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Abstract: 

The large isotopic fractionation of carbon associated with enzymatic carbon assimilation  allows evidence 

for l ife’s antiquity, and potentially the early operation of several extant metabolic pathways, to be 

derived from the stable carbon isotope record of sedimentary rocks.  Earth’s organic carbon isotope 

record extends to the Late Eoarchean -Early Paleoarchean : th e age of the oldest known sedimentary 

rocks. However, complementary inorganic carbon reservoirs are poorly represented in the oldest units, 

and commonly reported bulk organic carbon isotope measurements do not capture the micro -scale 

isotopic heterogeneiti es that are increasingly reported from younger rocks. Here, we investigated the 

isotopic composition of the oldest paired occurrences of sedimenta ry carbonate and organic matter, 

which are preserved as dolomite and kerogen within textural biosignatures of the ~3.43 Ga Strelley Pool 

Formation. We targeted least -altered carbonate phases in situ using microsampling techniques guided 

by non -destructive elemental mapping. Organic carbon isotope values were measured by spatially -

resolved bulk analyses, and in situ using secondary ion mass spectrometry to target microscale domains 

of organic material trapped within inorganic carbon matrixes. Total observed fractionation of 13C ranges 

from -29 to -45 ‰. Our data are consistent with studies of younger Archean rocks that host biogenic 

stromatolites and organic -inorganic carbon pairs showing greater fractionation than expected for 

Rubisco fixation alone. We conclude that organic matter  was fixed and/or r emobilized by at least one 

metabolism in addition to the CBB cycle , possibly by the Wood -Ljungdahl pathway or methanogenesis-

methanotrophy, in a shallow-water marine environment during the Paleoarchean.  
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1  I ntr o d u cti o n 
T h e s t a bl e c ar b o n is ot o p e v al u es of org a ni c m att er a n d i n or g a ni c c ar b o n pr o vi d e a r e c or d of bi ol o gi c al 

c ar b o n  assi mil ati o n  e xt e n di n g  t o t h e e arl y Ar c h e a n  (Fi g ur e 1 ). T h e dir e cti o n a n d m a g nit u d e of is ot o pi c 

offs et  b et w e e n t h e t w o c ar b o n r e s er v oirs r efl e cts t h e i nt e gr at e d fr a cti o n ati o ns i m p art e d b y all bi ol o gi c al 

pr o c es s es c o ntri b uti n g t o or g a ni c m att er b uri al , as w ell as a n y di a g e n eti c pr o c ess e s, h y dr ot h er m al 

alt er ati o n a n d r e gi o n al m et a m or p his m  alt eri n g t h e i s ot o pi c c o m p ositi o n of c ar b o n -b e ari n g p h as es . I n 

Pr e c a m bri a n r o c ks, a v er a g e t ot al fr a cti o n ati o ns ar e r e m ar k a bl y c o nsist e nt ( ε = ~ -2 6 ‰; S c hi dl o ws ki, 

1 9 8 7)  a n d ar e g e n er all y t h o u g ht t o r efl e ct t h e e arl y e v ol uti o n a n d c o nti n u o us o p er ati o n of t h e C al vi n -

B e ns o n -B ass h a m ( C B B) c y cl e  f or c ar b o n assi mil ati o n. I n m or e r e c e nt st u di es, δ 1 3 C or g  v al u es as l o w as -3 7 

‰ ar e  i nt er pr et e d i n t h e c o nt e xt of t h e C B B c y cl e ( e. g . Ei g e n br o d e et al., 2 0 0 6).  

H o w e v er, gr e at er fr a cti o n ati o ns ar e r e p ort e d fr o m s o m e Pr e c a m bri a n u nits, m o st n ot a bl y t h o s e 

d e p o sit e d d uri n g t h e N e o a r c h e a n (S c hi dl o ws ki, 1 9 8 8) . Hi g hl y 1 3 C -d e pl et e d N e o ar c h e a n v al u es ar e wi d el y 

i nt er pr et e d as e vi d e n c e f or t h e a cti vit y of m et h a n e c y cli n g m i cr o bi al c o m m u niti es ( H a y es, 1 9 9 4).  

Ar c h e a n m et h a n o g e ns a n d m et h a n otr o p hs w o ul d h a v e r e g ul at e d at m o s p h eri c m et h a n e , p o ssi bl y at 

c o m p ar ati v el y hi g h l e v els , w hi c h co ul d h a v e l e d t o gr e e n h o us e w ar mi n g t h at miti g at e d t h e r e d u c e d 

l u mi n o sit y of t h e e arl y s u n ( P a vl o v et al., 2 0 0 1). M et h a n o g e ns m a y als o h a v e c o ntri b ut e d t o t h e ris e of 

o x y g e n b y pr o d u ci n g C H 4  t h at u n d er w e nt p h ot ol ysis t h er e b y all o wi n g  H 2  t o es c a p e t o s p a c e 

pr ef er e nti all y  ( C atli n g et al., 2 0 0 1). 1 3 C -d e pl et e d m et h a n e i n cl usi o ns p ut ati v el y pr es er v e d  wit hi n 

h y dr ot h er m al pr e ci pit at es of t h e Dr ess er F or m ati o n h a v e b e e n cl ai m e d as e vi d e n c e f or t h e e v ol uti o n of 

m et h a n o g e n esis pri or t o ~ 3. 5 G a ( U e n o et al., 2 0 0 6), b ut a n a bi ol o gi c al ori gi n f or t h es e i n cl usi o ns h as 

als o b e e n pr o p o s e d ( S h er w o o d -L oll ar a n d M c C oll o m, 2 0 0 6 ). Ot h er cir c u m st a nti al e vi d e n c e f or a n e arl y 

ori gi n of m et h a n otr o p h y i n cl u d es t h e cl o s e p h yl o g e n eti c r el ati o ns hi p of ar c h a e al m et h a n otr o p hs a n d 

e arl y -e v ol vi n g m et h a n o g e ns ( Hi nri c hs et al., 1 9 9 9), a n d δ 1 3 C or g  v al u es as l o w as -4 3 ‰ r e p ort e d fr o m 

M es o ar c h e a n s h al e  b y Ki y o k a w a et al.  ( 2 0 0 6). Alt er n ati v el y, t h es e fr a cti o n ati o ns , w hi c h ar e gr e at er t h a n 

e x p e ct e d f or  fi x ati o n b y D-ri b ul o s e-1, 5 -bis p h o s p h at e c ar b o x yl as e/ o x y g e n a s e ( R u bis c o)  al o n e , c o ul d 

r efl e ct C O 2  fix ati o n vi a t h e W o o d -Lj u n g d a hl p at h w a y (r e d u cti v e a c et yl -C o A p at h w a y), w hi c h is g e n er all y 

c o nsi d er e d c a p a bl e of 1 3 C fr a cti o n ati o ns of -3 0 t o -4 0 ‰ ( Fis c h er et al., 2 0 0 9; K n oll a n d C a nfi el d, 1 9 9 8) . 

T his p at h w a y is e m pl o y e d b y m o d er n a c et o g e ni c b a ct eri a i n a pr o c ess t h at c ul mi n at e s i n 1 3 C 

fr a cti o n ati o ns of u p t o -6 9 ‰  i n cl o s e d, l a b or at or y-b as e d s y st e m s  ( Fr e u d e a n d Bl as er, 2 0 1 6). T h us, it i s 

c o n ci e v a bl e t h e W o o d-Lj u n g d h al p at h w a y  pr o d u c e d  si g nifi c a nt 1 3 C fr a cti o n ati o ns r e p ort e d fr o m 

Ar c h e a n r o c ks. R e g ar dl ess  of t h e p at h w a y(s) r e s p o nsi bl e , t h e ti mi n g of t h e e v ol uti o n of m et a b olis m s 

c a p a bl e of gr e at er fr a cti o n ati o ns  t h a n R u bis c o r e m ai ns p o orl y-k n o w n , pri m aril y b e c a us e p air e d 

o c c urr e n c es of s e di m e nt ar y c ar b o n at e a n d or g a ni c m att er b e c o m e i n cr e asi n gl y r ar e i n t h e e arl y 

g e ol o gi c al r e c or d . H er e, w e c o ntri b ut e n e w is ot o p e d at a o bt ai n e d fr o m c ar b o n s e q u est er e d i n d ol o mit e 

a n d or g a ni c m att er ass o ci at e d wit h t e xt ur al bi o si g n at ur es i n t h e ~ 3. 4 3 G a Str ell e y P o ol F or m ati o n, t h e 

ol d est k n o w n s u pr a cr ust al c ar b o n at e s e q u e n c e.  O ur d at as et r e pr es e nts t h e ol d est k n o w n p air e d 

o c c urr e n c es of si g nifi c a nt s e di m e nt ar y c ar b o n at e a n d or g a ni c m att er , a n d  t h e ol d est or g a ni c m att er 

d es cri b e d fr o m str o m at olit es. I n or d er t o s el e ct ar e as mi ni m all y -aff e ct e d b y is ot o pi c s hifts r el at e d t o 

di a g e n e sis, r e gi o n al m et a m or p his m a n d h y dr ot h er m al alt er ati o n , w e t ar g et e d l e ast-alt er e d c ar b o n at e 

p h as es usi n g mi cr o s a m pli n g t e c h ni q u es g ui d e d b y n o n -d estr u cti v e el e m e nt al m a p pi n g. Or g a ni c c ar b o n 

is ot o p e v al u es w er e m e as ur e d b y b ul k a n al y s es a n d i n sit u b y  s e co n d ar y i o n m ass s p e ctr o m etr y  ( SI M S).  
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2  G e ol o gi c al S etti n g  
T h e Str ell e y P o ol F or m ati o n is a n i m p ort a nt str ati gr a p hi c m ar k er wit hi n t h e e arl y Ar c h e a n Pil b ar a 

S u p er gr o u p, W est er n A ustr ali a.  T h e Pil b ar a S u p er gr o u p w as d e p o sit e d d uri n g t h e P al e o ar c h e a n , 

c o nt e m p or a n e o usl y wit h t h e d e v el o p m e nt of a s eri es of l ar g e gr a nit oi d b o di es w hi c h n o w di vi d e t h e 

St ell e y P o ol F or m ati o n ( S P F) b et w e e n 1 1 gr e e nst o n e b elts ( Fi g ur e 2 ). T h e S P F u n c o nf or m a bl y o v erli es 

v ol c a ni c a n d s e di m e nt ar y r o c ks of t h e 3 5 2 0 -3 4 2 7 W arr a w o o n a Gr o u p a n d is u n c o nf or m a bl y o v erl ai n b y 

ultr a m afi c v ol c a ni c r o c ks of t h e 3 3 5 0 -3 3 1 5 G a K ell y Gr o u p ( Hi c k m a n, 2 0 0 8). It is l o c all y u p t o 1 k m t hi c k 

a n d c o nsists pr e d o mi n a ntl y of s a n dst o n e, c o n gl o m er at e, q u art zit e, v ol c a ni cl asti c r o c ks a n d v ari a bl y 

sili cifi e d s e di m e nt ar y c ar b o n at e. T h e str ati gr a p h y, s e di m e nt ol o g y a n d tr a c e el e m e nt g e o c h e mistr y 

s u g g est d e p ositi o n o c c urr e d pri m aril y wit hi n a s h all o w -w at er m a ri n e e n vir o n m e nt t h at w as p eri o di c all y 

i nfl u e n c e d b y h y dr ot h er m al fl ui ds ( All w o o d et al., 2 0 1 0; Hi c k m a n, 2 0 0 8; V a n Kr a n e n d o n k et al., 2 0 0 3). 

