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A B S T R A C T   

Ilmenite oxy-exsolution in magnetite recording different textures provides information on the Fe-Ti oxide cooling 
history. Magnetite-ilmenite intergrowths in carbonatites have the potential to offer important insights into the 
petrogenesis of the hosted ore deposits, whereas they have received limited attention. In this contribution, in
vestigations have been conducted on different types of ilmenite oxy-exsolution hosted by magnetite within the 
Tiechagou carbonatite-associated iron deposit. Based on textural features, the magmatic magnetite-ilmenite 
intergrowths have been identified as thin lamellae (Type1), thick lamellae (Type2), fine-grained granular 
(Type3) and coarse-grained granular oxy-exsolutions (Type4). Major, minor and trace elements of the bulk oxide, 
magnetite and ilmenite were determined using EMPA and LA-ICP-MS. Bulk MgO and TiO2 generally decrease 
from Type1 to Type2 and Type3 to Type4, with Type1 oxides recording the highest. Bulk minor- and trace- 
element concentrations of all magmatic magnetite-ilmenite varieties exhibit similar trends in continental 
crust-normalized diagrams. Different magnetite and ilmenite groups are characterized by variable minor and 
trace element compositions, and have been successfully discriminated using Principal Component Analysis with 
the most discriminant elements of V, Cr, Ni, Co, Zn, Mn and Mg. Temperature and oxygen fugacity have been 
determined using WinMIgob, software developed by Yavuz (2021). Textural and chemical features of magnetite 
and ilmenite in the Tiechagou carbonatite combined with their re-equilibration temperature and oxygen fugacity 
highlight the evolution history, which is presented into two petrogenetic models. The first model records a 
significant decrease in temperature from 683 to 338 ◦C and oxygen fugacity (logfO2) from − 14.58 to − 34.27, 
which results in a progressive evolution of ilmenite oxy-exsolution from thin to thick lamellae starting at a 
supersolvus temperature. The second records a continuing evolution of the magnetite-ilmenite intergrowths from 
fine-grained to coarse-grained granular oxy-exsolutions through subsolvus oxidation, which is constrained by 
increase of the average oxygen fugacity (logfO2) from − 28.38 to − 26.93 at an intermediate temperature of 
500–400 ◦C. Carbon in the oxidized form (e.g., CO2−

3 ) probably plays a significant role as the oxidizing agent 
especially when the oxygen fugacity is decreasing and/or low in carbonatite systems.   

1. Introduction 

The Tiechagou carbonatite in the northernmost part of the Qinling 
Orogen represents a vital iron ore deposit as it is among few carbonatite- 
related Fe deposits in this part of Qinling. Magnetite is the most common 
iron-bearing mineral in this deposit, and also widely recognized as an 
accessory mineral of carbonatites worldwide (Reguir et al., 2008; Huang 
et al., 2015; Ivanyuk et al., 2016; Milani et al., 2017). Magmatic 
magnetite often contains ilmenite and ulvöspinel exsolution lamellae, 

with the former being the most common form (Buddington and Lindsley, 
1964). Magnetite-ulvöspinel forms a complete solid solution at the 
temperature of 550 ◦C, and the miscibility gap causes ulvöspinel to 
exsolve below the solvus (Buddington and Lindsley, 1964; Taylor, 1964; 
Lilova et al., 2012). Experimental work showed that magnetite-ilmenite 
intergrowths are not derived from solid solution, and the most accepted 
theory for the generation of ilmenite exsolutions in magnetite is due to 
the oxidation of the ulvöspinel, which was proposed by Buddington and 
Lindsley (1964). During this oxidation-exsolution (oxy-exsolution), an 
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increasing degree of diffusion and oxidation results in a progressive 
change from (1) a single-phase homogenous spinel, through (2) trellis- 
type texture of thin ilmenite lamellae in all sets of {111} lattice 
planes of magnetite, (3) sandwich-type texture of thick ilmenite lamellae 
principally in one set of {111} planes, (4) internal granular ilmenite 
exsolutions, to (5) external granular ilmenite exsolutions hosted in 
magnetite (Buddington and Lindsley, 1964). 

Debates are going on for the origin of ilmenite oxy-exsolution in 
magnetite. Some ascribed it to the subsolvus oxidation of ulvöspinel 
(Brzozowski et al., 2020; Willemse, 1969), whereas others believe that 
supersolvus oxidation of ulvöspinel occurs at the origin of ilmenite oxy- 
exsolution in magnetite (Tan et al., 2016; Wei et al., 2020a, Wei et al., 
2020b). In some cases, both sub- and supersolvus (below and above the 
magnetite-ulvöspinel solvus) processes can generate the oxy-exsolution 
of ilmenite in magnetite (Von Gruenewaldt et al., 1985; Arguin et al., 
2018). Recent experiments confirmed previous observations by Weidner 
(1982) regarding the importance of carbon in increasing the stability of 
Ti-poor Fe oxide melts at geologically plausible conditions, which has 
contributed to the understanding of the origin of some iron ore deposits, 
such as the El Laco Fe-Ti oxide deposit (Chile; Lindsley and Epler, 2017). 
The origin of magnetite from carbonatite is also debated, including 
sedimentary, hydrothermal and magmatic. Huang et al. (2015) 
concluded that magnetite from the Bayan Obo carbonatite is 

sedimentary and hydrothermal in nature. Chen et al. (2019) assigned 
magnetite from different carbonatite deposits to be hydrothermal 
(Bayan Obo, Hongcheon) and magmatic (Oka, Mushgai Khudag). 

A detailed investigation of texture and major-, minor- and trace- 
element compositions of magnetite from carbonatite is necessary, as it 
is helpful to decipher the crystallization history of magnetite that pro
vides insights for the genesis of ore deposits (Lee et al., 2005; Ripp et al., 
2006; Reguir et al., 2008; Chen et al., 2019). Minor and trace elements, 
such as Mg, Al, Ti, V, Mn, Co, Ni, Zn and Sn, are mostly concentrated in 
magnetite, which present a systematic variation (Dare et al., 2014; 
Nadoll et al., 2014) and can be used to trace the conditions of ore for
mation including temperature, pressure, cooling rate and oxygen 
fugacity (Mollo et al., 2013; Canil et al., 2016; Hu et al., 2020). Previous 
studies showed that minor and trace element compositions of magnetite 
could also be used to trace the evolution of magma. For instance, it is 
demonstrated that magnetite crystallized in high-temperature magmatic 
environments is enriched in a majority of minor and trace elements 
(including Ti, V, Mn, Mg, Zr, Nb, Hf, Ta and Al) relative to those 
precipitated from low-temperature fluids (Dare et al., 2014, 2015; 
Nadoll et al., 2014). In addition, hydrothermal magnetite commonly 
shows higher concentrations of Ge, Co, Ni, Pb and W compared to their 
magmatic counterparts (Dare et al., 2014; Nadoll et al., 2014; Huang 
et al., 2019; Duran et al., 2020). Although the crystal chemistry and 

Fig. 1. (A) Geological map of China; (B) regional tectonic map of the Qinling Orogenic Belt; (C) geological map of the Tiechagou district showing the location of the 
Tiechagou carbonatite. B and C are modified after Zheng et al. (2020). Abbreviations: LLF, Luonan-Luanchuan Fault; LWF, Lingbao-Wuyang Fault; SDS, Shangdan 
Suture; MLS, Mianlue Suture. 
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Fig. 2. (A-B) Field observation photos of the Tiechagou carbonatite; (C-F) microphotograph and backscattered electron images showing different minerals within 
calcio-carbonatite and magnesio-carbonatite. Abbreviations: bt, biotite; cal, calcite; mag, magnetite; ilm, ilmenite; ol, olivine; serp, serpentine. 
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Fig. 3. Reflected light microphotograph outlining 
different textures of magnetite-ilmenite association 
within the Tiechagou carbonatite samples. (A) 
Magnetite hosting thin and thick lamellae and fine- 
grained granular ilmenite oxy-exsolutions; (B) 
enlarged image of magnetite that presents thin trellis 
ilmenite lamellae exsolutions; (C) magnetite that 
presents thick trellis ilmenite lamellae oxy- 
exsolutions; (D) magnetite hosting intergrowth of 
fine- and coarse-grained granular ilmenite oxy- 
exsolutions; (E) clear boundary between magnetite 
hosting granular ilmenite oxy-exsolutions and 
magnetite intergrown with external granular ilmenite; 
(F) magnetite intergrown with external granular 
ilmenite. Abbreviations are the same as Fig. 2.   

