
Supplementary	Material	-	B	-Tables	of	mineral	compositions	by	WDS	-	electron	microprobe	analysis

Table	B1	

Table	B2

Table	B3

Table	B4

Table	B5

Table	B6

Table	B7
Major	element	compostions	of	garnet	from	TR-IV	.	Structural	formula	calculated	
on	the	basis	of	8	cations	and	12	anions.	Endmembers	calculated	following	Locock,	
(2008).		C	-	core;	R	-	rim;	I	-	intermediate.

Calibration	routines	and	standards	for	each	element	and	mineral	analysed	by	
electron	microprobe.

Major	element	concentration	of	olivine	from	all	samples.	Structural	formula	
calculated	on	the	basis	of	4	oxygens	.	C	-	core;	R	-	rim;	I	-	intermediated;	mega	-	
megacrystals,	macro	-	macrocrysts,	micro	-	microcrysts.	

Major	element	concentration	of	monticellite	from	all	samples.	Structural	formula	
calculated	on	the	basis	of	4	oxigens.	C	-	core;	R	-	rim;	I	-	intermediate.

Major	element	compostions	of	perovskite	from	TR-IV	LM-I.	Structural	formula	
calculated	on	the	basis	of	4	oxigens.	C	-	core;	R	-	rim;	I	-	intermediate.

Major	element	compostions	of	ilmenite	from	LMI	all	samples.	Structural	formula	
calculated	on	the	basis	of	6	oxigens.	C	-	core;	R	-	rim;	I	-	intermediate.	

Major	element	compostions	of	clinopyroxene	from	TR-IV	and	LM-I.	Structural	
formula	calculated	on	the	basis	of	6	oxigens,	following	Morimoto	(1988).	C	-	core;	
R	-	rim;	I	-	intermediate;	mt	-	matrix;	mega	-	megacryst



Supplementary Material B

Element X-ray line Crystal Standards 
Olivine/monticellite¹ 

Standards 
Perovskite²

Standards 
Ilmenite¹

Standards 
Pyroxene¹

Si Kα TAP diopside anorthite diopside olivine
Al Kα TAP anorthite_%ele Spinel_%ele microcline
Fe Kα LIFL fayalite ilmenite ilmenite fayalite
Mn Kα LIFL fayalite fayalite MnTiO3

K Kα PETJ Ortoclase Ortoclase
Ca Kα PETJ Wollastonite Wollastonite Wollastonite Wollastonite
Sr Lα PETJ strontianite
Ti Kα LIFL Rutile Rutile ilmenite MnTiO3

Ba Lα LIFL benitoite MnTiO3

Na Kα TAPH Albite Albite Albite Albite
Mg Kα TAPH basalt_#8 diopside olivine

Ni Kα LIFL glass_rhyolitic_#37 glass_rhyolitic_
#37 NiO

Cr Kα LIFL chromite_%ele chromite_%ele Cr2O3

Zn Kα LIFL Willemite 
Nb Lα PETJ ilmenite ilmenite

Nd Lα LIFL neodymium-
phosphate

La Lα LIFL lanthanium-
phosphate

Sm Lα LIFL samarium-phosphate

Pr Lβ LIFL praseodymium-
phosphate

Zr Lα PETJ zircon
Th Mα PETJ glass_rhyolitic_#32
Ce Lα LIFL cerium-phosphate

²25.0 kV, 100 nA
¹15.0 kV, 20nA 

Table B1  - Calibration routines and standards for each element and mineral analysed by electron microprobe.
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Supplementary Material B
Table B4. Major element compostions of perovskite from TR-IV LM-I. Structural formula calculated on the basis of 4 oxigens.
                 C - core; R - rim; I - intermediate.

Sample TR-4 TR-02 TR-02 TR-4 TR-02 TR-4 TR-02 TR-4 TR-02 TR-4 TR-02 TR-4 TR-02
Grain/ 

Analysis 01/01 01/01 01/02 01/02 01/03 02/03 02/04 02/04 02/05 03/05 03/06 03/06 03/07

Location C C I R R C C R R C C R R
SiO2 0.00 0.02 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Fe2O3 1.21 1.45 1.50 1.21 1.67 1.72 1.34 1.94 1.49 1.47 1.03 1.49 1.25
La2O3 2.77 3.55 3.07 2.37 2.58 3.27 3.29 3.07 2.56 3.22 1.97 3.30 0.99
Sm2O3 0.20 0.31 0.28 0.17 0.24 0.21 0.30 0.20 0.22 0.20 0.19 0.21 0.10
Pr2O3 0.65 0.80 0.61 0.50 0.48 0.77 0.77 0.69 0.42 0.76 0.40 0.75 0.13
CaO 30.11 25.14 29.61 32.62 32.12 28.06 28.06 29.21 32.12 27.35 33.93 27.50 37.95

Nb2O5 0.99 2.36 1.70 0.92 1.67 1.57 1.86 1.18 1.50 2.73 0.78 2.62 1.00
SrO 0.74 0.78 0.74 0.74 0.79 0.73 0.76 0.75 0.78 0.78 0.62 0.80 0.67
ZrO2 0.07 0.25 0.23 0.09 0.24 0.17 0.18 0.10 0.16 0.24 0.09 0.22 0.14
ThO2 0.67 2.45 0.38 0.21 0.04 1.32 1.12 0.65 0.09 1.19 0.25 1.27 0.00
TiO2 50.80 48.03 50.53 52.37 51.30 49.15 49.60 49.33 51.25 48.17 53.15 48.42 55.01
BaO 0.00 0.10 0.11 0.00 0.11 0.00 0.10 0.00 0.11 0.00 0.15 0.00 0.13

Ce2O3 6.68 8.85 7.00 5.35 5.19 7.81 7.85 6.95 5.27 7.65 4.50 7.88 1.40
Nd2O3 2.16 2.77 2.17 1.72 1.58 2.47 2.44 2.21 1.60 2.40 1.49 2.45 0.39
Na2O 1.83 3.05 2.17 1.49 1.57 2.09 2.38 1.79 1.56 2.39 1.26 2.42 0.65
MgO 0.00 0.08 0.06 0.00 0.07 0.00 0.05 0.00 0.06 0.00 0.03 0.00 0.04
Al2O3 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00
Ta2O5 0.00 0.45 0.11 0.00 0.04 0.00 0.22 0.00 0.02 0.00 0.11 0.00 0.01
Total 98.89 100.43 100.27 99.76 99.70 99.35 100.30 98.07 99.23 98.55 99.94 99.33 99.83

Si 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Fe 0.023 0.028 0.031 0.022 0.025 0.033 0.027 0.037 0.019 0.028 0.022 0.028 0.024
La 0.025 0.028 0.023 0.021 0.030 0.030 0.023 0.029 0.017 0.030 0.008 0.031 0.031
Sm 0.002 0.002 0.002 0.001 0.003 0.002 0.002 0.002 0.002 0.002 0.001 0.002 0.002
Pr 0.006 0.006 0.004 0.004 0.007 0.007 0.004 0.006 0.004 0.007 0.001 0.007 0.006
Ca 0.803 0.782 0.837 0.847 0.752 0.759 0.841 0.790 0.872 0.746 0.946 0.746 0.733
Nb 0.011 0.019 0.018 0.010 0.021 0.018 0.017 0.013 0.008 0.031 0.011 0.030 0.032
Sr 0.011 0.011 0.011 0.010 0.011 0.011 0.011 0.011 0.009 0.011 0.009 0.012 0.011
Zr 0.001 0.003 0.003 0.001 0.002 0.002 0.002 0.001 0.001 0.003 0.002 0.003 0.003
Th 0.004 0.002 0.000 0.001 0.006 0.008 0.001 0.004 0.001 0.007 0.000 0.007 0.007
Ti 0.951 0.937 0.939 0.955 0.933 0.933 0.942 0.937 0.960 0.922 0.963 0.922 0.921
Ba 0.000 0.001 0.001 0.000 0.001 0.000 0.001 0.000 0.001 0.000 0.001 0.000 0.001
Ce 0.061 0.063 0.046 0.047 0.072 0.072 0.047 0.064 0.040 0.071 0.012 0.073 0.074
Nd 0.019 0.019 0.014 0.015 0.022 0.022 0.014 0.020 0.013 0.022 0.003 0.022 0.021
Na 0.088 0.104 0.074 0.070 0.115 0.102 0.074 0.088 0.058 0.118 0.029 0.119 0.129
Mg 0.000 0.002 0.003 0.000 0.002 0.000 0.002 0.000 0.001 0.000 0.001 0.000 0.002
Al 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Ta 0.000 0.001 0.000 0.000 0.002 0.000 0.000 0.000 0.001 0.000 0.000 0.000 0.002

Cations 2.004 2.007 2.007 2.007 2.003 1.998 2.009 2.003 2.007 1.999 2.010 2.001 2.001
lueshite 0.01 0.03 0.02 0.01 0.02 0.02 0.02 0.01 0.02 0.03 0.01 0.03 0.01
loparite 0.16 0.25 0.17 0.12 0.11 0.17 0.19 0.15 0.12 0.18 0.10 0.18 0.04

REEFeO3 0.02 0.03 0.03 0.02 0.03 0.03 0.03 0.04 0.03 0.03 0.02 0.03 0.01
tausonite 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01

REE2Ti2O7 0.01 0.00 0.00 0.00 0.00 0.01 0.01 0.00 0.00 0.01 0.00 0.01 0.00
lakargiite 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
perovskite 0.79 0.68 0.76 0.83 0.82 0.75 0.74 0.78 0.82 0.74 0.86 0.73 0.93

Fe/Nb 2.04 1.47 1.67 2.20 1.20 1.82 1.66 2.74 2.20 0.90 2.07 0.95 0.74
ΔNNO -3.21 -2.91 -2.14 -3.22 -3.83 -1.57 -2.71 0.03 -3.91 -4.39 -3.36 -4.15 -5.60



Supplementary Material B
Table B4. Major element compostions of perovskite from TR-IV LM-I. Structural formula calculated on the basis of 4 oxigens.
                 C - core; R - rim; I - intermediate.

Sample TR-4 TR-02 TR-4 TR-02 TR-4 TR-07 TR-4 TR-07 TR-4 TR-07 TR-4 TR-07 TR-4
Grain/ 

Analysis 04/07 04/08 04/08 04/09 05/09 05/10 05/10 05/11 06/11 06/12 06/12 06/13 07/13

Location C C R R C C R R C C R R C
SiO2 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.41 0.00 0.00 0.00 0.09 0.00
Fe2O3 1.67 1.26 1.59 1.59 1.33 1.19 1.38 1.39 1.60 1.07 1.62 1.21 1.34
La2O3 3.24 3.36 3.60 2.70 3.35 3.29 3.58 2.76 3.29 2.28 3.26 2.08 3.11
Sm2O3 0.21 0.27 0.23 0.21 0.22 0.26 0.23 0.24 0.22 0.21 0.22 0.18 0.22
Pr2O3 0.66 0.68 0.79 0.42 0.78 0.66 0.81 0.46 0.77 0.45 0.77 0.37 0.70
CaO 29.14 27.21 26.86 31.96 27.73 28.52 27.78 30.64 28.16 32.78 27.76 33.66 29.19

Nb2O5 1.76 2.85 1.90 1.94 1.62 2.16 1.69 1.93 1.50 0.96 1.67 0.97 1.72
SrO 0.77 0.78 0.78 0.85 0.77 0.78 0.86 0.79 0.78 0.68 0.75 0.65 0.77
ZrO2 0.23 0.28 0.22 0.24 0.13 0.18 0.14 0.20 0.15 0.08 0.16 0.09 0.15
ThO2 0.17 1.17 0.71 0.09 0.80 0.60 0.78 0.09 1.33 0.27 1.49 0.09 0.49
TiO2 49.63 48.73 48.78 50.77 49.91 49.79 50.11 49.65 49.20 51.33 48.66 53.22 49.88
BaO 0.00 0.12 0.00 0.11 0.00 0.12 0.00 0.08 0.00 0.09 0.00 0.14 0.00

Ce2O3 6.84 8.07 8.20 5.49 7.99 7.55 8.24 5.78 7.81 5.20 7.90 4.36 7.09
Nd2O3 2.12 2.39 2.54 1.67 2.56 2.34 2.61 1.80 2.50 1.74 2.53 1.37 2.27
Na2O 2.15 2.64 2.52 1.47 2.31 2.40 2.29 1.85 2.11 1.54 2.13 1.35 1.94
MgO 0.00 0.05 0.00 0.08 0.00 0.04 0.00 0.50 0.00 0.03 0.00 0.16 0.00
Al2O3 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.02 0.00 0.00 0.00 0.01 0.00
Ta2O5 0.00 0.33 0.00 0.06 0.00 0.15 0.00 0.07 0.00 0.13 0.00 0.06 0.00
Total 98.60 100.19 98.72 99.65 99.50 100.03 100.49 98.64 99.43 98.84 98.92 100.05 98.86

