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T h e p a st d e c a d e h a s s e e n a r e m ar k a bl e e x p a n si o n of st u di e s t h at u s e m a s s- d e p e n d e nt v ari ati o n s of tri pl e o x y g e n 

i s ot o p e s  (1 6 O, 1 7 O, 1 8 O)  i n  i s ot o p e  h y dr ol o g y  a n d  i s ot o p e  g e o c h e mi str y.  R e c e nt  t e c h n ol o gi c al  a n d  a n al yti c al 

a d v a n c e s d e m o n str at e t h at s m all d e vi ati o n s of δ ′1 8 O a n d δ ′1 7 O f r o m a m a s s- d e p e n d e nt r ef er e n c e r el ati o n s hi p ar e 

s y st e m ati c a n d ar e e x pl ai n e d b y w ell- k n o w n e q uili bri u m a n d ki n eti c fr a cti o n ati o n s. M e a s ur e m e nt s of δ ′1 8 O a n d 

δ ′1 7 O c o m pl e m e nt tr a diti o n al m etri c s li k e d e ut eri u m- e x c e s s, c o n str ai n i s ot o p e eff e ct s of ki n eti c fr a cti o n ati o n t h at 

ar e  i m p o s si bl e t o  di s c er n wit h δ 1 8 O al o n e,  a n d h el p  r e c o n str u ct p a st e n vir o n m e nt al c o n diti o n s fr o m  g e ol o gi c 

r e c or d s.  I n  t hi s  r e vi e w,  w e  s y nt h e si z e  p u bli s h e d  m et e ori c  ( d eri v e d  fr o m  pr e ci pit ati o n)  w at er  tri pl e  o x y g e n 

i s ot o p e d at a wit h a n e w, n e ar- gl o b al s urf a c e w at er d at a s et of δ ′1 8 O, δ ′1 7 O, δ 2 H, d e ut e ri u m- e x c e s s, a n d ∆ ′1 7 O, 

w h e r e ∆ ′1 7 O i s d e fi n e d a s δ ′1 7 O – λ r ef δ
′1 8 O, δ ′ n ot ati o n i s a l o g arit h mi c d e fi niti o n of t h e c o m m o n δ v al u e ( δ ′= l n(δ 

+ 1), a n d λ r ef i s e q u al t o 0. 5 2 8. T h e e x p a n d e d d at a s et s h o w s t h at m et e ori c w at er δ ′1 8 O a n d δ ′1 7 O fit m ulti pl e 

r e gr e s si o n li n e s a n d i n di c at e s t h at o n e gl o b al m et e ori c w at er li n e d o e s n ot a d e q u at el y d e s cri b e all tri pl e o x y g e n 

i s ot o p e d at a. I n st e a d, t hi s i s ot o p e s y st e m m a y b e s e n siti v e t o pr o c e s s e s s u c h a s m oi st ur e tr a n s p ort, r ai n o ut, a n d 

e v a p or ati o n t h at d o n ot aff e ct t h e w at er c y cl e e q u all y a cr o s s t h e gl o b e. T hi s r e vi e w pr o vi d e s a pr a cti c al g ui d e t o 

u n d er st a n d ∆ ′1 7 O v a ri ati o n i n w at er s, e x pl ai n s t h e utilit y of t hi s i s ot o p e s y st e m i n h y dr ol o gi c a n d p al e o cli m at e 

st u di e s, a n d o utli n e s dir e cti o n s of f ut ur e w or k t h at will e x p a n d t h e u s e of ∆ ′1 7 O.   

1. I nt r o d u cti o n 

R ati o s  of 1 8 O  t o 1 6 O  a r e  a m o n g  t h e  m o st  c o m m o n  i s ot o pi c  m e a -

s ur e m e nt s  i n  E art h  s ci e n c e  a n d  pl a y  a  criti c al  r ol e  tr a ci n g  bi o g e o -

c h e mi c al c y cl e s a n d r e c o n str u cti n g p a st cli m at e c o n diti o n s ( D a n s g a ar d, 

1 9 6 4 ; J o u s s a u m e et al., 1 9 8 4 ; Z a c h o s, 2 0 0 1 ). St u di e s of 1 7 O, t h e r a r e st 

st a bl e  o x y g e n  i s ot o p e  ( T a bl e  1 ),  h a v e  l a g g e d  b e c a u s e 1 7 O / 1 6 O  r ati o s 

w e r e l o n g c o n si d er e d i n v ari a nt, t o o dif fi c ult t o m e a s ur e, or r e d u n d a nt t o 
1 8 O / 1 6 O r ati o s ( G at, 1 9 9 6 ). H o w e v er, r e c e nt t e c h n ol o gi c al a n d a n al yt -

i c al  a d v a n c e s  s h o w  t h at  s m all,  m a s s- d e p e n d e nt  d e vi ati o n s  b et w e e n 
1 7 O / 1 6 O a n d 1 8 O / 1 6 O c o nt ai n n e w i nf or m ati o n a b o ut w at er c y cli n g a n d 

p a st  e n vir o n m e nt al  c o n diti o n s  ( B ar k a n  a n d  L u z,  2 0 0 5 ).  T hi s  r e vi e w 

c a pt ur e s  t h e  e m er gi n g  fi el d  of  tri pl e  o x y g e n  i s ot o p e  ( 1 6 O, 1 7 O, 1 8 O) 

h y d r ol o g y at a n i m p ort a nt m o m e nt: m a n y l a b or at ori e s ar e n o w a bl e t o 

m a k e 1 7 O m e a s u r e m e nt s a n d l ar g e d at a s et s ar e r a pi dl y e m er gi n g, b ut 

tri pl e o x y g e n i s ot o p e v ari a bilit y i s n ot y et f ull y u n d er st o o d a n d t h er e ar e 

i m p ort a nt  i n c o n si st e n ci e s  b et w e e n  st u di e s.  T h er ef or e,  t hi s  r e vi e w 

s y nt h e si z e s  n e w  a n d  p u bli s h e d  m et e ori c  ( d eri v e d  fr o m  pr e ci pit ati o n) 

w at er i s ot o p e d at a a n d e x pl ai n s t h e pr o c e s s e s t h at dri v e tri pl e o x y g e n 

i s ot o p e  v ari ati o n  i n  t h e  w at er  c y cl e.  T hi s  r e vi e w  i s  i nt e n d e d  a s  a n 

i ntr o d u cti o n t o tri pl e o x y g e n i s ot o p e h y dr ol o g y a n d a s a pri m er t o h o w 

t hi s  e m er gi n g  fi el d  m a y  c o ntri b ut e  t o  h y dr ol o gi c  a n d  p al e o cli m at e 

r e s e ar c h. 