Fig. 4. Backscattered electron images outlining different textures of magnetite within Tiechagou carbonatite samples. (A) Subhedral to anhedral magnetite asso
ciated with biotite and serpentine; (B) subhedral magnetite associated with calcite and serpentine; (C-D) anhedral magnetite associated with serpentine and dolomite. 
Abbreviations are the same as Fig. 2. 

P. Uwamungu et al.                                                                                                                                                                                                                            



Ore Geology Reviews 157 (2023) 105439

5

thermochemistry of Fe-Ti oxides are complex (Sack, 1982; Ghiorso and 
Sack, 1991), the chemical compositions are key indicators for their 
magmatic variability and associated evolution (Haggerty, 1995). 
Ilmenite is another important Fe-Ti oxide, whereas studies conducted on 
its minor- and trace-element compositions are relatively limited (Jang 
and Naslund, 2003; Charlier et al., 2007). A large number of minor and 
trace elements such as Mn, Mg, V, Cr, Ni, Sc, Nb, Ta, Zr and Hf are hosted 
by ilmenite as well, which can be used to monitor crystallization and 
ore-forming processes (Jang and Naslund, 2003; Dare et al., 2012). 

In this study, the combined texture and in situ geochemical compo
sitions of different magnetite and ilmenite groups are investigated with 
the aim to decipher the petrogenesis of Fe-Ti oxides from the Tiechagou 
carbonatite associated Fe deposit. Our investigation highlights the 
importance of geothermobarometric approach to decipher the genesis of 
Fe-Ti oxides from the Tiechagou carbonatite. This study will contribute 
to the understanding of the formation history of Fe-Ti oxides from car
bonatite and other environments. 

2. Geological background and sample description 

2.1. Geological background 

The Qinling Orogenic Belt is one of the most well-known suture 
zones in eastern Asia and it constitutes a significant part of the Central 
Orogenic Belt. This orogen comprises four major tectonic units, 
including the southern margin of the North China Block, North Qinling 
Orogen, South Qinling Orogen, and the northern margin of the Yangtze 
Block (Fig. 1A-B). They are separated by three major faults, including 
the Luonan-Luanchuan, Shangdan and Mianlue faults. The Qinling 
Orogenic Belt formed by multi-stage collisions between the North China 
Craton and the Yangtze Craton, and the final Triassic collisional orogeny 
occurred along the Mianlue suture between 242 and 227 Ma (Wu et al., 
2006; Dong and Santosh, 2016). The Tiechagou carbonatite is situated in 
the southern margin of the North China Block, proximal to the Caotan, 
Huanglongpu and Huayangchuan carbonatite-associated REE-U-Mo-Pb 
deposits (Fig. 1C; Bai et al., 2019; Wei et al., 2020a, Wei et al., 2020b; 
Zheng et al., 2020). The Re–Os isotopic measurements on molybdenite 
from the Huanglongpu and U–Pb isotopic dating of monazite from 
Huayangchuan carbonatites gave approximate ages of 220 and 208 Ma, 
respectively (Stein et al., 1997; Song et al., 2016). The southern margin 
of the North China Block consists mainly of the Archean Taihua and 
Paleoproterozoic Xiong’er groups. The Taihua Group (2841–2806 Ma; 
Kroner et al., 1988) comprises Archaean amphibolite to granulite facies, 
and the biotite-plagioclase gneiss is the main outcrop sequence at Tie
chagou. The Xiong’er Group (1.83–1.74 Ga) comprises weakly meta
morphosed andesite, basaltic andesite, dacite and rhyolite, which is 
overlain by the Meso- to Neoproterozoic Guandaokou and Luanchuan 
groups (Wang et al., 2019). These Meso- to Neoproterozoic groups are 
composed of metasedimentary rocks, carbonate and clastic rocks, 
conglomerate, shale, sandstone, quartzite, phyllite and trachyte (Xu 
et al., 2011; Jian et al., 2015). 

At the Tiechagou carbonatite, two distinct types of carbonatites are 
observed, which are the calcio-carbonatite and magnesio-carbonatite 
(Fig. 2A-F). The calcio-carbonatite dominantly consists of calcite, 
magnetite and olivine with accessory apatite, ilmenite, dolomite, biotite, 
pyrite, chalcopyrite and humite (Fig. 2B-C, E). The magnesio- 
carbonatite is dominated by dolomite, with accessory calcite, serpen
tine, olivine, magnetite, ilmenite, biotite and pyrite (Fig. 2D-F). In both 
carbonatites, olivine is commonly altered to serpentine. Iron minerali
zation is characterized by massive magnetite ores that are generally 
found as layers in the carbonatite body. Magnetite and ilmenite are the 
most abundant Fe-bearing minerals in the deposit. 

2.2. Petrographic characterization of magnetite and ilmenite in the 
Tiechagou carbonatites 

Several texturally distinct varieties of magnetite and ilmenite occur 
in the Tiechagou carbonatites (Fig. 3). Ilmenite oxy-exsolution in 
magnetite is a characteristic feature in massive Fe-Ti oxide samples of 
both calcio- and magnesio-carbonatites. Different varieties of magnetite- 
ilmenite intergrowth occur at Tiechagou. Magnetite (700 µm to 20 mm) 
can host thin (1–10 µm) to thick (15–20 µm) trellis ilmenite lamellae 
(Type1 and Type2, respectively; Fig. 3A-C). Thin trellis lamellae are 
mostly concentrated in the core of very coarse-grained magnetite (1 to 
20 mm), surrounded by thick lamellae (Fig. 3A-C). Magnetite 
(400–1000 µm) can also host fine-grained (15–20 µm) and coarse- 
grained (30–50 µm) granular ilmenite oxy-exsolutions (Type3 and 
Type4, respectively; Fig. 3D-E), which occur together in the same 
magnetite grain or in different grains (Fig. 3D). Besides, magnetite 
(30–100 µm) also intergrows with coarse-grained granular ilmenite 
(40–100 µm) (Type5; Fig. 3E-F). Of note, the boundary is sharp between 
the magnetite that hosts coarse-grained granular ilmenite oxy- 
exsolution (Type4) and that intergrows with external ilmenite (Type5; 
Fig. 3E). Disseminated subhedral and anhedral magnetite grains (Type6) 
also occur in the Tiechagou calcio-carbonatite samples, associated with 
serpentine and/or olivine, calcite, dolomite and biotite (Fig. 4A-D). 
Among these, the subhedral magnetite is coarse-grained (100–200 μm) 
and commonly associated with biotite and calcite (Fig. 4A-B), whereas 
the anhedral magnetite is fine-grained (15–20 μm) and closely associ
ated with serpentine and dolomite (Fig. 4C-D). 