Bi ol o gi c al a cti vit y d uri n g d e p o siti o n of t h e u nit is r e c or d e d b y str o m at olit es ( All w o o d et al., 2 0 0 6), 

bi o g e ni c is o t o pi c fr a cti o n ati o ns (L e p ot et al., 2 0 1 3; W a c e y et al., 2 0 1 1; W a c e y et al., 2 0 1 0)  a n d 

mi cr of o ssils ( S u git a ni et al., 2 0 1 0; S u git a ni et al., 2 0 1 3; W a c e y et al., 2 0 1 1). R e gi o n al m et a m or p his m i n 

o ur st u d y ar e a w as li mit e d t o gr e e ns c hist f a ci es ( Hi c k m a n, 2 0 0 8; W a c e y, 2 0 1 0) . 

3  M et h o ds  

3. 1  Fi el d w or k  
H a n d s a m pl es w er e c oll e ct e d fr o m Str ell e y P o ol F or m ati o n o ut cr o p  at A n c h or Ri d g e i n t h e N ort h P ol e 

D o m e ( Fi g ur e 2) . Str ati gr a p hi c s e cti o ns w er e m e as ur e d usi n g a J a c o bs St aff, A b n e y l e v el  a n d m e as uri n g 

t a p e. S a m pl es c oll e ct ed f or g e o c h e mi c al a n al ysis w er e o bt ai n e d fr o m gr e y -c ol o ur e d, fr es hl y -br o k e n 

c ar b o n at e . S m all s a m pl es w er e pl a c e d i n f a bri c s a m pl e b a gs pri or t o tr a ns p ort  a n d  a l ar g e ( ~ 2 0 k g) 

c o ni c al str o m at olit e w as s hi p p e d f or s u bs e q u e nt s e cti o ni n g.  

3. 2  P etr o gr a p h y  
Li g ht a n d  el e ctr o n mi cr os c o p y , a n d e n er g y dis p ersi v e X -r a y s p e ctr o s c o p y w er e p erf or m e d i n t h e J P L 

Astr o bi o g e o c h e mistr y L a b or at or y ( a b c L a b). P etr o gr a p hi c t hi n s e cti o ns a n d SI M S t ar g et s w er e i m a g e d i n 

r efl e ct e d, tr a ns mitt e d, cr o ss-p ol ari z e d a n d r efl e ct e d U V li g ht usi n g a L ei c a D M 6 0 0 0 fitt e d wit h 

a ut o m at e d st a g es a n d s oft w ar e all o wi n g f or l ar g e ar e a, hi g h -r es ol uti o n m os ai c ki n g.  S c a n ni n g el e ctr o n 

mi cr o s c o p y a n d e n er g y dis p ersi v e s p e ctr o s c o p y ( S E M -E D S) w as p erf or m e d usi n g a n  Hit a c hi S U -3 5 0 0 

v ari a bl e pr ess ur e S E M i n s e c o n d ar y el e ctr o n ( S E) a n d b a c ks c att er e d el e ctr o n ( B S E) m o d es. W e us e d 

S E M -E D S t o i n v esti g at e d ol o mit e mi n er al p h as es a n d or g a ni c d o m ai ns pr es er v e d wit hi n d ol o miti c 

l a mi n a e. Or g a ni c d o m ai ns i m a g e d usi n g li g ht mi cr o s c o p y w er e r el o c at e d a n d m a p p e d usi n g 

b a c ks c a tt er e d el e ctr o ns a n d e n er g y dis p ersi v e X -r a y s p e ctr os c o p y i n or d er t o c o nfir m t h eir c o m p o siti o n 

a n d i n di g e n eit y. I m a g es w er e t y pi c all y a c q uir e d wit h a n a c c el er ati n g v olt a g e of 5 -3 0 k V a n d a w or ki n g 

dist a n c e of ~ 5 m m f or b est s p ati al r es ol uti o n, or 1 0 m m f o r el e m e nt al a n al y si s. El e m e nt al m a p pi n g of 

SI M S t ar g ets at s u b -µ m r es ol uti o n w as a c hi e v e d usi n g a n O xf or d I nstr u m e nts X -M a x 1 5 0 m m 2  sili c o n 

drift e n er g y dis p ersi v e s p e ctr o s c o p y s y st e m. SI M S t ar g et s, ot h er or g a ni c d o m ai ns a n d mi n er als w er e 

m a p p e d usi n g a b e n c ht o p c o nf o c al H ori b a m ulti -w a v el e n gt h R a m a n i m a gi n g s p e ctr o m et er s et u p f or 

l o n g d ur ati o n ( 3 0 0 0 0 s p e ctr a) m a p pi n g. A v ari a nt of t h e Pl a n et ar y I nstr u m e nt f or X-r a y Lit h o c h e mistr y 

(PI X L; All w o o d et al., 2 0 1 5) w as us e d t o m a p t h e el e m e nt al c o m p o siti o n of c ut a n d p oli s h e d sl a b 

s urf a c es  wit h X -r a y fl u or es c e n c e, a n d t o g ui d e mi cr o s a m pli n g of d ol o mit e p h as es, s o m e of w hi c h ar e 

c h ar a ct eri z e d  b y v ari a bl e F e c o nt e nt. X -r a ys w er e g e n er at e d b y a r h o di u m a n o d e X -r a y t u b e o p er ati n g at 
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2 8 k V a n d f o c us e d t o a 1 0 0 µ m a n al yti c al s p ot b y a gl ass p ol y c a pill ar y o pti c m a n uf a ct ur e d  b y X O S. T h e 

i nstr u m e nt w as r a st er e d a cr o ss t h e s c a n ar e a usi n g a n X Y Z st a g e w hil e fl u or es c e d a n d s c att er e d x -r a y s 

w er e d et e ct e d b y o n e or m or e A m pt e k sili c o n drift d e t e ct ors. D at a c u b es w er e pr o c ess e d usi n g 

W a v e m etri cs I g or s oft w ar e, w hi c h w as als o us e d t o g e n er at e el e m e nt i nt e nsit y m a ps a n d s u m m e d 

s p e ctr a f or s el e ct e d r o c k c o m p o n e nts.  

3. 3  Mi cr os a m pli n g  
H a n d s a m pl es w er e c ut a n d p olis h e d usi n g d e -i o ni z e d w at er, di am o n d r o c k s a ws a n d al u mi n a grit pri or 

t o b ei n g mi cr o s a m pl e d usi n g a N e w W a v e R es e ar c h 1 0 1 3 1 6 s eri es mi cr o mill. C ar b o n at e p h as es w er e 

i d e ntifi e d i n sit u usi n g S E M -E D S, mi cr o -X R F  a n d st a n d ar d p etr o gr a p hi c t e c h ni q u es a p pli e d t o t hi n 

s e cti o ns pr e p ar e d fr o m t h e f a c e s of o p p osi n g sl a bs. Fr es h s c al p els a n d T efl o n s a m pl e c o nt ai n ers w er e 

us e d t o r e m o v e a n d w ei g h mi cr o mill p o w d ers. Drill bits w er e cl e a n e d wit h et h a n ol a n d sl a bs w er e 

s o ni c at e d b et w e e n s a m pli n g r u ns. S a m pl es w er e w ei g h e d usi n g a M ettl er T ol e d o X P E 2 0 5 a n al yt i c al 

b al a n c e pri or t o g e o c h e mi c al a n al ys e s.  

3. 4  St a bl e c ar b o n at 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  
St a bl e c ar b o n at 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 w er e p erf or m e d at t h e U ni v ersit y of Mi c hi g a n 

St a bl e Is ot o p e L a b or at or y. Mi cr o mill e d c ar b o n at e s a m pl es w ei g h i n g a mi ni m u m of 1 0 mi cr o gr a m s w er e 

pl a c e d i n st ai nl ess st e el b o ats pri or t o b ei n g h e at e d t o 2 0 0° C i n v a c u u m f or o n e h o ur t o r e m o v e v ol atil e 

c o nt a mi n a nts a n d w at er.  S a m pl es w er e t h e n pl a c e d i n i n di vi d u al b or osili c at e r e a cti o n v ess els a n d 

r e a ct e d at 7 7° ± 1° C wit h 4 dr o ps of a n h y dr o us p h o s p h ori c a ci d f or 8 mi n ut es i n a Fi n ni g a n M A T Ki el I V 

pr e p ar ati o n d e vi c e c o u pl e d dir e ctl y t o t h e i nl et of a Fi n ni g a n M A T 2 5 3 tri pl e c oll e ct or is ot o p e r ati o m ass 

s p e ctr o m et er.  1 7 O -c orr e ct e d d at a w er e f urt h er c orr e ct e d f or a ci d fr a cti o n ati o n a n d s o ur c e mi xi n g b y 

c ali br ati o n t o a b est -fit r e gr essi o n li n e d efi n e d b y t w o N B S st a n d ar ds: N B S 1 8 a n d N B S 1 9.  Pr e cisi o n a n d 

a c c ur a c y of d at a w er e m o nit or e d t hr o u g h d ail y a n al y sis of a v ari et y of p o w d er e d c ar b o n at e st a n d ar ds.  

All m e as u r e d is ot o p e r ati o v al u es ar e r e p ort e d i n st a n d ar d d elt a ( δ ) n ot ati o n w h er e δ 1 3 C  = ( R S a / R St d  –

 1) ‰, a n d R S a  a n d R St d  ar e t h e is ot o p e r ati o of t h e s a m pl e a n d t h e Vi e n n a P e e D e e B el e m nit e ( V P D B) 

is ot o p e st a n d ar d, r e s p e cti v el y. M e as ur e d pr e cisi o n is b ett er t h a n 0. 1 ‰ f or b ot h 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 ns. 
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3. 5  B ul k st a bl e or g a ni c c ar b o n is ot o p e a n al ys es 

3. 5. 1  M at eri als  
S ol v e nts, r e a g e nts, a n d l a b or at or y w ar es w er e cl e a n e d t h or o u g hl y b ef or e us e  a c c or di n g t o H all m a n et 

al. ( 2 0 1 1) t o r e m o v e all or g a ni c c o nt a min a nts. Gl ass w ar e a n d al u mi ni u m f oil w er e c o m b ust e d at 5 0 0 °C 

f or 8 h o urs. Q u art z s a n d w as c o m b ust e d at 8 5 0°C f or 1 2 h o urs. S ol v e nts ( n -h e x a n e, m et h a n ol a n d 

di c hl or o m et h a n e) us e d i n cl e a ni n g w er e of hi g h p urit y gr a d e ( O m ni S ol v, E M D C h e mi c als). Milli -Q w at er 

a n d h y dr o c hl ori c a ci d ( H Cl) us e d t o pr o c es s s a m pl es w er e cl e a n e d b y fi v e li q ui d -li q ui d e xtr a cti o ns wit h 

di c hl or o m et h a n e ( D C M). M et al t o ols w er e cl e a n e d wit h h e x a n e, D C M, a n d m et h a n ol ( M e O H). Cr us hi n g 

i nstr u m e nts w er e cl e a n e d b y gri n di n g wit h b a k e d q u art z sa n d a n d b y s u bs e q u e nt ultr as o ni c ati o n i n D C M 

a n d M e O H. P ol yt etr afl u or et h yl e n e ( T efl o n) pr o d u cts us e d i n a ci d di g esti o n w er e cl e a n e d b y b oili n g i n 

h y dr o g e n p er o xi d e f or 1 2 h o urs.  