O x y g e n i s ot o p e s fr a cti o n at e d u e t o n o n- m a s s- d e p e n d e nt a n d m a s s- 

d e p e n d e nt eff e ct s ( B a o et al., 2 0 1 6 ; T hi e m e n s et al., 2 0 1 2 ). N o n- m a s s- 

d e p e n d e nt  fr a cti o n ati o n  ari s e s  fr o m  c h e mi c al  eff e ct s,  i n cl u di n g  n u -

cl e ar s pi n, tr a n siti o n st at e c h e mi str y, m ol e c ul ar s y m m etr y, a n d p h ot o -

c h e mi c al  r e a cti o n s  ( Cri s s  a n d  F ar q u h ar,  2 0 0 8 ; T hi e m e n s  a n d 

H ei d e nr ei c h, 1 9 8 3 ). T h e s e eff e ct s c a n r e s ult i n l ar g e v ari ati o n s b et w e e n 
1 7 O / 1 6 O a n d 1 8 O / 1 6 O a n d h a v e a r a n g e of a p pli c ati o n s i n at m o s p h eri c 

c h e mi str y,  pl a n et ar y  s ci e n c e,  a n d  bi ol o gi c al  pr o d u cti vit y  t h at  ar e 

alr e a d y  w ell  r e vi e w e d  ( B a o  et  al.,  2 0 0 9 ; B h att a c h ar y a  et  al.,  2 0 0 0 ; 

Bl u ni er  et  al.,  2 0 1 2 ; Bl u ni er  et  al.,  2 0 0 2 ; L u z  et  al.,  2 0 0 9 ; T hi e m e n s, 

2 0 0 6 ; T hi e m e n s et al., 1 9 9 5 ). I n c o ntr a st, m a s s- d e p e n d e nt eff e ct s ari s e 

*  C orr e s p o n di n g a ut h or. 

E- m ail a d dr ess: p ar o n @ u mi c h. e d u ( P. G. Ar o n).  
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fr o m diff er e n c e s i n b o n d e n er g y, r e a cti o n r at e, a n d diff u si vit y (M at s u -

hi s a et al., 1 9 7 8 ; Y o u n g et al., 2 0 0 2 ) t h at r e s ult i n v er y s m all v ari ati o n s 

b et w e e n 1 7 O / 1 6 O  a n d 1 8 O / 1 6 O.  T h e s e  m a s s- d e p e n d e nt  v ari ati o n s  ar e 

s e n siti v e t o fr a cti o n ati o n d uri n g e q uili bri u m i s ot o p e e x c h a n g e a n d t h e 

diff u si o n of w at er v a p or t hr o u g h air, a n d h a v e r e c e ntl y g ai n e d att e nti o n 

a s  a  n e w  w a y  t o  st u d y  m o d er n  h y dr ol o g y  a n d  r e c o n str u ct  p a st  e n vi -

r o n m e nt al c o n diti o n s ( e. g., B a o et al., 2 0 1 6 ; B ar k a n a n d L u z, 2 0 0 5 ; L u z 

a n d B ar k a n, 2 0 1 0 ; P a c k a n d H er w art z, 2 0 1 4 ; R u m bl e et al., 2 0 0 7 ). 

D e c o u pli n g fr a cti o n ati o n eff e ct s fr o m e q uili bri u m a n d ki n eti c pr o -

c e s s e s i s criti c al t o i nt er pr eti n g i s ot o p e d at a a n d i d e ntif yi n g pr o c e s s e s 

s u c h  a s  R a yl ei g h  di still ati o n  a n d  e v a p or ati o n.  I n  m o d er n  w at er s,  t h e 

d e gr e e  of  ki n eti c  fr a cti o n ati o n  i s  oft e n  q u a nti fi e d  u si n g  d e ut eri u m- 

e x c e s s ( d- e x c e s s = δ 2 H – 8 * δ 1 8 O, D a n s g a a r d, 1 9 6 4 ; s e e S e cti o n 2. 1 f or 

t h e d e fi niti o n of δ n ot ati o n). H o w e v er, d- e x c e s s v ari e s wit h b ot h t e m -

p er at ur e a n d r el ati v e h u mi dit y, s o i nt er pr et ati o n s of d- e x c e s s d at a ar e 

n ot al w a y s str ai g htf or w ar d ( G at, 1 9 9 6 ). M a s s- d e p e n d e nt v ari ati o n s b e -

t w e e n 1 7 O / 1 6 O a n d 1 8 O / 1 6 O c a n al s o q u a ntif y ki n eti c fr a cti o n ati o n, b ut 

ar e  r el ati v el y  i n s e n siti v e  t o  t e m p er at ur e  ( B ar k a n  a n d  L u z,  2 0 0 5 ). 

T h er ef or e, tri pl e o x y g e n i s ot o p e s a n d d- e x c e s s pr o vi d e c o m pl e m e nt ar y 

i nf or m ati o n  t o  tr a c k  e v a p otr a n s pir ati o n,  m oi st ur e  tr a n s p ort,  a n d  pr e-

ci pit ati o n pr o c e s s e s ( e. g., G al e w s k y et al., 2 0 1 6 ), i d e ntif y t e m p er at ur e 

a n d  r el ati v e  h u mi dit y  c o n diti o n s  at  m oi st ur e  s o ur c e s  ( L a n d ai s  et  al., 

2 0 0 8, 2 0 1 2 a, 2 0 1 2 b ; U e m ur a et al., 2 0 1 0 ; Wi n kl er et al., 2 0 1 2 ), a n d li n k 

s e a s o n al or gl a ci al-i nt er gl a ci al i s ot o p e c y cl e s t o cli m at e c o n diti o n s ( Ri si 

et al., 2 0 1 0 ; S c h o e n e m a n n a n d St ei g, 2 0 1 6 ). 