Si 0.000 0.000 0.000 0.000 0.000 0.010 0.000 0.000 0.000 0.002 0.000 0.000 0.000
Fe 0.031 0.029 0.030 0.022 0.025 0.026 0.026 0.020 0.030 0.022 0.031 0.029 0.025
La 0.030 0.024 0.034 0.030 0.031 0.025 0.033 0.021 0.031 0.018 0.031 0.016 0.029
Sm 0.002 0.002 0.002 0.002 0.002 0.002 0.002 0.002 0.002 0.002 0.002 0.001 0.002
Pr 0.006 0.004 0.007 0.006 0.007 0.004 0.007 0.004 0.007 0.003 0.007 0.002 0.006
Ca 0.782 0.837 0.732 0.761 0.746 0.811 0.742 0.861 0.761 0.862 0.756 0.889 0.783
Nb 0.020 0.021 0.022 0.024 0.018 0.021 0.019 0.011 0.017 0.010 0.019 0.010 0.019
Sr 0.011 0.012 0.012 0.011 0.011 0.011 0.012 0.010 0.011 0.009 0.011 0.009 0.011
Zr 0.003 0.003 0.003 0.002 0.002 0.002 0.002 0.001 0.002 0.001 0.002 0.001 0.002
Th 0.001 0.001 0.004 0.003 0.005 0.001 0.004 0.001 0.008 0.000 0.009 0.000 0.003
Ti 0.935 0.933 0.933 0.933 0.943 0.923 0.940 0.947 0.934 0.957 0.930 0.955 0.940
Ba 0.000 0.001 0.000 0.001 0.000 0.001 0.000 0.001 0.000 0.001 0.000 0.001 0.000
Ce 0.063 0.049 0.076 0.069 0.073 0.052 0.075 0.047 0.072 0.038 0.074 0.032 0.065
Nd 0.019 0.015 0.023 0.021 0.023 0.016 0.023 0.015 0.023 0.012 0.023 0.010 0.020
Na 0.104 0.070 0.124 0.116 0.112 0.088 0.111 0.073 0.103 0.063 0.105 0.052 0.094
Mg 0.000 0.003 0.000 0.001 0.000 0.018 0.000 0.001 0.000 0.006 0.000 0.002 0.000
Al 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Ta 0.000 0.000 0.000 0.001 0.000 0.000 0.000 0.001 0.000 0.000 0.000 0.000 0.000

Cations 2.008 2.004 2.003 2.006 1.999 2.013 1.997 2.016 2.001 2.007 1.999 2.009 2.000
lueshite 0.02 0.03 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.01 0.02 0.01 0.02
loparite 0.17 0.20 0.21 0.10 0.19 0.19 0.19 0.14 0.18 0.13 0.18 0.11 0.15

REEFeO3 0.03 0.02 0.03 0.03 0.03 0.02 0.03 0.03 0.03 0.02 0.03 0.02 0.03
tausonite 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01

REE2Ti2O7 0.00 0.01 0.00 0.01 0.01 0.01 0.01 0.00 0.01 0.00 0.01 0.00 0.01
lakargiite 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
perovskite 0.76 0.72 0.72 0.82 0.74 0.74 0.74 0.79 0.75 0.83 0.75 0.85 0.78

Fe/Nb 1.58 1.37 1.39 0.91 1.36 1.20 1.36 1.85 1.78 2.08 1.61 2.94 1.29
ΔNNO -2.12 -2.87 -2.62 -4.98 -3.54 -3.73 -3.43 -3.89 -2.05 -3.38 -2.15 -1.58 -3.64



Supplementary Material B
Table B4. Major element compostions of perovskite from TR-IV LM-I. Structural formula calculated on the basis of 4 oxigens.
                 C - core; R - rim; I - intermediate.

Sample TR-07 TR-4 TR-4 TR-18 TR-4 TR-18 TR-03 TR-4 TR-03 TR-4 TR-03 TR-4 TR-03
Grain/ 

Analysis 07/14 07/14 08/15 08/16 08/16 08/17 09/18 09/18 09/19 10/19 10/20 10/20 10/21

Location C R C C R R C R R C C R I
SiO2 0.00 0.00 0.00 0.00 0.00 0.60 0.00 0.00 0.05 0.00 0.00 0.00 0.00
Fe2O3 1.58 1.35 1.19 1.58 1.23 1.71 1.43 1.47 1.67 1.37 1.27 1.29 1.25
La2O3 1.80 3.01 2.76 3.27 2.19 3.11 3.26 3.40 2.34 1.30 3.12 1.01 2.69
Sm2O3 0.15 0.21 0.18 0.28 0.16 0.28 0.28 0.22 0.21 0.11 0.27 0.09 0.24
Pr2O3 0.27 0.66 0.67 0.76 0.42 0.53 0.71 0.74 0.42 0.34 0.74 0.18 0.60
CaO 34.64 29.99 30.41 26.47 33.78 29.48 28.31 28.36 32.52 35.67 28.64 36.86 31.12

Nb2O5 0.90 1.69 0.96 4.35 1.01 2.30 1.80 1.84 1.34 0.54 1.38 0.50 1.09
SrO 0.67 0.76 0.70 0.81 0.71 0.84 0.76 0.76 0.73 0.52 0.73 0.53 0.72
ZrO2 0.08 0.14 0.04 0.61 0.09 0.31 0.24 0.18 0.21 0.04 0.13 0.06 0.11
ThO2 0.07 0.30 0.78 1.70 0.08 0.24 1.30 0.56 0.07 0.21 1.17 0.05 0.37
TiO2 53.04 50.28 51.07 46.71 52.95 49.24 49.31 49.54 51.33 53.46 50.17 55.15 51.54
BaO 0.12 0.00 0.00 0.14 0.00 0.09 0.11 0.00 0.08 0.00 0.13 0.00 0.08

Ce2O3 3.69 6.79 6.53 7.99 4.59 6.61 7.70 7.64 4.76 3.00 7.62 1.96 6.18
Nd2O3 1.14 2.16 2.15 2.34 1.46 1.98 2.47 2.39 1.46 1.05 2.44 0.66 1.97
Na2O 1.12 1.80 1.73 2.78 1.16 1.88 2.29 2.19 1.62 0.87 2.21 0.73 1.86
MgO 0.05 0.00 0.00 0.06 0.00 0.74 0.08 0.00 0.16 0.00 0.05 0.00 0.05
Al2O3 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00
Ta2O5 0.04 0.00 0.00 0.60 0.00 0.01 0.31 0.00 0.08 0.00 0.22 0.00 0.09
Total 99.34 99.14 99.18 100.46 99.84 99.96 100.34 99.30 99.04 98.47 100.28 99.05 99.96

Si 0.000 0.000 0.000 0.015 0.000 0.000 0.001 0.000 0.000 0.000 0.000 0.000 0.011
Fe 0.021 0.025 0.022 0.032 0.022 0.027 0.031 0.028 0.024 0.025 0.023 0.023 0.030
La 0.013 0.028 0.025 0.028 0.019 0.030 0.021 0.031 0.029 0.011 0.024 0.009 0.018
Sm 0.001 0.002 0.002 0.002 0.001 0.002 0.002 0.002 0.002 0.001 0.002 0.001 0.001
Pr 0.002 0.006 0.006 0.005 0.004 0.007 0.004 0.007 0.007 0.003 0.005 0.002 0.003
Ca 0.915 0.799 0.807 0.776 0.869 0.759 0.849 0.763 0.765 0.915 0.816 0.928 0.861
Nb 0.011 0.019 0.011 0.026 0.011 0.020 0.015 0.021 0.015 0.006 0.012 0.005 0.014
Sr 0.010 0.011 0.010 0.012 0.010 0.011 0.010 0.011 0.010 0.007 0.010 0.007 0.011
Zr 0.002 0.002 0.001 0.004 0.001 0.003 0.003 0.002 0.002 0.000 0.001 0.001 0.002
Th 0.000 0.002 0.004 0.001 0.000 0.007 0.000 0.003 0.007 0.001 0.002 0.000 0.000
Ti 0.960 0.940 0.952 0.910 0.957 0.928 0.941 0.935 0.940 0.963 0.949 0.975 0.935
Ba 0.001 0.000 0.000 0.001 0.000 0.001 0.001 0.000 0.001 0.000 0.001 0.000 0.001
Ce 0.023 0.062 0.059 0.059 0.040 0.070 0.042 0.070 0.070 0.026 0.055 0.017 0.034
Nd 0.007 0.019 0.019 0.017 0.013 0.022 0.013 0.021 0.022 0.009 0.017 0.006 0.010
Na 0.038 0.087 0.083 0.090 0.054 0.111 0.077 0.107 0.107 0.040 0.088 0.033 0.055
Mg 0.001 0.000 0.000 0.027 0.000 0.003 0.006 0.000 0.002 0.000 0.002 0.000 0.024
Al 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Ta 0.000 0.000 0.000 0.000 0.000 0.002 0.001 0.000 0.001 0.000 0.001 0.000 0.000

Cations 2.006 2.001 2.002 2.005 2.002 2.004 2.014 2.001 2.003 2.009 2.009 2.005 2.010
lueshite 0.01 0.02 0.01 0.05 0.01 0.03 0.02 0.02 0.02 0.01 0.02 0.01 0.01
loparite 0.09 0.14 0.15 0.18 0.09 0.13 0.19 0.18 0.13 0.07 0.19 0.06 0.16

REEFeO3 0.02 0.03 0.02 0.03 0.02 0.03 0.03 0.03 0.02 0.02 0.02 0.01 0.02
tausonite 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01

REE2Ti2O7 0.00 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.00 0.00 0.01 0.00 0.00
lakargiite 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
perovskite 0.87 0.79 0.80 0.71 0.86 0.78 0.74 0.75 0.82 0.90 0.75 0.92 0.79

Fe/Nb 1.89 1.33 2.08 1.23 2.03 1.33 2.08 1.33 1.54 4.24 1.90 4.28 2.09
ΔNNO -3.56 -3.58 -3.27 -2.80 -3.30 -3.29 -1.69 -3.17 -3.48 -2.06 -3.25 -2.45 -1.87



Supplementary Material B
Table B4. Major element compostions of perovskite from TR-IV LM-I. Structural formula calculated on the basis of 4 oxigens.
                 C - core; R - rim; I - intermediate.

Sample TR-03 TR4-1 TR4-1 TR-03 TR-03 TR4-1 TR4-1 TR-03 TR-03 TR4-1 TR4-1 TR4-1 TR-03
Grain/ 

Analysis 10/22 11/21 11/22 11/23 11/24 12/23 12/24 12/25 12/26 13/25 13/25 13/26 13/27

Location R C R C R C R C R C C R C
SiO2 0.45 0.00 0.00 0.00 0.15 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.06
Fe2O3 1.66 1.75 1.68 1.49 1.94 1.76 1.73 1.96 1.65 1.39 1.39 1.48 1.75
La2O3 2.09 2.83 3.20 2.69 2.33 3.43 3.60 2.84 2.91 3.26 3.26 3.31 3.02
Sm2O3 0.17 0.19 0.20 0.23 0.21 0.22 0.23 0.26 0.25 0.22 0.22 0.23 0.26
Pr2O3 0.34 0.64 0.67 0.50 0.33 0.83 0.83 0.58 0.56 0.82 0.82 0.82 0.59
CaO 33.90 29.76 29.59 32.03 33.46 26.12 27.02 30.61 30.56 26.42 26.42 27.06 30.66

Nb2O5 1.32 2.38 1.72 1.29 1.54 2.75 2.25 1.45 1.67 1.58 1.58 2.05 1.97
SrO 0.80 0.82 0.82 0.76 0.81 0.82 0.78 0.77 0.82 0.72 0.72 0.73 0.82
ZrO2 0.21 0.27 0.16 0.15 0.24 0.35 0.28 0.18 0.19 0.14 0.14 0.20 0.32
ThO2 0.03 0.28 0.15 0.20 0.04 2.21 1.34 0.40 0.64 2.60 2.60 2.11 0.15
TiO2 52.44 49.57 50.19 51.66 51.72 47.58 48.19 50.80 50.61 48.88 48.88 48.94 50.55
BaO 0.10 0.00 0.00 0.11 0.13 0.00 0.00 0.12 0.12 0.00 0.00 0.00 0.11

Ce2O3 3.88 6.42 6.96 5.74 4.22 8.45 8.40 6.42 6.39 8.38 8.38 8.40 6.33
Nd2O3 1.13 2.02 2.17 1.76 1.33 2.65 2.59 1.95 2.01 2.76 2.76 2.70 1.95
Na2O 1.19 2.00 2.01 1.74 1.29 2.54 2.44 1.80 1.80 2.64 2.64 2.52 1.79
MgO 0.68 0.00 0.00 0.04 0.11 0.00 0.00 0.14 0.06 0.00 0.00 0.00 0.14
Al2O3 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.01
Ta2O5 0.03 0.00 0.00 0.09 0.04 0.00 0.00 0.12 0.15 0.00 0.00 0.00 0.06
Total 100.40 98.92 99.51 100.47 99.90 99.72 99.68 100.40 100.39 99.80 99.80 100.53 100.54