3. 5. 2  S a m pl e pr e p ar ati o n  
A c o ni c al str o m at olit e (s a m pl e i d e ntifi er: 9-6 -1 0 -1) w as s e cti o n e d i nt o 6 l a y er s  c ut  p er p e n di c ul ar t o t h e 

v erti c al a xis of t h e str u ct ur e. E a c h l a y er w as c ut i nt o 4 q u a dr a nts. Q u a dr a nts w er e st or e d i n c o m b ust e d 

al u mi n u m f oil a n d h a n dl e d s p ari n gl y t o li mit t h e p ot e nti al f or c o nt a mi n ati o n. T w o q u a dr a nts fr o m e a c h 

of  t h e 6 l a y ers ( ~ 2 5 m g e a c h) a n d a b ul k s a m pl e ( ~ 1  k g) w er e p o w d er e d f or k er o g e n is ol ati o n usi n g a 

S h att er B o x p u c k mill. T h e p u c k mill w as cl e a n e d t h or o u g hl y b e t w e e n t h e p o w d eri n g of s a m pl es as 

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

3. 5. 3  K er o g e n is ol ati o n  
R o c k p o w d ers w er e d e mi n er ali z e d b y a ci difi c ati o n i n T efl o n t u b es t h at h a d b e e n pr e vi o usl y cl e a n e d usi n g 

h y dr o g e n p er o xi d e f oll o w e d b y s ol v e nts . T h e p o w d ers w er e t h e n c o v er e d wit h 1 2 N H Cl: Milli -Q w at er ( 1: 1 

( v: v); 6 N H Cl) a n d t he t u b e s w er e l eft f or ~ 2 4 h o urs, a git at e d p eri o di c all y, aft er w hi c h t h e s u p er n at a nts 

w er e d e c a nt e d a n d fr es h 6 N H Cl w as a d d e d t o e a c h T efl o n t u b e. Aft er t h e r e m o v al of all c ar b o n at e s, t h e 

p o w d ers w er e n e utr ali z e d usi n g Milli -Q w at er. Sili c at es w er e r e m o v e d t hr o u g h a n  a q u e o us h y dr ofl u ori c 

a ci d ( H F) di g esti o n. R o c k p o w d ers w er e c o v er e d wit h H F. T h e t u b es w er e a git at e d p eri o di c all y a n d l eft f or 

~ 2 4 h o urs, aft er w hi c h t h e s u p er n at a nts w er e d e c a nt e d a n d fr es h H F w as a d d e d. Aft er t h e r e m o v al of all 

sili c at es t h e r esi d u es w er e n e utr aliz e d us i n g Milli-Q w at er. T o e ns ur e t h e r e m o v al of a n y fl u ori d e -

pr e ci pit at e s t h at m a y h a v e f or m e d, t h e is ol at e d k er o g e ns w er e tr e at e d a g ai n wit h 6 N H Cl f or ~ 2 4 hrs. T h e 

is ol at e d k er o g e ns w er e s us p e n d e d i n Milli-Q w at er a n d p ell et e d b y c e ntrif u g ati o n. T h e s u p er n at a nts w er e 

d e c a nt e d a n d t h e k er o g e ns w er e tr a nsf err e d t o 4 ml vi als fill e d wit h 9: 1 D C M: M e O H. T h e  k er o g e ns w er e 

t h e n dri e d a n d w ei g h e d.  

3. 5. 4  E A -I R M S a n al ys es 
R o c k p o w d ers f or k er o g e n is ot o p e m e as ur e m e nts w er e d e mi n er ali z e d as d es cri b e d a b o v e. 

M e as ur e m e nts w er e r u n i n tri pli c at e wit h e a c h m e as ur e m e nt c o ns u mi n g 0. 3 -0. 5  m g of is ol at e d k er o g e n. 

C ar b o n is ot o pi c c o m p o siti o ns w er e d et er mi n e d usi n g a Fis o ns I nstr u m e nts N A 1 5 0 0 N C el e m e nt al 

a n al y z er c o u pl e d t o a T h er m o -Fi n ni g a n D elt a Pl us X P is ot o p e r ati o m ass s p e ctr o m et er . Is ot o pi c 

r ef er e n c e st a n d ar ds w er e o bt ai n e d fr o m Ar n dt S c hi m m el m a n n of I n di a n a U ni v ersit y . M ulti pl e MI T 

l a b or at or y st a n d ar ds of a c et a nili d e, s u cr o s e, ur e a, a cr u d e oil, atr o pi n e , c y cl o h e x a n o n e a n d a 

N e o ar c h e a n k er o g e n c o m p o sit e ( Ei g e n br o d e a n d Fr e e m a n, 2 00 6) w er e als o m e as ur e d f or c ali br ati o n, 

n or m aliz ati o n  a n d T O C q u a ntifi c ati o n. All a n al ys es ar e r e p ort e d i n st a n d ar d d elt a ( δ ) n ot ati o n ( ‰, 

V P D B).   
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3. 6  SI M S st a bl e or g a ni c c ar b o n is ot o p e a n al ys es  
SI M S m o u nts w er e pr e p ar e d fr o m h a n d s a m pl es c oll e ct e d fr o m Str ell e y P o ol F or m ati o n o ut cr o p. 

A n al yti c al st a n d ar ds w er e t o p m o u nt e d i n t hi n s e cti o ns usi n g a 0. 3 m m drill bit m o u nt e d t o a c o m p ut er 

c o ntr oll e d mi cr o mill. St a n d ar ds w er e pl a c e d i n mi cr o mill e d h ol es usi n g t w e e z ers a n d e p o xi e d i n pl a c e 

pri or t o a n a d diti o n al r o u n d of p olis hi n g usi n g al u mi n a. Aft er  p etr o gr a p hi c w or k a n d t ar g et a c q uisiti o n 

usi n g li g ht mi cr o s c o p es a n d v ari a bl e pr ess ur e S E M m o d es , a n d im m e di at el y pri or t o SI M S a n al y sis, 

m o u nts w er e c o at e d wit h ~ 1 0 0 n m of g ol d a n d all o w e d t o d e g as f or 1 2 h o urs i n t h e 1 0 8 t orr v a c u u m of 

t h e Wis c SI M S i nstr u m e nt airl o c k. W e g e n er all y  f oll o w e d t h e SI M S t e c h ni q u es d es cri b e d b y Kit a et al. 

( 2 0 0 9), V all e y a n d Kit a ( 2 0 0 9), Willif or d et al. ( 2 0 1 6; 2 0 1 1) a n d Us hi k u b o et al. ( 2 0 1 4). T h e s m all n at ur e 

of or g a ni c d o m ai ns a n d t h e pr es e n c e of C i n t h e s urr o u n di n g c ar b o n at e m atri x n e c e ssit at e d a < 6 µ m 

b e a m a n d s u b-µ m b e a m p o siti o ni n g a c c ur a c y. A n al ys es of or g a ni c C i n a n i n or g a ni c C m atri x is p o ssi bl e 

d u e t o  t h e l o w C − pr o d u cti o n i n c ar b o n at e r el ati v e t o or g a ni c c ar b o n. C ar b o n at e c ar b o n di d n ot 

c o ntri b ut e si g nifi c a ntl y t o SI M S m e as ur e m e nts of or g a ni c d o m ai ns b e c a us e it h as a si g nifi c a ntl y l o w er 

i o ni z ati o n effi ci e n c y c o m p ar e d t o or g a ni c c ar b o n, a n d d ol o mit e is 1 3 % C b y m ass c o m p ar e d t o 6 0 

t o > 9 0 % C b y m ass f or s e di m e nt ar y or g a ni c m att er. D uri n g a n al y s es, a pri m ar y b e a m of 1 3 3 Cs + w as 

f o c us e d o n t h e s urf a c es of s a m pl es. B e a m di a m et er v ari e d b y < 1  µ m, a n d i nt e nsit y v ari e d d e p e n di n g 

u p o n i nstr u m e nt c o n diti o ns . Tot al i m p a ct e n er g y w as m ai nt ai n e d at 2 0 k e V  a n d t h e s e c o n d ar y -i o n 

a c c el er ati n g v olt a g e w as m ai nt ai n e d at 1 0 k e V. A n el e ctr o n g u n ori e nt e d n or m al t o t h e s a m pl e s urf a c e , 

a n d t h e g ol d c o ati n g a p pli e d t o t h e s a m pl e, pr o vi d e d c h ar g e c o m p e ns ati o n. S e c o n d ar y i o ns of t h e m aj or 

a n d mi n or C is ot o p es w er e c ol l e ct e d usi n g F ar a d a y c u p d et e ct ors. Hy dri d e i o ns ( e. g. 1 3 C H) w er e 

m e as ur e d si m ult a n e o usl y. E a c h a n al ysis c o nsist e d a n  i nt er v al f or (i) pr e-s p utt eri n g t o p e n etr at e t h e g ol d 

c o ati n g a n d a n y mi n or s urf a c e c o nt a mi n ati o n, (ii) c e nt eri n g s e c o n d ar y i o ns i n t h e fi el d a p ert ur e, a n d (iii) 

is ot o p e r ati o m e as ur e m e nt. C orr e cti o n f or t h e s u m of m ass fr a cti o n ati o n eff e cts i nt er n al t o t h e SI M S 

i nstr u m e nt ( bi as) w as a c hi e v e d usi n g t h e f oll o wi n g al p h a c orr e cti o n:  

 
α = ( 1 0 0 0 + δ 1 3 C r a w) / ( 1 0 0 0 + δ 1 3 C Tr u e )  
 
H er e, α is bi as, δ 1 3 C r a w is t h e u n c orr e ct e d v al u e f or a st a n d ar d a n al y sis, a n d δ 1 3 C Tr u e  is t h e v al u e f or t h e 

st a n d ar d as d et er mi n e d b y c o n v e nti o n al, g as -s o ur c e is ot o p e r ati o m ass s p e ctr o m etr y. E a c h s et of ~ 1 0 

u n k n o w n s a m pl e a n al y s es w as br a c k et e d b y f o ur a n al y s es of a w or k i n g st a n d ar d ( U W L A-1) t o p m o u nt e d 

i nt o t h e s p e ci m e n. B i as a n d e xt er n al pr e cisi o n ar e d efi n e d f or e a c h br a c k et as t h e a v er a g e α, a n d t w o 

st a n d ar d d e vi ati o ns ( 2 S D, e x pr ess e d i n p er mil) of t h e ei g ht st a n d ar d a n al y s es, r es p e cti v el y. I nt er n al 

pr e cisi o n is d efi n e d a s t w o st a n d ar d err ors ( 2 S E) of t h e i n di vi d u al is ot o p e r ati o s c al c ul at e d fr o m m ulti pl e 

m e as ur e m e nt c y cl es wit hi n e a c h a n al y sis. A v er a g e c o u nt r at e s f or t h e m aj or i o n (1 2 C) w er e  als o 

c al c ul at e d usi n g t h e  m ulti pl e m e as ur e m e nt c y cl es p erf or m e d d uri n g e a c h  a n al ysis, a n d ar e  r e p ort e d as a 

p er c e nt a g e r el ati v e t o t h e a v er a g e f or t h e ei g ht br a c k eti n g st a n d ar d a n al y s es as 1 2 C r el. Usi n g a pr ot o c ol 

d es cri b e d b y Willif or d et al. ( 2 0 1 6) f or d at a q u alit y ass ur a n c e w h e n m e as uri n g mi x e d p h as es at l o w 

c o u nt r at e s  (s e e Fi g ur e S 4 ), w e r ej e ct e d a n al y s es wit h t ot al 1 2 C c o u nts l ess t h a n 2 0 % of t h e a v er a g e 

v al u e o bt ai n e d fr o m t h e t o p -m o u nt e d st a n d ar d ( 5. 7 x 1 0 7  c o u nts).  

