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Supplement materials

Figure S1. Plots of Nb2Os (a), HfO2 (b), MgO (c), FeO (d), Al203(e), and ThO(f) with
bars (data measured by EMPA) to discriminate Zrl-111 from Zrl-1 and Zrl-I1.

Figure S2. Images of representative LA-ICP-MS analysis pits. Small pits (16 um) and
big pits (32 wm) were for dating and trace elements analyses, respectively. The numbers
represent the 2°’Pb-corrected 2°°Pb/>8U ages (Ma) or the Hf composition (ppm).
Table S1. Representative major and minor element compositions (wt%) of baddeleyite,
rutile, geikielite, spinel, forsterite, and phlogopite.

Table S2. U-Pb data for different types of zirconolites from the MMB.
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Table S1. Representative major and minor element compositions (wt%o)

of baddeleyite, rutile, geikielite, spinel, forsterite, and phlogopite.

Baddeleyite composition

Sample 13MDL76-A 13MDL76-B
uo; bdl bdl 0.23 bdl bdl bdl
ZrO; 94.58 97.28 98.18 97.71 95.25 95.54
CaOo bdl bdl bdl 0.02 bdl 0.04
TiO2 0.35 0.36 0.18 0.37 0.31 0.52
ThO: bdl bdl bdl 0.06 bdl bdl
HfO: 521 2.40 2.33 2.32 5.43 2.28
WOs3 bdl bdl bdl bdl bdl bdl
SiO2 bdl bdl bdl bdl bdl bdl
MgO 0.02 0.02 0.03 0.03 0.03 0.02
AlOs bdl bdl bdl bdl bdl bdl
K20 bdl bdl bdl bdl bdl bdl
Sc20s bdl bdl bdl bdl 0.02 bdl
FeO bdl bdl bdl bdl bdl 0.05
MnO bdl bdl bdl bdl bdl bdl
Nb.Os 0.13 0.22 0.17 0.13 0.15 0.09
La.0s bdl bdl bdl bdl bdl bdl
Ce20s bdl bdl bdl bdl bdl bdl
Pr.03 bdl bdl bdl bdl bdl bdl
Nd.Os bdl bdl bdl bdl bdl bdl
Sm,0O; bdl bdl bdl bdl bdl bdl
Eu.Os; bdl bdl bdl bdl bdl bdl
Gd203 bdl bdl bdl bdl bdl bdl
Dy20s bdl bdl bdl bdl bdl bdl
Er.0; bdl bdl bdl bdl bdl bdl
YDb203 bdl bdl bdl bdl bdl bdl
Y203 bdl bdl bdl bdl bdl bdl

Total 100.3 100.3 101.1 100.6 101.2 98.5




Rutile composition

Sample 13MDL76-A 13MDL76-B
uo; bdl bdl bdl bdl bdl bdl
ZrO; 0.29 0.03 0.15 0.03 0.59 0.21
CaO 0.07 0.82 0.52 1.10 0.19 0.74
TiO> 98.70 98.09 97.67 98.90 97.03 97.66
ThO: bdl bdl bdl bdl bdl bdl
HfO2 0.08 bdl 0.07 0.05 0.08 0.03
WOs3 bdl 0.15 0.16 bdl 0.17 bdl
SiO2 0.06 0.08 bdl 0.03 0.04 0.05
MgO 0.06 0.07 0.02 0.03 0.03 bdl
Al;0s 0.03 0.04 0.01 0.04 0.11 0.07
K20 0.17 0.11 0.01 0.09 0.09 0.02
Sc203 bdl bdl bdl bdl bdl bdl
FeO 0.02 0.05 0.09 0.03 0.09 0.07
MnO bdl bdl bdl bdl bdl bdl
Nb,Os 0.10 0.08 0.06 bdl 0.54 0.30
La,0Os bdl bdl bdl bdl bdl bdl
Ce20s bdl bdl bdl bdl bdl bdl
Pr,0s bdl bdl bdl bdl bdl bdl
Nd.Os bdl bdl bdl bdl bdl bdl
Sm20; bdl bdl bdl bdl bdl bdl
Eu.0Os bdl bdl bdl bdl bdl bdl
Gd203 bdl bdl bdl bdl bdl bdl
Dy20s bdl bdl bdl bdl bdl bdl
Er.0; bdl bdl bdl bdl bdl bdl
YDb203 bdl bdl bdl bdl bdl bdl
Y20s bdl bdl bdl bdl bdl bdl

