-ray diffraction
with Rietveld refinement is the most direct phase-sensitive route (Dos Santos et
al., 2017), but its accuracy degrades when the sample contains a substantial X-ray
amorphous fraction or when carbonate stoichiometry deviates from pure end-members
(Akinbodunse et al., 2024; Gualtieri, 2000). Wet-chemical decarbonation under acid
attack is destructive and slow. Coupled TG-MS resolves CO: evolution and reaches
detection limits below 100 ppm of calcite (Bartels et al., 2024), at the cost of an
instrumental complexity not always available in routine ore-control laboratories. Rock-
Eval analysis offers comparable kinetic resolution and is widely used for sedimentary
carbonates (Baudin et al., 2023). X-ray fluorescence delivers the bulk Ca content quickly
and with low uncertainty (Chubarov et al., 2020; Pashkova et al., 2020), but, by itself,
does not distinguish carbonate-bound from silicate-bound Ca, and remains sensitive to
sample preparation effects in heterogeneous ore powders. None of these methods, taken
alone, combines high throughput with an unambiguous Ca-phase assignment for Mn-
rich ores.

In summary, none of the bulk methods reviewed above provides unambiguous
calcite quantification in Mn-rich ores when used in isolation. The remainder of this
work tests whether the combined use of TGA and XRF can fill this gap by treating the
disagreement between two independent calcite estimates as a diagnostic of carbonate-
bound calcium. The framework relies on standard error-propagation rules (Vyazovkin
etal., 2011).

Materials and methods. Objects of study. Two manganese ores from the Atasu
mineralogical province of Central Kazakhstan were selected as a contrasting pair.
The first sample, taken as the positive control, was an oxide—carbonate ore from the
Bogach deposit (Nurinsky district of the Karaganda region; coordinates 49°44'43.4" N,
68°57'16.5" E). The deposit is of metamorphosed sedimentary type. A previous Rietveld
refinement of the as-received material returned a mineralogical assemblage dominated
by cryptomelane and hollandite (about 70.6 wt.%) together with braunite (10.4 wt.%),
calcite (8.4 wt.%), bixbyite (6.4 wt.%) and quartz (4.3 wt.%) (Safarov et al., 2021). The
second sample, taken as the negative control, was a silicate-bearing braunite ore from
the Zhaksy deposit (Zhaksy district of the Akmola region; coordinates 51°56'26.7" N,
67°21'52.1" E), in which braunite and quartz are the dominant phases and crystalline
calcite is below the XRD detection limit (Safarov et al., 2021, 2025). Together the two
samples span the principal range of Ca-phase configurations encountered in the Atasu
province and offer the maximum methodological contrast at the minimum number of
test specimens.

Sample preparation. Both ores were processed by an identical scheme. Lump
material was crushed in a jaw crusher to a particle size below 5 mm and then milled in
a Pulverisette-7 PL planetary mill (Fritsch, Germany) at 400 rpm for 4 h with hardened-
steel grinding bodies. The milled powder was passed through a 75 um sieve to obtain
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the analytical fraction, after which it was dry-homogenised in a closed container for
30 min on a roller mixer to suppress segregation prior to the TGA, XRF and XRD
measurements.

Thermogravimetric and differential scanning calorimetry analysis. Simultaneous
thermogravimetric and differential scanning calorimetry measurements were carried out
on a Labsys Evolution TG-DTA/DSC instrument (Setaram, France) using corundum
(ALOs) crucibles. Sample masses ranged from 10 to 20 mg. Each sample was heated
from 30 to 1200 °C at a constant rate of 10 K/min under a flow of dry nitrogen of 30
mL/min. A baseline correction was applied by recording an empty-crucible run under
identical conditions and subtracting it from the sample signal. Mass-loss intervals were
defined by the inflection points of the dTG curve, and DSC integrals were obtained by
linear-baseline integration in the Setaram Calisto software.

X-ray fluorescence spectroscopy. The bulk elemental composition was determined
by wavelength-dispersive X-ray fluorescence spectroscopy on an S2 Puma benchtop
spectrometer (Bruker, Germany) equipped with a silver anode operated in the range from
20 to 50 kV under vacuum. Pressed tablets were prepared by the sandwich technique:
5 g of homogenised ore powder were laid over a 9 g layer of boric acid serving as
the backing, and the assembly was compacted at a load of 25 t for 30 s in a steel die.
Quantitative calibration of the major-element channels relied on the factory parameter
set of the instrument, and the reported wt.% values for Mn, Ca, Si, Fe and other elements
were taken directly from the standard output of the Bruker Spectra.Elements software.