Tr a n sl ati n g t h e s e pri n ci pl e s t o t h e p a st a n d diff er e nti ati n g e q uili b -

ri u m  a n d  ki n eti c  fr a cti o n ati o n  eff e ct s  i n  p al e o cli m at e r e c or d s  i s  c h al -

l e n gi n g  b e c a u s e  m o st  g e ol o gi c  ar c hi v e s  ( e. g.,  c ar b o n at e s,  s ulf at e s, 

p h o s p h at e s,  et c.)  d o  n ot  h a v e  b ot h  o x y g e n-  a n d  h y dr o g e n- c o nt ai ni n g 

mi n er al s. M u c h li k e d- e x c e s s ( Fi g. 1 ), tri pl e o x y g e n i s ot o p e s a d d a d e -

gr e e of fr e e d o m ( 1 7 O / 1 6 O) t o p al e o cli m at e r e c or d s a n d c a n cl arif y s o m e 

pr o c e s s e s  a n d  fr a cti o n ati o n s  t h at  c a n n ot  b e  r e s ol v e d  wit h  tr a diti o n al 

o x y g e n  i s ot o p e  r ati o s  ( 1 8 O / 1 6 O)  al o n e  ( e. g., R e c h  et  al.,  2 0 1 9 ).  F or 

e x a m pl e,  tri pl e  o x y g e n  i s ot o p e  r ati o s  pr e s er v e d  i n  mi n er al s  a d d  n e w 

i nf or m ati o n a b o ut ari dit y a n d p al e o- h u mi dit y (Al e x a n dr e et al., 2 0 1 9 ; 

G á z q u e z et al., 2 0 1 8 ; P a s s e y a n d Ji, 2 0 1 9 ; S ur m a et al., 2 0 1 8 ), e n a bl e 

r e c o n str u cti o n s  of  t h e  i s ot o pi c  c o m p o siti o n  of  a n ci e nt  w at er s  ( e. g., 

G e hl er et al., 2 0 1 1 ; H er w art z et al., 2 0 1 5 ; Lilj e str a n d et al., 2 0 2 0 ; P a s s e y 

a n d Ji, 2 0 1 9 ), a n d c o n str ai n eff e ct s of di a g e n e si s a n d f or m ati o n c o n di -

ti o n s of s e di m e nt ar y r e c or d s (L e vi n et al., 2 0 1 4 ). 

Cl e arl y  t h e  p ot e nti al  a p pli c ati o n s  of  tri pl e  o x y g e n  i s ot o p e s  i n  h y -

dr ol o g y a n d p al e o cli m at e ar e i m m e n s e. H o w e v er, t hi s fi el d i s still r el a -

ti v el y  y o u n g,  gl o b al  v ari ati o n s  ar e  n ot  y et  w ell  c h ar a ct eri z e d,  a n d 

e x pl a n ati o n s of tri pl e o x y g e n i s ot o p e v ari a bilit y ar e s c att er e d a m o n g t h e 

lit er at ur e (T a bl e 2 ) or ar e n ot w ell u n d er st o o d. T h e s e mi n al d e s cri pti o n 

of m o d er n m et e ori c w at er tri pl e o x y g e n i s ot o p e s ( L u z a n d B ar k a n, 2 0 1 0 ) 

l ai d t h e f o u n d ati o n f or a d e c a d e of r e s e ar c h (Fi g. 2 a n d T a bl e 2 ), b ut 

t h er e i s n o w f ar m or e v ari a bilit y t h a n i niti all y r e ali z e d (Fi g. 3 a a n d b) 

a n d tri pl e o x y g e n i s ot o p e r ati o s d o n ot n e atl y fit a gl o b al m et e ori c w at er 

li n e (S h ar p et al., 2 0 1 8 ). T h er ef or e, b uil di n g u p o n m or e t h a n a d e c a d e of 

w or k, t hi s r e vi e w r e- e x a mi n e s m et e ori c w at er δ ′1 8 O, δ ′1 7 O, δ 2 H, ∆ ′1 7 O, 

a n d  d- e x c e s s  d at a.  W e  s y nt h e si z e  p u bli s h e d  a n d  n e w  m et e ori c  w at er 

d at a  t o  e v al u at e  t h e δ ′1 8 O – δ ′1 7 O  r el ati o n s hi p  ( S e cti o n  5 ),  e x pl ai n  t h e 

h y dr ol o gi c  pr o c e s s e s  a n d  m a s s- d e p e n d e nt  fr a cti o n ati o n s  t h at  dri v e 

v ari ati o n i n ∆ ′1 7 O a n d d- e x c e s s ( S e cti o n 6 ), r e vi e w a n al yti c al m et h o d s 

a n d  c o n si d er ati o n s  f or ∆ ′1 7 O  m e a s u r e m e nt s  ( S e cti o n  7 ),  a n d  pr e s e nt 

dir e cti o n s of f ut ur e tri pl e o x y g e n i s ot o p e w or k ( S e cti o n 9 ). 

2. I s ot o p e t e r mi n ol o g y a n d f r a cti o n ati o n 

A  s u m m ar y  of  c o m m o n  s y m b ol s,  e x pl a n ati o n s,  a n d  v al u e s  i n  h y -

dr ol o gi c tri pl e o x y g e n i s ot o p e st u di e s i s pr o vi d e d i n T a bl e 3 . 

2. 1. Is ot o p e n ot ati o n 

I s ot o p e p artiti o ni n g b et w e e n t w o s u b st a n c e s ( A a n d B) i s e x pr e s s e d 

a s a n i s ot o pi c fr a cti o n ati o n f a ct or, α : 

α A − B = R A / R B ( 1)  

w h e r e R i s t h e r ati o of t h e r ar e t o c o m m o n i s ot o p e ( e. g., 2 H / 1 H, 1 8 O / 1 6 O, 

o r 1 7 O / 1 6 O).  D u ri n g  a  si n gl e  m a s s- d e p e n d e nt  fr a cti o n ati n g  pr o c e s s, α 
v al u e s  of  c o e xi sti n g  p h a s e s  ( e. g.,  li q ui d  a n d  v a p or),  m at eri al s  ( e. g., 

w at er  a n d  mi n er al),  or  c o m p o n e nt s  r el at e d  b y  si m pl e  pr o c e s s e s  ( e. g., 

diff u s e d g a s a n d r e si d u al g a s) ar e r el at e d b y a p o w er l a w r el ati o n s hi p 

d eri v e d  fr o m  m a s s  l a w  t h e or y  ( M at s u hi s a  et  al.,  1 9 7 8 ; Y o u n g  et  al., 

2 0 0 2 ): 

* α A − B = ( * α A − B ) θ ( 2)  

w h e r e θ ,  t h e  fr a cti o n ati o n  e x p o n e nt,  i s  a  c o n st a nt  t h at  d e fi n e s  t h e 

r el ati o n s hi p b et w e e n α v al u e s a n d * d e n ot e s a h e a v y m a s s n u m b er ( e. g., 

1 7 or 1 8 f or o x y g e n, 2 f or h y dr o g e n). 