3. Analytical methods 

The investigated Fe-Ti oxide bearing samples have been analysed for 
their optical properties. Alongside optical microscopy, a scanning elec
tron microscope (SEM) was used to characterize textural features in the 
Fe-Ti oxides at the State Key Laboratory of Geological Processes and 
Mineral Resources (GPMR), China University of Geosciences, Wuhan. 
Back-scattered electron (BSE) images were captured using a high- 
definition backscattered electron detector connected to a Zeiss Sigma 
300 field emission scanning electron microscope. 

Major and minor elements in 41 magnetite and associated ilmenite 
grains identified as different groups were determined using a JEOL JXA- 
8230 Electron Probe Microanalyzer equipped with five wavelength- 
dispersive spectrometers (WDS) at the Laboratory of Microscopy and 
Microanalysis, Wuhan Microbeam Analysis Technology Co., Ltd. The 
samples were coated with a thin conductive carbon film before analysis. 
The precautions suggested by Zhang and Yang (2016) were used to 
minimize the difference of carbon film thickness among samples and 
obtain an approximately 20 nm coating. Operating conditions for 
quantitative WDS analyses involve an accelerating voltage of 15 kV, a 
beam current of 20nA and a spot size of 1 µm. Data were reduced online 
using a ZAF (atomic number, absorption, fluorescence) correction pro
cedure. The peak counting time was 10 s for Fe and Ti and 20 s for Mg, 
Mn, Al, Ca, Cr and V. The background counting time was 1/2 of the peak 
counting time on the high- and low-energy background positions. The 
peak overlap of Ti Kβ on V Kα and V Kβ on Cr Kα was corrected. The 
following standards were used for instrument calibration: Pyrope (Al), 
Diopside (Ca, Mg), Rhodonite (Mn), Rutile (Ti), Hematite (Fe), Chro
mium (Cr) and Vanadium (V). Major element compositions of the Fe-Ti 
oxide intergrowth were estimated using combined modal fraction and 
chemical compositions of magnetite and ilmenite. BSE images were 
treated based on greyscale difference between ilmenite and magnetite 
using the segmentation plugin for ImageJ (Sage and Unser, 2003), and 
the same technique was successfully adopted for the Fe-Ti oxide inves
tigation for the Goldwell complex by Brzozowski et al. (2020). The 
estimated modal fraction of magnetite and ilmenite based on BSE images 
was combined with their corresponding average elemental concentra
tion to get the bulk Fe-Ti oxide composition (Table 1). 
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Minor and trace elements in 89 magnetite, 40 ilmenite and 54 bulk 
Fe-Ti oxide analyses have been determined using a RESOlution S155-LR 
193 nm laser ablation system coupled to a Thermo iCAP-Q Inductively 
Coupled Plasma Mass Spectrometry (ICP-MS) at GPMR. During this 
procedure, the following isotopes were analyzed, including 7Li, 23Na, 
25Mg, 27Al, 29Si, 31P, 39K, 42Ca, 45Sc, 47Ti, 51V, 53Cr, 55Mn, 57Fe, 59Co, 
60Ni, 63Cu, 66Zn, 71Ga, 73Ge, 85Rb, 88Sr, 89Y, 90Zr, 93Nb, 95Mo, 115In, 
118Sn, 133Cs, 137Ba, 139La, 140Ce, 141Pr, 146Nd, 147Sm, 153Eu, 155Gd, 
159Tb, 163Dy, 165Ho, 166Er, 169Tm, 173Yb, 175Lu, 178Hf, 181Ta, 182W, 
208Pb, 232Th and 238U. The ablation of the samples has been achieved 
utilizing helium as the carrier gas. In a conical ablation cup, helium has 
been mixed with the argon sample gas. A small amount of nitrogen was 
added to the central gas flow to increase the sensitivity for most ele
ments by a factor of 2–3 (Hu et al., 2008). Each spot analysis is 
composed of approximately 30 s of background acquisition and 40 s of 
sample acquisition. A spot size of 33 μm was used together with a 
repetition rate of 10 Hz and energy density of 3–5 J cm− 2. Raster 
scanning mode was adopted to determine the bulk concentration of 
magnetite-ilmenite intergrowth, with a spot size of 33 μm, repetition 
rate of 10 Hz, energy density of 3 J cm− 2 and scan speed of 5 μm s− 1. 
Raster is preferable over spot ablation mode for such analysis as the 
former sampling strategy is more representative. Time-resolved analysis 
(TRA) spectra for LA-ICP-MS of the magnetite and bulk oxide are shown 
in the supplementary Fig. 1 and Fig. 2. In this study, the following 
multiple reference materials have been adopted (NIST612, BIR-1G, BCR- 
2G, and BHVO-2G) as external standards for concentration determina
tion (Liu et al., 2008). More detailed information for the analytical 
method can be found in Chen et al. (2019). 

4. Results 

4.1. Major element compositions of bulk Fe-Ti oxide, ilmenite and 
magnetite 

Major element compositions of the bulk Fe-Ti oxides are in general 
similar among the different types of magnetite-ilmenite intergrowths, 
with slight variations observed for TiO2 showing a decreasing trend from 
bulk1 to bulk4 (12.76 to 14.60 wt%; Table 1, Fig. 5A). MgO contents 
(4.12–4.84 wt%) vary less among different types, and a general 
decreasing trend from bulk1 to bulk4 is also observed. MnO concen
tration is generally low and shows a narrow range of 0.47–0.70 wt% 
with the highest observed in bulk3 and bulk4. The bulk concentrations 
of Al2O3 and Cr2O3 are both low (below 0.04 wt%). The similarity in the 
chemical compositions of various types of magnetite hosting ilmenite 
lamellae (e.g., thin, thick) analyzed together as bulk were also observed 
by Brzozowski et al. (2020). 

Major element compositions of ilmenite show variations mainly in 
FeO, MnO, MgO and Al2O3, which are distinct in different types 

(Table 1). Thin trellis ilmenite (ilm1) has the highest average MgO 
concentration of 17.32 wt%, while the coarse-grained granular ilmenite 
(ilm5) displays the lowest of 13.16 wt%. The highest average MnO 
content is observed for fine-grained granular ilmenite (ilm3; 2.91 wt%), 
and the lowest in thick lamellae ilmenite (ilm2; 1.81 wt%). Al2O3 con
tent is generally low among all ilmenite types with majority below 
detection limits. TiO2 is higher in ilm1, ilm2 and ilm3 (>58 wt%), 
whereas slightly lower in ilm4 and ilm5 (57.04 and 55.82 wt%). FeO 
shows an opposite variation trend with higher average contents of 23.84 
and 27.47 wt% in ilm4 and ilm5, respectively. Progressive decreases of 
MgO and MnO with the increase of FeO are observed from thin to thick 
lamellae and from fine-grained, coarse-grained granular oxy-exsolutions 
to coarse-grained granular ilmenite, which also correlate with the 
decrease in TiO2 of investigated ilmenite (Fig. 5B). 