X-ray diffraction. The qualitative and quantitative mineralogical composition of
the as-received ores was investigated by X-ray powder diffraction on a D6 Phaser
benchtop diffractometer (Bruker, Germany) using copper Ka radiation (A = 1.5406 A).
The X-ray tube was operated at 40 kV and 15 mA. Diffractograms were recorded in
the 20 range from 15 to 85° with a step size of 0.02° and a counting time of 0.8 s
per step. The sample was rotated at 10 rpm throughout the measurement in order to
suppress preferred-orientation effects. Phase identification and Rietveld refinement of
the recorded patterns were performed in Profex v5.4.0 against structural models drawn
from the Crystallography Open Database (revision 240108). XRD served as an external
method for cross-checking the outcome of the TGA—XRF protocol rather than as the
basis of the quantitative calculation in the present work.

Quantitative calculations. The TGA-based calcite estimate is obtained from the mass
loss in the decarbonation window, equation (1):

wICA — E"rnl:ha:'nzlr'l':l — E"In|:1n3|:'su']':|
©€0%  M(c0o,)/M(CaCO;)  0.4397

(1

where 8Mgecart is the mass loss in the decarbonation stage (wt.%), M(CO,) =
44.009 g/mol, M(CaCO5) = 100.087 g/mol. The ratio 0.4397 is the mass fraction of
CO: in calcite.

The XRF-based estimate follows from the Ca content and the CaCOs/Ca mass ratio,
equation (2):
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M(CaCO;)
M(Ca)

XRF _ . . XRF .

Weaco, = Wea wiRF. 24973, (2)

where wiRF is the Ca mass fraction by XRF and M(Ca) = 40.078 g/mol. The
coefficient 2.4973 = 100.087 / 40.078.

The consistency between the two estimates was assessed through their relative
discrepancy & = (Wpgs — Wygp )/ Wrga % 10096, The acceptance threshold (|3
< 5 %) was derived from standard error propagation of the input uncertainties at the
working composition rather than postulated, and is specific to the present measurement
regime (10 K/min, N2); for other heating rates, atmospheres or Ca levels it is re-evaluated
by the same procedure.

Results.

Bulk elemental composition

Major-element XRF data for the two ores are shown in Figure 1. Bogach contains
Mn 60.77 wt.%, Ca 5.44 wt.%, Si 3.49 wt.% and Fe 0.89 wt.%. Zhaksy contains Mn
44 88 wt.%, Ca 0.76 wt.%, Si 20.85 wt.% and Fe 6.14 wt.%. The seven-fold contrast
in Ca content (5.44 vs. 0.76 wt.%) and the six-fold contrast in Si (3.49 vs. 20.85 wt.%)
define the two samples as a carbonate-bearing and a silicate-bearing end-member. Fe is
enriched in Zhaksy by a factor of seven and indicates a larger Fe-silicate fraction.

701 I Bogach
60.77 [ Zhaksy
60 A
50 1
S 44.88
2 40
c
[
€ 30 1
]
(]
20.85
20 A
10 A
0 m
Mn Ca Si Fe
Figure 1 — Bulk elemental composition of the Bogach and Zhaksy manganese ores by XRF (wt.%;
Mn, Ca, Si, Fe).

Thermal behaviour of the Bogach ore

Figure 2 shows the TG and dTG curves of Bogach recorded at 10 K/min under No.
The total mass loss at 1200 °C is 27.44 wt.%. Mass release is distributed across several
intervals. The largest single step lies in the 693—836 °C window. It produces a sharp
dTG minimum at 714 °C with a rate of —1.21 %/min and accounts for 6.30 wt.% of the
total mass loss. Smaller steps below 693 °C are attributed to adsorbed water release (30—
200 °C), dehydroxylation (200-364 °C), the MnO2 — Mn20s transition (365—495 °C)
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and cryptomelane—hollandite breakdown (557-693 °C). Above 911 °C the TG baseline
drifts downward by an additional 6 wt.%, consistent with the Mn2Os; — MnsOs step and
partial sintering.