Si 0.000 0.000 0.000 0.004 0.000 0.000 0.000 0.000 0.001 0.000 0.000 0.000 0.003
Fe 0.027 0.033 0.031 0.035 0.036 0.034 0.033 0.030 0.032 0.027 0.027 0.028 0.040
La 0.024 0.026 0.029 0.021 0.026 0.032 0.034 0.026 0.027 0.031 0.031 0.031 0.025
Sm 0.002 0.002 0.002 0.002 0.002 0.002 0.002 0.002 0.002 0.002 0.002 0.002 0.002
Pr 0.004 0.006 0.006 0.003 0.005 0.008 0.008 0.005 0.005 0.008 0.008 0.008 0.004
Ca 0.832 0.793 0.787 0.862 0.803 0.715 0.735 0.804 0.803 0.720 0.720 0.730 0.827
Nb 0.014 0.027 0.019 0.017 0.016 0.032 0.026 0.019 0.022 0.018 0.018 0.023 0.024
Sr 0.011 0.012 0.012 0.011 0.011 0.012 0.011 0.012 0.012 0.011 0.011 0.011 0.012
Zr 0.002 0.003 0.002 0.003 0.002 0.004 0.003 0.002 0.004 0.002 0.002 0.002 0.006
Th 0.001 0.002 0.001 0.000 0.002 0.013 0.008 0.004 0.001 0.015 0.015 0.012 0.000
Ti 0.943 0.928 0.937 0.936 0.935 0.914 0.920 0.935 0.929 0.935 0.935 0.927 0.919
Ba 0.001 0.000 0.000 0.001 0.001 0.000 0.000 0.001 0.001 0.000 0.000 0.000 0.001
Ce 0.051 0.058 0.063 0.037 0.058 0.079 0.078 0.057 0.057 0.078 0.078 0.077 0.047
Nd 0.015 0.018 0.019 0.011 0.017 0.024 0.023 0.018 0.017 0.025 0.025 0.024 0.014
Na 0.082 0.096 0.097 0.060 0.086 0.126 0.120 0.086 0.085 0.130 0.130 0.123 0.072
Mg 0.002 0.000 0.000 0.004 0.005 0.000 0.000 0.002 0.005 0.000 0.000 0.000 0.009
Al 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Ta 0.001 0.000 0.000 0.000 0.001 0.000 0.000 0.001 0.000 0.000 0.000 0.000 0.000

Cations 2.011 2.004 2.005 2.008 2.006 1.995 2.001 2.004 2.004 2.001 2.001 2.000 2.006
lueshite 0.01 0.03 0.02 0.01 0.02 0.03 0.03 0.02 0.02 0.02 0.02 0.03 0.02
loparite 0.08 0.14 0.16 0.14 0.09 0.19 0.19 0.14 0.14 0.23 0.20 0.19 0.13

REEFeO3 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.04 0.03 0.03 0.03 0.03 0.03
tausonite 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01

REE2Ti2O7 0.00 0.00 0.01 0.00 0.00 0.01 0.01 0.00 0.01 0.00 0.01 0.00 0.01
lakargiite 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
perovskite 0.86 0.78 0.77 0.81 0.85 0.71 0.72 0.79 0.79 0.71 0.72 0.74 0.79

Fe/Nb 1.93 1.22 1.63 2.10 2.25 1.07 1.28 1.64 1.47 1.46 1.46 1.20 1.66
ΔNNO -2.46 -2.65 -2.07 -0.82 -0.47 -3.01 -2.47 -2.21 -2.19 -3.12 -3.12 -3.40 -0.58



Supplementary Material B
Table B4. Major element compostions of perovskite from TR-IV LM-I. Structural formula calculated on the basis of 4 oxigens.
                 C - core; R - rim; I - intermediate.

Sample TR4-1 TR4-1 TR-04a TR-04a TR4-1 TR-04a TR-04a TR4-1 TR4-1 TR-04b TR-04b TR-04b
Grain/ 

Analysis 14/27 14/28 14/29 14/30 15/29 15/31 15/32 16/30 16/31 16/33 16/34 16/35

Location C R C R C C R C R C I R
SiO2 0.00 0.04 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Fe2O3 1.65 1.63 1.33 1.50 1.66 1.43 1.45 1.46 1.63 1.30 1.34 1.31
La2O3 3.14 3.25 2.56 2.08 2.92 3.11 3.18 3.23 2.55 3.40 3.16 3.22
Sm2O3 0.21 0.22 0.26 0.18 0.21 0.27 0.27 0.20 0.18 0.28 0.27 0.26
Pr2O3 0.74 0.82 0.55 0.33 0.58 0.62 0.69 0.76 0.50 0.73 0.62 0.62
CaO 27.77 26.58 31.93 34.52 30.63 29.27 29.71 27.24 31.74 27.44 28.89 28.84

Nb2O5 2.36 2.78 1.13 1.30 1.26 1.48 1.44 2.87 1.66 3.21 2.64 2.44
SrO 0.77 0.79 0.72 0.81 0.76 0.79 0.77 0.76 0.76 0.81 0.76 0.78
ZrO2 0.30 0.33 0.12 0.21 0.13 0.16 0.16 0.30 0.19 0.30 0.25 0.22
ThO2 0.99 1.90 0.20 0.02 0.25 0.76 0.62 1.45 0.11 1.27 0.63 0.63
TiO2 48.49 47.89 52.38 52.60 51.37 49.90 49.11 48.88 50.73 47.65 49.32 49.11
BaO 0.00 0.00 0.12 0.13 0.00 0.11 0.14 0.00 0.00 0.11 0.11 0.09

Ce2O3 7.51 8.06 5.53 3.68 6.44 7.22 7.14 7.87 5.36 7.84 7.14 7.18
Nd2O3 2.37 2.56 1.78 1.16 2.03 2.37 2.32 2.46 1.69 2.45 2.24 2.23
Na2O 2.41 2.61 1.59 1.09 1.78 2.17 2.03 2.52 1.55 2.62 2.27 2.28
MgO 0.00 0.00 0.03 0.05 0.00 0.05 0.05 0.00 0.00 0.06 0.05 0.05
Al2O3 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01
Ta2O5 0.00 0.00 0.10 0.01 0.00 0.22 0.13 0.00 0.00 0.32 0.17 0.14
Total 98.73 99.45 100.34 99.66 100.01 99.93 99.20 99.99 98.65 99.79 99.84 99.38

Si 0.000 0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Fe 0.031 0.031 0.027 0.027 0.031 0.027 0.025 0.028 0.030 0.025 0.025 0.023
La 0.029 0.030 0.018 0.029 0.026 0.029 0.032 0.030 0.023 0.029 0.030 0.026
Sm 0.002 0.002 0.001 0.002 0.002 0.002 0.002 0.002 0.002 0.002 0.002 0.002
Pr 0.007 0.008 0.003 0.006 0.005 0.006 0.007 0.007 0.005 0.006 0.006 0.006
Ca 0.754 0.725 0.886 0.781 0.804 0.799 0.745 0.733 0.837 0.771 0.774 0.780
Nb 0.027 0.032 0.014 0.017 0.014 0.016 0.037 0.033 0.018 0.030 0.028 0.031
Sr 0.011 0.012 0.011 0.011 0.011 0.011 0.012 0.011 0.011 0.011 0.011 0.012
Zr 0.004 0.004 0.002 0.002 0.001 0.002 0.004 0.004 0.002 0.003 0.003 0.003
Th 0.006 0.011 0.000 0.004 0.001 0.004 0.007 0.008 0.001 0.004 0.004 0.003
Ti 0.924 0.917 0.948 0.935 0.947 0.927 0.908 0.924 0.940 0.925 0.925 0.927
Ba 0.000 0.000 0.001 0.001 0.000 0.001 0.001 0.000 0.000 0.001 0.001 0.001
Ce 0.070 0.075 0.032 0.066 0.058 0.066 0.073 0.072 0.048 0.065 0.066 0.061
Nd 0.021 0.023 0.010 0.021 0.018 0.021 0.022 0.022 0.015 0.020 0.020 0.019
Na 0.118 0.129 0.051 0.105 0.085 0.099 0.129 0.123 0.074 0.109 0.111 0.110
Mg 0.000 0.000 0.002 0.002 0.000 0.002 0.002 0.000 0.000 0.002 0.002 0.002
Al 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Ta 0.000 0.000 0.000 0.002 0.000 0.001 0.002 0.000 0.000 0.001 0.001 0.001

Cations 2.005 1.999 2.008 2.009 2.002 2.015 2.007 1.996 2.006 2.004 2.007 2.005
lueshite 0.03 0.01 0.01 0.01 0.03 0.02 0.02 0.02 0.02 0.04 0.03 0.03
loparite 0.20 0.14 0.13 0.07 0.18 0.18 0.17 0.11 0.20 0.19 0.16 0.17

REEFeO3 0.03 0.03 0.02 0.03 0.03 0.03 0.03 0.03 0.04 0.03 0.03 0.03
tausonite 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01

REE2Ti2O7 0.01 0.00 0.00 0.00 0.01 0.00 0.01 0.00 0.00 0.01 0.01 0.01
lakargiite 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
perovskite 0.72 0.80 0.82 0.87 0.73 0.76 0.76 0.82 0.72 0.72 0.76 0.75

Fe/Nb 1.16 0.98 1.92 1.61 2.18 1.68 0.67 0.85 1.63 0.84 0.89 0.74
ΔNNO -3.01 -3.70 -2.48 -2.87 -1.60 -2.67 -5.92 -4.67 -2.26 -4.96 -4.80 -5.68



Supplementary Material B
Table B4. Major element compostions of perovskite from TR-IV LM-I. Structural formula calculated on the basis of 4 oxigens.
                 C - core; R - rim; I - intermediate.

Sample TR4-1 TR-04b TR-07 TR4-1 TR4-1 TR-07 TR4-1 TR4-1 TR-18 TR-18 TR-18 TR4-2 TR4-2
Grain/ 

Analysis 17/32 17/36 17/37 18/33 18/34 18/38 19/35 19/36 19/39 19/40 19/41 20/37 20/38

Location C C R C R C C R C I R C R
SiO2 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.25 0.05 0.00 0.00
Fe2O3 2.19 1.22 1.30 1.62 1.52 1.64 1.67 1.64 1.43 1.42 1.70 1.57 1.82
La2O3 3.51 2.80 1.80 3.15 2.83 2.87 3.13 3.17 3.14 3.27 2.97 3.38 2.57
Sm2O3 0.24 0.27 0.16 0.21 0.20 0.25 0.22 0.21 0.27 0.29 0.25 0.22 0.18
Pr2O3 0.77 0.61 0.31 0.77 0.63 0.56 0.76 0.76 0.69 0.63 0.48 0.79 0.49
CaO 26.42 29.28 34.69 28.09 30.58 31.02 28.14 28.58 27.50 28.29 30.94 26.31 31.81

Nb2O5 2.14 2.75 1.27 1.35 1.02 2.02 1.48 1.30 4.38 2.50 2.31 1.65 1.46
SrO 0.80 0.81 0.77 0.72 0.73 0.79 0.78 0.81 0.82 0.77 0.83 0.74 0.82
ZrO2 0.26 0.27 0.16 0.14 0.10 0.33 0.15 0.14 0.58 0.23 0.34 0.15 0.20
ThO2 0.95 0.62 0.01 1.22 0.54 0.05 1.30 1.18 1.42 0.81 0.24 1.18 0.06
TiO2 47.91 49.57 53.00 49.61 51.12 49.98 49.73 49.75 46.75 48.10 50.39 48.76 50.97
BaO 0.00 0.11 0.12 0.00 0.00 0.12 0.00 0.00 0.12 0.10 0.12 0.00 0.00

Ce2O3 8.20 6.66 3.59 7.64 6.49 5.93 7.74 7.58 7.61 7.49 6.29 8.11 5.21
Nd2O3 2.55 2.10 1.13 2.49 2.11 1.79 2.50 2.45 2.29 2.31 1.91 2.60 1.67
Na2O 2.48 2.29 1.36 2.09 1.83 1.86 2.14 2.07 2.75 2.25 1.76 2.64 1.46
MgO 0.00 0.04 0.03 0.00 0.00 0.04 0.00 0.00 0.06 0.35 0.10 0.00 0.00
Al2O3 0.00 0.01 0.01 0.00 0.00 0.01 0.00 0.00 0.01 0.01 0.00 0.00 0.00
Ta2O5 0.00 0.18 0.04 0.00 0.00 0.05 0.00 0.00 0.00 0.17 0.03 0.00 0.00
Total 98.42 99.58 99.74 99.08 99.69 99.30 99.75 99.63 99.80 99.22 100.70 98.10 98.74