Major element concentrations of magnetite display variations among 
different groups (mag1, mag2, mag3, mag4, mag5) as shown in Table 1 
and Fig. 5C. Magnetite from the Tiechagou carbonatites in general has 
low TiO2 contents in the range of below detection limit to 1.90 wt%, 
which is typical for magnetite from plutonic carbonatites (Gaspar and 
Wyllie, 1983b; Lee et al., 2005). Among them, magnetite hosting thin 
ilmenite lamellae (mag1) shows the highest average TiO2 content of 
0.95 wt%. Magnetite hosting fine-grained granular ilmenite oxy- 
exsolution (mag3) possesses higher TiO2 (0.81 wt% on average) rela
tive to magnetite hosting coarse-grained granular ilmenite oxy- 
exsolution (mag4; 0.27 wt%). Magnetite hosting thick ilmenite 
lamellae (mag2) and magnetite intergrown with coarse-grained gran
ular ilmenite (mag5) are characterized by the lowest TiO2 (0.13 and 
0.14 wt% on average). In general, TiO2 content decreases from mag1 to 
mag2 and mag3 to mag4 (Fig. 5C). MgO concentration is generally low 
in the range of 0.69–1.14 wt%. All magnetite contains low Cr2O3 (<0.06 
wt%), which is a common feature in magnetite from carbonatites (Bailey 
and Kearns, 2002; Reguir et al., 2008; Guzmics et al., 2011). Al2O3 and 
MnO are also depleted in the Tiechagou magnetite (<0.13 wt%). 

4.2. Minor and trace element compositions of bulk Fe-Ti oxide, ilmenite 
and magnetite 

Minor- and trace-element compositions of ilmenite (ilm1, ilm2 and 
ilm3) and magnetite (mag1, mag3) were not obtained due to their thin 
or fine-grained manner (Fig. 3). Minor- and trace-element compositions 
for ilm4, ilm5 and mag2, mag4, mag5, mag6 and bulks are illustrated in 
Fig. 6 and presented in Table 2. 

Bulk minor- and trace-element concentrations of all magmatic Fe-Ti 
oxides (bulk1, bulk2, bulk3, and bulk4) show similar behaviors, with 
positive anomalies of Pb, Hf, Ge, Ta, Nb, Sn, Mn, Ti and V and negative 
anomalies of Y, Zr, Al, W, Cu, Mo, Ga, Mg, Co and Cr in the continental 
crust normalized spider diagram (Fig. 6A; Rudnick and Gao, 2003). 
Overall, bulk Fe-Ti oxide compositions in the Tiechagou carbonatite 

Table 1 
Major element compositions (wt%) of bulk Fe-Ti oxide, magnetite and ilmenite from the Tiechagou carbonatite-related iron deposit. 

Sample bulk Fe-Ti oxide magnetite            

Type bulk1 bulk2 bulk3 bulk4 mag1 (n = 17)   mag2 (n = 8)   mag3 (n = 10)   mag4 (n = 5)        

Min Max Average Min Max Average Min Max Average Min Max Average 

MgO 4.84 4.53 4.41 4.12 0.69 1.14 0.87 0.88 0.98 0.94 0.75 1.03 0.90 0.76 1.11 1.02 
Al2O3 0.04 0.04 0.02 0.03 b.d. 0.07 0.05 0.01 0.07 0.05 b.d. 0.04 0.02 0.03 0.05 0.03 
CaO b.d. b.d. 0.03 b.d. b.d. 0.09 0.01 b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. 
TiO2 14.60 14.03 13.50 12.76 0.36 1.90 0.95 b.d. 0.67 0.13 0.33 1.69 0.81 0.02 1.03 0.27 
V2O3 0.40 0.45 0.39 0.38 0.34 0.59 0.49 0.45 0.61 0.56 0.43 0.53 0.47 0.42 0.49 0.45 
Cr2O3 0.02 0.01 0.03 0.03 b.d. 0.04 0.02 b.d. 0.02 0.01 0.01 0.06 0.03 0.02 0.04 0.03 
MnO 0.67 0.47 0.70 0.70 b.d. 0.12 0.06 0.02 0.08 0.04 0.05 0.13 0.08 0.05 0.10 0.08 
FeOtotal 74.10 74.62 74.91 76.13 89.80 92.12 90.80 90.30 91.11 90.86 89.88 90.88 90.22 90.44 91.17 90.88 
Total 94.65 94.14 93.98 94.15   93.24   92.59   92.53   92.77 
FeOcal. n.a n.a n.a n.a 65.27 68.86 66.96 67.50 68.55 68.16 65.43 68.05 66.80 67.01 68.76 68.14 
Fe2O3cal. n.a n.a n.a n.a 29.95 31.46 30.54 29.27 30.01 29.52 29.45 31.28 30.11 29.18 30.87 29.57 

Note: b.d. represents below detection. 
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have a similar trend with the Oka magnetite whereas more distinct 
compared to those in the Fe-Ti-V deposit (Fig. 6A; Dare et al., 2014; 
Chen et al., 2019). Bulk Fe-Ti oxide compositions in the Tiechagou 
carbonatite is characterized by low concentrations in Al, Ga, V and Cr 
relative to Fe-Ti-V deposit. Enrichments in Pb, Ta, Nb, Sn, Mn and Mg 
are observed for bulk Fe-Ti oxide compositions in the Tiechagou car
bonatite relative to Fe-Ti-V deposit (Fig. 6A). The distinctive Pb 
enrichment is common for carbonatites (e.g., Huayangchuan, Huan
glongpu) along the southern margin of the North China Block, and 
Huayangchuan is reported as a U-Pb-polymetallic deposit (Zheng et al., 
2020). Of note, the similarities in bulk trace-element concentrations 
from different types of ilmenite and magnetite intergrowth indicate that 
these minerals crystallized from a common parental ulvöspinel-magne
tite assemblage (Brzozowski et al., 2020). 

Ilm4 and ilm5 have Mg and Mn up to thousands of ppm and Nb, Zn 
and V up to hundreds of ppm (Table 2). Tiechagou ilmenite show pos
itive anomalies of Hf, Ta, Nb, Sn, Mn and Ti and negative anomalies of 
Al, Ga, Mg and Cr in the continental crust normalized spider diagram 
(Fig. 6B). Of note, distinct positive anomalies of Hf, Ta, Nb, Mn and Ti 
observed for the bulk oxides in the continental crust normalized diagram 
are mostly due to the contribution of ilmenite (Fig. 6A). Ilm4 is more 
enriched in Ca and Cu relative to ilm5, whereas ilm5 shows higher W, Ta 
and Nb contents. The exceptionally high concentrations of Ta and Nb in 
ilm5 are typical for granular ilmenite (Gaspar and Wyllie, 1983a; Jang 
and Naslund, 2003; Lee et al., 2005). 

Minor- and trace-elements in magnetite in the Tiechagou carbonatite 
generally present similar trends with slight differences in the continental 
crust normalized spider diagram, displaying negative anomalies of Y, Zr, 
Ti and Cr and positive anomalies of Pb, Ge and V (Fig. 6B). In general, 
Tiechagou magnetite contains Mg and V up to thousands, Ti, Mn, Al, Ni, 
Cr and Zn up to hundreds and Ga, Sn, Cu, Nb, Ta, Sc and Ge below 
hundreds of ppm. The concentrations of Ge and Ti are almost the same in 
mag2, mag4 and mag5 whereas the rest vary among different magnetite 
groups (Fig. 6B; Table 2). 

