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A b st r a ct  1 4  
 T his w or k a d dr ess es t h e p ot e nti al utilit y  of i n sit u c ar b o n a n d o x y g e n is ot o p e mi cr o a n al ysi s (δ 1 3 C a n d δ 1 8 O) 1 5  

b y s e c o n d a r y i o n m a ss s p e ctr o m etr y  (SI M S) i n c ar b o n s e q u estr ati o n r es e ar c h. A d esir a bl e  l o n g-t er m c o ns e q u e n c e of 1 6  

C O 2 -i nj e cti o n i nt o u n d er gr o u n d r o c k f or m ati o n s  at pr o s p e cti v e s e q u e str ati o n sit es  ( s u c h as d e e p s ali n e s a n d st o n e 1 7  

a q uif er s c a p p e d b y i m p er m e a bl e str at a)  is t h e pr e ci pit ati o n of c ar b o n at e mi n er al c e m e nt s , t h e is ot o pi c fi n g er pri nti n g 1 8  

of w hi c h is a c e ntr al t h e m e h er e . M or e s p e cifi c all y, w e f o c u s o n t h e u ni q u e a d v a nt a g e of t h e SI M S  t e c h ni q u e, w hi c h 1 9  

li es i n t h e c a p a bilit y of a n al y zi n g v er y s m all s a m pl e v ol u m e s t h at ar e ot h er wis e i n a c c e ssi bl e t o s a m pli n g t e c h ni q u es 2 0  

i n c o n v e nti o n al  i s ot o p e r ati o m a ss s p e ctr o m et r y (I R M S). F or e x a m pl e,  si n gl e c ar b o n at e cr yst allit es as s m all as 3 -1 0 2 1  

µ m a cr o ss c a n b e r e a dil y a n al y z e d b y SI M S wit h s u b p er -mil  ( ‰) a c c ur a c y a n d pr e cisi o n . I m p ort a ntl y, t h e a bilit y t o 2 2  

p erf or m mi cr o m et er -s c al e m e as ur e m e nt s i n sit u fr o m eit h er t hi n s e cti o ns or 1-i n c h ( 2 5 m m) di a m et er p olis h e d c or e 2 3  

pl u g s  pr es e r v es t h e p etr o gr a p hi c c o nt e xt of m e a s ur e d c ar b o n at e δ 1 8 O a n d δ 1 3 C v al u e s .     2 4  

 W e  pr o vi d e  a  pr eli mi n ar y  c h ar a ct eri z ati o n  of  t h e  pr e -i nj e cti o n mi n er al o g y  a n d  is ot o pi c  fi n g er pri nt s  of  2 5  

c ar b o n at e  c e m e nt s i n  t h e  M o u nt  Si m o n  S a n d st o n e  r es er v oir a n d  t h e  o v erl yi n g  s h al y  c a pr o c k  (t h e  E a u  Cl air e  2 6  

F or m ati o n)  at t h e Illi n ois B asi n D e c at ur Pr oj e ct, a d e m o n str ati o n a n d r es e ar c h sit e f or e x pl ori n g t h e f e asi bilit y of 2 7  

l o n g-t er m C O2  st or a g e i n a d e e p s ali n e a q uif er. B y dr a wi n g u p o n p u bli s h e d d at a o n  a m bi e nt r es er v oir c o n diti o n s a n d 2 8  

t h e is ot o pi c c o m p o siti o n of t h e i nj e ct e d C O 2 , w e m a k e si m pl e pr e di ct i o ns r e g ar di n g p o ssi bl e  δ 1 3 C v al u e s  of c al cit e, 2 9  

d ol o mit e -a n k erit e, a n d si d erit e c e m e n t s t h at m a y  f or m i n r es p o ns e t o l o n g-t er m C O 2  st or a g e.  3 0  

 3 1  

K e y w o r d s: c ar b o n s e q u estr ati o n, n at ur al a n al o g u es, c ar b o n at e c e m e nts, c ar b o n is ot o p es , SI M S 3 2  

mi cr o a n al ysi s, Illi n ois B asi n, Illi n ois B asi n D e c at ur Pr oj e ct  3 3  



 3 4  

I nt r o d u cti o n  3 5  

 G e ol o gi c al st or a g e of c ar b o n di o xi d e g as ( C O2 ) e mi ssi o ns  pr o d u c e d b y h u m a n i n d ustri al 3 6  

a n d  a gri c ult ur al  a cti viti es  is  a cti v el y b ei n g e v al u at e d  as  a  m e a ns  of  miti g ati n g gl o b al  cli m at e  3 7  

c h a n g e  (e. g., B a c h u et al., 1 9 9 4; C eli a et al., 2 0 1 5; D e P a ol o a n d C ol e, 2 0 1 3 ; D O E, 2 0 1 0; I P C C , 3 8  

2 0 0 5;  L a c k n er  et  al.,  1 9 9 5 ;  M att er  et  al.,  2 0 1 6;  P o w er  et  al.,  2 0 1 3 ).  C a pt uri n g C O 2 fr o m 3 9  

st ati o n ar y p oi nt s o ur c es ( e. g., c o al -fir e d p o w er pl a nts) a n d st ori n g it i n g e ol o gi c al e n vir o n m e nts, 4 0  

s u c h as  i n d e e p s ali n e a q uif ers , is a t e c h n ol o gi c all y f e asi bl e (e. g., H os a  et al., 2 0 1 1; Mi c h a el et 4 1  

al.,  2 0 1 0,  2 0 0 9)  a n d  p ot e nti all y  vi a bl e  st a n d -i n  s ol uti o n  f or  s o m e  ti m e  t o  c o m e as  s o ci eti es 4 2  

gr a d u all y tr a nsiti o n  t o alt er n ati v e , a n d   m or e  s ust ai n a bl e, cl e a n  e n er g y -pr o d u ci n g  t e c h n ol o gi es  4 3  

(e. g., B ai n es a n d W or d e n, 2 0 0 4 a;  Bi c kl e, 2 0 0 9;  C eli a et  al., 2 0 1 5;  G al e,  2 0 0 4;  H off ert  et  al., 4 4  

2 0 0 2; L a c k n er, 2 0 0 3) . At pr es e nt, t h e l ar g e -s c al e d e pl o y m e nt a n d i m pl e m e nt ati o n of t his c ar b o n 4 5  

c a pt ur e  a n d  st or a g e  ( C C S)  str at e g y is  s e e mi n gl y  i m p e d e d  first  a n d  f or e m ost  b y  e c o n o mi c  4 6  

i n c o n v e ni e n c e (e. g., C eli a et al., 2 0 1 5; Gi b bi ns a n d C h al m ers, 2 0 0 8; Mi c h a el et al., 2 0 0 9; Orr, 4 7  

2 0 0 9; Wi gl e y et al., 1 9 9 6).  4 8  

  A n i m p ort a nt o bj e cti v e of  r es e ar c h eff orts c o n c er n e d wit h t h e f e asi bilit y of s e q u est eri n g 4 9  

c ar b o n  i n a  v ari et y of p ot e nti all y s uit a bl e g e ol o gi c al e n vir o n m e nts  ( e. g., d e e p s ali n e s a n dst o n e 5 0  

a q uif ers ,  d e pl et ed  oil  a n d  g as  r es er v oirs,  u n mi n e a bl e  c o al  s e a ms , fl o o d  b as alt  pr o vi n c es or 5 1  

ultr a m afi c r o c k f or m ati o ns ; B ai n es a n d W or d e n, 2 0 0 4 a; M c Gr ail et al., 2 0 0 6)  is t h e a bilit y t o 5 2  

m a k e  r e ali sti c  pr e di cti o ns a b o ut  t h e  l o n g -t er m  f at e of st or e d  C O 2   (o n  a  ti m e  s c al e e x c e e di n g 5 3  

1 0, 0 0 0 y e ars ). A r e c e nt v ol u m e of R e vi e ws i n Mi n er al o g y a n d G e o c h e mistr y s h o w c as es s o m e of 5 4  

t h e m o d er n t e c h ni q u es a n d a p pr o a c h es t h at ar e b ei n g a p pli e d i n t his fi el d of r es e ar c h ( D e P a ol o 5 5  

a n d C ol e, 2 0 1 3)  a n d o utli n es  t h e l e a di n g g e ol o gi c all y- ori e nt e d t h e m ati c q u e sti o ns; a m o n g ot h ers, 5 6  



t h es e i n cl u d e  t h e  f oll o wi n g:  W h at  is  t h e  r el ati v e  i m p ort a n c e  of  diff er e nt C O 2 -tr a p pi n g 5 7  

m e c h a ni s m s  i n diff er e nt t y p es of pr os p e cti v e r es er v oirs, a n d h o w l o n g ar e t h e y eff e cti v e  (e. g., 5 8  

str u ct ur al/ str ati gr a p hi c  or  s ol u bilit y  tr a p pi n g  vs.  c ar b o n  mi n er ali z ati o n ; G u nt er  et  al.,  2 0 0 4) ? 5 9  

W h at g e o c h e mi c al r e a cti o ns ar e li k el y t o o c c ur  ( a n d at w h at r at es) b et w e e n  t h e w at ers/ bri n es i n 6 0  

g e ol o gi c al f or m ati o n s t h at b e c o m e r e a cti v e d u e t o C O 2 -c h ar gi n g  a n d t h e s p e cifi c mi n er al o g y  of a 6 1  

gi v e n  r es er v oir-c a pr o c k s yst e m ? W h at is t h e c a p a cit y f or r e a cti o ns t o c o ns u m e C O 2  a n d pr o d u c e 6 2  

c ar b o n at e mi n er al  c e m e nts , w h er e i n t h e s yst e m will s u c h c e m e nts f or m, a n d o v er w h at ti m e  6 3  

s c al es  ar e s u c h r e a cti o ns li k el y t o o c c ur ? T his pr o c ess, r ef err e d t o as c ar b o n mi n er ali z atio n ( or 6 4  

mi n er al tr a p pi n g ), is t h e m ost s e c ur e a n d eff e cti v el y p er m a n e nt f or m of l o n g-t er m C O2  st or a g e.  6 5  

 M u c h  i nsi g ht  i nt o  m a n y  of  t h e  a b o v e   q u esti o ns c o n c er ni n g  t h e  l o n g -t er m  f at e  of  6 6  

s e q u est er e d C O 2  c o m es fr o m st u di es of s o c all e d n at ur al a n al o g u es, or g e ol o gi c al e n vir o n m e nts 6 7  

w h er e  l ar g e  q u a ntiti es  of  C O 2  h a v e  a c c u m ul at e d  a n d  r e m ai n e d  c o nfi n e d  o v er  g e ol o gi c  ti m e  6 8  

s c al es   (e. g., B ai n es  a n d  W or d e n,  2 0 0 4 b;  Bi c kl e  et  al.,  2 0 1 3) .  S u c h a c c u m ul ati o ns  e xist,  f or  6 9  

e x a m pl e,  i n  c ert ai n  d e e pl y -b uri e d  p er m e a bl e  s a n dst o n e  f or m ati o ns   (s ali n e  a q uif ers/ r es er v oirs) 7 0  

t h at ar e o v erl ai n b y eff e cti v el y i m p er m e a bl e s e di m e nts t h at a ct as s e als  (or ' c a pr o c ks ', e. g., s h al es 7 1  

or s alt b e ds ; H as z el di n e et al., 2 0 0 5; H ei n e m a n n et al., 2 0 1 3; L u et al., 2 0 1 1, 2 0 0 9; P e ar c e et al., 7 2  

1 9 9 6; S at h a y e et al., 2 0 1 4; W ats o n et al., 2 0 0 4; Wil ki ns o n et al., 2 0 0 9) . F or a gi v e n r es er v oir -7 3  

c a pr o c k s yst e m, s t u di es of n at ur al a n al o g u es h el p t o c h ar a ct er i z e t h e pr e d o mi n a nt fl ui d-mi n er al 7 4  

r e a cti o ns  t h at  c o ul d  b e  r e as o n a bl y  e x p e ct e d d uri n g  e n gi n e er e d  C O 2   st or a g e a n d  all o w  f or  7 5  

esti m ati n g r at es of c ar b o n mi n er ali z ati o n. T h e y f urt h er pr o vi d e a m e a ns of gr o u n d- tr ut hi n g ( or 7 6  

' hi st or y- m at c hi n g') t h e r e s ults of g e o c h e mi c al m o d els t h at s e e k t o pr e di ct h o w a p arti c ul ar t y p e 7 7  

of r es er v oir will  e v ol v e i n t h e l o n g -t er m as its mi n er al o g y is s u bj e ct e d  t o a C O 2  c h ar g e . I n t his 7 8  

r e g ar d, t h e k n o wl e d g e g ai n e d fr o m n at ur al a n al o g u es is i n dis p e ns a bl e f or t h e si m pl e r e as o n t h at 7 9  



rat es  of  g e o c h e mi c al  r e a cti o ns  ar e  g e n er all y  n ot  w ell  c o nstr ai n e d  at  t h e  r el ati v el y  l o w  8 0  

t e m p er at ur e c o n diti o ns of m a n y pr os p e cti v e C O 2  st or a g e r es er v oirs, w hi c h s e v er el y li mits t h e 8 1  

pr e di cti v e p o w er of m o d els.  G ai n es a n d W or d e n ( 2 0 0 4 b)  m a k e a n el e g a nt  p oi nt i n n oti n g t h at a 8 2  

m o d el  g e n er all y  ''t ells  us  h o w  a  r o c k  [ or  gi v e n  r es er v oir  u nit]  s h o ul d  e v ol v e  t o  r e a c h  8 3  

t h er m o d y n a mi c e q uili bri u m, n ot w h et h er it will e v ol v e, " a n d d o es n ot "i nf or m us h o w l o n g ( or 8 4  

e v e n if) a r e a cti o n will o c c ur. "    8 5  

 Wit h  r e g ar ds  t o  esti m ati n g r at es  of  c ar b o n  mi n er ali z ati o n  i n  a  gi v e n  r es er v oir-c a pr o c k 8 6  

s yst e m , a  s u bst a nti al  diffi c ult y  i n  n at ur al  a n al o g u e  st u di es  c o m m o nl y li es  i n  disti n g uis hi n g  8 7  

c ar b o n at e c e m e nts  t h at  pr e ci pit at e d  as  a n  e v e nt u al  c o ns e q u e n c e of n at ur al C O 2 -c h ar gi n g fr o m  8 8  

t h os e c e m e nt s  t h at m a y h a v e f or m e d d uri n g e arli er st a g es of s e di m e nt alt er ati o n ( H ei n e m a n n et 8 9  

al., 2 0 1 3; Wil ki ns o n et al., 2 0 0 9) . I n t h e c as e of s a n dst o n e r es er v oirs , t h e pr es e n c e of e arli er-9 0  

f or m e d c ar b o n at es w o ul d n ot b e u n us u al as car b o n at e mi n er als ar e a pr e d o mi n a nt c e m e nt t y p e i n 9 1  

s u c h r o c ks  t y p es ( M or a d, 2 0 0 9). M e as ur e m e nts  of st a bl e is ot o p e r ati os of c ar b o n a n d o x y g e n 9 2  

( δ1 3 C a n d δ 1 8 O, r es p e cti v el y) c a n s er v e as a us ef ul di a g n osti c t o ol; h o w e v er, dr a wi n g disti n cti o ns 9 3  

b as e d  o n  t h e  r es ults  of  c o n v e nti o n al  s a m pli n g  t e c h ni q u es  (or  st e p -wis e  a ci d - di g esti o n 9 4  

pr o c e d ur es) c a n  b e c o m pli c at e d  b e c a us e a t h or o u g h m e c h a ni c al s e p ar ati o n of diff er e nt c ar b o n at e 9 5  

c e m e nt  p o p ul ati o ns  is  oft e n  n ot  p ossi bl e  d u e  t o  s m all  cr yst al  si z e  ( or  st e e p  c o m p ositi o n al  9 6  

gr a di e nt s i n l ar g er cr yst al s) .  9 7  

 T hi s  st u d y  ai ms  t o  d e m o nstr at e  t h e  a p pli c a bilit y  i n  c ar b o n  s e q u estr ati o n  r es e ar c h  of  9 8  

r e c e nt  a d v a n c es  i n  t h e  a n al yti c al  m et h o ds  of  m e as uri n g  c ar b o n  a n d  o x y g e n  is ot o p e  r ati os  i n  9 9  

c ar b o n at e  mi n er als  b y  s e c o n d ar y  i o n  m ass  s p e ctr o m etr y  ( SI M S) .  T his  t e c h ni q u e  all o ws  f or  1 0 0  

mi cr o m et er -s c al e m e as ur e m e nts t o b e m a d e i n sit u fr o m eit h er t hi n s e cti o ns or 1-i n c h di a m et er 1 0 1  

c or e pl u gs, t h us pr es er vi n g t h e p etr o gr a p hi c c o nt e xt of a n al y z e d s a m pl e v ol u m es (e. g., Śli wi ńs ki 1 0 2  



et  al.,  2 0 1 5 a,  2 0 1 5 b;  V all e y  a n d  Kit a,  2 0 0 9).  T o  t his  e n d,  w e  pr o vi d e  a  pr eli mi n ar y  1 0 3  

c h ar a ct eri z ati o n of t h e mi n er al o g y a n d t h e is ot o pi c fi n g er pri nts of t h e m aj or e xisti n g c ar b o n at e 1 0 4  

c e m e nt  g e n er ati o ns  i n  t h e u p p er M t. Si m o n S a n dst o n e r es er v oir a n d t h e  o v erl yi n g E a u Cl air e  1 0 5  

s h al e at t h e Illi n ois B asi n D e c at ur Pr oj e ct sit e (I B D P; Fi g. 1), w h er e 1 milli o n m etri c t o ns of C O 2  1 0 6  

h a v e n o w b e e n s u c c essf ull y i nj e ct e d t o d e m o nstr at e t h e t e c h n ol o gi c al f e asi bilit y of s e q u estr ati o n 1 0 7  

i n  a  d e e p s ali n e  s a n dst o n e  r es er v oir  ( D O E,  2 0 1 0;  L e et ar u  et  al.,  2 0 0 9;  L e et ar u  a n d  Fr ei b ur g,  1 0 8  

2 0 1 4) .  T he t e c h ni q u e w e  d es cri b e  m a y m or e  br o a dl y  fi n d  us e  as  a  t o ol  f or  m o nit ori n g  t h e  1 0 9  

pr o gr ess  of  c ar b o n at e  mi n er al  c e m e nt -f or mi n g  r e a cti o ns  wit hi n  r es er v oir-c a pr o c k  s yst e ms , 1 1 0  

es p e ci all y d uri n g t h e e arl y p ost- i nj e cti o n p eri o d (y e ars t o d e c a d es ?), w h e n o nl y s m all v ol u m es of 1 1 1  

n e w c ar b o n at e  will li k el y b e f or mi n g.  As littl e as 3 mi cr o m et ers ( µ m) of n e w c e m e nt gr o wt h 1 1 2  

c o ul d b e r e a dil y a n al y z e d  b y SI M S  wit h s u b-p er mil a c c ur a c y a n d pr e cisi o n, a n d s u c h d at a c o ul d 1 1 3  

c o n c ei v a bl y b e t h e b asis f or q u a ntit ati v e, u p -s c al e d r es er v oir si m ul ati o ns t h at att e m pt t o pr e di ct 1 1 4  

t h e  e v e nt u al v ol u m e  of  C O 2  t h at  m a y  b e c o m e  s ec ur el y  tr a p p e d  i n  mi n er al  f or m.  S m all er , 1 1 5  

n a n o m et er -s c al e d o m ai ns c a n b e a n al y z e d  usi n g a s u b -µ m s p ot ( P a g e et al., 2 0 0 7) f or s yst e ms 1 1 6  

w h er e c o m p ositi o n al c o ntr asts ar e gr e at er . 1 1 7  

 1 1 8  

2. M et h o d s   1 1 9  

 T h e  s a n dst o n e  b e d s e x a mi n e d  i n  t his  st u d y  w er e  c oll e ct e d  fr o m  t h e  tr a nsiti o n  z o n e  1 2 0  

b et w e e n t h e u p p er u nit of t h e  U p p er C a m bri a n   Mt. Si m o n S a n dst o n e a n d t h e  b as al u nit of t h e  1 2 1  

o v erl yi n g E a u Cl air e F m . fr o m c or e m at eri al r e c o v er e d fr o m t h e I B D P V erifi c ati o n W ell # 1  ( Fi g. 1 2 2  

1), at  d e pt hs of 1 6 8 0. 4 m ( 5 5 1 3. 2 ft), 1 6 7 7. 3 m  ( 5 5 0 2. 9 ft), a n d 1 6 7 6. 8 m (5 5 0 1. 3 ft) (t his d e pt h 1 2 3  

i nt er v al  c orr es p o n ds  t o U nit  A  of  P al k o vi c  ( 2 0 1 5)  - s e e  Fi g.  4. 1  t h er ei n ). D u e  t o  s a m pli n g  1 2 4  

r estri cti o ns,  t h e  o v erl yi n g  E a u  Cl air e  F m.  w as  s a m pl e d  fr o m  c or e  m at eri al  fr o m  a  w ell  i n  a  1 2 5  



n e ar b y c o u nt y , ~ 7 5   k m ( ~ 4 5 mil es) t o t h e W S W  of IB D P  ( C 1 3 6 3 7, at  a d e pt hs of 1 0 9 6. 5 m  1 2 6  

( 3 5 9 7. 5 ft), 1 0 9 6. 7 m ( 3 5 9 8 ft) a n d 1 0 9 4. 8 m ( 3 5 9 2 ft); Fi g. 1).  1 2 7  

  S u bs a m pl es of  c or e  ( Fi g.  2)   wer e  first  r o u g hl y  p olis h e d  usi n g  a  s eri es  of  di a m o n d-1 2 8  

e m b e d d e d  a br asi v e  p a ds  ( 2 0,  1 0  a n d  6 -µ m)  a n d  e x a mi n e d  b y  s c a n ni n g  el e ctr o n  mi cr os c o p y  1 2 9  

( S E M; Hit a c hi S 3 4 0 0- N) t o q ui c kl y a n d effi ci e ntl y l o c at e c ar b o n at e-c e m e nt e d i nt er v als. F or t his 1 3 0  

i niti al e x a mi n ati o n, t h e s a m pl e s urf a c es  wer e  n ot c o at e d wit h a c o n d u cti v e m at eri al ( e. g., wit h 1 3 1  

c ar b o n,  A u,  Ir,  et c.)  as  is  c ust o m ar y  f or  hi g h -r es ol uti o n  i m a gi n g, a n d  t h e  S E M  w as  i nst e a d 1 3 2  

o p er at e d  i n  v ari a bl e -pr e ss ur e  m o d e  t o  r e d u c e  t h e d etri m e nt al  eff e cts  of  c h ar gi n g o n  i m a g e  1 3 3  

q u alit y .  C ar b o n at e  c e m e nts  w er e  i d e ntifi e d  usi n g  e n er g y-dis p ersi v e x- r a y  fl u or es c e n c e  1 3 4  

s p e ctr os c o p y ( E D -X R F ; T h er m o Fis h er d et e ct or c o u pl e d t o S E M).  1 3 5  

 A f urt h er s u b-s a m pl e ( c a. 1 c m 3 ) w as t a k e n fr o m w ell -c e m e nt e d i nt er v als a n d c ast i nt o 1 3 6  

2 5- m m  di a m et er e p o x y m o u nt  ( Mt. Si m o n  s a m pl e d at  1 6 8 0. 4 m / 5 5 1 3. 2 ft (s e e Fi g. 2 c) , E a u  1 3 7  

Cl air e  at 1 0 9 6. 5  m  /  3 5 9 7. 5 ft). A s  is  st a n d ar d  pr a cti c e  at  t h e  Wis c SI M S  l a b or at or y,  s e v er al 1 3 8  

gr ai ns of  mi cr o a n al yti c al r ef er e n c e m at eri als ( R M s) wer e  e m b e d d e d i n t h e c e nt er  of e a c h m o u nt 1 3 9  

f or t h e p ur p os es of m o nit ori n g i nstr u m e nt al drift a n d f or c orr e cti n g s a m pl e m atri x eff e cts  d uri n g 1 4 0  

s u bs e q u e nt i s ot o p e r ati o a n al ys es b y SI M S . T h e f oll o wi n g R Ms w er e us e d: d ol o mit e '' U W 6 2 2 0'' 1 4 1  

( δ1 8 O  =  2 2. 6 0 ‰  r el ati v e t o  Vi e n n a  M e a n  St a n d ar d  O c e a n  W at er  (V S M O W ),  δ1 3 C  =  0. 8 4 ‰  1 4 2  

r el ati v e t o t h e Vi e n n a P e e D e e B el e m nit e st a n d ar d ( V P D B ); Śli wi ńs ki et al., 2 0 1 5 a, b)  a n d q u art z 1 4 3  

'' U W Q-1''  ( δ 1 8 O  = 1 2. 3 3 ‰ V S M O W;  K ell y et  al., 2 0 0 7) . T h e m o u nt  w as t h e n p olis h e d t o a 1 4 4  

0. 2 5- µ m fi ni s h , cl e a n e d wit h et h a n ol a n d d ei o ni z e d w at er, a n d l astl y c o at e d wit h a t hi n l a y er of 1 4 5  

g ol d  ( 2 5 n m t hi c k n ess) t o m a k e t h e s a m pl e s urf a c e el e ctri c all y c o n d u cti v e f or s u bs e q u e nt δ1 3 C 1 4 6  

a n d δ 1 8 O a n al ys es b y SI M S. T h e g ol d c o at  w as l at er r e m o v e d a n d r e pl a c e d wit h a c o at of c ar b o n 1 4 7  



( 2 5  n m  t hi c k n ess) f or el e ctr o n  pr o b e  mi cr o a n al ysis  ( E P M A) t o  d et er mi n e  t h e  c h e mi c al  1 4 8  

c o m p ositi o n of d iff er e nt c ar b o n at e c e m e nt z o n es. 1 4 9  

  Sa m pl e s  w er e e x a mi n e d  p etr o gr a p hi c all y  b y  m e a ns  of  hi g h -r es ol uti o n  ba c k -s c att er e d 1 5 0  

el e ctr o n ( B S E ) a n d  c at h o d ol u mi n es c e n c e  ( C L, G at a n P a n a C L) S E M i m a gi n g ; i n t h e c as e of t h e 1 5 1  

Mt. Si m o n S a n dst o n e s a m pl e, C L -i m a gi n g of q u art z c e m e nts ( q u art z-o v er gr o wt hs) w as ess e nti al 1 5 2  

t o est a bli s hi n g  t h e  r el ati v e  or d er  of  m aj or  st a g es  i n  t h e  q u art z  a n d  c ar b o n at e  c e m e nt ati o n  1 5 3  

hi st ori es   (S A   1). C L -i m a gi n g  of  q u art z  c e m e nts w as  p erf or m e d  wit h  t h e  s a m pl e  v er y  t hi nl y  1 5 4  

c o at e d wit h c ar b o n ( ~ 5 n m) t o m a xi mi z e t h e si g n al str e n gt h; n o filt ers w er e e m pl o y e d. W e f o u n d 1 5 5  

t h at  m a n y of  t h e  C L-f e at ur es visi bl e  i n t h e  i m a g es  of  q u art z  c e m e nts  t h at  f oll o w  w er e  eit h er  1 5 6  

h e a vil y s u b d u e d or n ot di s c er n a bl e alt o g et h er wit h a st a n d ar d t hi c k n ess c ar b o n c o at ( 2 5 n m).   1 5 7  

 W e pr o vi d e h er e a n a bri d g e d a c c o u nt of t h e SI M S m et h o d ol o g y. T h e i nt er est e d r e a d er is 1 5 8  

r ef err e d t o Śli wi ńs ki et al. ( 2 0 1 5 a, b, 2 0 1 6) f or f urt h er d et ails. I n sit u c ar b o n a n d o x y g e n is ot o p e 1 5 9  

r ati o m e as ur e m e nts w er e p erf or m e d usi n g a 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 6 0  

mi cr o pr o b e ( 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 - M a dis o n). M e as ur e d is ot o p e  1 6 1  

r ati os ar e r e p ort e d usi n g c o n v e nti o n al δ -n ot ati o n, w hi c h e x pr ess es t h e p er mil ( ‰) d e vi ati o n  of a 1 6 2  

m e as ur e d r ati o fr o m a n i nt er n atio n all y a c c e pt e d r ef er e n c e v al u e  (V S M O W  f or δ1 8 O a n d V P D B 1 6 3  

f or δ1 3 C a n al ys es) .  1 6 4  

 T h e a n al yti c al pr e cisi o n of SI M S δ 1 8 O m e as ur e m e nts  at Wis c SI M S  is t y pi c all y ± 0. 3 ‰ 1 6 5  