100 4 0.5
o5 4 0.0
90 4 -05 ¢
< £
5 X
2 _ L 1.0 5
85 2
kel
80 F-1.5
714 °C
75 4 . F-2.0
— dTG
200 400 600 800 1000 1200

Temperature, °C

Figure 2 — TG and dTG curves of the Bogach ore (10 K/min, N2, Al-Os crucible).
Decarbonation window 693-836 °C is shaded; dTG minimum at 714 °C is marked.

The DSC curve of Bogach (Figure 3) carries two endothermic features separated
by a broad exothermic envelope. The low-temperature peak is centred at 215 °C with
an integrated enthalpy of 96 J/g over the narrow window 38-272 °C. This window
corresponds to desorption of physically adsorbed moisture and the loss of any weakly
bound hydroxyl species from the ore surface. Compared with the Zhaksy counterpart
(146 J/g over a wider 32-381 °C window), the Bogach low-T event is smaller in both
enthalpy and temperature extent, in line with the lower silicate fraction (Si 3.49 wt.%
against 20.85 wt.% in Zhaksy) and the consequently smaller contribution from silicate
dehydroxylation.

Between 300 and 600 °C the DSC signal rises above the baseline into a broad
exothermic envelope. The envelope is the superposition of the oxidative MnO. —
Mn2O; transition in the cryptomelane and hollandite tunnel phases, which proceeds
exothermically under the carrier gas atmosphere used here, with residual dehydroxylation
of OH-bearing phases (Berbenni & Marini, 2003; Song et al., 2023). The exothermic
maximum near 440 °C brackets the dTG stage attributed to the MnO2 — Mn.O:s transition

The high-temperature endothermic event is centred at 721 °C with an integrated
enthalpy of 3536 J/g over 498-1213 °C, with the minimum at 723 °C and —27.9
mW. The temperature, the magnitude of the integrated heat and the temperature co-
registration with the dTG minimum at 714 °C (offset +9 °C) jointly identify this event
as the decarbonation of CaCOs (Rodriguez-Navarro et al., 2009) under the standard
enthalpy of about 178 kJ mol™ of calcite. Minor contributions from continuing Mn-
oxide reduction above 700 °C and from the onset of sintering add a broad tail to the
endotherm extending to 1213 °C, but they do not displace the minimum from the calcite
decarbonation range.
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Figure 3 — DSC curve of the Bogach ore.
Low-temperature shoulder (215 °C, 96 J/g) and high-temperature endotherm (721 °C, 3536 J/g over
569-1213 °C) are labelled.

Thermal behaviour of the Zhaksy ore

The TG and dTG curves of Zhaksy are shown in Figure 4. The total mass loss at
1200 °C is 12.33 wt.%, less than half of the Bogach value. The dTG profile contains
no sharp step comparable to the 714 °C feature of Bogach. Within the 723-922 °C
window the only minimum is broad and shallow at —0.35 %/min at 806 °C, and the
integrated mass loss in this window is 2.83 wt.%. The low-temperature dehydration
stage below 400 °C is pronounced, in agreement with the higher clay and Fe-silicate
content indicated by XRF.
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Figure 4 — TG and dTG curves of the Zhaksy ore (10 K/min, N>).
The high-temperature window 723-922 °C is shaded in blue; the broad dTG minimum at 806 °C is
marked.

The Zhaksy DSC curve (Figure 5) displays two endothermic events. The low-

temperature peak is centred at 139 °C with an integrated enthalpy of 146 J/g over the
window 32-381 °C. This window spans two overlapping mass-loss processes reported
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by the TG curve below 400 °C — desorption of loosely bound moisture in the 30—150
°C range and subsequent dehydroxylation of OH-bearing silicate and Fe-oxyhydroxide
phases between 150 and 381 °C. The integrated enthalpy of 146 J/g is consistent with
the combined heat of evaporation of adsorbed water and the dehydroxylation of clay-
like silicates (Polcowiiuk Iriarte et al., 2025); the high silicate fraction of the Zhaksy
ore (Si 20.85 wt.%, Fe 6.14 wt.%) explains the pronounced low-T event relative to the
Bogach equivalent.

