
S I M S bi as o n is ot o p e r ati os i n C a -M g -F e c a r b o n at es (P a rt III ): δ1 8 O a n d δ 1 3 C m at ri x 1  

eff e cts al o n g t h e m a g n e sit e -si d e rit e s oli d -s ol uti o n s e ri es  2  

3  

M a ci ej G. Ś LI WI Ń S KI 1 , 3* , K o u ki KI T AJI M A1, 2 , 3, Mi c h a el J. S PI C U Z Z A1, 3 , I a n J. O R L A N D1 , 3,4  

A ki z u mi I S HI D A 1, 2 ,3, 4 , J o h n H. F O U R N E L L E 3  a n d J o h n W. V A L L E Y 1, 2 , 3   5  

6  
1 Wi s c SI M S, D e p a rt m e nt of G e o s ci e n c e, U ni v ersit y of Wis c o n si n -M a dis o n, M a dis o n, WI, 5 3 7 0 6  7  
* C orr es p o n di n g a ut h or: msli wi ns ki @ wi s c. e d u; + 1 ( 4 2 5) -6 8 1 -4 2 8 88  

9  
2 N A S A Astr o bi ol o g y I n stit ut e,  D e p a rt m e nt of G e o s ci e n c e, U ni v ersit y of Wis c o n si n -M a dis o n, M a dis o n, WI, 5 3 7 0 6  1 0  

1 1  
3 D e p a rt m e nt of G e o s ci e n c e, U ni v ersit y of Wi s c o n si n -M a dis o n, M a dis o n,  WI, 5 3 7 0 6  1 2  

1 3  
4 D e p a rt m e nt of E a rt h S ci e n c e, T o h o k u U ni v ersit y, S e n d ai, J a p a n, 9 8 0 8 5 7 8  1 4  

1 5  

1 6  

K e y w o r d s: SI M S, c ar b o n is ot o p es, o x y g e n  is ot o p es, si d erit e, m a g n esit e, m atri x eff e cts, 1 7  

c ar b o n at es  1 8  

1 9  

2 0  

A B S T R A C T  2 1  
T his st u d y e x pl or es t h e eff e cts of c ati o n c o m p o siti o n o n m as s bi as ( i. e., t h e m atri x eff e ct), w hi c h is a m aj or 2 2  

c o m p o n e nt of i n str u m e nt al m ass fr a cti o n ati o n (I M F)  i n t h e mi cr o a n al ys e s of δ 1 3 C a n d δ 1 8 O b y SI M S i n c ar b o n at e s 2 3  
of t h e m a g n esit e -si d erit e s oli d -s ol uti o n s eri e s ( M g C O 3 -F e C O 3 ). A s uit e of 1 2  c ali br ati o n r ef er e n c e m at eri als ( R M s) 2 4  
w a s d e v el o p e d a n d d o c u m e nt e d  ( c ali br at e d r a n g e: F e # = 0. 0 0 2-0. 9 9 7, w h er e F e # = m ol ar F e/[ M g + F e]) , al o n g wit h 2 5  
e m piri c al e x pr essi o ns f or r e gr essi n g c ali br ati o n d at a ( aff or di n g  r esi d u als <0. 5 ‰ r el ati v e t o C R M NI S T -1 9).  2 6  

T h e c ali br ati o n  c ur v e s of b ot h is ot o p e s yst e ms ar e  n o n -li n e ar a n d h a v e, o v er a 2 -y e ar p eri o d, f all e n i nt o o n e 2 7  
of t w o disti n ct b ut  l ar g el y s elf -c o nsi st e nt s h a p e c at e g ori es ( d at a fr o m 1 0 a n al yti c al s essi o ns) , des pit e a d h er e n c e t o 2 8  
w ell -e st a blis h e d a n al yti c al pr ot o c ols f or c ar b o n at e δ 1 3 C a n d δ 1 8 O a n al ys es at Wis c SI M S ( C A M E C A I M S 1 2 8 0) . 2 9  
M a ss bi as w a s c o nsist e ntl y m o st s e n siti v e t o c h a n g es i n c o m p o siti o n n e ar t h e m a g n esit e e n d -m e m b er ( F e # 0 -0. 2) , 3 0  
d e vi ati n g b y u p t o 4. 5 ‰ ( δ 1 3 C) a n d 1 4 ‰ ( δ 1 8 O) wit h i n cr e a si n g F e -c o nt e nt.  3 1  

T h e c a us e of v ari a bilit y i n c ali br ati o n c ur v e s h a p es is n ot w ell u n d er st o o d at pr es e nt, a n d d e m o nstr at e s  t h e 3 2  
i m p ort a n c e of h a vi n g a v ail a bl e a s uffi ci e nt n u m b er of w ell -c h ar a ct eri z e d R Ms s o t h at p ot e nti al c o m pl e xiti es of 3 3  
c ur v at ur e c a n b e a d e q u at el y d eli n e at e d a n d a c c o u nt e d f or o n a s essi o n -b y -s es si o n b asi s.  3 4  

3 5  

3 6  

1. I N T R O D U C TI O N3 7  

H er e w e pr es e nt t h e t hir d i nst all m e nt of o ur o n-g oi n g  st u d y of i nstr u m e nt al m ass 3 8  

fr a cti o n ati o n (I M F) a n d s a m pl e m atri x eff e cts ( c oll e cti v el y r ef err e d t o t hr o u g h o ut as ' bi as') i n t h e 3 9  

a n al ysis of c ar b o n a n d o x y g e n is ot o p e r ati os fr o m C a -M g -F e  c ar b o n at es b y s e c o n d ar y i o n m ass 4 0  

s p e ctr o m etr y ( SI M S). B uil di n g o n e arl y  pi o n e eri n g st u di es (e. g., Eil er et al., 1 9 9 7 a ; V all e y et al., 4 1  

1 9 9 7; F a y e k et al., 2 0 0 1; Ri ci p uti et al., 1 9 9 8) , w e r e c e ntl y pr o vi d e d a n e m piri c al 4 2  

c h ar a ct eri z ati o n of SI M S δ 1 3 C a n d δ 1 8 O bi as f or t h e d ol o mit e -a n k erit e s oli d -s ol uti o n s eri es 4 3  

( C a M g( C O3 )2 -C a F e( C O 3 )2 ) a n d d o c u m e nt e d t h e d e v el o p m e nt of a s uit e of mi cr o -a n al yti c al 4 4  

r ef er e n c e m at eri als ( R Ms) ( Śli wi ńs ki et al., 2 0 1 6 a, 2 0 1 6 b). T h e f o c u s h er e is o n t h e b asi c 4 5  



el e m e nts of t h e bi as r es p o ns e fr o m c ar b o n at e  c o m p ositi o ns t h at f all al o n g t h e  c o m pl et e s oli d -4 6  

s ol uti o n t h at e xists b et w e e n t h e si d erit e ( F e C O 3 ) a n d m a g n esit e ( M g C O3 ) e n d-m e m b ers of t h e 4 7  

C a -M g -F e c ar b o n at e t er n ar y  (e. g., C h ai a n d N a vr ots k y, 1 9 9 6; C h a n g et al. , 1 9 9 8). C ar b o n at es of 4 8  

t h e si d erit e-m a g n esit e s eri es ar e e n c o u nt er e d i n m a n y diff er e nt g e ol o gi c al e n vir o n m e nts ; t h e y 4 9  

o c c ur, f or e x a m pl e : 1 ) as si d erit e c o n cr eti o ns i n m ari n e  a n d fr es h -w at er s e di m e nts  ( C urtis et al., 5 0  

1 9 7 2, 1 9 8 6; C urtis, 1 9 9 5; G a uti er, 1 9 8 2; M o zl e y, 1 9 8 9 a, 1 9 8 9 b; P ost m a, 1 9 8 2) ; 2) as si d erit e 5 1  

n o d ul es i n w etl a n d s oil s a n d s e di m e nts of t h e gl o b e's h u mi d cli m ati c b elt s ( L u d vi gs o n et al., 5 2  

2 0 1 3, 1 9 9 8; S h el d o n a n d T a b or, 2 0 0 9; T a b or a n d M y ers,  2 0 1 5; Uf n ar et al., 2 0 0 4) ; 3)  as c e m e nts 5 3  

i n s a n dst o n es a n d m u dst o n es  ( B url e y a n d W or d e n, 2 0 0 3; M a c q u a k er et al., 1 9 9 7; M or a d, 1 9 9 8) ; 5 4  

4) as or e -gr a d e si d erit e a n d m a g n esit e d e p osits ( e. g., F er n á n d e z -Ni et o et al., 2 0 0 3; Fr ost, 1 9 8 2); 5 5  

5) i n t h e e xt e nsi v e b a n d e d ir o n -f or m ati o ns ( BI F s) of t h e Pr e c a m bri a n (e. g., J a m es, 1 9 5 4; Kl ei n, 5 6  

2 0 0 5, s e e Fi gs. 1 a n d 2 t h er ei n); 6) i n ass o ci ati o n wit h e v a p oriti c s e di m e nts ( e. g., B a ul u z et al., 5 7  

1 9 9 6; B ot z a n d v o n d er B or c h, 1 9 8 4; L u gli et al., 2 0 0 1 ; L u z o n et al., 2 0 0 9; M a y a y o et al., 1 9 9 6; 5 8  

M e es a n d K e p p e ns, 2 0 1 3; S a n z -M o nt er o a n d R o drí g u e z -Ar a n d a, 2 0 1 2 ); 7) i n c ar b o n atit e 5 9  

c o m pl e x es ( i. e., c ar b o n at e mi n er al -ri c h i ntrusi v e or e xtr usi v e i g n e o us r o c k b o di es ; e. g., B u c kl e y 6 0  

a n d W o oll e y, 1 9 9 0) ; 8) as i n cl usi o ns i n m a ntl e di a m o n ds ( e. g., D o br z hi n ets k a y a et al. , 2 0 0 1; 6 1  

K a mi ns k y et al., 2 0 1 3 ; S o b ol e v et al., 1 9 9 7; W a n g et al., 1 9 9 6); a n d  8 ) as a pr o d u ct of 6 2  

w e at h eri n g or h y dr ot h er m al alt er ati o n of i g n e o us a n d m et a m or p hi c r o c k b o di es ri c h i n C a-M g -F e 6 3  

sili c at e mi n er als ( e. g., oli vi n e, p yr o x e n e, pl a gi o cl as e, f el ds p ars; e. g., C h a n g et al., 1 9 9 8 a n d 6 4  

r ef er e n c es t h er ei n); s u c h e n vir o n m e nts ar e b ei n g e x pl or e d as o n e of m a n y n at ur al a n al o g u es t o 6 5  

e n gi n e er e d C O 2  st or a g e (e. g., P o w er a n d S o ut h a m, 2 0 0 5; P o w er et al., 2 0 1 3; Wils o n et al., 6 6  

2 0 0 9) .  6 7  

 C ar b o n at e c o m p ositi o ns of t h e m a g n esit es -si d erit e s eri es ar e f o u n d  i n M arti a n m et e orit es 6 8  

(e. g., Eil er et al., 2 0 0 2; Nil es et al., 2 0 1 3) , w h er e t h e y c o-o c c ur  wit h m e m b ers of t h e d ol o mit e -6 9  

a n k erit e s eri es a n d ot h er , m or e u n us u al c o m p ositi o ns (fr o m a t err estri al p ers p e cti v e) t h at ar e n ot 7 0  

c o nstr ai n e d t o eit h er of t h es e t w o s oli d -s ol uti o ns.  Si mil ar c o m p ositi o ns h a v e b e e n dis c o v er e d i n 7 1  

h y dr ot h er m all y alt er e d v ol c a ni c d e p osits i n S pit z b er g e n (e. g., Tr ei m a n et al., 2 0 0 2)  a n d ar e b ei n g 7 2  

e x pl or e d as p ot e nti al t err estri al a n al o g u es f or u n d erst a n di n g t h e f or m ati o n of M arti a n c ar b o n at es 7 3  

(e. g., Bl a k e et al., 2 0 1 0; M orris et al., 2 0 1 1; St er n et al., 2 0 1 3 a n d r ef er e n c es t h er ei n) . 7 4  

 T h e is ot o pi c r ati os of c ar b o n  a n d o x y g e n ar e wi d el y us e d  i n t h e g e os ci e n c es as pr o xi es 7 5  

f or i nf erri n g t h e c o n diti o ns  of  c ar b o n at e f or m ati o n ; of i nt er est m ost c o m m o nl y is t h e t e m p er at ur e 7 6  

of mi n er al pr e ci pit ati o n, t h e  s o ur c e(s) of c ar b o n , a n d t h e n at ur e /s o ur c e of t h e fl ui ds i n v ol v e d 7 7  

(e. g., m ari n e, m et e ori c , mi x e d or h y dr ot h er m al  w at ers ). V ari ati o ns i n t h e δ 1 3 C a n d δ 1 8 O 7 8  

si g n at ur es  of p e d o g e ni c (s oil) c ar b o n at es , f or e x a m pl e, ar e fr e q u e ntl y us e d as i n di c at ors of p ast 7 9  

e c ol o gi c a n d cli m ati c c h a n g e o n t h e c o nti n e nts ( D w or ki n et al., 2 0 0 5; S h el d o n a n d T a bor, 2 0 0 9; 8 0  

S u ar e z et al., 2 0 1 0) . As a f urt h er e x a m pl e, δ 1 3 C a n d δ 1 8 O r e c or ds c o nti n u e t o b e of i nt er est f or 8 1  

g ai ni n g i nsi g ht s i nt o t h e di a g e n eti c a n d m et a m or p hi c hist or y of b a n d e d ir o n-f or m ati o ns (e. g., 8 2  

B e u k es et al., 1 9 8 9; B e u k es a n d Kl ei n, 1 9 9 0; H ei m a n n  et al., 2 0 1 0; K a uf m a n et al., 1 9 9 0 b; P err y 8 3  

et al., 1 9 7 3) , as w ell as t o m a k e i nf er e n c es a b o ut t h e u ni q u e p al e o e n vir o n m e nt al c o n diti o ns 8 4  

u n d er w hi c h t h e y f or m e d, at l e ast i n s o f ar as ir o n -f or m ati o n c ar b o n at es c o nstit ut e a s uit a bl e 8 5  



pr o x y f or t h e c h e mi str y o f a n ci e nt s e a w at er a n d at m os p h eri c C O 2  l e v els (s e e H ei m a n n et al., 8 6  

2 0 1 0; J o h ns o n et al., 2 0 1 3) . I n m a n y c as es, h o w e v er, t h e 'f ull-r a n g e' of i s ot o p e v al u es wit hi n a 8 7  

s a m pl e ( or s o m e cl os e a p pr o xi m ati o n t h er e of) c a n n ot b e r es ol v e d a n d i nt er pr et e d d u e t o t h e 8 8  

t e c h ni c al li mit ati o ns of t h e s a m pli n g m et h o ds e m pl o y e d i n c o n v e nti o n al is ot o p e r ati o m ass 8 9  

s p e ctr o m etr y. T his c o m m o nl y i n v ol v es g e n er ati n g s a m pl e p o w d ers b y mi cr o -drilli n g  d o m ai ns 9 0  

t h at ar e h u n dr e ds of mi cr o m et ers i n di a m et er (l e a di n g t o p ot e nti al si g n al a v er a gi n g eff e cts, 9 1  

es p e ci all y i n i nst a n c es w h er e m ulti pl e c ar b o n at e p h as es ar e pr es e nt a n d cr yst al si z e is s m all) . 9 2  

 T h e m oti v ati o n f or t hi s r es e ar c h gr e w o ut of a n e e d f or R Ms  i n t h e w a k e of r e c e nt 9 3  

t e c h ni c al a d v a n c es i n c ar b o n at e δ 1 3 C a n d δ 1 8 O  mi cr o a n al ysis b y SI M S , a n d t h e p ot e nti al 9 4  

a p pli c a bilit y  of t hi s t e c h ni q u e t o  i nt e nsif yi n g r es e ar c h eff orts c o n c er n e d wit h g e ol o gi c c ar b o n -9 5  

s e q u estr ati o n  ( M c Gr ail et al., 2 0 1 6; Śli wi ńs ki et al., 2 0 1 7). Is ot o p e r ati os i n c ar b o n at es c a n n o w 9 6  

b e r o uti n el y m e as ur e d i n-sit u fr o m mi cr o m et er-s c al e s a m pl e d o m ai ns wit h s u b -p er mil ( ‰) 9 7  

r e p e at a bilit y (s e ns u VI M 2 0 0 8, 2. 2 0 a n d 2. 2 1)  ( V all e y a n d Kit a, 2 0 0 9). T h e a c c ur a c y of 9 8  

m e as ur e m e nt  (s e ns u VI M 2 0 0 8, 2. 1 3)  i n r el ati o n t o a c ertifi e d r ef er e n c e m at eri al (e. g.,  NI S T -1 9) , 9 9  

h o w e v er, d e p e n ds i n l ar g e -p art o n t h e a v ail a bilit y a n d o v er all q u alit y of m atri x -m at c h e d R Ms.  1 0 0  

T h at is, a c c ur a c y is li mit e d  b y t h e e xt e nt t o w hi c h R Ms ar e  c h e mi c all y a n d is ot o pi c all y 1 0 1  

h o m o g e n o us o n t h e s p ati al s c al e of i nt e n d e d us e , a n d a s uffi ci e nt n u m b er of t h es e ar e n e e d e d t o 1 0 2  

a d e q u at el y c h ar a ct eri z e  bi as as a f u n cti o n of c h e mi c al c o m p ositi o n (e. g., H er vi g et al., 1 9 9 2; 1 0 3  

V all e y a n d Kit a, 2 0 0 9) . F or m a n y mi n er al f a mili es w h er ei n  t h e c o m p ositi o n al e n d-m e m b ers 1 0 4  

f or m e xt e nsi v e or c o m pl et e s oli d-s ol uti o ns wit h o n e -a n ot h er –  s u c h as t h e c ar b o n at es - pr o p er 1 0 5  

st a n d ar di z ati o n r e m ai ns a w or k i n -pr o gr ess f or t h e c o m m u nit y of SI M S l a b or at ori es ar o u n d t h e 1 0 6  

w orl d.   1 0 7  

 1 0 8  

 1 0 9  

2.  M E T H O D S  1 1 0  

 T h e m et h o d ol o g y  e m pl o y e d is d o c u m e nt e d i n d et ail i n t h e first t w o p arts of t hi s st u d y 1 1 1  

( Śli wi ńs ki et al., 2 0 1 6 a, 2 0 1 6 b). T h us, o nl y a s k el et al o utli n e is pr o vi d e d h er e.  1 1 2  

 C l e a n gr ai n s plits ( 4 2 5-7 1 0 µ m si z e -fr a cti o n) of 3 8 diff er e nt n at ur all y -o c c urri n g  1 1 3  

c ar b o n at e  mi n er al  s p e ci m e ns  of t h e m a g n esit e -si d erit e s eri es ( T a bl e 1)  w er e  pr e p p e d aft er 1 1 4  

e xtr a cti n g a p pr o x i m at el y o n e -h alf t o 1 c m 3  of t h e cl e ar est or m ost vis u all y -u nif or m d o m ai n of 1 1 5  

e a c h s a m pl e. A s uit e of p oli s h e d gr ai n m o u nt s w as pr e p ar e d a n d all 3 8 t e st m at eri als w er e first 1 1 6  

e v al u at e d f or c h e mi c al z o ni n g b y B S E-S E M i m a gi n g  (e a c h gr ai n m o u nt c o nt ai n e d t w e nt y 1 1 7  

r a n d o ml y-s el e ct e d gr ai ns of fi v e diff er e nt  s p e ci m e ns ). T h e m ost vis u all y u nif or m t est m at eri als 1 1 8  

(1 7  of t h e 3 8  i n t ot al) w er e t h e n ass ess e d b y E P M A  f or v ari a n c e i n c h e mi c al c o m p ositi o n 1 1 9  

(t y pi c all y 3 s p ot a n al ys es r a n d o ml y pl a c e d o n e a c h of 2 0 gr ai ns)  a n d l at er b y SI M S t o d et er mi n e 1 2 0  

t h e e xt e nt of δ1 8 O a n d δ 1 3 C u nif or mit y  (t y pi c all y 1 s p ot o n e a c h of 2 0 gr ai ns). SI M S 1 2 1  

m e as ur e m e nts w er e m a d e usi n g t h e C A M E C A I M S 1 2 8 0 l ar g e r a di us m ulti c oll e ct or i o n 1 2 2  

mi cr o pr o b e at t h e Wis c SI M S L a b or at or y, D e p art m e nt of G e os ci e n c e, U ni v ersit y of Wis c o nsi n -1 2 3  

M a dis o n) . T hirt e e n of t h es e t est m at eri als (T a bl e 1 ) w er e c o nsi d er e d a c c e pt a bl e a n d l astl y  1 2 4  

a n al y z e d b y c o n v e nti o n al p h os p h ori c a ci d di g e sti o n  (1 2  h o u rs, 1 0 0 ° C)  a n d g as -s o ur c e m ass 1 2 5  



s p e ctr o m etr y ( M c Cr e a, 1 9 5 0) t o c ali br at e t h e a v er a g e δ1 3 C a n d δ 1 8 O v al u es r el ati v e t o V P D B a n d 1 2 6  

V S M O W, r es p e cti v el y . I n e a c h c as e, a si n gl e 2 5-5 0 m g s u bs a m pl e of gr ai ns w as p o w d er e d a n d 1 2 7  

t hr e e s e p ar at e di g esti o ns w er e p erf or m e d o n ~ 5 -m g s plits.  P h os p h ori c a ci d -fr a cti o n ati o n f a ct or s 1 2 8  

f or δ1 8 O m e as ur e m e nts c al c ul at e d b as e d o n c o m p ositi o n usi n g t h e f or m ul ati o n of R os e n b a u m 1 2 9  

a n d S h e p p ar d  (1 9 8 6) .  1 3 0  

C h e mi c al h o m o g e n eit y e v al u ati o ns b y E P M A w er e p erf or m e d usi n g eit h er a 1 -, 5- or 1 0 -1 3 1  

µ m di a m et er  b e a m  (C A M E C A S X -5 1 or S X Fi v e F E, o p er at e d at 1 5 k e V a n d 1 0 -2 0 n A; s e e 1 3 2  

S u p pl e m e nt ar y A p p e n di x 1 f or R M -s p e cifi c d et ail s). Fl u or es c e nt x -r a y si g n als o n all s p e ctr al 1 3 3  

p e a k p ositi o ns  ( M g, C a, M n a n d F e K α p e a ks, Sr -L α)  w er e m e as ur e d  f or eit h er 6 0 or 1 2 0 1 3 4  

s e c o n ds. T h e g ui di n g pri n ci pl e w as t o a c q uir e at l e ast 1 0, 0 0 0 b a c k gr o u n d -c orr e ct e d F e -K α or 1 3 5  

M g -K α c o u nts fr o m t h e n e ar e n d -m e m b er c o m p o siti o ns t h at c o nt ai n l o w c o n c e ntr ati o ns of t h es e 1 3 6  

el e m e nts ( < 2 m ol. %); t his e ns ur es t h at t h e r el ati v e st a n d ar d d e vi ati o n  ass o ci at e d wit h x -r a y 1 3 7  

c o u nti n g st atisti cs r e m ai ns b el o w 1 %. S p e ctr al b a c k gr o u n d c orr e cti o ns w er e i m pl e m e nt e d usi n g 1 3 8  

t h e M e a n At o mi c N u m b er ( M A N) m et h o d d es cri b e d b y D o n o v a n a n d Ti n gl e ( 1 9 9 6). D uri n g t h e 1 3 9  

c o urs e of a p oi nt a n al ysi s, t h e  i nt e nsiti es of c h ar a ct eristi c x-r a ys fl u or es ci n g fr o m el e ctr o n b e a m-1 4 0  

s e nsiti v e m at eri als c a n drift ; t hi s eff e ct w as  m o nit or e d a n d c orr e ct e d b y a f e at ur e i n Pr o b e f or 1 4 1  

E P M A s oft w ar e ( D o n o v a n et al. 2 0 0 7) c all e d ' T DI' (ti m e -d e p e n d e nt i nt e nsit y), w h er e d at a 1 4 2  

pl ott e d i n m e as ur e d x -r a y i nt e nsit y  vs. ti m e s p a c e ar e d e -tr e n d e d b ef or e Z A F c orr e cti o ns ar e 1 4 3  

a p pli e d.  1 4 4  

 1 4 5  

3 . A  N O T E O N T E R M I N O L O G Y  A N D D A T A P R E S E N T A TI O N  1 4 6  

 M e as ur e m e nts of c ar b o n a n d o x y g e n is ot o p e r ati os i n c ar b o n at e mi n er als b y SI M S ar e 1 4 7  

aff e ct e d b y s yst e m ati c i n a c c ur a ci es arisi n g fr o m m ass fr a cti o n ati o n eff e cts , a c o m p o n e nt of 1 4 8  

w hi c h is i nstr u m e nt al i n n at ur e . F r a cti o n ati o n o c c urs: 1) d uri n g s e c o n d ar y i o n f or m ati o n at t h e 1 4 9  

s a m pl e s urf a c e (s p utt eri n g); 2) d uri n g u pt a k e a n d tr a ns mi ssi o n t hr o u g h t h e m ass s p e ctr o m et er; 1 5 0  

a n d  t h e n a g ai n 3) d uri n g d et e cti o n ( e. g., Eil er et al., 1 9 9 7 b ; Fit z si m o ns et al., 2 0 0 0; H er vi g et al., 1 5 1  

1 9 9 2; H u b ert y et al., 2 0 1 0; V all e y a n d Kit a, 2 0 0 9) . A f urt h er c o m p o n e nt of m ass fr a cti o n ati o n  is 1 5 2  

r el at e d t o s a m pl e c o m p ositi o n, w hi c h v ari es  s yst e m ati c all y i n mi n er als  t h at e x hi bit s oli d -s ol uti o n 1 5 3  

b e h a vi or  (i. e., t h e s a m pl e m atri x eff e ct ) (e. g., Eil er et al., 1 9 9 7 a, b ; I c k ert a n d St er n, 2 0 1 3; 1 5 4  

Kit aji m a et al., 2 0 1 5; P a g e et al., 2 0 1 0; Ri ci p uti et al., 1 9 9 8; Śli wi ńs ki et al., 2 0 1 6 a, 2 0 1 6 b) .  1 5 5  

 F or a gi v e n SI M S c o nfi g ur ati o n,  t h es e c oll e cti v e eff e cts c a n b e hi g hl y c o nsist e nt  a cr oss 1 5 6  

a n al yti c al s essi o ns s pr e a d o v er a m ulti -y e ar p eri o d ( Śli wi ńs ki et al., 2 0 1 6 a, 2 0 1 6 b). T hr o u g h o ut 1 5 7  

t hi s arti cl e, we will r ef er t o t h e s u m t ot al of t h es e eff e cts as t h e δ 1 8 O a n d δ 1 3 C " bi as. " As d efi n e d 1 5 8  

b y t h e I nt er n ati o n al V o c a b ul ar y of M etr ol o g y  ( VI M, 2 0 0 8), " m e as ur e m e nt bi as " is a n " esti m at e 1 5 9  

of a s yst e m ati c m e as ur e m e nt err or " ( 2. 1 8, VI M 2 0 0 8), t h e eff e cts of w hi c h c a n b e c o m p e ns at e d 1 6 0  

f or b y a c orr e cti o n or c ali br ati o n. A s yst e m ati c m e as ur e m e nt err or, t h e c a us es of w hi c h c a n b e 1 6 1  

k n o w n or u n k n o w n, is t h e " c o m p o n e nt of m e as ur e m e nt err or t h at i n r e pli c at e m e as ur e m e nts 1 6 2  

r e m ai ns c o nst a nt or v ari e s i n a pr e di ct a bl e m a n n er ( 2. 1 7, VI M 2 0 0 8). "   1 6 3  

 At pr es e nt , s e c o n d ar y i o n yi el ds a n d t h e bi as i m p art e d t o is ot o p e r ati os d uri n g s p utt eri n g 1 6 4  

c a n n ot b e a c c ur at el y pr e di ct e d fr o m first pri n ci pl es  f or n at ur all y-o c c urri n g mi n er als a n d gl ass es . 1 6 5  



F urt h er, th e r el ati v e c o ntri b uti o n s of  i nstr u m e nt al vs.  s a m pl e m atri x eff e cts  to t h e t ot al 1 6 6  

m e as ur e m e nt bi as  ar e u n k n o w n  (s e e, h o w e v er, t h e w or k of Fà br e g a et al., 2 0 1 7) . N o n et h el ess, 1 6 7  

c ar b o n at e δ 1 8 O a n d δ 1 3 C v al u es c a n b e d et er mi n e d a c c ur at e l y b y SI M S  wit h pr o p er 1 6 8  

st a n d ar di z ati o n. Criti c all y,  bi as c a n v ar y fr o m s es si o n t o s essi o n d u e t o v ari ati o ns i n i nstr u m e nt al 1 6 9  

p ar a m et ers. F or c ar b o n at e s oli d -s ol uti o ns, t hi s r e q uir es  a s uffi ci e nt n u m b er of w ell -c h ar a ct eri z e d 1 7 0  

R M s t o e m piri c all y c h ar a ct eri z e bi as as a f u n cti o n of c h e mi c al c o m p ositi o n o n a s ess i o n-b y -1 7 1  

s essi o n b asis.   1 7 2  

 T h e bi as ass o ci at e d wit h SI M S m e as ur e m e nts of δ 1 8 O a n d δ 1 3 C  v al u es fr o m R Ms is 1 7 3  

e x pr ess e d as f oll o ws:  1 7 4  

  1 7 5  

α 1 8 O SI M S =
1 + ( δ 1 8 O r a w / 1 0 0 0 )

1 +  ( δ 1 8 O V S M O W / 1 0 0 0 )
                                                (E q. 1)  1 7 6  

 1 7 7  

α 1 3 C SI M S =
1 + ( δ 1 3 C r a w / 1 0 0 0 )

1 +  ( δ 1 3 C V P D B / 1 0 0 0 )
                                                  (E q. 2)  1 7 8  

 1 7 9  

( m o difi e d aft er Kit a et al., 2 0 0 9) . F or e a c h R M, t h e t er ms ' δ1 8 O r a w' a n d 'δ 1 3 C r a w' r e pr es e nt t h e 1 8 0  

m e as ur e d 1 8 O/ 1 6 O  a n d 1 3 C/ 1 2 C r ati os t h at h a v e b e e n c orr e ct e d f or b a c k gr o u n d , drift,  a n d d et e ct or 1 8 1  

d e a d -ti m e (if el e ctr o n m ulti pli ers ar e us e d) a n d r es p e cti v el y n or m ali z e d t o t h e 1 8 O/ 1 6 O r ati o i n 1 8 2  

Vi e n n a St a n d ar d M e a n O c e a n ( 1 8 O/ 1 6 O V S M O W = 0. 0 0 2 0 0 5 2 0 B a erts c hi, 1 9 7 6)  a n d t h e 1 3 C/ 1 2 C 1 8 3  

r ati o i n t h e Vi e n n a P e e-D e e B el e m nit e ( 1 3 C/ 1 2 C V P D B  = 0. 0 1 1 2 3 7 2; Alli s o n et al., 1 9 9 5; Cr ai g, 1 8 4  

1 9 5 7) . T h e y ar e t h us e x pr ess e d i n t h e c ust o m ar y w a y as p er mil d e vi ati o n s ( ‰; δ-n ot ati o n) fr o m 1 8 5  

t h e a c c e pt e d v al u es of t h e V S M O W a n d V P D B c ertifi e d r ef er e n c e m at eri als ( C R Ms). H o w e v er, 1 8 6  

b ot h t er ms ar e bi as -u n c orr e ct e d a n d ar e t h er ef or e n ot a c c ur at e r el ati v e t o V S M O W a n d V P D B. 1 8 7  