Tri pl e o x y g e n i s ot o p e fr a cti o n ati o n e x p o n e nt s ar e w ell c h ar a ct eri z e d 

f or  e q uili bri u m  (θ e q )  a n d  ki n eti c  (θ diff )  p r o c e s s e s.  Li q ui d- v a p or θ e q i s 

p r e di ct e d b y m a s s l a w t h e or y ( Y o u n g et al., 2 0 0 2 , θ e q = 0. 5 2 9) a n d h a s 

b e e n v eri fi e d e m piri c all y ( B ar k a n a n d L u z, 2 0 0 5 , θ e q = 0. 5 2 9 ± 0. 0 0 1); 

t h e ki n eti c fr a cti o n ati o n e x p o n e nt f or diff u si o n of w at er v a p or t hr o u g h 

air ( θ diff ) i s d e ri v e d fr o m t h e ki n eti c t h e or y of g a s e s a n d t h e i d e al g a s l a w 

T a bl e 1 

T h e t hr e e st a bl e o x y g e n i s ot o p e s.  

I s ot o p e  S y m b ol  Pr ot o n s  N e utr o n s  M a s s ( u)  N at ur al t err e stri al  

a b u n d a n c e ( %) 

O x y g e n- 1 6 1 6 O  8  8 1 5. 9 9 5  9 9. 7 5 7 

O x y g e n- 1 7 1 7 O  8  9 1 6. 9 9 9  0. 0 3 8 

O x y g e n- 1 8 1 8 O  8  1 0  1 7. 9 9 9  0. 2 0 5  

Fi g. 1. S c h e m ati c s h o wi n g t h e si mil ariti e s b et w e e n ( A) d- e x c e s s a n d ( B) Δ ′1 7 O. N ot e t h at Δ ′1 7 O i s d e fi n e d fr o m δ ′1 8 O a n d δ ′1 7 O. S e e E q. ( 4) f or t h e d e fi niti o n of 

δ ′ n ot ati o n 
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Table 2 
Summary of published hydrologic triple oxygen water isotope studies.  

Water type Timeframe Location Analysis 
method 

Reference 

Plant Water 
Leaf April 2015 Europe and 

Israel 
IRMS Landais et al., 

2006 
Stem and leaf Summer 2012 Central 

Kenya 
IRMS Li et al., 2017 

Meteoric Water 
Various Various, 2002-2010 global IRMS Luz and 

Barkan, 2010 
Precipitation Seasonal, short convective cell Niger IRMS Landais et al., 

2010 
Surface water Spring 2011 Iran IRMS Surma et al., 

2015 
Tap water 2008-2011 Continental 

United 
States 

IRMS Li et al., 2015 

Precipitation, cave drip March 2012-July 2014 Switzerland Picarro Affolter et al., 
2015 

Precipitation, surface water, cave drip 2012-2013 Spain Picarro Gazquez 
et al., 2017 

Surface water March 2014 Atacama 
Desert, 
Chile 

IRMS Surma et al., 
2018 

Precipitation Event scale, 2014-2018 Central 
United 
States 

LGR Tian et al., 
2018, Tian 
et al., 2019 

Precipitation Event scale, 2012-2016 Namibia LGR Kaseke et al., 
2018 

Tap water Monthly, December 2014 to November 2015 China LGR Tian et al., 
2019 

Precipitation Weekly, January 2011 to December 2012 Japan Picarro Uechi and 
Uemura, 
2019 

Surface water June 2014 Western 
United 
States 

IRMS Passey and Ji, 
2019 

Surface water 2017-2018 Northern 
Israel 

IRMS Bergel et al., 
2020 

Surface water and ocean 2015-2016 Pacific 
Northwest, 
United 
States 

Picarro Bershaw 
et al., 2020 

Surface water Various, 2016-2019 global IRMS this study 
Polar Precipitation 

Snow and ice Last 150,000 years Vostok, 
Antarctica 

IRMS Landais et al., 
2008 

Snow 2000 Vostok, 
Antarctica 

IRMS Landais et al., 
2012a 

Snow and water vapor 2003-2005 Greenland IRMS Landais et al., 
2012b 

Ice Glacial-interglacial cycles East 
Antarctica 

IRMS Winkler et al., 
2012 

Ice LGM to Holocene WAIS 
Divide, 
Antarctica 

IRMS Schoenemann 
et al., 2014 

Snow December 2009-January 2010 Coast to 
Dome A 
transect, 
East 
Antarctica 

IRMS Pang et al., 
2015 

Snow 1999-2011 East 
Antarctica 

IRMS Touzeau 
et al., 2016 

Snow January 2010 East 
Antarctica 

IRMS Pang et al., 
2019 

Modeling 
Vapor Glacial-interglacial cycles Vostok, 

Antarctica 
Single column 
model 

Risi et al., 
2010 

Precipitation Modern and LGM global LMDZ 
(atmospheric 
transport 
GCM) 

Risi et al., 
2013 

Precipitation Modern seasonal cycle Antarctica Intermediate 
complexity 
model 

Schoenemann 
and Steig, 
2016 

Analysis method abbreviations: isotope ratio mass spectrometer (IRMS), Los Gatos Research (LGR), Laboratory of Dynamic Meteorology (LMDZ), general circulation 
model (GCM). 
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Fi g. 2. G e o gr a p hi c al di stri b uti o n of p u bli s h e d m et e ori c w at er tri pl e o x y g e n i s ot o p e d at a, c ol or e d b y s a m pl e t y p e. Pl a nt w at er i n cl u d e s w at er e xtr a ct e d fr o m st e m s 

a n d l e a v e s. S urf a c e a n d s u b s urf a c e i n cl u d e s s urf a c e w at er, s oil w at er, gr o u n d w at er, c a v e w at er, a n d t a p w at er. N e w s urf a c e w at er s a m pl e s r e p ort e d i n t hi s r e vi e w ar e 

o utli n e d i n g ol d; p u bli s h e d st u di e s ar e li st e d i n T a bl e 2 . 