The high-temperature endotherm peaks at 729 °C with 537 J/g integrated over
467-1212 °C. The window covers a superposition of non-carbonate transformations.
In the lower part of the window (467700 °C) the Mn-oxide reduction chain MnO. —
Mn20O; — MnsOs releases lattice oxygen with an accompanying endothermic signal
(Song et al., 2023), while residual dehydroxylation of silicates continues into the same
interval. The deep minimum at 729 °C and the upper part of the window (700—1000
°C) reflect the onset of partial Mn*" — Mn?* reduction in the braunite structure — a
mechanism analogous to the CLOU-type oxygen release documented for other Mn(I1I)-
bearing phases (Mei et al., 2022) and consistent with the thermodynamics of Mn-
oxide reduction established by calorimetric measurements on Mn-oxide end-members
(Birkner & Navrotsky, 2017) — together with the onset of silicate recrystallisation in
the silica-rich matrix. Relative to Bogach, the Zhaksy high-temperature enthalpy is 6.6
times smaller, while the dTG mass-loss ratio between the two ores in the same window
is 2.2; the mismatch between the two ratios is the first indication that the Zhaksy signal
is not dominated by a single decarbonation event. A broad exothermic envelope near
440 °C superimposed on the descending baseline indicates Mn-oxide redox activity
accompanying the transitions above.
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146 J/g
51 (water + OH)

exo T

Water + OH: 146 J/g
—25 High-T event: 537 )/g (not calcite)

729 °C
537 J/g
(Mn-Ox + silicate)

Heat flow, mW

|
=
v

200 400 600 800 1000 1200
Temperature, °C

Figure 5 — DSC curve of the Zhaksy ore.
Low-temperature peak (139 °C, 146 J/g) and high-temperature endotherm (729 °C, 537 J/g over
467-1212 °C) are labelled.

Co-registration of dTG and DSC
The co-registration test places the two instrumental channels on a common
temperature axis and measures the offset between their minima inside the putative
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carbonate window. At 10 K/min a single decarbonation event produces a dTG minimum
that leads the DSC minimum by a small kinetic lag.

For Bogach (Figure 6) the dTG minimum lies at 714 °C and the DSC minimum at
723 °C. The offset is +9 °C. This value is within the range expected for a common mass-
release and heat-uptake process.
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Figure 6 — Co-registration of dTG (Bogach, red) and DSC (Bogach, blue) on a common temperature
axis.
The dTG minimum (714 °C) and DSC minimum (723 °C) fall within +9 °C of each other.

For Zhaksy (Figure 7) the broad dTG minimum lies at 806 °C and the DSC minimum
at 729 °C. The offset is +77 °C, almost an order of magnitude larger than for Bogach.
The two channels peak in different parts of the 700-900 °C interval.
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Figure 7 — Co-registration of dTG (Zhaksy, red) and DSC (Zhaksy, blue).
The dTG minimum (806 °C) and DSC minimum (729 °C) are separated by +77 °C, far above the
kinetic-lag range expected for a common reaction.
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Quantitative calcite estimates and the TGA-XRF cross-check

Equations (1) and (2) were applied to the decarbonation windows identified above.
The stoichiometric constants used were kpgy = M(CO,)/M(CaCO;) = 0.4397 and
kyge = M(CaCO;)/M(Ca) = 2.4973. Input values and outputs are listed in Table 1.

Table 1 — Calcite content derived from TGA (equation 1) and XRF (equation 2) and the relative
discrepancy & = (W — Wygp)/Wrga ¥ 100 %

Sample | Amgecan, wt% | Wrca, wt% Wea (XRF), wt% | WaRe, wtoe |0 70
Bogach [6.30 14.33 5.44 13.58 +5.2
Zhaksy |2.83 6.44 0.76 1.90 +70.5

Bogach sits at the +5.2 % boundary of the consistency band. Zhaksy exceeds the band

by a factor of fourteen. Figure 8§ maps both samples on the W s vs. Wypp diagnostic
plane. Bogach falls on the upper edge of the + 5% envelope around the 1:1 line. Zhaksy
lies far above the 1:1 line, in the region where W4 overestimates Wygg.