Bi as c orr e cti o n w as s u p pl e m e nt e d b y a n a d diti o n al c orr e cti o n f or H/ C usi n g st a n d ar ds a n d v al u es 

m e as ur e d usi n g g as -s o ur c e is ot o p e r ati o m ass s p e ctr o m etr y  ( Willif or d et al., 2 0 1 6) . At t h e b e gi n ni n g of 

e a c h SI M S s essi o n, si x of t h e st a n d ar ds ( B alti c A m b er, S H 9 5 S 1 a, U W H A-1, U WJ A -1, U W L A -1, U W M A -1) 

w er e a n al y z e d m ulti pl e ti m es, br a c k et e d b y a n al y s es of t h e pri m ar y w or ki n g st a n d ar d U W L A -1. M ass 1 4 
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(1 3 C H) w as m e as ur e d si m ult a n e o usl y wit h 1 2 C H a n d 1 3 C H a n d us e d t o c al c ul at e 1 3 C H/ 1 3 C. A li n e ar 

r e gr essi o n w as c al c ul at e d usi n g diff er e nti al bi as ( α *, or t h e r ati o of t h e bi as f or a gi v e n or g a ni c st a n d ar d 

t o t h e bi as f or f o ur br a c k eti n g a n al y s es of U W L A-1) a n d 1 3 C H/ 1 3 C. Diff er e nti al bi as is d efi n e d as t h e r ati o 

of bi as f or e a c h c ali br ati o n s t a n d ar d t o bi as f or U W L A-1 d uri n g t h e c ali br ati o n r o uti n e. T his m et h o d 

p er mits c al c ul ati o n of α * f or e a c h s a m pl e a n al y sis usi n g 1 3 C H/ 1 3 C. F or e a c h δ 1 3 C a n al y sis of or g a ni c 

m att er i n d ol o miti c l a mi n a e, t ot al bi as c orr e cti o n w as a c hi e v e d usi n g t h e f oll o wi n g e q u ati o n:  

δ 1 3 C = ( 1 0 0 0 + δ 1 3 C r a w) / ( α x α *) - 1 0 0 0  

I n or d er t o c o nfir m t h e l o c ati o n of SI M S a n al ys e s, w e r e m o v e d t h e g ol d c o at a p pli e d t o m o u nts usi n g 

c y a ni d e i n a pr o c ess b as e d o n t h at d es cri b e d b y L esli e a n d Mit c h ell ( 2 0 0 7), a n d t h e n a c q uir e d S E M 

i m a g es of SI M S pits. SI M S m o u nts w er e li g htl y p olis h e d usi n g 0. 1 µ m al u mi n a o n a n yl o n p a d t o r e m o v e 

t h e m aj orit y of t h e g ol d c o at. M o u nts w er e t h e n pl a c e d i n a ~ 1 0 c m di a m et er gl ass j ar o n a c ar d b o ar d 

pl atf or m a b o v e ~ 1 g of p ot assi u m c y a ni d e wr a p p e d i n a w et p a p er t o w el. T h e j ar li d w as s e al e d usi n g 

p ar afil m a n d t h e j ar w as l eft t o sit f or 3 d a y s i n a f u m e h o o d, d uri n g w hi c h ti m e w at er v a p or a n d 

h y dr o g e n c y a ni d e g as w er e pr o d u c e d, a n d t h e g ol d w as m o bili z e d i n A u( C N )− 2  i o ns. SI M S m o u nts w er e 

r e m o v e d fr o m th e j ar a n d ri ns e d wit h d e -i o ni z e d w at er pri or t o s o ni c ati o n f or 2 mi n ut e s i n a b e a k er 

fill e d wit h et h a n ol, a n d t h e n a g ai n f or 2 mi n ut e s i n d e -i o ni z e d w at er. T h e m o u nts w er e dri e d usi n g 

ultr a p ur e nitr o g e n g as pri or t o S E M i m a gi n g usi n g b a c ks c att er e d el e ctr o n m o d es  t o c o nfir m t h e g ol d 

c o at h a d b e e n r e m o v e d. A 3 n m pl ati n u m -p all a di u m c o at w as r e a p pli e d f or fi n al S E M pit i m a gi n g.  

3. 7  Mi cr o -R a m a n S p e ctr os c o p y  
E x p eri m e nt al mi cr o -R a m a n s p e ctr a w er e a c q uir e d usi n g a n  H ori b a L a b R A M  8 0 0 H R s p e ctr o m et er 

e q ui p p e d wit h a H e -N e ( 6 3 2. 8 1 7 n m) l as er as t h e e x cit ati o n s o ur c e a n d a P elti er -c o ol e d C C D d et e ct or. 

T h e l as er w as f o c us e d o n t h e s a m pl e wit h a 4 0 0 n m c o nf o c al h ol e usi n g t h e 1 0 0 X o bj e cti v e u n d er 

r efl e ct e d ill u mi n ati o n. T h e l as er s p ot o n t h e s a m pl e w as ~ 8 0 0 n m i n di a m et er a n d h a d a p o w er of ~ 0. 4 

m W or b el o w a t t h e s a m pl e s urf a c e. A c ali br at e d e d g e hi g h b a n d filt er (l o w e st w a v e n u m b er: ~ 7 0 c m -1 ) 

w as us e d t o mi ni mi z e t h e el asti c b a c ks c att er e d si g n al. A mi n i m u m of 1 0 i n d e p e n d e nt s p ots w er e 

a n al y z e d o n e a c h s a m pl e a n d d at a w er e c oll e ct e d fr o m 5 t o 6 0 s e c o n ds p er s p ot d e p e n di n g u p o n t h e 

R a m a n/fl u or es c e n c e i nt e nsit y. T h e f ull s p e ctr al wi n d o w f or e a c h a c q uisiti o n w as  -5 0 t o 4 0 0 0 c m -1 . T o 

r e d u c e t h e a m o u nt of artif a cts i ntr o d u c e d b y s u btr a cti o n of t h e hi g hl y n o n -li n e ar b a c k gr o u n d o v er t h e 

f ull s p e ctr a, t h e s p e ctr a w er e br o k e n d o w n i nt o s e v er al r e gi o ns of i nt er est. T h e first -or d er s p e ctr al 

wi n d o w f or t h e or g a ni c r e gi o n w as t a k e n fr o m 1 0 0 0 t o 1 8 0 0 c m -1 . T h e b a c k gr o u n d s u btr a cti o n i n t his 

s p e ctr al wi n d o w w as p erf or m e d usi n g 2 t h or d er p ol y n o mi al f u n cti o ns wit hi n t h e s el e ct e d r e gi o n. P e a k 

fitti n g w as c arri e d o ut usi n g H ori b a L a b S p e c 5. S p e ctr al fitti n g w as c arri e d o ut b as e d o n F err alis et al. 

( 2 0 1 6). T h e fit w as  i niti ali z e d wit h t h e i n cl usi o n of t h e D 4, D 5, D 1, D 3, G + D 2 p e a ks ( wit h i niti aliz ati o n 

p o siti o n s  at: 1 1 5 0, 1 2 6 0, 1 3 3 0, 1 4 5 0, 1 5 8 0 a n d 1 6 0 0 c m -1 , r es p e cti v el y). Th e m a xi m u m all o w e d p e a k 

wi dt h w as  1 0 0 c m -1 . If D 2 w as dis c er ni bl e fr o m G  a s e p ar at e p e a k w as  fit at 1 6 0 0 c m-1 , ot h er wis e t h e 

p e a k w as d e n ot e d as “ G ” r e pr es e nt i n g t h e c u m ul ativ e G + D 2. T h e o pti m al p e a k fit w as  a c hi e v e d w h e n 

t h e st a n d ar d err or b et w e e n t h e fit r es ult a n d t h e r a w d at a c o n v er g e d t o its s m all est v al u e ( t h e 

c o n v er g e d st a n d ar d err or v ari e d d e p e n d i n g o n t h e l e v el of n ois e i n e a c h s p e ctr a). T h e p e a ks at 1 4 0 0 a n d 

1 5 0 0 w er e r e d u c e d t o a  si n gl e p e a k d uri n g t h e fitti n g  if t h at l e d t o a l o w er st a n d ar d err or. P e a k fitti n g 

w as c arri e d o ut usi n g Ps e u d o V oi gt pr ofil es, a li n e ar c o m bi n ati o n of a G a ussi a n a n d a L or e nt zi a n. P e a k 

i nt e nsiti es w er e a v er a g e d o v er m ulti pl e a c q uisiti o ns f or t h e e xtr a cti o n of p e a k i nt e nsit y r ati o s.  
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4  R es ult s  

4. 1  P etr o gr a p h y  
Fi el d o bs er v ati o ns i n di c at e t h e mi cr os a m pl e d sl a bs ( Fi g ur e 3 ) b el o n g t o di v ers e f a ci es. S a m pl es 1 0-7 -0 7 -

6 a, 9 -6 -1 0 -1 -sl a b 1, I B O -4, 9 -7 -0 7 -2 b a n d 1 3 -7 -0 7 -2 a r e pr es e nt str o m at oliti c m at eri al. S a m pl e 1 0 -7 -0 7 -4 a 

is a sl a b pr e p ar e d fr o m a u nit of a ci c ul ar cr y st al ps e u do m or p hs. T hi n s e cti o n o pti c al li g ht p etr o gr a p h y, as 

w ell as S E M -E D S a n d mi cr o -X R F a n al ys es, s u g g est all s a m pl es c o nsist of d ol o mit e a n d c h ert 

i nt erl a mi n at e d o n a µ m t o m m s c al e (Fi g ur e 4 ). T h e l a mi n at e d c h ert is p etr o gr a p hi c all y di v ers e. 

Mi cr of a bri cs a n d i n cl usi o ns s u g g est it li k el y ori gi n at e d i n m ulti pl e p h as es of p o st-d e p o siti o n al 

sili cifi c ati o n of s e di m e nt ar y c ar b o n at e. Cr o ss -c utti n g bl a c k c h ert v ei n l ets visi bl e i n s o m e p olis h e d sl a bs 

a n d t hi n s e cti o ns ar e r el at e d t o s y n d e p o siti o n al h y dr ot h er m al a cti vit y (S u git a ni et al., 2 0 1 5; V a n 

Kr a n e n d o n k, 2 0 0 6) . T hr e e d ol o mit e p h as es c o m p ar a bl e t o t h o s e pr e vi o usl y d es cri b e d b y All w o o d et al 

( 2 0 0 9) w er e i d e ntifi e d  i n t hi n s e cti o ns a n d i n c ut sl a bs. D 1 c o nsists of r e cr y st alliz e d, e q ui gr a n ul ar, 

a n h e dr al d ol o mit e cr y st als i n a s ut ur e d m o s ai c. D 2 c o nsists of v er y fi n e -gr ai n e d a n h e dr al cr y st als 

o c c urri n g ar o u n d t h e m ar gi ns of l ar g er d ol o mit e cr yst als, at t h e c e nt ers of D 1 l a mi n a e, a n d at t h e 

c o nt a cts b et w e e n c h ert a n d d ol o miti c l a mi n a e. D 3 c o nsists of e q ui gr a n ul ar, e u h e dr al d ol o mit e r h o m bs 

e x hi biti n g o v er gr o wt hs t h at ar e visi bl e i n tr a ns mitt e d li g ht a n d b a c ks c att er e d el e ctr o n S E M m o d es.  