Fi g. 3. S c att er pl ot s of m et e ori c w at er i s ot o p e d at a. C ol or i n di c at e s s a m pl e t y p e. N e w s urf a c e w at er d at a r e p ort e d i n t hi s st u d y ar e o utli n e d i n g ol d. T h e t o p r o w 

s h o w s pl ot s of δ ′1 8 O v e r s u s Δ ′1 7 O f r o m ( A) L u z a n d B ar k a n ( 2 0 1 0) , ( B) all p u bli s h e d d at a a s of 2 0 2 0 (T a bl e 2 ), a n d ( C) p u bli s h e d pr e ci pit ati o n, s urf a c e, a n d s u b -

s urf a c e w at er s wit hi n a n or m al m et e ori c r a n g e ( – 2 5 t o 1 0 ‰ ) a s of 2 0 2 0. T h e d a s h e d b o x i n ( B) o utli n e s t h e li mit s of t h e d at a i n ( C). T h e b ott o m r o w s h o w s pl ot s of 

( D) δ 1 8 O v e r s u s d- e x c e s s a n d ( E) d- e x c e s s v er s u s Δ ′1 7 O f r o m all t h e a v ail a bl e p u bli s h e d m et e ori c w at er tri pl e o x y g e n i s ot o p e d at a ( T a bl e 2 ). T h er e ar e m or e p oi nt s i n 

( B) t h a n ( D) or ( E) b e c a u s e n ot all st u di e s i n cl u d e δ 2 H d at a. 

P. G. Ar o n et al.                                                                                                                                                                                                                                 



Chemical Geology 565 (2021) 120026

5

(Marrero and Mason, 1972, diff 0.5184) and has also been confirmed 
experimentally (Barkan and Luz, 2007, diff 0.5185 0.0003). The 
small, but statistically significant, difference between eq and diff values 
means that triple oxygen isotopes can differentiate equilibrium and ki
netic fractionation in materials that contain oxygen atoms. 

In nature, isotopic compositions rarely reflect fractionation from a 
single process, but instead integrate multiple fractionating processes and 
several values. Following convention from triple oxygen isotope 
literature, we use notation to differentiate relationships that integrate 
multiple fractionating processes ( ) from those that result from a single 
fractionating process ( ). The most familiar value in isotope hydrology 
is the slope (~ 8) of the oxygen-hydrogen global meteoric water line, 

2H 8* 18O 10 (Craig, 1961), where notation is expressed in per 
mil and defined as 

(3) 

Linear meteoric water isotope relationships are ubiquitous in isotope 
hydrology because they provide a useful reference frame from which to 
assess isotopic variability and quantify non-equilibrium fractionation 
(Gat, 1996). However, these relationships are not always truly linear 
because mass-dependent fractionation follows a power law function (Eq. 
(2)). This non-linearity is rarely observed in natural waters (e.g., Craig, 
1961; Dansgaard, 1964; Rozanski et al., 1993) because the range of 
isotope values on Earth is relatively small and the scatter of data points 
around an apparent linear relationship is too great to resolve the slight 
curvature (Fig. 4a and c). However, curvature appears over a sufficiently 
large isotopic range (Fig. 4b and d). This curvature is concave when the 
slope between isotopic compositions is greater than 1 (Fig. 4b) and 
convex when the slope between isotopic compositions is less than 1 
(Fig. 4d). Logarithmic ( delta prime ) notation linearizes the expo
nential relationship between isotopic compositions (Fig. 4b and d; 
Hulston and Thode, 1965; Miller, 2002): 

(4) 

This notation is used in all triple oxygen isotope studies and some 
studies of d-excess (e.g., Dütsch et al., 2017). 

2.2. Definition of ∆ 17O 

Compilations of 18O and 17O almost always appear linear 
(Fig. 4c), so the most practical way to view and interpret triple oxygen 
isotope data is as a deviation from a reference line (Barkan and Luz, 
2007): 

∆ (5) 

In this definition, ref is the slope of a mass-dependent reference line 
and notation ensures that isotopic deviations are calculated from a 

18O 17O relationship that is exactly linear. This notation is critical 
because a non-linear calculation artifact biases ∆ 17O when 18O and 

17O values are used instead of 18O and 17O values (Fig. 5). d-excess 

also varies non-linearly when it is defined with notation, but a loga
rithmic definition of d-excess is typically considered only at high lati
tudes or when 18O variation is large (Dütsch et al., 2017; Schoenemann 
et al., 2014; Uemura et al., 2012). The notation is imperative for triple 
oxygen isotopes because the non-linear ∆ 17O calculation artifact is the 
same order of magnitude as analytical ∆ 17O precision and natural ∆ 17O 
variability in the water cycle (Fig. 5). The slope of the 18O 17O 
reference line is discussed in Section 5, but hydrologic studies, including 
this review, typically use a value of 0.528 for ref. Values of ∆ 17O are 
generally very small and are expressed in units of per meg (1,000 per 
meg 1‰). 

The triple oxygen isotope literature uses multiple terms to express 
18O and 17O deviations from the reference relationship in waters. For 

example, ∆ 17O, ∆17O, 17O-excess, and 17Oexcess are all found in triple 
oxygen isotope literature (Sharp et al., 2018; Passey and Ji, 2019; Luz 
and Barkan, 2010; Landais et al., 2010, respectively). These terms are 
equivalent and are each defined as in Eq. (5) in this review, but the 
different notation can cause confusion among studies. The 17O-excess 
and 17Oexcess terms are advantageous because they highlight the relative 
excess of 17O in meteoric waters as compared to ocean water and 
emphasize similarities between the triple oxygen isotope system and d- 
excess (Fig. 1). The capital delta notation is advantageous because ∆ 
notation is defined as the isotopic deviation from a reference relation
ship and is used in multiple isotope systems (e.g., ∆34S and ∆25Mg; Criss 
and Farquhar, 2008; Young and Galy, 2004). 

We prefer and recommend the ∆ 17O term (Eq. (5) and Sharp et al., 
2018) because this notation explicitly indicates that the ∆ 17O parameter 
is calculated using values (not values) and defines this parameter as 
the deviation from a reference relationship. 