T h e t er ms ' δ 1 8 O V S M O W ' a n d 'δ 1 3 C V P D B ,' o n t h e ot h er h a n d, r e pr es e nt t h e a v er a g e δ1 8 O a n d δ 1 3 C 1 8 8  

v al u es of t h e s a m e R M t h at h a v e b e e n i n d e p e n d e ntl y c ali br at e d t o t h e V S M O W a n d V P D B 1 8 9  

s c al es b y c o n v e nt i o n al p h os p h ori c a ci d di g esti o n a n d g as-s o ur c e m ass s p e ctr o m etri c a n al ysis.  1 9 0  

 V al u es of α 1 8 O SI M S  a n d α 1 3 C SI M S  ( e q. 1 a n d 2) ar e g e n er all y  cl os e t o u nit y , a n d ar e 1 9 1  

t h er ef or e c o nsist e ntl y e x pr ess e d t hr o u g h o ut t hi s arti cl e usi n g δ-n ot ati o n a n d r ef err e d t o as t h e 1 9 2  

' δ1 8 O bi as' a n d ' δ 1 3 C bi as,' r es p e cti v el y:   1 9 3  

 1 9 4  

bi a s  ( ‰ ) = 1 0 0 0 ∙ ( α − 1 )                                              (E q. 3)  1 9 5  

 1 9 6  

w h er e α is eit h er α 1 8 O SI M S  or α 1 3 C SI M S . 1 9 7  

 A ll e q u ati o ns pr es e nt e d h er e ar e f or m ul at e d s u c h t h at all m at h e m ati c al o p er ati o ns 1 9 8  

i n v ol vi n g m ulti pli c ati o n or di vi si o n ar e p erf or m e d o n α-t er ms, e x pli citl y a v oi di n g t h e c o m m o n 1 9 9  

a p pr o xi m ati o n w h er e: δ A − δ B ≅ 1 0 0 0l n  ( α A − B ) . T h us, f or e x a m pl e, if t w o or m or e is ot o p e 2 0 0  

r ati os e x pr ess e d usi n g δ-n ot ati o n ar e t o b e m ulti pli e d a n d/ or di vi d e d, t h e y ar e first c o n v ert e d t o 2 0 1  

α -v al u es,  m ulti pli e d a n d/ or di vi d e d, a n d fi n all y c o n v ert e d b a c k t o i s ot o p e δ -v al u es.  2 0 2  



 I n or d er t o c o nstr u ct w or ki n g c ali br ati o n c ur v e s t h at r el at e bi as t o c h e mi c al c o m p ositi o n , 2 0 3  

t h e δ1 8 O a n d δ 1 3 C bi as  of e a c h R M w as n or m ali z e d ( or '' a n c h or e d ")  t o t h at of  e n d -m e m b er 2 0 4  

m a g n esit e ( U W M gs 1):  2 0 5  

 2 0 6  

δ 1 3 C  o r  δ 1 8 O   bi a s ∗ ( R M − U W M g s 1 ) ( ‰ ) = 1 0 0 0  ∙ [
1 + ( bi a s R M / 1 0 0 0 )

1 + ( bi a s U W M g s 1 / 1 0 0 0 )  
 −  1 ]      (E q. 4)  2 0 7  

 2 0 8  

T h e ' *' s y m b ol i n di c at e s a n or m ali z e d bi as v al u e . T h e ass o ci at e d pr o p a g ati o n of a n al yti c al 2 0 9  

u n c ert ai nti es  ar e  of t h e s a m e g e n er al f or m as t h at r e p ort e d i n Śli wi ńs ki et al. ( 2 01 6 a; 2 1 0  

S u p pl e m e nt al A p p e n di x S 5).  2 1 1  

 I n cr oss-pl otti n g a n d e x a mi ni n g δ 1 3 C a n d δ 1 8 O bi as as a f u n cti o n of c ati o n c h e mi str y of 2 1 2  

t h e m a g n esit e-si d erit e s eri es, t h e c o m p ositi o n is c o nsist e ntl y e x pr ess e d as t h e F e/( M g + F e) m ol ar 2 1 3  

r ati o (i. e., t h e F e #).  2 1 4  

U n c ert ai nti es  ass o ci at e d wit h SI M S δ 1 3 C a n d δ 1 8 O  m e as ur e m e nts  ar e r e p ort e d i n o n e of 2 1 5  

t w o w a ys:  2 1 6  

1) A s a st a n d ar d d e vi ati o n v al u e  ( at t h e 9 5 % c o nfi d e n c e l e v el) f or a s a m pl e of a 2 1 7  

p o p ul ati o n  (2 𝑠 =  2 √
∑ ( 𝑥 − 𝑥 )̅ 2

( 𝑛 − 1 )
, w h er e 𝑥  ̅i s t h e a v er a g e (st ati sti c al m e a n) of a s et of n  v al u es). T his 2 1 8  

is r el e v a nt i n r e p orti n g: 1) t h e l e v el of is ot o pi c h o m o g e n eit y of e a c h  e v al u at e d  R M  ( w h er e th e 2 1 9  

i nt e nt is t o s h o w t h e e xt e nt t o w hi c h i n di vi d u al m e as ur e m e nts ar e s pr e a d a b o ut t h e m e a n), a n d 2) 2 2 0  

t h e m e as ur e m e nt pr e cisi o n  f or a si n gl e s a m pl e s p ot -a n al ysis  ( b as e d o n t h e 2s v al u e  of 8 r e p e at 2 2 1  

m e as ur e m e nts of a drift -m o nit ori n g m at eri al t h at br a c k et s e a c h s et of ~ 1 0 s a m pl e 2 2 2  

m e as ur e m e nts).  2 2 3  

2) A s a st a n d ar d err or of t h e m e a n  ( at t h e 9 5 % c o nfi d e n c e l e v el) f or a s a m pl e of a 2 2 4  

p o p ul ati o n  (2 𝑠 𝑒 = 2 𝑠 / √ 𝑛 , w h er e n  is t h e n u m b er of o bs er v ati o ns ). T his is p arti c ul arl y r el e v a nt 2 2 5  

t o c ali br ati o n di a gr a ms, w h er e t h e 2s e  v al u e r efl e cts u p o n h o w w ell t h e a v er a g e is k n o w n f or 2 2 6  

e a c h s et of r e pli c at e R M m e as ur e m e nts. As t h e n u m b er of r e pli c at e m e as ur e m e nts (n ) i n cr e as es, 2 2 7  

t h e a v er a g e v al u e c al c ul at e d f or  e a c h R M  b e c o m e s a m or e r eli a bl e esti m at e of e a c h r es p e cti v e 2 2 8  

p o p ul ati o n a v er a g e.  U n c ert ai nti es ass o ci at e d wit h r e gr essi o n p ar a m et ers ar e als o e x pr ess e d as 2 2 9  

2 s e v al u es.   2 3 0  

A us ef ul r e vi e w of t h e u n c ert ai nti es ass o ci at e d wit h SI M S m e as ur e m e nts c a n b e f o u n d, 2 3 1  

f or e x a m pl e, i n Fit z si m o ns et al. ( 2 0 0 0).  2 3 2  

 2 3 3  

4 . R E S U L T S A N D D I S C U S SI O N  2 3 4  

 2 3 5  

4. 1 . S U M M A R Y O F C H E M I C A L  H O M O G E N EI T Y A S S E S S M E N T S  2 3 6  

T h e c ali br ati o n s uit e c o n sists of 1 2  r ef er e n c e m at eri als (s e e T a bl e  1 ). T h e c o m pl et e s oli d -2 3 7  

s ol uti o n t h at e xists b et w e e n t h e m a g n esit e ( M g C O 3 ) a n d si d erit e ( F e C O 3 ) e n d -m e m b ers  is 2 3 8  

u nif or ml y r e pr es e nt e d b y 1 1 diff er e nt c ar b o n at e c o m p ositi o ns  ( F e # 0. 0 0 2 t o 0. 9 9 7; s e e T a bl e 2) . 2 3 9  

N ot e t h at t w o of t h e m at eri als s o ur c e d fr o m diff er e nt l o c aliti es ( U W M gs 4 a n d 5 a, b) s h ar e a 2 4 0  

si mil ar c ati o n c h e mi str y b ut ar e is ot o pi c all y di ssi mil ar  (m a ki n g f or 1 2 R Ms i n t ot al ). V ari a bilit y 2 4 1  



i n t h e m ol ar F e/( M g + F e) r ati o (i. e., F e #) is as s m all as 0. 0 0 1  ( 2s) a n d d o es n ot e x c e e d 0. 0 2 2  ( 2s) 2 4 2  

F e # u nit s . F or m ost R Ms i n t h e s uit e, t h e r el ati v e st a n d ar d m e as ur e m e nt u n c ert ai nt y ( 1 0 0 × 2 𝑠 /2 4 3  

𝑥 𝑥 𝑛 𝑥 𝑠 𝑒 𝑠 ; 9 5 % c o nfi d e n c e l e v el) f all s b et w e e n 0. 1 a n d 1 3. 7 %. T h e r el ati v el y hi g h v al u e ( 3 3. 6 %) 2 4 4  

ass o ci at e d wit h U W M gs 2 –  w hi c h c o nt ai ns 1. 2 5 % F e C O 3  –  r efl e cts gr e at er c h e mi c al 2 4 5  

h et er o g e n eit y c o m p ar e d t o all ot h er R Ms i n t h e s uit e, r e q uiri n g a l ar g er n u m b er of r e pli c at e 2 4 6  

a n al ys es f or r o uti n e us e  (t y pi c all y at l e ast 8). I n t h e c as e of t h e m a g n esit e e n d-m e m b er 2 4 7  

( U W M gs 1), h o w e v er, t h e hi g h r el ati v e st a n d ar d m e as ur e m e nt u n c ert ai nt y  v al u e ( 4 9 %) is 2 4 8  

ass o ci at e d wit h o nl y a tr a c e c o n c e ntr ati o n  of F e ( 0. 1 7 % F e C O3 ), w hi c h h a s n o m e as ur a bl e eff e ct 2 4 9  

o n δ 1 8 O or δ 1 3 C bi as.      2 5 0  

L ess t h a n 1 % M n C O 3  is pr es e nt i n R M c o m p o siti o ns n e ar t h e m a g n esit e e n d-m e m b er 2 5 1  

( F e # < 0. 1 5), w her e as all ot h ers g e n er all y c o nt ai n < 5 % (t h e o n e e x c e pti o n is U W S d 4, wit h 2 5 2  

8. 3 5 %). T h e e ntir e s uit e c o nt ai ns u p t o ~ 1 % C a C O 3  a n d n o d et e ct a bl e  Sr ( d et e cti o n li mit of 2 5 3  

0. 0 0 1 %  Sr C O 3 ). 2 5 4  

T h e c o m pl et e E P M A d at as et i s pr o vi d e d as a S u p pl e m e nt ar y A p p e n di x ( 1).   2 5 5  

 2 5 6  

4. 2 . S U M M A R Y O F I S O T O PI C H O M O G E N EI T Y A S S E S S M E N T S  2 5 7  

 T h e l e v el of is ot o pi c h o m o g e n eit y of e a c h R M o n t h e  mi cr o a n al yti c al s c al e w as ass ess e d 2 5 8  

usi n g a 1 0 -µ m di a m et er s p ot -si z e f or δ 1 8 O a n d a 6 -µ m s p ot -si z e f or δ 1 3 C m e as ur e m e nts.  2 5 9  

T y pi c all y, ~ 2 0 diff er e nt gr ai ns w er e  a n al y z e d o n c e e a c h.   2 6 0  

 Of t h e 1 2  R Ms i n t ot al, 8  yi el d e d δ 1 8 O  d at as ets wit h 2 s  < 0. 5 6 ‰  (2 s; s e e T a bl e 1 ). A n 2 6 1  

a d diti o n al 3 R Ms yi el d e d 2 s v al u es wit hi n ± 0. 8 6 ‰, a n d ar e c o nsi d er e d t o b e r o uti n el y us a bl e f or 2 6 2  

c ali br ati o n  if t h e 2 s e v al u e is dri v e n t o ≈0. 3 ‰  wit h a s uffi ci e nt n u m b er of r e pli c at e 2 6 3  

m e as ur e m e nts ( a p pr o x i m at el y 8  m e as ur e m e nts  ar e r e q uir e d  i n t hi s c as e fr o m a h a n df ul of gr ai ns, 2 6 4  

w h er e as m or e u nif or m R M s r e q uir e as littl e as  f o ur). F or r ef er e n c e c o n si d er t h at  a  2 s v al u e of  2 6 5  

0. 3 ‰  is e x p e ct e d f or n  = 4 r e pli c at e m e as ur e m e nts  p erf or m e d o n a n o mi n all y h o m o g e n o us 2 6 6  

m at eri al ; t his i s b as e d o n c o nsi d er ati o ns of i o n c o u nti n g st atisti cs, o v er all i n str u m e nt st a bilit y a n d 2 6 7  

sli g ht m o u nt -s p e cifi c diff er e n c es i n δ 1 8 O  bi as v al u es m e as ur e d fr o m drift -m o nit ori n g m at eri als  2 6 8  

(e. g. Kit a et al., 2 0 0 9; V all e y a n d Kit a, 2 0 0 9) . I n t h e c as e of R Ms wit h sli g ht h et er o g e n eit y, a 2s  2 6 9  

v al u e of u p t o a p pr o x i m at el y ± 0. 5 ‰ is c o nsi d er e d  a c c e pt a bl e. R ef er e n c e m at eri al U W M gs 7  is 2 7 0  

n ot  pr ef err e d f or r o uti n e  us e  o n a c c o u nt of a 2 s v al u e of 1. 8 9 ‰ a n d t h e  l ar g e n u m b er of r e pli c at e 2 7 1  

m e as ur e m e nts ( 2 0 +)  r e q uir e d t o dri v e t h e 2 s e v al u e  t o 0. 4 ‰. H o w e v er, d at a f or t hi s m at eri al is 2 7 2  

b ei n g pr es e nt e d b e c a us e it n o n et h el ess pr o vi d e s  criti c al i nsi g ht i nt o t h e m a g nit u d e of SI M S δ1 8 O 2 7 3  

bi as i n t h e c o m p ositi o n al r a n g e b et w e e n F e # 0. 2 t o 0. 4, f or w hi c h it w as diffi c ult t o o bt ai n 2 7 4  

s a m pl es i n s uffi ci e nt q u a ntit y f or R M d e v el o p m e nt.  2 7 5  

 All  1 2  R Ms yi el d e d δ 1 3 C  d at as ets wit h 2 s v al u es < 1. 0 ‰ ( 2 s; T a bl e 1 ). B a s e d o n t h e s a m e 2 7 6  

c o nsi d er ati o ns as a b o v e, a 2 s v al u e of  0. 6 -1. 2 ‰ is e x p e ct e d f or  n = 4 r e pli c at e m e as ur e m e nts 2 7 7  

usi n g t h e i nstr u m e nt al c o nfi g ur ati o n a n d a n al yti c al pr ot o c ol e m pl o y e d at Wis c SI M S f or s m all-2 7 8  

s p ot c ar b o n at e δ 1 3 C a n al ys es  ( 6-µ m di a m et er s p ot -si z e). Pl e as e n ot e t h at  i n c o m p aris o n t o 2 7 9  

o x y g e n, m e as ur e m e nts of c ar b o n is ot o p e r ati o s ar e i n h er e ntl y m or e v ari a bl e  b e c a us e : 1) c ar b o n 2 8 0  

h as a l o w er i o ni z ati o n effi ci e n c y t h a n o x y g e n u n d er c o m p ar a bl e pri m ar y i o n b e a m c o n diti o ns, 2 8 1  



a n d 2) c ar b o n c o m pris es o nl y 2 0 % of all at o m s i n t h e c ar b o n at e cr yst al str u ct ur e ( c o m p ar e d t o 2 8 2  

o x y g e n w hi c h a c c o u nts f or 6 0 %),  r e q uiri n g t h e us e of a n el e ctr o n m ulti pli er f or d et e cti n g t h e 2 8 3  

s e c o n d ar y 1 3 C - i o n str e a m. 2 8 4  

R e pli c at e δ 1 8 O a n d δ 1 3 C m e as ur e m e nts of m g -si z e d  gr ai n -s plits  of e a c h R M  b y 2 8 5  

p h os p h ori c a ci d di g esti o n a n d g as -s o ur c e m ass s p e ctr o m etr y yi el d e d  2 s  v al u es n o l ar g er t h a n 2 8 6  

0. 1 4 ‰ a n d 0. 0 4 ‰, r es p e cti v el y  (A p p e n di x A) . T h e r a n g e of δ 1 8 O v al u es r e pr es e nt e d b y t h e 2 8 7  

e ntir e s uit e e xt e n ds fr o m 7. 9 2 t o 1 6. 9 9 ‰ V S M O W ( -2 2. 3 0 t o -1 3. 5 0 ‰ V P D B), w h er e as t h e 2 8 8  

δ 1 3 C r a n g e e xt e n ds fr o m -1 1. 9 7 t o -0. 3 2 ‰ V P D B.  2 8 9  

T h e c o m pl et e SI M S d at a s et i s pr o vi d e d as a S u p pl e m e nt ar y A p p e n di x ( 2).  2 9 0  

 2 9 1  

4. 3 . C A LI B R A TI O N S  (O V E R V I E W ) 2 9 2  

 I n t h e first t w o p arts  of t his st u d y , w e e m piri c all y c o nstr ai n e d t h e b e h a vi or of SI M S δ 1 8 O 2 9 3  

a n d δ 1 3 C bi as f or c ar b o n at e mi n er al c o m p ositi o ns of t h e d ol o mit e -a n k erit e s oli d -s ol uti o n s eri es  2 9 4  

a n d  i ntr o d u c e d t h e us e of a Hill-t y p e e q u ati o n ( G o ut ell e et al., 2 0 0 8; Hill, 1 9 1 0) as a n a d e q u at e 2 9 5  

m e a ns of  m at h e m ati c all y m o d eli n g t h e hi g hl y n o n -li n e ar distri b uti o n of c ali br ati o n d at a i n 2 9 6  

c o m p ositi o n vs.  bi as s p a c e  (e q u ati o n  4 i n Śli wi ńs ki et al., 2 0 1 6 a, 2 0 1 6 b) : 2 9 7  

 2 9 8  

δ 1 8 O  o r  δ 1 3 C  bi a s ∗ ( R M − R M 𝑠 𝑥 𝑥 − 𝑛 𝑥 𝑠 𝑒 𝑠 𝑛  𝑑 𝑜𝑙 𝑜 𝑚𝑖 𝑡 𝑒 ) =
( 𝐵𝑖 𝑎 𝑠 𝑚 𝑎 𝑥

∗ )  𝑥 𝑛

𝑘 𝑛 + 𝑥 𝑛                         ( E q. 5) 2 9 9  

 3 0 0  

w h er e ' x' = F e # , ' k' a n d ' n' ar e c ur v e -s h a p e p ar a m et ers  a n d  ' Bi as *m a x ' is a n a n al yti c al s essi o n-3 0 1  

s p e cifi c s c ali n g f a ct or . N ot e t h at t h e bi as of e a c h R M is n or m ali z e d t o t h at of a n e n d-m e m b er 3 0 2  

d ol o mit e (' U W 6 2 2 0' at Wis c SI M S ), w hi c h s er v e s as t h e 'a n c h or ' f or t h e d ol o mit e-a n k erit e s eri es  3 0 3  

(t h e ast eris k d e n ot es t h at bi as v al u es h a v e b e e n n or m ali z e d t o t h e c ali br ati o n a n c h or). U n d er 3 0 4  

r o uti n e o p er ati n g c o n diti o ns f or c ar b o n at e δ 1 8 O a n d δ 1 3 C a n al ysis at Wis c SI M S , t hi s e q u ati o n h as 3 0 5  

b e e n r eli a bl y a p pli e d  o v er a 3 -y e ar p eri o d usi n g  t h e s a m e s et of c ur v e-s h a p e p ar a m et er v al u es  t o 3 0 6  

r e gr ess c ali br ati o n d at a a c q uir e d usi n g: 1) 1 0-µ m s p ot -si z e δ 1 8 O a n al ysi s c o n diti o ns; 2) 3 -µ m 3 0 7  

s p ot -si z e δ 1 8 O c o n diti o ns; a n d 3) 6 -µ m s p ot -si z e δ 1 3 C c o n diti o ns ( a d diti o n al c ali br ati o n d at as ets 3 0 8  

h a v e b e e n a c q uir e d si n c e p u bli c ati o n of P arts I a n d II of t hi s st u d y  (e. g., Br o di e 2 0 1 6 , H ar ol ds o n, 3 0 9  

2 0 1 7 ), b ut n o si g nifi c a nt c h a n g es i n t h e v al u es of t h e c ur v e -s h a p e p ar a m et ers h a v e b e e n 3 1 0  

o bs er v e d) . 3 1 1  

 U nli k e t h e d ol o mit e -a n k erit e bi as c ali br ati o ns, t h e m a g n esit e -si d erit e tr e n ds h a v e 3 1 2  

u n e x p e ct e dl y b e h a v e d l ess c o nsist e ntl y  fr o m s essi o n t o s essi o n, a n d h a v e s h o w n m or e 3 1 3  

c o m pl e xit y of c ur v at ur e . T hr o u g h o ut t h e t w o -y e ar ti m e s p a n of R M d e v el o p m e nt , w e h a v e 3 1 4  

a c q uir e d c ali br ati o n d at a f or t h e m a g n esit e-si d erit e s eri es o n m ulti pl e o c c asi o ns; t h e d at as et 3 1 5  

pr es e nt e d h er e i n cl u d es m e as ur e m e nts  fr o m: 1) f o ur s e p ar at e 1 0 -µ m  s p ot -si z e δ 1 8 O s essi o ns; 2) 3 1 6  

t w o 3-µ m  δ 1 8 O s essi o ns; a n d 3) f o ur 6 -µ m δ 1 3 C s essi o ns (s e e d at a s u m m ari es i n T a bl es 3 a n d 4 ). 3 1 7  

T h e b e h a vi or of δ 1 8 O bi a s c ali br ati o ns fell  i nt o o n e of t w o c at e g ori es: t h e first c o nsists of tr e n ds 3 1 8  

wit h t w o i nfl e cti o n p oi nt s  at c o ns t a nt p ositi o ns  al o n g t h e c o m p ositi o n al a xis  (" T y p e -I " 3 1 9  

c ali br ati o ns; d at a fr o m t hr e e 1 0 -µ m s p ot -si z e s essi o ns a n d o n e 3 -µ m s essi o n)  a n d t h e s e c o n d of 3 2 0  

tr e n ds wit h o nl y o n e  i nfl e cti o n p oi nt (T y p e -II; d at a fr o m o n e 1 0 -µ m s p ot -si z e s essi o n a n d o n e 3 -3 2 1  



µ m s essi o n).  T h e b e h a vi or of δ 1 3 C bi as c ali br ati o ns  als o f e ll i nt o o n e of t w o c at e g ori es of tr e n ds 3 2 2  

wit h n o i nfl e cti o n p oi nt s : t h os e r es e m bli n g t h e g e n er al s h a p e of a 3 rd -or d er p ol y n o mi al  ( T y p e-I), 3 2 3  

a n d t h os e t h at c o ul d b e a d e q u at el y r e gr ess e d usi n g a 2 n d -or d er p ol y n o mi al  (T y p e -II). T w o of f o ur 3 2 4  

s essi o ns r e pr es e nt e a c h t y p e of δ 1 3 C bi as c ali br ati o n.  3 2 5  

S h o w n i n t h e m ai n b o d y of t hi s w or k ar e δ 1 8 O - a n d δ 1 3 C -bi as c ali br ati o ns  c o nstr u ct e d 3 2 6  

usi n g m e as ur e m e nts fr o m a si n gl e m o u nt  c o nt ai ni n g t h e f ull s uit e of R Ms  ( d at a fr o m s essi o ns: 3 2 7  

S 2 3 ( 6 -µ m δ 1 3 C) , S 2 2 ( 1 0 -µ m δ 1 8 O ) a n d  t w o 3-µ m δ 1 8 O s essi o ns  - S 2 4 a n d S 2 6).  S h o w n als o, 3 2 8  

i n cl u di n g i n S u p pl e m e nt al A p p e n di x 3, ar e a d diti o n al  e x a m pl es of c ali br ati o n s fr o m e arli er  3 2 9  

(i nt er m e di at e) st a g es of d e v el o p m e nt  d uri n g w hi c h ti m e t h e  s uit e of R Ms w as distri b ut e d a m o n g 3 3 0  

m ulti pl e  gr ai n m o u nt s  (e a c h c o nt ai ni n g u p t o 2 0 gr ai ns of 5 diff er e nt t est m at eri als; s e e T a bl e S A 3 3 1  

3 -1 f or d et ails ). T h es e a d diti o n al e x a m pl es  ar e i n cl u d e d h er e t o d e m o nstr at e t h at t h e t w o δ 1 8 O 3 3 2  

bi as tr e n d t y p es  w e dis c uss  h a v e b e e n  r e pr o d u ci bl e. A n y m o u nt -s p e cifi c diff er e n c es i n bi as 3 3 3  

m e as ur e d fr o m a n y o n e R M  ar e e x p e ct e d t o b e  <  0. 5 ‰  ( 2s ). C o nsi d er, f or e x a m pl e, t h e d at as et 3 3 4  

fr o m s essi o n S 1 9 ( S u p pl e m e nt ar y A p p e n di x 2 ), w h er e f o ur diff er e nt m o u nt s w er e us e d i n 3 3 5  

b uil di n g t h e m a g n esit e -si d erit e c ali br ati o n. F or a n y o n e m o u nt, t h e a v er a g e δ 1 8 O bi as v al u e of 3 3 6  

t h e c o-m o u nt e d drift -m o nit ori n g m at eri al  ( c al cit e “ U W C -3 ” ; K o z d o n et al., 2 0 0 9 ) diff ers b y <  3 3 7  

0. 5 ‰ r el ati v e t o all ot h er m o u nt s.  T h us, a n y p ot e nti al m o u nt -t o-m o u nt bi as diff er e n c es d o n ot 3 3 8  

pr o vi d e a t e n a bl e e x pl a n ati o n f or t h e e xist e n c e ( at pr es e nt) of t w o diff er e nt δ 1 8 O a n d δ 1 3 C  tr e n d 3 3 9  

t y p es. N ot e  i n p arti c ul ar t h at b ot h t y p es of δ1 8 O bi as b e h a vi or h a v e b e e n o bs er v e d o n s e p ar at e 3 4 0  

o c c asi o ns  usi n g t h e s a m e s et of gr ai ns o n  a si n gl e c ali br ati o n m o u nt  usi n g t h e s a m e 3 -µ m s p ot -3 4 1  

si z e δ 1 8 O c o nfi g ur ati o n  ( T a bl e S A 3-1).   3 4 2  

 3 4 3  

4. 3 . 1.  T H E B E H A V I O R O F S I M S  δ 1 8 O  B I A S A L O N G T H E M A G N E SI T E -SI D E RI T E B I N A R Y  3 4 4  

 I n all i nst a n c es ( T y p e-I a n d II tr e n ds), t h e c h a n g e i n t h e δ1 8 O bi as  ( u n-n or m ali z e d)  3 4 5  

b et w e e n t h e e n d -m e m b ers of t h e m a g n esit e -si d erit e s oli d -s ol uti o n s eri es w as n ot u ni dir e cti o n al. 3 4 6  

T o a first -or d er, h o w e v er, t h e m a g nit u d e of t h e bi as d e cr e as e d  as a f u n cti o n of i n cr e asi n g F e -3 4 7  

c o nt e nt  ( Fi g. 2 a-b) . I n ot h er w or ds, t h e p er mil diff er e n c e b et w e e n δ 1 8 O r a w as m e as ur e d b y SI M S 3 4 8  

a n d t h e ' a c c e pt e d' δ 1 8 O V S M O W  v al u es b e c a m e s m all er . T h e bi as w as al w a ys l ar g est f or e n d -3 4 9  

m e m b er m a g n esit e ( a p pr o xi m at el y  -2 0  t o -2 5 ‰ wit h 1 0 -µ m s p ot -si z e a n d  -3 5 ‰ wit h 3 -µ m s p ot) 3 5 0  

a n d diff er e nt b y 1 2 -1 6 ‰ i n r el ati o n t o  e n d -m e m b er si d erit e ( a p pr o xi m at el y  -8  t o -1 2 ‰ wit h 1 0 -3 5 1  

µ m s p ot a n d  -2 0 ‰ wit h 3 -µ m s p ot).  Fr o m h er e o n t h e dis c ussi o n will f o c us o n w or ki n g 3 5 2  

c ali br ati o n c ur v es  ( Fi g. 2c -d ), f or w hi c h δ1 8 O bi as v al u es w er e  n or m ali z e d t o t h e R M wit h F e # = 3 5 3  

0 ( i. e., v al u es e x pr ess e d as δ 1 8 O bi as *( R M -U W M gs 1)), a n d t h us ar e s e e n t o i n cr e as e wit h F e #.  3 5 4  

 3 5 5  

4. 3 .1. 1.  T Y P E -I  δ 1 8 O  T R E N D S  3 5 6  

 1 0 -µ m s p ot -si z e s et u p  ( 3 s essi o n s ): T h e m or e c o m m o n T y p e -I δ1 8 O c ali br ati o ns c a n b e 3 5 7  

d es cri b e d as f oll o ws . A r e pr es e nt ati v e tr e n d is s h o w n i n Fi g ur e 2 c  (s e ssi o n S 2 2 d at a). T h e 3 5 8  

m a g nit u d e of SI M S δ 1 8 O  bi as *( R M -U W M gs 1) i n cr e as ed  e x p o n e nti all y b y ~ 1 3. 5 ‰  b et w e e n F e #  3 5 9  

=  0. 0 a n d  t h e first i nfl e cti o n p oi nt at F e # =  0. 2 5 . T his w as  f oll o w e d b y a gr a d u al d e cr e as e of 3 6 0  

~ 4 ‰ o ut t o t h e s e c o n d i nfl e cti o n p oi nt at F e # = 0. 7 0 , a n d l astl y a n u p w ar d r e b o u n d of ~ 2. 5 ‰ 3 6 1  



b et w e e n F e # = 0. 7 a n d 1. 0 . T h e c ali br ati o n d at a w er e  r e gr ess e d usi n g t h e f oll o wi n g m at h e m ati c al 3 6 2  

e x pr essi o n , w hi c h st e ms fr o m t h e pr o b a bilisti c  pr o p erti es  of t h e s a m e Hill f u n cti o n (e. g., 3 6 3  

G o ut ell e  et al., 2 0 0 8; Hill, 1 9 1 0)  us e d i n r e c e nt w or k o n δ 1 8 O  a n d δ 1 3 C m atri x eff e cts  i n t h e 3 6 4  

d ol o mit e -a n k erit e s eri es ( Śli wi ńs ki et al., 2 0 1 6 a, 2 0 1 6 b). Hill -t y p e e q u ati o ns ar e w ell-s uit e d f or 3 6 5  

d es cri bi n g e m piri c al r el ati o ns hi ps b et w e e n t h e i nt e nsit y of a m e as ur e d eff e ct ( or r es p o ns e) a n d 3 6 6  

t h e c o n c e ntr ati o n of a c ert ai n c o m p o n e nt(s) i n t h e s yst e m u n d er o bs er v ati o n, es p e ci all y i n t h e 3 6 7  

c as e of s yst e ms t h at b e h a v e n o nli n e arl y a n d r e a c h s at ur ati o n:  3 6 8  