( 2 S D, st a n d ar d d e vi ati o n s) f or a s a m pl e s p ot-si z e of 1 0 mi cr o m et ers a n d ± 0. 7 ‰ ( 2 S D) f or 3 -1 6 6  

mi cr o m et er s p ots; t his f oll o ws fr o m t h e s p ot -t o-s p ot r e p e at a bilit y of r e pli c at e m e as ur e m e nts (n = 1 6 7  

8) of a r u n ni n g st a n d ar d ( or drift m o nit ori n g m at eri al, i n t his c as e d ol o mit e '' U W 6 2 2 0 " ) w hi c h 1 6 8  

br a c k et e a c h s et of a b o ut 1 0 s a m pl e a n al ys es. F or δ 1 3 C m e as ur e m e nts  e m pl o yi n g  a 6 -mi cr o m et er 1 6 9  

s p ot-si z e, t h e t y pi c al pr e cisi o n is 0. 6- 1. 2 ‰ ( 2 S D).  1 7 0  



 T h e a n al yti c al a c c ur a c y of SI M S δ 1 8 O a n d δ 1 3 C m e as ur e m e nts  is aff e ct e d b y i nstr u m e nt al 1 7 1  

m ass fr a cti o n ati o n 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 as t h e ' bi as'; e. g., Eil er et 1 7 2  

al., 1 9 9 7; H er vi g et al., 1 9 9 2; Kit a et al., 2 0 0 9; V all e y a n d Kit a, 2 0 0 9) . T his bi as is a m e as ur e of 1 7 3  

t h e p er mil ( ‰) diff er e n c e b et w e e n m e as ur e d 'r a w' a n d 'tr u e' (i. e., V P D B or V S M O W) v al u es of 1 7 4  

δ 1 3 C or δ 1 8 O.  F or a gi v e n c o nfi g ur ati o n of t h e s e c o n d ar y i o n m ass s p e ctr o m et er , t h e i nfl u e n c e of 1 7 5  

i nstr u m e nt al p ar a m et ers t o t ot al bi as d uri n g a n a n al yti c al s essi o n c a n b e h el d n e arl y c o nst a nt; a n y 1 7 6  

i nstr u m e nt al drift t h at o c c urs c a n b e m o nit or e d a n d c orr e ct e d b y r e g ul arl y a n al y zi n g a r u n ni n g 1 7 7  

st a n d ar d  ( or  drift -m o nit ori n g  m at eri al).  F or  mi n er als  t h at  e x hi bit  s oli d -s ol uti o n  b e h a vi or,  t his 1 7 8  

l e a v es t h e c o m p o n e nt of t ot al bi as t h at is a f u n cti o n of v ari a bl e c h e mi c al c o m p ositi o n (i. e., t h e 1 7 9  

s a m pl e m atri x eff e ct) i n n e e d of c ali br ati n g. T h e d e v el o p m e nt of r ef er e n c e m at eri als al o n g wit h 1 8 0  

c ali br ati o n  s c h e m e s f or t h e  a n al ysis  of c ar b o n at e  mi n er al  c o m p ositi o ns  t h at  f all  al o n g  t h e 1 8 1  

d ol o mit e -a n k erit e  s oli d  s ol uti o n  s eri es  w as  pr e vi o usl y r e p ort e d  b y  Śli wi ńs ki  et  al.  ( 2 0 1 5 a, b). 1 8 2  

T h es e bi as c orr e cti o ns r e q uir e t h at t h e c h e mi c al c o m p ositi o n i n t h e i m m e di at e vi ci nit y of e a c h 1 8 3  

SI M S pit b e k n o w n wit h a hi g h d e gr e e of pr e cisi o n, es p e ci all y i n t h e c as e of l o w -F e d ol o mit es 1 8 4  

( u p t o s e v er al wt. % F e). T o c orr e ct t h e d at a pr es e nt e d h er e, c h e mi c al a n al ys es w er e p erf or m e d 1 8 5  

b y  E P M A  ( usi n g  a  C A M E C A  S X -5 1  at  t h e  C a m er o n  El e ctr o n  Mi cr o pr o b e  L a b or at or y,  1 8 6  

D e p ar t m e nt of G e os ci e n c e, U ni v ersit y of Wis c o nsi n- M a dis o n).  1 8 7  

 T h e  a c c ur a c y of s a m pl e a n al ys es is d et er mi n e d  i n l ar g e p art b y t h e r esi d u als of t h e SI M S 1 8 8  

δ 1 8 O a n d δ 1 3 C c ali br ati o n c ur v es  f or c ar b o n at es of d ol o mit e-a n k erit e s eri e s . Th e r esi d u als  r efl e ct 1 8 9  

h o w w ell t h e bi as  c orr e cti o n s c h e m e  f or e a c h is ot o p e s yst e m r e pr o d u c es d at a f or a s uit e of 1 3 1 9 0  

r ef er e n c e m at eri als i n r el ati o n t o t h e c ertifi e d r ef er e n c e m at eri al N B S - 1 9. For O- is ot o p e a n al ys es 1 9 1  

e m pl o yi n g a 1 0- µ m  di a m et er  s p ot-si z e a n d C -is ot o p e a n al ys es e m pl o yi n g a 6-µ m s p ot -si z e,  t h e 1 9 2  

r esi d u al i s  t y pi c all y  c o n str ai n e d  t o  ±  0. 3 ‰  ( 2 S D).  T h e  r esi d u al  i n cr e as es  sli g htl y  t o  ±  0. 4 ‰  1 9 3  



( 2 S D) w h e n  a n al y zi n g  O -is ot o p e  r ati os  usi n g  a  3-µ m  di a m et er  s p ot -si z e Śli wi ńs ki  et  al. 1 9 4  

( 2 0 1 5 a, b). 1 9 5  

 1 9 6  

3. R es ults 1 9 7  

3. 1. C h e mi c al z o ni n g p att er n s i n c ar b o n at e c e m e nts  1 9 8  

 O n t h e b asi s o f B S E  i m a gi ng b y S E M  - a m o d e t h at is s e nsiti v e t o v ari ati o ns i n c h e mi c al 1 9 9  

c o m p ositi o n - w e i d e ntifi e d si x  m aj or  st a g es of c ar b o n at e  ( d ol o mit e-a n k erit e)  c e m e nt ati o n wit hi n 2 0 0  

t h e  e x a mi n e d  s a n dst o n e  b e d  of  t h e  u p p er  Mt.  Si m o n  F m. E a c h  s u c c essi v e  st a g e  a p p e ars  as  a  2 0 1  

c o n c e ntri c  z o n e  wit h  a  disti n ct  ' B S E t e xt ur e'  a n d  s h ar p  c o m p ositi o n al b o u n d ari es  wit h  t h e  2 0 2  

pr e c e di n g  a n d/ or  s u c c e e di n g  c e m e nt z o n es  ( Fi g. 3 b; S A   1). T e xt ur all y, z o n es  4 - 6 ar e 2 0 3  

pr e d o mi n at el y c h ar a ct eri z e d b y l a y eri n g/ b a n di n g; t his is e vi d e n c e d b y s u btl e, c o n c e ntri c , wit hi n -2 0 4  

z o n e  v ari ati o ns  i n  t h e  s h a d es  of  gr a y s e e n   i n B S E  i m a g es  (i n di c ati v e  of  c h a n g es  i n  c h e mi c al  2 0 5  

c o m p ositi o n  t h at  ar e  m or e  s u btl e  wit hi n  z o n es  t h a n  t h e y  ar e  a m o n g  z o n es).  I n  c o ntr ast,  t h e  2 0 6  

t e xt ur e of z o n es 1 - 3 c a n b e  d es cri b e d as ' m ottl e d' a n d s u g g ests s o m e d e gr e e of r e cr yst alli z ati o n 2 0 7  

(s e ns u  M a c h el, 1 9 9 7) . T h e c ar b o n at e c e m e nt m or p h ol o g y t a k es t h e f or m of p oi kil ot o pi c cr yst als 2 0 8  

m e as uri n g u p t o ~ 5 0 0 µ m a cr oss, wit h w ell -d e v el o p e d cr yst al  f a c es w h er e p or e s p a c e p er mits 2 0 9  

(Fi g. 3 b, S A  1).  2 1 0  

 C ar b o n at e  c e m e nt  z o n es  w er e  cl assifi e d  i n  t er ms  of  c h e mi c al  c o m p ositi o n/ mi n er al o g y  2 1 1  

a c c or di n g t o t h e s c h e m e of  C h a n g et al.  ( 1 9 9 8), w h er e 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 1 2  

i s s u b-di vi d e d o n t h e b asis of F e -c o nt e nt as f oll o ws: 1) n o n -f err o a n d ol o mit e ( N F D; F e #: 0. 0- 0. 1, 2 1 3  

w h er e F e # = m ol ar F e/ (M g + F e ), e q ui v al e nt t o 0-5 m ol e % F e ( i. e. F e/ (C a + M g + F e )), 2) f err o a n 2 1 4  

d ol o mit e  ( F D;  F e #:  0. 1 -0. 2,  e q ui v al e nt  t o  5 -1 0  m ol e %  F e),  a n d  3)  a n k erit e  ( A n k;  F e # >  0. 2,  2 1 5  

e q ui v al e nt t o > 1 0 m ol e % F e). A c c or di n gl y, z o n es 1 a n d 2 str a d dl e t h e b o u n d ar y b et w e e n f err o a n 2 1 6  



d ol o mit e a n d a n k erit e; z o n e 3 is a l o w -F e a n k erit e ( F e #: 0. 2 0 - 0. 2 5); zo n e 4 is a f err o a n d ol o mit e; 2 1 7  

a n d z o n es 5 a n d 6 ar e disti n ctl y F e-ri c h a n k erit es ( F e #'s e xt e n di n g t o 0. 5; Fi g. 4 a- b , T a bl e 1). 2 1 8  

 Si x m aj or st a g es of c ar b o n at e ( d ol o mit e-a n k erit e) c e m e nt ati o n w er e als o i d e ntifi e d wit hi n 2 1 9  

t h e  e x a mi n e d  E a u  Cl air e  s h al e  s a m pl e  (Fi g s.  3 a,  5 ), alt h o u g h  w e  c a n n ot  est a blis h  h o w  t h es e  2 2 0  

c orr el at e t o t h e c e m e nt z o n es i n t h e Mt. Si m o n S a n dst o n e. T h e c e m e nt m or p h ol o g y is d o mi n at e d 2 2 1  

b y  e u h e dr al  cr yst als,  t y pi c all y  m e as uri n g  <  1 0 0  µ m  a cr oss.  T h e  c h e mi c al  z o ni n g  p att er n  is  2 2 2  

c o n c e ntri c,  wit h  n o  m aj or  diss ol uti o n  f e at ur es  or  m ottl e d  t e xt ur es  t h at  w o ul d  s u g g ests  s o m e  2 2 3  

d e gr e e  of  r e cr yst alli z ati o n  ( Fi gs. 3 a,  5). A n  a br u pt  c h a n g e  i n  c o m p ositi o n  is  n ot e d  b et w e e n : 2 2 4  

z o n es  0  ( N F D)  a n d  1 a  ( F D -A n k) ;  zo n es  1 b  ( F D)  a n d  2 a  ( A n k) ; a n d  a g ai n  b et w e e n  z o n es  2 b  2 2 5  

( A n k) a n d 3 ( N F D) ( Fi gs. 5 a n d 6 a- b ). I n c o ntr ast, t h e c h a n g e i n c o m p ositi o n is m or e  gr a d ati o n al 2 2 6  

b et w e e n z o n es 1 a ( A n k -F D) a n d 1 b ( F D) a n d  a g ai n  b et w e e n z o n es 2 a a n d 2 b ; n o n et h el ess, t w o 2 2 7  

di sti n ct  s u b -d o m ai ns  ar e  e vi d e nt  i n  b ot h  i nst a n c es  i n  B S E -i m a g er y:  a r el ati v el y F e-ri c h  i n n er  2 2 8  

d o m ai n ( z o n es 1 a a n d 2 a) a n d a l ess F e-ri c h o ut er d o m ai n ( z o n es 1 b a n d 2 b; Fi g s. 5 a n d  6 a- b).          2 2 9  

 2 3 0  

3. 2. Tr e n ds i n t h e i s ot o pi c c o m p ositi o n ( δ 1 3 C a n d δ 1 8 O)  of c ar b o n at e c e m e nts  2 3 1  

 T h e r es ult s of i n sit u SI M S δ 1 3 C a n d δ 1 8 O a n al ys es ar e s u m m ari z e d i n T a bl es 1 a n d 2 a n d  2 3 2  

ar e  pr es e nt e d  gr a p hi c all y  i n  Fi gs.  3 - 6. T hr o u g h o ut  t his  arti cl e,  v al u es  of  δ 1 3 C ar e  e x pr ess e d  2 3 3  

r el ati v e t o t h e V P D B  st a n d ar d, w h er e as t h os e of δ 1 8 O ar e e x pr ess e d  r el ati v e t o  V S M O W ;  for 2 3 4  

c o n v e ni e n c e, δ 1 8 O v al u es ar e als o t a b ul at e d r el ati v e t o V P D B i n T a bl es 1 a n d 2.  T h e c o m pl et e 2 3 5  

d at as et, w hi c h i n cl u d es all m e as ur e d si g n als ( e. g.  c o u nt r at es, b a c k gr o u n ds, c o u nti n g st atisti c al 2 3 6  

err ors,  et c.)  fr o m  r ef er e n c e  m at eri als  a n d  a n al y z e d  s a m pl e  r e gi o ns,  as  w ell  as  t h e  c ali br ati o n  2 3 7  

m o d el  p ar a m et ers  us e d  t o  c orr e ct  f or s a m pl e  m atri x  eff e cts,  is  pr o vi d e d  i n  S u p pl e m e nt ar y  2 3 8  

A p p e n di c es 2 - 4. S u p p ortin g p etr o gr a p hi c d o c u m e nt ati o n, w hi c h i n cl u d es i n di vi d u all y- a n n ot at e d 2 3 9  



SI M S pits, is pr o vi d e d as a  S A  1. P at c h es of c ar b o n at e c e m e nt i n m ulti pl e  s a m pl e s u b- d o m ai ns 2 4 0  

w er e a n al y z e d  t o e ns ur e t h at m e as ur e d v al u es ar e r e pr es e nt ati v e ('s a m pl e r e gi o ns' i n T a bl es 1 a n d 2 4 1  

2 a n d S A  1). 2 4 2  

 T w o  di sti n ct  d at a  cl o u ds  ar e  a p p ar e nt  i n  cr oss - pl otti n g δ 1 3 C vs δ 1 8 O  ( Fi g.   3 c);  o n e  is  2 4 3  

p o p ul at e d  b y  s a m pl e  d at a  fr o m  t h e  u p p er  Mt.  Si m o n  s a n dst o n e  b e ds,  a n d  is  g e n er all y  2 4 4  

c h ar a ct eri z e d b y i n cr e asi n gl y n e g ati v e  δ 1 3 C v al u es t h at e xt e n d fr o m  + 1 t o -9 ‰ ( V P D B)   (t o a 2 4 5  

first- or d er a cr oss z o n es 0 t hr o u g h 6). T h e ot h er d at a cl o u d r e pr es e nts t h e o v erl yi n g silt y -s h al y 2 4 6  

E a u  Cl air e  F m . a n d  st a n ds  i n  st ar k  c o ntr ast ,  b ei n g c h ar a ct eri z e d  b y  p ositi v e  δ 1 3 C  v al u es  t h at  2 4 7  

e xt e n d fr o m + 2 t o + 1 6 ‰ ( V P D B)   (t o a first-or d er a cr oss z o n e 0 t hr o u g h 3 ). Gi v e n t h e s m all 2 4 8  

s a m pl e s u bs et at t his st a g e of r es e ar c h, h o w e v er, it is t o o e arl y t o g e n er ali z e a b o ut diff er e n c es o n 2 4 9  

a f or m ati o n -wi d e s c al e. Pl e as e n ot e t h at b as e d o n c o n v e nti o n al is ot o p e a n al ys es p erf or m e d o n a 2 5 0  

l ar g er s uit e of b ul k s a m pl es, it is k n o w n t h at c ar b o n at e δ1 3 C v ari a bilit y e xists a m o n g t h e f o ur E a u 2 5 1  

Cl air e  s u b -u nits  at  t h e  I B D P  sit e  ( P al k o vi c,  2 0 1 5).  T o  a  first -or d er,  diff er e n c es  i n  b ul k  δ 1 3 C 2 5 2  

v al u es – e xt e n di n g  fr o m  a p pr o x.  -4 ‰  t o  + 4 ‰  V P D B  u p  t hr o u g h  t h e  s e cti o n  – c orr el at e  t o  2 5 3  

c h a n g es  i n  lit h ol o g y,  alt h o u g h  d e pt h -d e p e n d e nt  c h a n g es  wit hi n  i n di vi d u al  s u b -u nits  ar e  als o  2 5 4  

e vi d e nt ( m ost cl e arl y s e e n i n t h e t o p- m ost U nit D; r ef er t o Fi g. 5. 8 i n P al k o vi c, 2 0 1 5). A d diti o n al 2 5 5  

i n sit u c h ar a ct eri z ati o ns of l o w er E a u Cl air e c ar b o n at e c e m e nts fr o m a cr o ss t h e Illi n ois B asi n ar e 2 5 6  

r e p ort e d el s e w h er e ( Śli wi ńs ki et al., 2 0 1 5 c, 2 0 1 6). W h at w e i n -p art att e m pt t o d e m o nstr at e h er e 2 5 7  

i s t h e a bilit y t o r etri e v e a n ot h er l a y er of i nf or m ati o n b y i nt err o g ati n g  is ot o pi c r e c or ds o n a fi n er 2 5 8  

s p ati al s c al e.  S o m e  p ot e nti al  a p pli c ati o ns  w h er e  t his  m a y  b e  us ef ul  i n  r el ati o n  t o  c ar b o n-2 5 9  

s e q u estr ati o n r es e ar c h ar e dis c uss e d l at er o n.  2 6 0  

 A  m o d er at e li n e ar c orr el ati o n  is  a p p ar e nt  i n  t h e cr oss -pl ot  of c ar b o n at e δ 1 3 C a n d  δ 1 8 O 2 6 1  

v al u es  m e as ur e d fr o m t h e Mt. Si m o n S a n dst o n e ( a dj ust e d R2  = 0. 6 1 ; Fi g. 3 c). T o a first -or d er, 2 6 2  



δ 1 8 O v al u es pr o gr essi v el y d e cr e as e a cr oss e arl y -t o-l at e c e m e nt g e n er ati o n s fr o m a hi g h of ~ 2 2 ‰ 2 6 3  

V S M O W ( z o n e 1) t o a l o w of ~ 1 6 ‰ ( z o n e 6)  (Fi gs. 3 d a n d 4 c ). N ot a bl y, h o w e v er, c ar b o n at e 2 6 4  

δ 1 8 O v al u es m e as ur e d fr o m z o n e 4 a br u ptl y br e a k t his tr e n d a n d tr a nsi e ntl y i n cr e as e t o a hi g h of 2 6 5  

~ 2 4 ‰ ( v al u es als o i n cr e as e t hr o u g h o ut t his st a g e of c e m e nt d e v el o p m e nt fr o m ~ 2 0 t o 2 4 ‰; S A  2 6 6  

1 ). T h e c orr es p o n di n g c ar b o n at e δ 1 3 C v al u es  m e as ur e d fr o m z o n es 1 - 3 f all wit hi n t h e r el ati v el y 2 6 7  

n arr o w r a n g e b et w e e n  0 a n d  -3 ‰ ( V P D B),  a n d t h e n s yst e m ati c all y d e cr e as e d o w n t o - 9 ‰ a cr oss 2 6 8  

z o n es 4- 6 ( Fi g. 4 d ; S A  1). 2 6 9  

 C ar b o n at e δ 1 3 C a n d δ 1 8 O v al u es m e as ur e d fr o m diff er e nt c e m e nt g e n er ati o ns of t h e E a u 2 7 0  

Cl air e  s h al e  s h o w n o  c orr el ati o n  ( Fi g.  3 c ). N o n et h el ess,  c ar b o n at e  δ 1 8 O  v al u es  pr o gr essi v el y  2 7 1  

d e cr e as e  a cr oss  e arl y -t o-l at e  c e m e nt  g e n er ati o ns  fr o m  a  hi g h  of  ~ 2 6 ‰  (z o n e  0)  t o  a  l o w  of  2 7 2  

~ 2 2 ‰ ( z o n e 3) ( Fi g. 6 c ). It is n ot a bl e t h at, o n a v er a g e, δ 1 8 O v al u es m e as ur e d f r om t h e s h al e b e d  2 7 3  

c e m e nt s  ar e  ~ 4 ‰  hi g h er  t h a n  t h os e  i n  t h e  u n d erl yi n g  s a n dst o n e  ( s a m e  first -or d er  d e cr e asi n g  2 7 4  

tr e n d  wit h  a  ~ 4 ‰  offs et;  c o m p ar e  Fi gs.  4 c a n d 6 c ). T h e  δ 1 3 C  v al u es  of  t h e  e arli est  st a g e  of  2 7 5  

c e m e nt d e v el o p m e nt ( z o n e 0) f all b et w e e n 3 -4 ‰ ( V P D B) a n d , i n st ar k c o ntr ast t o t h e s a n dst o n e 2 7 6  

b e ds, i n cr e as e  a br u ptl y  d uri n g  s u bs e q u e nt  st a g e s  of  c e m e nt  gr o wt h;  v al u es  s p a n  t h e  r a n g e  2 7 7  

b et w e e n  + 7  a n d  + 1 5 ‰  a cr oss  z o n es  1 a  a n d  1 b,  b ut  f all  s o m e w h at  t o  b et w e e n  + 6  a n d  + 1 1 ‰ 2 7 8  

a cr oss z o n es 2 a, 2 b, a n d 3 ( Fi g. 6 d).   2 7 9  

 2 8 0  

3. 2. Tr e n ds  i n  t h e  is ot o pi c  c o m p ositi o n  ( δ 1 8 O)  of  q u art z c e m e nt  i n  t h e  u p p er Mt.  Si m o n  2 8 1  

S a n dst o n e 2 8 2  

 O n t h e b asi s of C L -i m a gi n g, w e i d e ntifi e d f o ur m aj or st a g es of q u art z c e m e nt ati o n  ( Q O 2 8 3  

1- 4) wit hi n t h e e x a mi n e d s a n dst o n e b e d of t h e u p p er Mt. Si m o n F m.   (Fi g. 7;  S A   1). D etrit al 2 8 4  

q u art z gr ai ns ar e i n disti n g uis h a bl e fr o m t h eir r e s p e cti v e q u art z o v er gr o wt hs ( c e m e nt) b y B S E -2 8 5  



i m a gi n g. H o w e v er, t his disti n cti o n c a n b e r e a dil y m a d e b y e m pl o yi n g a C L -d et e ct or  c o u pl e d t o 2 8 6  

a n S E M , w hi c h all o ws f or o bs er vi n g l a y eri n g/ b a n di n g (if pr es e nt) wit hi n i n di vi d u al o v er gr o wt hs 2 8 7  

(i n di c ati v e of diff er e nt c e m e nt ati o n st a g es) (Fi g. 7 ).   2 8 8  

 Q u art z  c e m e nt  d e p osit e d  d uri n g  st a g es  1 -3  is  C L -l u mi n es c e nt,  w h er e a s  q u art z  c e m e nt  2 8 9  

f or m e d d uri n g t h e fi n al st a g e is c h ar a ct eristi c all y n o n -l u mi n es c e nt a n d q u alit ati v el y c o nstit ut es 2 9 0  

a p pr o x.  o n e -h alf  of  t h e  t ot al  c e m e nt  v ol u m e  ( Fi g.  7) . I n t er ms of δ1 8 O v al u es,  q u art z  c e m e nt  2 9 1  

z o n es  1,  2  a n d  3  f all  b et w e e n  2 4 ‰  a n d  2 1 ‰,  a n d  a  mil d  t e n d e n c y  t o w ar ds  l o w er  v al u es  is  2 9 2  

o bs er v e d wit h e a c h s u c c e ssi v e c e m e nt g e n er ati o n  ( Fi g. 4 e ). Qu art z c e m e nt z o n e 2 is c o ns pi c u o us 2 9 3  

i n t h at δ1 8 O v al u es a br u ptl y br e a k t h e tr e n d d efi n e d b y  z o n es 1, 3 a n d 4 b y tr a nsi e ntl y i n cr e asi n g 2 9 4  

t o ~ 2 7. 5 ‰ (Fi g. 4 e) . F or a d diti o n al i nf or m ati o n o n δ1 8 O z o ni n g i n q u art z -o v er gr o wt hs of t h e Mt. 2 9 5  

Si m o n  S a n dst o n e  wit hi n  t h e  Illi n ois  B asi n,  t h e  i nt er est e d  r e a d er  is  r ef err e d  t o  t h e  w or k  of  2 9 6  

P olli n gt o n et  al.  ( 2 0 1 1). N o q u art z-o v er gr o wt hs w er e a n al y z e d fr o m t h e E a u Cl air e s h al e i n t h e 2 9 7  

c o urs e of t his st u d y, b ut w er e pr e vi o usl y e x a mi n e d b y H y o d o et al. ( 2 0 1 4) .       2 9 8  

 2 9 9  

3. 3. Mi cr ost r ati gr a p hi c r el ati o n s hi ps a m o n g c e m e nts ( u p p er Mt. Si m o n S a n dst o n e )   3 0 0  

 Wit h r e g ar ds t o t h e mi cr ostr ati gr a p hi c r el ati o ns hi ps a m o n g i n di vi d u al q u art z - o v er gr o wt h 3 0 1  

a n d c ar b o n at e c e m e nts z o n es , w e h a v e o bs er v e d t h e f oll o wi n g (r ef er als o t o  S A  1): 3 0 2  

  3 0 3  

1) B as e d o n a n i m a g e a n al ysis, d ol o mit e -a n k erit e c e m e nt z o n es 1 -4 c o m pri s e a p pr o x. 7 5 % of t h e 3 0 4  

t ot al c ar b o n at e c e m e nt v ol u m e ( usi n g I m a g eJ; S c h n ei d er et al., 2 0 1 2). T h es e f o ur g e n er ati o ns of 3 0 5  

c e m e nt  pr e ci pit at e d  b ef o r e  t h e o ns et  of q u art z  c e m e nt ati o n (Fi g s.  4f a n d   7; S A   1). D ol o mit e -3 0 6  

a n k erit e z o n es  1 - 4 d e v el o p e d  at o p  d etrit al  q u art z  gr ai n  b o u n d ari es ,  w hi c h w er e  fr e e  of  a n y  3 0 7  

q u art z- o v er gr o wt hs at t his st a g e  of s e di m e nt lit hifi c ati o n . D o n ot e, h o w e v er, t h at  a p orti o n of 3 0 8  



d etrit al  q u art z  gr ai ns  h a v e  p arti all y  c orr o d e d/ e m b a y e d  gr ai n  b o u n d ari es  (s e e  p etr o gr a p hi c  3 0 9  

d o c u m e nt ati o n i n S A   1); i n s a m pl e r e gi o ns w h er e t his is e vi d e nt, c ar b o n at e c e m e nt s a p p e ar t o  3 1 0  

l o c all y r e pl a ce q u art z , b ut o nl y t o a li mit e d e xt e nt ( B url e y a n d K a nt or o wi c z, 1 9 8 6 a, 1 9 8 6 b). T his 3 1 1  

t y p e of t e xt ur e pr e d o mi n at es w h er e d etrit al q u art z gr ai ns ar e i n c o nt a ct wit h d ol o mit e-a n k erit e 3 1 2  

c e m e nt z o n es 1 -3, w hi c h, b as e d o n t h eir m ottl e d t e xt ur e, a p p e ar t o h a v e r e cr yst alli z e d ( M a c h el, 3 1 3  