3. Motivation from a decade of ∆ 17O observations 

Meteoric water isotope patterns are best observed from amount- 
weighted precipitation (Dansgaard, 1964; Rozanski et al., 1993) or 
flowing surface waters (Kendall and Coplen, 2001) because these waters 
integrate fractionating processes in the hydrosphere, atmosphere, and 
biosphere. Efforts to understand patterns in 18O and 2H have culmi
nated in the global meteoric water line (Craig, 1961), 18O and 2H 
isoscapes (e.g., Bowen, 2010), and well-tuned isotope-enabled general 
circulation models (Brady et al., 2019; Joussaume et al., 1984) that 
reflect 18O and 2H variations across almost every region on Earth. 
These products are a point of reference for nearly every hydrologic and 
paleoclimate study of 18O and 2H (e.g., Jasechko, 2019; Noone et al., 
2013; Poulsen et al., 2010; Rowley and Garzione, 2007). 

Comprehensive global and continent scale water isotope studies such 
as those by Craig (1961), Dansgaard (1964), Rozanski et al. (1993), and 
Kendall and Coplen (2001) do not yet exist for triple oxygen isotopes. 
Global variability of meteoric water ∆ 17O and 18O was first described 
in 2010 from a dataset comprised of two international standards, SLAP 
(Standard Light Antarctic Precipitation) and GISP (Greenland Ice Sheet 
Precipitation) (Barkan and Luz, 2005); 29 Antarctic snow samples 

Table 3 
Common symbols, explanations, and values for triple oxygen isotopes.  

Symbol Value Explanation Reference 

eq 0.529 liquid-vapor equilibrium fractionation exponent Barkan and Luz, 2005 
diff 0.518 water vapor diffusion fractionation exponent Barkan and Luz, 2007 

18
eq Variable (temperature dependent) 18O/16Ol-v equilibrium fractionation factor Majoube, 1971 

17
eq 

17
eq (18

eq) eq 17O/16Ol-v equilibrium fractionation factor Eq. (2) 
18

diff 1 (pure turbulent transport) to 1.0285  
(transport via pure molecular diffusion) 

18O/16Ol-v diffusive transport fractionation factor Merlivat, 1978 

17
diff 

17
diff (18

diff) diff 17O/16Ol-v diffusive transport fractionation factor Eq. (2) 
ref 0.528 slope of the 18O 17O reference line commonly used in hydrologic studies Luz and Barkan, 2010 

Rsample

Rstandard
1  delta McKinney et al., 1950 

ln( 1) delta prime Hulston and Thode, 1965; Miller, 2002 
∆ 17O ∆ 17O 17O ref 

18O cap 17O Barkan and Luz, 2007  
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(L a n d ai s  et  al.,  2 0 0 8 );  a n d  5 2  m et e ori c  w at er s  fr o m  l o c ati o n s  m o stl y 

s c att er e d t hr o u g h o ut E ur o p e a n d A si a ( L u z a n d B ar k a n, 2 0 1 0 ). Fr o m t hi s 

c o m pil ati o n, L u z  a n d  B ar k a n  ( 2 0 1 0) d e fi n e d  a  gl o b al  m et e ori c  w at er 

li n e, e st a bli s h e d λ r ef a s t h e sl o p e of t hi s li n e, a n d s et t h e e x p e ct ati o n t h at 

∆ ′1 7 O v al u e s of m et e ori c w at er s h o ul d b e r el ati v el y i n v ari a nt o v er a ~ 

7 0 ‰ r a n g e i n δ ′1 8 O ( Fi g. 3 a). H o w e v er, o b s er v ati o n s si n c e t hi s s e mi n al 

w or k s h o w t h at m et e ori c w at er ∆ ′1 7 O i s f a r m o r e v ari a bl e t h a n i niti all y 

r e c o g ni z e d ( c o m p ar e Fi g. 3 a a n d b). M or e o v er, t h e m et e ori c w at er δ ′1 8 O 

a n d δ ′1 7 O d at a p u bli s h e d si n c e 2 0 1 0 c a n fit m ulti pl e r e gr e s si o n li n e s, 

s u g g e sti n g t h at t h e gl o b al m et e ori c w at er li n e d e fi n e d i n 2 0 1 0 m a y n ot 

a ct u all y  r e pr e s e nt  gl o b al  m et e ori c  w at er s  ( Mill er,  2 0 1 8 ; S h ar p  et  al., 

2 0 1 8 ). 

W e u s e t hi s r e vi e w p a p er t o pr o vi d e b ot h a s y n o p si s of w h at w e k n o w 

a b o ut δ ′1 8 O, δ ′1 7 O, a n d ∆ ′1 7 O i n m et e o ri c w at er a n d a s a g ui d e f or h o w 

pr a ctiti o n er s  mi g ht  u s e  tri pl e  o x y g e n  i s ot o p e  d at a  i n  h y dr ol o gi c  a n d 

p al e o cli m at e st u di e s. A s p art of t hi s r e vi e w, w e r e p ort a n e w, n e ar- gl o b al 

s urf a c e  w at er  d at a s et  t h at s p a n s  6  c o nti n e nt s  a n d  1 7  K ö p p e n  cli m at e 

cl a s s e s a n d e x p a n d s t h e p u bli s h e d m et e ori c w at er tri pl e o x y g e n i s ot o p e 

d at a s et. I n t h e f oll o wi n g s e cti o n s w e 1) i ntr o d u c e o ur n e w s urf a c e w at er 

d at a,  2)  e v al u at e  t h e  gl o b al δ ′1 8 O – δ ′1 7 O  r el ati o n s hi p  a n d  pr e s e nt 

u p d at e d tri pl e o x y g e n i s ot o p e m et e ori c w at er r el ati o n s hi p s t h at b ett er 

fit t h e a v ail a bl e d at a, a n d 3) e x pl ai n t h e h y dr ol o gi c pr o c e s s e s t h at dri v e 

∆ ′1 7 O v a ri ati o n i n t h e w at er c y cl e. F oll o wi n g t h e fr a m e w or k e st a bli s h e d 

b y Cr ai g ( 1 9 6 1) , D a n s g a ar d ( 1 9 6 4) , R o z a n s ki et al. ( 1 9 9 3) , a n d K e n d all 

a n d C o pl e n ( 2 0 0 1) , w e pr ef er a n arr o w d e fi niti o n of m et e ori c w at er t h at 

i n cl u d e s o nl y pr e ci pit ati o n a n d s urf a c e w at er f or t h e s e c o n d o bj e cti v e. 