Si 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.006 0.001 0.000 0.000 0.000
Fe 0.042 0.023 0.030 0.031 0.028 0.027 0.032 0.031 0.027 0.031 0.028 0.030 0.034
La 0.033 0.016 0.026 0.029 0.026 0.029 0.029 0.029 0.030 0.027 0.030 0.032 0.023
Sm 0.002 0.001 0.002 0.002 0.002 0.002 0.002 0.002 0.003 0.002 0.002 0.002 0.002
Pr 0.007 0.003 0.005 0.007 0.006 0.006 0.007 0.007 0.006 0.004 0.006 0.007 0.004
Ca 0.725 0.887 0.820 0.759 0.807 0.746 0.756 0.767 0.763 0.809 0.774 0.722 0.837
Nb 0.025 0.014 0.023 0.015 0.011 0.050 0.017 0.015 0.028 0.026 0.027 0.019 0.016
Sr 0.012 0.011 0.011 0.010 0.010 0.012 0.011 0.012 0.011 0.012 0.012 0.011 0.012
Zr 0.003 0.002 0.004 0.002 0.001 0.007 0.002 0.002 0.003 0.004 0.003 0.002 0.002
Th 0.006 0.000 0.000 0.007 0.003 0.008 0.007 0.007 0.005 0.001 0.003 0.007 0.000
Ti 0.923 0.952 0.928 0.941 0.947 0.890 0.938 0.938 0.911 0.925 0.922 0.940 0.942
Ba 0.000 0.001 0.001 0.000 0.000 0.001 0.000 0.000 0.001 0.001 0.001 0.000 0.000
Ce 0.077 0.031 0.054 0.071 0.059 0.070 0.071 0.070 0.069 0.056 0.069 0.076 0.047
Nd 0.023 0.010 0.016 0.022 0.019 0.021 0.022 0.022 0.021 0.017 0.020 0.024 0.015
Na 0.123 0.063 0.089 0.102 0.087 0.135 0.104 0.101 0.110 0.083 0.105 0.131 0.070
Mg 0.000 0.001 0.001 0.000 0.000 0.002 0.000 0.000 0.013 0.004 0.003 0.000 0.000
Al 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Ta 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.000 0.000 0.000 0.000

Cations 2.001 2.015 2.012 1.998 2.006 2.008 1.998 2.002 2.008 2.003 2.006 2.003 2.004
lueshite 0.02 0.03 0.01 0.01 0.02 0.02 0.02 0.02 0.05 0.03 0.03 0.02 0.01
loparite 0.18 0.16 0.10 0.15 0.18 0.14 0.18 0.23 0.18 0.17 0.12 0.11 0.19

REEFeO3 0.03 0.02 0.01 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03
tausonite 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01

REE2Ti2O7 0.01 0.01 0.00 0.00 0.01 0.00 0.01 0.00 0.01 0.01 0.01 0.00 0.00
lakargiite 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00
perovskite 0.76 0.76 0.86 0.79 0.75 0.79 0.76 0.71 0.71 0.75 0.80 0.83 0.75

Fe/Nb 1.70 1.70 1.35 2.00 2.49 0.54 1.88 2.10 0.95 1.22 1.05 1.58 2.07
ΔNNO -0.05 -3.38 -2.71 -1.74 -1.87 -6.97 -1.72 -1.60 -4.31 -2.91 -3.76 -2.32 -1.12



Supplementary Material B
Table B4. Major element compostions of perovskite from TR-IV LM-I. Structural formula calculated on the basis of 4 oxigens.
                 C - core; R - rim; I - intermediate.

Sample TR4-2 TR4-2 TR4-2 TR4-2 TR-18 TR4-2 TR4-2 TR4-2 TRIV-5 TRIV-5 TRIV-5 TRIV-5
Grain/ 

Analysis 21/39 21/40 22/41 22/42 22/44 23/43 24/45 24/46 25/47 26/49 26/50 27/51

Location C R C R C C C R C C R C
SiO2 0.00 0.00 0.00 0.00 0.00 0.59 0.00 0.00 0.00 0.00 0.00 0.01
Fe2O3 1.53 1.57 1.76 1.69 4.00 2.00 1.59 1.48 2.22 1.61 1.56 1.62
La2O3 3.14 2.70 2.87 3.08 2.60 3.49 3.46 3.12 2.31 2.99 2.76 1.60
Sm2O3 0.20 0.19 0.21 0.19 0.23 0.22 0.24 0.21 0.17 0.21 0.19 0.13
Pr2O3 0.76 0.57 0.60 0.66 0.40 0.81 0.86 0.74 0.40 0.66 0.58 0.37
CaO 28.52 30.62 29.92 29.65 29.96 24.76 25.37 28.11 33.13 30.13 31.47 35.40

Nb2O5 1.16 0.98 2.03 1.64 1.19 2.39 2.24 1.70 1.10 1.10 1.09 0.45
SrO 0.77 0.72 0.77 0.76 0.73 0.75 0.76 0.70 0.29 0.29 0.25 0.22
ZrO2 0.12 0.09 0.27 0.19 0.12 0.28 0.21 0.14 0.17 0.11 0.12 0.05
ThO2 1.13 0.30 0.14 0.13 0.20 2.07 2.46 0.79 0.03 0.21 0.14 0.30
TiO2 50.65 50.89 50.34 50.21 49.87 47.47 47.91 49.51 52.12 51.27 52.31 53.85
BaO 0.00 0.00 0.00 0.00 0.09 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Ce2O3 7.55 5.83 6.55 6.80 5.58 8.48 8.56 7.41 4.45 6.69 6.18 3.38
Nd2O3 2.42 1.85 2.08 2.16 1.80 2.66 2.72 2.38 1.33 2.05 1.87 1.20
Na2O 2.20 1.77 2.08 1.99 1.86 2.78 2.84 2.16 1.36 1.88 1.77 0.88
MgO 0.00 0.00 0.00 0.00 0.18 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Al2O3 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Ta2O5 0.00 0.00 0.00 0.00 0.11 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total 100.15 98.09 99.61 99.14 98.90 98.75 99.22 98.46 99.09 99.21 100.29 99.45

Si 0.000 0.000 0.000 0.000 0.002 0.015 0.000 0.000 0.000 0.000 0.000 0.000
Fe 0.029 0.029 0.033 0.032 0.028 0.039 0.031 0.028 0.040 0.030 0.028 0.029
La 0.029 0.025 0.026 0.028 0.031 0.033 0.033 0.029 0.021 0.027 0.025 0.014
Sm 0.002 0.002 0.002 0.002 0.003 0.002 0.002 0.002 0.001 0.002 0.002 0.001
Pr 0.007 0.005 0.005 0.006 0.007 0.008 0.008 0.007 0.004 0.006 0.005 0.003
Ca 0.759 0.815 0.791 0.789 0.747 0.680 0.698 0.761 0.858 0.797 0.817 0.902
Nb 0.013 0.011 0.023 0.018 0.019 0.028 0.026 0.019 0.012 0.012 0.012 0.005
Sr 0.011 0.010 0.011 0.011 0.011 0.011 0.011 0.010 0.004 0.004 0.004 0.003
Zr 0.002 0.001 0.003 0.002 0.002 0.003 0.003 0.002 0.002 0.001 0.001 0.001
Th 0.006 0.002 0.001 0.001 0.004 0.012 0.014 0.005 0.000 0.001 0.001 0.002
Ti 0.947 0.951 0.934 0.939 0.935 0.916 0.926 0.941 0.948 0.952 0.954 0.964
Ba 0.000 0.000 0.000 0.000 0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Ce 0.069 0.053 0.059 0.062 0.069 0.080 0.081 0.069 0.039 0.060 0.055 0.029
Nd 0.021 0.016 0.018 0.019 0.022 0.024 0.025 0.021 0.011 0.018 0.016 0.010
Na 0.106 0.085 0.099 0.096 0.126 0.138 0.141 0.106 0.064 0.090 0.083 0.040
Mg 0.000 0.000 0.000 0.000 0.004 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Al 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Ta 0.000 0.000 0.000 0.000 0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.000

Cations 2.001 2.007 2.006 2.005 2.010 1.989 1.999 1.999 2.01 2.001 2.002 2.004
lueshite 0.01 0.02 0.02 0.03 0.02 0.02 0.03 0.02 0.01 0.01 0.01 0.00
loparite 0.15 0.15 0.16 0.22 0.12 0.15 0.23 0.18 0.10 0.16 0.14 0.07

REEFeO3 0.03 0.03 0.03 0.04 0.02 0.03 0.03 0.03 0.03 0.03 0.03 0.02
tausonite 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.00 0.00 0.00 0.00

REE2Ti2O7 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00
lakargiite 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
perovskite 0.80 0.77 0.78 0.69 0.82 0.77 0.69 0.76 0.85 0.79 0.81 0.90

Fe/Nb 2.19 2.68 1.44 1.72 1.42 1.39 1.18 1.45 3.36 2.43 2.39 6.00
ΔNNO -1.98 -1.53 -2.16 -1.90 -3.02 -1.32 -3.07 -2.89 1.09 -1.57 -1.87 -0.85



Supplementary Material B
Table B4. Major element compostions of perovskite from TR-IV LM-I. Structural formula calculated on the basis of 4 oxigens.
                 C - core; R - rim; I - intermediate.

Sample TRIV-5 TRIV-5 TRIV-5 TRIV-5 TRIV-5 TRIV-5 TRIV-5 TRIV-5 TRIV-5 TRIV-5 TRIV-5
Grain/ 

Analysis 27/52 28/53 29/55 30/56 31/58 31/59 32/60 32/61 33/62 33/63 34/64

Location R C R C C R C R C R R
SiO2 0.00 0.00 1.20 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Fe2O3 1.62 1.78 2.72 1.79 1.57 1.99 1.58 1.74 1.81 1.97 1.85
La2O3 1.52 2.65 2.51 3.51 2.92 2.36 2.66 2.38 2.53 2.45 2.90
Sm2O3 0.12 0.18 0.15 0.23 0.19 0.16 0.18 0.16 0.18 0.17 0.19
Pr2O3 0.33 0.54 0.43 0.80 0.62 0.43 0.58 0.45 0.50 0.46 0.62
CaO 34.86 31.26 32.53 27.31 30.52 33.47 31.43 32.71 32.37 32.75 29.79

Nb2O5 0.43 1.07 1.68 1.65 1.00 1.11 0.86 0.87 1.00 1.08 1.19
SrO 0.21 0.27 0.36 0.28 0.29 0.32 0.29 0.28 0.30 0.30 0.29
ZrO2 0.03 0.16 0.59 0.19 0.10 0.16 0.09 0.09 0.12 0.14 0.15
ThO2 0.27 0.05 0.04 0.87 0.34 0.04 0.19 0.04 0.13 0.04 0.13
TiO2 53.52 51.74 50.57 49.48 51.46 52.44 52.18 52.15 52.50 51.95 51.03
BaO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Ce2O3 3.31 5.65 4.56 8.21 6.47 4.68 5.87 4.88 5.40 4.90 6.51
Nd2O3 1.16 1.78 1.34 2.59 2.08 1.43 1.87 1.52 1.69 1.54 2.03
Na2O 0.96 1.69 1.29 2.38 1.78 1.28 1.68 1.40 1.54 1.39 1.91
MgO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Al2O3 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Ta2O5 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total 98.33 98.83 99.99 99.28 99.33 99.86 99.45 98.66 100.07 99.14 98.57

Si 0.000 0.000 0.029 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Fe 0.029 0.033 0.049 0.034 0.029 0.036 0.029 0.032 0.033 0.036 0.034
La 0.013 0.024 0.022 0.033 0.027 0.021 0.024 0.021 0.023 0.022 0.027
Sm 0.001 0.002 0.001 0.002 0.002 0.001 0.002 0.001 0.002 0.001 0.002
Pr 0.003 0.005 0.004 0.007 0.006 0.004 0.005 0.004 0.004 0.004 0.006
Ca 0.897 0.821 0.835 0.737 0.805 0.862 0.821 0.853 0.837 0.852 0.791
Nb 0.005 0.012 0.018 0.019 0.011 0.012 0.009 0.010 0.011 0.012 0.013
Sr 0.003 0.004 0.005 0.004 0.004 0.005 0.004 0.004 0.004 0.004 0.004
Zr 0.000 0.002 0.007 0.002 0.001 0.002 0.001 0.001 0.001 0.002 0.002
Th 0.001 0.000 0.000 0.005 0.002 0.000 0.001 0.000 0.001 0.000 0.001
Ti 0.967 0.954 0.911 0.938 0.953 0.948 0.957 0.955 0.953 0.949 0.951
Ba 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Ce 0.029 0.051 0.040 0.076 0.058 0.041 0.052 0.043 0.048 0.044 0.059
Nd 0.010 0.016 0.011 0.023 0.018 0.012 0.016 0.013 0.015 0.013 0.018
Na 0.045 0.080 0.060 0.116 0.085 0.060 0.079 0.066 0.072 0.065 0.092
Mg 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Al 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Ta 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000

Cations 2.004 2.002 1.992 1.997 2.000 2.004 2.002 2.005 2.003 2.004 1.999
lueshite 0.00 0.01 0.02 0.02 0.01 0.01 0.01 0.01 0.01 0.01 0.01
loparite 0.08 0.14 0.09 0.20 0.15 0.10 0.14 0.11 0.12 0.11 0.16

REEFeO3 0.02 0.03 0.04 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03
tausonite 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

REE2Ti2O7 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
lakargiite 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
perovskite 0.89 0.82 0.85 0.74 0.80 0.85 0.82 0.84 0.83 0.84 0.79

Fe/Nb 6.33 2.76 2.69 1.81 2.62 2.99 3.07 3.32 3.01 3.03 2.59
ΔNNO -0.76 -0.78 2.48 -1.36 -1.62 -0.01 -1.43 -0.73 -0.65 0.01 -0.54



Supplementary Material B
Table B4. Major element compostions of perovskite from TR-IV LM-I. Structural formula calculated on the basis of 4 oxigens.
                 C - core; R - rim; I - intermediate.