1 9 9 7). Q u art z - o v er gr o wt hs ar e o pti c all y c o nti n u o us wit h d et rit al c or es, n o n-fi br o us, a n d a p p e ar 3 1 4  

pri sti n e .  W h er e  pr es e nt,  t h e  u n d erl yi n g  d etrit al  q u art z  gr ai n  b o u n d ari e s  s h o w  n o  c orr o d e d 3 1 5  

t e xt ur es.   3 1 6  

 3 1 7  

2)  T h e  d e v el o p m e nt of  q u art z - o v er gr o wt h  zo n es  1  a n d  2  l ar g el y o v erl a p p e d  i n  ti m e  wit h  t h e  3 1 8  

f or m ati o n of c ar b o n at e c e m e nt z o n e 5 ( Fi g. 4f ). H o w e v er, a p orti o n of c ar b o n at e c e m e nt z o n e 5 3 1 9  

w as alr e a d y i n pl a c e at t h e o ns et of Q O z o n e 1 gr o wt h; t his st a g e of c ar b o n at e c e m e nt ati o n als o 3 2 0  

c o nti n u e d f or s o m e ti m e aft er Q O z o n e 2 f ull y d e v el o p e d. 3 2 1  

  3 2 2  

3) T h e  d e v el o p m e nt  of  q u art z - o v er gr o wt h  zo n es  3  a n d  4  l ar g el y o v erl a p p e d  i n  ti m e  wit h  t h e  3 2 3  

d e v el o p m e nt of c ar b o n at e c e m e nt z o n e 6 ( Fi g. 4f ). H o w e v er, a p orti o n of Q O z o n e 3 w as alr e a d y 3 2 4  

i n  pl a c e  as  c ar b o n at e  c e m e nt  z o n e  6  b e g a n  f or mi n g ,  a n d  t his  st a g e  of  c ar b o n at e  c e m e nt ati o n  3 2 5  

c o nti n u e d f or s o m e ti m e aft er t h e e n d of Q O z o n e 4 gr o wt h.  3 2 6  

 3 2 7  

4. DI S C U S S I O N  ( P a rts I a n d II) 3 2 8  

 T h e f o c us of t h e dis c ussi o n t h at f oll o ws is t w o -f ol d: P art I is c o n c er n e d wit h t h e  I B D P 3 2 9  

sit e  a n d si m pl e  pr e di cti o ns  r e g ar di n g p ossi bl e  δ 1 3 C  v al u es  f or  c ar b o n at e  c e m e nts  t h at  ar e  3 3 0  

e x p e ct e d  t o  f or m  i n  r e s p o ns e  t o  l o n g-t er m C O 2  st or a g e.   I n P art  II , w e  i d e ntif y  p ot e nti al  3 3 1  



a p pli c ati o ns  w h er e  c ar b o n at e  is ot o p e  mi cr o a n al ysis  b y  SI M S  c o ul d  c o ntri b ut e  u ni q u el y  t o  3 3 2  

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  st or a g e.  I n k e e pi n g wit h  t h e  l ar g el y  3 3 3  

m et h o d ol o gi c al  t h e m e  of  t his  arti cl e,  a  bri ef  dis c ussi o n  o n  t h e  e v ol uti o n  of  is ot o p e  r ati os  i n  3 3 4  

c e m e nt s t h at f or m e d d uri n g s e di m e nt b uri al  a n d alt er ati o n  at/ n e ar  t h e I B D P sit e is pr o vi d e d as a 3 3 5  

s u p pl e m e nt al dis c ussi o n ( S A  5).  3 3 6  

 3 3 7  

P A R T I : R el e v a n c e t o t h e  Illi n ois B asi n D e c at u r P r oj e ct  3 3 8  

 Di sti n g ui s hi n g c ar b o n at e mi n er al c e m e nts t h at f or m i n r es p o ns e t o C O 2  i nj e cti o n at t h e 3 3 9  

I B D P sit e fr o m t h os e t h at h a v e f or m e d n at ur all y  i n r es p o ns e t o pri or, b uri al -r el at e d alt er ati o n of 3 4 0  

t h e  s e di m e nt  ( di a g e n esis)  w o ul d e nt ail  est a blis hi n g  a  pr e -i nj e cti o n  p etr o gr a p hi c  b as eli n e  (o n e 3 4 1  

l ar g er i n s c o p e  t h a n  t h e  s m all  n u m b er  of  s a m pl es  e x a mi n e d  h er e ) f or t h e  r el e v a nt  c ar b o n at e-3 4 2  

c e m e nt e d  i nt er v als of t h e r es er v oir a n d b as al c a pr o c k   u nits. S u c h a b as eli n e  c o ul d b e str o n gl y 3 4 3  

r ei nf or c e d  b y  c h e mi c al  a n d  is ot o pi c  fi n g er pri nti n g  ( δ1 3 C  a n d  δ 1 8 O). H o w e v er,  o nl y  s m all  3 4 4  

v ol u m es  of  n e w  c ar b o n at e ar e li k el y t o f or m i n t h e i niti al  p ost-i nj e cti o n y e ars , a n d  s o it m a y 3 4 5  

diffi c ult t o p erf or m is ot o pi c fi n g er pri nti n g b y c o n v e nti o n al t e c h ni q u es, es p e ci all y i n t h e li k el y 3 4 6  

s c e n ari o w h er e m e c h a ni c al s e p ar ati o n of n e w a n d pr e e xisti n g c e m e nts  will   n ot  b e f e asi bl e. I n 3 4 7  

sit u  i s ot o p e mi cr o a n al ysi s b y t h e SI M S t e c h ni q u e off ers a w a y p ast t h es e t e c h ni c al o bst a cl es. 3 4 8  

 V ol u m etri c all y  si g nifi c a nt  o c c urr e n c es  of  c ar b o n at e  c e m e nt  ( pr e d o mi n a ntl y  d ol o mit e -3 4 9  

a n k erit e ) l o c all y o c c u p y t h e p or e s p a c e  of t h e u p p er Mt. Si m o n S a n dst o n e, n e ar b y /wit hi n   t h e 3 5 0  

gr a d ati o n al  c o nt a ct  ( L e et ar u a n d  Fr ei b ur g,  2 0 1 4)  wit h  t h e  o v erl yi n g  s h al y E a u  Cl air e  F m.  3 5 1  

( B o w e n  et  al.,  2 0 1 1;  Fis h m a n,  1 9 9 7;  H o h oli c k  et  al.,  1 9 8 4).  Alt h o u g h s o m e w h at  li mit e d  i n  3 5 2  

s c o p e, o ur p etr o gr a p hi c s ur v e y h as a d diti o n all y i d e ntifi e d t h e pr es e n c e of M g -si d erit e c e m e nts i n 3 5 3  

t h e u p p er Mt. Si m o n  i n s a m pl es fr o m t h e b asi n m ar gi n i n n ort h er n Illi n ois (r el ati v el y s h all o w 3 5 4  



b uri al e n vir o n m e nt ; m a x. b uri al ≈  1 k m / 3, 5 0 0 ft; aft er R o w a n et al., 2 0 0 2) a n d at d e pt h i n t h e 3 5 5  

s o ut h er n Illi n ois  B asi n  (m a x b uri al ≈  5. 5 k m / 1 8, 0 0 0 ft; Fi g s. 1 a n d S A  1, Pl at e 2 4 ). Whil e w e 3 5 6  

di d n ot o bs er v e s u c h c e m e nts at t h e i nter m e di at e b uri al d e pt hs of t his u nit  at t h e I B D P sit e , t h e y 3 5 7  

h a v e  b e e n  d o c u m e nt e d  i n  I B D P  w ells  (e. g., P al k o vi c,  2 0 1 5) . Li mit e d  a n al ys es  i n di c at e  t h at  3 5 8  

c ar b o n at e mi n er als  ( c al cit e, d ol o mit e) ar e als o pr e s e nt i n  m u dst o n e/s h al e i nt er b e ds at d e pt h i n t h e 3 5 9  

g e n er al vi ci nit y of t h e C O 2  i nj e cti o n z o n e wit hi n t h e l o w er Mt. Si m o n S a n dst o n e (e. g., s e e T a bl e 3 6 0  

8. 3  i n  Fi nl e y,  2 0 0 5) .  Th es e  cl a y mi n er al -ri c h  i nt er b e ds ar e  c o nsi d er e d  t o  b e  t h e  first  r e a cti v e  3 6 1  

e n vir o n m e nt s t h at will b e e n c o u nt er e d b y t h e e m pl a c e d C O 2  pl u m e as it b u o y a ntl y ris es t hr o u g h 3 6 2  

t h e r es er v oir, a n d ar e esti m at e d t o h a v e t h e s a m e c a p a cit y f or s e q u estr ati n g c ar b o n b y mi n er al -3 6 3  

tr a p pi n g r e a cti o ns as t h e b as al E a u Cl air e s h al e  ( Fi nl e y, 2 0 0 5). Is ot o pi c fi n g er pri nti n g c o ul d ai d 3 6 4  

c o m p ar ati v e st u di es of c e m e nts fr o m t h es e i nt er v als i n c or e m at eri al  r e c o v er e d at I B D P pri or t o 3 6 5  

i nj e cti o n ( 2 0 1 1- 2 0 1 4) a n d i n s a m pl e m at eri al t h at m a y b e r e c o v er e d at s o m e f ut ur e ti m e  i n t h e 3 6 6  

p ost- i nj e cti o n/m o nit ori n g p h as e c urr e ntl y   u n d er w a y. S u c h st u di es c o ul d ai d i n gr o u n d -tr ut hi n g 3 6 7  

a n d/ or r efi ni n g r e a cti v e fl o w a n d tr a ns p ort m o d els t h at att e m pt t o : 1) pr e di ct t h e r at e of mi n er al -3 6 8  

tr a p pi n g  r e a cti o ns,  2)  t o  d eli mit  t h e  li k el y s p ati al  distri b uti o n  of  r e a cti o n  pr o d u cts  ( c ar b o n at e  3 6 9  

c e m e nt s),  a n d  3)  t o  e sti m at e  t h e  a m o u nt of  C O 2  t h at will  li k el y  b e c o m e  p er m a n e ntl y  3 7 0  

i m m o bili z e d  i n  mi n er al  f or m  (e. g., Li u  et  al.,  2 0 1 1) . N ot e  t h at  w h er e as  t h e i nj e cti o n  z o n e  is 3 7 1  

sit u at e d wit hi n t h e l o w er Mt. Si m o n F m at t h e I B D P sit e, i nj e cti o n w as als o pl a n n e d i nt o t h e 3 7 2  

u p p er  p orti o n  of  t his  r es er v oir  u nit  at  t h e  n e ar b y  sit e  of  t h e F ut ur e G e n  2. 0  pr oj e ct  ( n o w  3 7 3  

d ef u n d e d; e. g., B o n n e vill e et al., 2 0 1 3 ; V er m e ul et al., 2 0 1 6).  3 7 4  

 Wit hi n  t h e  di v ers e  s uit e  of  lit h of a ci es  t h at  c o m pris e  t h e  E a u  Cl air e  s h al e,  c ar b o n at e  3 7 5  

c e m e nt s  ar e  g e n er all y  a b u n d a nt , alt h o u g h  s o m e w h at  h et er o g e n e o usl y di stri b ut e d  (e. g., Fi nl e y, 3 7 6  

2 0 0 5; N e uf el d er  et  al.,  2 0 1 2;  P al k o vi c,  2 0 1 5;  Śli wi ńs ki  et  al.,  2 0 1 6) .  C ar b o n mi n er ali z ati o n 3 7 7  



r e a cti o ns ar e es p e ci all y a nti ci p at e d t o o c c ur al o n g t h e r es er v oir- c a pr o c k i nt erf a c e w h er e r e a cti v e 3 7 8  

F e -ri c h cl a y mi n er als  a n d c ar b o n at e  c e m e nts  o c c ur i n a b u n d a n c e  ( Fi nl e y, 2 0 0 5). Li mit e d n at ur al 3 7 9  

a n al o g u e st u di es i n di c at e t h at c h e mi c al r e a cti o ns b et w e e n C O 2  a n d  t h e c a pr o c k mi n er al o g y c a n  3 8 0  

e xt e n d  a cr oss  a  t hi c k n ess  of  1 0 +  m et ers  of  t h e  b as al  c a pr o c k  l a y er  ( Bi c kl e,  2 0 0 9;  L u  et  al.,  3 8 1  

2 0 0 9). D uri n g t h e i niti al p ost- i nj e cti o n p H b uff eri n g st a g e , c ar b o n at e c e m e nts i n t his  b as al l a y er 3 8 2  

m a y u n d er g o  p arti al t o c o m pl et e diss ol uti o n   a n d  s u bs e q u e ntl y r e-pr e ci pit at e hi g h er wit hi n  t h e 3 8 3  

u nit ( e. g., K al di et al., 2 0 1 1) . T h e  d e pt h of C O 2  p e n etr ati o n/r e a cti o n c a n g e n er all y b e tr a c e d b y 3 8 4  

m e a ns of δ 1 3 C a n al ys i s (e. g., L u et al., 2 0 0 9), alt h o u g h t h e v er y s m all si z e of c e m e nt cr yst als i n 3 8 5  

m u dr o c ks/ s h al es c a n c o m pli c at e  att e m pts  at o bt ai n i n g e n d -m e m b er  si g n als  fr o m  diff er e nt  3 8 6  

c ar b o n at e  c o m p o n e nts  b y  m e a ns  of  c o n v e nti o n al  s a m pli n g/ a n al yti c al  t e c h n i qu es   (e. g., 3 8 7  

H ei n e m a n n et al., 2 0 1 3; Wil ki ns o n et al., 2 0 0 9).  3 8 8  

 A li mit e d n u m b er of r e c e nt l a b or at or y-s c al e  e x p eri m e nt al st u di es h a v e i n v esti g at e d t h e 3 8 9  

r e a cti vit y  of  t h e I B D P  r es er v oir  a n d  c a pr o c k  u nits   u n d er si m ul at e d C O 2 st or a g e  c o n diti o ns . 3 9 0  

Di s c er n a bl e c h a n g es i n r o c k t e xt ur e a n d mi n er al o g y w er e n ot e d wit hi n o nl y a y e ars' ti m e, a n d 3 9 1  

i n di c at e a t e n d e n c y f or diss ol uti o n of cl a y mi n er als t h at li n e t h e p or e t hr o ats of t h e Mt. Si m o n 3 9 2  

S a n dst o n e  a n d f or c orr o si o n/ d e gr a d ati o n of illit e, c hl orit e, K -f elds p ar, bi otit e a n d p yrit e i n t h e 3 9 3  

E a u Cl air e s h al e  ( Y o ks o uli a n et al., 2 0 1 3). Ir o n-b e ari n g cl a y s w er e  i d e ntifi e d as a k e y r e a ct a nt at 3 9 4  

I B D P, a n d ar e e x p e ct e d t o h el p c o ntri b ut e t h e a q u e o us c ati o ns  ( F e2 + , M g2 + ) n e c ess ar y f or c ar b o n  3 9 5  

mi n er ali z ati o n   (C arr oll  et  al.,  2 0 1 3;  s e e  als o,  e. g., Al e m u  et  al.,  2 0 1 1 ; K al di  et  al.,  2 0 1 1) . 3 9 6  

R e a cti v e tr a ns p ort m o d el si m ul ati o ns  esti m at e  t h at at l e ast 1 0 t o 2 0 % of t h e i ntr o d u c e d C O 2  m a y 3 9 7  

e v e nt u all y b e c o ns u m e d i n t h e pr e ci pit ati o n of F e -b e ari n g c ar b o n at e  c e m e nts  (Li u et al., 2 0 1 1) , 3 9 8  

alt h o u g h t hi s esti m at e w o ul d li k el y i n cr e as e if t h e r e a cti vit y of F e -ri c h cl a ys wit h C O2 -c h ar g e d 3 9 9  

bri n e w er e t a k e n i nt o c o n si d er ati o n ( C arr oll et al. , 2 0 1 3). 4 0 0  



 4 0 1  

4. 1 F o r e c asti n g  δ 1 3 C v al u es f o r s e q u est r ati o n -r el at e d c a r b o n at es at I B D P  4 0 2  

 H er e w e m a k e us e of a v ail a bl e d at a o n r es er v oir c o n diti o ns a n d t h e C -is ot o p e r ati o of t h e 4 0 3  

i nj e ct e d C O 2  at t h e I B D P sit e ( e. g., Fi nl e y, 2 0 0 5)  t o m a k e si m pl e pr e di cti o ns a b o ut t h e p ossi bl e 4 0 4  

i s ot o pi c  fi n g er pri nts  of diff er e nt  c ar b o n at e c e m e nt  t y p es  (e. g., c al cit e, d ol o mit e -a n k erit e, 4 0 5  

si d erit e)  t h at m a y f or m i n r es p o ns e t o l o n g-t er m C O 2  st or a g e . 4 0 6  

  Anti ci p at e d c ar b o n at e δ 1 3 C v al u es  c a n b e c al c ul at e d usi n g  k n o w n t e m p er at ur e- d e p e n d e nt 4 0 7  

e q uili bri u m is ot o p e fr a cti o n ati o n f a ct ors b et we e n t h e diff er e nt c o m m o n c ar b o n at e mi n er als  a n d 4 0 8  

C O 2 ( T a bl e 4). T h e fr a cti o n ati o n f a ct or ( α X- Y ) d es cri b es t h e diff er e n c e i n is ot o pi c c o m p ositi o n 4 0 9  

b et w e e n t w o p h as es ' X ' a n d 'Y ': 4 1 0  

( E q. 1)                                     α X- Y  = R X / RY  = ( δ X  + 1 0 0 0)/( δ Y  + 1 0 0 0) 4 1 1  

w h er e R X  a n d R Y  r e pr es e nt t h e 1 3 C/ 1 2 C r ati os f or p h as es X  a n d Y , r es p e cti v el y, w h er e as δ X  a n d δ Y  4 1 2  

d e n ot e t h e p er mil ( ‰) d e vi ati o ns of t h e 1 3 C/ 1 2 C r ati os of p h as es X  a n d Y  i n r el ati o n t o a c ertifi e d 4 1 3  

r ef er e n c e m at eri al (V P D B ): 4 1 4  

 ( E q. 2)                  𝛿𝛿 𝑋𝑋 = 1 0 0 0   ×  �
𝑅𝑅 𝑋𝑋 − 𝑅𝑅 𝑉𝑉 𝑉𝑉 𝑉𝑉 𝑉𝑉

𝑅𝑅 𝑉𝑉 𝑉𝑉 𝑉𝑉 𝑉𝑉
� a n d 𝛿𝛿 𝑌𝑌 = 1 0 0 0   ×  �

𝑅𝑅 𝑌𝑌 − 𝑅𝑅 𝑉𝑉 𝑉𝑉 𝑉𝑉 𝑉𝑉

𝑅𝑅 𝑉𝑉 𝑉𝑉 𝑉𝑉 𝑉𝑉
� 4 1 5  

 C ar b o n i s ot o p e r ati o m e as ur e m e nts ar e e x pr ess e d as a p er mil  ( ‰) d e vi ati o n fr o m  t h e 4 1 6  

1 3 C/ 1 2 C r ati o of t h e V P D B  i nt er n ati o n al r ef er e n c e st a n d ar d (1 3 C/ 1 2 C V P D B  = 0. 0 1 1 2 3 7 2;  Allis o n et 4 1 7  

al., 1 9 9 5; Cr ai g, 1 9 5 7). 4 1 8  

 Fr a cti o n ati o n f a ct ors ( α X- Y ) ar e r el at e d t o t e m p er at ur e vi a e q u ati o ns of t h e f or m: 4 1 9  

 ( E q. 3)                            1 0 0 0   ×  l n (𝛼𝛼 𝑋𝑋 − 𝑌𝑌 )  =
𝐴𝐴 × 1 0 6

𝑇𝑇 2 + 𝐵𝐵  ≅  𝛿𝛿 𝑋𝑋 − 𝛿𝛿 𝑌𝑌  4 2 0  

w h er e T  i s  t h e  t e m p er at ur e  i n  d e gr e es  K el vi n,  w h er e as  A   a n d B  ar e  r e gr ess e d  p ar a m et ers .  4 2 1  

C o m pr e h e nsi v e r e vi e ws of t h es e c o n c e pts c a n b e f o u n d i n F a ur e  ( 1 9 9 8) a n d H o efs ( 2 0 0 9). 4 2 2  



 O ur c al c ul ati o ns r el y o n t h e f oll o wi n g c o nstr ai nts a n d ass u m pti o ns:  1) T h e i nj e ct e d C O 2  4 2 3  

pl u m e b e c o m es  t h e d o mi n a nt diss ol v e d i n or g a ni c c ar b o n  ( DI C) s o ur c e i n t h e st or a g e s yst e m.  T h e 4 2 4  

r es er v oir  bri n e  is  i niti all y  a ci difi e d  al o n g  z o n es  of  c o nt a ct/i nt er a cti o n wit h  t h e  gr a d u all y  4 2 5  

e x p a n di n g pl u m e  ( h o w e v er c o m pl e x t h e i nt er a cti o n g e o m etr y m a y b e ; e. g., J o h ns o n et al., 2 0 0 4; 4 2 6  

K a m p m a n  et  al.,  2 0 1 4) . At  s o m e  dist a n c e  a w a y  fr o m  t h e  i nj e cti o n  sit e,  sili c at e  mi n er al  4 2 7  

di ss ol uti o n  r e a cti o ns  e v e nt u all y  est a blis h  p H  c o n diti o ns  t h at  ar e  c o n d u ci v e  t o  c ar b o n at e  4 2 8  

pr e ci pit ati o n a n d pr o vi d e t h e n e c ess ar y di v al e nt c ati o ns  (e. g., C a 2 + , M g2 + , F e2 + ) . N ot e t h at a s t h e 4 2 9  

pl u m e c o nti n u es t o e x p a n d  o v er c e nt uri es t o mill e n ni a, t h e  c ar b o n at e c e m e nt v ol u m e t h at m a y 4 3 0  

h a v e f or m e d at s o m e dist a n c e b y t h e e n d of t h e first p ost-i nj e cti o n d e c a d e, f or e x a m pl e, s h o ul d 4 3 1  

r e-di ss ol v e a n d r e -pr e ci pit at e f urt h er a w a y (e. g., Li u et al., 2 0 1 1).  N e w c e m e nt s ar e t h us ass u m e d 4 3 2  

t o t a k e o n δ 1 3 C v al u es  t h at  r efl e ct pr e ci pit ati o n at  a n a m bi e nt  r es er v oir t e m p er at ur e of ~ 5 0 ° C  4 3 3  

(L a b ot k a  et  al.,  2 0 1 5)  a n d  t h e  δ 1 3 C  t h e  i nj e ct e d  C O 2   (-9  t o  -1 1 ‰  at  I B D P;  Fi nl e y,  2 0 0 5) . 4 3 4  

Alt h o u g h t h e DI C   p o ol i n t h e I B D P  r es er v oir h as n ot  b e e n is ot o pi c all y c h ar a ct eri z e d, t h e l o w 4 3 5  

al k ali nit y of t h e Mt. Si m o n F or m ati o n bri n e ( 8 0 m g/ L, as C a C O 3 ; P a n n o et al., 2 0 1 3)  s u g g ests 4 3 6  

t h at u p o n i nt er a cti o n,  t h e i nj e ct e d C O2  will  li k el y e x ert a pri m ar y c o ntr ol o n t h e  bri n e's is ot o pi c 4 3 7  

c o m p ositi o n. 2)  T h e  s ali nit y/i o ni c c o m p ositi o n  of  t h e  r es er v oir  bri n e  ( a  C a -N a -Cl  t y p e  bri n e;  4 3 8  

L a b ot k a et al., 2 0 1 5)  d o es n ot i m p art a n y s e c o n d ar y C- is ot o p e fr a cti o n ati o n eff e cts d uri n g C O 2  4 3 9  

di ss ol uti o n. T h e  c urr e nt  st at e of k n o wl e d g e i n di c at es t h at t h e i nfl u e n c e of s ali nit y o n  C-is ot o p e 4 4 0  

p arti oti ni n g  b et w e e n C O 2 ( g) a n d DI C ( i. e., t h e 's alt-eff e ct') is n e gli gi bl e ( h o w e v er t his is n ot t h e 4 4 1  

c as e f or O- i s ot o p es); w hil e st u di es i n t his fi el d ar e still s o m e w h at li mit e d, M a y er et al.   ( 2 0 1 5) 4 4 2  

o bs er v e t h at ''t h er e is c urr e ntl y n o e vi d e n c e t h at t h es e eff e cts w o ul d si g nifi c a ntl y c o m pr o mis e t h e 4 4 3  

s uit a bilit y of t h e st a bl e is ot o pi c c o m p ositi o n of i nj e ct e d  C O 2  as a tr a c e r t o ol. "    4 4 4  



 Usi n g a v ail a bl e d at a o n c ar b o n is ot o p e p artiti o ni n g b et w e e n c ar b o n at es  a n d C O 2( g)  ( T a bl e 4 4 5  

4), w e c al c ul at e t h e f oll o wi n g a p pr o xi m at e δ 1 3 C v al u es f or n e wl y -f or m e d c e m e nts: -2 ‰ V P D B 4 4 6  

f or c al cit e (b as e d o n t h e w or k of C h a c k o et al., 1 9 9 1 ), -6 ‰ f or si d erit e ( aft er Ji m e n e z -L o p e z a n d 4 4 7  

R o m a n e k,  2 0 0 4),  a n d  - 2 ‰ f or  d ol o mit e-a n k erit e (b as e d  o n  t h e  r e c e nt  e x p eri m e nt al  w or k  of  4 4 8  

H orit a  ( 2 0 1 4) f or e n d-m e m b er d ol o mit e ; Fi g. 3) . A fr a cti o n ati o n f a ct or b et w e e n C O2( g)  a n d a n y 4 4 9  

a n k erit e h as n ot y et b e e n e x p eri m e nt all y c ali br at e d, a n d it t h us r e m ai ns u n k n o w n h o w t h e F e -4 5 0  

c o nt e nt i n t h e d ol o mit e - a n k erit e s oli d s ol uti o n s eri es aff e cts e q uili bri u m r el ati o ns r el ati v e t o e n d-4 5 1  

m e m b er d ol o mit e.  ( N ot e t h at c ar b o n at e δ1 8 O v al u es c a n n ot b e f or e c ast at pr es e nt b e c a us e, t o o ur 4 5 2  

k n o wl e d g e,  t h e  δ 1 8 O  of  t h e  s u p er criti c al  C O 2  str e a m  at  t h e  I B D P  sit e  h as  n ot  b e e n  4 5 3  

d et er mi n e d/r e p ort e d ,  alt h o u g h  bri n e  δ 1 8 O  v al u es  ar e  k n o w n  f or  v ari o us  d e pt hs  wit hi n  t h e  4 5 4  

r es er v oir u nit; e. g., L a b ot k a et al., 2 0 1 5). 4 5 5  

 H o w w o ul d t h es e v al u es b e aff e ct e d b y pri m ar y c ar b o n at e c e m e nt diss ol uti o n a n d mi xi n g 4 5 6  

of t h e r es ulti n g δ 1 3 C si g n al wit h t h at of t h e  i nj e ct e d C O 2 ? At  pr es e nt  w e c a n  o nl y ass ess  t h e  4 5 7  

p ot e nti al i m p a ct o n n e wl y f or m e d d ol o mit e , as  c al cit e a n d  si d erit e c e m e nts w er e n ot is ot o pi c all y 4 5 8  

c h ar a ct eri z e d  as  p art  of  t his  st u d y  ( n eit h er  c al cit e  n or  si d erit e  w er e  e n c o u nt er e d  i n  t h e  s m all  4 5 9  

s a m pl e s uit e e x a mi n e d , alt h o u g h b ot h ar e k n o w n c o nstit u e nts of t h e r es er v oir mi n er al o g y; e. g., 4 6 0  

P al k o vi c, 2 0 1 5).  A b ul k w ei g ht e d a v er a g e  δ 1 3 C v al u e  of -2. 5 ‰ V P D B  w as c al c ul at e d f or t h e 4 6 1  

r e pr es e nt ati v e p at c h of pri m ar y d ol o mit e -a n k erit e c e m e nt s h o w n i n Fi g. 3 b. A n i m a g e a n al ysis 4 6 2  