4.3. Fe-Ti oxide geochemical signature investigated by Principal 
component analysis (PCA) 

Principal component analysis (PCA) is a powerful statistical tech
nique used to emphasize variation and bring out strong patterns in a 
dataset. It is involved in making data easy for better exploration and 
visualization. PCA is used in our study to enhance the role of different 
geochemical signals that can help identify various magnetite genera
tions. PCA has been used in many studies to show magnetite composi
tions and different element associations; recent examples include 
Makvandi et al. (2016) and Verdugo-Ihl et al. (2021). The following 

trace elements (Cr, Ni, V, Co, Zn, Ti, Mg, Mn, Ga and Al) of magnetite 
with concentrations > 10 ppm have been used for PCA in this study. The 
loading plot of all magnetite groups investigated suggests that Ti and Ga, 
V and Al, and Mg and Zn are highly correlated (Fig. 7A). The most 
positive contributors to PC1 are V, Ga and Al with Mn and Co as the 
negative contributors, whereas Zn, Mg and Mn are the dominant positive 
contributors to PC2 (Fig. 7A, D). Mag4 and mag5 are not well separated 
in Fig. 7D, which confirm the magmatic nature for mag5. Magmatic 
magnetite (mag2, mag4 and mag5) were further investigated, and the 
loading and score plots display 76.07% of PC1 and 11.46% of PC2 
(Fig. 7B, E). Co, V and Zn are the positive contributors to PC1, while Cr is 
the negative contributor. On the other hand, Cr, Mn and Al are the 
dominant positive contributors to PC2, whereas Ni and Ga more nega
tively contribute to PC2 (Fig. 7B). Thus, all different magnetite groups 
are well discriminated using PCA (Fig. 7D-E). 

PCA has also been used for ilmenite groups. Ilmenite loading and 
score plots display 41.63% of PC1 and 31.52% of PC2 (Fig. 7C, F). 
Different geochemical signals are observed, V positively correlates with 
Cr; Ni and Al are highly correlated and negatively correlated to Ti. Nb 
and Ta are highly correlated, which are negatively correlated to Mg, Mn 
and Co. The dominant positive contributors to PC1 are V, Cr and Ta, 
while its negative contributors are Mg and Mn. The main positive con
tributors to PC2 are Ni, Co and V, whereas Ti, Nb and Ta negatively 
contribute to PC2 (Fig. 7C). Similar to magnetite, PCA clearly distin
guishes the two ilmenite groups based on their chemical compositions 
(Fig. 7F). 

5. Discussion 

5.1. Geochemical discrimination of magnetite 

The obtained PCA results show that Ti is less efficient compared to V 
and Ga as discriminating indicators due to its low concentration in 
Tiechagou magmatic magnetite caused by fractional crystallization of 
ilmenite (Fig. 7). By comparing our magnetite geochemical data to those 
from carbonatite worldwide, we inferred that mag2 and mag4 are 
aligned well with the Phalaborwa magmatic magnetite, while Bayan 
Obo and Hongcheon hydrothermal magnetite are similar with mag5 and 
mag6 (Fig. 8; Milani et al., 2017; Chen et al., 2019). These geochemical 
data are consistent with the textural observation that mag2 and mag4 
form as magmatic magnetite, whereas mag5 and mag6 is late magmatic 
to hydrothermal generations. Both the PCA and Al + Mn vs. Ti + V bi
nary diagrams are proved to be effective discriminant plots to identify 
different magnetite groups within carbonatites (Figs. 7 and 8). Of note, 
the magmatic generations of Fe-Ti oxides are dominantly associated 
with magnesio-carbonatite (e.g., mag4), whereas the more evolved 

ilmenite               

mag5 (n 
= 2)   

ilm1 (n =
17)   

ilm2 (n =
8)   

ilm3 (n =
10)   

ilm4 (n =
5)   

ilm5 (n =
2)   

Min Max Average Min Max Average Min Max Average Min Max Average Min Max Average Min Max Average 

0.70 0.83 0.77 14.08 19.66 17.32 14.85 16.81 15.90 16.04 18.39 16.86 13.82 15.98 15.14 12.99 13.34 13.16 
b.d. b.d. b.d. b.d. 0.26 0.02 b.d. b.d. b.d. b.d. 0.01 b.d. b.d. 0.01 b.d. b.d. b.d. b.d. 
b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. 1.51 0.15 b.d. 0.05 0.01 b.d. b.d. b.d. 
0.09 0.18 0.14 51.66 60.08 58.07 57.57 58.55 58.03 57.81 59.12 58.48 55.47 57.60 57.04 55.54 56.09 55.82 
0.50 0.52 0.51 0.04 0.17 0.10 0.06 0.15 0.11 0.01 0.14 0.10 0.08 0.16 0.13 0.15 0.15 0.15 
0.02 0.03 0.02 b.d. 0.05 0.02 b.d. 0.02 0.01 b.d. 0.05 0.02 b.d. 0.04 0.01 b.d. 0.01 0.01 
0.01 0.04 0.03 1.67 4.17 2.54 1.59 2.05 1.81 2.69 3.13 2.91 2.67 3.17 2.88 1.76 1.90 1.83 
91.20 91.63 91.41 17.19 28.04 21.27 21.94 24.31 23.20 18.65 22.20 20.62 22.17 26.89 23.84 27.21 27.75 27.48   

92.88   99.34   99.06   99.14   99.06   98.44 
68.09 68.65 68.37 0.73 15.24 2.66 0.95 1.80 1.30 b.d 2.44 1.32 1.92 4.81 2.71 2.00 3.72 2.86 
29.85 29.93 29.89 14.32 23.90 18.88 20.61 23.46 22.02 17.03 21.73 19.43 19.89 22.60 21.40 24.40 25.41 24.90  
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hydrothermal generations are found only in calcio-carbonatite (mag5 
and mag6). This possibly implies that the evolution of Fe-Ti oxides may 
go hand in hand with the magma evolution from magnesio- to calcio- 
carbonatites. A similar carbonatite evolution from ferroan through 
magnesian to calcic compositions was proposed for Bayan Obo by Yang 
et al. (2019). 

5.2. Temperature and oxygen fugacity as controlling parameters for Fe-Ti 
oxide crystallization 

The formation of different types of ilmenite and magnetite inter
growth is temperature-dependent. A well-known diagram of Al + Mn vs. 
Ti + V used to express magnetite formation with the decrease of tem
perature was modified by Nadoll et al. (2014) after Dupuis and Beaudoin 
(2011), which also works for the discrimination of magnetite forming in 
different environments. The drop in temperature among different 
magmatic magnetite (mag2 to mag4) is well defined (Fig. 8). 

Buddington and Lindsley (1964) showed that Fe-Ti oxides could 
provide important paragenetic information on the rocks containing 
them and can serve as a useful geological thermometer and oxygen 
barometer. We used our newly obtained EPMA data for associated 
magnetite and ilmenite pairs, to calculate the temperature and oxygen 
fugacity using WinMIgob. It is a program developed by Yavuz (2021) on 
the basis of the ILMAT sheet of Lepage (2003) with additional 
magnetite-ilmenite geothermometers and oxygen barometers from 
Sauerzapf et al. (2008). The uncertainty in temperature is 40–80 ◦C and 
0.5–1 log units of fO2 as outlined by Spencer and Lindsley (1981). The 
results show the highest re-equilibration temperature (405–683 ◦C) and 
oxygen fugacity (logfO2 = -34.01 to − 14.58) in Type1 Fe-Ti oxide 
intergrowth, implying their earliest formation. Type2 has relatively low 
temperature (338–464 ◦C) and oxygen fugacity (logfO2 = -34.27 to 
− 27.92) compared to Type1. Correlated decrease of temperature and 
oxygen fugacity are observed within Type1 and continued to Type2 
(Fig. 9). Granular generations (Type3 and Type4) are characterized by 
relatively narrow variations in temperature (384–514 ◦C) but variable 
oxygen fugacities (logfO2 = − 31.45 to − 24.31). It is important to 
highlight that the formation of fine-grained (Type3) to coarse-grained 
granular (Type4) Fe-Ti oxide intergrowth is dominantly controlled by 
the increase of the average logfO2 values from − 28.38 to − 26.93. The 
observed petrogenetic evolution among different Fe-Ti oxide groups 
indicated by the re-equilibration temperature and oxygen fugacity is 
consistent with the observed trend of their textural and elemental fea
tures outlined above (Fig. 3, 5B-C). Moreover, the thermo- 
oxybarometric data (Type1 and Type3) is in good agreement with that 
of the Fe-Ti oxide from the Phalaborwa carbonatite (Fig. 9; Milani et al., 
2017). 