Sample TRIV-5-3 TRIV-5-3 TRIV-5-3 TRIV-5-3 TRIV-5-3 TRIV-5-3 TRIV-5-3 TRIV-5-3 TRIV-5-3
Grain/ 

Analysis 35/65 35/66 36/67 36/68 37/69 37/70 38/71 38/72 39/73

Location C R C R C R C R R
SiO2 0.00 0.00 0.00 0.00 0.00 0.00 0.05 0.00 0.00
Fe2O3 1.79 1.85 1.53 1.81 1.39 1.55 1.90 1.78 1.69
La2O3 3.51 3.20 3.41 2.65 2.76 2.15 2.46 2.52 3.70
Sm2O3 0.23 0.20 0.23 0.17 0.19 0.15 0.16 0.18 0.24
Pr2O3 0.79 0.69 0.78 0.53 0.66 0.41 0.45 0.47 0.84
CaO 27.53 29.41 27.46 32.57 30.25 33.45 32.91 32.71 26.00

Nb2O5 1.46 1.33 1.34 1.11 0.86 0.84 1.17 1.09 1.80
SrO 0.26 0.30 0.29 0.28 0.26 0.27 0.28 0.31 0.30
ZrO2 0.17 0.18 0.14 0.17 0.09 0.10 0.16 0.13 0.24
ThO2 0.57 0.21 1.11 0.03 0.63 0.03 0.02 0.04 1.51
TiO2 49.56 50.88 49.87 51.92 51.74 52.80 52.01 52.49 48.38
BaO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Ce2O3 7.97 7.12 8.06 5.21 6.71 4.47 4.90 5.18 8.61
Nd2O3 2.48 2.23 2.53 1.61 2.15 1.41 1.50 1.65 2.55
Na2O 2.23 2.07 2.34 1.44 1.88 1.29 1.24 1.45 2.45
MgO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Al2O3 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Ta2O5 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total 98.55 99.67 99.08 99.50 99.58 98.93 99.23 99.99 98.30

Si 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.000 0.000
Fe 0.034 0.034 0.029 0.033 0.026 0.028 0.035 0.032 0.033
La 0.033 0.029 0.032 0.024 0.025 0.019 0.022 0.022 0.035
Sm 0.002 0.002 0.002 0.001 0.002 0.001 0.001 0.001 0.002
Pr 0.007 0.006 0.007 0.005 0.006 0.004 0.004 0.004 0.008
Ca 0.746 0.778 0.742 0.847 0.797 0.866 0.854 0.845 0.716
Nb 0.017 0.015 0.015 0.012 0.010 0.009 0.013 0.012 0.021
Sr 0.004 0.004 0.004 0.004 0.004 0.004 0.004 0.004 0.005
Zr 0.002 0.002 0.002 0.002 0.001 0.001 0.002 0.002 0.003
Th 0.003 0.001 0.006 0.000 0.004 0.000 0.000 0.000 0.009
Ti 0.943 0.945 0.946 0.948 0.957 0.959 0.948 0.952 0.935
Ba 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Ce 0.074 0.064 0.074 0.046 0.060 0.040 0.043 0.046 0.081
Nd 0.022 0.020 0.023 0.014 0.019 0.012 0.013 0.014 0.023
Na 0.109 0.099 0.114 0.068 0.090 0.060 0.058 0.068 0.122
Mg 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Al 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Ta 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000

Cations 1.996 2.001 1.997 2.004 2.000 2.004 1.999 2.002 1.992
lueshite 0.02 0.01 0.02 0.01 0.01 0.01 0.01 0.01 0.02
loparite 0.19 0.17 0.20 0.11 0.16 0.10 0.09 0.11 0.21

REEFeO3 0.03 0.03 0.03 0.03 0.03 0.02 0.03 0.03 0.03
tausonite 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

REE2Ti2O7 0.01 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.01
lakargiite 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
perovskite 0.75 0.77 0.74 0.84 0.79 0.86 0.85 0.84 0.72

Fe/Nb 2.04 2.31 1.90 2.70 2.70 3.08 2.69 2.71 1.56
ΔNNO -1.07 -0.76 -2.16 -0.77 -2.27 -1.60 -0.45 -0.92 -1.95



Supplementary Material B
Table B4. Major element compostions of perovskite from TR-IV LM-I. Structural formula calculated on the basis of 4 oxigens.
                 C - core; R - rim; I - intermediate.

Sample TRIV-5-3 TRIV-5-3 TRIV-5-3 TRIV-5-3 TRIV-5-3 TRIV-5-3 TRIV-5-3 TRIV-5-3 TRIV-5-3
Grain/ 

Analysis 39/74 41/77 42/78 42/79 43/80 45/83 46/84 47/86 47/87

Location C C C R C R C C R
SiO2 0.00 0.00 0.04 0.00 0.00 0.00 0.00 0.00 0.00
Fe2O3 1.16 1.96 1.62 1.60 1.64 1.41 1.53 1.19 1.37
La2O3 1.44 3.04 3.45 3.21 3.20 2.62 3.27 2.54 1.79
Sm2O3 0.12 0.19 0.23 0.21 0.22 0.17 0.21 0.19 0.14
Pr2O3 0.32 0.59 0.77 0.68 0.69 0.59 0.73 0.65 0.33
CaO 35.44 30.76 27.75 28.90 29.05 32.31 28.41 30.55 34.34

Nb2O5 0.66 1.54 1.51 1.30 1.13 0.78 1.12 0.78 0.75
SrO 0.24 0.36 0.30 0.30 0.28 0.31 0.31 0.27 0.26
ZrO2 0.05 0.29 0.13 0.13 0.13 0.08 0.10 0.07 0.06
ThO2 0.12 0.07 0.76 0.33 0.27 0.40 0.89 0.99 0.04
TiO2 55.05 50.35 49.82 50.88 50.48 52.09 50.15 52.34 53.14
BaO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Ce2O3 3.08 6.26 7.89 7.33 7.12 5.97 7.65 6.51 3.54
Nd2O3 0.99 1.90 2.43 2.30 2.23 1.94 2.37 2.16 1.10
Na2O 1.21 1.52 2.23 2.23 2.00 1.48 2.17 1.92 1.16
MgO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Al2O3 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Ta2O5 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total 99.86 98.83 98.93 99.40 98.43 100.16 98.90 100.16 98.00

Si 0.000 0.000 0.001 0.000 0.000 0.000 0.000 0.000 0.000
Fe 0.020 0.037 0.031 0.030 0.031 0.026 0.029 0.022 0.025
La 0.012 0.028 0.032 0.029 0.030 0.023 0.030 0.023 0.016
Sm 0.001 0.002 0.002 0.002 0.002 0.001 0.002 0.002 0.001
Pr 0.003 0.005 0.007 0.006 0.006 0.005 0.007 0.006 0.003
Ca 0.893 0.816 0.748 0.768 0.779 0.841 0.764 0.799 0.888
Nb 0.007 0.017 0.017 0.015 0.013 0.009 0.013 0.009 0.008
Sr 0.003 0.005 0.004 0.004 0.004 0.004 0.004 0.004 0.004
Zr 0.001 0.003 0.002 0.002 0.002 0.001 0.001 0.001 0.001
Th 0.001 0.000 0.004 0.002 0.002 0.002 0.005 0.005 0.000
Ti 0.974 0.937 0.943 0.950 0.950 0.952 0.947 0.962 0.965
Ba 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Ce 0.027 0.057 0.073 0.067 0.065 0.053 0.070 0.058 0.031
Nd 0.008 0.017 0.022 0.020 0.020 0.017 0.021 0.019 0.009
Na 0.055 0.073 0.109 0.107 0.097 0.070 0.106 0.091 0.054
Mg 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Al 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Ta 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000

Cations 2.006 1.997 1.995 2.002 1.999 2.004 2.000 2.000 2.006
lueshite 0.01 0.02 0.02 0.01 0.01 0.01 0.01 0.01 0.01
loparite 0.10 0.11 0.19 0.19 0.17 0.12 0.19 0.17 0.09

REEFeO3 0.00 0.04 0.03 0.03 0.03 0.03 0.03 0.02 0.01
tausonite 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00

REE2Ti2O7 0.00 0.01 0.01 0.00 0.00 0.01 0.00 0.00 0.00
lakargiite 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
perovskite 0.89 0.82 0.75 0.76 0.78 0.83 0.76 0.80 0.88

Fe/Nb 2.93 2.12 1.79 2.04 2.42 3.03 2.27 2.55 3.05
ΔNNO -3.26 -0.53 -1.98 -1.86 -1.37 -2.12 -1.86 -3.09 -2.30



Supplementary Material B
Table B4. Major element compostions of perovskite from TR-IV LM-I. Structural formula calculated on the basis of 4 oxigens.
                 C - core; R - rim; I - intermediate.

Sample TRIV-5-3 TRIV-5-3 LM-2 LM-2 LM-2 LM-2 LM-2 LM-2 LM-2 LM-2 LM-2 LM-2 LM-2
Grain/ 

Analysis 49/89 49/90 01/01 01/02 02/03 02/04 03/05 03/06 04/07 04/08 05/09 05/10 06/11

Location C R R C C R C R C R C R C
SiO2 0.00 0.07 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Fe2O3 1.59 1.97 2.07 1.97 2.05 2.10 1.93 1.93 1.46 1.33 1.82 1.81 1.49
La2O3 2.86 2.51 1.21 1.05 0.93 0.90 1.24 1.20 1.49 1.34 1.59 1.51 1.27
Sm2O3 0.18 0.17 0.16 0.13 0.11 0.10 0.16 0.16 0.24 0.18 0.21 0.21 0.18
Pr2O3 0.58 0.47 0.37 0.31 0.24 0.24 0.40 0.39 0.59 0.39 0.51 0.47 0.39
CaO 31.08 32.44 35.99 36.91 37.84 37.95 35.87 36.14 33.14 35.43 34.19 34.52 35.34

Nb2O5 1.13 1.28 0.44 0.35 0.42 0.45 0.45 0.42 1.21 1.06 1.28 1.15 1.12
SrO 0.30 0.31 0.41 0.43 0.49 0.46 0.41 0.43 0.35 0.38 0.39 0.37 0.37
ZrO2 0.13 0.20 0.09 0.08 0.09 0.11 0.08 0.09 0.15 0.16 0.28 0.25 0.18
ThO2 0.22 0.05 0.35 0.21 0.07 0.09 0.45 0.39 0.97 0.05 0.21 0.30 0.08
TiO2 51.95 50.94 52.48 53.17 53.76 53.86 52.98 53.14 52.12 53.36 52.26 52.13 53.20
BaO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Ce2O3 6.11 4.85 3.29 2.85 2.16 2.11 3.46 3.38 4.86 3.63 4.46 4.18 3.50
Nd2O3 1.97 1.49 1.41 1.22 0.87 0.83 1.52 1.50 2.22 1.48 1.90 1.82 1.49
Na2O 1.72 1.34 0.48 0.40 0.27 0.28 0.52 0.52 1.08 0.81 0.83 0.76 0.80
MgO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Al2O3 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Ta2O5 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total 99.82 98.09 98.75 99.06 99.32 99.49 99.47 99.69 99.87 99.61 99.93 99.48 99.40

Si 0.000 0.002 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Fe 0.029 0.036 0.037 0.035 0.036 0.037 0.035 0.035 0.027 0.024 0.033 0.033 0.027
La 0.026 0.023 0.011 0.009 0.008 0.008 0.011 0.011 0.013 0.012 0.014 0.013 0.011
Sm 0.002 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.002 0.002 0.002 0.002 0.002
Pr 0.005 0.004 0.003 0.003 0.002 0.002 0.003 0.003 0.005 0.003 0.005 0.004 0.003
Ca 0.812 0.854 0.927 0.941 0.956 0.956 0.918 0.922 0.860 0.904 0.880 0.891 0.903
Nb 0.012 0.014 0.005 0.004 0.005 0.005 0.005 0.004 0.013 0.011 0.014 0.012 0.012
Sr 0.004 0.004 0.006 0.006 0.007 0.006 0.006 0.006 0.005 0.005 0.005 0.005 0.005
Zr 0.002 0.002 0.001 0.001 0.001 0.001 0.001 0.001 0.002 0.002 0.003 0.003 0.002
Th 0.001 0.000 0.002 0.001 0.000 0.000 0.002 0.002 0.005 0.000 0.001 0.002 0.000
Ti 0.953 0.942 0.949 0.952 0.953 0.953 0.952 0.952 0.949 0.956 0.944 0.944 0.955
Ba 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Ce 0.055 0.044 0.029 0.025 0.019 0.018 0.030 0.029 0.043 0.032 0.039 0.037 0.031
Nd 0.017 0.013 0.012 0.010 0.007 0.007 0.013 0.013 0.019 0.013 0.016 0.016 0.013
Na 0.081 0.064 0.022 0.019 0.013 0.013 0.024 0.024 0.051 0.037 0.039 0.036 0.037
Mg 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Al 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Ta 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000

Cations 1.999 2.004 2.005 2.008 2.008 2.008 2.002 2.004 1.994 2.001 1.995 1.998 2.000
lueshite 0.01 0.01 0.00 0.00 0.00 -0.01 0.00 -0.01 0.01 -0.01 0.01 -0.01 0.01
loparite 0.14 0.10 0.04 0.03 0.02 0.02 0.04 0.04 0.08 0.05 0.05 0.05 0.05

REEFeO3 0.03 0.04 0.04 0.03 0.03 0.03 0.04 0.03 0.03 0.02 0.03 0.03 0.03
tausonite 0.00 0.00 0.01 0.01 0.01 0.01 0.01 0.01 0.00 0.01 0.01 0.01 0.01

REE2Ti2O7 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.01 0.01 0.00
lakargiite 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
perovskite 0.81 0.84 0.91 0.93 0.94 0.94 0.91 0.91 0.87 0.90 0.88 0.89 0.90

Fe/Nb 2.35 2.57 7.83 9.30 8.07 7.74 7.17 7.69 2.01 2.09 2.37 2.63 2.22
ΔNNO -1.76 -0.17 1.26 0.85 1.03 1.19 0.57 0.59 -2.50 -2.95 -1.01 -0.86 -2.32



Supplementary Material B
Table B4. Major element compostions of perovskite from TR-IV LM-I. Structural formula calculated on the basis of 4 oxigens.
                 C - core; R - rim; I - intermediate.