Total 99.6 99.5 98.8 100.3 99.0 99.2




Geikielite composition

Sample
UoO;
ZFOZ
CaO
TiO2
ThO>
HfO>
WO;
SiO;
MgO
Al2Os
K20
Sc,03
FeO
MnO
Nb2Os
La.0O3
Ce03
Pr.0Os
Nd.O3
Sm;0s3
Eu.03
Gd,03
Dy.03
Er.0s
Yb203
Y203
Total

13MDL76-A
bdl bdl bdl
bdl bdl 0.04
0.01 0.10 0.11
65.54 63.32 64.92
bdl bdl bdl
bdl bdl bdl
bdl bdl bdl
bdl bdl bdl
27.43 28.79 30.00
0.02 bdl bdl
bdl bdl bdl
bdl bdl bdl
7.02 7.00 5.31
0.04 0.06 0.05
bdl bdl bdl
bdl bdl bdl
bdl bdl bdl
bdl bdl bdl
bdl bdl bdl
bdl bdl bdl
bdl bdl bdl
bdl bdl bdl
bdl bdl bdl
bdl bdl bdl
bdl bdl bdl
bdl bdl bdl
100.2 99.5 100.6

13MDL76-B
bdl bdl bdl
bdl bdl bdl
0.01 0.11 0.03
64.68 64.06 64.65
bdl bdl bdl
bdl bdl 0.05
bdl bdl bdl
bdl 0.03 bdl
28.72 28.60 29.84
0.02 bdl bdl
bdl bdl bdl
bdl bdl 0.01
5.42 5.31 5.23
0.06 0.02 0.03
bdl bdl bdl
bdl bdl bdl
bdl bdl bdl
bdl bdl bdl
bdl bdl bdl
bdl bdl bdl
bdl bdl bdl
bdl bdl bdl
bdl bdl bdl
bdl bdl bdl
bdl bdl bdl
bdl bdl bdl
99.2 98.4 100.1




Spinel composition

Sample
Texture
SiO;
TiO,
AI203
Cr203
FeO
MnO
MgO
CaoO
Na,O
K0
NiO
Total

Si
Ti
Al
Cr
Fe3+
Fe2+
Mn
Mg
Ca
Na
K
Ni
Total
Mg#

13MDL76-A
Core Rim

bdl bdl bdl bdl

0.24 0.27 0.15 0.08
68.80 68.53 69.09 69.07

2.41 2.34 1.03 1.02

1.34 1.25 117  1.14

0.01 0.00 bdl  0.02
2748  27.32 27.58 26.84

bdl bdl 0.05 0.39

bdl 0.01 bdl bdl

bdl bdl bdl  0.01

bdl 0.02 0.01 0.01
100.29 99.75 99.08 98.58
0.000 0.000 0.000 0.000
0.004 0.005 0.003 0.001
1.942 1944 1.962 1.974
0.046  0.045 0.020 0.020
0.004 0.002 0.013 0.004
0.023  0.023 0.011 0.019
0.000 0.000 0.000 0.000
0.981 0.980 0.990 0.970
0.000 0.000 0.001 0.010
0.000 0.001 0.000 0.000
0.000 0.000 0.000 0.000
0.000 0.000 0.000 0.000

3 3 3 3

0.977 0.977 0.989 0.981

13MDL76-B
Core Rim
bdl bdl 0.03  hbdl
0.24 0.25 0.10 0.11
68.02 68.22 69.73 70.10
3.23 3.25 1.44 0.80
1.21 1.28 112 115
0.02 bdl 0.01  bdl
2743  27.52 27.32 27.29
0.02 0.02 0.18 0.06
0.01 0.01 bdl  0.02
bdl bdl 0.01  bdl
bdl bdl bdl  0.01
100.21 100.54 99.92 99.54
0.001 0.000 0.001 0.000
0.004 0.004 0.002 0.002
1.926 1.925 1.968 1.981
0.061 0.062 0.027 0.015
0.003  0.005 0.000 0.000
0.022 0.021 0.022 0.023
0.00 0.00 0.000 0.000
0.982 0.982 0.975 0.976
0.001  0.00 0.005 0.002
0.00 0.001 0.000 0.001
0.000 0.000 0.000 0.000
0.000 0.000 0.000 0.000
3 3 3 3
0.978 0.979 0.978 0.977

Mg* = Mg/(Mg+Fe?")