 3 6 9  

bi a s ∗ ( R M − U W M g s 1 ) = 𝑠 1 (
𝑥 𝑥 𝑛 − 1

𝑥 𝑠 + 𝑒 𝑠 ) + 𝑛 2 𝑑 𝑜 + 𝑙 3                          (E q. 6 ) 3 7 0  

 3 7 1  

 Wit h t h e a d diti o n of t h e 'x d ' t er m al o n g wit h t h e  t hr e e c o nst a nts 'C 1 ', 'C 2 ', a n d  'C 3 ', t hi s is a 3 7 2  

m o difi e d f or m of e q u ati o n 2 7 of G o ut ell e et al. ( 2 0 0 8) , w h er e 'n', ' k' a n d ' d'  ar e c ur v e s h a p e 3 7 3  

p ar a m et ers a n d  'x' i n o ur a p pli c ati o n is t h e F e # of eit h er a s a m pl e or R M . T h e i nfl u e n c e of t h e 3 7 4  

s h a p e p ar a m et ers o n t h e r e gr essi o n is s h o w n gr a p hi c all y i n Fi g ur e  S A 3 -1 , al o n g wit h a st e p -b y -3 7 5  

st e p gr a p hi c al d es cri pti o n of t h e tr e n d -fitti n g pr o c ess. T h e c o nst a nt s ' C1 ' a n d ' C2 ' all o w  f or 3 7 6  

v erti c al str et c hi n g/ c o m pr essi o n of t h e w or ki n g c ali br ati o n c ur v e  ( Fi g. 2c, s essi o n S 2 2 tr e n d ) t o 3 7 7  

a c c o u nt f or t h e f a ct t h at m e as ur e d bi as v al u es c a n diff er b y u p t o s e v er al ‰ o n a s essi o n -t o-3 7 8  

s essi o n b asis  (a  n e w s essi o n is d efi n e d a n y ti m e si g nifi c a nt c h a n g es ar e m a d e i n t u ni n g 3 7 9  

p ar a m et ers ; ty pi c all y a s essi o n l asts fr o m t w o t o  fi v e d a ys). L astl y, t h e c o n st a nt ' C3 ' a c c o u nt s f or 3 8 0  

t h e f a ct t h at t h e c ali br ati o n c ur v es w o ul d n ot b e a n c h or e d t o t h e ori gi n ( 0, 0) if an  R M  ot h er t h a n 3 8 1  

U W M gs 1 w er e us e d as t h e  n or m ali z er  (t h us i n t h e pr es e nt c as e ' C3 ' = 0) . T his b e c o m es r el e v a nt 3 8 2  

w h e n o n e att e m pt s t o fit a s urf a c e m o d el t o bi as d at a f or t h e e ntir e C a -M g -F e c ar b o n at e t er n ar y.  3 8 3  

F or t hi s , it is n e c ess ar y t o n or m ali z e t h e bi as of all c ar b o n at e R Ms ( i. e., c al cit es, d o l o mit e-3 8 4  

a n k erit es, m a g n esit e -si d erit es) t o a c o m m o n ' a n c h or. ' C o nsi d er, f or e x a m pl e, s etti n g d ol o mit e 3 8 5  

r at h er t h a n m a g n esit e as t h e c o m m o n n or m ali z er (i. e., t h e (0, 0 ) p oi nt ). D oi n g s o w o ul d h a v e t h e 3 8 6  

eff e ct of offs etti n g t h e r e gr essi o n of t h e m a g n esit e -si d erit e s eri es  b y t h e m a g nit u d e  of t h e bi as 3 8 7  

diff er e n c e b et w e e n t h e t w o R Ms ( i. e., δ 1 8 O bi as *( d ol o mit e e n d -m e m b er –  m a g n esit e e n d -m e m b er )), b ut 3 8 8  

w o ul d h a v e n o eff e ct o n t h e o v er all  s h a p e of t h e c ali br ati o n c ur v e.  B e c a us e ' C3 ' is si m pl y a r ati o 3 8 9  

of t w o m e as ur e d v al u es, it  d o es n ot n e e d t o b e d et er mi n e d  b y a  fitti n g al g orit h m, l e a vi n g 3 9 0  

e q u ati o n (6 ) a n e m piri c al  e x pr essi o n of  fi v e-p ar a m et ers .   3 9 1  

 R e gr essi n g t h e o x y g e n is ot o p e bi as d at a fr o m t h e f ull s uit e of c ali br ati o n R Ms ( Fi g ur e 2 c, 3 9 2  

s essi o n S 2 2 ) yi el d s t h e f oll o wi n g c ur v e s h a p e p ar a m et er  (n, k, d ) a n d c o nst a nt (C 1, C 2 ) v al u es  ( ± 3 9 3  

2 s e): n = 1. 8  (± 0. 1 ), k = 0. 2 6  (± 0. 0 4 ), d = 4. 2  (± 2. 9 ), C 1  = 3. 8  (± 1. 0 ) a n d C 2  = 5. 9  (± 1. 2 ), a n d 3 9 4  

C 3 = 0 . T his s a m e s et of c ur v e s h a p e p ar a m et er v al u es w as s u c c essf ull y a p pli e d i n r e gr essi n g 3 9 5  

c ali br ati o n d at a fr o m t w o e arli er s essi o ns d uri n g w hi c h f e w er R Ms w er e a v ail a bl e  ( Fi g. S A  3 -2) . 3 9 6  

I n all t hr e e i nst a n c es, t h e m e as ur e d a v er a g e v al u e of δ 1 8 O bi as *( R M -U W M gs 1) f or all R Ms 3 9 7  

diff ers b y l ess t h a n 0. 5 ‰ fr o m t h e o ut p ut of t h e c ali br ati o n m o d el (s e e r esi d u al pl ot s i n Fi gs. 2 c 3 9 8  

a n d S A  3 -2 ). T his c a n b e  c o nsi d er e d  a m e as ur e of a c c ur a c y  i n r el ati o n t o C R M NI S T -1 9 3 9 9  

( V er k o ut er e n a n d Kli n e di nst, 2 0 0 4). T h e c ali br ati o n r esi d u al s h o ws n o si g nifi c a nt c orr el ati o n t o 4 0 0  

t h e mi n or C a -c o nt e nt of s o m e of t h es e m at eri als  (r  = 0. 0 4 ; u p t o 1. 0 7 m ol % C a C O3  e n d -4 0 1  



m e m b er), n or t o t h e m or e s u bst a nti al  M n  c o n c e ntr ati o ns (r = 0. 1 9 ; u p t o 8. 3 5 m ol % M n C O3  e n d -4 0 2  

m e m b er ). No s e c o n d ar y m atri x c orr e cti o ns w er e  t h us r e q uir e d f or t his p arti c ul ar s uit e of R Ms .  4 0 3  

 I n cl u di n g M n i n t h e F e # c al c ul ati o n , o n a c c o u nt of it s a p pr e ci a bl e c o n c e ntr ati o n  i n t h e 4 0 4  

R M s uit e  a n d t h e o v er all si mil arit y  of M n 2 +  t o F e2 +  i n t er ms of m ass a n d i o ni c r a di us, n eit h er 4 0 5  

si g nifi c a ntl y i m pr o v e d n or d e gr a d e d  t h e q u alit y of t h e r e gr essi o n (s e e Fi g. S A  3 -3 ). N ot e, 4 0 6  

h o w e v er, t h at t h e m ost M n -e nri c h e d R Ms i n t h e s uit e d o n ot f all n e ar t h e m a g n esit e e n d -m e m b er 4 0 7  

of t h e s oli d -s ol uti o n s eri es, w h er e δ 1 8 O bi as c h a n g es m ost r a pi dl y as a f u n cti o n of c ati o n 4 0 8  

c h e mi str y. It is li k el y f or t hi s r e as o n t h at t h e r e gr essi o n r e m ai ns u n aff e ct e d. I n t h e h y p ot h eti c al 4 0 9  

c as e of s a m pl es t h at ar e e nri c h e d i n M n b ut d efi ci e nt i n F e, it m a y b e a d vi s a bl e t o pl ot bi as as a 4 1 0  

f u n cti o n of ( F e + M n)#  (i. e., m ol ar ( F e + M n)/( M g + F e + M n) ), alt h o u g h f ut ur e st u di es will n e e d t o 4 1 1  

r es ol v e m or e c o n cl usi v el y h o w t h e eff e cts of M n -s u bstit uti o n o n δ 1 8 O bi as i n b ot h t h e m a g n esit e -4 1 2  

si d erit e a n d d ol o mit e -a n k erit e s eri es c o m p ar e t o t h os e of ir o n.     4 1 3  

 3 -µ m s p ot -si z e s et u p ( 1 s essi o n ): A diff er e nt s et  of r o uti n e a n al yti c al c o n diti o ns is us e d 4 1 4  

at Wis c SI M S f or 3 - vs. 1 0 -µ m s p ot  c ar b o n at e δ 1 8 O a n al ys es ( d es cri b e d i n Śli wi ńs ki et al., 4 1 5  

2 0 1 6 a) . N ot a bl y, t h e s m all 3-µ m s p ot -si z e c o nfi g ur ati o n m a k es us e of a w e a k er pri m ar y Cs +  i o n 4 1 6  

b e a m ( 6 0 0 p A vs 1. 2 n A) a n d e m pl o ys a n el e ctr o n -m ulti pli er f or d et e cti n g t h e mi n or is ot o p e 4 1 7  

(1 8 O -) i n t h e s e c o n d ar y i o n str e a m ( as o p p os e d t o a F ar a d a y c u p). O n e of t h e t w o 3 -µ m 4 1 8  

c ali br ati o ns g e n er at e d t o d at e  str o n gl y r es e m bl e d t h e t hr e e s elf-c o nsist e nt 1 0 -µ m tr e n ds ( Fi g. 2 d, 4 1 9  

s essi o n S 2 6 d at a; c o m p ar e t o s essi o n S 2 2 tr e n d i n Fi g. 2 c ) a n d w as s u c c e ssf ull y m o d el e d usi n g 4 2 0  

t h e s a m e e m piri c al e x pr essi o n ( e q. 6 ), yi el di n g r esi d u als ≤ 0. 5 ‰ ( Fi g. 2 d ) a n d t h e f oll o wi n g 4 2 1  

p ar a m et er v al u es  ( ± 2s e): n = 1. 9  ( ± 0.1 ), k = 0. 2 4  ( ± 0.0 6 ), d = 1. 6 ( ± 1. 9 ), C 1  = 3. 9 ( ± 1. 8 ) a n d 4 2 2  

C 2  = 5. 8 ( ± 2. 4 ), a n d C 3 = 0. N ot e t h at t h e v al u es of t h e c ur v e -s h a p e p ar a m et ers n  a n d k a n d  t h e 4 2 3  

c o nst a nts C 1  a n d C 2  ar e  wit hi n 2 s e li mits of t hos e ass o ci at e d wit h t h e 1 0-µ m tr e n ds . 4 2 4  

 T his 3 -µ m tr e n d diff er s fr o m t h e a b o v e -m e nti o n e d 1 0 -µ m c ali br ati o ns i n t h at t h e 4 2 5  

m a g nit u d e of SI M S δ 1 8 O bi as *( R M -U W M gs 1) i n cr e as e d m ar k e dl y  b y ~ 1 5. 5 ‰ ( i. e., b y a n 4 2 6  

a d diti o n al 2 ‰ c o m p ar e d t o t h e 1 0 -µ m tr e n ds) b et w e e n F e # = 0. 0 a n d t h e first i nfl e cti o n p oi nt at 4 2 7  

F e # =  0. 2 5.  At t h e pr es e nt ti m e, h o w e v er, t hi s s h o ul d n ot b e vi e w e d as a g e n er al c o n cl usi o n 4 2 8  

a b o ut diff er e n c es b et w e e n 3 - a n d 1 0 -µ m c ali br ati o ns. T h e n u m b er of d at as ets is still li mit e d, a n d 4 2 9  

t hi s 2 ‰ diff er e n c e i n t h e m a g nit u d e of t h e m a xi m u m bi as b et w e e n t h e e n d-m e m b ers of a s oli d -4 3 0  

s ol uti o n  f all s wit hi n t h e g e n er al r a n g e of e x p e ct e d s essi o n -t o-s essi o n v ari a bilit y ( c o m p ar e wit h 4 3 1  

Śli wi ńs ki et al., 2 0 1 6 a, 2 0 1 6 b) . A p ot e nti all y m or e m e a ni n gf ul diff er e n c e m a y li e i n t h e 4 3 2  

o bs er v ati o n t h at t h e bi as m a xi m u m (r el ati v e t o U W M gs 1) at F e # =  0. 2 5 is f oll o w e d b y a m or e 4 3 3  

gr a d u al d e cr e as e of ~ 3 ‰ o ut t o t h e s e c o n d i nfl e cti o n p oi nt at F e # =  0. 7 a n d t h e dis a p p e ar a n c e of 4 3 4  

a si g nifi c a nt r e b o u n d b et w e e n F e # = 0. 7  a n d 1. 0 ( c o m p ar e d t o 1 0 -µ m tr e n d s).  4 3 5  

 4 3 6  

4. 3 .1 .2.  T Y P E -II  δ 1 8 O  T R E N D S   4 3 7  

 1 0 -µ m  a n d 3 -µ m s p ot -si z e s et u p s : T h e alt er n at e b e h a vi or of δ 1 8 O bi as c ali br ati o ns , 4 3 8  

s h o w n i n Fi g ur e 2 c -d , h as b e e n o bs er v e d u n d er b ot h 1 0 - a n d 3 -µ m s p ot -si z e c o n diti o ns . T h es e 4 3 9  

T y p e -II tr e n ds r e pr es e nt tw o of t h e si x s essi o ns  t o d at e. T h e b e h a vi or c a n b e d es cri b e d as 4 4 0  

f oll o ws. St arti n g at F e # = 0. 0, t h e m a g nit u d e of SI M S δ1 8 O bi as *( R M -U W M gs 1) i n b ot h 4 4 1  



i nst a n c es i n cr e as es e x p o n e nti all y a n d r e a c h e s a m a xi m u m of ~ 1 6. 5 ‰ ar o u n d F e # = 0. 4 -0. 5. 4 4 2  

V al u es t h e n st e a dil y d e c li n e b y 1-2 ‰ o ut t o F e # = 1. 0. T his b e h a vi or w as  m o d el e d b y 4 4 3  

c o m bi ni n g t h e Hill e q u ati o n (i n t h e f or m us e d t o m o d el bi as i n t h e d ol o mit e -a n k erit e s eri es; E q. 4 4 4  

5 h er ei n) a n d t h e s e c o n d t er m of E q. 6, w hi c h all o ws t h e Hill f u n cti o n t o d e s c e n d aft er r e a c hi n g a 4 4 5  

m a xi m u m v al u e : 4 4 6  

 4 4 7  

bi a s ∗ ( R M − U W M g s 1 ) = (
𝑠𝑥 𝑥 𝑛 𝑥 𝑠 𝑒

∗  𝑠 𝑛

𝑑 𝑜 + 𝑙 𝑜
) + 𝑚 2 𝑖 𝑡                                ( E q. 7) 4 4 8  

 4 4 9  

All t er ms ar e as d efi n e d e arli er.  4 5 0  

 4 5 1  

4. 3 . 2. A S S E S S M E N T O F P O T E N T I A L C R Y S T A L L O G R A P HI C  O RI E N T A TI O N E F F E C T S  O N δ 1 8 O  B I A S  4 5 2  

 T o o ur k n o wl e d g e, cr yst all o gr a p hi c ori e nt ati o n eff e cts o n δ 1 8 O bi as ( a n al o g o us t o t h os e 4 5 3  

d es cri b e d b y H u b ert y et al., 2 0 1 0; Kit a et al., 2 0 1 1)  h a v e n ot y et b e e n i n v e sti g at e d f or c ar b o n at es 4 5 4  

of t h e m a g n esit e -si d erit e s eri es. W e p erf or m e d a si m pl e t est usi n g t w o diff er e nt m o u nt s, e a c h 4 5 5  

c o nt ai ni n g gr ai ns of si d erit e ( R M U W S d 1) a n d t w o f err o a n -m a g n esit es ( R Ms U W M gs 4 a n d 5 a) 4 5 6  

e x p os e d at t h e a n al yti c al s urf a c e i n o n e of t w o br o a dl y diff er e nt s ets of ori e nt ati o ns wit h r es p e ct 4 5 7  

t o t h e pri m ar y a n d s e c o n d ar y i o n b e a ms.  4 5 8  

 T h e first c at e g or y of ori e nt ati o ns i n cl u d es t h os e  w h er e t h e r h o m bi c cl e a v a g e of m a g n esit e 4 5 9  

a n d si d erit e gr ai ns is p ar all el t o s u b -p ar all el wit h r e g ar ds t o t h e fl att e n e d a n d p oli s h e d a n al yti c al 4 6 0  

s urf a c e of t h e 1 -i n c h di a m et er e p o x y m o u nt; t h es e ori e nt ati o ns t e n d t o b e o v er-r e pr es e nt e d w h e n 4 6 1  

l a yi n g o ut gr ai ns o n c asti n g pl at es, alt h o u g h t h e v ari a bl e r ot ati o n al p ositi o ni n g of cl e a v a g e f a c es 4 6 2  

d o es di v ersif y t h e n u m b er of u ni q u e cr yst all o gr a p hi c ori e nt ati o ns t h at will e v e nt u all y b e e x p os e d 4 6 3  

f or m e as ur e m e nt. It d o e s n ot, h o w e v er, all o w f or a n ass ess m e nt of w h et h er δ 1 8 O bi as dif f ers 4 6 4  

si g nifi c a ntl y al o n g t h e cr yst all o gr a p hi c pl a n es t h at ar e n or m al t o s u b -n or m al t o: 1) r h o m b e d g es 4 6 5  

or t o t h e 2) r h o m b b o d y -di a g o n al l o n g a xis. T h es e ori e nt ati o ns c o m pris e t h e s e c o n d c at e g or y. A 4 6 6  

gr ai n m o u nt w as pr e p ar e d wit h o nl y t hi s s e c o n d c at e g or y of ori e nt ati o ns e x p os e d b y s u p p orti n g 4 6 7  

gr ai ns d uri n g c asti n g wit h stri ps of ri d g e d  c ar b o n t a p e arr a n g e d i n a s eri e s of p ar all el tr e n c h es 4 6 8  

~ 0. 5 m m d e e p a n d s p a c e d ~ 0. 5 m m a p art ( Fi g. S A  3 -4 ). 4 6 9  

 M e as ur e m e nts of δ 1 8 O bi as fr o m b ot h m o u nt s w er e p erf or m e d o n t h e s a m e  d a y of 4 7 0  

a n al ysis (s essi o n S 2 1) a n d w er e f o u n d t o b e w ell wit hi n t h e ± 0. 3 ‰ 2 s r e p e at a bilit y of t h e U W C -4 7 1  

3 br a c k eti n g R M us e d t o m o nit or i nstr u m e nt drift ( T a bl e 5). I n ot h er w or ds, t h er e is n o 4 7 2  

si g nifi c a nt diff er e n c e i n bi as b et w e e n t h e t w o br o a d c at e g ori es of  cr yst all o gr a p hi c ori e nt ati o ns 4 7 3  

d es cri b e d a b o v e.  4 7 4  

 4 7 5  

4. 3 . 3. C U R R E N T I N SI G H T S A N D F U T U R E DI R E C TI O N S T O W A R D S U N D E R S T A N DI N G T H E 4 7 6  

C O M P L E XI T I E S O F δ 1 8 O  B I A S T R E N D S F O R T H E M A G N E SI T E -SI D E RI T E S E RI E S   4 7 7  

 T h e δ 1 8 O  bi as r es p o ns e of c ar b o n at e c o m p ositi o ns b et w e e n F e # 0 a n d 0. 3 is c o m p ar a bl e 4 7 8  

f or T y p e -I a n d -II c ali br ati o n s u n d er b ot h 3 - a n d 1 0 -µ m s p ot -si z e c o n diti o ns ( Fi g. 2 c a n d d; f or 4 7 9  

e as e of c o m p aris o n, all f o ur tr e n ds ar e c o -pl ott e d i n Fi g. S A 3 -5 ). R e c all t h at  c ali br ati o n tr e n ds 4 8 0  

c a n str et c h or c o ntr a ct b y u p t o s e v er al p er mil al o n g t h e bi as a xis  fr o m s e ssi o n t o s essi o n w hil e 4 8 1  



m ai nt ai ni n g c o nst a nt c ur v e -s h a p e p ar a m et er v al u es  (a n d t h at a s essi o n -s p e cifi c s c ali n g f a ct or 4 8 2  

r el at es t h e m; Śli wi ńs ki et al., 2 0 1 6 a, b). Di v er g e n c e i n tr e n d s h a p e is dri v e n b y t h e s essi o n -4 8 3  

s p e cifi c  tr aj e ct or y t a k e n b y c o m p ositi o ns b e y o n d F e # 0. 5 , a n d h as , t o d at e, r es ult e d i n bi as 4 8 4  

diff er e n c es of 2 -6 ‰  f or t h e s u bs et of R Ms b et w e e n F e # 0. 5 a n d 1. 0.  4 8 5  

W e h a v e f o c us e d h er e pri m aril y o n pr es e nti n g t h e first d et ail e d d es cri pti o ns of δ 1 8 O  bi as 4 8 6  

b e h a vi or f or c ar b o n at es of t h e m a g n esit e -si d erit e s eri es, a n d o n o utli ni n g a f u n cti o n al c ali br ati o n 4 8 7  

s c h e m e. T h e e xist e n c e at pr es e nt of t w o diff er e nt δ 1 8 O  c ali br ati o n tr e n d t y p es –  al o n g wit h t h e 4 8 8  

p ossi bilit y t h at m or e v ari a bilit y i n tr e n d s h a p e m a y b e e n c o u nt er e d wit h ti m e –  d o es n ot li mit o ur 4 8 9  

a bilit y t o m a k e a c c ur at e bi as c orr e cti o ns  ( < 0. 5 ‰ r el ati v e t o NI S T-1 9) , pr o vi d e d t h at a s uffi ci e nt 4 9 0  

n u m b er of r ef er e n c e m at eri als  –  s p a n ni n g t h e r a n g e of c o m p ositi o ns b et w e e n m a g n esit e a n d 4 9 1  

si d erit e –  ar e a v ail a bl e  a n d utili z e d e a c h s essi o n . U n d erst a n di n g t h e u n d erl yi n g c a us e(s) of t h e 4 9 2  

c o m pl e xit y w e e n c o u nt er e d  wit h t hi s s oli d -s ol uti o n s eri es , h o w e v er, r e q uir es f urt h er st u d y a n d 4 9 3  

s h o ul d p er h a ps s er v e as a r e mi n d er t h at c ali br ati n g SI M S i nstr u m e nts f or a n al ysis of g e ol o gi c al 4 9 4  

m at eri als r e m ai ns e ntir el y e m piri c al i n n at ur e.  4 9 5  

T h e fi n di n gs of t hi s st u d y st a n d i n c o ntr ast t o o ur e x p eri e n c e wit h c ali br ati n g  t h e 4 9 6  

d ol o mit e -a n k erit e s eri e s. T h e Hill e q u ati o n i ntr o d u c e d pr e vi o usl y  ( Śli wi ński et al., 2 0 1 6 a, b)  h as 4 9 7  

b e e n a p pli e d o v er a 3 -y e ar p eri o d  usi n g t h e s a m e c ur v e -s h a p e p ar a m et er v al u es  t o r e gr ess 4 9 8  

c ali br ati o n d at a a c q uir e d usi n g  t h e s a m e a n al yti c al pr ot o c ols f or 3 - a n d 1 0 -µ m s p ot -si z e δ 1 8 O 4 9 9  

a n al ysi s. W h y, t h e n, d o t h e s e t w o c ar b o n at e s oli d-s ol uti o ns b e h a v e diff er e ntl y u n d er t h e s a m e 5 0 0  

a n al yti c al c o n diti o ns ? O n e p ossi bilit y is t h at t h e δ 1 8 O bi as r es p o ns e is i ns e nsiti v e t o sli g ht 5 0 1  

s essi o n -s p e cifi c diff er e n c es  i n i nstr u m e nt t u ni n g b el o w s om e t hr es h ol d F e ( + M n ?) c o n c e ntr ati o n. 5 0 2  

C o nsi d er t h e d ol o mit e -a n k erit e c ali br ati o n d at a c o m p ar e d wit h t h at of t h e m a g n esit e-si d erit e 5 0 3  

s eri es s h o w n i n Fi g. 3 a ( n ot e t h at c o m p ositi o n is e x pr ess e d h er e as a m ol ar  r ati o of F e+ M n  t o t h e 5 0 4  

s u m t ot al of C a, M g, F e a n d M n [ i. e., X (F e + M n) ] t o a c c o u nt f or t h e f a ct t h at C a i d e all y o c c u pi es 5 0 5  

o n e -h alf of all  c ati o n sit es  i n t h e d ol o mit e str u ct ur e). T h e F e-c o nt e nt of o ur d ol o mit e -a n k erit e 5 0 6  

r ef er e n c e m at eri als d o es n ot e xt e n d  i nt o t h e c o m p ositi o n al fi el d w h er e T y p e -I a n d -II δ1 8 O bi as 5 0 7  

tr e n ds of t h e m a g n esit e -si d erit e s eri es di v er g e i n s h a p e ( n ot e t h at t h e m a xi m u m F e -c o nt e nt of 5 0 8  

n at ur all y -o c c urri n g a n k erit es s e e ms t o b e li mit e d t o X (F e + M n)  ≈ 0. 4; e. g., C h a n g e et al., 1 9 9 6) .  5 0 9  

S o m et hi n g of p ot e nti al i nt er est t o n ot e h er e i n m o vi n g f or w ar d is t h at c ert ai n el e ctr o -5 1 0  

m a g n eti c pr o p erti es of c ar b o n at e mi n er als v ar y b y s e v er al or d ers of m a g nit u d e as a f u n cti o n of 5 1 1  

F e + M n c o nt e nt. O n e e x a m pl e is el e ctri c al r esisti vit y ( 2 x 1 0 1 2  vs.  7 0 m Ω  f or c al cit e a n d si d erit e, 5 1 2  

r es p e ctiv el y; e. g., T elf or d et al., 1 9 9 0). A n ot h er i s m a g n eti c s us c e pti bilit y ( M S), w hi c h i n cr e as es 5 1 3  

b y a f a ct or of 1 0 0 b et w e e n d ol o mit e a n d a n k erit e, c o m p ar e d t o a f a ct or of 1 0 0 0 b et w e e n 5 1 4  

m a g n esit e a n d si d erit e ( Fi g. 3 b; s e e e. g., H u nt et al., 1 9 9 5; R o c h ett e, 1 9 8 8;  S c h mi dt et al., 2 0 0 6, 5 1 5  

2 0 0 7). W e c a n s p e c ul at e t h at pr o p erti es of t hi s n at ur e  m a k e t h e m a g n esit e -si d erit e s eri es m or e 5 1 6  

s e nsiti v e t o s essi o n -s p e cifi c diff er e n c es i n t u ni n g of t h e i nstr u m e nt –  w hi c h c a n m a nif est as 5 1 7  

diff er e n c es i n pit m or p h ol o g y  ( Fi gs. S A 3-6 a n d 3 -7 ) –  b y i nfl u e n ci n g t h e b e h a vi or of t h e 5 1 8  

el e ctr o n cl o u d w hi c h  pr o vi d es c h ar g e c o m p e ns ati o n d uri n g s p utt eri n g (a n d it s r ol e i n pr o m oti n g 5 1 9  

t h e f or m ati o n of s e c o n d ar y o x y g e n  i o ns).  5 2 0  



A p ot e nti all y pr o misi n g dir e cti o n f or f ut ur e st u di es is a n  ass ess m e nt of h o w bi as tr e n ds 5 2 1  

diff er i n s h a p e (if at all) w h e n t h e s p ot -si z e is i nt e nti o n all y m a d e s m all er or l ar g er b y  ~ 2 5 -5 0 %  5 2 2  

u n d er ot h er wis e r o uti n e δ 1 8 O a n al ysis c o n diti o ns  w h er e t h e t ar g et s p ot -si z e is 1 0 -µ m, f or 5 2 3  

e x a m pl e.  Usi n g a pri m ar y b e a m of t h e s a m e i nt e nsit y a n d a fi x e d a n al ysis ti m e, t hi s w o ul d 5 2 4  

n e c ess aril y f or c e a c h a n g e i n t h e pit d e pt h f or a gi v e n c ar b o n at e c o m p ositi o n  (t o m ai nt ai n a 5 2 5  

c o nst a nt v ol u m e of s p utt er e d m at eri al).  A n at ur al e xt e nsi o n of s u c h e x p eri m e nts w o ul d b e a 5 2 6  

ri g or o us ass ess m e nt of s p utt eri n g r at es f or t h e diff er e nt c o m m o n C a -M g -F e c ar b o n at e mi n er als.  5 2 7  

I n li g ht of a n al o g o us st u di es i n sili c at e s yst e ms (e. g.,  Eil er et al., 1 9 9 7 b, Is a et al., 2 0 1 7), t hi s 5 2 8  

c o ul d si g nifi c a ntl y i m pr o v e o ur u n d erst a n di n g of w h at dri v es t h e first -or d er diff er e n c es of ~ 1 0 -5 2 9  

2 0 ‰ i n bi as m a g nit u d e b et w e e n t h e e n d-m e m b ers of t h e d ol o mit e -a n k erit e a n d m a g n esit e -5 3 0  

si d erit e s oli d -s ol uti o n s eri es.    5 3 1  

 W e n e xt c o nti n u e o ur dis c ussi o n of δ 1 8 O  m atri x eff e cts b y bri efl y e x a mi ni n g h o w s o m e 5 3 2  

of t h e b as e si g n als ass o ci at e d wit h T y p e -I a n d -II c ali br ati o n tr e n ds diff er as a f u n cti o n of R M 5 3 3  

c o m p ositi o n.  W e l o o k e d i nt o h o w F e #  aff e cts 1 6 O - i o n yi el ds a n d t h e m a g nit u d e of drift i n t h e 5 3 4  

r a w is ot o p e r ati o o v er t h e c o urs e of a si n gl e s p ot -a n al ysis.  T his  pr o vi d es f urt h er i nsi g ht i nt o t h e 5 3 5  

cir c u mst a n c es u n d er w hi c h i nfl e cti o n p oi nt s a p p e ar i n c ali br ati o n c ur v es, a n d m a y b e of us e i n 5 3 6  

d esi g ni n g f urt h er e x p eri m e nt al st u di es s e e ki n g t o s u p pr ess t hi s c o m pl e xit y.  N o c o m pr e h e nsi v e 5 3 7  

m o d el b as e d o n first pri n ci p l es e xist s at pr es e nt f or a c c ur at el y pr e di cti n g s e c o n d ar y i o n yi el ds 5 3 8  

fr o m g e ol o gi c al m at eri al s ( a n d h e n c e t h e bi as i m p art e d t o is ot o p e r ati os d uri n g s p utt eri n g) . A n 5 3 9  

i m p ort a nt c o m p o n e nt of d e v el o pi n g a n d t esti n g s u c h m o d els, h o w e v er, is a cl e ar e m piri c al 5 4 0  

u n d erst a n di n g of h o w b a s e si g n al s v ar y as a f u n cti o n of c o m p ositi o n f or s oli d -s ol uti o n mi n er al 5 4 1  

s eri es u n d er diff er e nt a n al yti c al c o n diti o ns ( c o nsi d er, f or e x a m pl e, t h e w or k of Ri ci p uti et al., 5 4 2  

1 9 9 8).  5 4 3  

 5 4 4  

4. 3 . 3. 1. D e p e n d e n c e of 1 6 O - i o n yi el d o n F e #  5 4 5  

 T h e s h a p e of i o n yi el d v s.  F e # tr e n ds r es p o n ds t o s essi o n -s p e cifi c diff er e n c es  i n t u ni n g. 5 4 6  

