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Document  1    Procedures  f rom z i rcon  separa t ion  to  U –Pb d a t ing .  

Zircon  separa t ion  f rom the  tu ff  sample  ( IS2)  was  p er formed a t  th e  Un ivers i ty  o f  

Toyama .  The  samp le  was  cru sh ed  in to  g ranule -  to  s i l t - s ized  f ragment s  and  s i eved  

th rough  a  d i sposab le  35 0  μm mesh  c lo th .  We th en  separa ted  z i r con  gra ins  f rom th e  

500  g  of  rock  p o wder  us ing  pann ing ,  mag net i c  sep ara t ion ,  and  heavy  l iqu id  

(methy lene  iod ide)  techniques .  We randomly  se lec ted  32  z i rcon  gr a ins  on  a  g l a ss  

s l ide  under  a  m icro scop e ,  embedded  them in  ac ry l ic  r es in ,  and  po l i shed  th em un t i l  

the  su r faces  o f  the  z i rcon  gra in s  w ere  expo sed .  We th en  cap tured  t r an smiss ion  and  

ref lec t ion  images  o f  th e  po l i shed  z i r con  gra in s  to  con f i rm the  lo ca t ions  o f  c rack s  

and  in c lu s ions  in  each  gra in .  Mos t  o f  the  ex t rac t ed  z i rcon  gr a in s  were  euhedra l ,  

co lor le ss ,  and  t ran sp aren t .  Euh edra l  z i rcon  g r a ins  had  an  a sp ec t  ra t io  o f  2 .   

We cap tured  ca thodo lu minescence  (CL)  imag es  o f  the  po l i sh ed  z i rcon  g ra in s  us ing  

the  scanning  e l ec t ron  micro scop e  ( JSM -IT500 HR;  JEOL)  conn ec ted  to  a  CL de tec tor  

(ChromaCL2;  Ga tan)  in s t a l led  a t  th e  Fu kui  Pre fec tur a l  Dino saur  Mu seum.  Mo st  o f  

the  z i rcon  gr a in s  ob se rv ed  in  the  CL imag es  exh ib i ted  o sc i l la to ry  zon in g  (Fig .  A4b) .  

Us ing  these  imag es ,  we  se lec ted  ar eas  o f  o sc i l la to ry  zon ing  wi th  no  inc lu s ion s  o r  

c rack s  fo r  measuremen t .  

I so top ic  ana lys i s  o f  z i r con  gra ins  was  p er formed us ing  an  indu ct ive ly  coup led  

p la sma mass  sp ec t rome ter  ( ICPMS;  Ag i len t  77 00x ,  Agi len t  Technolog ie s)  w i th  an  

Nd-YAG la ser  sys tem (LA;  NWR -213 ;  ESI)  a t  th e  Gradua te  Schoo l  o f  En vironmen ta l  

S tud ie s ,  Nagoya  Univ er s i ty.  The  an a ly t ica l  con di t ions  o f  LA -ICPMS an d  ca lcu la t ion  

method s  fo r  U– Pb  da te s  were  based  on  Or ih ash i  e t  a l .  ( 2008)  and  Kouchi  e t  a l .  

(2015) .  The  an a ly t i ca l  se t t ings  an d  co ndi t ion s  a re  summar ized  in  Table  A1.  The  

pr imary  s t andard  ma ter ia l  was  SRM 610  g la ss  ( recommended  2 0 6 Pb / 2 3 8 U ra t io  =  

0 .2236;  Ho rn  and  von  Blanck enburg ,  2007)  normal ized  to  91500  z i rco n  (Wiedenbeck  

e t  a l . ,  1995)  in  the  2 0 6 Pb/ 2 3 8 U ra t io .  91500  ( 2 0 6 Pb/ 2 3 8 U reco mmended  d a te  =  10 62 .4  

±  0 .8  Ma ;  Wiedenbeck  e t  a l . ,  199 5)  and  OD -3  ( 2 0 6 Pb / 2 3 8 U recommended  da te  =  33 .0  

±  0 .1  Ma ;  Iwano  e t  a l . ,  2013)  z i rcon s  were  u sed  to  conf i rm the  i so top ic  cor r ec t ion .  