L a mi n a e c o m p o s e d pr e d o mi n a ntl y of  D 3 d ol o mit e ar e t y pi c all y dis c er n a bl e i n c ut sl a bs as li g ht er -t o n e d 

z o n es, a n d as z o n es of hi g h er ir o n c o nt e nt i n mi cr o -X R F a n d S E M -E D S el e m e nt m a ps  ( S u p pl e m e nt ar y 

Fi g ur es S 1 -S 3) . 

D o m ai ns of or g a ni c m att er ( O M) t ar g et e d b y o ur SI M S a n al ys e s r a n g e i n si z e fr o m 1-1 0 µ m a n d o c c ur at 

t h e b o u n d ari es of D 2 d ol o mit e cr yst als i n s a m pl e 9-7 -0 7 -2 b. T h es e z o n es ar e r e stri ct e d t o t h e tri pl e 

p oi nts of D 2 d ol o mit e cr y st als i n t w o ~ 1 m m t hi c k l a mi n a e, w h er e t h e O M is oft e n ass o ci at e d wit h µ m -

s c al e a g gr e g at e s of a Ti -ri c h mi n er al, p o ssi bl y r util e. O M als o o c c urs i n o xi di z e d fr a ct ur es ass o ci at e d wit h 

ar e as of r e c e nt w e at h eri n g. W h e n e x a mi n e d i n hi g hl y -p olis h e d t hi n s e cti o ns , or g a ni c d o m ai ns o c c urri n g 

wit hi n D 2 d ol o mit e l a mi n a e a p p e ar bl a c k i n tr a ns mitt e d li g ht a n d y ell o w i n  r efl e ct e d li g ht. All SI M S 

t ar g et s w er e c o nfir m e d usi n g tr a ns mitt e d a n d r efl e ct e d li g ht mi cr o s c o p y a n d S E M -E D S. E p o x y -fill e d 

h ol es als o o c c ur i n o ur SI M S m o u nts, b ut c a n b e disti n g uis h e d fr o m i n di g e n o us O M b y t h eir cl e ar 

a p p e ar a n c e i n tr a ns mitt e d li g ht a n d  t h e pr es e n c e of a Cl p e a k i n S E M-E D S s p e ctr a. I n cl usi o ns of 

d ol o mit e, sili c a, s ulfi d es a n d ir o n o xi d es ar e pr es e nt i n s o m e or g a ni c d o m ai ns, b ut  w e di d n ot r e c o g ni z e  

t e xt ur al c at e g ori es  of O M b as e d o n o bs er v ati o ns m a d e usi n g r efl e ct e d li g ht or s c a n ni n g el e ctr o n 

mi cr o s c o p y .  

4. 2  Mi cr os a m pl e d st a bl e c ar b o n at e c ar b o n a n d o x y g e n is ot o p e d at a  
T h e r es ults of st a bl e c ar b o n at 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 ar e s h o w n i n P etr o gr a p hi c t hi n 

s e cti o n s h o w n i n tr a ns mitt e d li g ht ( T L) a n d i n el e m e nt i nt e nsit y m a ps o bt ai n e d usi n g mi cr o -X R F. N ot e 

t h e alt er n ati n g Si- (sili c a) a n d C a-ri c h ( d ol o miti c) l a mi n a e. D 3 ( s e c o n d ar y) d ol o mit e is visi bl e as ar e as 

e nri c h e d i n F e.  

Fi g ur e 5  a n d T a bl e 1 . C ar b o n at e δ 1 3 C  d at a r a n g e + 1. 8  t o + 3. 1 ‰ a n d  cl ust er ar o u n d a m e a n of + 2 . 8 ‰, 

w hi c h is si g nifi c a ntl y h e a vi er t h a n v al u es o bt ai n e d f or t h e m aj orit y of Pr e c a m bri a n c ar b o n at es d e p o sit e d 

i n o p e n m ari n e c o n diti o ns ( S hi el ds a n d V ei z er, 2 0 0 2). Si g nifi c a nt d e vi ati o ns t o w ar ds li g ht er v al u es o c c ur 

i n l a mi n a e c o nt ai ni n g D 3 d ol o mit e.  
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O ur  δ 1 8 O v al u es r a n g e fr o m -1 5. 4 t o -9. 4 ‰, w hi c h is si mil ar t o v al u es o bt ai n e d fr o m m a n y ot h er 

Pr e c a m bri a n c ar b o n at e pl atf or m s ( S hi el ds a n d V ei z er, 2 0 0 2). T h er e is a str o n g c orr el ati o n b et w e e n l o w 

δ 1 3 C a n d l o w δ 1 8 O v al u es o bt ai n e d fr o m D 3 d ol o mit e l a y ers, s u g g esti n g s o m e r es etti n g of δ 1 8 O v al u es b y 

di a g e n eti c fl ui ds a n d/ or r e mi n er ali z ati o n of hi g hl y 1 3 C -d e pl et e d or g a ni c m att er ( cf. Fis c h er, 2 0 0 9).  

4. 3  B ul k st a bl e or g a ni c c ar b o n is ot o p e d at a  
T h e r es ults of s p ati all y -r es ol v e d, b ul k st a bl e or g a ni c c ar b o n is ot o p e a n al ys es ar e s h o w n i n Fi g ur e 6  a n d 

T a bl e 2 . Or g a ni c δ 1 3 C d at a r a n g e -3 3. 6 t o -2 6. 1 ‰  a n d a v er a g e -2 8. 5 ‰.  T h e st a n d ar d d e vi ati o n fr o m t h e 

m e a n f or k er o g e n s a m pl es r e a c h es 1. 3 4  ‰ d u e pri m aril y t o o utli ers t h at ar e pr es e nt i n e a c h s a m pl e s et. 

H o w e v er, t h e st a n d ar d d e vi ati o n fr o m t h e m e a n f or all a n al yti c al st a n d ar ds ( Ar n dt a c et a nili d e, s u cr o s e, 

ur e a, cr u d e oil, atr o pi n e, a n d c y cl o h e x a n o n e) is l ess t h a n 0. 1 9  ‰.  

4. 4  SI M S st a bl e or g a ni c c ar b o n is ot o p e a n al ys es  
W e m e as ur e d or g a ni c d o m ai ns pr es e nt at t h e tri pl e j u n cti o ns of D 2 d ol o mit e i n t w o d ol o miti c l a mi n a e 

s e p ar at e d b y sili c a -ri c h l a mi n a e i n a SI M S m o u nt pr e p ar e d fr o m h a n d s a m pl e 9 -7 -0 7 -2 B ( Fi g ur e 7 ). A 

t ot al of 1 0 0 a n al y s es w er e m a d e o n 7 7 t ar g ets (S u p pl e m e nt ar y Fi g ur e s  7 & 8 ; S u p pl e m e n t ar y T a bl e 2). 

A n al ys e s w h er e 1 2 C c o u nt r at e s e x c e e d e d 2 0  % of t h e a v er a g e c o u nt r at e o bt ai n e d f or a n al y s es of t h e 

a nt hr a cit e st a n d ar d ar e s h o w n i n  Fi g ur e 8 . Of t h e 7 5 a n al ys e s e x c e e di n g t his t hr es h ol d, 6 7 a c hi e v e d s u b-

p er mil i nt er n al pr e cisi o n. T h e r e m ai n i n g 9 a n al y s es, w hi c h ar e cl o s er t o t h e 2 0 % c o u nt r at e t hr es h ol d, 

a c hi e v e d a n i nt er n al pr e cisi o n of 1 t o 1. 6  ‰ ± 2 S E. P o or er i nt er n al pr e cisi o n is als o ass o ci at e d wit h 

h et er o g e n eit y at d e pt h wit hi n t h e t ar g et. 6 4 of t h e a n al ys e s e x c e e di n g t h e c o u nt r at e t hr es h ol d 

a c hi e v e d s u b -p er mil e xt er n al pr e cisi o n, a n d t h e r e m ai ni n g 1 1 a c hi e v e d a n e xt er n al pr e cisi o n of 1 –  

1. 7 ‰. δ 1 3 C or g  v al u es o bt ai n e d b y SI M S r a n g e -3 2 t o -4 2  ‰. M o st of o ur v al u es cl ust er ar o u n d a m e a n of -

3 5 ‰. H o w e v er, a bi m o d al distri b uti o n is s u g g est e d b y a n a d diti o n al p o p ul ati o n of l o w er v al u es 

(S u p pl e m e nt ar y Fi g ur e 7 ). Is ot o pi c diff er e n c es w er e n ot o bs er v e d t o c orr el at e wit h i n cl usi o ns or t e xt ur al 

diff er e n c es  ( S u p pl e m e nt ar y Fi g ur e 8 ). T h e hi g h e xt er n al pr e cisi o n of a n al y s es  (± 1 ‰, 2 S D)  c o m p ar e d  t o 

t h e 1 0  ‰ r a n g e of δ 1 3 C or g  v al u es s u g g est s t h at m o st of t h e o bs er v e d is ot o pi c v ari ati o n r e pr es e nts n at ur al 

h et er o g e n eit y  i n Str ell e y P o ol F or m ati o n or g a ni c m att er  r at h er t h a n a n al yti c al artif a cts . W h er e m ulti pl e 

a n al ys e s w er e m a d e of t h e s a m e or g a ni c d o m ai n, i ntr a -d o m ai n v ari a bilit y is at m ost  1. 9  ‰.  

4. 5  Mi cr o -R a m a n s p e ctr os c o p y a n d str u ct ur al h o m o g e n eit y  
Mi cr o s c al e s p ati al r es ol uti o n aff or d e d b y l as er R a m a n s p e ctr o s c o p y all o w e d c h ar a ct eri z ati o n of 

c h e mi c al a n d str u ct ur al h et er o g e n eit y of k er o g e n a cr oss a n d wit hi n s u b c o m p o n e nts of s a m pl e ‘ 9 -6 -1 0 -1 

S L A B -1’ . T h e d e gr e e of c h e mi c al a n d str u ct ur al v ari a bilit y w as q u a ntifi e d t hr o u g h t h e a n al y sis of 

i n di vi d u al s p e ctr al f e at ur es e xtr a ct e d fr o m o pti mi z e d p e a k fitti n g.   D 4 + D 5/ G v al u es ar e r e p ort e d i n 

T a bl e 2. S o m e  of t h e s u b c o m p o n e nts (f or e x a m pl e s u bs a m pl es / 4/ S E a n d 5/ S E, S u p pl e m e nt ar y Fi g ur e 

1 0 ) e x hi bit s p e ctr al v ari ati o ns c o nsist e nt wit h c h e mi c al a n d str u ct ur al v ari a bilit y. T h e l att er is p arti c ul arl y 

n oti c e a bl e w h e n c o m p ari n g G b a n d s  wit h disti n ctl y diff er e nt f ull -wi dt h h alf m a xi m a ( F W H M). R at h er 

t h a n a c o nti n u o us r a n g e of F W H M v al u es, t w o gr o u ps c a n b e br o a dl y i d e ntifi e d b as e d o n t h e F W H M of 

t h e G p e a k ( Gr o u p 1:  ~ 6 3 1/ c m; Gr o u p 2: ~ 4 5 1/ c m). W hil e s o m e s u b c o m p o n e nts e x hi bit o nl y O M of 

gr o u p 1 (s u c h as s u bs a m ples / 1/ S E a n d 2/ S E), ot h ers h a v e b ot h ( s u bs a m pl es / 1/ N W, 2/ N W, / 4/ S E, 5/ S E 

a n d / 6/ S E) or o nl y gr o u p 2 ( s u bs a m pl es / 4/ N W, / 5/ N W a n d / 6/ N W). F W H M v al u es f or t h e G b a n d f or 

gr o u p 1 ar e si g nifi c a ntl y hi g h er t h a n t h os e i n s e mi gr a p hiti c c ar b o n ( b el o w ~ 4 5 1/ c m, ( Masl o v a et al., 