U n d er b ot h s m all a n d l ar g e -s p ot c o n diti o ns , i o n yi el ds w er e al w a ys s m all e st fr o m m a g n esit e a n d 5 4 7  

i n cr e as e d as a f u n cti o n of F e-c o nt e nt o ut t o F e # = 0. 6 4 5; fr o m h er e, yi el ds eit h er c o nti n u e d 5 4 8  

i n cr e asi n g o ut t o t h e si d erit e e n d-m e m b er ( T y p e -II tr e n ds) or b e g a n a gr a d u al d e cli n e ( T y p e-I 5 4 9  

tr e n ds; 5 t o 1 0 % d e cr e as e r el ati v e t o t h e m a xi m u m v al u e at F e # 0. 6 4 5 u n d er l ar g e- a n d s m all -5 5 0  

s p ot c o n diti o ns, r es p e cti v el y).  I n m or e d et ail: 5 5 1  

U n d er 1 0 -µ m s p ot -si z e c o n diti o ns, i o n yi el d tr e n ds ass o ci at e d wit h T y p e-I a n d -II δ 1 8 O  5 5 2  

bi as c ali br ati o ns f oll o w e d diff er e nt tr aj e ct ori es ( p ar a b oli c vs. si g m oi d al, r e s p e cti v el y ; s e e Fi g. 4 a 5 5 3  

a n d a d diti o n al e x a m pl es i n Fi g. S A 3 -8 ). T h e i o n yi el ds of T y p e -I tr e n ds v ari e d b y ~ 1 G c ps/ n A 5 5 4  

b et w e e n t h e e n d -m e m b ers  of t h e s oli d -s ol uti o n , w h er e as t h e diff er e n c e a ss o ci at e d wit h t h e o n e 5 5 5  

e x a m pl e of a T y p e -II tr e n d o bs er v e d u n d er t h es e c o n diti o ns  w as t wi c e as l ar g e . Q u alit ati v el y, t h e 5 5 6  

r at e of c h a n g e i n i o n yi el d w as si mil ar f or b ot h tr e n d t y p es b et w e e n F e # 0. 1 0 5  a n d 0. 6 4 5  b ut 5 5 7  

diff er e d c o nsi d er a bl y n e ar t h e e n d -m e m b er c o m p ositi o ns , w h er e t h e st e e p er sl o p es s e e n i n t h e 5 5 8  

T y p e -II tr e n d r es ult e d i n a c o m p ar ati v el y hi g h er i o n yi el d fr o m si d erit e ( b y ~ 0. 5 G c ps/ n A , a 5 5 9  

~ 1 5 % diff er e n c e ) a n d a l o w er yi el d fr o m m a g n esit e ( b y ~ 0. 3 G c ps/ n A, als o a ~ 1 5 % diff er e n c e ).  5 6 0  



 U n d er 3 -µ m s p ot -si z e c o n diti o ns, t h e i o n yi el d  tr e n ds ass o ci at e d wit h b ot h  bi as 5 6 1  

c ali br ati o n s f oll o w e d p ar a b oli c tr aj e ct ori es wit h m a xi m a at diff er e nt c o m p ositi o ns ( at F e # 0. 6 4 5 5 6 2  

f or t h e T y p e-I tr e n d a n d at t h e si d erit e-e n d m e m b er f or t h e T y p e -II tr e n d; Fi g. 4 b). I n b ot h c as es 5 6 3  

c o u nt -r at es v ari e d b y 1. 3 M c ps/ n A Q u alit ati v el y, t h e r at e of c h a n g e i n i o n yi el d w as si mil ar 5 6 4  

b et w e e n F e # 0. 1 0 5  a n d 0. 6 4 5 ; h o w e v er,  a st e e p e ni n g of sl o p e  ass o ci at e d wit h t h e T y p e -II tr e n d 5 6 5  

b el o w F e # 0. 1 0 5 ( a n al o g o us t o t h at o bs er v e d u n d er l ar g e -s p ot c o n diti o ns)  r es ult e d i n a 5 6 6  

c o m p ar ati v el y  l o w er i o n yi el d fr o m m a g n esit e ( b y ~ 0. 3 G c ps/ n A , a c h a n g e of ~ 1 4. 5 % ). B e c a us e 5 6 7  

t h e t w o tr e n ds cr est as diff er e nt c o m p ositi o ns, a c o u nt -r at e diff er e n c e of 0. 1 5 Gc p s/ n A ( a ~ 6 % 5 6 8  

diff er e n c e) w as o bs er v e d fr o m t h e si d erit e e n d-m e m b er .   5 6 9  

N ot e t h at in t h e c as e of T y p e -II bi as c ali br ati o ns u n d er b ot h s m all - a n d l ar g e -s p ot 5 7 0  

a n al ysis c o n diti o ns , t h e i o n yi el d a f u n cti o n of F e # a n d F e # is a f u n cti o n of i o n yi el d  ( Fi g. 4 a a n d 5 7 1  

b).  T h us, h y p ot h eti c all y, t h e F e # of a s a m pl e m at eri al u n d er t h e b e a m co ul d  b e esti m at e d fr o m its 5 7 2  

i o n yi el d ( a n d t hi s t h e n f e d i nt o a F e # vs. bi as c ali br ati o n t o d et er mi n e t h e a p pr o pri at e m atri x 5 7 3  

c orr e cti o n f a ct or). W h er e as t hi s is n ot t h e c as e f or T y p e-I bi as c ali br ati o ns, t h e v er y f a ct t h at t h e 5 7 4  

s h a p e of i o n yi el d vs.  F e # tr e n ds  r es p o n ds t o s e ssi o n-s p e cifi c diff er e n c e s  i n t u ni n g hi nt s at a 5 7 5  

p ot e nti al a n al yti c al a d v a nt a g e t h at c o ul d b e g ai n e d t hr o u g h f urt h er r efi n e m e nts i n t e c h ni q u e .  5 7 6  

 5 7 7  

4. 3 . 3. 2. C u m ul ati v e c h a n g e i n δ 1 8 O r a w  d u ri n g s p utt e ri n g as a f u n cti o n of F e #  5 7 8  

 T h e  r a w δ 1 8 O v al u e r e p ort e d  f or e a c h a n al ysi s s p ot is a n a v er a g e of m ulti pl e d at a 5 7 9  

c oll e cti o n  c y cl es ( 2 0  c y cl es of 4 s e c o n ds e a c h  a n d 2 5 c y cl es  of 8 s e c o n ds  u n d er 1 0 - a n d 3 -µ m 5 8 0  

s p ot -si z e c o n diti o ns, r es p e cti v el y).  It is t h us p os si bl e t o ass ess if/ h o w t h e r a w si g n al c h a n g es 5 8 1  

d uri n g s p utt eri n g, a n d if t h e m a g n it u d e of t hi s c h a n g e is s yst e m ati c all y  r el at e d t o c o m p ositi o n. 5 8 2  

R e p e at m e as ur e m e nts of e a c h R M w er e t h er ef or e s u m m ari z e d  o n a c y cl e -b y -c y cl e b asis, w h er e 5 8 3  

all c y cl e 1 m e as ur e m e nt s w er e c o m pil e d  a n d a v er a g e d, f oll o w e d b y all c y cl e 2 m e as ur e m e nts, 5 8 4  

et c.  Pl otti n g t hi s d at a s h o ws li n e ar tr e n ds t o w ar ds l o w er δ 1 8 O v al u e s  wit h e a c h p assi n g c y cl e 5 8 5  

u n d er b ot h s ets of  a n al yti c al c o n diti o ns  (i. e., fr a cti o n ati o n i n f a v or of t h e li g ht er is ot o p e i n cr e as es 5 8 6  

wit h ti m e ; s e e c y cl e-b y -c y cl e  pl ot s i n Fi gs. S A 3 -9 t o 3 -1 2 ). T h e c u m ul ati v e c h a n g e i n δ 1 8 O r a w 5 8 7  

b et w e e n t h e first a n d l ast c y cl e of a n al ysis  ( “ ∆ 1 8 O ( 𝑠 𝑥 − 𝑥 𝑛 ) ”) s h o ws a d e p e n d e n c e o n 5 8 8  

c o m p ositi o n  (t h e t er ms “ c i”  a n d “ c f” r es p e cti v el y r ef er t o t h e i niti al a n d fi n al c y cl es). I n a 5 8 9  

q u alit ati v e s e ns e, t h e d e p e n d e n c e of ∆ 1 8 O ( 𝑥 𝑠 − 𝑒 𝑠 )  o n F e # f oll o ws w ell- t o m o d er at el y-w ell 5 9 0  

d efi n e d p ar a b oli c tr aj e ct ori es u n d er b ot h l ar g e- a n d s m all -s p ot c o n diti o ns , r es p e cti v el y ( Fi g. 4 c-5 9 1  

d) . V al u es of ∆ 1 8 O ( 𝑛 𝑑 − 𝑜 𝑙 )  t e n d t o b e s m all est n e ar t h e mi d-p oi nt of t h e s oli d -s ol uti o n ( i. e., 5 9 2  

c o nsi d er t h e l e ast n e g ati v e v al u es i n Fi g. 4 c -d, w hi c h r e pr es e nt  t h e l e ast a m o u nt of d o w n-pit 5 9 3  

dis cri mi n ati o n a g ai nst 1 8 O -). V al u es of ∆ 1 8 O ( 𝑜 𝑚 − 𝑖 𝑡 )  ar e l ar g est  (i. e., m ost n e g ati v e)  at t h e 5 9 4  

c o m p ositi o n al e n d -m e m b ers a n d ar e of e q u al - t o s u b-e q u al m a g nit u d e . If w e r e g ar d t h e a v er a g e 5 9 5  

∆ 1 8 O ( 𝑒 𝐵 − 𝑖 𝑎 )  v al u e of t h e m a g n esit e a n d si d erit e e n d -m e m b ers as a b as eli n e  (as  fr a m e of 5 9 6  

r ef er e n c e), t h e n w e n ot e t h e f oll o wi n g: 1) t h e b as eli n e is l o w er i n t h e c as e of T y p e -I 5 9 7  

(a p pr o xi m at el y  -3. 5 ‰) vs. T y p e -II (a p pr o xi m at el y  -1. 5 ‰)  δ 1 8 O bi as c ali br ati o ns  u n d er b ot h 5 9 8  

l ar g e- a n d s m all -s p ot c o n diti o ns (t h er e is n e c ess aril y m or e s c att er i n t h e s m all-s p ot d at a d u e t o 5 9 9  



c o m p ar ati v el y p o or er c o u nti n g st atisti cs ); 2) t h e r a n g e of ∆ 1 8 O ( 𝑠 𝑥 − 𝑥 𝑛 )  v al u es is s o m e w h at 6 0 0  

l ar g er i n t h e c as e of T yp e -I (a p pr o xi m at el y  2 ‰) vs. T y p e -II (a p pr o xi m at el y  1 . 5‰) δ 1 8 O bi as 6 0 1  

c ali br ati o ns u n d er b ot h l ar g e - a n d s m all -s p ot c o n diti o ns  ( Fi g. 4 c-d).  6 0 2  

I n c o m p ari n g t h e b as e si g n als of T y p e-I a n d -II c ali br ati o n tr e n ds a n d i n r efl e cti n g o n 6 0 3  

h o w t h e y aff e ct m e as ur e d bi as v al u es, w e o bs er v e t h at t h e l o w er i o n yi el ds  ass o ci at e d wit h t h e 6 0 4  

T y p e -II tr e n d n e ar t h e m a g n esit e e n d -m e m b er ( F e # < 0. 2 ) c orr es p o n d t o l ar g er bi as v al u es ( b y u p 6 0 5  

t o 6 ‰; s e e Fi g. 2 a) . T his f oll o ws g e n er al e x p e ct ati o ns. S ur prisi n gl y, h o w e v er, l ar g er bi as v al u es  6 0 6  

w er e als o o bs er v e d n e ar t h e si d erit e e n d -m e m b er ( F e # > 0. 8 ; b y u p t o 4 ‰; Fi g. 2 a) d es pit e i o n 6 0 7  

yi el ds b ei n g hi g h er (c o m p ar e d t o t h e T y p e-I tr e n d). At t h e s a m e ti m e, t h e ∆ 1 8 O ( 𝑥 𝑠 − 𝑒 𝑠 )  vs.  F e # 6 0 8  

tr e n ds of b ot h δ 1 8 O c ali br ati o n t y p es ar e g e n er all y c o m p ar a bl e b e y o n d a b as eli n e s hift ( f or e a c h 6 0 9  

tr e n d, n ot e t h e si mil ar m a g nit u d e of ∆ 1 8 O ( 𝑛 𝑑 − 𝑜 𝑙 )  f or t h e e n d-m e m b ers a n d t h e g e n er al 6 1 0  

s y m m etr y of t h e d at a distri b uti o n s i n Fi g. 4 c). D iff er e n c es i n t h e t o p ol o g y of T y p e-I vs.  T y p e -II 6 1 1  

bi as c ali br ati o ns d o n ot s e e m t o b e r e a dil y e x pl ai n a bl e b y c o nsi d eri n g o nl y a si m pl e i nt er pl a y 6 1 2  

b et w e e n t h es e t w o b as e v ari a bl es (i. e., tr e n ds i n i o n yi el d a n d ∆ 1 8 O ( 𝑜 𝑚 − 𝑖 𝑡 )  as a f u n cti o n of 6 1 3  

F e #) . W e s us p e ct t h at diff er e n c es i n s p utt eri n g r at e c o ntri b ut e h er e as w ell , as a vis u al  6 1 4  

c o m p aris o n of pit i m a g e s  ( Fi gs. S A 3-6 a n d 3 -7) s u g g ests t h at pit d e pt h  ( a n d h e n c e s p utt eri n g 6 1 5  

r at e) i n cr e as es wit h i n cr e asi n g F e-c o nt e nt . Gi v e n w h at is k n o w n fr o m sili c at e  a n d c ar b o n at e  6 1 6  

s yst e ms,  bi as a n d s p utt eri n g r at e c a n c orr el at e str o n gl y a n d n o n -li n e arl y (e. g.,  Eil er et al., 1 9 9 7 b, 6 1 7  

Is a et al., 2 0 1 7). N o n et h el ess, w h at is a p p ar e nt fr o m t h e d at a at h a n d is t h at  a b o v e a c ert ai n 6 1 8  

t hr es h ol d F e-c o n c e ntr ati o n, c ar b o n at e δ 1 8 O  bi as c ali br ati o n c ur v e  s h a p es ar e str o n gl y i nfl u e n c e d 6 1 9  

b y s essi o n -s p e cifi c diff er e n c es i n i nstr u m e nt t u ni n g (r efl e ct e d b y t h e r es ulti n g pit 6 2 0  

m or p h ol o gi es/ g e o m etri es). W h er e t u ni n g c o n diti o ns a c c e nt u at e  diff er e n c e s i n b as e p ar a m et ers 6 2 1  

s u c h as i o n yi el d a n d t h e o bs er v e d d o w n -h ol e drift of t h e r a w is ot o p e r ati o d uri n g s p utt eri n g, t h e 6 2 2  

e n d r es ult  is a m or e c o m pl e x c ali br ati o n c ur v e ( c o m p ar e b as e si g n als a n d c orr es p o n di n g  bi as 6 2 3  

c ur v es of T y p e -I a n d -II tr e n d i n Fi gs. 2 a n d 4). 6 2 4  

 6 2 5  

 6 2 6  

4. 3 . 4. T H E B E H A V I O R O F S I M S  δ 1 3 C  BI A S A L O N G T H E M A G N E SI T E -SI D E RI T E B I N A R Y  6 2 7  

 I n all i nst a n c es ( T y p e-I a n d II tr e n ds), t h e c h a n g e i n t h e m a g nit u d e of δ1 3 C bi as ( u n -6 2 8  

n or m ali z e d) b et w e e n t h e e n d -m e m b ers of t h e m a g n esit e -si d erit e s oli d -s ol uti o n s eri es is 6 2 9  

c o nsist e ntl y u ni dir e cti o n al ( al b eit n o n -li n e ar). R el ati v e t o t h e m a g n esit e e n d -m e m b er, t h e bi as 6 3 0  

i n cr e as es b y ~ 1 0 ‰ as a f u n cti o n of i n cr e asi n g F e -c o nt e nt  ( Fi g. 5 a ). I n ot h er w or ds, t h e p er mil 6 3 1  

diff er e n c e b et w e e n δ 1 3 C r a w as m e as ur e d b y SI M S a n d t h e ' a c c e pt e d' δ 1 3 C V P D B  v al u es b e c o m e s 6 3 2  

l ar g er ( as v al u es b e ca m e m or e n e g ati v e, t h e bi as is s ai d t o i n cr e as e). T h e bi as is al w a ys s m all est  6 3 3  

f or e n d-m e m b er m a g n esit e ( -5 1. 5 ‰) a n d diff er e nt b y 1 0 ‰ i n r el ati o n t o e n d -m e m b er si d erit e 6 3 4  

(a p pr o xi m at el y  -6 1. 5 ‰) (s essi o n S 2 3 d at a, s e e als o T a bl e 4 a n d c ali br ati o n s fr o m ot h er s essi o ns 6 3 5  

i n Fi g. S A 3 -1 5 ). Fr o m h er e o n t h e dis c ussi o n will f o c us o n w or ki n g c ali br ati o n c ur v es  ( Fi g. 5 b ), 6 3 6  

f or w hi c h δ1 3 C bi as v al u es h a v e b e e n n or m ali z e d t o t h at of t h e m a g n esit e e n d -m e m b er a n c h or 6 3 7  

(i. e., v al u es e x pr ess e d as δ 1 3 C bi as *( R M -U W M gs 1) ).  6 3 8  

 6 3 9  



4. 3 .4 .1.  T Y P E -I  A N D II  δ 1 3 C  T R E N D S  6 4 0  

 T h e s h a p e of T y p e -I δ1 3 C c ali br ati o ns r es e m bl es a g e ntl y-fl e xi n g 3r d– or d er p ol y n o mi al 6 4 1  

( Fi g. 5 b ; s essi o n S 2 3 d at a). T h e bi as r es p o ns e w a s  m ost s e nsiti v e t o c h a n g es i n c ati o n c h e mi str y 6 4 2  

i n t h e F e # r a n g e b et w e e n 0 a n d 0. 3 (c h a n g e of ~ 5. 5 ‰  r el ati v e t o e n d-m e m b er m a g n esit e ). 6 4 3  

B et w e e n F e # 0. 3 a n d 1. 0,  t h e c h a n g e w as  m or e gr a d u al ( a p pr o xi m at el y li n e ar) , wit h δ1 3 C 6 4 4  

bi as *( R M -U W M gs 1) v al u es c h a n gi n g b y a n a d diti o n al ~ 5. 5 ‰ o v er t hi s m u c h br o a d er r a n g e of 6 4 5  

c o m p ositi o ns . T h e d at a w er e  r e gr ess e d usi n g  e q u ati o n ( 6), yi el di n g t h e f oll o wi n g p ar a m et er 6 4 6  

v al u es: n = 1. 7  (± 0. 1 , 2 s e) k = 0. 7 3 (± 0. 1 , 2 s e), d = 2. 4 (± 0. 8 , 2 s e), C 1  = C 2  =  -5. 1 (± 0. 4 , 2 s e) 6 4 7  

a n d C 3  = 0.  T his s a m e s et of c ur v e s h a p e p ar a m et er v al u es w as s u c c essf ull y a p pli e d i n r e gr essi n g 6 4 8  

c ali br ati o n d at a fr o m o n e  ot h er s essi o n t h at yi el d e d a T y p e -I tr e n d ( Fi g. S A 3 -1 5 ). I n b ot h 6 4 9  

i nst a n c es, t h e m e as ur e d a v er a g e v al u e of δ1 3 C bi as *( R M -U W M gs 1) f or all R Ms diff ers b y l ess 6 5 0  

t h a n 0. 5 ‰ fr o m t h e o ut p ut of t h e c ali br ati o n m o d el (s e e r esi d u al pl ot s i n Fi gs. 5 b a n d S A 3 -1 5 ). 6 5 1  

T his c a n b e c o nsi d er e d a m e as ur e of tr u e n ess i n r el ati o n  t o C R M NI S T -1 9 ( V er k o ut er e n a n d 6 5 2  

Kli n e di nst, 2 0 0 4) . As wit h δ 1 8 O, t h e c ali br ati o n r esi d u al s  s h o w  n o c orr el ati o n t o c al ci u m ( r = 6 5 3  

0. 0 3) or m a n g a n es e ( r  = 0. 1 5) c o nt e nt, a n d t h e c ali br ati o n r e m ai ns u n c h a n g e d wit h t h e i n cl usi o n 6 5 4  

of M n i n t h e F e # ( Fi g. S A  3 -3 ). N o s e c o n d ar y m atri x c orr e cti o ns ar e  t h us r e q uir e d f or t hi s 6 5 5  

p arti c ul ar s uit e of R Ms.  6 5 6  

 I n c o ntr ast, t h e s h a p e of T y p e-II δ1 3 C c ali br ati o ns c a n b e a d e q u at el y d es cri b e d b y g e ntl y -6 5 7  

fl e xi n g 2n d -or d er p ol y n o mi al s, yi el di n g r esi d u als < 0. 5 ‰ ( Fi g. 5 b ; s essi o n S 1 8 d at a). T h e c h a n g e 6 5 8  

i n bi as is t h us m or e gr a d u al w h e n c o m p ar e d t o T y p e-I tr e n ds, b ut is of t h e s a m e g e n er al 6 5 9  

m a g nit u d e ( ~ 1 0 ‰) a cr o ss t h e e ntir e s oli d -s ol uti o n s eri es ( o n e a d diti o n al e x a m pl e is s h o w n i n 6 6 0  

Fi g ur e S A 3 -1 5 ; pl e as e n ot e t h at b ot h e x a m pl es of T y p e-I tr e n ds r e pr es e nt s essi o ns fr o m e arli er 6 6 1  

st a g es r es e ar c h w h e n f ar f e w er R Ms w er e a v ail a bl e). T h e s h a p e of b ot h tr e n d t y p es diff er e d m ost 6 6 2  

i n t h e c o m p ositi o n al s p a c e b et w e e n F e # = 0 a n d 0. 5, w h er e R M bi as v al u es c h a n g e d o n a 6 6 3  

s essi o n -b y -s essi o n b a sis b y u p 1 -2 ‰.  6 6 4  

 W e c o nti n u e o ur dis c ussi o n of δ 1 3 C  m atri x eff e cts b y bri efl y e x a mi ni n g h o w b as e si g n als 6 6 5  

v ari e d wit h R M c o m p ositi o n.  T h e 1 2 C - i o n yi el ds ass o ci at e d wit h t h e t w o diff er e nt δ 1 3 C  bi as 6 6 6  

c ali br ati o n tr e n d t y p es s h o w n i n Fi g ur e 5 ar e pl ott e d as a f u n cti o n of c o m p ositi o n i n Fi g ur e 6 a  6 6 7  

(s e e als o Fi g. S A 3-1 6 ). T h e i o n yi el d of t h e T y p e -I tr e n d c a n b e d e s cri b e d as a p ar a b oli c 6 6 8  

f u n cti o n of F e # t h at is s y m m etri c ar o u n d t h e mi d p oi nt c o m p ositio n of t h e s oli d -s ol uti o n, w h er e it 6 6 9  

a c hi e v es a m a xi m u m v al u e of ~ 1 2. 5  M c ps/ n A. C o u nt r at es w er e l o w est a n d of t h e s a m e g e n er al 6 7 0  

m a g nit u d e fr o m t h e c o m p ositi o n al e n d -m e m b ers ( ~ 8  M c ps/ n A). T h e i o n yi el d of t h e T y p e -II 6 7 1  

tr e n d als o f oll o w e d a p ar a b oli c tr aj e ct or y wit h a m a xi m u m n e ar t h e c o m p ositi o n al mi d p oi nt ( ~ 1 3  6 7 2  

M c ps/ n A), alt h o u g h t h e c o u nt -r at es m e as ur e d fr o m t h e e n d-m e m b ers w er e dissi mil ar ( ~ 9  a n d 8  6 7 3  

M c ps/ n A f or m a g n esit e a n d si d erit e, r es p e cti v el y).  6 7 4  

I n e v al u ati n g t h e c h a n g e i n δ 1 3 C r a w a cr oss t h e 2 0 d at a a c q uisiti o n c y cl es ass o ci at e d wit h 6 7 5  

e a c h i n di vi d u al s p ot a n al ysis, w e n ot e d  m o d er at el y -w ell d efi n e d  li n e ar tr e n ds t o w ar d l o w er 6 7 6  

v al u es  i n b ot h T y p e -I a n d -II bi as c ali br ati o n d at as ets (i. e., fr a cti o n ati o n i n f a v or of t h e li g ht er 6 7 7  

is ot o p e in cr e as e d wit h ti m e; s e e c y cl e -b y -c y cl e pl ot s i n Fi gs. S A 3 -1 7  a n d 3 -2 0 ). C o nsi d eri n g  6 7 8  

t h at t h e s p ot -t o-s p ot r e p e at a bilit y of a δ1 3 C a n al ysis is o n t h e or d er of 0. 6 -1. 2 ‰ ( 2 s), th e 6 7 9  



c u m ul ati v e c h a n g e i n δ 1 3 C r a w b et w e e n t h e first a n d l ast c y cl e of a n al ysis ( “ ∆ 1 3 C ( 𝑠 𝑥 − 𝑥 𝑛 ) ”) s h o ws 6 8 0  

n o r es ol v a bl e d e p e n d e n c e o n F e # i n t h e c as e of t h e T y p e -II bi as tr e n d ( a v er a g e c h a n g e of -4 ‰) . 6 8 1  

I n c o ntr ast, a w e a k p ar a b oli c d e p e n d e n c e  w as n ot e d i n ass o ci ati o n wit h t h e T y p e -I tr e n d, w h er e 6 8 2  

t h e c u m ul ati v e c h a n g e i n ∆ 1 3 C ( 𝑥 𝑠 − 𝑒 𝑠 )  is s m all est n e ar t h e c o m p ositi o n al mi d p oi nt of t h e s oli d -6 8 3  

s ol uti o n ( a p pr o xi m at el y  -2 ‰) a n d l ar g est n e ar t h e e n d -m e m b ers ( a p pr o xi m at el y  -4 ‰; s e e Fi g. 6 8 4  

6 b  a n d a d diti o n al e x a m pl es fr o m ot h er s essi o ns i n Fi g. S A 3 -1 6 b ).  6 8 5  

 6 8 6  

5.  C O N C L U SI O N S A N D R E C O M M E N D A TI O N S  6 8 7  

 R e c e nt  a d v a n c es i n SI M S i nstr u m e nt d esi g n a n d r efi n e m e nts of a n al yti c al t e c h ni q u es 6 8 8  

h a v e br o u g ht a b o ut t h e t e c h ni c al c a p a bilit y of p erf or mi n g hi g hl y pr e cis e , mi cr o m et er-s c al e  i n-6 8 9  

sit u  m e as ur e m e nts of  c ar b o n at e  δ 1 8 O a n d δ 1 3 C  v al u es. T h e c o m m o n s p ot -si z e s e m pl o y e d f or 6 9 0  

δ 1 8 O a n al ys es at Wis c SI M S ar e  eit h er of a 3 or 1 0 -µ m di a m et er, aff or d i n g r e p e at a bilit y at t h e 6 9 1  

f oll o wi n g l e v els: ± 0. 3 ‰ ( 2s; 1 0-µ m s p ots) a n d ± 0. 7 ‰ ( 2 s; 3-µ m s p ots). A 6 -µ m s p ot is us e d f or 6 9 2  

δ 1 3 C a n al ys es, wit h r e p e at a bilit y b et w e e n 0. 6 a n d 1. 2 ‰  ( 2s). 6 9 3  

 T h e a c c ur a c y  of s u c h m e as ur e m e nts  i n r el ati o n t o c ertifi e d r ef er e n c e m at eri als, h o w e v er, 6 9 4  

d e p e n ds i n l ar g e -p art o n t h e a v ail a bilit y of c o m pr e h e nsi v e s uit es of m atri x -m at c h e d r ef er e n c e 6 9 5  

m at eri als t h at all o w f or c h ar a ct eri zi n g a n d c ali br ati n g s a m pl e m atri x eff e cts. T his is e ntir el y  a n 6 9 6  

e m piri c al u n d ert a ki n g. Wit h r e g ar ds t o C a -M g -F e c ar b o n at es, t hi s h as b e e n a n u n d er-r es e ar c h e d 6 9 7  

t o pi c si n c e t h e first pi o n e eri n g st u di es i n t h e l at e 1 9 9 0's (e. g., Eil er et al., 1 9 9 7 a ; V all e y et al., 6 9 8  

1 9 9 7; Ri ci p uti et al., 1 9 9 8).  Wit h t hi s 3 r d i nst allm e nt of o ur o n -g oi n g  st u d y of t h es e eff e cts, m ost 6 9 9  

of t h e c o m m o n  i n or g a ni c C a -M g -F e c ar b o n at e c o m p ositi o ns c a n n o w b e a c c ur at el y a n al y z e d. 7 0 0  

T his i n cl ud es  c al cit e  ( K o z d o n et al., 2 0 0 9) a n d b ot h t h e d ol o mit e -a n k erit e  ( P arts I a n d II; 7 0 1  

Śli wi ńs ki et al., 2 0 1 6 a, 2 0 1 6 b)  a n d m a g n esit e -si d erit e s oli d -s ol uti o n s eri es  ( P art III, t hi s arti cl e). 7 0 2  

Bi o g e ni c c ar b o n at es m a y pr es e nt a d diti o n al c o m pl e xit y if or g a ni c m att er, w at er or fi n e -gr ai n e d 7 0 3  

t e xt ur es ar e pr es e nt ( Orl a n d et al. 2 0 1 5). 7 0 4  

 F oll o wi n g t w o y e ars of R M d e v el o p m e nt a n d of a c q uiri n g c ali br ati o n d at as ets, w e c a n at 7 0 5  

pr es e nt off er t h e f oll o wi n g o bs er v ati o ns,  c o n cl usi o ns  or r e c o m m e n d ati o ns r e g ar di n g SI M S 7 0 6  

a n al ysis of c ar b o n at es of t h e m a g n esit e -si d erit e s eri es:  7 0 7  

 7 0 8  

1.  As wit h t h e d ol o mit e -a n k erit e s eri es, m ass bi as w as c o nsist e ntl y m ost s e nsiti v e t o 7 0 9  

c h a n g es i n c o m p ositi o n n e ar t h e  ir on -fr e e e n d-m e m b er  of t h e s oli d -s ol uti o n . Wit h 7 1 0  

i n cr e asi n g F e-c o nt e nt u p  t o ~ 2 0 m ol % F e C O3  e n d -m e m b er ( F e # 0 -0. 2, w h er e F e # = 7 1 1  

F e/( M g + F e), e x pr ess e d o n a m ol ar b asis), δ 1 3 C bi as i n cr e as e d b y u p t o 3 -4. 5 ‰, 7 1 2  

w h er e as δ 1 8 O bi as d e cr e a s e d  b y 1 3 -1 5 ‰  (s essi o n-s p e cifi c diff er e n c es) . 7 1 3  

2.  B et w e e n t h e e n d -m e m b ers of t h e s eri es, δ 1 3 C bi as i n cr e as e d b y a t ot al of 1 0 -1 1 ‰ 7 1 4  

( m a g n esit e si d erit e), w h er e as δ 1 8 O bi as d e cr e as e d b y 1 3 -1 6 ‰  (s essi o n-s p e cifi c 7 1 5  

diff er e n c es) .  7 1 6  

3.  As a n e x a m pl e, i f u n c orr e ct e d, t h e pr es e n c e of 1-2 m ol % F e C O 3  i n a s a m pl e m at eri al 7 1 7  

of u n k n o w n is ot o pi c c o m p ositi o n w o ul d pr o d u c e a m e as ur e m e nt  err or  (i n r el ati o n t o 7 1 8  

C R M NI S T -1 9)  of ~ 1 ‰ f or δ 1 3 C a n d ~ 2 -3 ‰ f or δ 1 8 O m e as ur e m e nts .  7 1 9  



4.  D es pit e a d h er e n c e t o w ell -est a blis h e d a n al yti c al pr ot o c ols f or c ar b o n at e δ 1 3 C a n d 7 2 0  

δ 1 8 O a n al ys es at Wis c SI M S ( C A M E C A I M S 1 2 8 0), t h e m a g n esit e -si d erit e c ali br ati o n 7 2 1  

c ur v es of b ot h is ot o p e s yst e ms di d n ot m ai nt ai n a c o nst a nt s h a p e fr o m s essi o n-t o-7 2 2  

s essi o n o v er a 2 -y e ar p eri o d, b ut r at h er f ell i nt o o n e of t w o disti n ct a n d l ar g el y s elf -7 2 3  

c o nsist e nt s h a p e -c at e g ori es  (' T y p e-I' a n d ' T y p e-II').  7 2 4  