5.3. Associated ilmenite and magnetite evolution history 

It is noteworthy that magnetite with ilmenite lamellae has been 
previously recognized as magmatic in origin (Ray and Webster, 2007; 
Reguir et al., 2008; Tan et al., 2016; Milani et al., 2017). Ilmenite 
lamellae in magnetite are generated by the process of oxy-exsolution and 
proposed to form at the subsolvus (Willemse, 1969; Von Gruenewaldt 
et al., 1985; Brzozowski et al., 2020) or supersolvus temperature 
(Buddington and Lindsley, 1964; Von Gruenewaldt et al., 1985; Tan 
et al., 2016; Arguin et al., 2018) of the magnetite-ulvöspinel solid so
lution. In the Tiechagou carbonatite, the oxy-exsolution process 
occurred both above and below the solvus temperature (550 ◦C), which 
is indicated by the best estimated onset temperatures of 683 ◦C in 
magnetite hosting thin ilmenite lamellae (Type1) and 514 ◦C in 
magnetite hosting fine-grained granular ilmenite (Type3) as shown in 
Fig. 10, respectively. Of note, the original titanomagnetite temperature 
(bulk1 to bulk4) has also been estimated adopting the TMg-mag (=-8344 
(±322)/[lnXMg – 4.13(±0.28)]-273) geothermometer established by 
Canil and Lacourse (2020), which considers an uncertainty of ± 50 ◦C. 

Fig. 5. Ternary diagram illustrating the chemical variation of different types of 
bulk Fe-Ti oxide (A), ilmenite (B) and magnetite (C). 
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Fig. 6. Spider diagrams of the average concentrations of minor and trace element in each group of bulk Fe-Ti oxide (A) and magnetite and ilmenite (B) from the 
Tiechagou carbonatite. The normalization values are from Rudnick and Gao (2003). Data represented for Oka and Fe-Ti-V deposit refer to Chen et al. (2019) and Dare 
et al. (2014). 
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The yielded temperature range of 999-1033 ◦C for the investigated Fe-Ti 
oxide (Type1 to Type4) is higher than the original titanomagnetite 
formation temperature (820 ◦C) obtained in the Damiao Fe-Ti-(P) ore 
deposit located within the North China Craton (Wei et al., 2020a, Wei 
et al., 2020b). 

The ilmenite and magnetite evolution history in the Tiechagou car
bonatite is developed based on the following evidences, including (1) 
the micro-texture showing that thin lamellae ilmenite oxy-exsolutions 
(Type1) occur together with thick ilmenite lamellae (Type2), and also 
demonstrating the similar occurrences for fine- and coarse-grained 
granular ilmenite oxy-exsolutions (Type3 and Type4; Fig. 3); (2) the 
geochemical data showing similar elemental concentrations and trends 
for bulk Fe-Ti oxides (Fig. 5A, 6A), which indicates origin from the same 
parental titanomagnetite; (3) the calculated physicochemical parame
ters of the Fe-Ti oxide pairs showing a correlated decrease in tempera
ture and oxygen fugacity from magnetite hosting thin lamellae ilmenite 
oxy-exsolutions (Type1) to magnetite hosting thick lamellae ilmenite 
oxy-exsolutions (Type2), whereas an increase in oxygen fugacity from 
magnetite hosting fine-grained granular ilmenite oxy-exsolutions 
(Type3) to magnetite hosting coarse-grained granular ilmenite oxy- 
exsolutions (Type4) at a relatively constant temperature (Figs. 9 and 
10). The above-outlined evidences help to formulate our ilmenite- 
magnetite evolution in two almost simultaneous oxy-exsolution pro
cesses. The first model starts by the oxidation of titanomagnetite above 
the solvus temperature that results in the formation of Type1 Fe-Ti oxide 
intergrowth. As temperature and oxygen fugacity drop, the thin ilmenite 

lamellae in magnetite (Type1) evolves to form thick lamellae genera
tions (Type2; Figs. 9 and 10). The remarkable drop in oxygen fugacity 
from Type1 to Type2 is consistent with the depletion of MnO in Fe-Ti 
oxides (Reguir et al., 2008). The correlated decrease of temperature 
and oxygen fugacity is commonly observed for the petrogenesis of 
magnetite and ilmenite assemblages in magmatic Fe-Ti-V deposits, 
including Emeishan and Damiao (Liu et al., 2015; Wei et al., 2020a, Wei 
et al., 2020b). The second model is driven by the oxidation of titano
magnetite below the solvus temperature, fine-grained ilmenite oxy- 
exsolution in magnetite forms involving the slight drop in temperature 
in the range of approximately 500–400 ◦C, and coarse-grained ilmenite 
oxy-exsolution generates as the oxygen fugacity (logfO2) increases from 
− 28.38 to − 26.93 (on average; Figs. 9 and 10). The increasing oxygen 
fugacity at a subsolvus temperature results in extensive oxidation and 
favours the formation of granular ilmenite oxy-exsolutions. Of note, it is 
worthy to highlight the importance of cooling rate in the formation of 
lamellae and granular ilmenite oxy-exsolutions from the original tita
nomagnetite (Price, 1979). In this respect, we used the isopleths of Fe-Ti 
oxides solid solution established by Frost (1991) and modified after Tan 
et al. (2022). Our modelling data indicate that Usp0.05Mag0.95 and 
Ilm0.79Hem0.21 can crystallize simultaneously at 683 ◦C and FMQ +
2.74 (point “a” in Fig. 11) resulting in the oxy-exsolutions of lamellae 
ilmenite hosted by magnetite (type1) in the model A, whereas co- 
crystallization of Usp0.05Mag0.95 and Ilm0.97Hem0.03 occurs at 
514 ◦C and FMQ-1.98 (point “b” in Fig. 11) following the oxidation of 
titanomagnetite and give rise to the magnetite hosting fine granular 

Table 2 
Trace element compositions (ppm) of bulk Fe-Ti oxide, magnetite and ilmenite from the Tiechagou carbonatite-related iron deposit. 