Sample LM-2 LM-2 LM-2 LM-2 LM-2 LM-2 LM-2 LM-2 LM-2 LM3-1 LM3-1 LM3-1 LM3-1
Grain/ 

Analysis 06/12 07/13 07/14 08/15 08/16 09/17 09/18 10/19 10/20 11/21 11/22 12/23 12/24

Location R C R C R C R C R C R C R
SiO2 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Fe2O3 1.76 1.28 1.38 1.58 1.48 1.96 1.96 1.92 1.91 1.24 1.24 1.98 2.01
La2O3 1.43 1.21 0.94 1.66 1.29 1.12 1.15 1.13 1.09 1.54 1.31 1.18 1.07
Sm2O3 0.21 0.21 0.12 0.21 0.17 0.14 0.14 0.15 0.14 0.24 0.20 0.17 0.14
Pr2O3 0.47 0.44 0.26 0.48 0.36 0.33 0.34 0.33 0.28 0.61 0.46 0.39 0.33
CaO 32.72 35.13 36.99 33.86 35.52 36.71 36.55 36.50 36.86 32.98 34.55 36.15 36.48

Nb2O5 1.32 0.67 0.56 1.56 1.03 0.43 0.42 0.42 0.42 1.29 0.97 0.41 0.42
SrO 0.35 0.34 0.35 0.39 0.30 0.42 0.47 0.42 0.42 0.37 0.38 0.43 0.44
ZrO2 1.29 0.13 0.16 0.18 0.20 0.08 0.10 0.10 0.10 0.13 0.11 0.10 0.08
ThO2 0.33 0.47 0.01 0.02 0.00 0.26 0.33 0.23 0.22 0.83 0.53 0.35 0.22
TiO2 51.27 52.96 54.10 51.78 53.13 53.00 53.01 53.07 53.11 51.64 52.43 52.78 53.06
BaO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Ce2O3 4.12 3.82 2.41 4.44 3.21 2.90 3.08 2.91 2.83 4.93 3.96 3.23 2.84
Nd2O3 1.76 1.79 1.00 1.81 1.27 1.25 1.30 1.23 1.21 2.23 1.78 1.42 1.21
Na2O 1.01 0.74 0.52 0.99 0.78 0.41 0.46 0.42 0.44 1.07 0.87 0.49 0.42
MgO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Al2O3 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Ta2O5 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total 98.04 99.18 98.82 98.97 98.74 99.02 99.30 98.82 99.03 99.10 98.80 99.09 98.72

Si 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Fe 0.032 0.023 0.025 0.029 0.027 0.035 0.035 0.035 0.034 0.023 0.023 0.036 0.036
La 0.013 0.011 0.008 0.015 0.011 0.010 0.010 0.010 0.010 0.014 0.012 0.010 0.009
Sm 0.002 0.002 0.001 0.002 0.001 0.001 0.001 0.001 0.001 0.002 0.002 0.001 0.001
Pr 0.004 0.004 0.002 0.004 0.003 0.003 0.003 0.003 0.002 0.005 0.004 0.003 0.003
Ca 0.858 0.904 0.939 0.879 0.910 0.938 0.933 0.934 0.941 0.863 0.895 0.927 0.934
Nb 0.015 0.007 0.006 0.017 0.011 0.005 0.005 0.005 0.004 0.014 0.011 0.004 0.004
Sr 0.005 0.005 0.005 0.005 0.004 0.006 0.006 0.006 0.006 0.005 0.005 0.006 0.006
Zr 0.015 0.001 0.002 0.002 0.002 0.001 0.001 0.001 0.001 0.002 0.001 0.001 0.001
Th 0.002 0.003 0.000 0.000 0.000 0.001 0.002 0.001 0.001 0.005 0.003 0.002 0.001
Ti 0.944 0.957 0.964 0.944 0.956 0.951 0.951 0.954 0.952 0.949 0.954 0.951 0.954
Ba 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Ce 0.037 0.034 0.021 0.039 0.028 0.025 0.027 0.025 0.025 0.044 0.035 0.028 0.025
Nd 0.015 0.015 0.008 0.016 0.011 0.011 0.011 0.010 0.010 0.019 0.015 0.012 0.010
Na 0.048 0.035 0.024 0.047 0.036 0.019 0.021 0.019 0.020 0.051 0.041 0.023 0.020
Mg 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Al 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Ta 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000

Cations 1.989 2.001 2.004 1.999 2.002 2.007 2.007 2.004 2.008 1.995 2.001 2.006 2.005
lueshite -0.02 0.01 -0.02 0.02 -0.02 0.00 -0.03 0.00 -0.03 0.01 -0.03 0.00 -0.04
loparite 0.07 0.06 0.04 0.06 0.05 0.03 0.03 0.03 0.03 0.07 0.06 0.04 0.03

REEFeO3 0.03 0.02 0.02 0.03 0.03 0.04 0.04 0.03 0.03 0.02 0.02 0.04 0.03
tausonite 0.01 0.00 0.00 0.01 0.00 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01

REE2Ti2O7 0.00 0.01 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.00 0.00
lakargiite 0.02 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
perovskite 0.86 0.90 0.93 0.88 0.90 0.92 0.92 0.92 0.92 0.87 0.89 0.91 0.92

Fe/Nb 2.23 3.14 4.08 1.69 2.40 7.63 7.73 7.54 7.65 1.60 2.15 8.08 8.06
ΔNNO -1.22 -2.65 -2.10 -2.43 -2.23 0.72 0.72 0.56 0.50 -3.58 -3.15 0.87 0.97



Supplementary Material B
Table B4. Major element compostions of perovskite from TR-IV LM-I. Structural formula calculated on the basis of 4 oxigens.
                 C - core; R - rim; I - intermediate.

Sample LM3-1 LM3-1 LM3-1 LM3-1 LM3-1 LM3-1 LM3-1 LM3-2 LM3-2 LM3-2 LM3-2 LM3-2
Grain/ 

Analysis 13/26 14/27 15/28 16/29 16/30 17/31 17/32 18/33 18/34 18/35 19/36 19/37

Location R R C C R C R C I R C I
SiO2 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Fe2O3 1.47 1.53 1.40 1.48 1.50 2.37 2.27 1.44 1.51 1.73 1.41 1.32
La2O3 1.14 1.11 1.21 1.35 1.28 1.04 1.04 1.30 1.37 0.95 1.23 1.07
Sm2O3 0.17 0.12 0.17 0.22 0.21 0.13 0.12 0.20 0.22 0.14 0.20 0.16
Pr2O3 0.38 0.21 0.39 0.49 0.47 0.33 0.32 0.46 0.51 0.25 0.46 0.33
CaO 35.66 36.71 35.89 34.32 34.09 36.58 36.63 34.79 34.06 37.18 34.47 36.25

Nb2O5 0.73 1.22 1.08 0.75 0.92 0.33 0.42 0.88 0.91 0.65 0.92 0.64
SrO 0.37 0.37 0.34 0.36 0.35 0.45 0.47 0.36 0.36 0.37 0.33 0.34
ZrO2 0.19 0.28 0.14 0.18 0.17 0.08 0.11 0.17 0.18 0.21 0.14 0.12
ThO2 0.17 0.00 0.34 0.77 0.79 0.28 0.20 0.32 0.72 0.03 0.75 0.13
TiO2 52.85 53.73 53.48 52.40 52.37 52.87 52.89 53.10 52.82 54.04 52.64 54.07
BaO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Ce2O3 3.22 2.19 3.33 4.17 3.99 2.91 2.67 3.95 4.36 2.33 3.89 3.00
Nd2O3 1.43 0.78 1.45 1.91 1.88 1.23 1.08 1.78 2.01 0.96 1.79 1.35
Na2O 0.72 0.61 0.65 0.85 0.79 0.36 0.34 0.87 0.96 0.54 0.87 0.68
MgO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Al2O3 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Ta2O5 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total 98.50 98.84 99.85 99.25 98.81 98.96 98.57 99.62 99.99 99.39 99.10 99.46

Si 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Fe 0.027 0.027 0.025 0.027 0.027 0.043 0.041 0.026 0.027 0.031 0.026 0.024
La 0.010 0.010 0.011 0.012 0.011 0.009 0.009 0.011 0.012 0.008 0.011 0.009
Sm 0.001 0.001 0.001 0.002 0.002 0.001 0.001 0.002 0.002 0.001 0.002 0.001
Pr 0.003 0.002 0.003 0.004 0.004 0.003 0.003 0.004 0.005 0.002 0.004 0.003
Ca 0.918 0.931 0.913 0.889 0.885 0.935 0.938 0.892 0.876 0.939 0.891 0.920
Nb 0.008 0.013 0.012 0.008 0.010 0.004 0.005 0.010 0.010 0.007 0.010 0.007
Sr 0.005 0.005 0.005 0.005 0.005 0.006 0.007 0.005 0.005 0.005 0.005 0.005
Zr 0.002 0.003 0.002 0.002 0.002 0.001 0.001 0.002 0.002 0.002 0.002 0.001
Th 0.001 0.000 0.002 0.004 0.004 0.002 0.001 0.002 0.004 0.000 0.004 0.001
Ti 0.955 0.957 0.955 0.953 0.955 0.949 0.951 0.956 0.954 0.958 0.955 0.963
Ba 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Ce 0.028 0.019 0.029 0.037 0.035 0.025 0.023 0.035 0.038 0.020 0.034 0.026
Nd 0.012 0.007 0.012 0.016 0.016 0.010 0.009 0.015 0.017 0.008 0.015 0.011
Na 0.034 0.028 0.030 0.040 0.037 0.017 0.016 0.040 0.045 0.025 0.041 0.031
Mg 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Al 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Ta 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000

Cations 2.005 2.002 1.998 1.999 1.994 2.005 2.005 2.000 1.997 2.006 1.999 2.003
lueshite -0.04 -0.04 0.01 0.01 -0.05 0.00 -0.05 0.01 0.01 -0.05 0.01 0.01
loparite 0.05 0.03 0.04 0.06 0.05 0.03 0.02 0.06 0.07 0.04 0.06 0.05

REEFeO3 0.03 0.02 0.03 0.03 0.03 0.04 0.03 0.03 0.03 0.02 0.03 0.02
tausonite 0.01 0.01 0.00 0.01 0.00 0.01 0.01 0.01 0.01 0.01 0.00 0.00

REE2Ti2O7 0.00 0.00 0.01 0.01 0.01 0.00 0.00 0.01 0.01 0.00 0.01 0.00
lakargiite 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
perovskite 0.90 0.93 0.91 0.89 0.89 0.93 0.93 0.89 0.88 0.93 0.89 0.91

Fe/Nb 3.37 2.08 2.15 3.30 2.70 11.80 9.07 2.72 2.77 4.40 2.55 3.45
ΔNNO -1.84 -2.32 -2.72 -1.79 -1.93 2.69 2.14 -2.21 -1.91 -0.70 -2.36 -2.45



Supplementary Material B
Table B4. Major element compostions of perovskite from TR-IV LM-I. Structural formula calculated on the basis of 4 oxigens.
                 C - core; R - rim; I - intermediate.