5.  T h e s h a p e  of T y p e -I a n d  II δ 1 8 O bi as tr e n ds diff ers  m ost i n t h e c o m p ositi o n al s p a c e 7 2 5  

b et w e e n  F e # = 0. 3 a n d 0. 9, w h er e R M  bi as v al u es c h a n g e d o n a s essi o n -b y -s essi o n 7 2 6  

b asis b y : 1)  u p t o  6 ‰ w h e n usi n g c o n diti o ns f or 1 0 -µ m di a m et er s p ot -si z e 7 2 7  

m e as ur e m e nts ; a n d 2)  u p t o  4 ‰ w h e n usi n g 3 -µ m c o n diti o ns  7 2 8  

6.  T h e s h a p e of T y p e -I a n d II δ1 3 C bi as tr e n ds diff er m ost i n t h e c o m p ositi o n al s p a c e 7 2 9  

b et w e e n F e # = 0 a n d 0. 5, w h er e R M bi as v al u es c h a n g e o n a s essi o n -b y -s e ssi o n b asis 7 3 0  

b y u p 1 -2 ‰.   7 3 1  

7.  T h e c a us e of v ari a bilit y i n c ali br ati o n c ur v e s h a p e s is n ot w ell u n d erst o o d at pr es e nt, 7 3 2  

a n d str ess es t h e i m p ort a n c e of h a vi n g a v ail a bl e a s uffi ci e nt n u m b er of w ell -7 3 3  

c h ar a ct eri z e d R Ms s o t h at p ot e nti al  c o m pl e xiti es of c ur v at ur e c a n b e a d e q u at el y 7 3 4  

d eli n e at e d a n d a c c o u nt e d f or o n a s essi o n -b y -s essi o n b asis. D oi n g s o all o ws f or 7 3 5  

c ali br ati o n r esi d u als ( a m e as ur e of a c c ur a c y  i n r el ati o n t o C R M NI S T -1 9) s m all er 7 3 6  

t h a n 0. 5 ‰ f or b ot h i s ot o p e s yst e ms. 7 3 7  

 7 3 8  

 7 3 9  

 7 4 0  

A c k n o wl e d g m e nts  7 4 1  

T his m at eri al is b as e d pri m aril y u p o n w or k s u p p ort e d b y t h e U S D e p art m e nt of E n er g y Offi c e of 7 4 2  

S ci e n c e, Offi c e of B asi c E n er g y S ci e n c es, C h e mi c al S ci e n c es, G e os ci e n c e s, a n d Bi os ci e n c es 7 4 3  

Di visi o n u n d er a w ar d n u m b er D E -F G 0 2 -9 3 E R 1 4 3 8 9. T h e Wis c SI M S L a b or at or y is p artl y 7 4 4  

f u n d e d b y t h e U S N ati o n al S ci e n c e F o u n d ati o n ( E A R-1 3 5 5 5 9 0)  a n d t h e U ni v ersit y of 7 4 5  

Wis c o nsi n - M a dis o n . W e e x pr ess o ur gr atit u d e t o U ni v ersit y of Wis c o nsi n -M a dis o n c oll e a g u es : 7 4 6  

N. Kit a f or pr o vi di n g g ui d a n c e o n SI M S a n al ysis , J. K er n f or i nstr u m e nt ati o n s u p p ort , P. S o b ol 7 4 7  

f or c o nstr u cti v e dis c ussi o ns a n d W. S c h n ei d er f or assi st a n c e wit h S E M i m a gi n g . W e w ar ml y 7 4 8  

t h a n k t h e f oll o wi n g i n di vi d u als a n d i nstit uti o ns f or f a cilit ati n g t hi s r es e ar c h b y s u p pl yi n g m a n y 7 4 9  

of t h e mi n er al s p e ci m e ns  t h at w er e ass ess e d d uri n g t h e first t hr e e p arts of t his st u d y, s o m e of 7 5 0  

w hi c h w er e s u c c essf ull y d e v el o p e d i nt o r ef er e n c e m at eri als:  P . W. P o h w at a n d t h e S mit hs o ni a n 7 5 1  

I nstit uti o n (s o ur c e of U W M gs 6 [ N M N H 9 6 9 6 2] a n d U W A n k 4 [ N M N H 9 3 4 1 8 -0 8] ), R. S.  B ottrill 7 5 2  

a n d Mi n er al R es o ur c es T as m a ni a (s o ur c e of U W M gs 7), J. M. Eil er ( m at eri al f or U W S d 5/J E -M g -7 5 3  

Si d a n d U W A n k 7), J. Cr a v e n ( m at eri al f or U W S d 1 / I vi g. Si d)  a n d J os ef H u b er 7 5 4  

( htt p:// w w w. h u b er mi n er ali e n.ji m d o. c o m), w h o l o c at e d a n d s u p pli e d t h e s o ur c e m at eri als f or t h e 7 5 5  

R Ms U W A n k 5 cl, -5 o p q, -6 a, a n d U W M gs 2 a n d -3.  W e t h a n k t w o a n o n y m o us r e vi e w ers f or a 7 5 6  

c o nstr u cti v e r e vi e w of t his w or k.  7 5 7  

 7 5 8  

  7 5 9  



R E F E R E N C E S  7 6 0  

 7 6 1  
Allis o n C. E., F r a n c e y R. J. a n d M eij e r H. A. J. ( 1 9 9 5)  7 6 2  
R ef er e n c e a n d i nt er c o m p aris o n  m at eri als f or st a bl e is ot o p es of li g ht el e m e nts  7 6 3  
I A E A-T E C D O C, 8 2 5, 1 5 5 -1 6 2.  7 6 4  
 7 6 5  
B a e rt s c hi P. ( 1 9 7 6)  7 6 6  
A b s ol ut e 1 8 O c o nt e nt of st a n d ar d m e a n o c e a n w at er.  7 6 7  
E art h a n d Pl a n et ar y S ci e n c e L ett er s, 3 1, 3 4 1 – 3 4 4.  7 6 8  
 7 6 9  
B e u k e s N. J. a n d Kl ei n C.  ( 1 9 9 0) 7 7 0  
G e o c h e mi str y a n d s e di m e nt ol o g y of a f a ci es tr a nsiti o n —  fr o m mi cr o b a n d e d t o gr a n ul ar ir o n-f or m ati o n —  i n t h e 7 7 1  
e arl y Pr ot er o z oi c Tr a ns v a al S u p er gr o u p, S o ut h Afri c a. Pr e c a m bri a n R e s e ar c h 4 7, 9 9 – 1 3 9.  7 7 2  
 7 7 3  
B e u k e s N. J., Kl ei n  C., K a uf m a n A. J. a n d H a y es J. M. ( 1 9 8 9)   7 7 4  
C ar b o n at e p etr o gr a p h y, k er o g e n distri b uti o n, a n d c ar b o n a n d o x y g e n is ot o p e v ari ati o n s i n a n e arl y Pr ot er o z oi c 7 7 5  
tr a nsiti o n fr o m li m est o n e t o ir o n-f or m ati o n d e p o siti o n, Tr a ns v a al S u p er gr o u p, S o ut h Afri c a. E c o n o mi c g e ol o g y a n d 7 7 6  
t h e b ull eti n of t h e S o ci et y of E c o n o mi c G e ol o gi sts 8 5, 66 3 – 6 9 0.  7 7 7  
 7 7 8  
Bl a k e  D. F., A m u n ds e n H. E. F., B e n ni n g L., Bis h D., C o n r a d P., F o g el M., Mi dt k a n d al  I., Mi n g  D., St e el e A., 7 7 9  
T r ei m a n  A. H. a n d A M A S E t e a m  ( 2 0 1 0) 7 8 0  
C ar b o n at e C e m e nts fr o m t h e S v err efj ell a n d Si g ur dfj ell V ol c a n o es, S v al b ar d N or w a y; T err estri al A n al o gs f or  7 8 1  
M arti a n C ar b o n at e s ? L PI C o ntri b uti o ns 1 5 3 8, 5 1 1 9.  7 8 2  
 7 8 3  
B ot z R. W. a n d v o n d e r B o r c h C. C. ( 1 9 8 4)  7 8 4  
St a bl e is ot o p e st u d y of c ar b o n at e s e di m e nts fr o m t h e C o or o n g Ar e a, S o ut h A ustr ali a. S e di m e nt ol o g y 3 1, 8 3 7 – 8 4 9.  7 8 5  
 7 8 6  
B r o di e M. W. ( 2 0 1 6)  7 8 7  
Di a g e n esi s & R es er v oir Q u alit y of t h e Mi d dl e B a k k e n F or m ati o n . D o ct or al t h esi s, D ur h a m U ni v er sit y  7 8 8  
 7 8 9  
B u c kl e y H. A. a n d W o oll e y, A. R. ( 1 9 9 0)   7 9 0  
C ar b o n at es of t h e m a g n esit e – si d erit e s eri es fr o m f o ur c ar b o n atit e c o m pl e x e s. Mi n er al o gi c al M a g a zi n e 5 4, 4 1 3 – 4 1 8.  7 9 1  
B url e y, S. D., W or d e n, R. H., 2 0 0 3. S a n d st o n e di a g e n e sis: r e c e nt a n d a n ci e nt. Bl a c k w ell P u b., M al d e n, M A.  7 9 2  
 7 9 3  
C h ai L. a n d N a v r ot s k y A. ( 1 9 9 6)   7 9 4  
S y nt h esi s, c h ar a ct eri z ati o n, a n d e nt h al p y of mi xi n g of t h e ( F e, M g) C O 3  s oli d s ol uti o n. G e o c hi mi c a et C o s m o c hi mi c a 7 9 5  
A ct a 6 0, 4 3 7 7 – 4 3 8 3.  7 9 6  
 7 9 7  
C h a n g  L. L.,  H o wi e R. A. a n d Z us s m a n J.  ( 1 9 9 6) 7 9 8  
R o c k f or mi n g mi n er als, V ol u m e 5 B: N o n -Sili c at e s: S ul p h at es, c ar b o n at es, p h o s p h at es, h ali d es. L o n g m a n  ( H arl o w, 7 9 9  
Ess e n), 3 8 3 p p.  8 0 0  
 8 0 1  
C o pl e n, T. B., K e n d all C. a n d H o p pl e J. ( 1 9 8 3)  8 0 2  
C o m p aris o n of st a bl e is ot o p e r ef er e n c e s a m pl es. N a t ur e 3 0 2, 2 3 6-2 3 8  8 0 3  
 8 0 4  
C r ai g H. ( 1 9 5 7)   8 0 5  
I s ot o pi c st a n d ar d s f or c ar b o n a n d o x y g e n a n d c orr e cti o n f a ct or s f or m as s -s p e ctr o m etri c a n al ysi s of c ar b o n di o xi d e. 8 0 6  
G e o c hi mi c a et C o s m o c hi mi c a A ct a 1 2, 1 3 3 – 1 4 9.  8 0 7  
 8 0 8  



C u rtis  C., P et r o w s k i C. a n d O e rt el G.  (1 9 7 2 )  8 0 9  
St a bl e c ar b o n is ot o p e rati o s w it hi n c ar b o n at e c o n cr eti o ns - c l u e t o p l a c e a n d ti m e of for m ati o n. N at ur e 2 3 5, 9 8 -1 0 0 . 8 1 0  
 8 1 1  
C u rtis C. D.  (1 9 9 5 )  8 1 2  
P o st -d e p o siti o n al e v ol uti o n of m u d st o n es l: e arl y d a ys a n d p ar e nt al i nfl u e n c e s. J o ur n al of t h e G e ol o gi c al S o ci et y 8 1 3  
1 5 2, 5 7 7 – 5 8 6.  8 1 4  
 8 1 5  
C u rtis  C. D., C ol e m a n M. L. a n d L o v e L. G., ( 1 9 8 6)   8 1 6  
P or e w at er e v ol uti o n d uri n g s e di m e nt b uri al fr o m is ot o pi c a n d mi n er al c h e mistr y of c al cit e, d ol o mit e a n d si d erit e 8 1 7  
c o n cr eti o ns. G e o c hi mi c a et C o s m o c hi mi c a A ct a 5 0, 2 3 2 1 – 2 3 3 4.  8 1 8  
 8 1 9  
D o b r z hi n ets k a y a  L. F., G r e e n H. W., Mit c h ell T. E. a n d Di c k e r s o n R. M. ( 2 0 0 1)  8 2 0  
M et a m or p hi c di a m o n d s: m e c h a nis m of gr o wt h a n d i n cl usi o n of o xi d es. G e ol o g y 2 9, 2 6 3 – 2 6 6.  8 2 1  
 8 2 2  
D o n o v a n J. J., K r e ms e r D. a n d F o u r n ell e J. H.  ( 2 0 0 7)  8 2 3  
Pr o b e F or Wi n d o ws Us er’s G ui d e  a n d R ef er e n c e, E nt er pris e E diti o n. Pr o b e S oft w ar e, I n c, E u g e n e, O R 3 5 5 p.  8 2 4  
 8 2 5  
D o n o v a n J. J. a n d Ti n gl e  T. N.  (1 9 9 6 ) 8 2 6  
A n i m pr o v e d m e a n at o mi c n u m b er b a c k gr o u n d c orr e cti o n f or q u a ntit ati v e mi cr o a n al ysis. Mi cr o s c o p y a n d 8 2 7  
Mi cr o a n al ysis 2( 1), 1 -7  8 2 8  
 8 2 9  
D w o r ki n  S.I ., N o r dt L. a n d At c hl e y S. ( 2 0 0 5)   8 3 0  
D et er mi ni n g t err estri al p al e ot e m p er at ur es usi n g t h e o x y g e n i s ot o pi c c o m p o siti o n of p e d o g e ni c c ar b o n at e. E art h a n d 8 3 1  
Pl a n et ar y S ci e n c e L ett er s 2 3 7, 5 6 – 6 8 . 8 3 2  
 8 3 3  
Eil e r J. M., V all e y J. W. a n d G r a h a m C. M.  ( 1 9 9 7a ) 8 3 4  
St a n d ar di z ati o n of SI M S a n al ysi s of O a n d C is ot o p e r ati o s i n c ar b o n at es fr o m A L H 8 4 0 0 1. 2 8 t h A n n u al L u n ar a n d  8 3 5  
Pl a n et ar y S ci e n c e C o nf er e n c e, 3 2 7 p . 8 3 6  
 8 3 7  
Eil e r J. M., G r a h a m C. a n d V all e y J. W. ( 1 9 9 7 b)  8 3 8  
SI M S a n al ysi s of o x y g e n i s ot o p es: m atri x eff e ct s i n c o m pl e x mi n er al s a n d gl ass e s. C h e mi c al  G e ol o g y 1 3 8, 2 2 1 –8 3 9  
2 4 4.  8 4 0  
 8 4 1  
Eil e r J. M., V all e y  J. W., G r a h a m C. M. a n d F o u r n ell e J. ( 2 0 0 2)   8 4 2  
T w o p o p ul ati o n s of c ar b o n at e i n A L H 8 4 0 0 1: G e o c h e mi c al e vi d e n c e f or dis cri mi n ati o n a n d g e n e sis. G e o c hi mi c a et 8 4 3  
C o s m o c hi mi c a A ct a 6 6, 1 2 8 5 – 1 3 0 3.  8 4 4  
 8 4 5  
F à b r e g a C., P a r c e ris a D., R oss ell J. M., G u r e n k o A. a n d F r a n k e C. ( 2 0 1 7)  8 4 6  
Pr e di cti n g i n str u m e nt al m as s fr a cti o n ati o n (I M F) of st a bl e is ot o p e SI M S a n al ys e s b y r es p o ns e s urf a c e m et h o d ol o g y 8 4 7  
( R S M). J o ur n al of A n al yti c al At o mi c S p e ctr o m etr y, 3 2, 7 3 1 -7 4 8.  8 4 8  
 8 4 9  
F a y e k  M., H a r ris o n T. M., G r o v e M. , M c K e e g a n K. D., C o at h C. D. a n d B ol es J. R.  ( 2 0 0 1)  8 5 0  
I n sit u st a bl e is ot o pi c e vi d e n c e f or pr otr a ct e d a n d c o m pl e x c ar b o n at e c e m e nt ati o n i n a p etr ol e u m r es er v oir, N ort h 8 5 1  
C ol es L e v e e, S a n J o a q ui n B asi n, C alif or ni a, U S A. J o ur n al of S e di m e nt ar y R e s e ar c h 7 1, 4 4 4 – 4 5 8.  8 5 2  
 8 5 3  
F e r n á n d e z -Ni et o C., T o r r es -R ui z J., P é r e z I. S., G o n z ál e z I. F. a n d L ó p e z J. G.  ( 2 0 0 3) 8 5 4  
G e n esi s of M g -F e c ar b o n at es fr o m t h e Si err a M e n er a m a g n e sit e -si d erit e d e p o sits, N ort h e a st S p ai n: E vi d e n c e fr o m 8 5 5  
Fl ui d i n cl u si o n s, Tr a c e el e m e nts, r ar e e art h el e m e nt s, a n d st a bl e is ot o p e d at a. E c o n o mi c G e ol o g y 9 8, 1 4 1 3 – 1 4 2 6.  8 5 6  
 8 5 7  



Fit zsi m o ns I. C. W., H a rt e B. a n d Cl a r k R. M. ( 2 0 0 0)   8 5 8  
SI M S st a bl e is ot o p e m e a s ur e m e nt: c o u nti n g st atisti cs a n d a n al yti c al pr e cisi o n. Mi n er al o gi c al M a g a zi n e 6 4, 5 9 – 8 3.  8 5 9  
F r o st  M. T.  ( 1 9 8 2) 8 6 0  
T h e m a g n esit e d e p o sit at M ai n Cr e e k, S a v a g e Ri v er, T as m a ni a. E c o n o mi c G e ol o g y 7 7, 1 9 0 1 – 1 9 1 1.  8 6 1  
 8 6 2  
G a uti e r D. L.  (1 9 8 2 )  8 6 3  
Si d erit e c o n cr eti o ns: i n di c at or s of e arl y di a g e n esis i n t h e G a m m o n S h al e ( Cr et a c e o u s). J o u r n al of S e di m e nt ar y 8 6 4  
R es e ar c h 5 2( 3), 0 8 5 9 -0 8 7 1.  8 6 5  
 8 6 6  
G o ut ell e  S., M a u ri n M., R o u gi e r F., B a r b a ut X., B o u r g ui g n o n  L., D u c h e r M. a n d M ai r e P., ( 2 0 0 8)   8 6 7  
T h e Hill e q u ati o n: a r e vi e w of its c a p a biliti es i n p h ar m a c ol o gi c al m o d elli n g. F u n d a m e nt al & Cli ni c a l P h ar m a c ol o g y 8 6 8  
2 2, 6 3 3 – 6 4 8.  8 6 9  
 8 7 0  
H a r ol ds o n E. L. ( 2 0 1 7)  8 7 1  
Fl ui d i n cl u si o n a n d st a bl e is ot o p e st u d y of M a gi n o: a m a g m ati c r el at e d Ar c h e a n g ol d d e p o sit. D o ct or al t h esi s, 8 7 2  
U ni v er sit y of Wis c o nsi n -M a dis o n  8 7 3  
 8 7 4  
H e i m a n n A., J o h ns o n C. M., B e a r d B. L., V all e y J. W., R o d e n E. E., S pi c u z z a M. J. a n d B e u k e s N. J., ( 2 0 1 0)  8 7 5  
 F e, C, a n d O is ot o p e c o m p o siti o ns of b a n d e d ir o n f or m ati o n c ar b o n at es d e m o nstr at e a m aj or r ol e f or dissi mil at or y 8 7 6  
ir o n r e d u cti o n i n ~ 2. 5 G a m ari n e e n vir o n m e nts. E art h a n d Pl a n et ar y S ci e n c e L ett er s 2 9 4, 8 – 1 8 . 8 7 7  
 8 7 8  
H e r vi g R. L., Willi a ms P., T h o m a s R. M., S c h a u e r S. N. a n d St e el e I. M.  ( 1 9 9 2)  8 7 9  
Mi cr o a n al ysis of o x y g e n is ot o p es i n i n s ul at or s b y s e c o n d ar y i o n m as s s p e ctr o m etr y. I nt er n ati o n al J o ur n al of M a ss 8 8 0  
S p e ctr o m etr y a n d I o n Pr o c e ss es 1 2 0, 4 5 – 6 3.  8 8 1  
 8 8 2  
Hill A. V. ( 1 9 1 0)   8 8 3  
T h e P o ssi bl e Eff e cts of T h e A g gr e g ati o n of T h e M ol e c ul es of H a e m o gl o bi n o n it s Dis s o ci ati o n C ur v e s. T h e J o ur n al 8 8 4  
of P h ysi ol o g y 4 0, i v – vii.  8 8 5  
 8 8 6  
H u b e rt y J. M., Kit a N. T., K o z d o n  R ., H e c k P. R., F o u r n ell e J. H., S pi c u z z a M. J., X u H. a n d V all e y J. W. (2 0 1 0 ) 8 8 7  
Cr yst al ori e nt ati o n eff e ct s i n δ 1 8 O f or m a g n etit e a n d h e m atit e b y SI M S. C h e mi c al G e ol o g y 2 7 6, 2 6 9 – 2 8 3.  8 8 8  
 8 8 9  
H u nt C. P., M o s k o w itz B. M. a n d B a n e rj e e S. K. ( 1 9 9 5)  8 9 0  
M a g n eti c pr o p erti es of r o c ks a n d mi n er als. I n R o c k P h ysi c s a n d P h as e R el ati o ns. A H a n d b o o k of P h ysi c al 8 9 1  
C o nst a nt s. A G U R ef er e n c e S h elf  8 9 2  
I c k e rt R. B. a n d St e r n R. A.  (2 0 1 3 ) 8 9 3  
M atri x C orr e cti o ns a n d Err or A n al ysi s i n Hi g h -Pr e cisi o n SI M S 1 8 O/ 1 6 O M e a s ur e m e nts of C a -M g -F e G ar n et. 8 9 4  
G e o st a n d ar d s a n d G e o a n al yti c al  R es e ar c h 3 7, 4 2 9 – 4 4 8.  8 9 5  
 8 9 6  
Is a J., K o hl I. E., Li u M. -C., W a ss o n J. T., Y o u n g E. D. a n d M c K e e g a n K. D. ( 2 0 1 7)  8 9 7  
Q u a ntifi c ati o n of o x y g e n is ot o p e SI M S m atri x eff e cts i n oli vi n e s a m pl es: C orr el ati o n wit h s p utt er r at e.  C h e mi c al 8 9 8  
G e ol o g y 4 5 8, 1 4 -2 1  8 9 9  
 9 0 0  
J a m es H. L.  (1 9 5 4 )  9 0 1  
S e di m e nt ar y f a ci es of ir o n -f or m ati o n. E c o n o mi c G e ol o g y 4 9, 2 3 5– 2 9 3.  9 0 2  
 9 0 3  
J o h ns o n C. M., L u d ois J. M., B e a r d  B. L., B e u k es N. J. a n d H ei m a n n A. ( 2 0 1 3)   9 0 4  
Ir o n f or m ati o n c ar b o n at es: P al e o c e a n o gr a p hi c pr o x y or r e c or d er of mi cr o bi al di a g e n esi s ? G e ol o g y 4 1, 1 1 4 7 – 1 1 5 0.  9 0 5  
 9 0 6  



K a mi n s k y F. V., Wi rt h R. a n d S c h r ei b e r A. ( 2 0 1 3 a)  9 0 7  
C ar b o n atiti c i n cl u si o n s i n d e e p m a ntl e di a m o n d fr o m J ui n a, Br a zil: N e w mi n er al s i n t h e c ar b o n at e -h ali d e  9 0 8  
ass o ci ati o n. T h e C a n a di a n Mi n er al o gist 5 1, 6 6 9 – 6 8 8.  9 0 9  
 9 1 0  
 9 1 1  
K a uf m a n A., H a y es J. a n d  Kl ei n,  C. ( 1 9 9 0)   9 1 2  
Pri m ar y a n d Di a g e n eti c C o ntr ols of I s ot o pi c C o m p o siti o n s of Ir o n -F or m ati o n C ar b o n at es. G e o c hi mi c a Et 9 1 3  
C o s m o c hi mi c a A ct a 5 4, 3 4 6 1 – 3 4 7 3.  9 1 4  
 9 1 5  
Ki m  S., M u c ci A. a n d T a yl o r B. E. ( 2 0 0 7)  9 1 6  
P h o s p h ori c a ci d fr a cti o n ati o n f a ct or s f or c al cit e a n d ar a g o nit e b et w e e n 2 5 a n d 7 5 ° C: R e vi sit e d. C h e mi c al G e ol o g y 9 1 7  
2 4 6, 1 3 5 -1 4 6  9 1 8  
 9 1 9  
Kit a N. T., H u b e rt y J. M., K o z d o n R., B e a r d B. L. a n d V all e y J. W.  ( 2 0 1 1)  9 2 0  
Hi g h -pr e cisi o n SI M S o x y g e n, s ulf ur a n d ir o n st a bl e is ot o p e a n al ys es of g e ol o gi c al m at eri als: a c c ur a c y, s urf a c e 9 2 1  
t o p o gr a p h y a n d cr yst al ori e nt ati o n. S urf a c e a n d I nt erf a c e A n al ysi s 4 3, 4 2 7 – 4 3 1.  9 2 2  
 9 2 3  
Kit a N. T., Us hi k u b o T., F u B. a n d V all e y J. W.  ( 2 0 0 9)  9 2 4  
Hi g h pr e cisi o n SI M S o x y g e n i s ot o p e a n al ysi s a n d t h e eff e ct of s a m pl e t o p o gr a p h y. C h e mi c al G e ol o g y 2 6 4, 4 3 – 5 7.  9 2 5  
 9 2 6  
Kit aji m a K., St ri c kl a n d  A., S pi c u z z a M. J. a n d V all e y J. W. ( 2 0 1 5)   9 2 7  
I m pr o v e m e nt i n m atri x c orr e cti o n of δ 1 8 O a n al ysi s b y SI M S f or p yr al s pit e a n d Cr -p yr o p e g ar n et. Pr es e nt e d at t h e 9 2 8  
Hi g h R e s ol uti o n Pr o xi es of P al e o cli m at e ( Hi R es 2 0 1 5), Wis c SI M S L a b or at or y, U ni v er sit y of Wis c o nsi n -M a dis o n.  9 2 9  
 9 3 0  
Kl e i n C. ( 2 0 0 5)  9 3 1  
S o m e Pr e c a m bri a n b a n d e d ir o n -f or m ati o ns ( BI Fs) fr o m ar o u n d t h e w orl d: T h eir a g e, g e ol o gi c s etti n g, mi n er al o g y, 9 3 2  
m et a m or p his m, g e o c h e mistr y, a n d ori gi n s. A m eri c a n Mi n er al o gist 9 0, 1 4 7 3 – 1 4 9 9.  9 3 3  
 9 3 4  
K o z d o n R., Us hi k u b o T., Kit a  N. T., S pi c u z z a  M. a n d V all e y J. W. ( 2 0 0 9)   9 3 5  
I ntr at est o x y g e n i s ot o p e v ari a bilit y i n t h e pl a n kt o ni c f or a mi nif er N. p a c h y d er m a: R e al v s. a p p ar e nt vit al eff e ct s b y 9 3 6  
i o n mi cr o pr o b e. C h e mi c al G e ol o g y 2 5 8, 3 2 7– 3 3 7.  9 3 7  
 9 3 8  
L u d vi g s o n G. A., G o n z al e z L. A., F o wl e D. A., R o b e rt s J. A., D ri e s e S. G., Vill a r r e al M. A., S mit h J. J. a n d S u a r e z 9 3 9  
M. B.  ( 2 0 1 3)  9 4 0  
P al e o cli m ati c a p pli c ati o ns a n d m o d er n p r o c e ss st u di e s of p e d o g e ni c si d erit e, I n: Dri es e, S. G., N or dt, L. C. ( E d s.), 9 4 1  
N e w Fr o nti er s i n P al e o p e d ol o g y a n d T err estri al P al e o cli m at ol o g y: P al e o s ols a n d S o il S urf a c e A n al o g S yst e ms. 9 4 2  
S E P M, T uls a, 7 9 – 8 7 p p . 9 4 3  
 9 4 4  
L u d vi g s o n G. A., G o n z ál e z L. A., M et z g e r R. A., Wit z k e B. J., B r e n n e r R. L., M u rill o A. P. a n d W hit e T. S.  ( 1 9 9 8) 9 4 5  
M et e ori c s p h a er o si d erit e li n es a n d t h eir u s e f or p al e o h y dr ol o g y  a n d p al e o cli m at ol o g y. G e ol o g y 2 6, 1 0 3 9 – 1 0 4 2.  9 4 6  
 9 4 7  
L u gli S., M o rt e a ni G. a n d Bl a m a rt D. ( 2 0 0 2)  9 4 8  
P etr o gr a p hi c, R E E, fl ui d i n cl u si o n a n d st a bl e is ot o p e st u d y of m a g n esit e fr o m t h e U p p er Tri assi c B ur a n o E v a p orit es  9 4 9  
( S e c c hi a V all e y, n ort h er n A p e n ni n e s): c o ntri b uti o ns fr o m s e di m e nt ar y, h y dr ot h er m al a n d m et as o m ati c s o ur c e s.  9 5 0  
Mi n er ali u m D e p o sit a 3 7, 4 8 0 – 4 9 4.  9 5 1  
 9 5 2  
L u z ó n A., M a y a y o M. J. a n d P é r e z A. ( 2 0 0 9)  9 5 3  
St a bl e is ot o p e c h ar a ct eris ati o n of c o -e xi sti n g c ar b o n at e s fr o m t h e H ol o c e n e G all o c a nt a l a k e ( N E S p ai n):  9 5 4  
p al a e oli m n o l o gi c al i m pli c ati o ns. I nt er n ati o n al J o ur n al of E art h S ci e n c e s 9 8, 1 1 2 9– 1 1 5 0.  9 5 5  
 9 5 6  