( usi n g I m a g eJ s oft w ar e; S c h n ei d er et al., 2 0 1 2) w as p erf or m e d t o esti m at e t h e v ol u m e fr a cti o n 4 6 3  

r e pr es e nt e d b y e a c h c e m e nt z o n e ( Zo n es ( 1- 3 ), 4, 5 a n d 6 r es p e cti v el y c o m pris e 5 5 %, 2 0 %, 1 5 % 4 6 4  

a n d 1 0 %  of t h e t ot al v ol u m e ). R a p i d a n d c o m pl et e diss ol uti o n of t his c e m e nt v ol u m e at 5 0 ° C 4 6 5  

w o ul d,  u n d er  t h e  e x p eri m e nt al  c o n diti o ns  d es cri b e d  b y H orit a  ( 2 0 1 4),  pr o d u c e  C O 2  ( g)  wit h  a  4 6 6  



δ 1 3 C v al u e -1 1 ‰ V P D B. T h us, t h e i m p a ct of pri m ar y c e m e nt diss ol uti o n  m a y n ot b e dis c er n a bl e 4 6 7  

c o nsi d eri n g t h at t h e δ1 3 C of t h e i nj e ct e d C O 2  str e a m v ari es b et w e e n - 9 t o - 1 1 ‰ V P D B .   4 6 8  

  4 6 9  

5. P a rt II : B r o a d e r A p pli c ati o n s  4 7 0  

 H er e w e att e m pt t o i d e ntif y s o m e ar e as of c urr e nt r es e ar c h i nt er est w h er e i n sit u is ot o p e 4 7 1  

mi cr o a n al ysi s  b y  SI M S  c o ul d  pr o vi d e  p ot e nti all y  u ni q u e  i nsi g hts  t o  i n v esti g ati o ns  c o n c er n e d  4 7 2  

wit h u n d erst a n di n g  h o w  C O 2  will  i nt er a ct  wit h  g e ol o gi c al  r es er v oir s  a n d  c a pr o c ks  u n d er  4 7 3  

e n gi n e er e d st or a g e c o n diti o ns. T h es e i n cl u d e:   4 7 4  

1) I d e ntif yi n g  s e q u est r ati o n -r el at e d  c a r b o n at e  c e m e nts  i n  e n gi n e e r e d C O 2 -st o r a g e 4 7 5  

r es e r v oi rs . O nl y  s m all  c e m e nt v ol u m es  ar e  a nti ci p at e d  i n  t h e  i niti al  y e ars  p ost-i nj e cti o n. 4 7 6  

N o n et h el ess, as littl e as 3 mi cr o m et ers ( µ m) of n e w gr o wt h c o ul d b e r e a dil y a n al y z e d  b y t h e  4 7 7  

m et h o d ol o g y d es cri b e d h er e, t h us p ot e nti all y pr o vi di n g e arl y i n p uts f or c ali br at i n g g e o c h e mi c al 4 7 8  

m o d el s  t h at  att e m pt  t o  pr e di ct  h o w  t h e  mi n er al o g y  of  a  gi v e n  r es er v oir -c a pr o c k  s yst e m  will  4 7 9  

e v ol v e  i n  t h e   l o n g-t er m  i n  r es p o ns e  t o  i m p os e d  C O2   st or a g e  (a n d  t o  d eri v e  m or e  a c c ur at e  4 8 0  

esti m at es r e g ar di n g t h e fra cti o n of C O 2  t h at will b e c o m e s e c ur el y tr a p p e d i n mi n er al f or m  o v er 4 8 1  

ti m e). H y p ot h eti c all y,  it  m a y  als o  b e  n e c ess ar y  i n  f ut ur e  m o nit ori n g  st u di es  at  C C S  sit es  t o  4 8 2  

v erif y, vi a i s ot o pi c fi n g er pri nti n g, w h et h er fr a ct ur e-filli n g c e m e nts i n c a pr o c k  u nits ar e r el at e d t o 4 8 3  

C O 2 l e a k a g e. 4 8 4  

 4 8 5  

2) C h a r a ct e ri zi n g t h e c a r b o n at e c o m p o n e nts t h at p r e -d at e C O 2 -c h a r gi n g of n at u r al a n d/ o r 4 8 6  

e n gi n e e r e d  r es e r v oi rs . N at ur all y -o c c urri n g  a c c u m ul ati o ns  of  C O 2 i n  g e ol o gi c al  e n vir o n m e nts  4 8 7  

ar e h el pi n g t o b uil d a n u n d erst a n di n g of h o w C O 2  i nt er a ct s i n t h e l o n g-t er m ( 1 05 - 1 06  ye ars) wit h 4 8 8  

r es er v oir-c a pr o c k s yst e ms (e. g., Bi c kl e et al., 2 0 1 3) . St u di es of t h es e s o-c all e d n at ur al a n al o g u e s 4 8 9  



ai d ,  f or  e x a m pl e, i n:  1)  i d e ntif yi n g  t h e  d o mi n a nt  fl ui d-mi n er al  r e a cti o ns  t h at  ar e  e x p e ct e d  t o 4 9 0  

o c c ur  d uri n g e n gi n e er e d C O 2  st or a g e; 2) all o w f or esti m ati n g r at es of c ar b o n mi n er ali z ati o n ; a n d 4 9 1  

3)  pr o vi d e  a  m e a ns  of  c ali br ati n g g e o c h e mi c al  m o d els  a n d  r es er v oir  si m ul ati o ns  a g ai nst  t h e  4 9 2  

n at ur al w orl d (e. g., Bi c kl e  et al., 2 0 1 3; Hi g gs et al., 2 0 1 5; P e ar c e et al., 1 9 9 6; S at h a y e et al., 4 9 3  

2 0 1 4; St e v e ns et al., 2 0 0 1; W ats o n et al., 2 0 0 4) . As t h e y r e l at e t o c ar b o n s e q u estr ati o n i n d e e p 4 9 4  

s ali n e a q uif ers, t h e a b o v e t hr e e p oi nts h a v e b e e n  i d e ntifi e d  as  g e n er al  k n o wl e d g e g a ps  b y t h e  4 9 5  

I P C C S p e ci al R e p ort o n C O2  C a pt ur e a n d St or a g e ( 2 0 0 5) ( Mi c h a el et al., 2 0 0 9). It w as n ot e d i n a 4 9 6  

r e c e nt  r e vi e w  of  n at ur al  a n al o g u es  t h at  '' a  c o m pl et e  m o d el  of  t h e  fl ui d -mi n er al  r e a cti o ns  will  4 9 7  

r e q uir e b ot h m o d eli n g of c h a n g es i n fl ui d c h e mistr y i n c o nj u n cti o n wit h a f ull u n d erst a n di n g of 4 9 8  

t h e  p etr ol o g y  of  t h e  s a n dst o n e  a q uif er  i n  w hi c h  it  will  b e  ess e nti al  t o  disti n g uis h  r e a cti o n  4 9 9  

pr o d u ct s r el at e d t o t h e pr es e nt  p h as e of [ C O2 -c h ar g e r el at e d] alt er ati o n fr o m e arli er d etrit al a n d 5 0 0  

di a g e n eti c  p h as es "  ( Bi c kl e  et  al.,  2 0 1 3). T his  p oi nt  e xt e n ds  i n  r el e v a n c e  t o  t h e  pr o bl e m  of  5 0 1  

d et er mi ni n g  t h e  d e pt h  t o  w hi c h  C O 2  p e n etr at e s   i nt o t h e c a pr o c k  u nit s  t h at  o v erli e  n at ur al  5 0 2  

r es er voirs  ( as a m e a ns of ass essi n g t h e  li k el y l o n g-t er m i nt e grit y of r es er v oir s e als ). C ar b o n at e 5 0 3  

δ 1 3 C  a n d  δ 1 8 O  si g n at ur es  ar e  a  w ell -est a blis h e d  tr a c er,  alt h o u g h  t h e  a bilit y  of  c o n v e nti o n al  5 0 4  

m et h o ds t o f ull y r es ol v e is ot o pi c diff er e n c es a m o n g diff er e nt e n d -m e m b er c o m p o n e nts c a n b e 5 0 5  

hi n d er e d b y s m all cr yst al si z e ( e. g., L u et al., 2 0 0 9) a n d/ or if c h e m o -is ot o pi c z o n ati o n is pr ese nt 5 0 6  

at t h e mi cr o m et er s c al e  ( H ei n e m a n n et al., 2 0 1 3; Wil ki ns o n et al., 2 0 0 9). 5 0 7  

 5 0 8  

3 ) C h a r a ct e ri zi n g  e x p e ri m e nt al  r e a cti o n  p r o d u cts.  T his  i n cl u d es  ass ess m e nts  of  5 0 9  

r es er v oir/c a pr o c k  r e a cti vit y u n d er  si m ul at e d  C O 2 -st or a g e  c o n diti o ns  i n  c as es  w h er e  r e a cti o n  5 1 0  

pr o d u ct v ol u m es ar e t o o s m all f or c o n v e nti o n al is ot o p e r ati o m e as ur e m e nts. A f urt h er e x a m pl e is 5 1 1  

t h e pr o bl e m of c o nstr ai ni n g e q uili bri u m is ot o p e fr a cti o n ati o n f a ct ors b et w e e n fl ui ds a n d mi n er als 5 1 2  



d uri n g pr e ci pit ati o n.  In e x p eri m e nts c o n d u ct e d at t e m p er at ur es r el e v a nt t o C O 2  st or a g e i n s ali n e 5 1 3  

a q uif ers  ( ~ 5 0 - 1 5 0 ° C),  pr e ci pit ati o n  r at es  ar e  fr ustr ati n gl y  sl o w for  m o st  c o m m o n  mi n er als . 5 1 4  

R e a cti o n pr o d u ct v ol u m es t h at f or m o v er r e as o n a bl e l a b or at or y ti m e-s c al es ( m o nt hs t o s e v er al 5 1 5  

y e ars) ar e c o ns e q u e ntl y  q uit e s m all , as f or e x a m pl e mi cr o m et er -s c al e o v er gr o wt hs i n i nst a n c es 5 1 6  

w h er e s e e d cr yst als ar e u s e d t o sti m ul at e mi n er al gr o wt h ( e. g., P olli n gt o n et al., 2 0 1 6).  5 1 7  

 5 1 8  

4 ) D et e r mi ni n g  t h e  c a r b o n  s o u r c e(s)  i n v ol v e d  i n  c a r b o n at e  c e m e nt-f o r mi n g  r e a cti o n s  i n  5 1 9  

s e q u est r ati o n e n vi r o n m e nts ot h e r t h a n d e e p s ali n e a q uif e rs . Br o a dl y s p e a ki n g, m a n y of t h e 5 2 0  

c ar b o n  s e q u estr ati o n  str at e gi es  c urr e ntl y  u n d er  c o nsi d er ati o n  (e. g., P o w er  et  al.,  2 0 1 3)  s e e k 5 2 1  

e ffi ci e nt  m e a ns  ( pr o c es s  r o ut es)  of  c o n v erti n g  C O2  g as  i nt o  c ar b o n at e  mi n er als.  C ar b o n 5 2 2  

mi n er ali z ati o n r es ults i n a pr o d u ct t h at is b ot h e n vir o n m e nt all y b e ni g n a n d st a bl e o v er g e ol o gi c al 5 2 3  

ti m e s c al es. T h e f u n d a m e nt al i d e a u n d erl yi n g m a n y str at e gi es is ess e ntiall y o n e of mi mi c ki n g 5 2 4  

n at ur al  g e ol o gi c al  pr o c ess es  ( e. g., sili c at e  mi n er al  w e at h eri n g  r e a cti o ns  or  mi cr o bi al  5 2 5  

mi n er ali z ati o n)  a n d  d e vi si n g  effi ci e nt  e n gi n e eri n g  s ol uti o ns  ai m e d  at  a c c el er ati n g  t h e  r at e  at  5 2 6  

w hi c h t h es e pr o c ess es o p er at e i n c o ntr oll e d s etti n gs. Alt h o u g h s u c h s e q u estr ati o n c o n c e pts ar e 5 2 7  

still i n t h e b asi c r es e ar c h a n d d e v el o p m e nt st a g e, r es e ar c h eff orts t o d at e i n di c at e t h at t h e y c o ul d 5 2 8  

b e  eff e cti v e  i n  s u bst a nti all y  offs etti n g  a n n u al  a nt hr o p o g e ni c  C O 2  e mi ssi o ns  if  d e pl o y e d  i n  5 2 9  

t a n d e m o n a s uffi ci e ntl y l ar g e s c al e. I n sit u c ar b o n ati o n of p eri d otit e is o n e  s u c h str at e g y (e. g., 5 3 0  

K el e m e n et  al., 2 0 1 1;  K el e m e n a n d M att er, 2 0 0 8;  L a c k n er et  al., 1 9 9 5;  M att er a n d K el e m e n,  5 3 1  

2 0 0 9). Pr o m oti n g  t h e  c ar b o n ati o n  of  ultr a m afi c  mi n e  t aili n gs  is  a n ot h er  ( e. g., Wils o n,  2 0 0 6;  5 3 2  

Wil s o n et al., 2 0 0 9) . It h as b e e n esti m at e d, f or e x a m pl e,  t h at t h e a n n u al s e q u estr ati o n c a p a cit y of 5 3 3  

a l ar g e mi n e c a n e x c e e d its a n n u al C O 2  e mi ssi o ns ( P o w er et al., 2 0 1 3; Wils o n, 2 0 0 6). 5 3 4  



 A b u n d a nt i n ultr a m afi c mi n e t aili n gs  ar e C a -M g -F e -ri c h sili c at e mi n er als (e. g., oli vi n e, 5 3 5  

p yr o x e n e, pl a gi o cl as e  f el ds p ars) t h at ar e t h er m o d y n a mi c all y u nst a bl e at E art h s urf a c e c o n diti o ns; 5 3 6  

c o ns e q u e ntl y, t h e y w e at h er r a pi dl y . C ar b o n at e mi n er als, p arti c ul arl y v ari o us f or ms of h y dr at e d 5 3 7  

M g -c ar b o n at es  ( e. g., n e s q u e h o nit e,  d y pi n git e,  h y dr o m a g n esit e,  et c.),  ar e  a m o n g  t h e  c o m m o n 5 3 8  

r e a cti o n  pr o d u cts, f or mi n g cr usts  t h at  m a y e x hi bit  mi n er al o gi c al  a n d/ or st a bl e  c ar b o n  is ot o p e  5 3 9  

z o n ati o n ( Wils o n, 2 0 0 6). In t h e c as e of mi cr o m et er -s c al e mi n er al o gi c al b a n di n g, δ 1 3 C z o n ati o n 5 4 0  

c o ul d  r efl e ct  diff er e n c e s  i n  t h e  d e gr e e  t o  w hi c h  diff er e nt  h y d r at e d  M g-c ar b o n at e  s p e ci es  5 4 1  

fr a cti o n at e t h e st a bl e  is ot o p es  of c ar b o n d uri n g pr e ci pit ati o n. It  h as  als o b e e n  r e c o g ni z e d  t h at  5 4 2  

diff er e nt v ari eti es of h y dr at e d M g -c ar b o n at es li k el y  f or m vi a disti n ctl y diff er e nt p at h w a ys; s o m e 5 4 3  

m a y  b e  e ntir el y  a bi oti c  i n  ori gi n, w h er e as  t h e  pr e ci pit ati o n  of  ot h ers  m a y  b e mi cr o bi all y -5 4 4  

m e di at e d  ( F erris et al., 1 9 9 4; P o w er a n d S o ut h a m, 2 0 0 5; Wils o n et al., 2 0 0 9). U n d erst a n di n g t h e 5 4 5  

r el ati v e  effi ci e n c y  of  t h es e  e n d-m e m b er  m o d es  is  si g nifi c a nt  f or  e n gi n e eri n g  effi ci e nt  c ar b o n  5 4 6  

mi n er ali z ati o n s yst e ms, w hi c h m a y i n t h e f ut ur e r el y i n -p art o n mi cr o bi al or g a nis ms t h at h a v e 5 4 7  

b e e n m o difi e d t o l o c all y a c c el er at e t h e r at e of sili c at e w e at h eri n g a n d/ or c ar b o n at e pr e ci pit ati o n  5 4 8  

( C a p p u c ci o et al., 2 0 1 2; C h e n et al., 2 0 1 2; F erris et al., 1 9 9 4; K a m e n n ay a et al., 2 0 1 2; Kri e g er et 5 4 9  

al., 2 0 1 2; P o w er et al., 2 0 1 3) . T o t his e n d, st a bl e c ar b o n a n d o x y g e n is ot o pi c d at a, w h e n us e d 5 5 0  

t o g et h er  wit h  q u a ntit ati v e  mi n er al o gi c al  a n al ys es,  c a n  b e  a n  eff e cti v e  t o ol f or  i d e ntif yi n g  t h e  5 5 1  

c ar b o n  s o ur c e (s) t a p p e d  d uri n g t h e  f or m ati o n  of  c ar b o n at e  cr usts  (e. g., at m os p h eri c  or  5 5 2  

bi ol o gi c all y c y cl e d C O 2 , or c ar b o n d eri v e d fr o m diss ol uti o n of c ar b o n at e mi n er als i n b e dr o c k) 5 5 3  

a n d  f or q u a ntif yi n g t h e r at e of t h eir f or m ati o n (e. g., Wils o n et al., 2 0 0 9).  5 5 4  

 5 5 5  

5. C o n cl u di n g r e m a r k s 5 5 6  



 St a bl e c ar b o n a n d o x y g e n is ot o p e a n al ys es  (δ 1 3 C a n d  δ 1 8 O , r es p e cti v el y) ar e  a n i m p ort a nt 5 5 7  

c o m p o n e nt  of  r es e ar c h  i nt o C O 2 -s e q u estr ati o n  str at e gi es , es p e ci all y i n s o -c all e d  n at ur al 5 5 8  

a n al o g u es st u di es. R es e ar c h eff orts dir e ct e d at n at ur al a n al o g u es s e e k  i n-p art  t o q u a ntif y t h e r at e 5 5 9  

a n d e xt e nt of C O 2 -tr a p pi n g vi a c ar b o n at e mi n er al c e m e nt f or m ati o n  (i. e., c ar b o n mi n er ali z ati o n 5 6 0  

or mi n er al -tr a p pi n g of C O 2 ), a n d b y s o d oi n g t o m a k e/r efi n e q u a ntit ati v e pr e di cti o ns a b o ut t h e 5 6 1  

pr o b a bl e  l o n g -t er m  f at e  of  C O2   i n  pr os p e cti v e e n gi n e er e d r es er v oirs. Is ot o pi c  si g n at ur es ( or 5 6 2  

fi n g er pri nt s) pr o vi d e a m e a ns b y w hi c h t o disti n g uis h diff er e nt c ar b o n at e c o m p o n e nts pr es e nt i n 5 6 3  

t h e r es er v oir-c a pr o c k s yst e m  (i. e., t h os e t h at pr e- d at e fr o m t h os e t h at p ost-d at e C O 2 -c h ar gi n g) . 5 6 4  

 H o w e v er,  cl e ar  i nt er pr et ati o ns  of  is ot o pi c  d at a  a c q uir e d  vi a  c o n v e nti o n al  s a m pli n g 5 6 5  

t e c h ni q u es i n is ot o p e r ati o m ass s p e ctr o m etr y (I R M S) (s a m pli n g t y pi c all y at t h e 10 0- 1 0 0 0 µ m 3  5 6 6  

s c al e) c a n  b e  si g nifi c a ntl y  hi n d er e d  i n  sit u ati o ns  w h er e  it  is  n ot  p ossi bl e  t o  m e c h a ni c all y  or 5 6 7  

c h e mi c all y  s e p ar at e  diff er e nt  c ar b o n at e  c o m p o n e nts ( d u e  t o  s m all  cr yst al  si z e  a n d/ or  t h e  5 6 8  

pr es e n c e of c h e m o -is ot o pi c z o ni n g at t h e mi cr o m et er s c al e).  5 6 9  

  Ad v a n c es  i n  s e c o n d ar y  i o n  m ass  s p e ctr o m et er  ( SI M S)  i nstr u m e nt  d esi g n,  a n al yti c al  5 7 0  

t e c h ni q ues a n d st a n d ar di z ati o n  h a v e br o u g ht a b o ut t h e c a p a bilit y t o r o uti n el y p erf or m δ 1 8 O a n d 5 7 1  

δ 1 3 C m e as ur e m e nt s i n sit u fr o m s a m pl e d o m ai ns a s s m all as 1- 1 0 µ m a cr os s, wit h pr es er v ati o n of 5 7 2  

t h e  p etr o gr a p hi c  c o nt e xt  of  t h e  a n al y z e d  s a m pl e  v ol u m e.  M a n y  of  t h e  c o m m o n  C a-M g -F e 5 7 3  

c ar b o n at es c a n n o w b e a c c ur at el y a n al y z e d, i n cl u di n g t h e f ull s p e ctr u m of c o m p ositi o ns al o n g 5 7 4  

t h e d ol o m it e-a n k erit e  a n d  m a g n esit e -si d erit e  s oli d -s ol uti o n  s eri es . T h es e  a d v a n c es  -  ma n y  of  5 7 5  

w hi c h h a v e o c c urr e d si n c e t h e ti m e w h e n g e ol o gi c c ar b o n s e q u estr ati o n w as first pr o p os e d i n 5 7 6  

mi d - 1 9 9 0's ( B a c h u et al., 1 9 9 4; L a c k n er et al., 1 9 9 5) a n d r es e ar c h i nt o n at ur al a n al o g u es b e g a n 5 7 7  

( P e ar c e et al., 1 9 9 6) – e x p a n d t h e p ot e nti al a n al yti c al t o ol kit a v ail a bl e t o t h e r es e ar c h c o m m u nit y 5 7 8  

c o n c er n e d wit h d e v el o pi n g eff e cti v e c ar b o n s e q u estr ati o n str at e gi es. 5 7 9  



 T h e a n al yti c al c a p a bilit y  d es cri b e d  h er e  c o ul d pr o vi d e p ot e nti all y u ni q u e i nsi g hts w h e n 5 8 0  

a p pli e d  i n st u di es c o n c er n e d, f or e x a m pl e, wit h f oll o wi n g o bj e cti v es  ( alt h o u g h t his r e m ai ns t o b e 5 8 1  

criti c all y e v al u at e d):   5 8 2  

•  V erif yi n g  if,  w h er e,  a n d  at  w h at  r at e  c ar b o n at e  c e m e nts  pr e ci pit at e  i n  g e ol o gi c al  5 8 3  

r es er v oirs d esi g n at e d f or e n gi n e er e d C O 2  st ora g e ;  5 8 4  

•  C h ar a ct eri zi n g t h e is ot o pi c c o m p ositi o n of c ar b o n at e  c o m p o n e nts t h at pr e-d at e t h e C O 2 -5 8 5  

c h ar g e i n e n gi n e er e d r es er v oirs or t h eir n at ur al a n al o g u es;  5 8 6  

•  D et er mi ni n g  or  r efi ni n g  e xisti n g  r at e  esti m at es  ( b as e d  o n  b ul k  is ot o p e  a n al ys es)  of  5 8 7  

c ar b o n at e c e m e nt -f or mi n g r e a cti o ns i n a v ari et y of n at ur al a n al o g u e e n vir o n m e nts;  5 8 8  

•  A n al y zi n g t h e is ot o pi c c o m p ositi o n of e x p eri m e nt al r e a cti o n pr o d u cts i n i nst a n c es w h er e 5 8 9  

pr o d u ct  v ol u m es ar e  s uffi ci e ntl y s m all  s o as  t o hi n d er a n al ysis b y c o n v e nti o n al  I R M S  5 9 0  

m et h o ds  (t hi s  a p pl ies  t o  l a b or at or y -s c al e  e x p eri m e nts  d esi g n e d  t o  el u ci d at e  h o w  C O 2  5 9 1  

i nt er a ct s wit h r e pr es e nt ati v e r o c k s a m pl es fr o m a gi v e n r es er v oir-c a pr o c k s yst e m);  5 9 2  

 5 9 3  

A c k n o wl e d g m e nts  5 9 4  

T hi s 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 5 9 5  

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 es,  a n d  Bi os ci e n c es  5 9 6  

Di vi si 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  5 9 7  

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). W e t h a n k o ur c oll e a g u es at t h e 5 9 8  

U ni v ersit y  of  Wis c o nsi n - M a dis o n f or  pr o vi di n g  i nstr u m e nt ati o n  s u p p ort:  N.  Kit a  ( SI M S), J. 5 9 9  

K er n ( SI M S),  J.  F o ur n ell e  ( S E M  &  E P M A)  a n d  P.  G o p o n  ( S E M  &  E P M A). T h e Mi d w est 6 0 0  

G e ol o gi c al  S e q u estr ati o n  C o ns orti u m  is  a c k n o wl e d g e d f or  m a ki n g  s a m pl es fr o m  t h e  Illi n ois  6 0 1  



B asi n D e c at ur Pr oj e ct (I B D P)  a v ail a bl e f or st u d y  a n d w e t h a n k A. H y o d o a n d t h e st aff of t h e 6 0 2  

Illi n oi s St at e G e ol o gi c al S ur v e y f or assist a n c e wit h s a m pli n g. 6 0 3  

 6 0 4  

R ef e r e n c es  6 0 5  

Al e m u, B. L., A a g a ar d, P., M u n z, I. A., S k urt v eit, E., 2 0 1 1. C a pr o c k i nt er a cti o n wit h C O 2 : A l a b or at or y 6 0 6  

st u d y of r e a cti vit y of s h al e wit h s u p er criti c al C O 2  a n d bri n e. A p pl. G e o c h e m. 2 6, 1 9 7 5 – 1 9 8 9. 6 0 7  

d oi: 1 0. 1 0 1 6/j. a p g e o c h e m. 2 0 1 1. 0 6. 0 2 8 6 0 8  

Allis o n, C. E., Fr a n c e y, R.J., M eij er, H. A.J., 1 9 9 5. R e c o m m e n d ati o ns f or t h e r e p orti n g of st a bl e i s ot o p e 6 0 9  

m e as ur e m e nt s of c ar b o n a n d o x y g e n i n C O 2  g a s, i n: R ef er e n c e a n d I nt er c o m p ari s o n M at eri al s f or 6 1 0  
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Illi n oi s B asi n, U S A. G e o c hi m. C os m o c hi m. A ct a 1 6 5, 3 4 2 – 3 6 0. d oi: 1 0. 1 0 1 6/j. g c a. 2 0 1 5. 0 6. 0 1 3 7 4 4  

L a c k n er, K. S., 2 0 0 3. A g ui d e t o C O 2  s e q u e str ati o n. S ci e n c e 3 0 0, 1 6 7 7 – 1 6 7 8. 7 4 5  

L a c k n er, K. S., W e n dt, C. H ., B utt, D. P., J o y c e Jr., E. L., S h ar p, D. H., 1 9 9 5. C ar b o n di o xi d e di s p os al i n 7 4 6  

c ar b o n at e mi n er al s. E n er g y 2 0, 1 1 5 3 – 1 1 7 0. d oi: 1 0. 1 0 1 6/ 0 3 6 0- 5 4 4 2( 9 5) 0 0 0 7 1- N 7 4 7  

L e et ar u, H. E., Fr ail e y, S., M or s e, D., Fi nl e y, R.J., R u p p, J. A., Dr a h o z v al, J. A., M c Bri d e, J. H., 2 0 0 9. 7 4 8  

C ar b o n s e q u estr ati o n i n t h e Mt. Si m o n S a n dst o n e s ali n e r es er v oir. 7 4 9  

L e et ar u, H. E., Fr ei b ur g, J. T., 2 0 1 4. Lit h o-f a ci es a n d r es er v oir c h ar a ct eri z ati o n of t h e Mt Si m o n S a n dst o n e 7 5 0  

at t h e Illi n oi s B asi n - D e c at ur Pr oj e ct: Lit h o -f a ci es a n d r es er v oir c h ar a ct eri z ati on of t h e Mt Si m o n 7 5 1  

S a n dst o n e at t h e Illi n oi s B asi n. Gr e e n h. G as es S ci. T e c h n ol. 4, 5 8 0 – 5 9 5. d oi: 1 0. 1 0 0 2/ g h g. 1 4 5 3 7 5 2  

Li u, F., L u, P., Griffit h, C., H e d g es, S. W., S o o n g, Y., H ell e v a n g, H., Z h u, C., 2 0 1 2. C O 2 – bri n e – c a pr o c k 7 5 3  

i nt er a cti o n: R e a cti vit y e x p eri m e nt s o n Ea u Cl air e s h al e a n d a r e vi e w of r el e v a nt lit er at ur e. I nt. J. 7 5 4  