Forsterite composition

Sample
SiO2
TiO2

AlO3
Cr20s3
FeO
MnO
MgO
CaO
Na20O
K20
NiO
Total

Si
Ti
Al
Cr

Fe?
Mn
Mg
Ca
Na

K
Ni
Total
Mg#

13MDL76-A
42.96 43.13
0.02 bdl

bdl bdl
0.03 0.02
0.43 0.93
0.01 0.01
57.29 56.61
0.02 0.10
0.01 bdl
bdl 0.02
0.04 0.01
100.80 100.82
1.000 1.005
0.000 0.000
0.000 0.000
0.001 0.000
0.008 0.018
0.000 0.000
1.988 1.967
0.000 0.002
0.000 0.000
0.000 0.001
0.001 0.000
2.999 2.995
0.996 0.991

13MDL76-B
42.76 42.98
0.03 bdl

bdl bdl

bdl bdl

0.90 0.89
0.01 bdl
56.94 57.22
0.08 0.06
0.01 bdl

0.01 0.01
0.01 bdl

100.76 101.17

0.998 0.999
0.001 0.000
0.000 0.000
0.000 0.000
0.018 0.017
0.000 0.000
1.982 1.983
0.002 0.002
0.000 0.000
0.000 0.000
0.000 0.000
3.001 3.001
0.991 0.992




Phlogopite composition

Sample 13MDL76-A
Texture Core Rim

SiO2 4134 41.38 40.39 40.95
TiO2 144 121 154 1.32
Al2O3 1573 15.91 16.14 16.11
Cr.0Os 0.05 0.04 0.01 0.04
FeO 0.23 0.20 0.28 0.18
MnO 0.02 0.01 0.02 0.01
MgO  27.03 27.15 26.95 27.60
CaO 0.01 0.01 0.03 0.03
Na2O 229 223 235 2.82
K20 725 1.17 724 6.15

NiO bdl bdl bdl bdl

F 1.79 177 159 1.88

Cl 0.01 0.02 0.02 0.02
Total 97.18 97.09 96.54 97.08
Si 2.841 2.842 2.794 2.808
Ti 0.074 0.063 0.080 0.068
AV 1.159 1.158 1.206 1.192
AlV! 0.115 0.130 0.110 0.110
Cr 0.003 0.002 0.001 0.002
Fe 0.013 0.011 0.016 0.010
Mn 0.001 0.001 0.001 0.000
Mg 2.769 2.780 2.780 2.821
Ca 0.001 0.001 0.002 0.002
Na 0.305 0.297 0.315 0.375
K 0.636 0.628 0.639 0.538
Ni 0.000 0.000 0.000 0.000
Mg# 0.995 0.996 0.994 0.996

13MDL76-B
Core Rim

41.20 41.31 40.44 40.68
1.18 1.15 0.61 0.57
15.79 16.01 16.23 16.35
0.03 0.02 0.01 0.01
0.24 0.23 0.14 011

bdl 0.02 0.01 0.01
26.53 26.73 26.89 26.84
0.01 0.01 0.02 0.03
217 1.89 0.78 0.73
7.83 7.90 9.81 9.83

bdl 0.01 0.03 0.01
157 166 1.74 1.88
0.03 0.02 0.01 0.02
96.55 96.93 96.71 97.06
2.851 2.847 2.820 2.827
0.061 0.060 0.032 0.030
1.149 1.153 1.180 1.173
0.138 0.147 0.153 0.167
0.002 0.001 0.001 0.001
0.014 0.013 0.008 0.006
0.000 0.001 0.001 0.001
2.736 2.746 2795 2.781
0.001 0.000 0.001 0.002
0.291 0.253 0.105 0.098
0.691 0.695 0.873 0.872
0.000 0.000 0.000 0.000
0.995 0.995 0.997 0.998

bdl: below deteciton limits.
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