F or t h e t hir d o bj e cti v e, w e i n cl u d e a m u c h wi d er d e fi niti o n of m et e ori c 

w at er ( pl a nt w at er, pr e ci pit ati o n, s urf a c e a n d s u b s urf a c e, s n o w a n d i c e, 

a n d o c e a n w at er) t o e x pl ai n tri pl e o x y g e n i s ot o p e v ari ati o n i n a s m a n y 

p art s of t h e h y dr o s p h er e a s p o s si bl e. 

4.  N e w s u rf a c e w at e r d at a 

T h e n e w s urf a c e w at er d at a s et r e p ort e d i n t hi s r e vi e w i n cl u d e s δ 1 8 O, 

δ 1 7 O, δ 2 H, d- e x c e s s, a n d ∆ ′1 7 O d at a f r o m 1 0 4 ri v er s a n d l a k e s ( Fi g. 2 ). 

T h e s a m pl e s ar e p art of a gl o b al cr o w d s o ur c e d d at a s et, a n d t h e i s ot o p e 

d at a ar e r e p ort e d i n S u p pl e m e nt s 1 – 3 a n d Fi g s. 3, 4, a n d 6 . T h e s e d at a 

ar e bri e fi y s u m m ari z e d h er e b e c a u s e t h e y ar e i n cl u d e d i n t h e e v al u ati o n 

Fi g. 4. S c att er pl ot s of m et e ori c w at er i s ot o p e v al u e s. P u bli s h e d d at a ( T a bl e 2 ) ar e c ol or e d b y s a m pl e t y p e; n e w d at a r e p ort e d i n t hi s r e vi e w ar e o utli n e d i n g ol d. O v er 

t h e n at ur al r a n g e of ( A) δ 1 8 O v e r s u s δ 2 H a n d ( C) δ ′1 8 O v e r s u s δ ′1 7 O, m et e o ri c w at er i s ot o p e r el ati o n s hi p s ar e n e arl y li n e ar. T h e s a m e d at a ar e s h o w n i n ( B) a n d ( D), 

r e s p e cti v el y, b ut ar e o v erl ai d wit h c al c ul at e d δ 1 8 O, δ 1 7 O, o r δ 2 H ( d a s h e d bl a c k li n e) a n d c al c ul at e d δ ′1 8 O, δ ′1 7 O, o r δ ′2 H ( s oli d bl a c k li n e) o v er l ar g er i s ot o pi c r a n g e s. 

T h er e ar e f e w er p oi nt s i n ( A) a n d ( B) t h a n ( C) a n d ( D) b e c a u s e s o m e tri pl e o x y g e n i s ot o p e st u di e s d o n ot i n cl u d e δ 2 H d at a. T h e c ur v at ur e b et w e e n δ -δ r el ati o n s hi p s i s 

c o n c a v e w h e n t h e sl o p e b et w e e n i s ot o p e v al u e s i s gr e at er t h a n 1 ( B, δ 1 8 O – δ 2 H) a n d c o n v e x w h e n t h e sl o p e b et w e e n i s ot o p e v al u e s i s l e s s t h a n 1 ( D, δ 1 8 O – δ 1 7 O). 
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of t h e tri pl e o x y g e n i s ot o p e m et e ori c w at er li n e ( S e cti o n 5 ) a n d e x pl a-

n ati o n s of ∆ ′1 7 O v a ri a bilit y ( S e cti o n 6 ). A c o m pl et e d e s cri pti o n of o ur 

s a m pl e c oll e cti o n a n d a n al yti c al m et h o d s ar e i n S e cti o n 8 . 

Bri e fi y,  t h e δ 1 8 O  a n d δ 2 H  v al u e s  w e r e  m e a s ur e d  wit h  a  Pi c arr o 

L 2 1 3 0-i c a vit y ri n g d o w n s p e ctr o m et er a n d δ 1 8 O a n d δ 1 7 O v al u e s w e r e 

a n al y z e d  wit h  a  N u  P er s p e cti v e  i s ot o p e  r ati o  m a s s  s p e ctr o m et er.  All 

i s ot o pi c a n al y s e s w er e d o n e at t h e U ni v er sit y of Mi c hi g a n. T h e a n al yt-

i c al  pr e ci si o n  of  t h e  Pi c arr o δ 1 8 O  a n d δ 2 H  m e a s u r e m e nt s  w a s  d et er -

mi n e d fr o m r e pli c at e i nj e cti o n s of d ei o ni z e d w at er a n d w a s b ett er t h a n 

0. 1 ‰ a n d  0. 3 ‰ ,  r e s p e cti v el y.  T h e r o ot  m e a n  s q u ar e  err or  ( R M S E) of 

r e pli c at e N u m e a s ur e m e nt s of U S G S r ef er e n c e w at er s w a s b ett er t h a n 

0. 3 ‰ f or δ 1 7 O, 0. 9 ‰ f o r δ 1 8 O, a n d 1 0 p e r m e g f or ∆ ′1 7 O. T h e a n al yti c al 

err or  o n  o ur  m e a s ur e m e nt s  i s  n e arl y  i d e nti c al  t o  all  ot h er  p u bli s h e d 

m et e ori c w at er i s ot o p e d at a. 