Gr e e n h. G as C o ntr ol 7, 1 5 3 – 1 6 7. d oi: 1 0. 1 0 1 6/j.ij g g c. 2 0 1 2. 0 1. 0 1 2 7 5 5  

Li u, F., L u, P., Z h u, C., Xi a o, Y., 2 0 1 1. C o u pl e d r e a cti v e fl o w a n d tr a ns p ort m o d eli n g of C O 2  7 5 6  

s e q u estr ati o n i n t h e Mt. Si m o n s a n dst o n e f or m ati o n, Mi d w est U. S. A. I nt. J. Gr e e n h. G as C o ntr ol 7 5 7  

5, 2 9 4 – 3 0 7. d oi: 1 0. 1 0 1 6/j.ij g g c. 2 0 1 0. 0 8. 0 0 8 7 5 8  

L u, J., Wil ki ns o n, M., H as z el di n e, R. S., B o y c e, A.J., 2 0 1 1. C ar b o n at e c e m e nt s i n Mill er fi el d of t h e U K 7 5 9  

N ort h S e a: a n at ur al a n al o g f or mi n er al tr a p pi n g i n C O 2  g e ol o gi c al st or a g e. E n vir o n. E art h S ci. 7 6 0  

6 2, 5 0 7 – 5 1 7. d oi: 1 0. 1 0 0 7/ s 1 2 6 6 5- 0 1 0- 0 5 4 3- 1 7 6 1  

L u, J., Wil ki ns o n, M., H as z el di n e, R. S., F alli c k, A. E., 2 0 0 9. L o n g- t er m p erf or m a n c e of a m u dr o c k s e al i n 7 6 2  

n at ur al C O 2  st or a g e. G e ol o g y 3 7, 3 5 – 3 8. d oi: 1 0. 1 1 3 0/ G 2 5 4 1 2 A. 1 7 6 3  

M a c h el, H. G., 1 9 9 7. R e cr yst alli z ati o n v er s us n e o m or p hi s m, a n d t h e c o n c e pt of “si g nifi c a nt 7 6 4  

r e cr yst alli z ati o n ”i n d ol o mit e r es e ar c h. S e di m e nt. G e ol. 1 1 3, 1 6 1 – 1 6 8. 7 6 5  

M att er, J. M., K el e m e n, P. B., 2 0 0 9. P er m a n e nt st or a g e of c ar b o n di o xi d e i n g e ol o gi c al r es er v oir s b y 7 6 6  

mi n er al c ar b o n ati o n. N at. G e os ci. 2, 8 3 7 – 8 4 1. d oi: 1 0. 1 0 3 8/ n g e o 6 8 3 7 6 7  



M att er, J. M., St ut e, M., S n æ bj ör ns d ottir, S. Ó., O el k ers, E. H., Gi sl as o n, S. R., Ar a d ottir, E. S., Si gf uss o n, 7 6 8  

B., G u n n ar ss o n, I., Si g ur d ar d ottir, H., G u n nl a u gss o n, E., A x el ss o n, G., Alfr e dss o n, H. A., W olff-7 6 9  

B o e ni s c h, D., M esfi n, K., T a y a, D. F. d e l a R., H all, J., Di d eri ks e n, K., Br o e c k er, W. S., 2 0 1 6. 7 7 0  

R a pi d c ar b o n mi n er ali z ati o n f or p er m a n e nt dis p os al of a nt hr o p o g e ni c c ar b o n di o xi d e e mi ssi o ns. 7 7 1  

S ci e n c e 3 5 2, 1 3 1 2 – 1 3 1 4. d oi: 1 0. 1 1 2 6/ s ci e n c e. a a d 8 1 3 2 7 7 2  

M a y er, B., H u m e z, P., B e c k er, V., D al k h a a, C., R o c k, L., M yrtti n e n, A., B art h, J. A. C., 2 0 1 5. Ass essi n g 7 7 3  

t h e us ef ul n ess of t h e i s ot o pi c c o m p ositi o n of C O2  f or l e a k a g e m o nit ori n g at C O2  st or a g e sit es: A 7 7 4  

r e vi e w. I nt. J. Gr e e n h. G as C o ntr ol 3 7, 4 6 –6 0. d oi: 1 0. 1 0 1 6/j.ij g g c. 2 0 1 5. 0 2. 0 2 1 7 7 5  

M c Gr ail, B. P., S c h a ef, H. T., H o, A. M., C hi e n, Y.-J., D o ol e y, J.J., D a vi ds o n, C. L., 2 0 0 6. P ot e nti al f or 7 7 6  

c ar b o n di o xi d e s e q u estr ati o n i n fl o o d b as alt s. J. G e o p h ys. R es. S oli d E art h 1 1 1, 1 – 1 3. 7 7 7  

Mi c h a el, K., Ar n ot, M., C o o k, P., E n ni s- Ki n g, J., F u n n ell, R., K al di, J., Kirst e, D., P at er s o n, L., 2 0 0 9. 7 7 8  

C O 2  st or a g e i n s ali n e a q uif er s I— C urr e nt st at e of s ci e ntifi c k n o wl e d g e. E n er g y Pr o c e di a 1, 3 1 9 7 –7 7 9  

3 2 0 4. d oi: 1 0. 1 0 1 6/j. e g y pr o. 2 0 0 9. 0 2. 1 0 3 7 8 0  

Mi c h a el, K., G ol a b, A., S h ul a k o v a, V., E n ni s- Ki n g, J., Alli ns o n, G., S h ar m a, S., Ai k e n, T., 2 0 1 0. 7 8 1  

G e ol o gi c al st or a g e of C O 2  i n s ali n e a q uif er s-A r e vi e w of t h e e x p eri e n c e fr o m e xi sti n g st or a g e 7 8 2  

o p er ati o ns. I nt. J. Gr e e n h. G as C o ntr ol 4, 6 5 9 – 6 6 7. d oi: 1 0. 1 0 1 6/j.ij g g c. 2 0 0 9. 1 2. 0 1 1 7 8 3  

M or a d, S., 2 0 0 9. C ar b o n at e C e m e nt ati o n i n S a n dst 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 7 8 4  

( S p e ci al P u bli c ati o n 2 6 of t h e I A S). J o h n Wil e y & S o ns. 7 8 5  

N e uf el d er, R.J., B o w e n, B. B., L a h a n n, R. W., R u p p, J. A., 2 0 1 2. Lit h ol o gi c, mi n er al o gi c al, a n d 7 8 6  

p etr o p h ysi c al c h ar a ct eri sti cs of t h e E a u Cl air e F or m ati o n: C o m pl e xiti es of a c ar b o n st or a g e 7 8 7  

s yst e m s e al. E n vir o n. G e os ci. 1 9, 8 1 – 1 0 4. d oi: 1 0. 1 3 0 6/ e g. 0 2 0 8 1 2 1 1 0 1 4 7 8 8  

Orr, F. M., 2 0 0 9. C O 2  c a pt ur e a n d st or a g e: ar e w e r e a d y ? E n er g y E n vir o n. S ci. 2, 4 4 9 – 4 5 8. 7 8 9  

d oi: 1 0. 1 0 3 9/ b 8 2 2 1 0 7 n 7 9 0  

P a g e, F. Z., Us hi k u b o, T., Kit a, N. T., Ri ci p uti, L. R., V all e y, J. W., 2 0 0 7. Hi g h- pr e cisi o n o x y g e n i s ot o p e 7 9 1  

a n al ysis of pi c o gr a m s a m pl es r e v e al s 2 µ m gr a di e nt s a n d sl o w diff usi o n i n zir c o n. A m. Mi n er al. 7 9 2  

9 2, 1 7 7 2 – 1 7 7 5. d oi: 1 0. 2 1 3 8/ a m. 2 0 0 7. 2 6 9 7 7 9 3  

P al k o vi c, M.J., 2 0 1 5. D e p ositi o n al c h ar a ct er i z ati o n of t h e E a u Cl air e F or m ati o n at t h e Illi n oi s B asi n–7 9 4  

D e c at ur Pr oj e ct: f a ci es, mi n er al o g y a n d g e o c h e mi str y ( Ms. c). U ni v ersit y of Illi n ois at Ur b a n a -7 9 5  

C h a m p ai g n. 7 9 6  

P a n n o, S. V., H a c kl e y, K. C., L o c k e, R. A., Kr a p a c, I. G., Wi m m er, B., Ir a n m a n es h, A., K ell y, W. R., 2 0 1 3. 7 9 7  

F or m ati o n w at er s fr o m C a m bri a n- a g e str at a, Illi n ois B asi n, U S A: C o nstr ai nt s o n t h eir ori gi n a n d 7 9 8  

e v ol uti o n. G e o c hi m. C os m o c hi m. A ct a 1 2 2, 1 8 4 – 1 9 7. d oi: 1 0. 1 0 1 6/j. g c a. 2 0 1 3. 0 8. 0 2 1  7 9 9  

P e ar c e, J. M., H oll o w a y, S., W a c k er, H., N elis, M. K., R o c h ell e, C., B at e m a n, K., 1 9 9 6. N at ur al 8 0 0  

o c c urr e n c es as a n al o g u es f or t h e g e ol o gi c al di s p os al of c ar b o n di o xi d e. E n er g y C o n v er s. M a n a g., 8 0 1  



Pr o c e e di n gs of t h e I nt er n ati o n al E n er g y A g e n c y Gr e e n h o us e G as es: Miti g ati o n O pti o ns 8 0 2  

C o nf er e n c e 3 7, 1 1 2 3 – 1 1 2 8. d oi: 1 0. 1 0 1 6/ 0 1 9 6- 8 9 0 4( 9 5) 0 0 3 0 9- 6 8 0 3  

P olli n gt o n, A. D., K o z d o n, R., A n o vit z, L. M., G e or g, R. B., S pi c u z z a, M.J., V all e y, J. W., 2 0 1 6. 8 0 4  

E x p eri m e nt al c ali br ati o n of sili c o n a n d o x y g e n i s ot o p e fr a cti o n ati o ns b et w e e n q u art z a n d w at er at 8 0 5  

2 5 0 ° C b y i n sit u mi cr o a n al ysi s of e x p eri m e nt al pr o d u ct s a n d a p pli c ati o n t o z o n e d l o w δ 3 0 Si 8 0 6  

q u art z o v er gr o wt hs. C h e m. G e ol. 4 2 1, 1 2 7 – 1 4 2. d oi: 1 0. 1 0 1 6/j. c h e m g e o. 2 0 1 5. 1 1. 0 1 1 8 0 7  

P olli n gt o n, A. D., K o z d o n, R., V all e y, J. W., 2 0 1 1. E v ol uti o n of q u art z c e m e nt ati o n d uri n g b uri al of t h e 8 0 8  

C a m bri a n M o u nt Si m o n S a n dst o n e, Illi n oi s B asi n: I n sit u mi cr o a n al ysi s of δ 1 8 O. G e ol o g y 3 9, 8 0 9  

1 1 1 9 – 1 1 2 2. 8 1 0  

P o w er, I., S o ut h a m, G., 2 0 0 5. 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 8 1 1  

mi n e t aili n gs a n d s u bs e q u e nt mi cr o bi al pr e ci pit ati o n of m a g n esi u m c ar b o n at es. G e o c hi m. 8 1 2  

C os m o c hi m. A ct a S u p pl. 6 9, 8 3 4. 8 1 3  

P o w er, I. M., H arri s o n, A. L., Di p pl e, G. M., Wil s o n, S. A., K el e m e n, P. B., Hit c h, M., S o ut h a m, G., 2 0 1 3. 8 1 4  

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 v. Mi n er al. 8 1 5  

G e o c h e m. 7 7, 3 0 5 – 3 6 0. d oi: 1 0. 2 1 3 8/r m g. 2 0 1 3. 7 7. 9 8 1 6  

R o w a n, E. L., G ol d h a b er, M. B., H at c h, J. R., 2 0 0 2. R e gi o n al fl ui d fl o w as a f a ct or i n t h e t h er m al hi st or y of 8 1 7  

t h e Illi n oi s b asi n: C o nstr ai nt s fr o m fl ui d i n cl usi o ns a n d t h e m at urit y of P e n ns yl v a ni a n c o als. 8 1 8  

A A P G B ull. 8 6, 2 5 7 – 2 7 7. 8 1 9  

S at h a y e, K.J ., H ess e, M. A., C assi d y, M., St o c kli, D. F., 2 0 1 4. C o nstr ai nt s o n t h e m a g nit u d e a n d r at e of 8 2 0  

C O 2  di s s ol uti o n at Br a v o D o m e n at ur al g as fi el d. Pr o c. N atl. A c a d. S ci. 1 1 1, 1 5 3 3 2 – 1 5 3 3 7. 8 2 1  

S c h n ei d er, C. A., R as b a n d, W. S., Eli c eiri, K. W., 2 0 1 2. " NI H I m a g e t o I m a g eJ:  2 5 y e ars of i m a g e 8 2 2  

a n al y sis ",  N at  m et h o ds 9, 6 7 1- 6 7 5.  8 2 3  

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 ur n ell e, J. H., D e n n y, A., V all e y, J. W., 8 2 4  

2 0 1 5 a. S e c o n d ar y I o n M ass S p e ctr o m etr y Bi as o n Is ot o p e R ati os i n D ol o mit e – A n k erit e, P art I: 8 2 5  

δ 1 8 O M atri x Eff e ct s. G e ost a n d. G e o a n al yti c al R es. n/ a - n/ a. d oi: 1 0. 1 1 1 1/j. 1 7 5 1-8 2 6  

9 0 8 X. 2 0 1 5. 0 0 3 6 4. x 8 2 7  

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 ur n ell e, J. H., D e n n y, A., V all e y, J. W., 8 2 8  

2 0 1 5 b. S e c o n d ar y I o n M ass S p e ctr o m etr y Bi as o n Is ot o p e R ati os i n D ol o mit e– A n k erit e, P art II: 8 2 9  

δ 1 3 C M atri x Eff e ct s. G e ost a n d. G e o a n al yti c al R es. d oi: 1 0. 1 1 1 1/j. 1 7 5 1- 9 0 8 X. 2 0 1 5. 0 0 3 8 0. x 8 3 0  

Sli wi ns ki, M. G., K o z d o n, R., Kit aji m a, K., D e n n y, A., S pi c u z z a, M., V all e y, J. W., 2 0 1 5 c . I n- Sit u, 8 3 1  

Mi cr o n -S c al e δ 1 3 C & δ 1 8 O A n al ys e s ( b y SI M S) of C h e m o-Is ot o pi c all y Z o n e d C ar b o n at e C e m e nt s 8 3 2  

of Di a g e n eti c Ori gi n — A C as e St u d y o n t h e I m pli c ati o ns f or t h e T h er m al a n d B uri al Hist or y of 8 3 3  

t h e E a u Cl air e F m., Illi n oi s B asi n ( U S A). A A P G A n n u al C o n v e nti o n a n d E x hi biti o n, D e n v er, 8 3 4  

C ol or a d o, 3 1 M a y – 1 J u n e. A A P G S e ar c h a n d Dis c o v er y U R L:  8 3 5  



Śli wi ńs ki, M. G., K o z d o n, R., Kit aji m a, K., D e n n y, A., V all e y, J. W., 2 0 1 6. Mi cr o a n al ysis of c ar b o n at e 8 3 6  

c e m e nt δ 1 8 O i n a C O 2 -st or a g e s yst e m s e al: I nsi g ht s i nt o t h e di a g e n eti c hist or y of t h e E a u Cl air e 8 3 7  

F or m ati o n ( U p p er C a m br i a n), Illi n oi s B asi n. A A P G B ull. 1 0 0, 1 0 0 3 – 1 0 3 1. 8 3 8  

St e v e ns, S. H., P e ar c e, J. M., Ri g g, A. A.J., 2 0 0 1. N at ur al a n al o gs f or g e ol o gi c st or a g e of C O 2 : A n 8 3 9  

i nt e gr at e d gl o b al r es e ar c h pr o gr a m, i n: Pr o c e e di n gs of t h e Fir st N ati o n al C o nf er e n c e of C ar b o n 8 4 0  

S e q u estr ati o n, N ati o n al E n er g y T e c h n ol o g y L a b or at or y, W as hi n gt o n, D C, U S A. 8 4 1  

V all e y, J. W., Kit a, N. T., 2 0 0 9. I n sit u o x y g e n i s ot o p e g e o c h e mi str y b y i o n mi cr o pr o b e, i n: F a y e k, M. 8 4 2  

( E d.), S e c o n d ar y I o n M ass S p e ctr o m etr y i n t h e E art h S ci e n c es: Gl e a ni n g t h e Bi g Pi ct ur e fr o m a 8 4 3  

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 9 – 6 3.  8 4 4  

V er m e ul, V. R., A m o n ett e, J. E., Stri c kl a n d, C. E., Willi a ms, M. D., B o n n e vill e, A., 2 0 1 6. A n o v er vi e w of 8 4 5  

t h e m o nit ori n g pr o gr a m d esi g n f or t h e F ut ur e G e n 2. 0 C O2  st or a g e sit e. I nt er n ati o n al J o ur nal of 8 4 6  

Gr e e n h o us e G as C o ntr ol 5 1, 1 9 3 – 2 0 6. d oi: 1 0. 1 0 1 6/j.ij g g c. 2 0 1 6. 0 5. 0 2 3 8 4 7  

W ats o n, M. N., Z wi n g m a n n, N., L e m o n, N. M., 2 0 0 4. T h e L a d br o k e Gr o v e – K at n o o k c ar b o n di o xi d e 8 4 8  

n at ur al l a b or at or y: A r e c e nt C O 2  a c c u m ul ati o n i n a lit hi c s a n dst o n e r es er v oir. E n er g y, 6t h 8 4 9  

I nt er n ati o n al C o nf er e n c e o n Gr e e n h o us e G as C o ntr ol T e c h n ol o gi es 2 9, 1 4 5 7 – 1 4 6 6. 8 5 0  

d oi: 1 0. 1 0 1 6/j. e n er g y. 2 0 0 4. 0 3. 0 7 9 8 5 1  

Wi gl e y, T. M., Ri c h el s, R., E d m o n ds, J. A., 1 9 9 6. E c o n o mi c a n d e n vir o n m e nt al c h oi c es i n t h e st a bili z ati o n 8 5 2  

of at m os p h eri c C O 2  c o n c e ntr ati o ns. N at ur e 3 7 9, 2 4 0 – 2 4 3. 8 5 3  

Wil ki ns o n, M., H as z el di n e, R. S., F alli c k, A. E., O dli n g, N., St o k er, S.J., G atliff, R. W., 2 0 0 9. C O 2 -Mi n er al 8 5 4  

R e a cti o n i n a N at ur al A n al o g u e f or C O 2  St or a g e --I m pli c ati o ns f or M o d eli n g. J. S e di m e nt. R es. 8 5 5  

7 9, 4 8 6 – 4 9 4. d oi: 1 0. 2 1 1 0/j sr. 2 0 0 9. 0 5 2 8 5 6  

Wil s o n, S. A., R a u ds e p p, M., Di p pl e, G. M., 2 0 0 6. V erif yi n g a n d q u a ntif yi n g c ar b o n fi x ati o n i n mi n er al s 8 5 7  

fr o m s er p e nti n e-ri c h mi n e t aili n gs usi n g t h e Ri et v el d m et h o d wit h X-r a y p o w d er diffr a cti o n d at a. 8 5 8  

A m. Mi n er al. 9 1, 1 3 3 1 – 1 3 4 1. d oi: 1 0. 2 1 3 8/ a m. 2 0 0 6. 2 0 5 8 8 5 9  

Wil s o n, S. A., Di p pl e, G. M., P o w er, I. M., T h o m, J. M., A n d er s o n, R. G., R a u ds e p p, M., G a bit es, J. E., 8 6 0  

S o ut h a m, G., 2 0 0 9. C ar b o n di o xi d e fi x ati o n wit hi n mi n e w ast es of ultr a m afi c- h ost e d or e d e p osits: 8 6 1  

E x a m pl es fr o m t h e Cli nt o n Cr e e k a n d C assi ar c hr ys otil e d e p osi t s, C a n a d a. E c o n. G e ol. 1 0 4, 9 5 –8 6 2  

1 1 2. 8 6 3  

Y o ks o uli a n, L. E., Fr ei b ur g, J. T., B utl er, S. K., B er g er, P. M., R o y, W. R., 2 0 1 3. Mi n er al o gi c al Alt er ati o ns 8 6 4  

D uri n g L a b or at or y-s c al e C ar b o n S e q u estr ati o n E x p eri m e nt s f or t h e Illi n ois B asi n. E n er g y 8 6 5  

Pr o c e di a 3 7, 5 6 0 1 – 5 6 1 1. d o i: 1 0. 1 0 1 6/j. e g y pr o. 2 0 1 3. 0 6. 4 8 2 8 6 6  

 8 6 7  

 8 6 8  



FI G U R E A N D T A B L E C A P T I O N S  8 6 9  

 8 7 0  

Fi g. 1 . ( A) L o c ati o ns of drill h ol es s a m pl e d f or t his st u d y of t h e u p p er Mt. Si m o n S a n dst o n e  a n d 8 7 1  

t h e o v erl yi n g E a u Cl air e s h al e. T h es e u nits r es p e cti v el y c o m pris e t h e r es er v oir a n d t h e c a pr o c k 8 7 2  

(i m p er m e a bl e  s e al) at  t h e  Illi n ois  B asi n  D e c at ur  Pr oj e ct  (I B D P),  a  d e m o nstr ati o n  sit e  f or  t h e  8 7 3  

f e asi bilit y of e n gi n e er e d, l o n g-t er m i nj e cti o n a n d st or a g e of a nt hr o p o g e ni c C O2  i n a d e e p s ali n e 8 7 4  

a q uif er.  G e o gr a p hi c e xt e nt of Illi n ois B asi n tr a c e d aft er K ol at a  a n d Ni m z ( 2 0 1 0). ( B) C a m bri a n 8 7 5  

str ati gr a p h y of t h e Illi n ois B asi n ( n ort h of l atit u d e 4 0 ° N); o nl y t h e p orti o n t h at is r el e v a nt t o t his 8 7 6  

st u d y i s s h o w n. M o difi e d aft er K ol at a ( 2 0 0 5).  8 7 7  

 8 7 8  

Fi g. 2 . Fr o m c or e t o i n sit u is ot o p e mi cr o a n al ysis of mi n er al c e m e nts. S e g m e nt s of c or e s h o wi n g 8 7 9  

( A) t h e s h al y E a u Cl air e F or m ati o n, t h e pri m ar y r es er v oir at I B D P  ( w ell C 1 3 6 3 7, d e pt h i nt er v al: 8 8 0  

1 0 9 5- 1 0 9 7 m / 3 5 9 2- 3 5 9 8. 5 f e et)  a n d ( B) t h e u p p er Mt. Si m o n s a n dst o n e r es er v oir at t h e Illi n ois 8 8 1  

B asi n D e c at ur Pr oj e ct sit e ( A D M V erifi c ati o n W ell # 1 , d e pt h i nt er v al: 1 6 7 8- 1 6 7 9. 5 m / 5 5 0 5-8 8 2  

5 5 1 0  f e et;  s e e Fi g.  1).  (I m a g e  i n  ( B)  mo difi e d  aft er  Fi g.  4. 1  i n  P al k o vi c,  2 0 1 5).  S a m pl e  8 8 3  

pr e p ar ati o n at Wis c SI M S i n v ol v es c asti n g a s m all s u bs a m pl e of c or e  ( ~ 1 c m3  fr o m C) i nt o a 1-8 8 4  

i n c h ( 2 5-m m)  di a m et er  e p o x y  m o u nt  ( D)  a n d  c o-m o u nti n g  a n  a p pr o pri at e  r ef er e n c e  m at eri al  8 8 5  

( R M) i n t h e c e nt er. Ar e a s of i nt er est f or a n al ysis (e. g., ' A 1 1' i n D ; s e e als o S A 1) ar e i d e ntifi e d 8 8 6  

b y B S E -S E M -i m a gi n g (th e q u art z- gr ai n fr a m e w or k of t his s a m pl e is u nif or ml y d ar k gr a y i n t his 8 8 7  

i m a g e, w h er e as t h e li g ht-gr a y s h a d es r e pr es e nt p or e -filli n g, c h e mi c all y z o n e d d ol o mit e-a n k erit e 8 8 8  

c e m e nt s . Pyrit e a n d K-f el ds p ar a p p e ar w hit e .)  8 8 9  

 8 9 0  



Fi g. 3 . Pr eli mi n ar y pr e -i nj e cti o n c h ar a ct eri z ati o n b y i n sit u is ot o p e mi cr o a n al ysis of t h e st a bl e 8 9 1  

c ar b o n a n d o x y g e n is ot o p e c o m p ositi o n s ( δ1 3 C  a n d  δ 1 8 O, r es p e cti v el y)  of i n di vi d u al d ol o mit e -8 9 2  

a n k erit e  c e m e nt z o n es i n t h e I B D P r es er v oir-c a pr o c k  s yst e m  (a n al ysis p erf or m e d b y s e c o n d ar y 8 9 3  

i o n m ass s p e ctr o m etr y – SI M S; n ot e t h e a n al ysis pits i n A a n d B). B S E -S E M i m a g e s s h o wi n g 8 9 4  

d ol o mit e -a n k erit e  c e m e nts  ( D ol- A n k) e x hi biti n g  mi cr o m et er -s c al e  c h e m o-is ot o pi c  z o ni n g  i n 8 9 5  

s a m pl es of: ( A) t h e E a u Cl air e s h al e ( C or e 1 3 6 3 7, d e pt h = 1 0 9 6. 5 m / 3 5 9 7. 5 ft; s e e Fi g. 1)  a n d 8 9 6  

( B) t h e u p p er Mt. Si m o n S a n dst o n e ( A D M V erifi c ati o n W ell  # 1, d e pt h = 1 6 8 0. 4 m / 5 5 1 3. 2 ft; 8 9 7  

s e e Fi g. 1) , al o n g wit h c orr es p o n di n g is ot o pi c d at a ( C ). F e -b e ari n g d o m ai ns a p p e ar bri g ht er i n 8 9 8  

t h es e i m a g es. N ot e t h at d u e t o s a m pli n g r estri cti o ns, t h e E a u Cl air e  w as s a m pl e d fr o m c or e i n a 8 9 9  

n e ar b y c o u nt y  ( ~ 7 5 k m W S W of t h e I B D P sit e). Arr o ws l a b el e d '' D ol -A n k'' a n d '' S d''  (si d erit e) i n 9 0 0  

( C) i n di c at e t h e a nti ci p at e d δ 1 3 C v al u es  of n e w c ar b o n at e s t h at ar e e x p e ct e d t o f or m i n r es p o ns e 9 0 1  

t o  l o n g-t er m  C O2  st or a g e   (s e e S e cti o n  4. 1  a n d  T a bl e  4) . D F + O F  = d etrit al K- f el ds p ar wit h 9 0 2  

di a g e n eti c o v er gr o wt hs ; Q t z = Q u art z. 9 0 3  

 9 0 4  

Fi g.  4 . S el e ct  g e o c h e mi c al  c h ar a ct eristi cs  of  i n di vi d u al  c ar b o n at e  a n d  q u art z  c e m e nt  z o n es  9 0 5  

wit hi n t h e u p p er Mt . Si m o n S a n dst o n e (I B D P , A D M V erifi c ati o n W ell  # 1, d e pt h = 1 6 8 0. 4 m / 9 0 6  

5 5 1 3. 2 ft).  ( A)  C a-M g -F e t er n ar y  di a gr a m  s h o wi n g  t h e  c ati o n  c o m p o siti o n  of  e a c h  m aj or  9 0 7  

d ol o mit e -a n k erit e c e m e nt z o n e  al o n g wit h  t h e c orr es p o n di n g ( B) F e/ M g r ati os ( e x pr ess e d as t h e 9 0 8  

F e #,  or  m ol ar  F e/[ M g + F e] ) a n d  st a bl e  is ot o p e  c o m p ositi o n  of  o x y g e n  ( δ 1 8 O;  C )  a n d  c ar b o n  9 0 9  