M a c q u a k e r  J. H. S., C u r tis C. D. a n d C ol e m a n M. L. ( 1 9 9 7) 9 5 7  
T h e r ol e of ir o n i n m u d st o n e di a g e n e sis; c o m p aris o n of Ki m m eri d g e Cl a y F or m ati o n m u d st o n es fr o m o ns h or e a n d 9 5 8  
off s h or e ( U K C S) l o c aliti es. J o ur n al of S e di m e nt ar y R es e ar c h 6 7, 8 7 1 – 8 7 8.  9 5 9  
 9 6 0  
M a y a y o M. J., B a ul u z B., L ó p e z -G ali n d o A. a n d G o n z ál e z -L ó p e z J. M. ( 1 9 9 6)  9 6 1  
Mi n er al o g y a n d g e o c h e mistr y of t h e c ar b o n at es i n t h e C al at a y u d B asi n ( Z ar a g o z a, S p ai n). C h e mi c al G e ol o g y 1 3 0,  9 6 2  
1 2 3 – 1 3 6.  9 6 3  
 9 6 4  
M e e s F. a n d K e p p e ns E. ( 2 0 1 3)  9 6 5  
St a bl e is ot o p e g e o c h e mistr y of m a g n esit e fr o m H ol o c e n e s alt l a k e d e p o sits, T a o u d e n ni, M ali. G e ol. J. 4 8,  6 2 0 – 6 2 7.  9 6 6  
 9 6 7  
M c C r e a J. M.  (1 9 5 0 ) 9 6 8  
O n t h e I s ot o pi c C h e mistr y of C ar b o n at es a n d a P al e ot e m p er at ur e S c al e. T h e J o ur n al of C h e mi c al P h ysi c s 1 8, 8 4 9.  9 6 9  
 9 7 0  
M c G r ail B. P., S c h a ef H. T., S p a n e F. A., Cliff  J. B., Q af o k u O., H o r n e r J. A., T h o m p s o n  C. J., O w e n A. T. a n d 9 7 1  
S ulli v a n  C. E. ( 2 0 1 6)   9 7 2  
Fi el d  V ali d ati o n of S u p er criti c al C O 2  R e a cti vit y wit h B as alt s. E n vir o n m e nt al S ci e n c e & T e c h n ol o g y L ett er s, 4( 1), 9 7 3  
6 -1 0.   9 7 4  
 9 7 5  
M o r a d S. ( 1 9 9 8)   9 7 6  
C ar b o n at e C e m e nt ati o n i n S a n d st o n es: Di stri b uti o n P att er ns a n d G e o c h e mi c al E v ol uti o n, I n: M or a d, S. ( E d.), 9 7 7  
C ar b o n at e C e m e nt ati o n i n S a n d st o n es . Bl a c k w ell P u blis hi n g Lt d., 1 – 2 6.  9 7 8  
 9 7 9  
M o r ris R. V., Bl a k e D. F., Bis h D., Mi n g D. W., A g r e sti D. G., T r ei m a n A. H., St e el e A. a n d A m u n ds e n H. E. F. 9 8 0  
( 2 0 1 1)  9 8 1  
A T err estri al A n al o g u e fr o m S pits b er g e n ( S v al b ar d, N or w a y) f or t h e C o m a n c h e C ar b o n at e at G us e v Cr at er, M ar s.  9 8 2  
L PI C o ntri b uti o n N o. 1 6 0 8, 1 6 9 9 p.  9 8 3  
 9 8 4  
M o zl e y P. S.  ( 1 9 8 9 a)  9 8 5  
C o m pl e x c o m p o siti o n al z o n ati o n i n c o n cr eti o n ar y si d erit e; i m pli c ati o n s f or g e o c h e mi c al st u di es. J o ur n al of 9 8 6  
S e di m e nt ar y R es e ar c h 5 9, 8 1 5 – 8 1 8.  9 8 7  
 9 8 8  
M o zl e y P. S.  ( 1 9 8 9 b)  9 8 9  
R el ati o n b et w e e n d e p o siti o n al e n vir o n m e nt a n d t h e el e m e nt al c o m p o siti o n of e arl y di a g e n eti c si d erit e. G e ol o g y 1 7, 9 9 0  
7 0 4 – 7 0 6.  9 9 1  
 9 9 2  
Nil es P. B., C atli n g D. C., B e r g e r G., C h a ss efi è r e E., E hl m a n n B. L., Mi c h als ki J. R., M o r ris R., R uff S. W. a n d 9 9 3  
S utt e r B.  ( 2 0 1 3)  9 9 4  
G e o c h e mi str y of C ar b o n at es o n M ar s: I m pli c ati o ns f or Cli m at e Hist or y a n d N at ur e of A q u e o us E n vir o n m e nts. 9 9 5  
S p a c e S ci e n c e R e vi e ws 1 7 4, 3 0 1 – 3 2 8.  9 9 6  
 9 9 7  
O rl a n d I. J., K o z d o n R., Li n z m ei e r B., W y c e c h J., Śli wi ńs ki  M. , Kit aji m a K., Kit a N. T. a n d V all e y J.W. 9 9 8  
( 2 0 1 5)  9 9 9  
E n h a n ci n g t h e a c c ur a c y of c ar b o n at e δ 1 8 O a n d δ 1 3 C m e a s ur e m e nts b y SI M S,  P a p er N u m b er: P P 5 2 B -0 3, A G U F all 1 0 0 0  
2 0 1 5 M e eti n g, D e c. 1 8 2 0 1 5, S a n Fr a n cis c o C A.  1 0 0 1  
 1 0 0 2  
P a g e F. Z., Kit a N. T. a n d V all e y J. W.  ( 2 0 1 0) 1 0 0 3  
I o n mi cr o pr o b e a n al ysis of o x y g e n is ot o p es i n g ar n ets of c o m pl e x c h e mistr y. C h e mi c al G e ol o g y 2 7 0, 9 -1 9.   1 0 0 4  
 1 0 0 5  



P e r r y  E. C ., T a n F. C. a n d M o r e y G. B. ( 1 9 7 3)  1 0 0 6  
G e ol o g y a n d st a bl e is ot o p e g e o c h e mi str y of t h e Bi w a bi k Ir o n F or m ati o n, n ort h er n Mi n n e s ot a. E c o n o mi c G e ol o g y 1 0 0 7  
6 8, 1 1 1 0 – 1 1 2 5.  1 0 0 8  
 1 0 0 9  
P o st m a D.  (1 9 8 2 )  1 0 1 0  
P yrit e a n d si d erit e f or m ati o n i n br a c kis h a n d fr es h w at er s w a m p s e di m e nt s. A m J S ci 2 8 2, 1 1 5 1 – 1 1 8 3.  1 0 1 1  
 1 0 1 2  
P o w e r I. a n d S o ut h a m G.  (2 0 0 5 ) 1 0 1 3  
C ar b o n di o xi d e s e q u estr ati o n t hr o u g h e n h a n c e d w e at h eri n g of c hr ys otil e mi n e t aili n g s a n d s u b s e q u e nt mi cr o bi al 1 0 1 4  
pr e ci pit ati o n of m a g n e si u m c ar b o n at es. G e o c hi mi c a et C o s m o c hi mi c a A ct a S u p pl e m e nt 6 9, 8 3 4.  1 0 1 5  
 1 0 1 6  
P o w e r  I. M., H a r ri s o n A. L., Di p pl e G. M., Wils o n  S. A., K el e m e n P. B., Hit c h M. a n d S o ut h a m, G.  (2 0 1 3 )  1 0 1 7  
C ar b o n Mi n er ali z ati o n: Fr o m N at ur al A n al o g u es t o E n gi n e er e d S yst e ms. R e vi e ws i n Mi n er al o g y a n d G e o c h e mi str y 1 0 1 8  
7 7, 3 0 5 – 3 6 0.  1 0 1 9  
 1 0 2 0  
R o c h ett e P. ( 1 9 8 8)  1 0 2 1  
I n v er s e m a g n eti c f a bri c i n c ar b o n at e-b e ari n g r o c ks. E art h a n d Pl a n et ar y S ci e n c e L ett er s 9 0, 2 2 9 -2 3 7  1 0 2 2  
 1 0 2 3  
Ri ci p uti  L. R., P at e r s o n B. A. a n d Ri p p e r d a n R. L. ( 1 9 9 8)   1 0 2 4  
M e as ur e m e nt of li g ht  st a bl e is ot o p e r ati o s b y SI M S:  M atri x eff e cts f or o x y g e n, c ar b o n, a n d s ulf ur is ot o p es i n 1 0 2 5  
mi n er als . I nt er n ati o n al J o ur n al of M a ss S p e ctr o m etr y 1 7 8, 8 1 – 1 1 2.  1 0 2 6  
 1 0 2 7  
R olli o n -B a r d C. a n d M a ri n -C a r b o n n e, J. ( 2 0 1 1)   1 0 2 8  
D et er mi n ati o n of SI M S m atri x eff e ct s o n o x y g e n is ot o pi c c o m p o siti o n s i n c ar b o n at es. J o ur n al of A n al yti c al At o mi c 1 0 2 9  
S p e ctr o m etr y 2 6, 1 2 8 5.  1 0 3 0  
 1 0 3 1  
R o s e n b a u m J. a n d S h e p p a r d S. M. F. ( 1 9 8 6)   1 0 3 2  
A n is ot o pi c st u d y of si d erit es, d ol o mit e s a n d a n k erit e s at hi g h t e m p er at ur es.  G e o c hi mi c a et C o s m o c hi mi c a A ct a 5 0, 1 0 3 3  
1 1 4 7 – 1 1 5 0.  1 0 3 4  
 1 0 3 5  
S a n z -M o nt e r o M. E. a n d R o d rí g u e z -A r a n d a J. P. ( 2 0 1 2)  1 0 3 6  
M a g n e sit e f or m ati o n b y mi cr o bi al a cti vit y: E vi d e n c e fr o m a Mi o c e n e h y p er s ali n e l a k e. S e di m e nt ar y G e ol o g y,  1 0 3 7  
Si g n at ur es of Mi cr o b es a n d Mi cr o bi al M ats a n d t h e  S e di m e nt ar y R e c or d 2 6 3 – 2 6 4, 6 – 1 5.  1 0 3 8  
 1 0 3 9  
S c h mi dt V., G ü nt h e r  D. a n d Hi rt A. M. ( 2 0 0 6)  1 0 4 0  
M a g n eti c a ni s otr o p y of c al cit e at r o o m -t e m p er at ur e. T e ct o n o p h ysi cs 4 1 8, 6 3-7 3  1 0 4 1  
 1 0 4 2  

S c h mi dt V., Hi rt A. M., H a m et n e r K. a n d G ü nt h e r ( 2 0 0 7 )M a g n eti c a ni s otr o p y of c ar b o n at e mi n er al s at  r o o m 1 0 4 3  
t e m p er at ur e a n d 7 7 K. A m eri c a n Mi n er al o gist 9 2, 1 6 7 3-1 6 8 4  1 0 4 4  
 1 0 4 5  

S h el d o n N. D. a n d T a b o r  N. J.  ( 2 0 0 9)  1 0 4 6  
Q u a ntit ati v e p al e o e n vir o n m e nt al a n d p al e o cli m ati c r e c o n str u cti o n usi n g p al e o s ols. E art h -S ci e n c e R e vi e ws 9 5, 1 – 5 2.  1 0 4 7  
 1 0 4 8  
Śli wi ńs ki  M. G., Kit aji m a K., K o z d o n R., S pi c u z z a  M. J. , D e n n y A. a n d V all e y J. W. ( 2 0 1 7)  1 0 4 9  
I n sit u δ1 3 C a n d δ 1 8 O mi cr o a n al ysi s b y SI M S: A m et h o d f or c h ar a ct eri zi n g t h e c ar b o n at e c o m p o n e nt s of n at ur al a n d 1 0 5 0  
e n gi n e er e d C O 2 -r es er v oirs. I nt er n ati o n al J o ur n al of Gr e e n h o us e G a s C o ntr ol , 5 7, 1 1 6 – 1 3 3.  1 0 5 1  
 1 0 5 2  



Śli w i ńs ki M. G., Kit aji m a K., K o z d o n R., S pi c u z z a  M. J., F o u r n ell e  J. H., D e n n y A. a n d V all e y J. W.  (2 0 1 6 a ) 1 0 5 3  
S e c o n d ar y I o n M a ss S p e ctr o m etr y Bi as o n I s ot o p e R ati o s i n D ol o mit e – A n k erit e, P art I: δ 1 8 O M atri x Eff e ct s. 1 0 5 4  
G e o st a n d ar d s  a n d G e o a n al yti c al  R es e ar c h,  4 0, 1 5 7 – 1 7 2.  1 0 5 5  
 1 0 5 6  
Śli wi ńs ki M. G., Kit aji m a  K., K o z d o n  R., S pi c u z z a M. J., F o u r n ell e  J. H.,  D e n n y A. a n d V all e y J. W. ( 2 0 1 6 b)  1 0 5 7  
S e c o n d ar y I o n M a ss S p e ctr o m etr y Bi as o n I s ot o p e R ati o s i n D ol o mit e – A n k erit e, P art II: δ 1 3 C M atri x Eff e cts. 1 0 5 8  
G e o st a n d ar d s  a n d G e o a n al yti c a l R es e ar c h,  4 0, 1 7 3 – 1 8 4.  1 0 5 9  
 1 0 6 0  
S o b ol e v N. V., K a mi ns k y F. V., G riffi n W. L., Y efi m o v a E. S., Wi n T. T., R y a n C. G. a n d B ot k u n o v, A. I. ( 1 9 9 7)  1 0 6 1  
Mi n er al i n cl u si o n s i n di a m o n d s fr o m t h e S p ut ni k ki m b erlit e pi p e, Y a k uti a. Lit h o s 3 9, 1 3 5 – 1 5 7.  1 0 6 2  
 1 0 6 3  
St e r n J. C., M c A d a m A. C., T e n K at e I. L., Bis h D. L., Bl a k e D. F., M o r ris R. V., B o w d e n R., F o g el M. L., 1 0 6 4  
Gl a m o clij a  M., M a h a ff y P. R., St e el e A. a n d A m u n d s e n H. E. F. ( 2 0 1 3)   1 0 6 5  
I s ot o pi c a n d g e o c h e mi c al i n v e sti g ati o n of t w o disti n ct M ar s a n al o g e n vir o n m e nt s u si n g e v ol v e d g as t e c h ni q u es i n 1 0 6 6  
S v al b ar d, N or w a y. I c ar u s 2 2 4, 2 9 7 – 3 0 8.  1 0 6 7  
 1 0 6 8  
S u a r e z, M. B., G o n z ál e z, L. A., L u d vi g s o n, G. A. ( 2 0 1 0)   1 0 6 9  
Esti m ati n g t h e o x y g e n is ot o pi c c o m p o siti o n of e q u at ori al p r e ci pit ati o n d uri n g t h e m i d-Cr et a c e o us. J o ur n al of 1 0 7 0  
S e di m e nt ar y R es e ar c h 8 0, 4 8 0 – 4 9 1.  1 0 7 1  
 1 0 7 2  
T elf o r d W., G el d a rt L. a n d S h e riff R. ( 1 9 9 0)  1 0 7 3  
El e ctri c al Pr o p erti es of R o c ks a n d Mi n er als. I n A p pli e d G e o p h ysi cs . C a m bri d g e: C a m bri d g e U ni v er sit y Pr ess., p p. 1 0 7 4  
2 8 3 -2 9 2  1 0 7 5  
 d oi: 1 0. 1 0 1 7/ C B O 9 7 8 1 1 3 9 1 6 7 9 3 2. 0 0 9  1 0 7 6  
 1 0 7 7  
T a b o r N. J. a n d M y e r s T. S. ( 2 0 1 5)   1 0 7 8  
P al e o s ols as in di c at or s of p al e o e n vir o n m e nt a n d p al e o cli m at e. A n n u al R e vi e w of E art h a n d Pl a n et ar y S ci e n c e s 4 3, 1 0 7 9  
3 3 3 – 3 6 1.  1 0 8 0  
 1 0 8 1  
T r ei m a n A. H., A m u n ds e n  H. E ., Bl a k e D. F. a n d B u n c h T. ( 2 0 0 2)  1 0 8 2  
H y dr ot h er m al ori gi n f or c ar b o n at e gl o b ul es i n M arti a n m et e orit e A L H 8 4 0 0 1: a t err estri al  a n al o g u e fr o m S pits b er g e n 1 0 8 3  
( N or w a y). E art h a n d Pl a n et ar y S ci e n c e L ett er s 2 0 4, 3 2 3 – 3 3 2.  1 0 8 4  
 1 0 8 5  
Uf n a r  D. F., G o n z ál e z L. A., L u d vi g s o n  G. A., B r e n n e r R. L. a n d Wit z k e B. J. ( 2 0 0 4)   1 0 8 6  
Di a g e n eti c o v er pri nti n g of t h e s p h a er o si d erit e p al a e o cli m at e pr o x y: ar e r e c or d s of p e d o g e ni c gr o u n d w at er δ 1 8 O 1 0 8 7  
v al u e s pr es er v e d ? S e di m e nt ol o g y 5 1, 1 2 7 – 1 4 4.  1 0 8 8  
 1 0 8 9  
V all e y J. W., Eil e r J. M., G r a h a m C. M., Gi bs o n E. K., R o m a n e k C. S. a n d St ol p e r E. M. ( 1 9 9 7)  1 0 9 0  
L o w -t e m p er at ur e c ar b o n at e c o n cr eti o ns i n t h e M arti a n m et e orit e A L H 8 4 0 0 1: E vi d e n c e fr o m st a bl e is ot o p es a n d 1 0 9 1  
mi n er al o g y. S ci e n c e, 2 7 5, 1 6 3 3 -1 6 3 8  1 0 9 2  
 1 0 9 3  
V all e y J. W. a n d Kit a N. T. ( 2 0 0 9)   1 0 9 4  
I n sit u o x y g e n is ot o p e g e o c h e mistr y b y i o n mi cr o pr o b e, I n: F a y e k, M. ( E d.), S e c o n d ar y I o n M a ss S p e ctr o m etr y i n 1 0 9 5  
t h e E art h S ci e n c e s: Gl e a ni n g t h e Bi g Pi ct ur e fr o m a S m all S p ot. Mi n er al o gi c al Ass o ci ati o n of C a n a d a ( M A C), p p. 1 0 9 6  
1 9 – 6 3.  1 0 9 7  
 1 0 9 8  
VI M ( 2 0 0 8)  1 0 9 9  
I nt er n ati o n al v o c a b ul ar y of m etr ol o g y –  B asi n a n d g e n er al c o n c e pts a n d ass o ci at e d t er ms ( VI M).  1 1 0 0  



J oi nt C o m mitt e e f or G ui d es i n M etr ol o g y, B ur e a u I nt er n ati o n al d es P oi d s et M e s ur es ( S é vr es, Fr a n c e), 2 0 0: 2 0 0 8, 1 1 0 1  
9 0 p p.  1 1 0 2  
 1 1 0 3  
V e r k o ut e r e n R. M. a n d Kli n e di nst D. B.  (2 0 0 4 )  1 1 0 4  
V al u e as si g n m e nt a n d u n c ert ai nt y e sti m ati o n of sel e ct e d li g ht st a bl e is ot o p e ref er e n c e m at eri als. NI S T S P E CI A L 1 1 0 5  
P U B LI C A TI O N 2 6 0, 1 4 9.  1 1 0 6  
 1 1 0 7  
W a n g A., P a st e ris J. D., M e y e r H. O. A. a n d D el e -D u b oi  M. L. ( 1 9 9 6)  1 1 0 8  
M a g n e sit e -b e ari n g i n cl u si o n a ss e m bl a g e i n n at ur al di a m o n d. E art h a n d Pl a n et ar y S ci e n c e L ett er s 1 4 1, 2 9 3 – 3 0 6.  1 1 0 9  
 1 1 1 0  
Wils o n  S. A., Di p pl e G. M., P o w e r I. M., T h o m J. M., A n d e rs o n R. G., R a u d s e p p  M., G a bit es J. E. a n d S o ut h a m 1 1 1 1  
G. ( 2 0 0 9)   1 1 1 2  
C ar b o n di o xi d e fi x ati o n wit hi n mi n e w a st es of ultr a m afi c -h o st e d or e d e p o sits: E x a m pl e s fr o m t h e Cli nt o n Cr e e k a n d 1 1 1 3  
C assi ar c hr ys otil e d e p o sits, C a n a d a. E c o n o mi c G e ol o g y 1 0 4, 9 5 – 1 1 2.  1 1 1 4  

 1 1 1 5  

 1 1 1 6  
 1 1 1 7  
 1 1 1 8  
 1 1 1 9  
 1 1 2 0  
 1 1 2 1  
 1 1 2 2  
 1 1 2 3  

 1 1 2 4  

 1 1 2 5  

 1 1 2 6  

 1 1 2 7  

 1 1 2 8  

FI G U R E A N D T A B L E C A P TI O N S  1 1 2 9  

 1 1 3 0  

Fi g u r e 1 . T er n ar y di a gr a m s h o wi n g t h e r a n g e of C a -M g -F e  c ar b o n at e c o m p ositi o ns r e pr es e nt e d 1 1 3 1  

b y t h e mi cr o a n al yti c al r ef er e n c e m at eri als d e v el o p e d at Wis c SI M S f or c ali br ati n g SI M S δ 1 8 O 1 1 3 2  

a n d δ 1 3 C a n al ys es  ( T a bl e 1): m a g n esit e -si d erit e s eri es (t his st u d y); d ol o mit e -a n k erit e s eri es 1 1 3 3  

(r e p ort e d i n Śli wi ńs ki et al., 2 0 1 6 a, 2 0 1 6 b) , a n d c al cit e U W C-3 ( K o z d o n et al., 2 0 0 9). S y m b ol s 1 1 3 4  

r e pr es e nt a v er a g e v al u es (ass o ci at e d 2 s e v al u es s m all er t h a n s y m b ol s).  1 1 3 5  

 1 1 3 6  

Fi g. 2.  ( a-b ) Pl ot r el ati n g SI M S δ 1 8 O bi as ( ‰) t o t h e c ati o n c o m p ositi o n of  c ar b o n at es b el o n gi n g 1 1 3 7  

t o t h e si d erit e-m a g n esit e s oli d s ol uti o n s eri es [ F e # = F e/( M g + F e), m ol ar] . S h o w n ar e 1 1 3 8  

r e pr es e nt ati v e e x a m pl es of t w o t y p es of bi as b e h a vi or o bs er v e d usi n g c o nsist e nt a n al yti c al 1 1 3 9  

pr ot o c ols f or: ( a) 1 0 -µ m di a m et er s p ot -si z e m e a s ur e m e nts a n d ( b) 3 -µ m  m e as ur e m e nts . (c -d ) 1 1 4 0  

W or ki n g c ali br ati o n c ur v es b as e d o n t h e d at a pl ott e d i n ( a-b) , w h er e bi as v al u es ar e  n or m ali z e d 1 1 4 1  

t o e n d-m e m b er m a g n esit e ( e x pr ess e d as δ 1 8 O bi as *( R M -U W M gs 1) ), w hi c h s er v es as t h e 1 1 4 2  

c ali br ati o n a n c h or. I m m e di at el y b el o w ar e t h e c ali br ati o n r esi d u als, w hi c h c a n b e c o nsi d er e d a 1 1 4 3  

m e as ur e of a c c ur a c y r el ati v e t o t h e C R M NI S T -1 9.  ( R ef er t o S u p pl e m e nt ar y A p p e n di x 3 f or 1 1 4 4  

a d diti o n al c ali br ati o n e x a m pl es).   1 1 4 5  



 1 1 4 6  

Fi g. 3.  ( a) A c o m p aris o n of SI M S δ 1 8 O bi as m e as ur e d fr o m c ar b o n at es of t h e d ol o mit e -a n k erit e 1 1 4 7  

a n d m a g n esit e -si d erit e s oli d -s ol uti o n s eri es usi n g t h e s a m e c o n diti o ns d uri n g a si n gl e a n al yti c al 1 1 4 8  

s essi o n  (ast eris ks i n di c at es a m o d el e d bi as v al u e; r ef er t o Fi g. S A 3 -2 b ). C o m p ositi o n is pl ott e d 1 1 4 9  

h er e as a m ol ar r ati o  of  F e + M n t o t h e s u m of all c ati o ns ( i. e., X ( F e + M n)) t o f a cilit at e c o m p aris o n 1 1 5 0  

wit h d at a  i n ( b), w hi c h  s h o w s s yst e m ati c c h a n g es i n  t h e m a g n eti c s us c e pti bilit y  ( M S) of 1 1 5 1  

c ar b o n at es as a f u n cti o n of F e + M n c o n c e ntr ati o n  ( d at a fr o m: [ 1, 2] S c h mi dt et al., 2 0 0 7; [ 3] 1 1 5 2  

S c h mi dt et al., 2 0 0 6; [ 4] R o c h ett e 1 9 8 8). N ot e t h at t h e F e + M n c o nt e nt of t h e d ol o mit e -a n k erit e 1 1 5 3  

R M s uit e ( Śli wi ńs ki et al., 2 0 1 6 a) d o es n ot e xt e n d f ar i nt o t h e c o m p ositi o n al fi el d w h er e T y p e -I 1 1 5 4  

a n d -II bi as tr e n ds of t h e m a g n esit e-si d erit e s eri es b e gi n t o di v er g e i n s h a p e ( X ( F e + M n) > ~ 0. 3; s e e 1 1 5 5  

Fi g. S A 3 -5), s u g g esti n g t h at t h e δ 1 8 O bi as r es p o ns e is i ns e nsiti v e t o sli g ht s essi o n -s p e cifi c 1 1 5 6  

diff er e n c es i n i nstr u m e nt t u ni n g b el o w t hi s t hr e s h ol d (i. e., diff er e n c es i n tr e n d s h a p e ar e n ot 1 1 5 7  

e x p e ct e d f or t h e d ol o mit e -a n k erit e s eri es a n d  i n d e e d h a v e n ot b e e n o bs er v e d o v er t h e l ast 3 -y e ar 1 1 5 8  

p eri o d) .  1 1 5 9  

 1 1 6 0  

Fi g. 4 . T h e c o m p ositi o n al d e p e n d e n c e of c ert ai n b as e si g n als ass o ci at e d wit h SI M S δ 1 8 O  bi as 1 1 6 1  

m e as ur e m e nts  fr o m t h e m a g n esit e-si d erit e s eri es . ( a-b)  S e c o n d ar y 1 6 O - i o n yi el ds vs. F e #  a n d ( c-1 1 6 2  

d) t h e c u m ul ati v e c h a n g e i n δ 1 8 O r a w b et w e e n t h e i niti al ( i) a n d fi n al (f) c y cl es of a n al ysis 1 1 6 3  

( “∆ 1 8 O ( 𝑠 𝑥 − 𝑥 𝑛 ) ”) vs.  F e #  f or b ot h  1 0 - a n d 3 -µ m s p ot -si z e a n al ysis c o n diti o ns. Yi el d = c o u nt r at e  1 1 6 4  

( as gi g a-c o u nts p er s e c o n d)  / pri m ar y Cs +  i o n b e a m i nt e nsit y ( n A). E a c h p oi nt is a n a v er a g e of at 1 1 6 5  

l e ast 4 m e as ur e m e nts fr o m 4 s e p ar at e gr ai ns ( 1 a n al ysis/ gr ai n).  (S e e t e xt f or d es cri pti o n  of 1 1 6 6  

‘ T y p e-I’ vs.  ‘ T y p e-II’ bi a s tr e n ds ).  1 1 6 7  

 1 1 6 8  

Fi g. 5 . ( a) Pl ot r el ati n g SI M S δ 1 3 C bi as ( ‰) t o t h e c ati o n c o m p ositi o n of c ar b o n at es b el o n gi n g t o 1 1 6 9  

t h e si d erit e-m a g n esit e s oli d s ol uti o n s eri es [ F e # = F e/( M g + F e), m ol ar]. S h o w n ar e t w o t y p es of 1 1 7 0  

bi as b e h a vi or o bs er v e d usi n g a c o nsist e nt a n al yti c al pr ot o c ol f or 6 -µ m di a m et er s p ot -si z e 1 1 7 1  

m e as ur e m e nts. ( b) W or ki n g c ali br ati o n c ur v es b a s e d o n t h e d at a pl ott e d i n ( a), w h er e bi as v al u es 1 1 7 2  

ar e n or m ali z e d t o e n d -m e m b er m a g n esit e ( e x pr ess e d as δ 1 3 C bi as *( R M -U W M gs 1) ), w hi c h 1 1 7 3  
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T a bl e 1. S o ur c e l o c alit y a n d m e a s ur e d e xt e nt of δ 1 8 O a n d δ 1 3 C h o m o g e n eit y o n t h e mi cr o a n al yti c al s c al e of SI M S ( 1 0 a n d 6- µ m s c al e, r e s p e cti v el y) i n t h e m a g n e sit e- si d erit e R M s of t hi s st u d y.

U W M g s 1 0. 0 0 2 Br u m a d o Di stri ct, Br a zil 1 2. 2 8 - 0. 8 2 S 1 9 2 0 2 0 0. 3 4 0. 0 8 S 2 0 2 0 2 0 0. 8 4 0. 1 9

U W M g s 2 0. 0 1 2 It al y ( n o a d diti o n al d et ail s k n o w n) 1 6. 9 9 - 5. 0 3 S 1 9 1 9 2 0 0. 4 6 0. 1 0 S 2 0 1 9 2 0 0. 8 8 0. 2 0

U W M g s 3 ( b) 0. 0 1 7 St ei er m ar k, A u stri a ( O b er d orf a n 
d er L a mi n g ?)

1 0. 5 8 - 0. 3 2 S 1 9 2 1 2 5 0. 8 6 0. 1 7 S 2 0 2 0 2 0 0. 9 9 0. 2 2

U W M g s 4 0. 1 0 4 G a s s ett s, C h e st er, Wi n d s or C o., 
V er m o nt, U S A

1 2. 6 2 - 1 1. 9 7 S 1 9 1 9 2 0 0. 3 2 0. 0 7 S 2 0 1 9 2 0 1. 0 0 0. 2 2

U W M g s 5 a ( b) 0. 1 0 5 V al di Vi z z e, Tr e nti n o- Alt o A di g e, 
B ol z a n o, It al y

1 1. 0 1 - 4. 9 2 S 1 9 1 9 2 0 0. 4 4 0. 1 0 S 2 0 1 9 2 0 0. 9 0 0. 2 0

U W M g s 5 b ( b) 0. 1 0 5 V al di Vi z z e, Tr e nti n o- Alt o A di g e, 
B ol z a n o, It al y

1 1. 0 1 - 4. 9 0 S 1 9 2 0 2 0 0. 3 6 0. 0 8 - - - - -

U W M g s 6 ( c) 0. 1 3 4 A di g e Ri v er ( u p p er p art of); V al di 
Vi z z e, Tr e nti n o- Alt o A di g e, 
B ol z a n o, It al y

1 0. 9 4 - 4. 9 5 S 1 6 1 5 2 3 0. 6 9 0. 1 4 S 1 7 1 5 2 3 1. 0 2 0. 2 1

U W M g s 7 ( d) 0. 2 9 5 S a v a g e Ri v er mi n e ar e a, 
T a s m a ni a, A u str ali a

1 6. 6 1 1. 3 5 S 2 2 2 2 2 3 1. 8 9 0. 3 9 S 2 3 1 7 2 0 0. 9 2 0. 2 0

U W S d 2 0. 5 3 0 M orr o V el h o Mi n e, N o v a Li m a, 
Mi n a s G er ai s, Br a zil

1 5. 8 8 - 4. 0 3 S 1 6 1 7 2 0 0. 3 6 0. 0 8 S 1 8 1 7 2 0 0. 4 6 0. 1 0

U W S d 3 0. 6 4 5 M orr o V el h o Mi n e, N o v a Li m a, 
Mi n a s G er ai s, Br a zil

1 5. 3 0 - 5. 0 6 S 1 6 1 7 2 0 0. 2 5 0. 0 6 S 1 8 1 7 2 1 0. 7 2 0. 1 6

U W S d 4 ( b) 0. 9 3 8 M o u nt St. Hil air e, Q u e b e c, 
C a n a d a

9. 1 4 - 5. 4 9 S 1 6 2 3 2 2 0. 8 1 0. 1 7 S 1 8 2 0 2 0 0. 8 5 0. 1 9

U W S d 5 0. 7 9 7 L o c alit y u n k n o w n 1 0. 4 8 - 7. 2 8 S 1 6 1 9 2 1 0. 5 6 0. 1 2 S 2 0 1 8 1 9 0. 9 0 0. 2 1

U W S d 1 0. 9 9 7 I vi gt ut Cr y olit e d e p o sit, I vitt u ut 
(I vi gt ut), Ar s u k Fj or d, S er m er s o o q, 
Gr e e nl a n d

7. 9 2 - 8. 0 7 S 1 9 2 0 2 0 0. 3 6 0. 0 8 S 2 0 2 0 2 0 0. 5 9 0. 1 3

a  δ 1 8 O a n d δ 1 3 C V S M O W v al u e d et er mi n e d b y c o n v e nti o n al p h o s p h ori c a ci d di g e sti o n a n d g a s- s o ur c e m a s s s p e ctr o m etr y ( s e e A p p e n di x A)

b  T w o s e p ar at e s plit s of t hi s m at eri al w er e e v al u at e d.

c  D e n ot e s a n R M w hi c h m a y b e u s e d f or δ 1 8 O c ali br ati o n o nl y if a n al y z e d r e p e at e dl y a s uffi ci e nt n u m b er of ti m e s t o dri v e t h e st a n d ar d err or ( at t h e 9 5 % c o nfi d e n c e l e v e) b el o w 0. 3 ‰ ( a p pr o x. n = 8)

d  T hi s R M i s n ot pr ef err e d f or r o uti n e u s e i n δ1 8 O c ali br ati o n. A p pr o x. 2 5 + r e pli c at e m e a s ur e m e nt s ar e r e q uir e d t o dri v e t h e st a n d ar d err or t o a p pr o x. 0. 3 ‰.