Sample bulk Fe-Ti 
oxide         

magnetite     

Type bulk1 (n = 24)   bulk2 (n = 16)   bulk3 (n = 10)   buk4 (n = 10)   mag2 (n = 9)   
Min Max Average Min Max Average Min Max Average Min Max Average Min Max 

Li 2.57 8.50 4.95 9.94 22.2 15.3 3.70 14.5 6.39 4.33 10.4 7.85 6.47 9.56 
Na b.d. 392 36.8 b.d. 364 106 5.98 87.8 32.8 b.d. 18.6 8.86 b.d. 41.2 
Mg 9482 34,956 19,669 9024 25,897 16,330 24,840 68,921 38,393 36,091 64,731 52,634 10,818 11,886 
Al 278 902 426 440 978 657 77.1 310 174 b.d. 1453 295 897 973 
P b.d. 52.5 10.8 b.d. 73.4 29.8 b.d. 376 88.6 b.d. 133 40.3 5.49 182 
K b.d. b.d. b.d. b.d. 0.03 0.01 b.d. b.d. b.d. b.d. 746 86.9 b.d. 215 
Ca b.d. 1983 166 b.d. 723 272 40.8 1499 381 b.d. 372 113 b.d. 875 
Sc 7.09 49.9 24.3 2.89 12.3 6.88 34.4 145 62.5 63.4 112 88.5 0.77 2.16 
Ti 11,368 113,931 52,010 27,588 130,284 73,347 58,333 230,824 111,877 115,094 208,569 166,709 238 335 
V 2391 4499 3025 4142 5565 4884 1439 2740 2295 1656 2257 1937 5990 6468 
Cr 24.7 372 62.7 5.54 270 50.0 59.0 200 102 35.2 102 57.3 7.77 18.8 
Mn 1435 8407 4432 1658 6145 3674 5259 17,424 9090 9153 16,013 13,046 574 653 
Co 76.4 193 124 122 182 158 69.0 103 85.6 75.5 98.4 89.8 182 192 
Ni 349 767 464 554 967 823 168 387 295 190 301 247 1004 1088 
Cu 0.34 95.0 7.84 1.85 44.5 10.3 2.18 12.9 7.39 b.d. 7.50 4.91 b.d. 2.16 
Zn 217 842 434 194 970 366 248 653 373 243 473 347 225 332 
Ga 12.2 27.5 15.9 22.1 33.8 29.2 4.89 11.6 9.40 b.d. 9.85 7.01 32.3 35.9 
Ge 1.78 4.18 2.70 2.32 5.28 3.73 0.97 2.57 2.08 1.56 2.47 1.99 2.66 5.57 
Rb b.d. 1.07 0.10 0.00 1.46 0.43 b.d. 0.32 0.13 b.d. 1.32 0.14 b.d. 0.68 
Sr 0.24 17.5 2.42 0.38 6.79 3.28 1.24 107 15.7 1.05 3.62 2.05 0.09 2.47 
Y b.d. 0.05 0.02 0.00 0.50 0.14 0.03 0.53 0.14 0.04 0.46 0.10 b.d. 0.03 
Zr 1.14 14.2 4.49 1.37 8.32 4.05 5.09 51.7 13.9 0.0 25.2 16.0 b.d. 0.29 
Nb 4.75 46.7 21.3 13.6 64.7 32.6 34.4 138 64.0 61.8 145 114 b.d. 0.12 
Mo 0.09 0.59 0.27 0.06 0.45 0.23 0.32 1.48 0.62 0.28 0.58 0.43 b.d. 0.05 
In 0.01 0.15 0.07 0.02 0.27 0.07 0.06 0.23 0.11 0.11 0.19 0.15 0.01 0.05 
Sn 2.90 15.4 7.23 3.46 14.6 7.99 9.29 24.8 14.0 24.2 37.7 30.9 1.57 2.68 
Cs b.d. 0.07 0.01 b.d. 0.19 0.04 b.d. 0.02 0.01 b.d. 0.07 0.01 b.d. 0.05 
Ba 0.18 8.64 1.43 1.64 21.5 6.68 0.80 104 13.8 0.67 4.10 1.73 0.23 9.84 
La b.d. 0.57 0.10 0.04 1.15 0.44 0.09 0.62 0.33 0.03 0.85 0.26 b.d. 0.12 
Ce 0.04 0.79 0.26 0.09 2.21 0.72 0.10 0.73 0.46 0.08 1.00 0.34 b.d. 0.07 
Hf 0.13 1.35 0.60 0.10 0.50 0.26 0.81 3.17 1.57 1.85 3.61 2.68 b.d. 0.02 
Ta 0.55 5.08 2.36 0.95 6.69 3.20 3.01 11.5 5.78 2.67 10.2 7.05 b.d. b.d. 
W b.d. 0.24 0.08 b.d. 2.93 0.56 b.d. 1.08 0.37 b.d. b.d. b.d. b.d. 0.18 
Pb 0.10 37.5 3.59 0.56 70.0 6.08 0.50 22.2 4.89 0.30 1.10 0.65 0.02 0.56 

Note: b.d. represents analyses below detection limit, elements with compositions below detection limits are not shown. 
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ilmenite (type2) in the model B. 
Lamellae and granular ilmenite hosted by magnetite is formed via 

oxidation of magnetite- ulvöspinel assemblages through the classic re
action with oxygen as the oxidizing agent (Buddington and Lindsley, 
1964): 

3Fe2+
2 TiO4 +

1
2
O2 ↔ 3Fe2+TiO3 +Fe3+

2 Fe2+O4 (1) 

This reaction is very common in magnetite from igneous and meta
morphic rocks and magmatic Fe-Ti oxide and iron skarn deposits (Hu 
et al., 2015; Tan et al., 2016; Huang et al., 2019). Recently, Brzozowski 
et al. (2020) proposed that CO2 can also serve as an important oxidizing 
agent for the oxidation of magnetite-ulvöspinel assemblages: 

9Fe2+
2 TiO4 + 0.75CO2 + 1.5H2O ↔ 9Fe2+TiO3 + 3Fe3+

2 Fe2+O4 + 0.75CH4

(2) 

Carbon in the oxidized form (e.g., CO2 or CO2−
3 ) within carbonatite 

systems probably also plays a significant role as the oxidizing agent 
especially when the oxygen fugacity is decreasing and low, i.e., in the 
first model that forms the thick lamellae ilmenite exsolutions. This might 
be a common scenario in C-bearing systems especially carbonatite 
associated alkaline complexes as identified here and others (e.g., Pha
laborwa and Kovdor; Ivanyuk et al., 2016; Milani et al., 2017). 

Here we consider that complete oxidation of ulvöspinel took place in 
the Tiechagou carbonatite, which leads to the formation of thin trellis 
ilmenite (model1; Type1 and Type2). This is evidenced by the onset 
temperature of 683 ◦C in Type1. Duchesne (1970) has also claimed the 
formation of trellis lamellae at the supersolvus temperature due to the 

complete oxidation of ulvöspinel. Another evidence showing the com
plete oxidation is the absence of cloth intergrowth of ulvöspinel- 
magnetite in all investigated samples (Duchesne, 1970). On the other 
hand, we think that the granular ilmenite oxy-exsolutions (model2; 
Type3 and Type4) form through subsolvus oxidation demonstrated by 
their onset temperature of 514 ◦C in Type3. In both models, the 
increasing degree of diffusion also influences the change of the ilmenite 
texture from thin to thick (model1) and fine-grained to coarse-grained 
(model2). 