We acqu ired  th e  da ta  in  sequen ces  o f  28  ana lyses ,  con s i s t ing  of  ana lyses  o f  5  spo t s  

fo r  th e  g as  b l ank ,  4  spo ts  fo r  NIST SRM 610 ,  1  spo t  f o r  91500 ,  1  spo t  fo r  OD -3 ,  8  

spo t s  fo r  IS2 ,  4  spo t s  fo r  NIS T SRM 610 ,  and  5  spo t s  fo r  th e  g as  b l ank .  The  s tandard  
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devia t ion  (2 SD)  of  each  measuremen t  was  ca l cu la t ed  by  mul t ip ly ing  the  da te  va lu e  

by  th e  2 SD of  th e  repea ted  measurement s  o f  NIST SRM 610  and  th e  e r ror  p ropag at ion  

of  each  i so top ic  ra t io  o f  NIST SRM 610  (e .g . ,  Naga ta  e t  a l . ,  2020) .  The  weigh ted  

mean  2 0 6 Pb / 2 3 8 U d ates  o f  th e  91500  and  OD -3  z i rcon s  dur ing  the  measuremen t  o f  

z i rcon s  f rom sample  IS2  were  1051  ±  17  Ma (2 σ;  MSWD: 0 .45 ;  Prob abi l i ty :  0 .72)  

and  32 .7  ±  1 .1  Ma  (2 σ;  MSWD: 1 .7 ;  Probab i l i ty :  0 .16) ,  r e s pec t iv e ly  (Table s  A1,  A2) .  

The  er ror  ( uncer ta in ty)  range  of  these  da te s  in c luded  the  r ecommended  da te s  f ro m 

prev iou s  s tud ie s  (Wiedenbeck  e t  a l . ,  1995 ;  Iwano  e t  a l . ,  2013) .  Data  was  p lo t ted  on  

the  Wether i l l  Concord ia  d i agram (Weth er i l l ,  1956)  as  an  er ror  e l l ipse  us ing  

2 0 7 Pb / 2 0 6 Pb,  2 0 7 Pb / 2 3 5 U,  and  2 0 6 Pb/ 2 3 8 U ra t io s  and  the i r  uncer ta in t ie s  (2 SD) .  We 

def ined  the  da ta  wi th  the  e r ror  e l l ip se  ov er lapp ing  the  Concord ia  curve  a s  

concordan t  (e .g . ,  Ma tsu i  e t  a l . ,  2018) .  Th e  z i rcon  d a te s  ob ta in ed  in  th i s  s tudy  

cor re spond  to  the  Phan erozo ic  (<  ca .  538  Ma;  Cohen  e t  a l . ,  2023) .  Hence ,  we  u sed  

the  2 0 6 Pb / 2 3 8 U d ate  o f  each  z i rcon  gra in ,  wh ich  i s  mo re  p rec ise  than  th e  2 0 7 Pb/ 2 0 6 Pb  

and  2 0 7 Pb/ 2 3 5 U d ate s  fo r  a  Ph anero zo ic  z i rcon  sample .   

Igneous  and  pyroc la s t ic  rocks  o f ten  in c lud e  z i r con  gra in s  th a t  a re  o ld e r  than  th e i r  

fo rmat iona l  o r  depo si t iona l  ag es  ( e .g . ,  Tsu t su mi  e t  a l . ,  2017;  Naga ta  e t  a l . ,  2018;  

Miya ta  e t  a l . ,  2020;  Nagata  and  Otoh ,  20 21) .  Thus ,  v ar iou s  method s  h ave  been  u sed  

to  de termine  the  da te s  o f  igneou s  o r  pyroc la s t ic  ro cks  us ing  z i r con  U –Pb da te s .  A 

typ ica l  ex ample  i s  us in g  the  I sop lo t  unmix  ages  rou t ine  to  ca l cu la te  the  age  of  the  

younges t  peak  in  the  p robabi l i ty  d ens i t y  p lo t  o r  the  youngest  c lu s t e r  age  (Ludwig  e t  

a l . ,  2012) .  Ho wever,  th e  fo rmer  has  no  c lear  d iscr im ina t ion  cr i t e r i a  f o r  exc lud ing  

an tecrys t s  and  exot ic  c rys t a l s .  Meanwh i le ,  th e  la t te r  has  reprodu cib i l i ty  p rob lems 

(e .g . ,  Takeuch i  e t  a l . ,  2 017;  Naga ta  e t  a l . ,  2019 ;  Miya ta  e t  a l . ,  2020) .   

In  th i s  s tu dy,  we d ef ined  the  da te  o f  samp le  IS2  a s  the  weigh ted  average  of  

2 0 6 Pb / 2 3 8 U da te s  f rom th e  younges t  da te  c lu s te r,  cons is t ing  of  the  youngest  2 0 6 Pb / 2 3 8 U 

date  and  o ther  2 0 6 Pb / 2 3 8 U da te s  wi th  an  er ror  ( 2SD)  range  over l app ing  wi th  tha t  o f  

the  younges t  2 0 6 Pb/ 2 3 8 U date  (Nag ata  e t  a l . ,  20 18) .  Z i r con  gra ins  o lde r  than  those  

fo rming  th e  youngest  d a te  c lu s t e r  were  in te rpr e ted  a s  exo t i c ,  fo l lowin g  Naga ta  and  

Otoh  (2021 ) .  

 