Sample LM3-2 LM3-2 LM3-2 LM3-2 LM3-2 LM3-2 LM3-2 LMIC1 LMIC1 LMIC1 LMIC1 LMIC1
Grain/ 

Analysis 19/38 19/39 19/40 20/41 20/42 21/45 21/46 29/58 30/60 30/61 31/62 31/63

Location I I R C R C R C C R R C
SiO2 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Fe2O3 1.32 1.39 1.55 2.41 1.39 1.54 1.89 1.39 2.04 1.22 1.36 1.31
La2O3 1.11 1.17 0.92 1.31 1.26 1.25 0.94 1.69 1.52 1.00 1.27 1.40
Sm2O3 0.19 0.18 0.13 0.18 0.18 0.18 0.11 0.22 0.23 0.12 0.21 0.24
Pr2O3 0.38 0.38 0.25 0.39 0.41 0.37 0.21 0.59 0.51 0.25 0.50 0.53
CaO 36.02 36.00 37.42 34.93 35.52 35.78 37.18 33.53 34.17 37.16 34.90 33.92

Nb2O5 0.62 0.63 0.60 1.02 1.10 1.11 0.71 1.11 1.50 0.63 0.63 0.72
SrO 0.35 0.32 0.35 0.35 0.36 0.36 0.38 0.14 0.12 0.13 0.12 0.13
ZrO2 0.11 0.12 0.19 0.14 0.16 0.26 0.24 0.14 0.34 0.16 0.15 0.14
ThO2 0.23 0.28 0.02 0.05 0.17 0.08 0.01 0.28 0.42 0.09 0.57 1.09
TiO2 53.87 53.87 55.10 53.22 54.02 53.36 54.66 52.57 51.79 54.51 53.90 52.71
BaO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Ce2O3 3.26 3.38 2.27 3.51 3.63 3.39 2.11 4.99 4.43 2.25 4.10 4.45
Nd2O3 1.50 1.54 0.92 1.53 1.58 1.45 0.81 2.17 1.88 0.83 1.90 2.09
Na2O 0.68 0.75 0.50 0.89 0.88 0.78 0.56 0.99 0.83 0.58 0.81 0.92
MgO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Al2O3 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Ta2O5 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total 99.65 100.00 100.22 99.92 100.68 99.92 99.79 99.81 99.78 98.94 100.41 99.65

Si 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Fe 0.024 0.025 0.027 0.043 0.025 0.027 0.033 0.025 0.037 0.022 0.024 0.024
La 0.010 0.010 0.008 0.011 0.011 0.011 0.008 0.015 0.013 0.009 0.011 0.012
Sm 0.002 0.002 0.001 0.001 0.002 0.001 0.001 0.002 0.002 0.001 0.002 0.002
Pr 0.003 0.003 0.002 0.003 0.004 0.003 0.002 0.005 0.005 0.002 0.004 0.005
Ca 0.916 0.913 0.934 0.888 0.897 0.909 0.932 0.866 0.881 0.939 0.888 0.877
Nb 0.007 0.007 0.006 0.011 0.012 0.012 0.007 0.012 0.016 0.007 0.007 0.008
Sr 0.005 0.004 0.005 0.005 0.005 0.005 0.005 0.002 0.002 0.002 0.002 0.002
Zr 0.001 0.001 0.002 0.002 0.002 0.003 0.003 0.002 0.004 0.002 0.002 0.002
Th 0.001 0.002 0.000 0.000 0.001 0.000 0.000 0.002 0.002 0.000 0.003 0.006
Ti 0.962 0.960 0.966 0.950 0.958 0.952 0.962 0.954 0.938 0.967 0.963 0.957
Ba 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Ce 0.028 0.029 0.019 0.031 0.031 0.029 0.018 0.044 0.039 0.019 0.036 0.039
Nd 0.013 0.013 0.008 0.013 0.013 0.012 0.007 0.019 0.016 0.007 0.016 0.018
Na 0.031 0.034 0.023 0.041 0.040 0.036 0.025 0.046 0.039 0.027 0.037 0.043
Mg 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Al 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Ta 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000

Cations 2.002 2.004 2.001 2.000 2.000 2.002 2.003 1.993 1.995 2.004 1.994 1.995
lueshite 0.00 0.00 -0.05 0.01 -0.06 0.01 -0.06 0.01 0.02 -0.06 -0.07 0.01
loparite 0.05 0.06 0.03 0.06 0.06 0.05 0.04 0.07 0.05 0.04 0.06 0.07

REEFeO3 0.02 0.02 0.02 0.03 0.02 0.03 0.02 0.03 0.04 0.02 0.02 0.02
tausonite 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.00 0.00 0.00 0.00 0.00

REE2Ti2O7 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.00 0.01 0.01
lakargiite 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
perovskite 0.91 0.90 0.93 0.89 0.90 0.90 0.93 0.88 0.89 0.93 0.90 0.88

Fe/Nb 3.54 3.69 4.31 3.94 2.10 2.31 4.46 2.09 2.26 3.23 3.59 3.02
ΔNNO -2.43 -2.16 -1.49 1.90 -2.79 -2.12 -0.12 -2.69 -0.30 -2.91 -2.27 -2.53



Supplementary Material B
Table B4. Major element compostions of perovskite from TR-IV LM-I. Structural formula calculated on the basis of 4 oxigens.
                 C - core; R - rim; I - intermediate.

Sample LMIC2 LMIC2 LMIC2 LMIC2 LMIC2 LMIC2 LMIC2 LMIC2 LMIC2 LMIC2 LMIC2
Grain/ 

Analysis 41/88 41/88 42/89 42/90 42/91 44/93 44/94 45/95 45/96 45/97 45/98

Location C R C R R C R C R C R
SiO2 0.00 0.01 0.01 0.57 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Fe2O3 1.36 1.71 1.48 1.57 1.63 1.43 1.38 1.55 1.56 1.32 1.53
La2O3 1.16 0.91 0.87 0.90 0.90 1.46 1.22 1.78 1.71 1.54 1.67
Sm2O3 0.17 0.10 0.11 0.12 0.10 0.23 0.20 0.25 0.22 0.22 0.20
Pr2O3 0.37 0.19 0.24 0.23 0.21 0.56 0.45 0.64 0.50 0.54 0.48
CaO 36.18 38.10 37.71 36.68 38.29 34.02 35.11 33.01 33.85 34.08 34.41

Nb2O5 0.52 0.60 0.43 0.48 0.51 0.64 0.56 1.40 1.13 1.09 1.09
SrO 0.15 0.13 0.15 0.10 0.13 0.15 0.13 0.16 0.14 0.13 0.16
ZrO2 0.11 0.32 0.14 0.15 0.19 0.12 0.11 0.14 0.17 0.11 0.16
ThO2 0.16 0.00 0.00 0.00 0.00 1.13 0.43 0.37 0.03 0.36 0.01
TiO2 54.14 54.47 54.61 53.89 55.43 53.04 53.43 52.12 52.05 53.02 52.61
BaO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Ce2O3 3.29 1.95 2.00 2.16 1.98 4.64 3.82 5.30 4.58 4.53 4.43
Nd2O3 1.45 0.75 0.81 0.85 0.74 2.12 1.72 2.27 1.82 1.91 1.79
Na2O 0.67 0.40 0.39 0.44 0.40 0.98 0.81 1.08 1.01 1.06 0.99
MgO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Al2O3 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Ta2O5 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total 99.73 99.63 98.96 98.13 100.51 100.54 99.38 100.08 98.77 99.91 99.52

Si 0.000 0.000 0.000 0.014 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Fe 0.024 0.030 0.026 0.028 0.028 0.026 0.025 0.028 0.028 0.024 0.028
La 0.010 0.008 0.008 0.008 0.008 0.013 0.011 0.016 0.015 0.014 0.015
Sm 0.001 0.001 0.001 0.001 0.001 0.002 0.002 0.002 0.002 0.002 0.002
Pr 0.003 0.002 0.002 0.002 0.002 0.005 0.004 0.006 0.004 0.005 0.004
Ca 0.917 0.954 0.950 0.930 0.949 0.874 0.900 0.855 0.880 0.875 0.886
Nb 0.006 0.006 0.005 0.005 0.005 0.007 0.006 0.015 0.012 0.012 0.012
Sr 0.002 0.002 0.002 0.001 0.002 0.002 0.002 0.002 0.002 0.002 0.002
Zr 0.001 0.004 0.002 0.002 0.002 0.001 0.001 0.002 0.002 0.001 0.002
Th 0.001 0.000 0.000 0.000 0.000 0.006 0.002 0.002 0.000 0.002 0.000
Ti 0.964 0.958 0.966 0.959 0.965 0.956 0.962 0.947 0.950 0.956 0.951
Ba 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Ce 0.029 0.017 0.017 0.019 0.017 0.041 0.033 0.047 0.041 0.040 0.039
Nd 0.012 0.006 0.007 0.007 0.006 0.018 0.015 0.020 0.016 0.016 0.015
Na 0.031 0.018 0.018 0.020 0.018 0.045 0.038 0.051 0.047 0.049 0.046
Mg 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Al 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Ta 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000

Cations 2.001 2.006 2.004 1.996 2.003 1.996 2.000 1.992 2.000 1.998 2.001
lueshite 0.01 -0.07 0.00 -0.07 -0.08 0.01 -0.08 0.02 -0.08 0.01 -0.09
loparite 0.05 0.02 0.03 0.03 0.03 0.08 0.06 0.07 0.07 0.08 0.07

REEFeO3 0.02 0.02 0.02 0.02 0.02 0.03 0.03 0.03 0.03 0.02 0.03
tausonite 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

REE2Ti2O7 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.01 0.01 0.01 0.01
lakargiite 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
perovskite 0.91 0.94 0.94 0.94 0.94 0.88 0.90 0.87 0.88 0.88 0.88

Fe/Nb 4.30 4.72 5.69 5.44 5.35 3.71 4.11 1.84 2.30 2.02 2.34
ΔNNO -2.17 -0.78 -1.53 -1.15 -1.07 -1.92 -2.05 -2.37 -1.93 -3.03 -2.06



Supplementary Material B
Table B4. Major element compostions of perovskite from TR-IV LM-I. Structural formula calculated on the basis of 4 oxigens.
                 C - core; R - rim; I - intermediate.

Sample LMIC2 LMIC2 LMIC2 LMIC2 LMIC2 LMIC2 LMIC2 LMIC2 LMIC2 LMIC2 LMIC2
Grain/ 

Analysis 46/100 46/99 47/101 47/102 48/103 48/104 49/105 49/106 50/107 50/108 51/109

Location R C C R C R C R C R C
SiO2 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.03 0.09 0.04 0.00
Fe2O3 1.41 1.31 1.62 1.95 1.50 1.50 1.59 1.77 1.69 1.75 1.34
La2O3 0.98 1.27 1.30 1.15 1.37 1.10 1.21 0.85 1.26 0.98 1.22
Sm2O3 0.15 0.21 0.18 0.15 0.22 0.17 0.20 0.09 0.21 0.12 0.19
Pr2O3 0.31 0.48 0.43 0.30 0.49 0.37 0.46 0.18 0.49 0.27 0.45
CaO 37.06 34.54 35.37 36.39 34.94 36.73 35.07 38.22 34.38 37.20 35.65

Nb2O5 0.43 0.53 0.85 0.83 0.65 0.56 0.86 0.51 0.65 0.54 0.55
SrO 0.14 0.13 0.14 0.12 0.13 0.13 0.13 0.13 0.18 0.14 0.12
ZrO2 0.12 0.09 0.17 0.34 0.15 0.16 0.19 0.31 0.27 0.26 0.14
ThO2 0.07 0.66 0.04 0.10 0.49 0.06 0.53 0.01 0.90 0.07 0.19
TiO2 54.98 53.52 53.08 52.98 53.40 54.61 52.76 54.40 52.37 54.02 53.92
BaO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Ce2O3 2.69 3.97 3.54 2.79 4.21 3.09 3.67 1.68 4.19 2.40 3.54
Nd2O3 1.15 1.85 1.48 1.06 1.85 1.31 1.68 0.63 1.88 1.00 1.59
Na2O 0.57 0.82 0.68 0.53 0.83 0.64 0.77 0.35 0.90 0.57 0.73
MgO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Al2O3 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Ta2O5 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total 100.06 99.37 98.89 98.69 100.23 100.42 99.13 99.18 99.47 99.36 99.63

Si 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.002 0.001 0.000
Fe 0.025 0.024 0.029 0.035 0.027 0.026 0.029 0.031 0.031 0.031 0.024
La 0.008 0.011 0.011 0.010 0.012 0.009 0.011 0.007 0.011 0.009 0.011
Sm 0.001 0.002 0.001 0.001 0.002 0.001 0.002 0.001 0.002 0.001 0.002
Pr 0.003 0.004 0.004 0.003 0.004 0.003 0.004 0.002 0.004 0.002 0.004
Ca 0.929 0.887 0.908 0.930 0.892 0.922 0.902 0.959 0.888 0.939 0.907
Nb 0.005 0.006 0.009 0.009 0.007 0.006 0.009 0.005 0.007 0.006 0.006
Sr 0.002 0.002 0.002 0.002 0.002 0.002 0.002 0.002 0.003 0.002 0.002
Zr 0.001 0.001 0.002 0.004 0.002 0.002 0.002 0.004 0.003 0.003 0.002
Th 0.000 0.004 0.000 0.001 0.003 0.000 0.003 0.000 0.005 0.000 0.001
Ti 0.968 0.965 0.956 0.951 0.957 0.963 0.953 0.959 0.949 0.957 0.964
Ba 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Ce 0.023 0.035 0.031 0.024 0.037 0.027 0.032 0.014 0.037 0.021 0.031
Nd 0.010 0.016 0.013 0.009 0.016 0.011 0.014 0.005 0.016 0.008 0.013
Na 0.026 0.038 0.032 0.024 0.038 0.029 0.036 0.016 0.042 0.026 0.034
Mg 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Al 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Ta 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000

Cations 2.001 1.995 1.999 2.002 1.998 2.002 2.000 2.006 2.000 2.007 1.999
lueshite -0.09 0.01 0.01 -0.09 0.01 -0.09 0.01 -0.10 0.01 -0.10 0.01
loparite 0.04 0.07 0.05 0.03 0.06 0.05 0.05 0.02 0.07 0.04 0.06

REEFeO3 0.02 0.02 0.03 0.03 0.03 0.03 0.03 0.02 0.03 0.02 0.02
tausonite 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

REE2Ti2O7 0.00 0.01 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00
lakargiite 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
perovskite 0.93 0.90 0.91 0.92 0.89 0.92 0.90 0.95 0.88 0.93 0.91

Fe/Nb 5.46 4.16 3.18 3.89 3.82 4.49 3.09 5.73 4.30 5.42 4.08
ΔNNO -1.88 -2.28 -1.35 0.13 -1.66 -1.62 -1.48 -0.38 -0.73 -0.46 -2.25



Supplementary Material B
Table B4. Major element compostions of perovskite from TR-IV LM-I. Structural formula calculated on the basis of 4 oxigens.
                 C - core; R - rim; I - intermediate.