6. Conclusions 

Micro-texture, geochemistry and thermo-oxybarometry of various 
ilmenite-magnetite intergrowths from the Tiechagou carbonatite have 
been investigated in this study. Geochemical compositions generally 
record higher contents of Mg, Ti and Mn in the earlier generations 
(Type1 and Type3) and lower contents of these elements in the more 
evolved generations (Type2 and Type4), whereas minor and trace ele
ments show similar concentrations and trends for the bulk Fe-Ti oxides 
confirming crystallization from a common parental ulvöspinel-magne
tite assemblage. PCA was performed on both magnetite and ilmenite 
elemental compositions and successfully discriminated different 
magnetite (mag2, mag4, mag5 and mag6) and ilmenite groups (ilm4 and 
ilm5). Furthermore, thermo-oxybarometric data show that the earliest 
generation (Type1) is characterized by the highest temperature and 
oxygen fugacity. Based on the combined geochemical, statistical and 
thermo-oxybarometric features, the Fe-Ti oxides within Tiechagou car
bonatites are evolved from the original titanomagnetite (999-1033 ◦C) 

ilmenite       

mag4 (n =
9)   

mag5 (n =
11)   

mag6 (n =
41)   

ilm4 (n = 21)   ilm5 (n = 14)   

Average Min Max Average Min Max Average Min Max Average Min Max Average Min Max Average 

7.68 1.69 4.58 2.65 2.48 4.47 3.62 0.21 3.27 1.51 3.22 13.5 7.73 23.2 66.8 55.1 
12.2 b.d. 87.3 14.9 b.d. 88.4 17.7 b.d. 11,198 621 b.d. 119 46.9 1.67 166 44.8 
11,449 7602 9073 8401 3914 6267 5001 2837 45,022 11,378 49,655 126,258 104,271 62,746 84,701 70,146 
931 164 891 533 8.17 140 51.1 b.d. 586 62.9 12.4 382 83.8 0.50 1030 85.0 
70.7 b.d. 27.7 6.33 b.d. 612 144 b.d. 1404 74.4 b.d. 75.0 19.5 b.d. 171 28.2 
51.4 15.2 518 122 b.d. 70.5 17.7 b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. 
208 b.d. 236 63.3 b.d. 2676 280 b.d. 6414 990 b.d. 8205 748 b.d. 2528 261 
1.37 0.80 1.22 0.94 0.13 0.95 0.59 0.35 8.63 3.22 44.8 192 136 28.6 36.6 32.7 
277 144 239 192 110 272 185 1.64 743 197 118,963 343,372 308,271 262,819 343,596 312,786 
6269 2844 2969 2916 2399 3556 2931 547 3634 1735 418 1684 677 550 1390 777 
13.1 191 455 348 28.9 458 212 3.79 780 106 0.71 83.4 14.4 5.09 43.7 21.0 
622 501 617 547 168 359 250 2800 10,165 6532 7925 28,417 20,712 9206 15,614 10,728 
185 76.7 92.7 84.9 32.1 97.0 66.9 179 472 325 56.7 115 102 45.8 93.6 72.0 
1038 354 414 390 324 965 526 243 1237 461 44.4 320 98.1 46.9 171 86.8 
0.56 0.03 0.89 0.36 b.d. 17.3 4.50 b.d. 8.03 0.45 3.04 472 35.8 4.29 32.2 8.79 
296 73.5 166 130 41.3 127 79.5 67.1 1955 609 429 1561 882 256 657 460 
33.8 12.2 13.9 12.8 12.8 17.2 15.7 1.49 63.8 12.8 0.27 9.13 1.49 0.25 4.25 0.89 
3.88 2.02 3.61 2.73 1.86 4.25 2.77 0.82 6.19 3.10 b.d. 2.33 0.76 0.45 1.67 0.91 
0.16 b.d. 1.17 0.26 b.d. 1.01 0.19 b.d. 5.38 0.28 b.d. 0.36 0.13 b.d. 3.38 0.36 
0.66 0.08 6.37 1.06 0.01 19.5 2.50 b.d. 44.8 4.81 0.50 217 18.0 0.37 12.0 2.68 
0.01 b.d. 0.01 b.d. b.d. 1.23 0.13 b.d. 0.74 0.09 0.01 0.31 0.08 0.01 1.70 0.20 
0.05 0.01 0.31 0.13 b.d. 0.21 0.07 b.d. 3.7 0.25 17.0 70.2 39.5 14.1 129 48.8 
0.02 b.d. 0.05 0.02 b.d. 0.41 0.11 b.d. 6.01 0.23 46.2 249 149 178 612 461 
0.01 b.d. 0.23 0.09 0.01 0.61 0.17 b.d. 0.44 0.12 0.04 1.61 0.45 0.28 1.21 0.59 
0.03 b.d. 0.02 0.01 b.d. 0.02 b.d. b.d. 0.20 0.04 0.15 0.47 0.32 0.14 0.31 0.22 
2.23 0.94 1.43 1.24 0.27 1.05 0.72 0.21 19.6 4.71 16.0 41.6 34.8 15.0 30.1 20.4 
0.01 b.d. 0.01 b.d. b.d. 0.05 0.02 b.d. 1.00 0.05 b.d. 0.13 0.02 b.d. 0.15 0.03 
2.78 0.44 15.7 2.80 b.d. 3.90 0.83 b.d. 16.6 1.72 0.04 3.26 0.97 b.d. 3.90 1.14 
0.04 b.d. 0.02 0.01 b.d. 1.64 0.24 b.d. 0.87 0.14 0.03 1.37 0.51 0.01 1.02 0.48 
0.02 b.d. 0.03 0.01 0.01 3.14 0.43 b.d. 1.91 0.27 0.03 2.17 0.71 0.17 1.52 0.80 
0.01 b.d. 0.01 b.d. b.d. 0.01 0.00 b.d. 0.08 0.01 1.33 5.97 3.81 1.47 3.02 2.18 
b.d. b.d. b.d. b.d. b.d. 0.04 0.01 b.d. b.d. b.d. 3.89 23.4 14.6 21.5 205 96.4 
0.03 b.d. 0.38 0.10 b.d. 1.34 0.20 b.d. 2.93 0.27 0.01 1.89 0.93 1.36 4.49 2.85 
0.23 0.05 0.90 0.30 0.02 17.1 2.75 0.11 3519 358 0.04 51.9 6.51 0.11 15.7 3.09  
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Fig. 7. Principal component analysis (PCA) of geochemical data of magnetite and ilmenite from the Tiechagou carbonatite. Loadings (A-C) and scores (D-F) of the 
first and second principal components are shown. 
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Fig. 8. Binary diagram of Al + Mn versus Ti + V in magnetite. Data represented for Hongcheon, Bayan Obo and Oka deposit refer to Chen et al. (2019). Phalaborwa 
data are adopted from Milani et al. (2017). 

Fig. 9. Temperature and oxygen fugacity re-equilibration diagram of different magnetite and ilmenite pairs. Phalaborwa data are taken from Milani et al. (2017). 
Abbreviations are the fugacity buffers: FMQ, fayalite-magnetite-quartz; HM, hematite-magnetite; MW, magnetite-wustite; NNO, nickel-nickel oxide. 
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Fig. 10. The genetic model of associated ilmenite and magnetite evolution history in the Tiechagou carbonatite. The titanomagnetite formation temperature is 
estimated adopting the TMg-Mag geothermometer established by Canil and Lacourse (2020). Temperature shown in the model descriptions represent the starting value 
identified in each type together with the highest oxygen fugacity listed. 
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in the following two models. In the first model, titanomagnetite, starting 
at a supersolvus temperature, evolves to magnetite hosting thin and 
thick lamellae ilmenite due to a progressive decrease of both tempera
ture and oxygen fugacity. In the second model, titanomagnetite evolves 
to magnetite hosting fine- and coarse-grained granular ilmenite oxy- 
exsolutions through subsolvus oxidation caused by increasing oxygen 
fugacity with slightly decreasing temperature. Carbon in the oxidized 
form serves as the oxidizing agent when the oxygen fugacity is low and/ 
or decreasing within carbonatite systems. 
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