SI M S δ 1 3 C h o m o g e n eit y a s s e s s m e nt

S e s si o n 

I D

G r ai n s 

(n )

A n al y s e s 

(n )
2 s 2 s e

S e s si o n 

I D

G r ai n s 

(n )

A n al y s e s 

(n )
2 s

SI M S δ 1 8 O h o m o g e n eit y a s s e s s m e nt

2 s e
R M I D

Tr u e a  δ 1 8 O 

( ‰, V S M O W)
S o ur c e l o c alit yF e #

Tr u e a  δ 1 3 C 

( ‰, V P D B)



T a bl e 2. A v e r a g e c h e mi c al c o m p o siti o n of t h e m a g n e sit e- si d e rit e R M s of t hi s st u d y ( a n al y z e d b y E P M A)

R M I D % M g C O 3 2 s % C a C O 3 2 s % F e C O 3 2 s % M n C O 3 2 s % Sr C O 3 2 s F e # 2 s 2 s e F e # ( wit h M n) 2 s 2 s e F e 2 s 2 s e

( F e/( M g + F e)) ( wt. %)

U W M g s 1 2 0 6 0 9 9. 4 7 % 0. 2 7 % 0. 2 9 % 0. 3 1 % 0. 1 7 % 0. 0 8 % 0. 0 7 % 0. 0 3 % < D L - 0. 0 0 2 0. 0 0 1 0. 0 0 0 0. 0 0 2 0. 0 0 1 0. 0 0 0 0. 1 1 0. 0 5 0. 0 1

U W M g s 2 1 9 5 7 9 8. 6 6 % 0. 4 7 % 0. 0 9 % 0. 0 8 % 1. 2 5 % 0. 4 2 % 0. 0 2 % 0. 0 2 % < D L - 0. 0 1 2 0. 0 0 4 0. 0 0 1 0. 0 1 3 0. 0 0 4 0. 0 0 1 0. 8 0 0. 2 7 0. 0 4

U W M g s 3 2 1 6 3 9 7. 2 9 % 1. 3 0 % 0. 8 4 % 1. 3 4 % 1. 7 3 % 0. 2 3 % 0. 1 4 % 0. 0 4 % < D L - 0. 0 1 7 0. 0 0 2 0. 0 0 0 0. 0 1 9 0. 0 0 2 0. 0 0 0 1. 1 1 0. 1 5 0. 0 2

U W M g s 4 1 9 5 7 8 8. 6 5 % 0. 3 5 % 0. 5 4 % 0. 1 1 % 1 0. 2 9 % 0. 3 4 % 0. 5 1 % 0. 0 9 % < D L - 0. 1 0 4 0. 0 0 3 0. 0 0 0 0. 1 0 9 0. 0 0 3 0. 0 0 0 6. 4 1 0. 2 3 0. 0 3

U W M g s 5 a ( a)
2 1 6 1 8 8. 2 6 % 0. 8 2 % 0. 5 5 % 0. 1 8 % 1 0. 3 9 % 1. 1 6 % 0. 8 0 % 0. 2 6 % < D L - 0. 1 0 5 0. 0 1 1 0. 0 0 1 0. 1 1 3 0. 0 0 9 0. 0 0 1 6. 4 6 0. 7 2 0. 0 9

U W M g s 5 b ( a)
1 9 5 7 8 8. 3 0 % 0. 7 2 % 0. 5 5 % 0. 2 0 % 1 0. 3 6 % 1. 0 5 % 0. 7 9 % 0. 2 3 % < D L - 0. 1 0 5 0. 0 1 0 0. 0 0 1 0. 1 1 2 0. 0 0 8 0. 0 0 1 6. 4 4 0. 6 4 0. 0 9

U W M g s 6 1 5 4 6 8 5. 7 6 % 1. 6 3 % 0. 5 2 % 0. 1 5 % 1 3. 2 2 % 1. 8 4 % 0. 5 0 % 0. 1 6 % < D L - 0. 1 3 4 0. 0 1 8 0. 0 0 3 0. 1 3 8 0. 0 1 7 0. 0 0 3 8. 1 3 1. 1 0 0. 1 6

U W M g s 7 2 1 6 5 6 8. 5 2 % 1. 3 2 % 0. 2 9 % 0. 1 8 % 2 8. 6 4 % 1. 1 1 % 2. 5 6 % 0. 3 7 % < D L - 0. 2 9 5 0. 0 1 2 0. 0 0 1 0. 3 1 3 0. 0 1 3 0. 0 0 2 1 6. 8 0 0. 6 3 0. 0 8

U W S d 2 1 6 4 8 4 6. 1 0 % 0. 8 4 % 0. 5 9 % 0. 3 9 % 5 2. 0 7 % 0. 9 6 % 1. 2 4 % 0. 1 7 % < D L - 0. 5 3 0 0. 0 0 9 0. 0 0 1 0. 5 3 6 0. 0 0 9 0. 0 0 1 2 8. 3 9 0. 6 2 0. 0 9

U W S d 3 1 7 5 1 3 3. 4 7 % 2. 0 7 % 0. 7 7 % 0. 1 8 % 6 0. 7 6 % 2. 2 9 % 5. 0 0 % 0. 3 3 % < D L - 0. 6 4 5 0. 0 2 3 0. 0 0 3 0. 6 6 3 0. 0 2 1 0. 0 0 3 3 2. 0 5 1. 0 8 0. 1 5

U W S d 4 2 1 6 1 5. 5 8 % 1. 3 6 % 0. 9 3 % 1. 0 3 % 8 5. 1 4 % 3. 8 9 % 8. 3 5 % 2. 2 7 % < D L - 0. 9 3 8 0. 0 1 6 0. 0 0 2 0. 9 4 4 0. 0 1 4 0. 0 0 2 4 1. 8 4 1. 7 4 0. 2 2

U W S d 5 1 9 5 3 1 9. 2 1 % 2. 3 5 % 1. 0 7 % 0. 4 9 % 7 5. 4 6 % 1. 8 5 % 4. 2 5 % 1. 6 5 % < D L - 0. 7 9 7 0. 0 2 2 0. 0 0 3 0. 8 0 6 0. 0 2 3 0. 0 0 3 3 8. 0 2 1. 0 2 0. 1 4

U W S d 1 2 2 6 9 0. 3 3 % 0. 1 0 % 0. 0 3 % 0. 0 2 % 9 5. 3 4 % 0. 2 9 % 4. 3 2 % 0. 2 4 % < D L - 0. 9 9 7 0. 0 0 1 0. 0 0 0 0. 9 9 7 0. 0 0 1 0. 0 0 0 4 6. 2 3 0. 5 8 0. 0 7
( a) R e pli c at e s plit s

E P M A 
a n al y s e s ( n )

Gr ai n s 
(n )



S e s si o n 

I D

S p ot 

si z e 

( µ m)

Tr e n d 

t y p e
R M I D F e #

a δ
1 8

O Tr u e
b
  ( ‰, 

V S M O W)

δ
1 8

O 

r a w ( c) 2 s e
δ

1 8
O 

bi a s ( c, d) 2 s e
δ

1 8
O bi a s*( R M-

U W M g s 1) ( e) 2 s e
1 6

O
-
 Yi el d 

( G c p s/ n A)
2 s e ∆

1 8
O( c f- ci)

(f) 2 s e

S 1 6 ( g) 1 0 T y p e-I Br a zil M g s ( g, h) 0. 0 0 4 1 5. 0 1 - 4. 5 8 0. 0 2 - 1 9. 3 0 0. 0 2 0. 0 0 0. 1 0 1. 7 9 1 0. 0 1 4 - 2. 8 4 0. 3 7

S 1 6 ( g) 1 0 T y p e-I U W M g s 1 0. 0 0 2 1 2. 2 8 - - - - - - - - - -

S 1 6 ( g) 1 0 T y p e-I U W M g s 2 0. 0 1 2 1 6. 9 9 - - - - - - - - - -

S 1 6 ( g) 1 0 T y p e-I U W M g s 3 0. 0 1 7 1 0. 5 8 - - - - - - - - - -

S 1 6 ( g) 1 0 T y p e-I U W M g s 4 0. 1 0 4 1 2. 6 2 - - - - - - - - - -

S 1 6 ( g) 1 0 T y p e-I U W M g s 5 a 0. 1 0 5 1 1. 0 1 - - - - - - - - - -

S 1 6 ( g) 1 0 T y p e-I U W M g s 5 b 0. 1 0 5 1 1. 0 1 - - - - - - - - - -

S 1 6 ( g) 1 0 T y p e-I U W M g s 6 0. 1 3 4 1 0. 9 4 2. 1 7 0. 1 5 - 8. 6 8 0. 1 5 1 1. 3 8 0. 1 9 2. 1 9 5 0. 0 1 6 - 2. 0 8 0. 1 5

S 1 6
( g) 1 0 T y p e-I U W M g s 7 0. 2 9 5 1 6. 6 1 - - - -

S 1 6
( g) 1 0 T y p e-I U W S d 2 0. 5 3 0 1 5. 8 8 6. 2 7 0. 0 8 - 9. 4 6 0. 0 8 1 0. 6 4 0. 1 6 2. 8 6 9 0. 0 0 6 - 1. 1 1 0. 1 5

S 1 6
( g) 1 0 T y p e-I U W S d 3 0. 6 4 5 1 5. 3 0 5. 0 5 0. 0 6 - 1 0. 0 9 0. 0 6 1 0. 0 0 0. 1 5 3. 0 0 9 0. 0 0 8 - 0. 8 3 0. 1 0

S 1 6
( g) 1 0 T y p e-I U W S d 4 0. 9 3 8 9. 1 4 0. 1 8 0. 1 7 - 8. 8 8 0. 1 7 1 1. 2 1 0. 2 2 2. 9 4 4 0. 0 8 2 - 2. 1 3 0. 2 1

S 1 6
( g) 1 0 T y p e-I U W S d 5 0. 7 9 7 1 0. 4 8 - 0. 4 0 0. 1 2 - 1 0. 7 7 0. 1 2 9. 2 4 0. 1 8 3. 0 1 4 0. 0 0 9 - 1. 3 0 0. 2 3

S 1 6
( g) 1 0 T y p e-I U W S d 1 0. 9 9 7 7. 9 2 - - - - - - - - - -

S 1 6
( g) 1 0 T y p e-I I vi g. S d

(i) 0. 9 9 8 7. 7 9 - 0. 4 6 0. 1 2 - 8. 1 8 0. 1 2 1 1. 3 3 0. 1 6 2. 9 6 0 0. 0 0 8 - 2. 9 4 0. 2 8

S 1 9 1 0 T y p e-I Br a zil M g s
( h) 0. 0 0 4 1 5. 0 1 - - - - - - - - - -

S 1 9 1 0 T y p e-I U W M g s 1 0. 0 0 2 1 2. 2 8 - 8. 3 3 0. 0 8 - 2 0. 3 6 0. 0 8 0. 0 0 0. 1 9 1. 8 2 6 0. 0 0 6 - 3. 4 2 0. 2 1
S 1 9 1 0 T y p e-I U W M g s 2 0. 0 1 2 1 6. 9 9 - 1. 4 0 0. 1 0 - 1 8. 1 4 0. 1 0 2. 3 3 0. 2 2 1. 8 7 4 0. 0 0 7 - 3. 2 4 0. 1 7
S 1 9 1 0 T y p e-I U W M g s 3 0. 0 1 7 1 0. 5 8 - 7. 1 5 0. 1 7 - 1 7. 6 4 0. 1 7 2. 7 8 0. 2 6 1. 8 7 0 0. 0 0 7 - 3. 0 4 0. 1 5
S 1 9 1 0 T y p e-I U W M g s 4 0. 1 0 4 1 2. 6 2 3. 2 1 0. 0 7 - 9. 3 7 0. 0 7 1 1. 2 8 0. 2 5 2. 0 9 3 0. 0 1 0 - 2. 4 2 0. 1 7
S 1 9 1 0 T y p e-I U W M g s 5 a 0. 1 0 5 1 1. 0 1 1. 4 6 0. 1 0 - 9. 6 0 0. 1 0 1 1. 0 4 0. 2 2 2. 0 6 0 0. 0 0 8 - 2. 5 0 0. 2 1
S 1 9 1 0 T y p e-I U W M g s 5 b 0. 1 0 5 1 1. 0 1 1. 7 6 0. 0 8 - 9. 5 0 0. 0 8 1 1. 1 4 0. 2 1 2. 0 5 2 0. 0 1 0 - 2. 2 4 0. 1 8
S 1 9 1 0 T y p e-I U W M g s 6 0. 1 3 4 1 0. 9 4 2. 6 0 0. 1 8 - 8. 7 1 0. 1 8 1 1. 9 4 0. 2 8 2. 1 7 2 0. 0 1 3 - 2. 1 2 0. 2 4
S 1 9 1 0 T y p e-I U W M g s 7 0. 2 9 5 1 6. 6 1 - - - -
S 1 9 1 0 T y p e-I U W S d 2 0. 5 3 0 1 5. 8 8 6. 5 6 0. 0 4 - 9. 4 3 0. 0 4 1 1. 2 1 0. 2 1 2. 7 0 2 0. 0 0 4 - 1. 0 2 0. 3 7
S 1 9 1 0 T y p e-I U W S d 3 0. 6 4 5 1 5. 3 0 5. 3 6 0. 0 9 - 1 0. 0 4 0. 0 9 1 0. 5 9 0. 2 2 2. 8 6 1 0. 0 1 8 - 0. 7 9 0. 2 9
S 1 9 1 0 T y p e-I U W S d 4 0. 9 3 8 9. 1 4 0. 3 8 0. 2 0 - 8. 9 3 0. 2 0 1 1. 7 2 0. 2 9 2. 8 2 9 0. 0 1 0 - 3. 0 6 0. 2 1
S 1 9 1 0 T y p e-I U W S d 5 (j)

0. 7 9 7 1 0. 4 8 - - - - - - - - - -
S 1 9 1 0 T y p e-I U W S d 1 ( k)

0. 9 9 7 7. 9 2 - 0. 5 0 0. 0 8 - 8. 5 5 0. 0 8 1 2. 1 1 0. 2 2 2. 7 6 7 0. 0 0 5 - 3. 7 9 0. 1 4
S 1 9 1 0 T y p e-I I vi g. S d(i) 0. 9 9 8 7. 7 9 - - - - - - - - - -

S 2 1 1 0 T y p e-II Br a zil M g s ( h) 0. 0 0 4 1 5. 0 1 - - - - - - - - - -
S 2 1 1 0 T y p e-II U W M g s 1 0. 0 0 2 1 2. 2 8 - 1 4. 2 9 0. 2 6 - 2 6. 2 5 0. 2 6 0. 0 0 0. 2 7 1. 7 8 4 0. 0 1 9 - 2. 2 2 0. 2 6
S 2 1 1 0 T y p e-II U W M g s 2 0. 0 1 2 1 6. 9 9 - 7. 6 3 0. 2 0 - 2 4. 2 1 0. 2 0 2. 1 0 0. 3 3 1. 8 4 3 0. 0 1 4 - 1. 6 2 0. 1 5
S 2 1 1 0 T y p e-II U W M g s 3 0. 0 1 7 1 0. 5 8 - 1 3. 5 2 0. 2 0 - 2 3. 8 5 0. 2 0 2. 4 6 0. 3 3 1. 8 6 0 0. 0 1 5 - 1. 4 9 0. 1 4
S 2 1 1 0 T y p e-II U W M g s 4 0. 1 0 4 1 2. 6 2 - 2. 1 2 0. 1 3 - 1 4. 5 6 0. 1 3 1 2. 0 1 0. 3 0 2. 2 8 3 0. 0 4 5 - 1. 2 0 0. 1 7
S 2 1 1 0 T y p e-II U W M g s 5 a 0. 1 0 5 1 1. 0 1 - 3. 8 6 0. 2 6 - 1 4. 3 5 0. 2 6 1 2. 2 2 0. 3 9 2. 4 3 9 0. 0 0 7 - 1. 0 0 0. 1 8
S 2 1 1 0 T y p e-II U W M g s 5 b 0. 1 0 5 1 1. 0 1 - - - - - - - - - -
S 2 1 1 0 T y p e-II U W M g s 6 0. 1 3 4 1 0. 9 4 - - - - - - - - - -
S 2 1 1 0 T y p e-II U W M g s 7 0. 2 9 5 1 6. 6 1 - - - - - - - - - -
S 2 1 1 0 T y p e-II U W S d 2 0. 5 3 0 1 5. 8 8 4. 8 3 0. 1 5 - 1 0. 4 8 0. 1 5 1 6. 1 9 0. 3 2 2. 9 7 7 0. 0 2 4 - 0. 7 0 0. 1 5
S 2 1 1 0 T y p e-II U W S d 3 0. 6 4 5 1 5. 3 0 4. 1 4 0. 0 7 - 1 0. 5 9 0. 0 7 1 6. 0 8 0. 2 9 3. 0 5 6 0. 0 1 6 - 0. 5 5 0. 1 2
S 2 1 1 0 T y p e-II U W S d 4 0. 9 3 8 9. 1 4 - 2. 7 0 0. 6 8 - 1 1. 3 3 0. 6 8 1 5. 3 2 0. 7 3 3. 1 8 9 0. 1 1 0 - 0. 7 9 0. 1 7
S 2 1 1 0 T y p e-II U W S d 5

(j)
0. 7 9 7 1 0. 4 8 - 1. 4 5 0. 2 8 - 1 1. 4 1 0. 2 8 1 5. 2 4 0. 3 9 3. 0 8 0 0. 0 1 2 - 0. 3 8 0. 1 8

S 2 1 1 0 T y p e-II U W S d 1
( k)

0. 9 9 7 7. 9 2 - 4. 5 6 0. 0 7 - 1 2. 0 3 0. 0 7 1 4. 6 1 0. 3 2 3. 4 6 2 0. 0 1 2 - 1. 4 2 0. 1 5
S 2 1 1 0 T y p e-II I vi g. S d

(i)
0. 9 9 8 7. 7 9 - - - - - - - - - -

S 2 2 1 0 T y p e-I Br a zil M g s ( h) 0. 0 0 4 1 5. 0 1 - - - - - - - - - -
S 2 2 1 0 T y p e-I U W M g s 1 0. 0 0 2 1 2. 2 8 - 7. 9 3 0. 1 6 - 1 9. 9 6 0. 1 6 0. 0 0 0. 1 9 2. 0 8 0 0. 0 0 8 - 3. 4 0 0. 3 0
S 2 2 1 0 T y p e-I U W M g s 2 0. 0 1 2 1 6. 9 9 - 0. 7 3 0. 2 4 - 1 7. 4 2 0. 2 4 2. 5 9 0. 3 1 2. 1 2 1 0. 0 1 3 - 3. 4 0 0. 4 0
S 2 2 1 0 T y p e-I U W M g s 3 0. 0 1 7 1 0. 5 8 - 6. 4 1 0. 3 7 - 1 6. 8 7 0. 3 7 3. 1 5 0. 4 4 2. 1 3 7 0. 0 1 0 - 3. 3 0 0. 3 0
S 2 2 1 0 T y p e-I U W M g s 4 0. 1 0 4 1 2. 6 2 3. 6 2 0. 0 8 - 8. 9 5 0. 0 8 1 1. 2 3 0. 3 0 2. 3 6 8 0. 0 1 2 - 2. 3 0 0. 4 0
S 2 2 1 0 T y p e-I U W M g s 5 a 0. 1 0 5 1 1. 0 1 1. 5 0 0. 2 1 - 9. 4 7 0. 2 1 1 0. 7 0 0. 3 0 2. 3 7 9 0. 0 1 0 - 2. 6 0 0. 2 0
S 2 2 1 0 T y p e-I U W M g s 5 b 0. 1 0 5 1 1. 0 1 2. 0 6 0. 1 4 - 8. 9 2 0. 1 4 1 1. 2 6 0. 2 6 2. 3 8 4 0. 0 0 6 - 2. 5 0 0. 4 0
S 2 2 1 0 T y p e-I U W M g s 6 0. 1 3 4 1 0. 9 4 2. 4 9 0. 1 0 - 8. 5 0 0. 1 0 1 1. 6 9 0. 2 5 2. 4 4 0 0. 0 0 9 - 2. 2 0 0. 2 0
S 2 2 1 0 T y p e-I U W M g s 7 0. 2 9 5 1 6. 6 1 9. 1 4 0. 3 7 - 7. 2 6 0. 3 7 1 2. 9 6 0. 4 6 2. 7 5 2 0. 0 1 1 - 1. 7 0 0. 2 0
S 2 2 1 0 T y p e-I U W S d 2 0. 5 3 0 1 5. 8 8 6. 4 1 0. 1 5 - 9. 4 7 0. 1 5 1 0. 7 1 0. 2 8 2. 9 9 5 0. 0 1 3 0 - 1. 4 0 0. 2 0
S 2 2 1 0 T y p e-I U W S d 3 0. 6 4 5 1 5. 3 0 5. 2 2 0. 0 4 - 1 0. 0 2 0. 0 4 1 0. 1 4 0. 2 3 3. 1 1 0 0. 0 2 0 - 1. 5 0 0. 3 0
S 2 2 1 0 T y p e-I U W S d 4 0. 9 3 8 9. 1 4 0. 4 6 0. 3 7 - 8. 6 5 0. 3 7 1 1. 5 4 0. 4 4 2. 9 8 3 0. 0 1 3 - 3. 2 0 0. 3 0
S 2 2 1 0 T y p e-I U W S d 5 (j)

0. 7 9 7 1 0. 4 8 - 0. 2 6 0. 2 5 - 1 0. 7 2 0. 2 5 9. 4 3 0. 3 4 3. 0 6 2 0. 0 1 5 - 2. 2 0 0. 4 0
S 2 2 1 0 T y p e-I U W S d 1 ( k)

0. 9 9 7 7. 9 2 - 0. 1 0 0. 1 2 - 8. 0 5 0. 1 2 1 2. 1 5 0. 2 5 2. 9 4 6 0. 0 0 6 - 3. 5 0 0. 2 0
S 2 2 1 0 T y p e-I I vi g. S d(i) 0. 9 9 8 7. 7 9 - - - - - - - - - -

S 2 4 3 T y p e-II Br a zil M g s ( h) 0. 0 0 4 1 5. 0 1 - - - - - - - - - -
S 2 4 3 T y p e-II U W M g s 1 0. 0 0 2 1 2. 2 8 - 2 4. 2 1 0. 6 5 - 3 6. 0 5 0. 6 5 0. 0 0 0. 6 5 1. 4 2 3 0. 0 1 0 - 1. 4 8 0. 7 4
S 2 4 3 T y p e-II U W M g s 2 0. 0 1 2 1 6. 9 9 - 1 6. 7 5 0. 6 1 - 3 3. 1 8 0. 6 1 2. 6 1 1. 1 0 1. 5 2 0 0. 0 1 7 - 0. 2 2 0. 6 3
S 2 4 3 T y p e-II U W M g s 3 0. 0 1 7 1 0. 5 8 - - - - - - - - - -
S 2 4 3 T y p e-II U W M g s 4 0. 1 0 4 1 2. 6 2 - 1 1. 2 9 0. 1 5 - 2 3. 6 1 0. 1 5 1 2. 5 3 0. 9 3 1. 8 6 5 0. 0 0 6 - 1. 0 8 0. 5 5
S 2 4 3 T y p e-II U W M g s 5 a 0. 1 0 5 1 1. 0 1 - 1 3. 4 0 0. 4 5 - 2 4. 1 4 0. 4 5 1 2. 4 7 1. 0 1 1. 8 3 6 0. 0 6 5 - 1. 4 1 0. 6 0
S 2 4 3 T y p e-II U W M g s 5 b 0. 1 0 5 1 1. 0 1 - - - - - - - - -

S 2 4 3 T y p e-II U W M g s 6 0. 1 3 4 1 0. 9 4 - - - - - - - - -
S 2 4 3 T y p e-II U W M g s 7 0. 2 9 5 1 6. 6 1 - 3. 5 5 0. 8 3 - 1 9. 8 3 0. 8 3 1 6. 2 3 1. 1 8 2. 5 7 8 0. 0 8 1 0. 1 0 0. 3 1
S 2 4 3 T y p e-II U W S d 2 0. 5 3 0 1 5. 8 8 - 4. 4 0 0. 3 8 - 1 9. 9 6 0. 3 8 1 6. 6 9 0. 7 5 2. 6 5 8 0. 0 8 1 0. 6 0 0. 5 6
S 2 4 3 T y p e-II U W S d 3 0. 6 4 5 1 5. 3 0 - 5. 1 0 0. 4 2 - 2 0. 1 0 0. 4 2 1 6. 5 5 0. 7 7 2. 7 9 6 0. 0 7 4 - 0. 0 6 0. 4 8
S 2 4 3 T y p e-II U W S d 4 0. 9 3 8 9. 1 4 - 1 1. 2 3 0. 6 2 - 2 0. 1 9 0. 6 2 1 6. 5 7 1. 0 9 2. 8 6 2 0. 0 5 3 - 1. 1 0 0. 5 3
S 2 4 3 T y p e-II U W S d 5 (j)

0. 7 9 7 1 0. 4 8 - 1 0. 3 0 0. 6 4 - 2 0. 5 6 0. 6 4 1 5. 6 9 1. 1 2 2. 8 3 6 0. 1 1 5 0. 5 2 0. 4 3
S 2 4 3 T y p e-II U W S d 1 ( k)

0. 9 9 7 7. 9 2 - 1 2. 5 1 0. 2 5 - 2 0. 2 7 0. 2 5 1 5. 7 8 0. 8 8 2. 7 7 3 0. 0 1 8 - 1. 0 8 0. 4 9
S 2 4 3 T y p e-II I vi g. S d(i) 0. 9 9 8 7. 7 9 - - - - - - - - - -

S 2 6 3 T y p e-I Br a zil M g s ( h) 0. 0 0 4 1 5. 0 1 - - - - - - - - - -
S 2 6 3 T y p e-I U W M g s 1 0. 0 0 2 1 2. 2 8 - 2 2. 6 6 0. 4 8 - 3 4. 5 2 0. 4 8 0. 0 0 0. 4 8 1. 6 6 4 0. 0 0 8 - 4. 6 2 0. 7 5
S 2 6 3 T y p e-I U W M g s 2 0. 0 1 2 1 6. 9 9 - 1 5. 3 5 0. 4 3 - 3 1. 8 0 0. 4 3 2. 6 8 0. 7 1 1. 7 3 1 0. 0 2 1 - 4. 0 4 0. 5 9
S 2 6 3 T y p e-I U W M g s 3 0. 0 1 7 1 0. 5 8 - 2 1. 1 9 0. 2 9 - 3 1. 4 4 0. 2 9 3. 1 9 0. 7 3 1. 6 9 0 0. 0 1 3 - 4. 0 7 0. 5 0
S 2 6 3 T y p e-I U W M g s 4 0. 1 0 4 1 2. 6 2 - 1 0. 3 2 0. 4 3 - 2 2. 6 6 0. 4 3 1 2. 1 4 0. 7 1 1. 9 3 1 0. 0 5 4 - 2. 6 7 0. 5 2
S 2 6 3 T y p e-I U W M g s 5 a 0. 1 0 5 1 1. 0 1 - 1 1. 7 4 0. 3 3 - 2 2. 5 0 0. 3 3 1 2. 4 5 0. 7 5 1. 8 9 5 0. 0 3 0 - 3. 6 4 0. 3 9
S 2 6 3 T y p e-I U W M g s 5 b 0. 1 0 5 1 1. 0 1 - - - - - - - - - -
S 2 6 3 T y p e-I U W M g s 6 0. 1 3 4 1 0. 9 4 - 1 0. 7 9 0. 2 4 - 2 1. 4 9 0. 2 4 1 3. 5 4 0. 6 2 2. 0 7 0 0. 0 2 8 - 1. 9 4 0. 3 2
S 2 6 3 T y p e-I U W M g s 7 0. 2 9 5 1 6. 6 1 - 3. 4 1 0. 4 9 - 1 9. 7 0 0. 4 9 1 5. 1 9 1. 0 3 2. 4 6 5 0. 0 2 6 - 1. 8 8 0. 2 6
S 2 6 3 T y p e-I U W S d 2 0. 5 3 0 1 5. 8 8 - 6. 3 5 0. 1 3 - 2 1. 8 8 0. 1 3 1 3. 0 9 0. 5 0 2. 7 8 5 0. 0 5 4 - 2. 3 1 0. 5 3
S 2 6 3 T y p e-I U W S d 3 0. 6 4 5 1 5. 3 0 - 6. 9 9 0. 3 1 - 2 1. 9 5 0. 3 1 1 2. 8 7 0. 6 5 2. 8 9 0 0. 0 4 3 - 2. 5 7 0. 4 2
S 2 6 3 T y p e-I U W S d 4 0. 9 3 8 9. 1 4 - - - - - - - - - -
S 2 6 3 T y p e-I U W S d 5 (j)

0. 7 9 7 1 0. 4 8 - 1 3. 0 3 0. 4 1 - 2 3. 2 7 0. 4 1 1 1. 7 1 0. 7 0 2. 7 7 5 0. 0 5 1 - 0. 7 2 0. 4 7
S 2 6 3 T y p e-I U W S d 1 ( k)

0. 9 9 7 7. 9 2 - 1 4. 5 8 0. 3 4 - 2 2. 3 3 0. 3 4 1 2. 6 3 0. 5 9 2. 6 1 8 0. 0 2 7 - 2. 9 6 0. 4 6
S 2 6 3 T y p e-I I vi g. S d(i) 0. 9 9 8 7. 7 9 - - - - - - - - - -

a  F e # = m ol ar F e/( M g + F e); t h e u n c ert ai nti e s t h at a c c o m p a n y t hi s E P M A- d eri v e d p ar a m et er ar e t a b ul at e d i n T a bl e 2
b  δ 1 8 O V S M O W v al u e d et er mi n e d b y c o n v e nti o n al p h o s p h ori c a ci d di g e sti o n a n d g a s- s o ur c e m a s s s p e ctr o m etr y ( s e e A p p e n di x A)
c  V al u e c orr e ct e d f or i n str u m e nt al drift r el ati v e t o U W C- 3 R ef er e n c e Br a c k et.
d
 V al u e c al c ul at e d vi a e q u ati o n s 1 a n d 3

e 
V al u e c al c ul at e d vi a e q u ati o n 4

f C u m ul ati v e c h a n g e i n δ1 8 O r a w b et w e e n t h e i niti al a n d fi n al c y cl e of a n al y si s
g  C ali br ati o n d at a fr o m t hi s s e s si o n w a s n or m ali z e d t o t h e Br a zil M g s e n d- m e m b er r at h er t h a n t o U W M g s 1, w hi c h w a s n ot y et d e v el o p e d at t hi s st a g e. 
h  R M fr o m Eil er et al. ( 1 9 9 7). δ1 8 O V S M O W v al u e r e c al c u at e d u si n g p h o s p h ori c a ci d-fr a cti o n ati o n f a ct or of R o s e n b a u m a n d S h e p p ar d ( 1 9 8 6).
i R M fr o m Eil er et al. ( 1 9 9 7)
j T h e R M U W S d 5 i s a n e w s plit of J E- M g- Si d of Eil er et al. ( 1 9 9 7).
k T h e R M U W S d 1 i s a n e w s plit of I vi g. S d ( gr ai n s of n e w s plit ar e n ot ri m m e d b y a n F e O c o ati n g).

T a bl e 3. SI M S δ
1 8

O bi a s d at a f or m a g n e sit e- si d erit e c ali br ati o n R M s of t hi s st u d y, m e a s ur e d d uri n g m ulti pl e a n al yti c al 

s e s si o n s o v er a 2- y e ar p eri o d ( 2 0 1 5- 2 0 1 7). 