( δ1 3 C; D ). ( E) δ1 8 O v al u es of i n di vi d u al q u art z -o v er gr o wt h c e m e nt z o n es. ( F) R el ati v e s e q u e n c e 9 1 0  

of  q u art z  a n d  c ar b o n at e  c e m e nt  z o n e  d e v el o p m e nt.  F or  e a c h  c e m e nt  z o n e  d e pi ct e d  i n  ( B - E), 9 1 1  

d at a p oi nt s ar e offs et r el ati v e t o o n e a n ot h er o nl y f or cl arit y.  9 1 2  

  9 1 3  



Fi g. 5 . ( A) B S E -S E M i m a g e s h o wi n g c h e m o -is ot o pi c all y z o n e d d ol o mit e-a n k erit e c e m e nts (D ol -9 1 4  

A n k ) i n a s a m pl e of t h e E a u Cl air e s h al e a n d r e pr es e nt ati v e SI M S is ot o p e mi cr o a n al ysis pits ( 6-9 1 5  

µ m δ 1 3 C a n d 1 0 -µ m δ 1 8 O) . F e-b e ari n g d o m ai ns a p p e ar bri g ht er . ( C or e 1 3 6 3 7, d e pt h = 1 0 9 6. 5 m / 9 1 6  

3 5 9 7. 5 ft). Z 0, Z 1 a, Z 1 b, Z 2 a, Z 2 b, Z 3 = c ar b o n at e c e m e nt z o n es.  D F + O F  = d etrit al K- f el ds p ar 9 1 7  

wit h di a g e n eti c o v er gr o wt hs ; Q t z = Q u art z 9 1 8  

 9 1 9  

Fi g. 6 . S el e ct g e o c h e mi c al c h ar a ct eristi cs of i n di vi d u al c ar b o n at e c e m e nt z o n es wit hi n t h e E a u 9 2 0  

Cl air e s h al e ( C or e 1 3 6 3 7, d e pt h = 1 0 9 6. 5 m / 3 5 9 7. 5 ft). ( A) C a-M g -F e t er n ar y di a gr a m s h o wi n g 9 2 1  

t h e  c ati o n  c o m p ositi o n  of  e a c h  m aj or  d ol o mit e-a n k erit e  c e m e nt  z o n e  al o n g  wit h  t h e 9 2 2  

c orr es p o n di n g ( B) F e/ M g r ati os ( e x pr ess e d as t h e F e #, or m ol ar F e /(M g + F e )) a n d st a bl e is ot o p e 9 2 3  

c o m p ositi o n of o x y g e n ( δ 1 8 O, C) a n d c ar b o n ( δ 1 3 C, D).  F or e a c h c e m e nt z o n e d e pi ct e d i n ( B -D), 9 2 4  

d at a p oi nt s ar e offs et r el ati v e t o o n e a n ot h er o nl y f or cl arit y. 9 2 5  

 9 2 6  

Fi g.  7 . C orr es p o n di n g  B S E -S E M  a n d  C L -S E M  i m a g es  s h o wi n g  t h e  mi cr ostr ati gr a p hi c  9 2 7  

r el ati o ns hi ps a m on g t h e diff er e nt g e n er ati o ns of q u art z a n d c ar b o n at e c e m e nts i d e ntifi e d wit hi n 9 2 8  

t h e u p p er Mt. Si m o n S a n dst o n e (I B D P, A D M V erifi c ati o n W ell # 1, d e pt h = 1 6 8 0. 4 m / 5 5 1 3. 2 9 2 9  

ft). S i x m aj or st a g es of c ar b o n at e c e m e nt ati o n ( D ol-A n k = d ol o mit e -a n k erit e)  a n d f o ur disti n ct 9 3 0  

q u art z- o v er gr o wt h ( Q O) g e n er ati o ns w er e o bs er v e d wit hi n t h e e x a mi n e d s a m pl e.  D Q = d etrit al 9 3 1  

q u art z; O F = o v er gr o wt h f el ds p ar. 9 3 2  

  9 3 3  

 9 3 4  



T a bl e  1 . Is ot o pi c  c o m p ositi o n  ( δ1 3 C  a n d  δ 1 8 O b y  SI M S ) a n d  m aj or  el e m e nt  c h e mistr y  ( b y  9 3 5  

E P M A)  of c ar b o n at e c e m e nts i n t h e u p p er Mt . Si m o n S a n dst o n e ( A D M V erifi c ati o n W ell # 1, 9 3 6  

d e pt h = 1 6 8 0. 4 m / 5 5 1 3. 2 ft). R ef er t o S A  1 f or p etr o gr a p hi c c o nt e xt of e a c h s p ot-a n al ysis.   9 3 7  

 9 3 8  

T a bl e  2 . Is ot o pi c  c o m p ositi o n  ( δ1 3 C  a n d  δ 1 8 O b y  SI M S ) a n d  m aj or  el e m e nt  c h e mistr y  ( b y  9 3 9  

E P M A)  of c ar b o n at e c e m e nts i n t h e E a u Cl air e s h al e ( C 1 3 6 3 7, d e pt h = 1 0 9 6. 5 m  / 3 5 9 7. 5 ft). 9 4 0  

R ef er t o S A  1 f or p etr o gr a p hi c c o nt e xt of e a c h s p ot-a n al ysis.   9 4 1  

 9 4 2  

T a bl e 3 . Is ot o pi c  c o m p ositi o n  ( δ1 8 O b y SI M S ) of q u art z-o v er gr o wt hs i n t h e u p p er Mt. Si m o n 9 4 3  

S a n dst o n e  ( A D M  V erifi c ati o n  W ell  # 1;  d e pt h  =  1 6 8 0. 4  m  /  5 5 1 3. 2 ft).  R ef er  t o  S A   1 f or 9 4 4  

p etr o gr a p hi c c o nt e xt of e a c h s p ot- a n al ysis.  9 4 5  

 9 4 6  

T a bl e  4 . Pr e di ct e d  C -is ot o p e  c o m p ositi o n  of  s e q u estr ati o n-r el at e d  c ar b o n at e  c e m e nts  at  t h e  9 4 7  

Illi n oi s B asi n D e c at ur Pr oj e ct sit e. 9 4 8  

 9 4 9  

S u p pl e m e nt al A p p e n di x 1. P etr o gr a p hi c d o c u m e nt ati o n of all s a m pl e r e gi o ns a n al y z e d b y 9 5 0  

SI M S ( i n sit u, mi cr o n-s c al e δ 1 8 O a n d δ 1 3 C a n al ys es), wit h i n di vi d u all y a n n ot at e d a n al ysis pits. 9 5 1  

 9 5 2  

S u p pl e m e nt al  A p p e n di x 2. C o m pl et e SI M S d at a t a bl e: 1 0- µ m s p ot- si z e O-is ot o p e 9 5 3  

m e as ur e m e nt s.   9 5 4  

 9 5 5  

S u p pl e m e nt al  A p p e n di x 3. C o m pl et e SI M S d at a t a bl e: 3- µ m s p ot- si z e O-is ot o p e 9 5 6  

m e as ur e m e nt s.  9 5 7  



 9 5 8  

S u p pl e m e nt al  A p p e n di x 4. C o m pl et e SI M S d at a t a bl e: 6- µ m s p ot- si z e C-is ot o p e 9 5 9  

m e as ur e m e nt s.  9 6 0  

 9 6 1  



T a bl e 1:  I s ot o pi c c o m p o siti o n ( δ1 3 C a n d δ 1 8 O) of c ar b o n at e c e m e nt s i n t h e u p p er M o u nt Si m o n S a n d st o n e ( A D M V erifi c ati o n W ell # 1, d e pt h = 5 5 1 3. 2 ft)

S p ot- si z e δ
1 8

O ‰ δ
1 8

O ‰ 2 S D δ
1 3 C ‰ 2 S D Z o n e F e # M g C O 3 C a C O 3 F e C O 3 M n C O 3

( μ m) P D B V- S M O W P D B ( m ol. %) ( m ol. %) ( m ol. %) ( m ol. %)

2 0 1 4 0 5 1 3 @ 5 9 8. a s c S 7 Ar e a 1 1 1 0 - 8. 4 2 2. 3 0. 4 2 0 1 4 0 4 0 4 @ 2 6 8. a s c - 3. 2 1. 1 1 0. 2 3 1 3 9. 0 4 4 8. 1 4 1 1. 7 5 1. 0 8
2 0 1 4 0 5 1 3 @ 5 9 5. a s c S 7 Ar e a 1 1 1 0 - 1 2. 3 1 8. 2 0. 4 2 0 1 4 0 4 0 4 @ 2 6 9. a s c - 2. 8 1. 1 1 0. 2 3 8 3 5. 3 7 5 0. 5 9 1 1. 0 7 2. 9 7
2 0 1 4 0 5 1 3 @ 5 9 9. a s c S 7 Ar e a 1 1 1 0 - 9. 9 2 0. 7 0. 4 2 0 1 4 0 4 0 4 @ 2 6 9. a s c - 2. 8 1. 1 1 0. 2 3 8 3 5. 3 7 5 0. 5 9 1 1. 0 7 2. 9 7
2 0 1 4 0 5 1 3 @ 5 9 7. a s c S 7 Ar e a 1 1 1 0 - 8. 9 2 1. 8 0. 4 2 0 1 4 0 4 0 4 @ 2 6 7. a s c - 1. 5 1. 1 1 0. 2 2 8 3 8. 5 3 4 9. 4 2 1 1. 4 0 0. 6 6
2 0 1 4 0 5 1 3 @ 5 9 6. a s c S 7 Ar e a 1 1 1 0 - 9. 1 2 1. 5 0. 4 2 0 1 4 0 4 0 4 @ 2 7 0. a s c - 1. 5 1. 1 1 0. 2 0 8 3 9. 2 0 4 9. 9 5 1 0. 2 7 0. 5 9
2 0 1 4 0 5 1 3 @ 6 0 7. a s c S 7 Ar e a 1 1 1 0 - 1 0. 2 2 0. 3 0. 3 2 0 1 4 0 4 0 4 @ 2 7 1. a s c - 0. 4 1. 1 2 0. 1 9 7 3 9. 5 7 5 0. 1 8 9. 7 0 0. 5 5
2 0 1 4 0 5 1 3 @ 6 0 6. a s c S 7 Ar e a 1 1 1 0 - 1 0. 3 2 0. 3 0. 3 2 0 1 4 0 4 0 4 @ 2 7 2. a s c - 0. 5 1. 1 2 0. 2 0 0 4 0. 9 0 4 8. 3 5 1 0. 2 3 0. 5 3
2 0 1 4 0 5 1 3 @ 6 0 5. a s c S 7 Ar e a 1 1 1 0 - 1 2. 7 1 7. 8 0. 3 2 0 1 4 0 4 0 4 @ 2 7 3. a s c - 3. 4 1. 1 3 0. 2 0 8 3 8. 0 8 4 9. 5 2 1 0. 0 2 2. 3 7
2 0 1 4 0 5 1 3 @ 6 0 4. a s c S 7 Ar e a 1 1 1 0 - 9. 1 2 1. 6 0. 3 2 0 1 4 0 4 0 4 @ 2 7 4. a s c - 0. 3 1. 1 4 0. 1 6 0 4 2. 7 2 4 8. 3 2 8. 1 6 0. 8 0
2 0 1 4 0 5 1 3 @ 5 8 6. a s c S 7 Ar e a 1 1 1 0 - 9. 5 2 1. 1 0. 2 2 0 1 4 0 4 0 4 @ 2 7 9. a s c 0. 2 1. 2 4 0. 1 9 3 3 9. 0 5 4 9. 7 5 9. 3 2 1. 8 8
2 0 1 4 0 5 1 3 @ 5 8 5. a s c S 7 Ar e a 1 1 1 0 - 9. 9 2 0. 7 0. 2 2 0 1 4 0 4 0 4 @ 2 7 9. a s c 0. 2 1. 2 4 0. 1 9 3 3 9. 0 5 4 9. 7 5 9. 3 2 1. 8 8
2 0 1 4 0 5 1 3 @ 5 9 1. a s c S 7 Ar e a 1 1 1 0 - 8. 2 2 2. 5 0. 4 2 0 1 4 0 4 0 4 @ 2 8 6. a s c - 0. 4 1. 2 4 0. 1 4 1 4 1. 9 7 5 0. 7 1 6. 8 8 0. 4 4
2 0 1 4 0 5 1 3 @ 5 9 2. a s c S 7 Ar e a 1 1 1 0 - 7. 6 2 3. 1 0. 4 2 0 1 4 0 4 0 4 @ 2 8 3. a s c - 1. 3 1. 2 4 0. 1 2 0 4 2. 2 2 5 1. 3 7 5. 7 4 0. 6 7
2 0 1 4 0 5 1 3 @ 5 9 2. a s c S 7 Ar e a 1 1 1 0 - 7. 6 2 3. 1 0. 4 2 0 1 4 0 4 0 4 @ 2 8 2. a s c - 1. 2 1. 2 4 0. 1 6 2 3 9. 6 7 5 1. 3 2 7. 5 8 1. 4 2
2 0 1 4 0 5 1 3 @ 5 8 4. a s c S 7 Ar e a 1 1 1 0 - 1 3. 7 1 6. 8 0. 2 2 0 1 4 0 4 0 4 @ 2 8 1. a s c - 2. 4 1. 2 5 0. 2 1 3 3 5. 8 1 5 1. 9 5 9. 6 9 2. 5 6
2 0 1 4 0 5 1 3 @ 5 8 3. a s c S 7 Ar e a 1 1 1 0 - 1 0. 2 2 0. 4 0. 2 2 0 1 4 0 4 0 4 @ 2 8 0. a s c - 6. 2 1. 2 6 0. 3 3 8 2 8. 3 3 5 4. 7 8 1 4. 4 8 2. 4 1
2 0 1 4 0 5 1 3 @ 5 8 1. a s c S 7 Ar e a 1 1 1 0 - 1 2. 2 1 8. 3 0. 2 2 0 1 4 0 4 0 4 @ 2 8 5. a s c - 6. 2 1. 2 6 0. 3 9 0 2 4. 8 7 5 6. 1 9 1 5. 9 5 2. 9 8
2 0 1 4 0 5 1 3 @ 5 9 4. a s c S 7 Ar e a 1 1 1 0 - 1 2. 7 1 7. 8 0. 4 2 0 1 4 0 4 0 4 @ 2 8 5. a s c - 6. 2 1. 2 6 0. 3 9 0 2 4. 8 7 5 6. 1 9 1 5. 9 5 2. 9 8
2 0 1 4 0 5 1 3 @ 5 8 2. a s c S 7 Ar e a 1 1 1 0 - 1 3. 5 1 7. 0 0. 2 2 0 1 4 0 4 0 4 @ 2 8 4. a s c - 7. 1 1. 2 6 0. 4 8 3 2 0. 9 3 5 5. 4 3 1 9. 5 0 4. 1 4
2 0 1 4 0 5 1 3 @ 5 9 3. a s c S 7 Ar e a 1 1 1 0 - 1 3. 8 1 6. 7 0. 4 2 0 1 4 0 4 0 4 @ 2 8 4. a s c - 7. 1 1. 2 6 0. 4 8 3 2 0. 9 3 5 5. 4 3 1 9. 5 0 4. 1 4

2 0 1 4 0 1 0 7 @ 1 5 8. a s c S 2 Ar e a 4 1 0 - 1 0. 9 1 9. 7 0. 5 2 0 1 4 0 4 0 4 @ 2 4 3. a s c - 1. 0 0. 6 2 0. 1 8 2 3 9. 0 7 5 1. 7 5 8. 7 1 0. 4 7
2 0 1 4 0 1 0 7 @ 1 5 5. a s c S 2 Ar e a 4 1 0 - 1 1. 0 1 9. 6 0. 5 2 0 1 4 0 4 0 4 @ 2 4 4. a s c - 1. 5 0. 6 4 0. 1 8 4 3 9. 4 1 5 0. 7 9 8. 9 0 0. 9 0
2 0 1 4 0 1 0 7 @ 1 5 6. a s c S 2 Ar e a 4 1 0 - 1 0. 4 2 0. 2 0. 5 2 0 1 4 0 4 0 4 @ 2 4 5. a s c - 0. 9 0. 6 4 0. 1 5 6 3 9. 9 5 5 2. 0 3 7. 3 8 0. 6 4
2 0 1 4 0 1 0 7 @ 1 5 7. a s c S 2 Ar e a 4 1 0 - 1 4. 1 1 6. 4 0. 5 2 0 1 4 0 4 0 4 @ 2 4 6. a s c - 5. 4 0. 6 5 0. 2 5 1 3 4. 3 7 5 0. 8 3 1 1. 5 4 3. 2 7
2 0 1 4 0 1 0 7 @ 1 6 4. a s c S 2 Ar e a 4 1 0 - 8. 5 2 2. 1 0. 3 2 0 1 4 0 4 0 4 @ 2 4 9. a s c - 5. 7 0. 6 6 ? 0. 2 9 4 3 2. 2 4 5 3. 3 3 1 3. 4 0 1. 0 2
2 0 1 4 0 1 0 7 @ 1 6 3. a s c S 2 Ar e a 4 1 0 - 1 3. 2 1 7. 3 0. 3 2 0 1 4 0 4 0 4 @ 2 4 7. a s c - 7. 3 0. 6 6 0. 4 3 0 2 2. 4 9 5 7. 4 2 1 6. 7 3 3. 3 6
2 0 1 4 0 1 0 7 @ 1 6 5. a s c S 2 Ar e a 4 1 0 - 1 3. 5 1 7. 0 0. 3 2 0 1 4 0 4 0 4 @ 2 4 8. a s c - 8. 3 0. 6 6 0. 4 1 2 2 3. 5 1 5 7. 1 4 1 6. 3 2 3. 0 4

2 0 1 4 0 2 2 4 @ 3 6 7. a s c S 4 Ar e a 2 3 - 1 3. 4 1 7. 1 1. 0 2 0 1 4 0 4 0 4 @ 2 5 6. a s c - 8. 6 1. 1 6 0. 4 1 3 2 4. 1 6 5 5. 9 8 1 6. 9 7 2. 8 9
2 0 1 4 0 2 2 4 @ 3 6 8. a s c S 4 Ar e a 2 3 - 1 1. 7 1 8. 8 1. 0 2 0 1 4 0 4 0 4 @ 2 5 7. a s c - 6. 5 1. 1 6 0. 3 7 6 2 6. 4 7 5 5. 4 1 1 5. 9 5 2. 1 7
2 0 1 4 0 1 0 7 @ 1 4 4. a s c S 2 Ar e a 2 1 0 - 1 1. 9 1 8. 7 0. 5 2 0 1 4 0 4 0 4 @ 2 5 7. a s c - 6. 5 1. 1 6 0. 3 7 6 2 6. 4 7 5 5. 4 1 1 5. 9 5 2. 1 7
2 0 1 4 0 1 0 7 @ 1 4 5. a s c S 2 Ar e a 2 1 0 - 1 2. 2 1 8. 4 0. 5 2 0 1 4 0 4 0 4 @ 2 5 7. a s c - 6. 5 1. 1 6 0. 3 7 6 2 6. 4 7 5 5. 4 1 1 5. 9 5 2. 1 7
2 0 1 4 0 2 2 4 @ 3 7 1. a s c S 4 Ar e a 2 3 - 1 4. 1 1 6. 4 1. 0 2 0 1 4 0 4 0 4 @ 2 5 6. a s c - 8. 6 1. 1 6 0. 4 1 3 2 4. 1 6 5 5. 9 8 1 6. 9 7 2. 8 9
2 0 1 4 0 1 0 7 @ 1 4 3. a s c S 2 Ar e a 2 1 0 - 1 4. 2 1 6. 3 0. 5 2 0 1 4 0 4 0 4 @ 2 5 9. a s c - 5. 9 1. 1 5 0. 2 6 0 3 4. 8 4 4 9. 5 3 1 2. 2 3 3. 4 1
2 0 1 4 0 1 0 7 @ 1 4 2. a s c S 2 Ar e a 2 1 0 - 1 4. 4 1 6. 0 0. 5 2 0 1 4 0 4 0 4 @ 2 5 9. a s c - 5. 9 1. 1 5 0. 2 6 0 3 4. 8 4 4 9. 5 3 1 2. 2 3 3. 4 1
2 0 1 4 0 1 0 7 @ 1 4 1. a s c S 2 Ar e a 2 1 0 - 1 0. 2 2 0. 4 0. 5 2 0 1 4 0 4 0 4 @ 2 5 8. a s c - 0. 8 1. 1 4 0. 1 6 3 4 1. 1 7 5 0. 2 7 7. 9 8 0. 5 8
2 0 1 4 0 1 0 7 @ 1 4 1. a s c S 2 Ar e a 2 1 0 - 1 0. 2 2 0. 4 0. 5 2 0 1 4 0 4 0 4 @ 2 6 0. a s c - 1. 9 1. 1 4 0. 1 6 3 4 1. 1 7 5 0. 2 7 7. 9 8 0. 5 8
2 0 1 4 0 1 0 7 @ 1 4 0. a s c S 2 Ar e a 2 1 0 - 1 1. 0 1 9. 6 0. 5 2 0 1 4 0 4 0 4 @ 2 6 1. a s c - 2. 6 1. 1 4 0. 1 9 7 3 9. 1 0 5 0. 6 2 9. 6 3 0. 6 5
2 0 1 4 0 1 0 7 @ 1 3 9. a s c S 2 Ar e a 2 1 0 - 1 0. 5 2 0. 1 0. 5 - - - 3 0. 2 3 9 3 3. 7 3 5 1. 5 3 1 0. 5 9 4. 1 5

2 0 1 4 0 2 2 4 @ 3 4 8. a s c S 4 Ar e a 1 0 3 - 6. 2 2 4. 6 0. 6 2 0 1 4 0 4 0 4 @ 2 3 1. a s c 0. 9 0. 7 4 0. 1 2 5 4 1. 5 5 5 1. 9 3 5. 8 6 0. 6 6
2 0 1 4 0 2 2 4 @ 3 3 8. a s c S 4 Ar e a 1 0 3 - 5. 5 2 5. 2 0. 9 2 0 1 4 0 4 0 4 @ 2 3 1. a s c 0. 9 0. 7 4 0. 1 2 5 4 1. 5 5 5 1. 9 3 5. 8 6 0. 6 6
2 0 1 4 0 2 2 4 @ 3 4 7. a s c S 4 Ar e a 1 0 3 - 6. 8 2 3. 9 0. 6 2 0 1 4 0 4 0 4 @ 2 3 1. a s c 0. 9 0. 7 4 0. 1 2 5 4 1. 5 5 5 1. 9 3 5. 8 6 0. 6 6
2 0 1 4 0 1 0 7 @ 1 7 5. a s c S 2 Ar e a 1 0 1 0 - 6. 9 2 3. 8 0. 2 2 0 1 4 0 4 0 4 @ 2 3 2. a s c 0. 6 0. 7 4 0. 1 2 5 4 1. 5 5 5 1. 9 3 5. 8 6 0. 6 6
2 0 1 4 0 1 0 7 @ 1 7 7. a s c S 2 Ar e a 1 0 1 0 - 6. 9 2 3. 8 0. 2 2 0 1 4 0 4 0 4 @ 2 3 8. a s c 0. 7 0. 7 4 0. 1 2 5 4 1. 5 5 5 1. 9 3 5. 8 6 0. 6 6
2 0 1 4 0 1 0 7 @ 1 7 7. a s c S 2 Ar e a 1 0 1 0 - 6. 9 2 3. 8 0. 2 2 0 1 4 0 4 0 4 @ 2 3 3. a s c - 0. 4 0. 7 4 0. 1 2 5 4 1. 5 5 5 1. 9 3 5. 8 6 0. 6 6
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2 0 1 4 0 2 2 4 @ 3 3 9. a s c S 4 Ar e a 1 0 3 - 8. 5 2 2. 2 0. 9 2 0 1 4 0 4 0 4 @ 2 3 5. a s c - 4. 8 0. 7 6 0. 3 5 2 2 8. 5 9 5 3. 9 8 1 5. 4 9 1. 9 4
2 0 1 4 0 1 0 7 @ 1 7 6. a s c S 2 Ar e a 1 0 1 0 - 1 2. 2 1 8. 3 0. 2 2 0 1 4 0 4 0 4 @ 2 3 5. a s c - 4. 8 0. 7 6 0. 3 5 2 2 8. 5 9 5 3. 9 8 1 5. 4 9 1. 9 4
2 0 1 4 0 1 0 7 @ 1 7 8. a s c S 2 Ar e a 1 0 1 0 - 1 2. 5 1 8. 0 0. 2 2 0 1 4 0 4 0 4 @ 2 3 5. a s c - 4. 8 0. 7 6 0. 3 5 2 2 8. 5 9 5 3. 9 8 1 5. 4 9 1. 9 4
2 0 1 4 0 2 2 4 @ 3 3 5. a s c S 4 Ar e a 1 0 3 - 9. 9 2 0. 7 0. 9 2 0 1 4 0 4 0 4 @ 2 3 4. a s c - 7. 2 0. 7 6 0. 4 0 1 2 4. 9 8 5 5. 4 6 1 6. 6 6 2. 9 0
2 0 1 4 0 2 2 4 @ 3 3 6. a s c S 4 Ar e a 1 0 3 - 1 1. 2 1 9. 4 0. 9 2 0 1 4 0 4 0 4 @ 2 3 4. a s c - 7. 2 0. 7 6 0. 4 0 1 2 4. 9 8 5 5. 4 6 1 6. 6 6 2. 9 0
2 0 1 4 0 2 2 4 @ 3 4 9. a s c S 4 Ar e a 1 0 3 - 1 2. 2 1 8. 3 0. 6 2 0 1 4 0 4 0 4 @ 2 3 4. a s c - 7. 2 0. 7 6 0. 4 0 1 2 4. 9 8 5 5. 4 6 1 6. 6 6 2. 9 0
2 0 1 4 0 2 2 4 @ 3 3 7. a s c S 4 Ar e a 1 0 3 - 1 2. 3 1 8. 3 0. 9 2 0 1 4 0 4 0 4 @ 2 3 4. a s c - 7. 2 0. 7 6 0. 4 0 1 2 4. 9 8 5 5. 4 6 1 6. 6 6 2. 9 0
2 0 1 4 0 2 2 4 @ 3 4 0. a s c S 4 Ar e a 1 0 3 - 1 3. 1 1 7. 4 0. 9 2 0 1 4 0 4 0 4 @ 2 3 7. a s c - 7. 7 0. 7 6 0. 4 0 6 2 4. 7 1 5 5. 4 8 1 6. 8 3 2. 9 7
2 0 1 4 0 2 2 4 @ 3 4 5. a s c S 4 Ar e a 1 0 3 - 1 3. 6 1 6. 9 0. 6 2 0 1 4 0 4 0 4 @ 2 3 7. a s c - 7. 7 0. 7 6 0. 4 0 6 2 4. 7 1 5 5. 4 8 1 6. 8 3 2. 9 7
2 0 1 4 0 2 2 4 @ 3 4 6. a s c S 4 Ar e a 1 0 3 - 1 3. 6 1 6. 9 0. 6 2 0 1 4 0 4 0 4 @ 2 3 6. a s c - 7. 9 0. 7 6 0. 2 8 7 4 1. 0 4 5 5. 2 8 1 4. 9 9 2. 3 0