2 0 1 2; R a ntits c h et al., 2 0 1 6; Y o s hi d a et al., 2 0 0 6) , pr e cl u di n g t h e p o ssi bilit y of st a c ki n g, w hil e t h o s e i n 

gr o u p 2 ar e cl o s e t o t h e v al u es e x p e ct e d f or t ur b o str ati c gr a p hit e, s u g g esti n g t h e pr es e n c e of i niti al 
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st a c ki n g. B as e d o n t h e o bs er v e d diff er e n c e i n t h e wi dt h of t h e G b a n d, t h e t w o gr o u ps h a v e  diff er e nt 

ar o m ati c cl ust er si z es, w hi c h c a n b e q u a ntit ati v el y esti m at e d f or ( F W H M) G  b el o w ~ 5 0 1/ c m t o b e a b o ut 

~ 1 0 n m, s u c h as t h at i n gr o u p 2 ( M asl o v a et al., 2 0 1 2). F or b ot h gr o u ps, t h e D 1/ G i nt e nsit y r ati os ar e 

si g nifi c a ntl y l ar g er (i n e x c ess of 2) t h a n t h at of hi g h m at urit y a nt hr a cit e or s e mi gr a p hit e, w hi c h h a v e 

v al u es < 1 ( R a ntits c h et al., 2 0 1 6). R e g ar dl ess of t h e si z e of ar o m ati c cl ust ers i n e a c h gr o u p, b ot h e x hi bit a 

si g nifi c a nt d e gr e e of d is or d er wit hi n t h e ar o m ati c cl ust ers, p o ssi bl y i n t h e f or m of c ar b o n el e m e nt al 

s u bstit uti o n , or v a c a n ci es a n d d ef e ct s wit h a v er a g e dist a n c es  b et w e e n d ef e ct s of t h e or d er of 1 -2 n m 

( L u c c h es e et al., 2 0 1 0).  

5  Dis c ussi o n  

5. 1  Di a g e n eti c alt er ati o n of c ar b o n at e c ar b o n  is ot o p e v al u es 
T u c k er ( 1 9 8 2) s u g g est e d t h at m u c h Ar c h e a n d ol o mit e m a y h a v e pr e ci pit at e d dir e ctl y fr o m Ar c h e a n 
s e a w at er. Alt er n ati v el y, it is oft e n s u g g est e d t h at d ol o miti z ati o n o c c urs d uri n g e arl y di a g e n esis i n t h e 
pr es e n c e of gr o u n d w at er wit h a n i s ot o pi c c o m p o siti o n c o m p ar a bl e t o s e a w at er ( V ei z er a n d H o efs, 
1 9 7 6) . T h e i nt erl o c ki n g n at ur e of t h e d ol o mit e cr y st als st u di e d h er e, as w ell as gr o wt h ri m s a n d mi n er al 
i n cl usi o ns, i n di c at e t h at all of t h e d ol o mit e i n o ur s a m pl es h as b e e n r e cr y st alliz e d t o so m e d e gr e e . 
H o w e v er, t h e δ 1 3 C  v al u es w e o bt ai n e d f or D 1 / 2 d ol o mit e m a y s till r e c or d t h e is ot o pi c i nfl u e n c e of 
Ar c h e a n s e a w at er. O ur D 1/ 2 d ol o mit e δ 1 3 C c ar b v al u es  cl ust er ar o u n d a m e a n ( + 3. 0 ‰ ) t h at is h e a vi er 
t h a n t y pi c al v al u es o bt ai n e d fr o m c ar b o n at e pr e ci pit at e d i n o p e n m ari n e s etti n gs t hr o u g h o ut t h e 
g e ol o gi c al r e c or d [t h e gl o b al m e a n is cl o s e t o ~ 0 ‰ ( S hi el ds a n d V ei z er, 2 0 0 2)]. B e c a u s e di a g e n e si s 
t y pi c all y s hifts δ 1 3 C c ar b t o w ar d m or e d e pl et e d v al u es dri v e n b y is ot o pi c r e-e q uili br ati o n wit h or g a ni c 
c a r b o n, p o siti v e δ 1 3 C c ar b v al u es ar e oft e n i nt er pr et e d as r e pr es e nti n g r e stri ct e d m ari n e e n vir o n m e nts 
w h er ei n bi ol o gi c al pr o d u cti vit y s e q u est er e d si g nifi c a nt  1 2 C  s o ur c e d fr o m t h e l o c al DI C p o ol ( cf. M el e z hi k 
et al., 2 0 0 1). T his i nt er pr et ati o n is c o nsist e nt w it h s e di m e nt ol o gi c al e vi d e n c e f or p arti all y r estri ct e d 
c o n diti o ns d uri n g d e p o siti o n of t his p art of t h e Str ell e y P o ol F or m ati o n (i .e. T h e m et er -s c al e u nits of 
ps e u d o m or p h e d e v a p orit e mi n er als  first r e p ort e d b y All w o o d et al., 2 0 0 7).  

5. 2  P ossi bl e s o ur c es of or g a ni c m att er  
T h er e is littl e d e b at e as t o t h e ori gi n of or g a ni c m att er pr es e nt i n y o u n g er str o m at olit e s, w h er e l a mi n ar 

a c c u m ul ati o ns of or g a ni c c ar b o n ar e t y pi c all y i nt er pr et e d as h a vi n g d eri v e d fr o m a mi cr o bi al m at t h at 

w as pr es e nt d uri n g a c cr eti o n of t h e mi cr o bi al s e di m e nt ar y str u ct ur e . H o w e v er, t h e gr e at a g e of S P F 

str o m at olit es, t h eir v er y l o w or g a ni c c ar b o n c o nt e nt, a n d e vi d e n c e f or h y dr ot h er m al a cti vit y t h at c o ul d 

h a v e pr o vi d e d a n alt er n ati v e s o ur c e of r e d u c e d c ar b o n ( Li n ds a y et al., 2 0 0 5) i ntr o d u c es el e m e nts of 

a m bi g uit y t o t his i nt er pr et ati o n. T h e bi o g e ni cit y of S P F str o m at olit es w a s q u esti o n e d b y  L o w e ( 1 9 8 0), 

w h o w as  t h e first t o d es cri b e str o m at olit e s of t h e Str ell e y P o ol F or m ati o n a n d i niti all y c o nsi d er e d t h e m 

bi o g e ni c, b ut l at er b e c a m e  a pr o mi n e nt s c e pti c ( L o w e, 1 9 9 4). H of m a n n et al. ( 1 9 9 9) ar g u e d f or 

bi o g e ni cit y b as e d o n m or p h ol o gi c al c o m pl e xit y ( e. g. br a n c hi n g c ol u m ns) a n d c o m p aris o n t o y o u n g er 

str o m at olit es ( e. g. J a c ut o p h yt o n). S u bs e q u e nt  d et ail e d st u di es b y All w o o d et al. ( 2 0 0 9; 2 01 0; 2 0 0 6)  

f o c usi n g o n f a ci es-c o ntr oll e d m or p h ol o gi c al v ari ati o ns, as w ell as t e xt ur al a n d g e o c h e mi c al e vi d e n c e, 

h a v e l e d t o a g e n er al c o ns e ns us i n f a v o ur of a bi ol o gi c al ori gi n. M or e r e c e ntl y, mi cr of o ssils w er e 

d es cri b e d fr o m S P F s a n dst o n e ( S u git a ni et al., 2 0 1 0) a n d gl o b ul ar or g a ni c m at eri al w as r e p ort e d fr o m 

sili cifi e d S P F str o m at olit e s b y W a c e y ( 2 0 1 0) a n d D u d a et al. ( 2 0 1 6). L e p ot et al. ( 2 0 1 3) us e d SI M S t o 

m e as ur e  t h e is ot o pi c c o m p o siti o n of c ar b o n tr a p p e d wit hi n sili c a m atri x e s i n s a m pl es c oll e ct e d fr o m t h e 

S P F. T h e y r e p ort e d a -2 8 t o -4 0 ‰  r a n g e of δ 1 3 C or g  v al u es a n d s u g g est e d m ulti pl e m et a b oli c i n p uts . I n 

t his w or k, w e s h o w t h at s o m e O M als o o c c urs i n l a mi n ar a c c u m ul ati o ns wit hi n str o m at oliti c c ar b o n at e 
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a n d t h at it is c o n c e ntr at e d wit hi n d ol o mit e p h as es t h at pr e d at e sili cifi c ati o n a n d r e c e nt w e at h eri n g. T h e 

s p e ctr al c h ar a ct eristi cs of O M o bt ai n e d vi a R a m a n s p e ctr o s c o p y  ar e c o nsist e nt wit h gr e e nst o n e f a ci es 

m et a m or p his m. W e t h us c o nsi d er t h e or g a ni c m att er w e o bs er v e d wit hi n S P F str o m at olit e s t o b e 

i n di g e n o us, a n d, li k e O M r e p ort e d fr o m y o u n g er str o m at olit es, li k el y d eri v e d fr o m a mi cr o bi al m at t h at 

w as pr es e nt d uri n g a c cr eti o n. Alt er n ati v el y, a si g nifi c a nt fr a cti o n of t h e  or g a ni c m att er m a y b e d eri v e d 

fr o m all o c ht h o n o us s o ur c es, s u c h as  s y ns e di m e nt ar y e x h al ati v e h y dr o t h er m al a cti vit y. L ar g e, c r o ss-

c utti n g  bl a c k c h ert v ei ns t h at ar e ri c h i n or g a ni cs t er mi n at e els e w h er e wit hi n t h e f or m ati o n ( e. g. O e hl er 

et al., 2 0 0 9) , alt h o u g h t h e y w er e n ot o bs er v e d i n t h e o ut cr o p s a m pl e d f or t his st u d y. 