Sample LMIC2 LMIC2 LMIC2 LMIC2 LMIC2 LMIC2 LMIC2 LMIC2 LMIC2 LMIC2
Grain/ 

Analysis 51/110 52/111 52/112 53/113 53/114 54/116 54/117 54/119 55/120 57/122

Location R C R C R R C C C C
SiO2 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.04
Fe2O3 1.34 1.38 1.34 1.54 1.60 1.44 1.46 1.62 1.57 1.56
La2O3 1.16 1.19 1.03 1.18 1.21 1.33 1.49 1.49 1.28 1.34
Sm2O3 0.17 0.20 0.16 0.19 0.18 0.19 0.23 0.24 0.19 0.23
Pr2O3 0.39 0.42 0.34 0.39 0.39 0.44 0.48 0.57 0.40 0.51
CaO 36.28 35.77 36.55 35.63 35.56 35.52 34.53 33.63 35.62 33.81

Nb2O5 0.54 0.55 0.47 0.87 0.87 0.87 1.15 1.01 0.58 0.61
SrO 0.11 0.16 0.12 0.13 0.14 0.14 0.15 0.14 0.14 0.15
ZrO2 0.13 0.12 0.13 0.17 0.18 0.15 0.17 0.11 0.12 0.12
ThO2 0.09 0.33 0.08 0.02 0.01 0.36 0.13 0.83 0.14 0.96
TiO2 54.51 53.62 54.78 53.36 53.18 54.29 53.42 52.03 53.54 52.57
BaO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Ce2O3 3.19 3.57 2.86 3.47 3.49 3.75 4.32 4.58 3.40 4.32
Nd2O3 1.42 1.62 1.29 1.49 1.44 1.66 1.83 2.11 1.46 2.01
Na2O 0.65 0.74 0.61 0.71 0.72 0.78 0.84 0.93 0.64 0.89
MgO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Al2O3 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Ta2O5 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total 99.99 99.68 99.77 99.15 98.98 100.92 100.20 99.31 99.08 99.14

Si 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.001
Fe 0.024 0.025 0.024 0.028 0.029 0.025 0.026 0.030 0.028 0.028
La 0.010 0.010 0.009 0.010 0.011 0.012 0.013 0.013 0.011 0.012
Sm 0.001 0.002 0.001 0.002 0.001 0.002 0.002 0.002 0.002 0.002
Pr 0.003 0.004 0.003 0.003 0.003 0.004 0.004 0.005 0.003 0.004
Ca 0.916 0.912 0.921 0.911 0.911 0.895 0.881 0.874 0.911 0.877
Nb 0.006 0.006 0.005 0.009 0.009 0.009 0.012 0.011 0.006 0.007
Sr 0.002 0.002 0.002 0.002 0.002 0.002 0.002 0.002 0.002 0.002
Zr 0.001 0.001 0.001 0.002 0.002 0.002 0.002 0.001 0.001 0.001
Th 0.000 0.002 0.000 0.000 0.000 0.002 0.001 0.005 0.001 0.005
Ti 0.966 0.960 0.969 0.957 0.956 0.961 0.957 0.950 0.961 0.957
Ba 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Ce 0.028 0.031 0.025 0.030 0.031 0.032 0.038 0.041 0.030 0.038
Nd 0.012 0.014 0.011 0.013 0.012 0.014 0.016 0.018 0.012 0.017
Na 0.030 0.034 0.028 0.033 0.034 0.035 0.039 0.044 0.030 0.042
Mg 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Al 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Ta 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000

Cations 1.999 2.003 1.999 2.000 2.001 1.995 1.992 1.995 1.999 1.995
lueshite -0.10 0.01 -0.11 0.01 -0.11 -0.12 0.01 0.01 0.01 0.01
loparite 0.05 0.06 0.05 0.05 0.05 0.05 0.05 0.07 0.05 0.07

REEFeO3 0.02 0.02 0.02 0.03 0.03 0.03 0.03 0.03 0.03 0.03
tausonite 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

REE2Ti2O7 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.01 0.00 0.01
lakargiite 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
perovskite 0.92 0.90 0.92 0.91 0.91 0.90 0.89 0.88 0.91 0.88

Fe/Nb 4.15 4.14 4.77 2.96 3.06 2.75 2.11 2.67 4.50 4.27
ΔNNO -2.27 -2.08 -2.18 -1.76 -1.48 -2.29 -2.51 -1.49 -1.23 -1.23
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Supplementary Material B

Table B6. Major element compostions of clinopyroxene from TR-IV and LM-I. 
                   Structural formula calculated on the basis of 6 oxigens, following Morimoto (1988). 
                   C - core; R - rim; I - intermediated; mt - matrix; mega - megacryst

Sample TR-02A TR-02A TR-02A TR-07 TR-07 TR-07 TR-07 TR-07 TR-07 LMI-B2
Grain/Analysis 01/01 02/03 03/04 04/05 04/06 05/07 11/13 12/16 13/17 01/01

Location C C C C R C C R C C
Crystal type mt mt mt mt mt mt mt mt mt mega

SiO2 51.72 51.76 51.76 52.92 51.30 51.25 51.01 52.09 53.34 52.73
TiO2 0.93 0.63 0.63 0.73 0.79 1.98 2.12 0.85 0.57 0.32
Al2O3 0.13 0.16 0.16 0.13 0.15 0.41 0.31 0.09 0.09 0.10
FeO 4.86 3.27 3.27 4.77 3.00 4.51 4.33 3.49 3.49 3.22
MnO 0.11 0.07 0.07 0.13 0.07 0.11 0.08 0.15 0.15 0.09
MgO 15.47 16.81 16.81 15.84 17.45 15.63 15.54 16.45 16.45 20.80
CaO 22.91 24.10 24.10 23.58 24.88 23.02 22.67 23.76 23.76 21.87
Na2O 1.34 0.87 0.87 1.01 0.67 1.31 1.35 0.93 0.93 0.57

K2O 0.01 0.00 0.00 0.01 0.02 0.00 0.01 0.03 0.03 0.21
Cr2O3 0.44 0.16 0.16 0.10 0.03 0.23 0.28 0.39 0.39 0.10
Total 97.91 97.83 97.83 99.22 98.36 98.45 97.69 98.23 99.20 100.00
Si (T) 1.928 1.919 1.919 1.948 1.889 1.902 1.908 1.929 1.956 1.887
Al (T) 0.006 0.007 0.007 0.005 0.007 0.018 0.014 0.004 0.004 0.004
Fe3 (T) 0.066 0.074 0.074 0.046 0.092 0.080 0.079 0.067 0.040 0.096
Σ	(T) 2.000 2.000 2.000 2.000 1.988 2.000 2.000 2.000 2.000 1.988

Al (M1) 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Ti (M1) 0.026 0.018 0.018 0.020 0.022 0.055 0.060 0.024 0.016 0.009

Fe3+ (M1) 0.085 0.027 0.027 0.081 0.000 0.060 0.057 0.041 0.067 0.000
Cr (M1) 0.013 0.005 0.005 0.003 0.001 0.007 0.008 0.012 0.011 0.003
Mg (M1) 0.860 0.929 0.929 0.870 0.957 0.865 0.866 0.908 0.899 0.989

Fe2+ (M1) 0.000 0.000 0.000 0.019 0.000 0.000 0.000 0.000 0.000 0.000
Mn (M1) 0.004 0.002 0.002 0.004 0.002 0.003 0.002 0.005 0.005 0.000
Σ (M1) 0.988 0.980 0.980 0.997 0.982 0.991 0.993 0.989 0.999 1.000

Mg (M2) 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.121
Fe2+ (M2) 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Mn (M2) 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.003
Ca (M2) 0.915 0.957 0.957 0.930 0.981 0.915 0.908 0.943 0.934 0.839
Na (M2) 0.097 0.062 0.062 0.072 0.048 0.094 0.098 0.067 0.066 0.040
K (M2) 0.000 0.000 0.000 0.001 0.001 0.000 0.000 0.001 0.001 0.010
Σ (M2) 1.012 1.020 1.020 1.003 1.030 1.009 1.007 1.011 1.001 1.012
Cations 4.000 4.000 4.000 4.000 4.000 4.000 4.000 4.000 4.000 4.000

Sum 90.54 93.90 93.90 92.19 94.27 89.60 89.60 93.16 93.56 94.75
Xen 0.51 0.51 0.51 0.50 0.51 0.51 0.52 0.51 0.50 0.59
Xwo 0.49 0.49 0.49 0.49 0.49 0.48 0.48 0.49 0.49 0.41
Xfs 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00



Supplementary Material B

Table B6. Major element compostions of clinopyroxene from TR-IV and LM-I. 
                   Structural formula calculated on the basis of 6 oxigens, following Morimoto (1988). 
                   C - core; R - rim; I - intermediated; mt - matrix; mega - megacryst

Sample LMI-B2 LMI-B2 LMI-A1 LMI-A1 LMI-A1 LMI-A1 LMI-A1
Grain/Analysis 01/02 01/04 02/05 02/06 02/07 02/08 02/09

Location R R C R R C C
Crystal type mega mega mega macro macro macro macro

SiO2 53.21 50.56 54.31 54.29 54.29 54.07 53.90
TiO2 0.36 0.26 0.15 0.14 0.23 0.18 0.21
Al2O3 0.05 0.35 0.21 0.23 0.32 0.21 0.19
FeO 2.78 4.17 3.09 3.19 3.36 3.16 3.09
MnO 0.07 0.13 0.12 0.10 0.12 0.12 0.11
MgO 18.59 24.02 17.60 17.43 17.54 17.57 17.55
CaO 23.79 19.30 22.66 22.92 22.16 23.01 23.07
Na2O 0.62 0.40 0.81 0.79 0.79 0.81 0.81

K2O 0.10 0.14 0.00 0.00 0.01 0.01 0.03
Cr2O3 0.16 0.13 0.88 0.92 1.02 0.97 1.08
Total 99.72 99.44 99.82 100.02 99.85 100.11 100.02
Si (T) 1.925 1.801 1.973 1.970 1.974 1.959 1.955
Al (T) 0.002 0.015 0.009 0.010 0.014 0.009 0.008
Fe3 (T) 0.073 0.124 0.018 0.020 0.012 0.032 0.037
Σ	(T) 2.000 1.940 2.000 2.000 2.000 2.000 2.000

Al (M1) 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Ti (M1) 0.010 0.007 0.004 0.004 0.006 0.005 0.006

Fe3+ (M1) 0.011 0.000 0.051 0.051 0.040 0.061 0.056
Cr (M1) 0.005 0.004 0.025 0.027 0.029 0.028 0.031
Mg (M1) 0.975 0.989 0.920 0.919 0.924 0.907 0.907

Fe2+ (M1) 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Mn (M1) 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Σ (M1) 1.000 1.000 1.000 1.000 1.000 1.000 1.000

Mg (M2) 0.028 0.286 0.033 0.024 0.027 0.042 0.042
Fe2+ (M2) 0.000 0.000 0.025 0.026 0.050 0.003 0.000
Mn (M2) 0.002 0.004 0.004 0.003 0.004 0.004 0.003
Ca (M2) 0.922 0.737 0.882 0.891 0.863 0.893 0.896
Na (M2) 0.043 0.027 0.057 0.055 0.056 0.057 0.057
K (M2) 0.005 0.006 0.000 0.000 0.000 0.000 0.001
Σ (M2) 1.000 1.060 1.000 1.000 1.000 1.000 1.000
Cations 4.000 4.000 4.000 4.000 4.000 4.000 4.000

Sum 95.25 93.60 96.19 96.09 96.73 94.90 94.79
Xen 0.53 0.66 0.52 0.51 0.51 0.52 0.52
Xwo 0.47 0.33 0.47 0.47 0.46 0.47 0.47
Xfs 0.00 0.00 0.02 0.02 0.03 0.00 0.00
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