+5 % band (calcite-consistent)
ey =x
161 @ Bogach (6= +5.2%)
[ Zhaksy (6 = +70.5 %)

-
S
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-
N
s
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[
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w(CaCO3) ™A, wt.%

0 2 4 6 8 10 12 14 16
w(CaCO3)RF, wt.%

Figure 8 — Diagnostic diagram for the TGA—XRF cross-check.
Dashed line is the 1:1 reference; grey band is the = 5% consistency envelope. Bogach sits at the upper
edge of the envelope; Zhaksy lies far above the 1:1 line.

Discussion.

The TGA-XRF cross-check as a diagnostic test

The decision rule rests on a simple mass balance. If all Ca measured by XRF is
contained in calcite, equation (2) is exact. If the decarbonation window in the TGA is
correctly identified, equation (1) is exact. Under these two assumptions the two estimates
must coincide within the combined measurement uncertainty. Agreement between the
two bulk estimates establishes the internal consistency of the carbonate hypothesis, not
the absolute accuracy of the calcite content; both estimates are bulk-averaged upper
bounds and are reconciled with the phase-resolved value in the XRD comparison below.
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Two random sources dominate the uncertainty budget. The TGA mass-loss reading
in a well-defined decarbonation window has a 1o uncertainty of about 0.3 wt.%,
accumulated from baseline drift, window-edge selection (£5 °C in the inflection-
point procedure used here) and within-sample inhomogeneity after 4 h of planetary
milling (Vyazovkin et al., 2011). The XRF Ca content in a sandwich-pressed pellet has
a lo uncertainty of about 0.1 wt.% absolute at the 5 wt.% level, set by the calibration
residuals and matrix correction of the factory parameter set on the S2 Puma (Chubarov
et al., 2020). The stoichiometric constants kpg, = 0.4397 and kypz = 2.4973 are
exact and contribute no uncertainty.

Propagating these inputs through equations (1) and (2) gives the standard deviations
of the two calcite estimates:

A
o(wres) = 22 _ 0 68 wi.o%, 3)
Krca
O(Wype) = 0(Wea) - Kyne = 0.25 wit. %. @)

The relative discrepancy between the two estimates is defined as

W — W
§=—22 XRF, 1009%, (5)
Wroa

with partial derivatives

dé WyxpE dé 1
=—=—x 100 %, =— » 100 %. (6)
OWrca Wrga

FWxRF Wroa

Under the assumption of independent errors, o(d) follows from the standard
quadrature rule:

a(8) = ||I( %8 G{‘.-'L’TGA}):-F( 95 U(WXRF}). (7)

\ IWrca IWxRF

Atthe Bogachworkingpoint(Wtea = 1433y o, Wxre = 13.38y o) thepartial
derivatives evaluate to 0.0661 and -0.0698 per wt.%, which, substituted into equation

(7). give O(8) =+/(0.0661x 0.68)? + (0.0698 x 0.25)* X 100 % *~ 4.8 %,

The 1o uncertainty band on o is therefore close to 5%. Inputs and propagated outputs
are summarised in Table 2.
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Table 2 — Uncertainty budget for the TGA—XRF cross-check at the Bogach point. Stoichiometric
factors k':'frﬂ = MIICU::IIEIHII_'-C HCDE:I =04397 and kxm:- = HI:CHCD;:IIFHI:CH:I = 24973 are treated as

exact.
Source Symbol 1o value
TGA mass-loss reading (A m) 0.30 wt.%
XRF Ca content o(Wea) 0.10 wt.%
Propagated TGA calcite S(Wrga) 0.68 wt.%
Propagated XRF calcite o{Wygp) 0.25 wt.%
Propagated relative discrepancy at the Bogach point o(0) 4.8 %

The acceptance threshold is therefore the lo band derived from propagated
measurement errors rather than a postulated value. Because the propagated value 6(3)
=4.8 % rounds to 5 %, the band is properly read as an approximate 1c limit (|| < 5 %)
and not as a sharp cut-off, and a measured 6 is judged against it within its propagated
lo uncertainty (+4.8 % at the Bogach point). A sample whose discrepancy does not
significantly exceed this band — that is, whose & remains statistically indistinguishable
from zero at the 1o level — is consistent with a single-phase calcite assignment within
measurement error. A sample whose discrepancy exceeds the band by several standard
deviations requires an alternative explanation of the mass loss in the high-temperature
window. The use of disagreement between two bulk methods as a phase-speciation
diagnostic follows the broader pattern in carbonate analytics, in which TG-MS, Rock-
Eval and XRD have been combined to validate one another for sedimentary materials
(Bartels et al., 2024; Baudin et al., 2023); the present formulation transposes that logic
to a Mn-rich matrix in which all three single-method routes carry phase ambiguity.