5. 3  Is ot o pi c e vi d e n c e f or m ulti pl e m et a b oli c i n p uts 
T h e g e n er all y  c o nsist e nt  (ε = ~ -2 6 ‰; S c hi dl o ws ki, 1 9 8 7)  is ot o pi c c o m p o siti o n of or g a ni c m att er r e p ort e d 

fr o m s e di m e nt ar y r o c ks t hr o u g h o ut t h e g e ol o gi c al r e c or d is wi d el y a c c e pt e d as e vi d e n c e f or t h e e arl y 

e v ol uti o n a n d c o nti n u o us o p er ati o n of a ut otr o p h y. N e w d at a r e p ort e d h er e , w hi c h i n cl u d es t h e ol d est 

r e p ort e d s y ns e di m e nt ar y  i n or g a ni c-or g a ni c c ar b o n is ot o p e p airs  fr o m a si g nifi c a nt c ar b o n at e s u c c es si o n, 

i n cl u d es b ul k δ 1 3 C or g  v al u es cl ust eri n g ar o u n d a m e a n of -2 8. 5 ‰ , w hi c h is t y pi c al f or R u bis c o-b as e d 

m et a b olis m . H o w e v er, t h es e v al u es d o n ot d efi niti v el y s h o w t h at mi cr o b es f i xi n g c ar b o n vi a t h e C al vi n 

c y cl e c o ntri b ut e d t h e m aj orit y of or g a ni c m at eri al t o b uri al, as ot h er m et a b olis m s ( e. g. t h e a c et yl -C o A 

p at h w a y) c a n pr o d u c e si mil ar fr a cti o n ati o ns. F urt h er m or e, m a n y of o ur d at a p oi nts s u g g est gr e at er 

fr a cti o n ati o n t h a n e x p e ct ed f or R u bis c o fi x ati o n al o n e. O M i n p ut fr o m m ulti pl e m et a b oli c p at h w a y s  is 

i n di c at e d b y t h e mi cr o s c al e is ot o pi c v ari a bilit y of O M c a pt ur e d b y o ur SI M S a n al y s es, w hi c h yi el d e d 

δ 1 3 C or g  v al u es as l o w as -4 2 ‰ . O n e p o ssi bl e e x pl a n ati o n f or t h e i n c o nsist e n c y b et w e e n δ 1 3 C or g  v al u es 

o bt ai n e d vi a SI M S m e as ur e m e nts, s o m e of w hi c h ar e v er y l o w, a n d t h e c o m p ar ati v el y hi g h er v al u es 

o bt ai n e d usi n g b ul k t e c h ni q u es, is t h at o nl y t h e l ar g est or g a ni c d o m ai ns w er e m e as ur e d b y SI M S.  If s u b -

mi cr o n c ar b o n a c e o us p arti cl es ar e pr es e nt , t h e y ar e t o o s m all t o b e t ar g et e d b y o ur  SI M S m e a s ur e m e nt 

t e c h ni q u e, a n d d u e t o t h eir s m all si z e t h e y ar e als o li k el y t o b e m or e s us c e pti bl e t o is ot o pi c r e -

e q uili br ati o n wit h s urr o u n di n g c ar b o n at e mi n er al p h as es. S u c h p arti cl es m a y b e pr es e nt i n t h e D 3 

d ol o mit e t h at c o ntri b ut e d or g a ni c m att er t o b ul k a n al y s es. W e i nt e nti o n all y a v oi d e d t his mi n er al p h as e 

d uri n g o ur SI M S w or k d u e b ot h t o t h e a bs e n c e of l ar g e or g a ni c d o m ai ns a n d t o o ur i nt er pr et ati o n of a 

l at e di a g e n eti c/ m et a m or p hi c ori gi n f or t hi s p h as e. V ari ati o ns i n  p e a k c h ar a ct eristi cs o bs er v e d i n  R a m a n 

s p e ctr a ar e c o nsist e nt wit h str u ct ur al a n d c h e mi c al v ari a bilit y of O M, b ut m a y als o r el at e t o alt er ati o n of 

O M d u e t o s a m pl e pr e p ar ati o n ( B e y ss a c et a l., 2 0 0 3; L e p ot et al., 2 0 1 3) or  l as er h e ati n g ( M or o s hit a et 

al., 2 0 1 1) . G e n ui n e str u ct ur al a n d c h e mi c al v ari a bilit y c o ul d als o b e i n d u c e d b y v ari a bl e p o st -

d e p o siti o n al alt er ati o n c o ntr oll e d b y  pr o xi mit y t o h y dr ot h er m al v ei nl ets, w hi c h ar e n ot al w a y s o b vi o us  

i n o ut cr o p, h a n d s a m pl es a n d t hi n s e cti o ns ( cf. Sf or n a et al., 2 0 1 4).  

δ 1 3 C c ar b v al u es  f or l e ast-alt er e d d ol o mit e p h as es cl ust er ar o u n d a m e a n of + 3. 0 ‰ , i m pl yi n g t h e diss ol v e d 

i n or g a ni c c ar b o n ( DI C) t h at s er v e d as a f o o d s o ur c e f or a ut otr o p hs w as e nri c h e d i n 1 3 C c o m p ar e d t o 

m ost c ar b o n at e pr e ci pit at e d i n o p e n m ari n e c o n diti o ns. δ 1 3 C or g  v al u es l o w er t h a n ~-3 7 ‰  h a v e g e n er all y 

b e e n attri b ut e d t o  th e s e c o n d ar y c y cli n g of c ar b o n pr o c es s e d b y m et h a n e  c y cl i n g mi cr o b es , w hi c h 

i m p art a str o n g fr a cti o n ati o n (e. g. H a y es, 1 9 9 4 ; Ei g e n br o d e et al., 2 0 0 7). Usi n g t h e m e a n δ 1 3 C c ar b v al u e  

o bt ai n e d fr o m mi cr o s a m pl e d a n al y s es  of  D 1/ 2 d ol o mit e, 6 1  of o ur SI M S d at a p oi nts r e pr es e nt a Δ 1 3 C c ar b -

or g offs et of > 3 7 ‰ . T h o m a z o et al. ( 2 0 0 9) r e p ort e d a bi m o d al di stri b uti o n of b ul k δ 1 3 C or g  v al u es fr o m 

N e o ar c h e a n r o c ks , wit h t h e l o w er p e a k cl ust eri n g ar o u n d a v al u e of  -4 4 ‰ , a n d Willif or d et al. ( 2 0 1 6) 

r e p ort e d a si mil ar distri b uti o n of SI M S  δ 1 3 C or g  v al u es c orr el at e d t o t e xt ur al v ari ati o ns o bs er v e d i n or g a ni c 

d o m ai ns i n r o c ks of t h e s a m e a g e. L o w er v al u es w er e i nt er pr et e d i n b ot h c as es as r e pr es e nti n g a 
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methanotrophic source or mixing between an autotrophic source and a contribution from 

methanotrophs.  

Alternatively, S lotznick and Fischer (2016) recently suggested that extremely 13C-depleted organic 

carbon reported from Neoarchean formations worldwide may hav e been produced by the Wood -

Ljungdahl pathway, which could have supported a heterotrophic met abolism capable of significantly 

further fractionating OM produced by autotrophs utilizing the CBB cycle. Freude and Blaser (2016) 

observed modern acetogenic bacteria imparting 13C fractionations of up to -69 ‰  to their product 

acetate, lending some support to this hypothesis. However, due to the closed nature of the laboratory -

based system observed by Freude and Blaser ( 2016), the CO 2 reservoir became enriched in 13C. 

Fractionations were measured with respect to this reservoir ; smaller fractionations  may be expected in  

natural environments where the isotopic composition of  the inorganic carbon reservoir  is buffered by 

atmospheric CO2. Slotznick and Fischer (2016) argue d that carbonates formed in association with 

methane cycling microbial systems are e xpected to preserve very low δ13Ccarb values (which are not 

typically observed in Archean carbonates preseving highly 13C-depleted organic carbon ), but it is unclear 

whether buffering by a large DIC reservoir may account for  the values reported here and from younger 

units. 

Autotrophs utilizi ng the Wood -Ljungdahl pathway  to fix CO 2 directly are known to impart fractionations 

of 30 –  40 ‰ (Preuß et al., 1989; Knoll and Canfield, 1998) .  This represents a  plausible alternative  

autotrophic source for  much of the s ignificantly 13C-depleted organic matter reported from the Strelley 

Pool Formation . Using the mean δ13Ccarb value obtained from microsampled analyses  of D1/2 dolomite, 

14 of our SIMS data points represent Δ13Ccarb-org offset >40 ‰, and so exceed  the l imit thus far observed 

for organisms utiliz ing this pathway in  conditions representative of natural environments . These values 

are also beyond the range of fractionation expected for autotrophs utilizing the CBB cycle. They are 

however well within the range of fractionations observed for methane cycling microbial systems where 

methanotrophs carry, and sometimes increase, the isotopic fractionation of substrate methane into 

their biomass  (e.g. Orphan et al., 2001). We th us consider the  available evidence to be  consistent with 

the operation of a t least one  autotrophic, or, more likely,  heterotrophic metabolism, in addition to  the 

CBB cycle , in the ear ly Archean.   
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6  A c k n o wl e d g e m e nt s  
W e t h a n k K o u ki Kit aji m a a n d J o h n V all e y at t h e U ni v ersit y of Wis c o nsi n f or t h eir assist a n c e wit h SI M S 

a n al ys e s a n d L or a Wi n g at e at t h e U ni v ersit y of Mi c hi g a n f or assist a n c e wit h c ar b o n at e is ot o p e a n al y s es. 

Ni c ol a F err alis a c k n o wl e d g es s u p p ort fr o m S h ell Oi l C o m p a n y u n d er t h e MI T E n er g y I niti ati v e. R o g er 

S u m m o ns a n d E mil y M at ys w er e s u p p ort e d b y t h e Si m o ns F o u n d ati o n vi a t h e Si m o ns C oll a b or ati o n o n 

t h e Ori gi ns of Lif e. P art of t his w or k w as d o n e at t h e J et Pr o p ulsi o n L a b or at or y, C alif or ni a I nstit ut e of 

T e c h n ol o g y, u n d er a gr a nt fr o m t h e N ati o n al A er o n a uti cs a n d S p a c e A d mi nistr ati o n.  W e als o t h a n k 

thr e e  a n o n y m o us r e vi e w ers f or t h eir i m pr o v e m e nts t o t his m a n us cri pt.  

 

7  Fi g ur es  
Fi g ur e 1 . St a bl e or g a ni c is ot o p e v al u es r e p ort e d fr o m Ar c h e a n u nits , c o m pil e d fr o m s u p pl e m e nt ar y 
r ef er e n c es a n d n e w d at a r e p ort e d h er e . 

Fi g ur e 2 . Si m plifi e d g e ol o gi c al m a p of t h e Pil b ar a Cr at o n, W est er n A ustr ali a, s h o wi n g Str ell e y P o ol 
F or m ati o n o ut cr o p a n d t h e l o c alit y s a m pl e d f or t his st u d y . G e ol o gi c al b o u n d ari es aft er Hi c k m a n, 2 0 0 8. 
A ustr ali a o utli n e i ns et pr o vi d e d b y G e os ci e n c e A ustr ali a.  

Fi g ur e 3 . O ut cr o p s k et c h s h o wi n g t h e l o c ati o n of h a n d s a m pli n g ( A) a n d mi cr os a m pli n g l o c ati o ns s h o w n 
i n c ut a n d p olis h e d sl a bs coll e ct e d fr o m o ut cr o p ( B -F).  

Fi g ur e 4 . P etr o gr a p hi c t hi n s e cti o n s h o w n i n tr a ns mitt e d li g ht ( T L) a n d i n el e m e nt i nt e nsit y m a ps 
o bt ai n e d usi n g mi cr o -X R F. N ot e t h e alt er n ati n g Si - (sili c a) a n d C a-ri c h ( d ol o miti c) l a mi n a e. D 3 
(s e c o n d ar y) d ol o mit e is visi bl e as ar e as e nri c h e d i n F e.  

Fi g ur e 5 . A b o v e:  1 3 C/  1 8 O s c att er pl ot s h o wi n g t h e distri b uti o n of st a bl e is ot o p e v al u es f or 
mi cr os a m pl e d d ol o mit e p h as es. B el o w: Mi cr o -X R F el e m e nt i nt e nsit y m a p s h o wi n g F e -e nri c h e d s e c o n d ar y 
( D 3) d ol o mit e i n t h e ar e a of mi cr os a m pl e pit 4 a. T his s a m pl e yi el d e d si g nifi c a ntl y d e pl et e d 1 3 C a n d 1 8 O 
c ar b o n at e is ot o p e v al u es.  T h e wi dt h of t h e mi cr o -X R F m a p is 8 m m.  

Fi g ur e 6 . S u b-s a m pli n g of s a m pl e “ 9 -6 -1 0 -1 S L A B -1 ” f or st a bl e or g a ni c c ar b o n is ot o p e a n al ys es.  