2 0 1 4 0 1 0 7 @ 1 9 9. a s c S 2 Ar e a 1 1 0 - 1 0. 1 2 0. 5 0. 5 - - - 4 0. 1 6 1 4 0. 8 3 5 0. 7 1 7. 8 3 0. 6 3
2 0 1 4 0 1 0 7 @ 2 0 0. a s c S 2 Ar e a 1 1 0 - 1 1. 2 1 9. 4 0. 5 - - - 3 ? 0. 2 2 1 3 5. 8 2 5 2. 4 6 1 0. 1 4 1. 5 8
2 0 1 4 0 1 0 7 @ 1 9 8. a s c S 2 Ar e a 1 1 0 - 1 3. 8 1 6. 6 0. 5 - - - 5 0. 2 2 8 3 4. 6 9 5 2. 3 0 1 0. 1 8 2. 8 3
2 0 1 4 0 1 0 7 @ 1 9 7. a s c S 2 Ar e a 1 1 0 - 1 2. 1 1 8. 4 0. 5 - - - 6 0. 3 6 4 2 6. 0 1 5 6. 8 2 1 4. 8 5 2. 3 3
2 0 1 4 0 1 0 7 @ 1 9 6. a s c S 2 Ar e a 1 1 0 - 1 4. 1 1 6. 4 0. 5 - - - 6 0. 4 2 2 2 3. 0 6 5 6. 6 9 1 6. 7 8 3. 4 6
2 0 1 4 0 1 0 7 @ 1 9 5. a s c S 2 Ar e a 1 1 0 - 1 2. 8 1 7. 7 0. 5 - - - 6 0. 3 9 4 2 4. 5 0 5 6. 8 4 1 5. 7 8 2. 8 8
2 0 1 4 0 1 0 7 @ 1 9 0. a s c S 2 Ar e a 1 1 0 - 1 0. 8 1 9. 7 0. 5 - - - 2 0. 2 2 8 3 5. 4 8 5 1. 9 1 1 0. 4 3 2. 1 8
2 0 1 4 0 1 0 7 @ 1 9 1. a s c S 2 Ar e a 1 1 0 - 1 1. 1 1 9. 4 0. 5 - - - 2 0. 2 2 8 3 5. 4 8 5 1. 9 1 1 0. 4 3 2. 1 8
2 0 1 4 0 1 0 7 @ 1 9 2. a s c S 2 Ar e a 1 1 0 - 9. 4 2 1. 2 0. 5 - - - 4 0. 1 6 9 3 9. 7 5 5 1. 4 0 8. 1 1 0. 7 4
2 0 1 4 0 1 0 7 @ 1 9 3. a s c S 2 Ar e a 1 1 0 - 1 2. 3 1 8. 2 0. 5 - - - 5 0. 3 6 4 2 5. 9 1 5 7. 1 3 1 4. 8 0 2. 1 6
2 0 1 4 0 1 0 7 @ 1 9 4. a s c S 2 Ar e a 1 1 0 - 1 1. 4 1 9. 1 0. 5 - - - 5 0. 3 1 9 2 9. 0 9 5 4. 6 6 1 3. 5 3 2. 7 2

- - Ar e a 1 2 - - - - 2 0 1 4 0 4 0 5 @ 4 1 5. a s c - 0. 9 1. 0 1 0. 1 9 6 3 7. 3 7 5 1. 8 8 9. 0 2 1. 7 3
- - Ar e a 1 2 - - - - 2 0 1 4 0 4 0 5 @ 4 1 6. a s c - 2. 0 1. 0 1 0. 2 3 6 3 5. 6 4 5 1. 2 0 1 1. 0 2 2. 1 5
- - Ar e a 1 2 - - - - 2 0 1 4 0 4 0 5 @ 4 1 7. a s c - 1. 6 1. 0 1 0. 2 4 2 3 7. 2 1 5 0. 3 0 1 1. 8 2 0. 6 6
- - Ar e a 1 2 - - - - 2 0 1 4 0 4 0 5 @ 4 1 8. a s c - 1. 3 1. 0 1 0. 1 9 8 3 9. 6 8 4 9. 9 2 9. 7 9 0. 6 1
- - Ar e a 1 2 - - - - 2 0 1 4 0 4 0 5 @ 4 1 9. a s c - 1. 6 1. 0 1 0. 2 5 2 3 6. 2 1 4 9. 3 8 1 2. 1 9 2. 2 2
- - Ar e a 1 2 - - - - 2 0 1 4 0 4 0 5 @ 4 2 0. a s c - 3. 0 1. 0 1 0. 1 7 4 3 9. 5 2 5 1. 6 1 8. 3 1 0. 5 6
- - Ar e a 1 2 - - - - 2 0 1 4 0 4 0 5 @ 4 2 1. a s c - 0. 7 1. 0 1 0. 2 0 9 3 8. 9 6 5 0. 0 2 1 0. 3 1 0. 7 1
- - Ar e a 1 2 - - - - 2 0 1 4 0 4 0 5 @ 4 2 2. a s c - 0. 8 1. 0 1 0. 1 7 4 3 9. 5 2 5 1. 6 1 8. 3 1 0. 5 6
- - Ar e a 1 2 - - - - 2 0 1 4 0 4 0 5 @ 4 2 7. a s c - 8. 1 0. 8 6 0. 4 2 7 2 3. 7 7 5 5. 5 7 1 7. 6 4 3. 0 3
- - Ar e a 1 2 - - - - 2 0 1 4 0 4 0 5 @ 4 2 8. a s c - 5. 8 0. 8 6 0. 3 4 8 2 8. 5 3 5 4. 3 7 1 5. 2 5 1. 8 5
- - Ar e a 1 2 - - - - 2 0 1 4 0 4 0 5 @ 4 2 9. a s c - 4. 7 0. 8 5 0. 2 3 6 3 5. 4 8 5 0. 5 9 1 0. 9 6 2. 9 7
- - Ar e a 1 2 - - - - 2 0 1 4 0 4 0 5 @ 4 3 0. a s c 0. 5 0. 8 4 0. 1 6 8 4 0. 3 4 5 0. 9 5 8. 1 4 0. 5 8
- - Ar e a 1 2 - - - - 2 0 1 4 0 4 0 5 @ 4 3 1. a s c - 0. 5 0. 8 4 0. 1 2 9 4 3. 7 4 4 9. 1 7 6. 4 8 0. 6 2
- - Ar e a 1 2 - - - - 2 0 1 4 0 4 0 5 @ 4 3 2. a s c - 0. 4 0. 8 2 0. 2 1 0 3 8. 0 7 5 1. 1 7 1 0. 1 3 0. 6 2
- - Ar e a 1 2 - - - - 2 0 1 4 0 4 0 5 @ 4 3 3. a s c - 0. 1 0. 8 2 0. 1 7 8 4 0. 7 6 4 9. 9 2 8. 8 6 0. 4 6
- - Ar e a 1 2 - - - - 2 0 1 4 0 4 0 5 @ 4 3 4. a s c - 2. 3 0. 8 1 0. 2 5 7 3 5. 1 4 5 0. 5 9 1 2. 1 2 2. 1 5



T a bl e 2. I s ot o pi c c o m p o siti o n ( δ1 3 C a n d δ 1 8 O) of c ar b o n at e c e m e nt s i n t h e E a u Cl air e s h al e ( C 1 3 6 3 7, d e pt h = 3 5 9 7. 5 ft)

S p ot- si z e δ
1 8

O ‰ δ
1 8

O ‰ 2 S D δ
1 3

C ‰ 2 S D Z o n e F e # M g C O 3 C a C O 3 F e C O 3 M n C O 3

( μ m) P D B V- S M O W P D B ( m ol. %) ( m ol. %) ( m ol. %) ( m ol. %)

2 0 1 4 0 2 1 2 @ 1 5 6. a s c S 3 A 1 R 1 1 0 - 4. 2 2 6. 6 0. 2 - - Z 0 0. 0 0 7 4 1. 9 1 5 7. 7 4 0. 3 1 0. 0 4
2 0 1 4 0 2 1 2 @ 1 6 3. a s c S 3 A 2 R 2 1 0 - 4. 4 2 6. 3 0. 2 - - Z 0 0. 0 0 7 4 1. 9 1 5 7. 7 4 0. 3 1 0. 0 4
2 0 1 4 0 2 1 2 @ 1 7 1. a s c S 3 A 3 R 3 1 0 - 5. 3 2 5. 5 0. 2 - - Z 0 0. 0 0 7 4 1. 9 1 5 7. 7 4 0. 3 1 0. 0 4
2 0 1 4 0 2 1 2 @ 1 7 8. a s c S 3 A 4 R 4 a 1 0 - 5. 2 2 5. 6 0. 2 - - Z 0 0. 0 0 7 4 1. 9 1 5 7. 7 4 0. 3 1 0. 0 4
2 0 1 4 0 2 1 2 @ 2 0 6. a s c S 3 A 6 R 6 1 0 - 4. 6 2 6. 1 0. 4 - - Z 0 0. 0 0 7 4 1. 9 1 5 7. 7 4 0. 3 1 0. 0 4
2 0 1 4 0 4 0 5 @ 4 4 3. a s c S 5 A n- 1 6 - - - 4. 2 0. 8 Z 0 0. 0 0 7 4 1. 6 5 5 8. 0 0 0. 3 1 0. 0 4
2 0 1 4 0 4 0 5 @ 4 4 4. a s c S 5 A n- 1 6 - - - 3. 1 0. 8 Z 0 0. 0 0 7 4 1. 6 5 5 8. 0 0 0. 3 1 0. 0 4
2 0 1 4 0 4 0 5 @ 4 5 5. a s c S 5 A n- 2 6 - - - 2. 6 0. 7 Z 0 0. 0 0 7 4 1. 6 5 5 8. 0 0 0. 3 1 0. 0 4
2 0 1 4 0 4 0 5 @ 4 9 1. a s c S 5 A 3 6 - - - 3. 9 0. 8 Z 0 0. 0 0 7 4 1. 6 5 5 8. 0 0 0. 3 1 0. 0 4

A v er a g e of Z o n e 0 - 4. 7 2 6. 0 - 3. 5 - - 0. 0 0 7 4 1. 7 9 5 7. 8 6 0. 3 1 0. 0 4
2 S D 0. 9 1. 0 - 1. 5 - - 0. 0 0 0 0. 2 7 0. 2 7 0. 0 0 0. 0 0

2 0 1 4 0 2 1 2 @ 1 6 4. a s c S 3 A 2 R 2 1 0 - 5. 9 2 4. 9 0. 2 - - Z 1 a 0. 2 2 5 3 1. 4 0 5 8. 9 0 9. 1 0 0. 5 0
2 0 1 4 0 2 1 2 @ 1 6 6. a s c S 3 A 2 R 2 1 0 - 6. 2 2 4. 5 0. 2 - - Z 1 a 0. 2 2 5 3 1. 4 0 5 8. 9 0 9. 1 0 0. 5 0
2 0 1 4 0 4 0 5 @ 4 4 7. a s c S 5 A n- 1 6 - - - 9. 3 0. 8 Z 1 a 0. 2 1 8 3 1. 1 3 5 9. 6 5 8. 6 9 0. 5 3
2 0 1 4 0 4 0 5 @ 4 4 8. a s c S 5 A n- 1 6 - - - 9. 7 0. 8 Z 1 a 0. 1 9 6 3 3. 5 4 5 7. 8 1 8. 1 9 0. 4 6
2 0 1 4 0 4 0 5 @ 4 5 6. a s c S 5 A n- 2 6 - - - 8. 7 0. 7 Z 1 a 0. 1 6 8 3 6. 0 0 5 6. 3 3 7. 2 6 0. 4 1
2 0 1 4 0 4 0 5 @ 4 6 2. a s c S 5 A n- 3 6 - - - 9. 6 0. 7 Z 1 a 0. 2 3 6 3 1. 3 5 5 8. 3 8 9. 6 6 0. 6 1
2 0 1 4 0 4 0 5 @ 4 7 1. a s c S 5 A 5 e x p 6 - - - 1 1. 3 0. 7 Z 1 a 0. 2 3 6 3 1. 3 5 5 8. 3 8 9. 6 6 0. 6 1
2 0 1 4 0 4 0 5 @ 4 7 2. a s c S 5 A 5 e x p 6 - - - 1 2. 5 0. 7 Z 1 a 0. 2 3 6 3 1. 3 5 5 8. 3 8 9. 6 6 0. 6 1
2 0 1 4 0 4 0 5 @ 4 9 2. a s c S 5 A 3 6 - - - 7. 4 0. 8 Z 1 a 0. 1 8 2 3 4. 7 3 5 7. 1 0 7. 7 5 0. 4 2
2 0 1 4 0 4 0 5 @ 5 0 8. a s c S 5 A 5 e x p 1 6 - - - 8. 1 0. 9 Z 1 a 0. 2 1 7 3 1. 4 4 5 9. 3 3 8. 7 5 0. 4 8

A v er a g e of Z o n e 1 a - 6. 0 2 4. 7 - 9. 6 - - 0. 2 1 4 3 2. 3 7 5 8. 3 2 8. 7 8 0. 5 1
2 S D 0. 5 0. 5 - 3. 3 - - 0. 0 4 8 3. 5 0 2. 0 2 1. 6 7 0. 1 5

2 0 1 4 0 2 1 2 @ 1 7 2. a s c S 3 A 3 R 3 1 0 - 5. 4 2 5. 4 0. 2 - - Z 1 b 0. 1 6 7 3 4. 4 6 5 7. 7 7 6. 8 9 0. 8 8
2 0 1 4 0 2 1 2 @ 1 7 9. a s c S 3 A 4 R 4 a 1 0 - 5. 0 2 5. 8 0. 2 - - Z 1 b 0. 0 9 9 3 7. 1 8 5 8. 3 2 4. 0 9 0. 4 1
2 0 1 4 0 2 1 2 @ 1 8 0. a s c S 3 A 4 R 4 a 1 0 - 5. 6 2 5. 1 0. 2 - - Z 1 b 0. 1 2 0 3 4. 7 1 5 9. 7 9 4. 7 2 0. 7 8
2 0 1 4 0 2 1 2 @ 1 8 3. a s c S 3 A 4 R 4 a 1 0 - 5. 7 2 5. 0 0. 2 - - Z 1 b 0. 1 2 1 3 5. 2 4 5 9. 4 5 4. 8 8 0. 4 3
2 0 1 4 0 2 1 2 @ 1 9 8. a s c S 3 A 4 R 4 b 1 0 - 5. 7 2 5. 1 0. 4 - - Z 1 b 0. 1 2 7 3 5. 4 7 5 8. 9 0 5. 1 5 0. 4 9
2 0 1 4 0 2 1 2 @ 4 6 1. a s c S 3 A 1 R 1 1 0 - 5. 9 2 4. 9 0. 2 - - Z 1 b 0. 0 9 2 3 8. 6 5 5 7. 0 2 3. 9 0 0. 4 3
2 0 1 4 0 2 1 2 @ 4 7 1. a s c S 3 A 5 S R 1 1 0 - 5. 6 2 5. 2 0. 2 - - Z 1 b 0. 1 1 4 3 6. 2 7 5 8. 6 3 4. 6 8 0. 4 2
2 0 1 4 0 4 0 5 @ 4 6 7. a s c S 5 A n- 3 6 - - - 1 0. 4 0. 7 Z 1 b 0. 1 2 7 3 5. 0 5 5 9. 3 8 5. 1 0 0. 4 7
2 0 1 4 0 4 0 5 @ 4 6 8. a s c S 5 A n- 3 6 - - - 1 1. 6 0. 7 Z 1 b 0. 1 2 7 3 5. 0 5 5 9. 3 8 5. 1 0 0. 4 7
2 0 1 4 0 4 0 5 @ 4 8 2. a s c S 5 A 5 e x p 6 - - - 1 3. 1 0. 8 Z 1 b 0. 1 2 3 3 6. 5 5 5 7. 9 5 5. 1 3 0. 3 6
2 0 1 4 0 4 0 5 @ 4 8 6. a s c S 5 A 5 e x p 6 - - - 1 4. 3 0. 8 Z 1 b 0. 1 2 3 3 6. 5 5 5 7. 9 5 5. 1 3 0. 3 6
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2 0 1 4 0 4 0 5 @ 4 9 3. a s c S 5 A 3 6 - - - 7. 3 0. 8 Z 1 b 0. 1 3 7 3 5. 0 6 5 8. 9 2 5. 5 6 0. 4 6
2 0 1 4 0 4 0 5 @ 5 1 6. a s c S 5 A 5 e x p 5 6 - - - 1 1. 7 0. 9 Z 1 b 0. 1 0 7 3 8. 1 0 5 6. 8 4 4. 5 8 0. 4 9
2 0 1 4 0 4 0 5 @ 5 1 7. a s c S 5 A 5 e x p 6 6 - - - 9. 4 0. 9 Z 1 b 0. 1 3 2 3 5. 4 6 5 8. 4 8 5. 4 2 0. 6 4
2 0 1 4 0 4 0 5 @ 5 1 8. a s c S 5 A 5 e x p 7 6 - - - 7. 2 0. 9 Z 1 b 0. 1 4 1 3 5. 9 7 5 7. 1 0 5. 9 0 1. 0 3

A v er a g e of Z o n e 1 b - 5. 5 2 5. 2 - 1 0. 6 - - 0. 1 2 4 3 5. 9 8 5 8. 3 9 5. 0 8 0. 5 4
2 S D 0. 6 0. 6 - 5. 2 - - 0. 0 3 6 2. 4 7 1. 8 8 1. 4 4 0. 4 0

2 0 1 4 0 2 1 2 @ 1 7 3. a s c S 3 A 3 R 3 1 0 - 8. 0 2 2. 6 0. 2 - - Z 2 a 0. 2 8 9 2 7. 4 1 6 1. 1 0 1 1. 1 4 0. 3 5
2 0 1 4 0 2 1 2 @ 1 8 1. a s c S 3 A 4 R 4 a 1 0 - 7. 5 2 3. 2 0. 2 - - Z 2 a 0. 2 5 3 3 0. 9 3 5 9. 0 8 9. 5 2 0. 4 7
2 0 1 4 0 4 0 5 @ 4 4 5. a s c S 5 A n- 1 6 - - - 6. 6 0. 8 Z 2 a 0. 2 9 5 2 9. 2 0 5 8. 2 1 1 2. 2 6 0. 3 3
2 0 1 4 0 4 0 5 @ 4 6 1. a s c S 5 A n- 3 6 - - - 5. 9 0. 7 Z 2 a 0. 2 3 1 3 2. 0 5 5 7. 8 4 9. 6 2 0. 5 0
2 0 1 4 0 4 0 5 @ 4 6 9. a s c S 5 A n- 3 6 - - - 7. 2 0. 7 Z 2 a 0. 2 9 9 2 8. 7 4 5 8. 5 1 1 2. 2 6 0. 5 0
2 0 1 4 0 4 0 5 @ 5 0 9. a s c S 5 A 5 e x p 2 6 - - - 7. 8 0. 9 Z 2 a 0. 2 9 0 2 9. 7 8 5 7. 6 2 1 2. 1 8 0. 4 2
2 0 1 4 0 4 0 5 @ 5 1 9. a s c S 5 A 5 e x p 2 6 - - - 9. 7 0. 9 Z 2 a 0. 2 7 2 2 8. 7 3 6 0. 2 4 1 0. 7 3 0. 3 1

A v er a g e of Z o n e 2 a - 7. 7 2 2. 9 - 7. 4 - - 0. 2 7 6 2 9. 5 5 5 8. 9 4 1 1. 1 0 0. 4 1
2 S D 0. 8 0. 8 - 2. 9 - - 0. 0 5 0 3. 0 8 2. 5 9 2. 4 1 0. 1 6

2 0 1 4 0 2 1 2 @ 1 5 8. a s c S 3 A 1 R 1 1 0 - 8. 2 2 2. 4 0. 2 - - Z 2 b 0. 2 4 5 3 1. 1 1 5 8. 4 7 1 0. 1 2 0. 3 1
2 0 1 4 0 2 1 2 @ 1 7 4. a s c S 3 A 3 R 3 1 0 - 8. 0 2 2. 6 0. 2 - - Z 2 b 0. 2 4 5 3 1. 7 9 5 7. 4 8 1 0. 3 2 0. 4 1
2 0 1 4 0 2 1 2 @ 1 8 2. a s c S 3 A 4 R 4 a 1 0 - 8. 2 2 2. 4 0. 2 - - Z 2 b 0. 2 3 8 3 2. 1 3 5 7. 3 8 1 0. 0 5 0. 4 4
2 0 1 4 0 2 1 2 @ 1 8 4. a s c S 3 A 4 R 4 a 1 0 - 8. 0 2 2. 7 0. 2 - - Z 2 b 0. 2 3 2 2 9. 9 4 6 0. 5 8 9. 0 3 0. 4 5
2 0 1 4 0 2 1 2 @ 2 1 0. a s c S 3 A 6 R 6 1 0 - 7. 2 2 3. 4 0. 4 - - Z 2 b 0. 2 7 0 3 0. 5 6 5 7. 6 2 1 1. 3 0 0. 5 2
2 0 1 4 0 2 1 2 @ 2 1 6. a s c S 3 A 5 R 5 1 0 - 8. 5 2 2. 2 0. 4 - - Z 2 b 0. 2 3 7 3 1. 2 0 5 8. 6 7 9. 7 0 0. 4 3
2 0 1 4 0 2 1 2 @ 4 6 2. a s c S 3 A 1 R 1 1 0 - 8. 9 2 1. 7 0. 2 - - Z 2 b 0. 2 5 3 3 2. 6 6 5 5. 7 3 1 1. 0 0 0. 6 0
2 0 1 4 0 2 1 2 @ 4 7 3. a s c S 3 A 5 S R 1 1 0 - 7. 8 2 2. 8 0. 2 - - Z 2 b 0. 2 3 2 3 3. 2 1 5 6. 5 1 1 0. 0 4 0. 2 4
2 0 1 4 0 2 1 2 @ 4 7 9. a s c S 3 A 5 S R 1 1 0 - 8. 1 2 2. 6 0. 3 - - Z 2 b 0. 2 2 9 3 2. 4 4 5 7. 3 4 9. 6 4 0. 5 8
2 0 1 4 0 4 0 5 @ 4 4 6. a s c S 5 A n- 1 6 - - - 7. 1 0. 8 Z 2 b 0. 2 2 2 3 4. 0 5 5 5. 9 4 9. 6 9 0. 3 2
2 0 1 4 0 4 0 5 @ 4 7 3. a s c S 5 A 5 e x p 6 - - - 9. 2 0. 7 Z 2 b 0. 2 4 3 3 2. 8 2 5 6. 2 6 1 0. 5 3 0. 3 9
2 0 1 4 0 4 0 5 @ 4 8 3. a s c S 5 A 5 e x p 6 - - - 1 0. 2 0. 8 Z 2 b 0. 2 3 8 3 2. 6 2 5 6. 6 9 1 0. 1 7 0. 5 2
2 0 1 4 0 4 0 5 @ 4 8 4. a s c S 5 A 5 e x p 6 - - - 1 0. 8 0. 8 Z 2 b 0. 2 8 6 3 0. 9 8 5 6. 1 3 1 2. 4 2 0. 4 7

A v er a g e of Z o n e 2 b - 8. 1 2 2. 5 - 9. 3 - - 0. 2 4 4 3 1. 9 6 5 7. 2 9 1 0. 3 1 0. 4 4
2 S D 0. 9 0. 9 - 3. 3 - - 0. 0 3 5 2. 3 2 2. 7 0 1. 7 3 0. 2 1

2 0 1 4 0 2 1 2 @ 1 7 5. a s c S 3 A 3 R 3 1 0 - 7. 6 2 3. 1 0. 2 - - Z 3 0. 0 9 4 4 0. 1 2 5 5. 5 5 4. 1 7 0. 1 5
2 0 1 4 0 2 1 2 @ 1 9 1. a s c S 3 A 4 R 4 a 1 0 - 7. 6 2 3. 1 0. 4 - - Z 3 0. 1 0 9 3 8. 6 9 5 6. 3 8 4. 7 4 0. 1 9
2 0 1 4 0 2 1 2 @ 1 9 3. a s c S 3 A 4 R 4 b 1 0 - 8. 2 2 2. 5 0. 4 - - Z 3 0. 0 8 9 3 9. 9 0 5 6. 0 0 3. 9 0 0. 2 0
2 0 1 4 0 2 1 2 @ 1 9 5. a s c S 3 A 4 R 4 b 1 0 - 6. 4 2 4. 3 0. 4 - - Z 3 0. 0 8 1 3 9. 1 5 5 7. 2 1 3. 4 2 0. 2 2
2 0 1 4 0 2 1 2 @ 1 9 6. a s c S 3 A 4 R 4 b 1 0 - 7. 9 2 2. 8 0. 4 - - Z 3 0. 0 8 1 3 9. 1 5 5 7. 2 1 3. 4 2 0. 2 2
2 0 1 4 0 2 1 2 @ 1 9 7. a s c S 3 A 4 R 4 b 1 0 - 6. 5 2 4. 2 0. 4 - - Z 3 0. 0 8 1 3 9. 1 5 5 7. 2 1 3. 4 2 0. 2 2
2 0 1 4 0 2 1 2 @ 2 0 7. a s c S 3 A 6 R 6 1 0 - 7. 0 2 3. 6 0. 4 - - Z 3 0. 0 8 9 3 9. 9 0 5 6. 0 0 3. 9 0 0. 2 0



2 0 1 4 0 2 1 2 @ 2 0 9. a s c S 3 A 6 R 6 1 0 - 7. 7 2 3. 0 0. 4 - - Z 3 0. 0 9 6 3 9. 9 5 5 5. 5 6 4. 2 7 0. 2 2
2 0 1 4 0 2 1 2 @ 4 7 2. a s c S 3 A 5 S R 1 1 0 - 7. 8 2 2. 9 0. 2 - - Z 3 0. 0 8 3 3 9. 5 3 5 6. 7 4 3. 5 9 0. 1 5
2 0 1 4 0 2 1 2 @ 4 7 8. a s c S 3 A 5 S R 1 1 0 - 6. 8 2 3. 8 0. 3 - - Z 3 0. 0 9 4 4 2. 0 7 5 3. 3 9 4. 3 6 0. 1 8
2 0 1 4 0 2 1 2 @ 4 6 4. a s c S 3 A 1 R 1 1 0 - 8. 8 2 1. 9 0. 2 - - Z 3 0. 1 2 4 3 6. 9 2 5 7. 5 6 5. 2 2 0. 2 9
2 0 1 4 0 4 0 5 @ 4 4 9. a s c S 5 A n- 1 6 - - - 6. 6 0. 8 Z 3 0. 0 6 1 4 0. 3 9 5 6. 7 8 2. 6 7 0. 1 7
2 0 1 4 0 4 0 5 @ 4 5 0. a s c S 5 A n- 1 6 - - - 5. 5 0. 8 Z 3 0. 0 5 0 4 0. 6 3 5 7. 0 1 2. 1 4 0. 2 2
2 0 1 4 0 4 0 5 @ 4 7 4. a s c S 5 A 5 e x p 6 - - - 9. 0 0. 7 Z 3 0. 1 2 8 3 8. 7 0 5 5. 3 5 5. 6 8 0. 2 6
2 0 1 4 0 4 0 5 @ 4 9 4. a s c S 5 A 3 6 - - - 5. 0 0. 8 Z 3 0. 0 5 2 4 2. 6 1 5 4. 8 3 2. 3 5 0. 2 0
2 0 1 4 0 4 0 5 @ 4 9 5. a s c S 5 A 3 6 - - - 5. 8 0. 8 Z 3 0. 0 5 2 4 2. 6 1 5 4. 8 3 2. 3 5 0. 2 0
2 0 1 4 0 4 0 5 @ 4 9 8. a s c S 5 A n- 1 6 - - - 7. 1 0. 8 Z 3 0. 0 8 5 4 1. 6 0 5 4. 3 9 3. 8 8 0. 1 4
2 0 1 4 0 4 0 5 @ 5 1 5. a s c S 5 A 5 e x p 4 6 - - - 8. 6 0. 9 Z 3 0. 1 2 5 3 8. 7 2 5 5. 5 2 5. 5 2 0. 2 5
2 0 1 4 0 4 0 5 @ 5 2 1. a s c S 5 A 5 e x p 1 0 6 - - - 8. 3 0. 9 Z 3 0. 1 0 6 3 9. 2 0 5 5. 9 3 4. 6 6 0. 2 0
2 0 1 4 0 4 0 5 @ 5 2 2. a s c S 5 A 5 e x p 1 1 6 - - - 7. 4 0. 9 Z 3 0. 1 0 9 3 9. 0 1 5 5. 9 8 4. 7 7 0. 2 3

A v er a g e of Z o n e 3 - 7. 5 2 3. 2 - 7. 0 - - 0. 0 8 9 3 9. 9 0 5 5. 9 7 3. 9 2 0. 2 1
2 S D 1. 4 1. 5 - 2. 9 - - 0. 0 4 7 2. 8 8 2. 1 7 2. 0 6 0. 0 7



2 0 1 4 0 2 2 4 @ 3 7 2. a s c S 4 Ar e a 2 3 2 2. 4 1. 0 1
2 0 1 4 0 2 2 4 @ 3 7 0. a s c S 4 Ar e a 2 3 2 3. 6 1. 0 1
2 0 1 4 0 2 2 4 @ 3 5 7. a s c S 4 Ar e a 1 0 3 2 3. 7 1. 0 1
2 0 1 4 0 2 2 4 @ 3 6 0. a s c S 4 Ar e a 1 0 3 2 2. 7 1. 0 1
2 0 1 4 0 2 2 4 @ 3 5 9. a s c S 4 Ar e a 1 0 3 2 3. 4 0. 8 1

2 0 1 4 0 1 0 7 @ 2 1 1. a s c S 2 Ar e a 1 1 0 2 8. 5 0. 5 2
2 0 1 4 0 1 0 7 @ 2 1 0. a s c S 2 Ar e a 1 1 0 2 7. 7 0. 5 2
2 0 1 4 0 1 0 7 @ 1 5 3. a s c S 2 Ar e a 2 1 0 2 7. 4 0. 5 2
2 0 1 4 0 1 0 7 @ 1 7 9. a s c S 2 Ar e a 1 0 1 0 2 7. 3 0. 2 2
2 0 1 4 0 1 0 7 @ 1 6 8. a s c S 2 Ar e a 4 1 0 2 7. 5 0. 3 2
2 0 1 4 0 5 1 3 @ 6 1 0. a s c S 7 Ar e a 1 1 1 0 2 5. 7 0. 3 2

2 0 1 4 0 1 0 7 @ 2 0 8. a s c S 2 Ar e a 1 1 0 2 1. 5 0. 5 3
2 0 1 4 0 1 0 7 @ 1 6 6. a s c S 2 Ar e a 4 1 0 2 2. 2 0. 3 3
2 0 1 4 0 1 0 7 @ 1 7 0. a s c S 2 Ar e a 4 1 0 2 3. 2 0. 3 3
2 0 1 4 0 5 1 3 @ 6 2 1. a s c S 7 Ar e a 1 1 1 0 2 1. 9 0. 3 3

2 0 1 4 0 1 0 7 @ 2 0 7. a s c S 2 Ar e a 1 1 0 2 1. 1 0. 5 4
2 0 1 4 0 1 0 7 @ 2 1 4. a s c S 2 Ar e a 1 1 0 2 1. 0 0. 5 4
2 0 1 4 0 1 0 7 @ 2 1 2. a s c S 2 Ar e a 1 1 0 2 2. 0 0. 5 4
2 0 1 4 0 1 0 7 @ 2 1 3. a s c S 2 Ar e a 1 1 0 2 0. 8 0. 5 4
2 0 1 4 0 1 0 7 @ 1 5 4. a s c S 2 Ar e a 2 1 0 2 1. 2 0. 5 4
2 0 1 4 0 2 2 4 @ 3 6 9. a s c S 4 Ar e a 2 3 2 1. 4 1. 0 4
2 0 1 4 0 2 2 4 @ 3 5 5. a s c S 4 Ar e a 1 0 3 2 1. 3 0. 8 4
2 0 1 4 0 2 2 4 @ 3 5 6. a s c S 4 Ar e a 1 0 3 2 1. 8 0. 8 4
2 0 1 4 0 1 0 7 @ 1 8 0. a s c S 2 Ar e a 1 0 1 0 2 1. 3 0. 2 4
2 0 1 4 0 5 1 3 @ 6 0 8. a s c S 7 Ar e a 1 1 1 0 2 1. 7 0. 3 4
2 0 1 4 0 5 1 3 @ 6 1 2. a s c S 7 Ar e a 1 1 1 0 2 2. 0 0. 3 4

T a bl e 3.  I s ot o pi c c o m p o siti o n ( δ1 8 O) of q u art z- o v er gr o wt h s i n t h e u p p er Mt. Si m o n 
S a n d st o n e ( A D M V erifi c ati o n W ell # 1; d e pt h = 5 5 1 3. 2 ft)

S p ot- si z e 

( µ m)
δ 1 8 O ‰ 

( V S M O W)
Q O Z o n e± ( 2 S D)

S e s si o n s p e cifi c 

s a m pl e I. D.