Calcite assignment in the Bogach ore

For Bogach the two estimates agree to & = +5.2 %, carrying a propagated lo
uncertainty of +4.8 % (Table 2). The point estimate exceeds the nominal 5 % limit by
only 0.4 percentage points — an order of magnitude smaller than its own uncertainty
— and the discrepancy interval (+5.2 + 4.8 %) overlaps both zero and the threshold.
Bogach therefore lies on the 1o boundary of the consistency band and is statistically
indistinguishable from it; this is the sense in which the sample is classified as consistent,
rather than as falling below an exactly defined 5.000 % line. Three further observations
support the calcite assignment for the 693—-836 °C step. First, the dTG peak at 714 °C
lies within the accepted temperature range for calcite decarbonation at 10 K/min in N
(700-850 °C).

Second, the DSC endotherm peaks at 721 °C, within +9 °C of the dTG minimum. The
kinetic lag between mass release and heat uptake has the expected sign and magnitude
for a single decarbonation event.

Third, the XRF-based estimate (13.58 wt.%) sits below the TGA value (14.33 wt.%).
The sign of the discrepancy is the one expected when a small fraction of the 693-836 °C
mass loss originates from residual Mn-oxide or hydroxyl contributions rather than from
decarbonation. The TGA value is therefore an upper bound and the XRF value a lower
bound on the true calcite content in Bogach.
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Enthalpy budget rules out decarbonation in Zhaksy

The Zhaksy cross-check fails by a wide margin (6 = +70.5%). The independent
enthalpy budget confirms that failure. The standard enthalpy of CaCOs decarbonation
is about 178 kJ mol™ (Rodriguez-Navarro et al., 2009), or 1778 J per gram of calcite.

The XRF-based upper bound on the calcite content in Zhaksy is 1.90 wt.%. Complete
decarbonation of this amount would release 1.90 x 17.78 = 33.8 J per gram of ore. The
DSC integral in the 467-1212 °C window is 537 J/g, sixteen times higher than any
plausible calcite contribution.

The excess enthalpy and the mass loss itself originate from non-carbonate chemistry.
X-ray diffraction of the as-received Zhaksy ore shows braunite (nominal Mn-SiO:,
containing both Mn*" and Mn*") as the dominant manganese phase, with no calcite
and no hausmannite detected. Under N2 above 700 °C two processes contribute to the
723-922 °C window. The lower part of the window (=700-800 °C) is dominated by
dehydroxylation of OH-bearing silicates. The upper part (=800-900 °C) reflects the
onset of partial Mn** — Mn?' reduction in the braunite structure with limited oxygen
release. The full braunite — hausmannite + silicate transformation proceeds above 1000
°C, outside the integration window used here, and has been observed independently
in SQUID magnetometry of heated Zhaksy material. The 2.83 wt.% Am therefore
represents a precursor stage of these non-carbonate reactions, not calcite decarbonation.

Co-registration of the two channels as an independent check

The mass-loss and heat-flow channels of a simultaneous TGA-DSC record the same
event at slightly different times. At 10 K/min the kinetic lag rarely exceeds 10—-15 °C
for a single-step reaction. The +9 °C offset measured for Bogach (Figure 6) lies inside
this range.

The +77 °C offset measured for Zhaksy (Figure 7) cannot be rationalised as a kinetic
lag. The two channels must therefore respond to different underlying reactions. The
dTG minimum at 806 °C tracks the onset of Mn** — Mn?* reduction in braunite with
slow oxygen release. The DSC minimum at 729 °C tracks silicate dehydroxylation,
which releases less mass but more heat per unit mass and therefore dominates the DSC
signal at a lower temperature than the dTG signal.

Co-registration requires no stoichiometric assumption. It adds a second independent
criterion to the TGA—XRF cross-check. It is particularly useful when the XRF Ca value
is low (below 1 wt.%) and equation (2) becomes numerically noisy.