Fi g ur e 7 . T h e m o u nt us e d f or SI M S a n al ys es s h o w n i n r efl e ct e d ( A) a n d tr a ns mitt e d ( B) li g ht. N u m b ers 
a n d li n es s h o w t h e l o c ati o n of or g a ni c d o m ai ns c orr es p o n di n g t o t ar g et n u m b ers i n SI M S a n al ysis 
i d e ntifi ers. T h e d as h e d y ell o w cir cl e is t h e a p pr o xi m at e ar e a a c c essi bl e t o t h e SI M S i nstr u m e nt w hil e 
m ai nt ai ni n g a c c e pt a bl e pr e cisi o n a n d a c c ur a c y. T h e gr e e n arr o w s h o ws t h e l o c ati o n of t o p -m o u nt e d 
a nt hr a cit e st a n d ar d U W L A -1. A r e pr es e nt ati v e SI M S t ar g et ( # 2 5) is s h o w n i n r efl e ct e d li g ht ( E) a n d 
b a c ks c att er e d el e ctr o n m o d e u n d er S E M pri or t o ( C) a n d aft er ( D) SI M S a n al ysis. All s c al e b ar s = 1 0 µ m.  

Fi g ur e 8 . SI M S δ 1 3 C d at a f or all a n al ys es r e p ort e d pl ott e d a g ai nst t h e 1 3 C c o u nt r at e r el ati v e t o a n 
a nt hr a cit e br a c k eti n g st a n d ar d ( U W L A-1).  Err or b ars s h o w i nt er n al pr e cisi o n ( ± 2 st a n d ar d err or).  

Fi g ur e 9 . R e pr es e nt ati v e s et of mi cr o-R a m a n s p e ctr a fr o m s a m pl e 9 -6 -1 0 -1 -sl a b 1/ 2/ S E a c q uir e d at 
diff er e nt p ositi o ns wit hi n t h e s a m pl e.  

T a bl e 1 . St a bl e i n or g a ni c c ar b o n a n d o x y g e n is ot o p e v al u es o bt ai n e d f or mi cr o mill e d s a m pl es.  
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T a bl e 2 . St a bl e or g a ni c c ar b o n is ot o p e v al u es a n d D 4 + D 5/ G v al u es fr o m R a m a n s p e ctr a o bt ai n e d fr o m 
s u b c o m p o n e nts of s a m pl e “ 9 -6 -1 0 -1 S L A B -1 ”.  

8  R e f er e n c es 
All w o o d, A., Cl ar k, B., Fl a n n er y, D., H ur o wit z, J., W a d e, L., El a m, T., F o ot e, M. a n d K n o wl es, E. ( 2 0 1 5) 
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Sample Mineralogy δ13C (VPDB)  δ18O (VPDB)  

10-7-07-6A-SLAB2A  DL -1a D1/2 dolomite  3.07 -11.26 

10-7-07-6A-SLAB2A  DL -1b D1/2 dolomite  2.95 -11.99 

10-7-07-6A-SLAB2A  DL -2a D1/2 dolomite  2.98 -11.49 

10-7-07-6A-SLAB2A  DL -3a D1/2 dolomite  2.93 -11.61 

10-7-07-6A-SLAB2A  DL -3b D1/2 dolomite  2.94 -11.22 

10-7-07-6A-SLAB2A  DL -3c D1/2 dolomite  2.92 -11.42 

10-7-07-6A-SLAB2A  DL -4a D1/2 dolomite  2.93 -11.47 

10-7-07-6A-SLAB2A  DL -4b D1/2 dolomite  2.94 -10.97 

10-7-07-6A-SLAB2A  DL -4c D1/2 dolomite  2.75 -11.47 

10-7-07-6A-SLAB2A  DL -5a D1/2 dolomite  2.86 -11.03 

10-7-07-6A-SLAB2A  DL -5b D1/2 dolomite  2.96 -11.26 

10-7-07-6A-SLAB2A  DL -6a D1/2 dolomite  2.97 -11.12 

10-7-07-6A-SLAB2A  DL -7a D1/2 dolomite  3.05 -11.23 

10-7-07-6A-SLAB2A  DL -7b D1/2 dolomite  3.01 -11.34 

10-7-07-6A-SLAB2A  DL -8a D1/2 dolomite  2.93 -11.34 

10-7-07-6A-SLAB2A  DL -8b D1/2 dolomite  3.09 -10.54 

10-7-07-6A-SLAB2A  DL -9a D1/2 dolomite  2.93 -11.59 

10-7-07-6A-SLAB2A  DL -9b D1/2 dolomite  2.97 -11.49 

10-7-07-6A-SLAB2A  DL -10a D1/2 dolomite 3.02 -11.41 

10-7-07-6A-SLAB2A  DL -10b D1/2 dolomite  3.07 -11.00 

10-7-07-6A-SLAB2A  DL -11a D1/2 dolomite  3.09 -10.89 

10-7-07-6A-SLAB2A  DL -11b D1/2 dolomite  3.00 -10.95 

10-7-07-6A-SLAB2A  DL -12a D1/2 dolomite  2.96 -11.40 

10-7-07-6A-SLAB2A  DL-12b D1/2 dolomite  3.03 -11.35 

10-7-07-6A-SLAB2A  DL -13a D1/2 dolomite  3.10 -11.33 

10-7-07-6A-SLAB2A  DL -13b D1/2 dolomite  2.99 -11.37 

10-7-07-6A-SLAB2A  DL -14a D1/2 dolomite  2.87 -11.62 

10-7-07-6A-SLAB2A  DL -15a D1/2 dolomite  2.77 -11.14 

10-7-07-6A-SLAB2A  DL -16a D1/2 dolomite  3.05 -11.28 

10-7-07-6A-SLAB2A  DL -17a D1/2 dolomite  2.97 -11.40 

9-6-10-1 SLAB 1  1 -1 massive dol.  2.92 -11.25 

9-6-10-1 SLAB 1  1 -2 massive dol.  2.75 -11.92 

9-6-10-1 SLAB 1  1 -3 massive dol.  2.59 -12.30 

9-6-10-1 SLAB 1  2 -1a D1/2 dolomite  3.00 -11.65 

9-6-10-1 SLAB 1  2 -1b D1/2 dolomite  2.92 -10.96 

9-6-10-1 SLAB 1  2 -1c D1/2 dolomite  2.87 -12.11 

9-6-10-1 SLAB 1  2 -2a D3 dolomite  2.78 -13.19 

9-6-10-1 SLAB 1  2 -2b D1/2 dolomite  2.99 -11.12 

9-6-10-1 SLAB 1  2 -2c D1/2 dolomite  3.06 -11.05 

9-6-10-1 SLAB 1  2 -3a silicified dol.  2.94 -11.52 

9-6-10-1 SLAB 1  2 -3b silicified dol.  2.90 -11.30 

9-6-10-1 SLAB 1  2 -3c silicified dol.  3.01 -11.13 

9-6-10-1 SLAB 1  3/4 -1 silicified dol.  2.50 -12.34 

9-6-10-1 SLAB 1  3/4 -2 silicified dol.  2.42 -12.25 
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9-6-10-1 SLAB 1  3/4 -3 silicified dol.  3.09 -10.32 

9-6-10-1 SLAB 1  3/4 -4 silicified dol.  3.07 -11.48 

9-6-10-1 SLAB 1  5 -1a D3 dolomite  2.95 -11.48 

9-6-10-1 SLAB 1  5 -1b D3 dolomite  2.09 -12.21 

9-6-10-1 SLAB 1  5 -1c D3 dolomite 2.60 -12.07 

9-6-10-1 SLAB 1  5 -2a D3 dolomite  3.11 -11.26 

9-6-10-1 SLAB 1  5 -2b D3 dolomite  2.40 -12.50 

9-6-10-1 SLAB 1  5 -2c D3 dolomite  2.77 -11.40 

9-6-10-1 SLAB 1  6 -1a D3 dolomite  2.07 -12.95 

9-6-10-1 SLAB 1  6 -1b D3 dolomite  1.85 -12.72 

9-6-10-1 SLAB 1  6 -1c D3 dolomite  2.10 -12.30 

9-6-10-1 SLAB 1  6 -2a D3 dolomite  2.66 -11.79 

9-6-10-1 SLAB 1  6 -2b D3 dolomite  2.28 -12.35 

9-6-10-1 SLAB 1  6 -2c D3 dolomite  1.85 -13.07 

9-6-10-1 SLAB 1  6 -3a D3 dolomite  2.64 -12.34 

9-6-10-1 SLAB 1  6 -3b D3 dolomite  2.69 -11.59 

9-6-10-1 SLAB 1  6 -3c D3 dolomite  1.89 -12.94 

10-707-4a  #1  D3 dolomite  2.66 -12.05 

10-707-4a  #2  D3 dolomite  2.63 -11.63 

10-707-4a  #3  D3 dolomite  2.55 -12.03 

10-707-4a  #4  D3 dolomite  2.72 -12.05 

10-707-4a  5dk silicified dol.  2.16 -13.46 

1B04-1a D1/2 dolomite  2.78 -10.52 

1B04-1b D1/2 dolomite  3.03 -10.51 

1B04-1c D1/2 dolomite  2.99 -10.47 

1B04-2a D1/2 dolomite  3.01 -10.37 

1B04-2b D1/2 dolomite  3.09 -10.35 

1B04-2c D1/2 dolomite  2.78 -10.63 

1B04-3a D1/2 dolomite 2.86 -10.94 

1B04-3b D1/2 dolomite  2.95 -11.03 

1B04-3c D1/2 dolomite  2.95 -10.81 

1B04-4a D3 dolomite  2.45 -13.54 

1B04-4b D3 dolomite  2.69 -12.64 

13-7-07-2a  1a  D1/2 dolomite  3.09 -10.15 

13-7-07-2a  1b  D1/2 dolomite  3.11 -9.88 

13-7-07-2a  1c  D1/2 dolomite  3.11 -10.28 

13-7-07-2a  2a  D1/2 dolomite  3.10 -9.46 

13-7-07-2a  2b  D1/2 dolomite  3.09 -9.60 

13-7-07-2a  2c  D1/2 dolomite  3.04 -9.69 

13-7-07-2a  4a  D3 dolomite  2.36 -15.44 

13-7-07-2a  3a  D1/2 dolomite  3.08 -9.95 

13-7-07-2a  3b  D1/2 dolomite 2.98 -10.09 

13-7-07-2a  3c  D1/2 dolomite  3.01 -10.23 
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Sample/Layer/Quad. δ13C 
(VPDB) 

Stdev. 
δ13C 

(D4+D5)
/G 

H:C Stdev. 
H:C 

9-6-10-1-slab1/1/NW -28.24 0.74 0.258 0.088 0.009 

9-6-10-1-slab1/1/SE -26.44 0.53 0.406 0.175 0.023 

9-6-10-1-slab1/2/NW -28.35 0.39 0.301 0.114 0.015 

9-6-10-1-slab1/2/SE -26.11 1.46 0.268 0.094 0.024 

9-6-10-1-slab1/3/NW -29.08 0.31 0.358 0.147 0.035 

9-6-10-1-slab1/3/SE -33.55 0.13 0.298 0.112 0.025 

9-6-10-1-slab1/4/SE -27.29 0.50 0.321 0.125 0.038 

9-6-10-1-slab1/4/NW -30.75 0.09 0.316 0.123 0.011 

9-6-10-1-slab1/5/SE -28.13 0.33 0.504 0.207 0.006 

9-6-10-1-slab1/5/NW -27.35 0.23 0.319 0.124 0.012 

9-6-10-1-slab1/6/SE -27.85 0.77 0.340 0.137 0.026 

9-6-10-1-slab1/6/NW -28.73 0.22 0.346 0.140 0.009 

9-6-10-1-slab1/bulk -28.14 0.07 0.317 0.123 0.028 
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