S a m pl e 

r e gi o n i. d.

SI M S 

s e s si o n i. d.



C ar b. mi n er al - C O 2 ( g) e q. f r a cti o n ati o n 

r el ati o n s hi p s

C ali b r at e d 

R a n g e ( ° C)

δ 1 3 C C O 2 

( ‰, V P D B)

R e s er v oir 

T( ° C)

Pr e di ct e d 

δ 1 3 C c a r b o n at e 

( ‰, V P D B)
( a) 1 03 l nα ( si d erit e- C O2 ) = 2. 5 3 ( 1 06 / T2 ) - 2 0. 2 0 2 5- 1 9 7 ° C - 1 0 5 0 - 6
( b) 1 03 l nα ( d ol o mit e- C O2 ) = 1. 6 3 7 ( 1 06 / T2 ) - 7. 2 9 1 0 0- 2 5 0 ° C - 1 0 5 0 - 2

( c) 1 03 l nα( c al cit e- C O 2 ) = 1. 6 4 8 ( 1 06 / T2 ) - 8. 0 2
2 5- 2 0 0 ° C 

(t h e or eti c al)
- 1 0 5 0 - 2

( b) E q. 6 of H orit a ( 2 0 1 4) r e c a st a s 1 0 0 0l nα( d ol o mit e- C O 2 ); ori gi n all y pr e s e nt e d a s 1 0 0 0l nα( C O 2 - d ol o mit e)

( a) Ji m e n e z- L o p e z a n d R o m a n e k ( 2 0 0 4): U si n g t h e r e s ult s pr e s e nt e d i n t h eir Fi g. 9 a, s p e cifi c all y t h e li n e ar tr e n d t h at i n c or p or at e s 

t h eir e x p eri m e nt al r e s ult s at 2 5 ° C a n d t h o s e of C ar ot h er s et al. ( 1 9 8 8) o ut t o 1 9 7 ° C, c orr e ct e d f or T a n d p H.

( c) C h a c k o et al. ( 1 9 9 1): T h e or eti c al v al u e s fr o m T a bl e 7 b et w e e n 2 5 a n d 2 0 0 ° C. R e c a st a s 1 0 0 0l nα( c al cit e- C O 2 ); ori gi n all y 

pr e s e nt e d a s 1 0 0 0l n α( C O 2 - c al cit e)

T a bl e 4. Pr e di ct e d C-i s ot o p e c o m p o siti o n of s e q u e str ati o n-r el at e d c ar b o n at e c e m e nt s at t h e Illi n oi s B a si n 

D e c at ur Pr oj e ct sit e.
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S
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(
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C A M B RI A N S T R A TI G R A P H Y 
of N ort h er n Illi n oi s
( n ort h of l atit u d e 4 0° )

P R E C A M B RI A N 

D ol o mit e

S a n d y d ol o mit e

S h al y d ol o mit e

S h al e

Silt y s h al e

S a n d st o n e

D ol. s a n d st o n e

L e g e n d

Gr a nit e/r h y olit e

B

E a u Cl air e 
F m

( 9 0-2 3 0 m)
( 3 0 0-7 5 0 ft)

P RI M A R Y 
C A P R O C K

Mt. Si m o n
S a n d st o n e
( 1 5 0-9 0 0 m)
( 5 0 0-3 0 0 0 + ft)

R E S E R V OI R
U NI T
C O 2

I nj e cti o n z o n e

C 1 2 9 9 6
( Mt. Si m o n S. s. )

9 0 ° W 8 8 ° W 8 6 ° W

4 0 ° N

4 2 ° N

3 8 ° N

Illi n oi s 
B a si n

Illi n oi s 

N
1 0 0 k m

C 1 3 6 3 7
( E a u Cl air e F m)

I B D P
( sit e of A D M 
V erifi c ati o n W ell # 1
( Mt. Si m o n S. s. )

A

C 1 1 3 7 0
( Mt. Si m o n S. s. )

C 4 0 0 6
( E a u Cl air e F m)

Fi g. 1



Fi g. 2

A 1

A 2

A 4

A 1 0

A 1 2

A 1 1 ( s e e Fi g. 3)
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C D

4 -i n c h
( ~ 1 0 c m)

~ 1 c m 2
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B

1 5 0 µ m

Q t z

Q t z

D F + O F

D F + O F

1

2

5

qt z

Qt z

6

4

D ol -A n k

S a n d st o n e r e s er v oi r

CA S h al e c a pr o c k

D ol -A n k

Z 1 a

Z 1 b

Z 2 a

Z 2 b

Z 3

Z 0 ( s e e Fi g. 5 A )

Fi g. 3

Q t z

D F + O F
Q t z

D ol

D ol

E P M A s p ot s

1 0 1 5 2 0 2 5 3 0
- 2 0

- 1 5

- 1 0

- 5

0

5

1 0

1 5

2 0

 1 8 O ( ‰, V P D B)

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


1
3
C 

(
‰,
 

V
P

D
B)

 1 8 O ( ‰, V S M O W)

E a u Cl air e S h

Mt. Si m o n S s

D ol -A n k C C S

S d C C S

Err or b ar s r e pr e s e nt 2 S D s ar o u n d t h e a v er a g e 

0. 0 0. 1 0. 2 0. 3 0. 4 0. 5 0. 6 0. 7

- 1 0

- 5

0

5

1 0

1 5
E a u Cl air e S h

 Z 0
 Z 1 a
 Z 1 b
 Z 2 a
 Z 2 b
 Z 3

Mt. Si m o n S s
 Z o n e 1
 Z o n e 2
 Z o n e 3
 Z o n e 4
 Z o n e 5
 Z o n e 6

1
3
C 

(
‰,
 

V
P

D
B)

F e # [ = m ol ar F e/( M g + F e) ]

v al u e of e a c h c e m e nt z o n e

0. 0 0. 1 0. 2 0. 3 0. 4 0. 5 0. 6 0. 7

- 1 0

- 5

0

5

1 0

1 5
E a u Cl air e S h

 Z 0
 Z 1 a
 Z 1 b
 Z 2 a
 Z 2 b
 Z 3

Mt. Si m o n S s
 Z o n e 1
 Z o n e 2
 Z o n e 3
 Z o n e 4
 Z o n e 5
 Z o n e 6

1
3
C 

(
‰,
 

V
P

D
B)

F e # [ = m ol ar F e/( M g + F e) ]

Err or b ar s r e pr e s e nt 2 S D s a s s o ci at e d wit h 
i n di vi d u al d at a p oi nt s

R 2

- 2 0 - 1 5 - 1 0 - 5
- 2 0

- 1 5

- 1 0

- 5

0

5

1 0

1 5

2 0


1
3
C 

(
‰,
 

V
P

D
B)

 1 8 O ( ‰, V P D B)

= 0. 6 1

3



0. 0 0 0. 0 5 0. 1 0 0. 1 5 0. 2 0 0. 2 5 0. 3 0 0. 3 5 0. 4 0 0. 4 5
0. 4 5

0. 5 0

0. 5 5

0. 6 00. 4 0

0. 4 5

0. 5 0

0. 5 5

X 
C a

X 
M g

X ( F e + M n)

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

0. 1

0. 2

0. 3

0. 4

0. 5

0. 6

0. 7

0. 8

0. 9

1. 0
0. 0

0. 1

0. 2

0. 3

0. 4

0. 5

0. 6

0. 7

0. 8

0. 9

1. 0

 Z o n e 1
 Z o n e 2
 Z o n e 3
 Z o n e 4
 Z o n e 5
 Z o n e 6X 

C a

X 
M g

X ( F e + M n)

1 2 3 4 5 6

1 4

1 6

1 8

2 0

2 2

2 4

2 6

2 8

C ar b o n at e c e m e nt z o n e

1
8
O 

(
‰,
 

V
S

M
O

W)

 Mi n ~ M a x
 M e di a n Li n e

1 2 3 4 5 6

- 1 0

- 8

- 6

- 4

- 2

0

2

C ar b o n at e c e m e nt z o n e

1
3
C 

(
‰,
 

V
P

D
B)

 Mi n ~ M a x
 M e di a n Li n e

1 2 3 4 5 6

0. 0

0. 1

0. 2

0. 3

0. 4

0. 5

N o nf er r o a n d ol o mit e ( N F D)

C ar b o n at e c e m e nt Z o n e

F
e
# 
  

[
=

m
ol

ar
 

F
e/

(
M
g
+

F
e)

 ]

 Mi n ~ M a x
 M e di a n Li n e

 C o m p o siti o n al fi el d s:

         N o nf er r o a n D ol o mit e ( N F D)

         F err o a n D ol o mit e ( F D)

         A n k erit e ( A n k)

S u m m ar y of c h e mi c al a n al y si s b y E P M A ( C ar b o n at e c e m e nt s)C a

F e + M nM g

BA

D

1 2 3 4

2 0

2 2

2 4

2 6

2 8

3 0

Q u art z c e m e nt z o n e

1
8
O 

(
‰,
 

V
S

M
O

W)

 Mi n ~ M a x
 M e di a n Li n e

C

FE

R el ati v e ti mi n g

1

2

3

4

1

2

3

4

5

6

E arl y L at e

C e m e nt ati o n s e q u e n c e: C ar b o n at e v s Q u art z 
c e m e nt z o n e s

C
ar

b.
 
c
e

m
e

nt
 

z
o

n
e
s

Q
u
ar

t
z 

c
e

m
e

nt
 

z
o

n
e
s

( E a rl y) ( L at e)Q u art z C e m e nt Z o n e

( E arl y) ( L at e)C ar b o n at e C e m e nt Z o n e ( E arl y) ( L at e)C ar b o n at e C e m e nt Z o n e

( E arl y) ( L at e)C ar b o n at e C e m e nt Z o n e

M o u nt Si m o n S a n d st o n e ( C or e A D M V W # 1 1 6 8 0. 4 m / 5 5 1 3. 5 ft)

Fi g. 4

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

0. 1

0. 2

0. 3

0. 4

0. 5

0. 6

0. 7

0. 8

0. 9

1. 0
0. 0

0. 1
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0. 4
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0. 6
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0. 8
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1. 0

 Z o n e 1
 Z o n e 2
 Z o n e 3
 Z o n e 4
 Z o n e 5
 Z o n e 6X 

C a

X 
M g

X ( F e + M n)



A E a u Cl ai r e S h al e ( c a pr o c k)

Fi g. 5

B

D F + O F

D F + O F

Qt z

D ol -A n k D ol

Cl a y

Qt z

Qt z

D F + O F

D ol -A n k



Z 0 Z 1 a Z 1 b Z 2 a Z 2 b Z 3

2 0

2 2

2 4

2 6

2 8

C ar b o n at e c e m e nt z o n e

1
8
O 

(
‰,
 

V
S

M
O

W)

 Mi n ~ M a x
 M e di a n Li n e

Z 0 Z 1 a Z 1 b Z 2 a Z 2 b Z 3

+ 2

+ 4

+ 6

+ 8

+ 1 0

+ 1 2

+ 1 4

+ 1 6

C ar b o n at e c e m e nt z o n e

1
3
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(
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V
P

D
B)

 Mi n ~ M a x
 M e di a n Li n e

Z 0 Z 1 a Z 1 b Z 2 a Z 2 b Z 3

0. 0

0. 1

0. 2

0. 3

0. 4

0. 5

C ar b o n at e c e m e nt Z o n e

F
e
# 
  

[
=

m
ol

ar
 

F
e/

(
M
g
+

F
e)

 ]

 Mi n ~ M a x
 M e di a n Li n e

 C o m p o siti o n al fi el d s:

         N o nf er r o a n D ol o mit e ( N F D)

         F err o a n D ol o mit e ( F D)

         A n k erit e ( A n k)

0. 0 0 0. 0 5 0. 1 0 0. 1 5 0. 2 0 0. 2 5
0. 5 0

0. 5 5

0. 6 0
0. 4 0

0. 4 5

0. 5 0

X 
C a

 Z o n e 0
 Z o n e 1 a
 Z o n e 1 b
 Z o n e 2 a
 Z o n e 2 b
 Z o n e 3

X 
M g

X ( F e + M n)

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

0. 8
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 Z o n e 2 a
 Z o n e 2 b
 Z o n e 3

X 
M g

X ( F e + M n)

C a

F e + M nM g

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

0. 4

0. 5
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0. 8
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1. 0
0. 0

0. 1
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0. 4

0. 5

0. 6

0. 7

0. 8

0. 9

1. 0

 Z o n e 1
 Z o n e 2
 Z o n e 3
 Z o n e 4
 Z o n e 5
 Z o n e 6X 

C a

X 
M g

X ( F e + M n)

BA

DC

( E arl y) ( L at e)C ar b o n at e C e m e nt Z o n e ( E arl y) ( L at e)C ar b o n at e C e m e nt Z o n e

( E arl y) ( L at e)C ar b o n at e C e m e nt Z o n e
0. 0 0. 1 0. 2 0. 3 0. 4 0. 5 0. 6 0. 7 0. 8 0. 9 1. 0
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 Z o n e 3

X 
M g

X ( F e + M n)

E a u Cl air e S h al e (C or e 1 3 6 3 7 1 0 9 6. 5 m / 3 5 9 7. 5 ft)

Fi g. 6



δ 1 8 O  3 -µ m SI M S pit s     δ 1 8 O  1 0 -µ m SI M S     δ 1 3 C  6 -µ m SI M S pit s

L e g e n d

Q O 1 -4 = Q u art z -o v er gr o wt h z o n e s; D Q = D etrit al q u art z gr ai n; Z 1 -6 = C ar b o n at e c e m e nt z o n e s; D F = D etrit al K -f el d s p ar gr ai n; O F = O v er gr o wt h K -f el d s p ar

P or e s p a c e

Z 5

Z 4

Z 3

Z 6
O F

O F

2 2. 4 ‰

2 3. 6 ‰
2 7. 4 ‰

2 1. 2 ‰
2 1. 4 ‰

B

Ar e a 2 ( C L 1 0 k e V )

P or e s p a c e

Z 5

Z 4

Z 2 -3

Z 6
O F

O F

A
1 8. 4 ‰1 8. 7 ‰ -7. 9 ‰   -6. 5 ‰

1 8. 8 ‰

1 7. 1 ‰

-8. 6 ‰

-5. 9 ‰
1 6. 3 ‰1 6. 4 ‰

Ar e a 2 ( B S E 1 0 k e V )

D Q
D Q

2 0. 4 ‰ B S E C L

Fi g. 7

D ol -A n k
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A b ri ef n ot e o n t h e p ossi bl e o ri gi n of di a g e n eti c c a r b o n at e c e m e nts i n t h e M o u nt Si m o n -

E a u Cl ai r e s yst e m  

 W e  off er  t h e  f oll o wi n g  p ossi bl e  e x pl a n ati o n  f or  t h e  c o ntr asti n g  e v ol uti o n  of  c ar b o n  

i s ot o p e r ati os i n t h e u p p er Mt. Si m o n S a n dst o n e a n d t h e E a u Cl air e s h al e.    

 P ositi v e  δ 1 3 C v al u es of d ol o mit e -a n k erit e c e m e nts  i n t h e E a u Cl air e s h al e i n di c at e t h at 

d uri n g s e di m e nt b uri al,  c o n diti o ns f a v or a bl e t o b a ct eri al m et h a n o g e n esis m a y h a v e t a k e n h ol d as 

mi cr o bi al c o m m u niti es a ct e d  t o d e c o m p os e/r e c y cl e s e di m e nt ar y or g a ni c m att er ( O M). Mi cr o bi al 

O M r e c y cli n g pr o c e e ds s e q u e nti all y t hr o u g h s e v er al diff er e nt c h ar a ct eristi c st a g es, all of w hi c h 

pr o d u c e C O 2  t h at i s r el e as e d i nt o p or e w at ers; t h e s e st a g es ar e t h e f oll o wi n g: a er o bi c o xi d ati o n, 

foll o w e d b y t h e r e d u cti o n of nitr at e ( N O 3
2- ), F e  a n d M n -o xi d es a n d s ulf at e ( S O 4

2- ), a n d l astl y 

f er m e nt ati o n  ( b a ct eri al  m et h a n o g e n esis,  u p  t o  a  t e m p er at ur e  of  ~ 7 5 ° C;  e. g., H e es e,  1 9 9 9) . 

C ert ai n disti n cti v e tr e n ds h a v e b e e n r e c o g ni z e d wit h r e g ar ds t o t h e C -is ot o p e c o m p ositi o n of t h e 

C O 2  t h at i s pr o d u c e d d uri n g t h es e r e a cti o ns (Ir wi n et al., 1 9 7 7). T h e first t hr e e st a g es pr o d u c e 

C O 2  ( w hi c h m a y e q uili br at e wit h p or e w at ers t o f or m diss ol v e d H C O3
- a n d C O 3

2-  i o ns) wit h δ1 3 C 

v al u es  t h at  r es e m bl e  t h at  of  t h e  b ul k  or g a ni c  m att er  ( a v er a g e  of  -2 5 ‰  V P D B;  e. g., Fi g.  1  i n  

Ir wi n  et  al.,  1 9 7 7).  T h us,  t h e  δ1 3 C  of  c ar b o n  diss ol v e d  i n  p or e w at ers  t e n ds  t o w ar ds  -2 5 ‰ 

( V P D B; d e p e n di n g o n v ol u m e of O M-d eri v e d C O 2  t hat i s g e n er at e d). C ar b o n at e c e m e nts t h at 

pr e ci pit at e d uri n g t h es e st a g es t a k e o n n e g ati v e δ 1 3 C v al u es . F or e x a m pl e: if δ1 3 C of p or e w at er 

C O 2  = -2 5 ‰, t h e δ 1 3 C of d ol o mit e will b e -1 6. 5 ‰ at 5 0 ° C a n d -2 1. 5 ‰ at 1 2 0 ° C ( H orit a, 2 0 1 4) . 

I n c o ntr ast, b a ct eri al m et h a n o g e n esis c a n pr o c e e d, e. g.,  b y c o ns u mi n g C O 2  ( as a n o xi di z er; ot h er 

r e a cti o n p at h w a ys dis c us s e d ar e  r e vi e w e d b y W hiti c ar, 1 9 9 9) , yi el di n g m et h a n e g as ( C H 4 ) wit h 

e x c e pti o n all y n e g ati v e δ 1 3 C v al u es ( d o w n t o -1 1 0 ‰). T h e r esi d u al C O 2  r es er v oir t h us b e c o m es 

e nri c h e d i n 1 3 C,  a c q uiri n g  δ 1 3 C  v al u es t h at ar e hi g h er t h a n t h os e of C H4  b y 4 0 -1 0 0 ‰ ( v al u es 

m a y r e a c h + 1 5 - 2 0 ‰; e. g., Fi g. 1 i n Ir wi n et al., 1 9 7 7; W hiti c ar, 1 9 9 9). C ar b o n at e c e m e nts t h at 

pr e ci pit at e d uri n g t his st a g e of O M r e c y cli n g m a y t a k e o n p ositi v e δ 1 3 C v al u es ( d e p e n di n g o n t h e 

e xt e nt t o w hi c h t h e r esi d u al diss ol v e d C O 2  p o ol is e nri c h e d i n 1 3 C ; e. g., H e e s e, 1 9 9 9, W hiti c ar, 

1 9 9 9 ). F or e x a m pl e: if δ 1 3 C of p or e w at er C O 2  = + 5 ‰, t h e n t h e δ 1 3 C v al u e of d ol o mit e will b e 

+ 1 6. 7 5 ‰  at  2 0 ° C,  + 1 3. 5 ‰  at  5 0 ° C,  a n d  + 8. 5 ‰  at  1 2 0 ° C  ( H orit a,  2 0 1 4 ).  At  t h e  m a xi m u m  

r e c o nstr u ct e d b uri al d e pt h of t h e e x a mi n e d E a u Cl air e s h al e b e d ( Fi g. 1; ~ 2 k m  / 6 5 0 0 ft; aft er 

R o w a n  et  al.,  2 0 0 2),  t e m p er at ur es  d u e  t o  b uri al  al o n e,  e x cl u di n g  l at e  h y dr ot h er m al  h e ati n g  

ass o ci at e d wit h t h e g e n e sis of r e gi o n al Mississi p pi -V all e y t y p e or e d e p osits, ar e esti m at e d at a 

m a xi m u m of ~ 8 0 ° C ( M a k o wit z et al., 2 0 0 6; R o w a n et  al., 2 0 0 2; Śli wi ńs ki et al., 2 0 1 6) . If t h e 

c ar b o n at e  c e m e nts  wit hi n  t his  s h al e  b e d  f or m e d  at  t e m p er at ur es  of 2 0- 7 5 ° C  (t h e  a p pr o x.  

t e m p er at ur e r a n g e  fr o m t h e  s e di m e nt-w at er  i nt erf a c e  i n  a tr o pi c al  s e a w a y t o t h e  a p pr o x.  

t e m p er at ur e a b o v e w hi c h b a ct eri al a cti vit y i n s e di m e nts d e cli n es d e cisi v el y; e. g., H e es e, 1 9 9 9) , 

t h e n t h e m e as ur e d r a n g e of  c e m e nt δ1 3 C v al u es ( + 3 t o + 1 5 ‰; Fi gs. 3 B, 6 D) is c o nsist e nt wit h 

c e m e nt f or m ati o n fr o m 1 3 C- e nri c h e d pr e c urs or C O 2 .  



 Wit hi n t h e s a n dst o n e b e ds of t h e u p p er Mt. Si m o n F m. , δ1 3 C v al u es of d ol o mit e -a n k erit e 

c e m e nt z o n es 0 t hr o u g h 4 f all b et w e e n -3 a n d + 1 ‰, a n d ar e g e n er all y c o nsist e nt wit h s e a w at er 

as t h e d o mi n a nt s o ur c e of diss ol v e d i n or g a ni c c ar b o n  f or e arl y c ar b o n at e c e m e nt  f or m ati o n. T h e 

m or e n e g ati v e δ 1 3 C v al u es of t h e l at est a n k erit e c e m e nt z o n es 5 a n d 6, w hi c h f all b et w e e n -5 a n d 

-9 ‰, s u g g est  t h e i n v ol v e m e nt of t w o e n d-m e m b er pr o c ess es i n t h eir f or m ati o n: 1) c o ntri b uti o ns 

of is ot o pi c all y li g ht C O 2  d eri v e d fr o m t h e br e a k d o w n a n d r e c y cli n g of or g a ni c m att er, or si m pl y 

2) t h e eff e ct of b uri al -r el at e d h e ati n g o n t h e e xt e nt of c ar b o n-is ot o p e fr a cti o n ati o n b et w e e n DI C 

i n t h e p or e-fl ui d a n d t h e pr e ci pit ati n g c ar b o n at e p h as e. I n t h e c as e of t h e first pr o c ess, a n e xt er n al 

s o ur ce of c ar b o n  ( p er h a ps fr o m  d e e p er i n t h e b asi n) w o ul d h a v e li k el y b e e n n e e d e d ,  as  t h es e 

ar e niti c s a n dst o n e b e ds w er e  li k el y b uri e d wit h o nl y a mi ni m al a m o u nt of or g a ni c m att er.  T h e 

s e c o n d pr o c ess, o n t h e ot h er h a n d, c a n r e a dil y a c c o u nt  f or t h e  o bs er v e d ~ 1 0 ‰  r a n g e  i n  δ1 3 C 

v al u es. F or e x a m pl e, c o n si d er t h at l o w er P al e o z oi c str at a of t h e Illi n ois B a si n i n c e ntr al Illi n ois 

ar e m o d el e d t o h a v e e x p eri e n c e d tr a nsi e nt h e ati n g t o 1 5 0 -2 0 0 ° C d uri n g mi d -P er mi a n ti m e ( c a. 

2 7 0 M a). T his is t h o u g ht t o h a v e o c c urr e d i n ass o ci ati o n wit h cr oss- b asi n bri n e mi gr ati o ns e v e nts 

t h at r es ult e d i n t h e g e n esis of Mississi p pi-V all e y t y p e or e distri cts ( P b -Z n mi n er ali z ati o n) o n t h e 

b asi ns' n ort h er n a n d s o ut h er n m ar gi ns ( at c a. 2 7 0 M a) ( R o w a n et al., 2 0 0 2). F or a c o nst a nt C O 2  

δ 1 3 C v a l u e, a t e m p er at ur e r a n g e of 2 0-1 5 0 ° C w o ul d r es ult i n a r a n g e of ~ 1 0 ‰ i n d ol o mit e δ 1 3 C 

v al u es ( δ 1 3 C d ol o mit e  v al u e s at 1 5 0 ° C w o ul d b e 1 0 ‰ l o w er t h a n at 2 0 ° C; a ~ 1 2 ‰ r a n g e w o ul d b e 

o bs er v e d if t e m p er at ur es r e a c h e d 2 0 0 ° C) ( H orit a, 2 0 1 4). 
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