Comparison with XRD Rietveld phase analysis

The TGA-XRF cross-check returned w(CaCO;) ~ 14 wt.% for the Bogach ore,
whereas an independent XRD Rietveld refinement of the same material yields a
calcite phase fraction of 8.4 wt.% (Safarov et al., 2021). The two values differ by 5-6
wt.% absolute, well beyond the combined TGA + XRF uncertainty established in the
uncertainty budget above. The discrepancy is informative about the limitations of each
method and is examined here.

Three contributions plausibly account for the gap. First, the Rietveld refinement
was performed without an internal standard, so the reported phase fractions are
normalised on a 100 % crystalline basis. If the sample contains a non-negligible X-ray
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amorphous component, this normalisation acts in opposite ways for different phases.
With cryptomelane and hollandite as the dominant Mn-oxide carriers in Bogach, both
characterised by large unit cells with intrinsic tunnel disorder and moderate peak
broadening (Birkner & Navrotsky, 2017), part of the diffracted intensity from these
phases distributes into the amorphous halo and escapes the structural model. A formal
correction with corundum as internal standard is the established remedy (Gualtieri,
2000) but was not applied in the original refinement. Akinbodunse et al. (2024) report
absolute errors within +3 wt.% (95 % confidence interval) for internal-XRD-amorphous
quantification and relative errors below 10 % once the amorphous fraction exceeds 10
wt.%, magnitudes commensurate with the gap observed here when the amorphous
contribution is not explicitly refined.

Second, the calcite signal in a multiphase Mn-rich matrix is particularly vulnerable
to peak overlap. The strongest calcite reflection at 20 = 29.4° (d = 3.04 A, hkl 104)
sits close to high-intensity reflections of cryptomelane and braunite at 28.7° and 32.9°,
which broaden under tunnel disorder and Fe substitution, respectively. Fitting the 28—34°
region without a fixed calcite occupancy can therefore redistribute intensity from calcite
to the surrounding Mn phases. Non-stoichiometric carbonates (Mn- or Fe-substituted
calcite) shift the reflections by up to 0.1° 20 and broaden them, further depressing the
apparent calcite fraction unless the substitution is refined explicitly (Dos Santos et al.,
2017).

Third, the TGA and XRF estimates retain their own sources of bias. As noted in the
calcite-assignment analysis above, the TGA window 693836 °C may receive a residual
contribution of 1-2 wt.% from continued breakdown of the cryptomelane/hollandite
framework above 700 °C (Song et al., 2023), which inflates the apparent calcite mass
loss. The XRF estimate assumes that all bulk Ca resides in calcite; even a small Ca-
silicate fraction at the level of 0.5-1 wt.% Ca would shift w(CaCO3)*®¥ down by 1.2~
2.5 wt.%. Taken together, plausible adjustments push the TGA value down by 2—-3 wt.%,
the XRF value down by 1-2 wt.%, and, after correction for the amorphous fraction, the
Rietveld value up by 2—4 wt.%. The three estimates then converge to a common range
of 10—12 wt.% within their respective uncertainties.

The wider methodological implication is that the TGA—XRF cross-check and the
Rietveld refinement carry complementary biases. The bulk methods are insensitive
to crystallinity but vulnerable to overlap with non-carbonate mass losses and to Ca
redistribution into other phases. The Rietveld refinement is phase-resolved but biased
toward crystalline contributions and sensitive to peak-overlap effects in Mn-rich
matrices. The TGA-XRF protocol therefore should be read as a screen for whole-
sample carbonate balance rather than as a substitute for properly standardised Rietveld
refinement when phase-resolved quantification is required.

Assumptions, limitations and scope

Two features of the present validation set its limits. The protocol was tested on a
single measurement of one positive and one negative control, without replicate runs.
The uncertainty budget in Table 2 is obtained analytically, by propagating literature
and instrument-specification input uncertainties through equations (3)—(7), and not from
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experimental repeatability; the propagated value o(5) = 4.8 % is therefore a theoretical
lo estimate that awaits confirmation on replicate measurements and on a larger,
compositionally diverse sample set. In addition, the numerical values used throughout
— the 700-850 °C decarbonation window, the |6] < 5 % acceptance threshold, the
+10-15 °C dTG-DSC kinetic-lag range and the 178 kJ mol™ decarbonation enthalpy —
are tied to the specific measurement regime (10 K min™ under flowing N-) and, for the
threshold, to the working composition of the Bogach point (=14 wt.% CaCOs). They are
not universal constants of the method: a different heating rate, atmosphere or Ca level
shifts both the decarbonation window and the propagated threshold, each of which must
then be re-derived by the procedure of equations (3)—(7).