S e s si o n 

I D

S p ot 

si z e 

( µ m)

T r e n d 

t y p e
R M I D F e # a δ 1 3 C T r u e b   ( ‰, 

V P D B)

δ
1 3

C 

r a w ( c) 2 s e
δ

1 3
C 

bi a s ( c, d) 2 s e
δ

1 3
C bi a s*( R M-

U W M g s 1) ( e) 2 s e
1 2 C - Yi el d 

( M c p s/ n A)
2 s e ∆ 1 3 C( c f- ci)

(f) 2 s e

S 1 7 6 T y p e-II Br a zil M g s ( g, h)
0. 0 0 4 - 0. 9 6 - 5 4. 7 1 0. 0 6 - 5 3. 8 0 0. 0 6 0. 0 0 0. 3 4 7. 8 4 6 0. 0 3 0 - 3. 1 7 1. 3 0

S 1 7 6 T y p e-II U W M g s 1 0. 0 0 2 - 0. 8 2 - - - - - - - - - -

S 1 7 6 T y p e-II U W M g s 2 0. 0 1 2 - 5. 0 3 - - - - - - - - - -

S 1 7 6 T y p e-II U W M g s 3 0. 0 1 7 - 0. 3 2 - - - - - - - - - -

S 1 7 6 T y p e-II U W M g s 4 0. 1 0 4 - 1 1. 9 7 - - - - - - - - - -

S 1 7 6 T y p e-II U W M g s 5 a 0. 1 0 5 - 4. 9 2 - - - - - - - - - -

S 1 7 6 T y p e-II U W M g s 5 b 0. 1 0 5 - 4. 9 0 - - - - - - - - - -

S 1 7 6 T y p e-II U W M g s 6 0. 1 3 4 - 4. 9 5 - 6 1. 6 4 0. 2 1 - 5 5. 9 0 0. 2 1 - 2. 2 2 0. 4 4 1 0. 7 6 8 0. 0 6 8 - 3. 8 2 0. 8 5

S 1 7 6 T y p e-II U W M g s 7 0. 2 9 5 1. 3 5 - - - - - - - - - -

S 1 7 6 T y p e-II U W S d 2 0. 5 3 0 - 4. 0 3 - - - - - - - - - -

S 1 7 6 T y p e-II U W S d 3 0. 6 4 5 - 5. 0 6 - 6 6. 5 9 0. 2 0 - 6 0. 0 9 0. 2 0 - 6. 6 5 0. 5 9 1 1. 4 9 7 0. 0 5 1 - 0. 7 4 0. 7 4

S 1 7 6 T y p e-II U W S d 4 0. 9 3 8 - 5. 4 9 - - - - - - - - - -

S 1 7 6 T y p e-II U W S d 5 (i)
0. 7 9 7 - 7. 2 8 - - - - - - - - - -

S 1 7 6 T y p e-II U W S d 1 (j)
0. 9 9 7 - 8. 0 7 - - - - - - - - - -

S 1 7 6 T y p e-II I vi g. S d( k)
0. 9 9 8 - 8. 1 8 - 7 0. 9 0 0. 2 9 - 6 3. 2 4 0. 2 9 - 9. 9 7 0. 4 5 8. 0 8 6 0. 0 5 6 - 3. 1 1 1. 3 6

S 1 8  6 T y p e-II Br a zil M g s ( g, h)
0. 0 0 4 - 0. 9 6 - 5 4. 9 6 0. 1 0 - 5 4. 0 5 0. 1 0 0. 0 0 0. 1 8 9. 2 1 6 0. 1 1 4 - 2. 9 6 1. 2 6

S 1 8  6 T y p e-II U W M g s 1 0. 0 0 2 - 0. 8 2 - - - - - - - - - -

S 1 8  6 T y p e-II U W M g s 2 0. 0 1 2 - 5. 0 3 - - - - - - - - - -

S 1 8  6 T y p e-II U W M g s 3 0. 0 1 7 - 0. 3 2 - - - - - - - - - -

S 1 8  6 T y p e-II U W M g s 4 0. 1 0 4 - 1 1. 9 7 - - - - - - - - - -

S 1 8  6 T y p e-II U W M g s 5 a 0. 1 0 5 - 4. 9 2 - - - - - - - - - -

S 1 8  6 T y p e-II U W M g s 5 b 0. 1 0 5 - 4. 9 0 - - - - - - - - - -

S 1 8  6 T y p e-II U W M g s 6 0. 1 3 4 - 4. 9 5 - 6 0. 7 2 0. 2 5 - 5 5. 6 1 0. 2 5 - 1. 6 4 0. 3 4 1 1. 3 6 8 0. 1 2 8 - 4. 8 4 1. 0 6

S 1 8  6 T y p e-II U W M g s 7 0. 2 9 5 1. 3 5 - - - - - - - - - -

S 1 8  6 T y p e-II U W S d 2 0. 5 3 0 - 4. 0 3 - 6 4. 2 1 0. 1 0 - 6 0. 0 7 0. 1 0 - 6. 3 6 0. 2 6 1 2. 8 6 7 0. 0 4 0 - 4. 4 9 0. 6 6

S 1 8  6 T y p e-II U W S d 3 0. 6 4 5 - 5. 0 6 - 6 6. 3 2 0. 1 6 - 6 1. 1 6 0. 1 6 - 7. 5 2 0. 3 0 1 2. 4 2 4 0. 0 6 4 - 3. 8 2 0. 7 7

S 1 8  6 T y p e-II U W S d 4 0. 9 3 8 - 5. 4 9 - 6 7. 1 0 0. 1 9 - 6 1. 8 8 0. 1 9 - 8. 2 8 0. 3 0 9. 0 7 7 0. 1 4 7 - 4. 4 4 0. 7 1

S 1 8  6 T y p e-II U W S d 5
(i)

0. 7 9 7 - 7. 2 8 - - - - - - - - - -

S 1 8  6 T y p e-II U W S d 1 (j)
0. 9 9 7 - 8. 0 7 - - - - - - - - - -

S 1 8  6 T y p e-II I vi g. S d( k)
0. 9 9 8 - 8. 1 8 - 7 0. 6 0 0. 4 5 - 6 2. 9 3 0. 4 5 - 9. 3 9 0. 4 9 7. 9 8 4 0. 0 7 8 - 4. 1 0 1. 5 0

S 2 0 6 T y p e-I Br a zil M g s ( h)
0. 0 0 4 - 0. 9 6 - - - - - - - - - -

S 2 0 6 T y p e-I U W M g s 1 0. 0 0 2 - 0. 8 2 - 5 0. 7 7 0. 1 9 - 4 9. 9 9 0. 1 9 0. 0 0 0. 2 7 7. 3 1 1 0. 0 2 9 - 2. 6 3 0. 8 4

S 2 0 6 T y p e-I U W M g s 2 0. 0 1 2 - 5. 0 3 - 5 5. 7 1 0. 2 0 - 5 0. 2 6 0. 2 0 - 0. 2 8 0. 3 5 7. 5 6 5 0. 0 6 2 - 2. 8 5 0. 6 0

S 2 0 6 T y p e-I U W M g s 3 0. 0 1 7 - 0. 3 2 - 5 1. 0 3 0. 2 2 - 5 0. 4 6 0. 2 2 - 0. 4 9 0. 3 9 8. 5 0 8 0. 5 8 1 - 2. 9 5 0. 5 6

S 2 0 6 T y p e-I U W M g s 4 0. 1 0 4 - 1 1. 9 7 - 6 4. 4 2 0. 2 2 - 5 2. 5 9 0. 2 2 - 2. 7 4 0. 3 7 9. 4 6 4 0. 0 6 3 - 3. 2 1 0. 8 9

S 2 0 6 T y p e-I U W M g s 5 a 0. 1 0 5 - 4. 9 2 - 5 7. 7 4 0. 2 0 - 5 2. 4 5 0. 2 0 - 2. 5 9 0. 3 9 9. 5 3 1 0. 0 5 7 - 3. 4 2 0. 8 3

S 2 0 6 T y p e-I U W M g s 5 b 0. 1 0 5 - 4. 9 0 - - - - - - - - - -

S 2 0 6 T y p e-I U W M g s 6 0. 1 3 4 - 4. 9 5 - 5 8. 5 8 0. 4 6 - 5 2. 6 5 0. 4 6 - 2. 8 0 0. 5 8 1 0. 3 3 1 0. 0 4 0 - 3. 7 5 1. 2 3

S 2 0 6 T y p e-I U W M g s 7 0. 2 9 5 1. 3 5 - - - - - - - - - -

S 2 0 6 T y p e-I U W S d 2 0. 5 3 0 - 4. 0 3 - 6 0. 6 2 0. 5 3 - 5 6. 4 0 0. 5 3 - 6. 7 4 0. 6 2 1 1. 3 4 1 0. 1 3 2 - 1. 7 4 1. 1 1

S 2 0 6 T y p e-I U W S d 3 0. 6 4 5 - 5. 0 6 - 6 2. 5 7 0. 3 6 - 5 7. 3 8 0. 3 6 - 7. 7 8 0. 4 8 1 0. 9 7 4 0. 0 7 7 - 0. 9 0 1. 1 6

S 2 0 6 T y p e-I U W S d 4 0. 9 3 8 - 5. 4 9 - 6 3. 8 8 0. 2 7 - 5 8. 2 9 0. 2 7 - 8. 7 3 0. 4 3 9. 2 2 4 0. 3 3 8 - 2. 0 5 1. 4 7

S 2 0 6 T y p e-I U W S d 5 (i)
0. 7 9 7 - 7. 2 8 - 6 5. 1 4 0. 2 1 - 5 8. 0 6 0. 2 1 - 8. 4 9 0. 3 7 1 0. 2 1 5 0. 0 9 1 - 0. 8 8 1. 1 7

S 2 0 6 T y p e-I U W S d 1
(j)

0. 9 9 7 - 8. 0 7 - 6 7. 9 9 0. 1 3 - 5 9. 8 0 0. 1 3 - 1 0. 3 3 0. 3 5 8. 2 6 4 0. 0 2 0 - 3. 7 2 1. 0 0

S 2 0 6 T y p e-I I vi g. S d( k)
0. 9 9 8 - 8. 1 8 - - - - - - - - - -

S 2 3 6 T y p e-I Br a zil M g s ( h)
0. 0 0 4 - 0. 9 6 - - - - - - - - - -

S 2 3 6 T y p e-I U W M g s 1 0. 0 0 2 - 0. 8 2 - 5 2. 2 5 0. 4 0 - 5 1. 4 7 0. 4 0 0. 0 0 0. 4 3 8. 0 9 2 0. 1 1 8 - 4. 3 2 1. 1 9

S 2 3 6 T y p e-I U W M g s 2 0. 0 1 2 - 5. 0 3 - 5 7. 1 8 0. 1 9 - 5 2. 3 5 0. 1 9 - 0. 9 2 0. 5 3 8. 5 5 4 0. 0 9 5 - 3. 7 2 1. 0 2

S 2 3 6 T y p e-I U W M g s 3 0. 0 1 7 - 0. 3 2 - 5 2. 7 1 0. 2 2 - 5 2. 3 4 0. 2 2 - 0. 9 2 0. 5 4 8. 6 1 0 0. 4 9 3 - 3. 7 2 2. 8 4

S 2 3 6 T y p e-I U W M g s 4 0. 1 0 4 - 1 1. 9 7 - 6 5. 7 2 0. 3 5 - 5 4. 4 0 0. 3 5 - 3. 0 8 0. 5 6 1 0. 7 9 6 0. 1 0 1 - 4. 2 4 0. 9 1

S 2 3 6 T y p e-I U W M g s 5 a 0. 1 0 5 - 4. 9 2 - 5 8. 7 8 0. 4 4 - 5 4. 0 6 0. 4 4 - 2. 7 3 0. 6 6 1 0. 7 9 1 0. 1 0 8 - 4. 1 6 1. 0 5

S 2 3 6 T y p e-I U W M g s 5 b 0. 1 0 5 - 4. 9 0 - - - - - - - - - -

S 2 3 6 T y p e-I U W M g s 6 0. 1 3 4 - 4. 9 5 - 5 9. 7 4 0. 2 8 - 5 5. 0 0 0. 2 8 - 3. 7 2 0. 5 6 1 1. 1 7 4 0. 0 1 2 - 4. 1 3 1. 4 1

S 2 3 6 T y p e-I U W M g s 7 0. 2 9 5 1. 3 5 - 5 4. 9 0 0. 2 1 - 5 6. 6 4 0. 2 1 - 5. 4 4 0. 5 1 1 2. 4 2 5 0. 0 5 7 - 2. 8 3 0. 6 2

S 2 3 6 T y p e-I U W S d 2 0. 5 3 0 - 4. 0 3 - 6 2. 2 2 0. 2 3 - 5 8. 2 6 0. 2 3 - 7. 1 5 0. 5 3 1 2. 5 7 0 0. 0 9 6 - 2. 5 1 0. 9 1

S 2 3 6 T y p e-I U W S d 3 0. 6 4 5 - 5. 0 6 - 6 3. 5 7 0. 3 1 - 5 8. 6 4 0. 3 1 - 7. 5 5 0. 5 7 1 2. 1 7 0 0. 1 0 7 - 1. 3 2 1. 4 9

S 2 3 6 T y p e-I U W S d 4 0. 9 3 8 - 5. 4 9 - 6 5. 9 1 0. 3 4 - 6 0. 6 9 0. 3 4 - 9. 7 2 0. 5 9 9. 6 1 7 0. 2 0 6 - 2. 5 4 1. 2 1

S 2 3 6 T y p e-I U W S d 5 (i)
0. 7 9 7 - 7. 2 8 - 6 7. 0 2 0. 5 0 - 6 0. 0 1 0. 5 0 - 9. 0 0 0. 6 9 1 0. 9 6 8 0. 1 5 7 - 3. 1 2 1. 1 2

S 2 3 6 T y p e-I U W S d 1 (j)
0. 9 9 7 - 8. 0 7 - 6 9. 0 0 0. 3 1 - 6 1. 4 3 0. 3 1 - 1 0. 4 9 0. 5 3 8. 3 9 9 0. 0 3 8 - 3. 9 0 1. 0 9

S 2 3 6 T y p e-I I vi g. S d( k)
0. 9 9 8 - 8. 1 8 - - - - - - - - - -

a  F e # = m ol ar F e/( M g + F e); t h e u n c ert ai nti e s t h at a c c o m p a n y t hi s E P M A- d eri v e d p ar a m et er ar e t a b ul at e d i n T a bl e 2
b  δ 1 3 C V P D B v al u e d et er mi n e d b y c o n v e nti o n al p h o s p h ori c a ci d di g e sti o n a n d g a s- s o ur c e m a s s s p e ctr o m etr y ( s e e A p p e n di x A)

d  V al u e c al c ul at e d vi a e q u ati o n s 2 a n d 3
e V al u e c al c ul at e d vi a e q u ati o n 4
f C u m ul ati v e c h a n g e i n δ1 3 C r a w b et w e e n t h e i niti al a n d fi n al c y cl e of a n al y si s
g  C ali br ati o n d at a fr o m t hi s s e s si o n w a s n or m ali z e d t o t h e Br a zil M g s e n d- m e m b er r at h er t h a n t o U W M g s 1, w hi c h w a s n ot y et d e v el o p e d at t hi s st a g e. 
h  R M fr o m Eil er et al. ( 1 9 9 7).
i T h e R M U W S d 5 i s a n e w s plit of J E- M g- Si d of Eil er et al. ( 1 9 9 7).
j T h e R M U W S d 1 i s a n e w s plit of I vi g. S d ( gr ai n s of n e w s plit ar e n ot ri m m e d b y a n F e O c o ati n g).
k R M fr o m Eil er et al. ( 1 9 9 7)

c  V al u e c orr e ct e d f or i n str u m e nt al drift r el ati v e t o U W C- 3 R ef er e n c e Br a c k et.

T a bl e 4. SI M S δ 1 3 C bi a s d at a f o r m a g n e sit e- si d erit e c ali b r ati o n R M s of t hi s st u d y, m e a s u r e d d u ri n g m ulti pl e a n al yti c al 

s e s si o n s o v er a 2- y e ar p eri o d ( 2 0 1 5- 2 0 1 7). 



T a bl e 5. R e s ult s of cr y st all o g r a p hi c ori e nt ati o n eff e ct t e st o n m e a s ur e d δ 1 8 O bi a s.

R M I D F e # G r ai n m o u nt t y p e δ 1 8 O r a w ( ‰) δ 1 8 O  bi a s 2 s ( c)
n

U W S d 1 0. 9 9 7 R e g ul ar ( a)
- 4. 5 6 - 1 2. 3 8 0. 2 6 4

U W S d 1 0. 9 9 7 Ori e nt e d ( b)
- 4. 6 7 - 1 2. 4 9 0. 2 8 8

U W M g s 5 a 0. 1 0 5 R e g ul ar ( a)
- 3. 8 6 - 1 4. 7 1 0. 5 8 5

U W M g s 5 a 0. 1 0 5 Ori e nt e d ( b)
- 3. 9 0 - 1 4. 7 5 0. 7 2 1 0

U W M g s 4 0. 1 0 4 R e g ul ar ( a)
- 2. 1 2 - 1 4. 5 6 0. 2 5 4

U W M g s 4 0. 1 0 4 Ori e nt e d ( b)
- 2. 1 3 - 1 4. 5 7 0. 2 9 8

( c) A m o n g- gr ai n v ari a bilit y

( b) M o u nt wit h gr ai n e d g e s a n d a pi c e s ori e nt e d p er p e n di c ul ar t o c a sti n g pl at e s urf a c e ( gr ai n s e m b e d d e d i nt o 

d e e p gr o o v e s c ut s i nt o 1- m m t hi c k a n d stiff c ar b o n t a p e).

( a) W h e n gr ai n s ar e l ai d o ut o n a fl at c a sti n g pl at e, t h e r h o m bi c g e o m etr y of c ar b o a nt e gr ai n s r e s ult s i n a n 

u n d er-r e pr e s e nt ati o n of e d g e s a n d a pi c e s.



δ
1 8 O ( ‰) ( d)

δ
1 8 O ( ‰) ( e)

δ
1 3 C ( ‰) ( e)

( V S M O W ) ( V P D B) ( V P D B)

U W M g s 1

C 4- 2 5 1- 9 2 1. 7 1 1. 0 0 9 3 3 1 1 0 0 1 2. 2 6 - 1 8. 0 9 - 0. 8 2

C 4- 2 5 1- 1 1 2 1. 7 4 1. 0 0 9 3 3 1 1 0 0 1 2. 2 9 - 1 8. 0 6 - 0. 8 2

C 4- 2 5 1- 1 0 2 1. 7 4 1. 0 0 9 3 3 1 1 0 0 1 2. 2 9 - 1 8. 0 6 - 0. 8 1

A v er a g e of 3 s e p ar at e di g e sti o n s ( ~ 5- m g e a c h): 1 2. 2 8 - 1 8. 0 7 - 0. 8 2

2 s 0. 0 3 0. 0 3 0. 0 1

U W M g s 2

C 4- 2 5 1- 1 4 2 6. 4 5 1. 0 0 9 3 3 1 0 0 1 6. 9 7 - 1 3. 5 2 - 5. 0 2

C 4- 2 5 1- 1 3 2 6. 5 0 1. 0 0 9 3 3 1 0 0 1 7. 0 1 - 1 3. 4 8 - 5. 0 3

C 4- 2 5 1- 1 5 2 6. 4 6 1. 0 0 9 3 3 1 0 0 1 6. 9 8 - 1 3. 5 1 - 5. 0 3

A v er a g e of 3 s e p ar at e di g e sti o n s ( ~ 5- m g e a c h): 1 6. 9 9 - 1 3. 5 0 - 5. 0 3

2 s 0. 0 5 0. 0 5 0. 0 1

U W M g s 3

C 4- 2 5 1- 1 2 0. 0 2 1. 0 0 9 3 2 1 0 0 1 0. 6 0 - 1 9. 7 0 - 0. 3 3
C 4- 2 5 1- 2 2 0. 0 0 1. 0 0 9 3 2 1 0 0 1 0. 5 8 - 1 9. 7 2 - 0. 3 1
C 4- 2 5 1- 3 1 9. 9 9 1. 0 0 9 3 2 1 0 0 1 0. 5 7 - 1 9. 7 3 - 0. 3 1

A v er a g e of 3 s e p ar at e di g e sti o n s ( ~ 5- m g e a c h): 1 0. 5 8 - 1 9. 7 2 - 0. 3 2

2 s 0. 0 3 0. 0 3 0. 0 2

U W M g s 4

C 4- 2 5 1- 5 2 2. 0 0 1. 0 0 9 2 8 1 0 0 1 2. 6 1 - 1 7. 7 5 - 1 1. 9 8
C 4- 2 5 1- 6 2 2. 0 3 1. 0 0 9 2 8 1 0 0 1 2. 6 4 - 1 7. 7 2 - 1 1. 9 6

A v er a g e of 3 s e p ar at e di g e sti o n s ( ~ 5- m g e a c h): 1 2. 6 2 - 1 7. 7 4 - 1 1. 9 7

2 s 0. 0 4 0. 0 4 0. 0 3

U W M g s 5 a

C 4- 2 5 1- 2 1 2 0. 3 7 1. 0 0 9 2 8 1 0 0 1 0. 9 9 - 1 9. 3 2 - 4. 9 2

C 4- 2 5 1- 2 2 2 0. 3 9 1. 0 0 9 2 8 1 0 0 1 1. 0 1 - 1 9. 3 0 - 4. 9 1
C 4- 2 5 1- 2 3 2 0. 4 2 1. 0 0 9 2 8 1 0 0 1 1. 0 4 - 1 9. 2 7 - 4. 9 2

A v er a g e of 3 s e p ar at e di g e sti o n s ( ~ 5- m g e a c h): 1 1. 0 1 - 1 9. 3 0 - 4. 9 2

2 s 0. 0 5 0. 0 5 0. 0 1

U W M g s 5 b

C 4- 2 5 1- 1 7 2 0. 3 4 1. 0 0 9 2 8 1 0 0 1 0. 9 6 - 1 9. 3 5 - 4. 9 0

C 4- 2 5 1- 1 9 2 0. 4 4 1. 0 0 9 2 8 1 0 0 1 1. 0 6 - 1 9. 2 5 - 4. 9 0

A v er a g e of 3 s e p ar at e di g e sti o n s ( ~ 5- m g e a c h): 1 1. 0 1 - 1 9. 3 0 - 4. 9 0
2 s 0. 1 4 0. 1 4 0. 0 0

U W M g s 6

C 4- 2 4 7- 1 3 2 0. 2 9 1. 0 0 9 2 6 1 0 0 1 0. 9 3 - 1 9. 3 8 - 4. 9 6

C 4- 2 4 8- 2 2 0. 2 9 1. 0 0 9 2 6 1 0 0 1 0. 9 3 - 1 9. 3 8 - 4. 9 5

C 4- 2 4 8- 3 2 0. 3 2 1. 0 0 9 2 6 1 0 0 1 0. 9 6 - 1 9. 3 5 - 4. 9 5

A v er a g e of 3 s e p ar at e di g e sti o n s ( ~ 5- m g e a c h): 1 0. 9 4 - 1 9. 3 7 - 4. 9 5

2 s 0. 0 3 0. 0 3 0. 0 1

U W M g s 7

C 4- 2 5 5- 1 3 2 5. 9 5 1. 0 0 9 1 8 1 0 0 1 6. 6 2 - 1 3. 8 6 1. 3 6

C 4- 2 5 5- 1 5 2 5. 9 6 1. 0 0 9 1 8 1 0 0 1 6. 6 3 - 1 3. 8 5 1. 3 4
C 4- 2 5 5- 1 6 2 5. 9 0 1. 0 0 9 1 8 1 0 0 1 6. 5 7 - 1 3. 9 1 1. 3 6

A v er a g e of 3 s e p ar at e di g e sti o n s ( ~ 5- m g e a c h): 1 6. 6 1 - 1 3. 8 7 1. 3 5
2 s 0. 0 6 0. 0 6 0. 0 2

U W S d 2

C 4- 2 4 7- 1 1 2 5. 0 6 1. 0 0 9 0 5 1 0 0 1 5. 8 6 - 1 4. 6 0 - 4. 0 3

C 4- 2 4 7- 1 0 2 5. 0 2 1. 0 0 9 0 5 1 0 0 1 5. 8 2 - 1 4. 6 3 - 4. 0 4

C 4- 2 4 8- 1 2 5. 1 4 1. 0 0 9 0 5 1 0 0 1 5. 9 4 - 1 4. 5 2 - 4. 0 1

A v er a g e of 3 s e p ar at e di g e sti o n s ( ~ 5- m g e a c h): 1 5. 8 8 - 1 4. 5 8 - 4. 0 3
2 s 0. 1 2 0. 1 2 0. 0 3

U W S d 3

C al c ul at e d wit h r e n or m ali z e d C a- M g- F e; M n e x cl u d e d

C 4- 2 4 7- 7 2 4. 4 3 1. 0 0 8 9 9 1 0 0 1 5. 3 0 - 1 5. 1 4 - 5. 0 6

C 4- 2 4 7- 6 2 4. 4 7 1. 0 0 8 9 9 1 0 0 1 5. 3 4 - 1 5. 1 0 - 5. 0 4

C 4- 2 4 7- 5 2 4. 4 0 1. 0 0 8 9 9 1 0 0 1 5. 2 7 - 1 5. 1 7 - 5. 0 7

A v er a g e of 3 s e p ar at e di g e sti o n s ( ~ 5- m g e a c h): 1 5. 3 0 - 1 5. 1 4 - 5. 0 6
2 s 0. 0 7 0. 0 7 0. 0 3

U W S d 3 (f)

C al c ul at e d a s ( C a + M n)- M g- F e

C 4- 2 4 7- 7 2 4. 4 3 1. 0 0 8 9 9 1 0 0 1 5. 3 0 - 1 5. 1 4 - 5. 0 6
C 4- 2 4 7- 6 2 4. 4 7 1. 0 0 8 9 9 1 0 0 1 5. 3 4 - 1 5. 1 0 - 5. 0 4
C 4- 2 4 7- 5 2 4. 4 0 1. 0 0 8 9 9 1 0 0 1 5. 2 7 - 1 5. 1 7 - 5. 0 7

A v er a g e of 3 s e p ar at e di g e sti o n s ( ~ 5- m g e a c h): 1 5. 3 0 - 1 5. 1 4 - 5. 0 6
2 s 0. 0 7 0. 0 7 0. 0 3

U W S d 4

C 4- 2 4 7- 2 1 8. 0 7 1. 0 0 8 8 4 1 0 0 9. 1 5 - 2 1. 1 0 - 5. 5 0

C 4- 2 4 7- 1 1 8. 0 6 1. 0 0 8 8 4 1 0 0 9. 1 4 - 2 1. 1 1 - 5. 4 7

A v er a g e of 3 s e p ar at e di g e sti o n s ( ~ 5- m g e a c h): 9. 1 4 - 2 1. 1 1 - 5. 4 9
2 s 0. 0 1 0. 0 1 0. 0 4

U W S d 1

C 4- 2 5 2- 1 1 6. 8 4 1. 0 0 8 8 1 1 0 0 7. 9 6 - 2 2. 2 6 - 8. 0 8

C 4- 2 5 2- 2 1 6. 7 8 1. 0 0 8 8 1 1 0 0 7. 9 0 - 2 2. 3 2 - 8. 0 8

C 4- 2 5 2- 3 1 6. 7 8 1. 0 0 8 8 1 1 0 0 7. 9 0 - 2 2. 3 2 - 8. 0 6

A v er a g e of 3 s e p ar at e di g e sti o n s ( ~ 5- m g e a c h): 7. 9 2 - 2 2. 3 0 - 8. 0 7
2 s 0. 0 7 0. 0 7 0. 0 2

U W S d 5

C 4- 2 5 2- 9 1 9. 4 9 1. 0 0 8 9 1 1 0 0 1 0. 4 9 - 1 9. 8 0 - 7. 2 7

C 4- 2 5 2- 1 0 1 9. 4 7 1. 0 0 8 9 1 1 0 0 1 0. 4 7 - 1 9. 8 2 - 7. 2 8

C 4- 2 5 2- 1 1 1 9. 4 8 1. 0 0 8 9 1 1 0 0 1 0. 4 8 - 1 9. 8 1 - 7. 2 8

A v er a g e of 3 s e p ar at e di g e sti o n s ( ~ 5- m g e a c h): 1 0. 4 8 - 1 9. 8 1 - 7. 2 8
2 s 0. 0 2 0. 0 2 0. 0 1

A p p e n di x A. R e s ult s of c o n v e nti o n al p h o s p h ori c a ci d di g e sti o n a n d g a s- s o ur c e m a s s s p e ct r o m et ri c 

a n al y s e s p erf or m e d o n t h e m a g n e sit e- si d erit e R M s of t hi s st u d y.

(f) T h e eff e ct of t h e M n c ati o n o n t h e p h o s p h ori c a ci d-fr a cti o n ati o n f a ct or f or t h e M a g n e sit e- Si d erit e s eri e s ( c al c ul at e d h er e aft er 
R o s e n b a u m a n d S h e p p ar d, 1 9 8 6) w a s a p pr o xi m at e d b y e x a mi ni n g Fi g. 1 i n Gil g et al. 2 0 0 3, w hi c h s h o w s t h at t h e eff e ct of M n i s 
m o st si mil ar t o t h at of C a f or c al cit e gr o u p mi n er al s. T h u s, f or t hi s alt er n at e c al c ul ati o n, t h e M n- c o nt e nt of t hi s R M w a s a d d e d t o 
t h e C a- c o nt e nt. T h e c ati o n s w er e t h e n n or m ali z e d t o ( C a + M n)- M g- F e a n d t h e a ci d-fr a cti o n ati o n f a ct or w a s c al c ul at e d u si n g 
E q u ati o n 4 of R o s e n b a u m a n d S h e p p ar d ( 1 9 8 6). 

( c) C ar b o n at e p h o s p h ori c a ci d di g e sti o n t e m p er at ur e ( > 4 h o ur s)

δ
1 8 O ( ‰) 

R a w
( a)

A ci d-f r a c. 

f a ct or ( α)( b)

T e m p. 

(°C) ( c) R M I D
A n al y si s 

i. d.

( a) V al u e m e a s ur e d b y g a s- s o ur c e m a s s s p e ctr o m et er y; r a w δ 1 8 O v al u e pri or t o c orr e cti o n f or p h o s p h ori c a ci d fr a cti o n ati o n d uri n g 

c ar b o n at e di g e sti o n

( b) P h o s p h ori c a ci d-fr a cti o n ati o n f a ct or f or δ 1 8 O ( at 1 0 0 ° C) c al c ul at e d u si n g E q u ati o n 4 of R o s e n b a u m a n d S h e p p ar d ( 1 9 8 6) a n d 

t h e c ati o n c o m p o siti o n ( C a- M g- F e n or m ali z e d) of e a c h R M.

( e) V S M O W t o V P D B c o n v er si o n aft er C o pl e n et al. ( 1 9 8 3).

( d) T h e R M " U W C- 3" w a s a n al y z e d c o n c urr e ntl y a s a q u alit y c o ntr ol m e a s ur e ( c ali br at e d t o NI S T- 1 9: δ 1 8 O = 1 2. 4 9 ± 0. 0 6 ( 2 s ), 

δ 1 3 C = - 0. 9 1 ± 0. 0 8 ( 2 s ); s e e K o z d o n et al., 2 0 0 9) . 1 5 r e pli c at e m e a s ur e m e nt s yi el d e d a n a v er a g e δ 1 8 O v al u e of 1 2. 6 7 ± 0. 1 3 

( 2s ) ( ‰, V S M O W ) a n d a n a v er a g e δ 1 3 C v al u e of - 0. 9 3 ± 0. 0 4 ( 2 s ) ( ‰, V P D B). T h e p h o s p h ori c a ci d-fr a cti o n ati o n f a ct or f or δ 1 8 O 

( at 1 0 0 ° C) w a s c al c ul at e d aft er Ki m et al. ( 2 0 0 7).
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