The protocol assumes that calcite is the only Ca-bearing phase above the XRF
detection limit and that no other carbonate contributes significantly to the 700-850
°C window. Both assumptions must be checked sample-by-sample. In the Mn ores of
Central Kazakhstan the main alternative Ca carriers are dolomite and manganocalcite.
Dolomite would split the decarbonation into two dTG peaks near 750 and 850 °C.
Manganocalcite would shift the onset to 650—-700 °C and would also appear in XRD as
a Mn carbonate. Neither feature is present in the Bogach data.

For ores with mixed carbonate mineralogy the protocol still returns a binary pass/fail
verdict. A failed cross-check does not identify the interfering phase, only that calcite is
not the dominant Ca carrier. In the present study the independent XRD patterns confirm
both branches of the test directly: calcite is identified in Bogach, whereas Zhaksy shows
braunite as the dominant Mn phase with no calcite above the XRD detection limit.
XRD therefore serves here as an independent confirmation of the cross-check outcome
rather than as a missing next step. Full quantitative phase attribution, including Rietveld
refinement of all Mn-bearing phases and complete assignment of the individual dTG
and DSC stages, lies outside the scope of the present methodological paper and is the
subject of a companion study. Within its intended scope the TGA-XRF cross-check
combined with dTG/DSC co-registration provides a rapid pre-screen (about 3 h per
sample including sample preparation) that flags whether a full Rietveld refinement is
required.

Conclusion. The present study examined a dual-method screening protocol that
combines TGA-DSC and XRF measurements for the quantification of calcite in
manganese-rich ores, on a paired sample set drawn from the Atasu province of Central
Kazakhstan — the carbonate-bearing Bogach ore as a positive control and the silicate-
bearing Zhaksy ore as a negative control. The principal results obtained in the course of
the study are as follows.

1. A dual-method protocol for quantitative calcite assessment in carbonate-type
manganese ores has been developed and verified, based on independent calculations of
w(CaCOj; ) from TGA-DSC and XRF.

2. For the Bogach ore the two estimates are w(CaCO;) = 14.33 wt.% (TGA) and
13.58 wt.% (XRF); the relative discrepancy is & = +5.2%, which coincides with the
propagated 1o limit (c(8) = 4.8 %) and is statistically indistinguishable from it.

3. The threshold 8] < 5% is justified by error propagation and proposed as a
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consistency criterion between the two methods and, simultaneously, as an indicator that
no significant non-carbonate Ca-bearing phases are present.

4. The negative control on the Zhaksy ore (& = +70.5%) confirms the specificity
of the protocol and is supported by an independent enthalpy balance: the measured
DSC integral of 537 J/g is sixteen times higher than the maximum calcite contribution
permitted by the XRF Ca value.

5. Co-registration of the dTG and DSC channels adds an independent diagnostic
criterion. The +9 °C offset for Bogach and the +77 °C offset for Zhaksy distinguish a
single decarbonation event from the superposition of Mn-oxide redox chemistry and
silicate transformations.

6. Comparison with phase-resolved XRD Rietveld refinement shows that the bulk
TGA-XREF protocol and the diffraction-based method carry complementary biases. The
protocol is intended as a screen for whole-sample carbonate balance rather than as a
substitute for an internally standardised Rietveld refinement when full phase-resolved
quantification is required.

The work was directed at deriving an applicable analytical decision rule for Ca-phase
speciation in Mn-rich matrices that does not rely on slow phase-resolved measurements.
The results may find application in routine ore-control laboratories at the beneficiation
stage of Mn feedstock processing for ferroalloy production and for MnsO4 pigment
manufacture, in the preliminary triage of unfamiliar Mn-ore samples prior to full
Rietveld refinement, and as an input to energy balance calculations for the smelting
stage where the calcite mass fraction directly governs the projected CaO yield and the
corresponding CO: release.
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