4. 1. Is ot o pi c c o m p ositi o ns of t h e n e w s urf a c e w at er d at as et 

S urf a c e w at er δ 1 8 O r a n g e s f r o m − 2 0. 3 t o 9. 6 ‰ , d- e x c e s s r a n g e s fr o m 

− 3 1. 8 t o 2 1. 1 ‰ , a n d ∆ ′1 7 O r a n g e s f r o m − 4 5 t o 5 4 p er m e g, w h er e ∆ ′1 7 O 

i s d e fi n e d wit h λ r ef e q u al t o 0. 5 2 8. M o st i s ot o pi c c o m p o siti o n s cl u st er 

b et w e e n − 1 4 t o − 5 ‰ , 3 t o 1 3‰ , a n d 1 4 t o 3 3 p er m e g (δ 1 8 O, d- e x c e s s, 

a n d ∆ ′1 7 O,  r e s p e cti v el y),  b ut  h a v e  hi g h  st a n d ar d  d e vi ati o n s  ( 6. 1 ‰ , 

1 1. 1 ‰ ,  a n d  1 8  p er  m e g,  r e s p e cti v el y)  a n d  ar e  p o orl y  d e s cri b e d  b y 

a v er a g e  v al u e s.  V al u e s  of ∆ ′1 7 O  a r e  m o d e r at el y  t o  str o n gl y  p o siti v el y 

c orr el at e d wit h d- e x c e s s ( P e ar s o n ’s r = 0. 7 3) a n d m o d er at el y t o str o n gl y 

n e g ati v el y c orr el at e d wit h δ ′1 8 O ( r =  − 0. 6 4). B ot h ∆ ′1 7 O a n d d- e x c e s s 

ar e  v er y  w e a kl y  c orr el at e d  or  u n c orr el at e d  wit h  l atit u d e,  l o n git u d e, 

el e v ati o n,  m e a n  a n n u al  t e m p er at ur e,  m e a n  a n n u al  pr e ci pit ati o n,  a n d 

m e a n a n n u al r el ati v e h u mi dit y ( all r < ± 0. 3). Ri v er s t e n d t o h a v e l o w er 

δ 1 8 O,  hi g h e r  d- e x c e s s,  a n d  hi g h er ∆ ′1 7 O  v al u e s  t h a n  l a k e s,  alt h o u g h 

s o m e ri v er s a n d l a k e s i n ari d r e gi o n s ar e i s ot o pi c all y si mil ar ( S u p pl e -

m e nt  1).  T h e  sl o p e  ( λ = 0. 5 2 6 2 ± 0. 0 0 0 2)  t hr o u g h δ ′1 8 O  a n d δ ′1 7 O 

v al u e s  w a s  d et er mi n e d  fr o m  a  M o d el  II  li n e ar  r e gr e s si o n.  T h e  u n c er -

t ai nt y o n t hi s sl o p e, a s w ell a s all ot h er sl o p e s a n d i nt er c e pt s t hr o u g h o ut 

t hi s  r e vi e w,  i s  t h e  st a n d ar d  err or  fr o m  a  M o d el  II  li n e ar  r e gr e s si o n. 

Cli m at e  d at a  ( m e a n  a n n u al  pr e ci pit ati o n,  t e m p er at ur e,  a n d  r el ati v e 

h u mi dit y) fr o m t h e s a m pli n g l o c ati o n s w er e e xtr a ct e d fr o m t h e C R U 2. 0 

d at a s et ( N e w et al., 2 0 0 2 ) a n d ar e i n cl u d e d i n S u p pl e m e nt 1. 

5.  T ri pl e o x y g e n i s ot o p e m et e o ri c w at e r li n e s a n d t h e r ef e r e n c e 

sl o p e 

5. 1.  Tri pl e o x y g e n is ot o p e m et e ori c w at er li n es 

M et e ori c w at er li n e s d e fi n e t h e  m o st f u n d a m e nt al  r el ati o n s hi p s i n 

i s ot o p e  h y dr ol o g y  a n d  pr o vi d e  a  p oi nt  of  r ef er e n c e  fr o m  w hi c h  t o 

i nt er pr et i s ot o p e d at a ( e. g., Br o o k s et al., 2 0 1 0 ; Cr ai g, 1 9 6 1 ; J a s e c h k o, 

2 0 1 9 ).  H er e,  w e  u s e  t h e  w ell- e st a bli s h e d δ 1 8 O – δ 2 H  gl o b al  m et e ori c 

w at er li n e ( Cr ai g, 1 9 6 1 ) a s a m o d el t o r e- e v al u at e a n d u p d at e t h e tri pl e 

Fi g. 5. C o m p ari s o n of Δ ′1 7 O ( s oli d bl a c k li n e) v er s u s Δ * 1 7 O ( d a s h e d bl a c k li n e) 

a cr o s s  a  c o m m o n  r a n g e  of  m et e ori c  w at er δ ′1 8 O  v al u e s.  T h e  gr a y  b ar  s h o w s 

t y pi c al Δ ′1 7 O a n al yti c al pr e ci si o n ( ± 1 0 p er m e g). N ot e t h at Δ ′1 7 O i s c al c ul at e d 

wit h δ ′ v al u e s  w hil e Δ * 1 7 O  i s  c al c ul at e d  wit h δ v al u e s.  Wit h o ut δ ′ n ot ati o n, 

Δ * 1 7 O v a ri e s n o n-li n e arl y a s a f u n cti o n of δ ′1 8 O, a n d i nt r o d u c e s a bi a s i n Δ * 1 7 O 

t h at  i s  g r e at er  t h a n  a n al yti c al  pr e ci si o n  a n d  a  si mil ar  m a g nit u d e  t o  e n vir o n -

m e nt all y  dri v e n  v ari a bilit y. δ ′ n ot ati o n  li n e ari z e s  t h e  d e fi niti o n  of Δ ′1 7 O a n d 

r e m o v e s t h e n o n-li n e ar c al c ul ati o n artif a ct. 

Fi g. 6. S p ati al v ari ati o n of p u bli s h e d ( T a bl e 2 ) m et e ori c w at er Δ ′1 7 O ( p e r m e g). W at er t y p e s ar e diff er e nti at e d b y s h a p e a n d Δ ′1 7 O v al u e s a r e diff er e nti at e d b y c ol or. 

N ot e t h at t h e br e a k s o n t h e c ol or b ar ar e s p a c e d t o hi g hli g ht t h e Δ ′1 7 O v a ri a bilit y b et w e e n – 1 0 a n d 4 0 p er m e g. 
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oxygen isotope meteoric water relationship. 
The 18O 2H global meteoric water line was initially built from ~ 

400 precipitation, river, and lake samples (Craig, 1961). Later, the 
meteoric water 18O 2H relationship was re-evaluated using amount- 
weighted and arithmetic mean monthly precipitation from a near- 
global distribution of IAEA/WMO sites (Dansgaard, 1964; Rozanski 
et al., 1993) and rivers from the United States (Kendall and Coplen, 
2001). These re-evaluated global meteoric water lines have slightly 
higher slopes and intercepts, but are statistically indistinguishable from 
the original line defined by Craig (1961), indicating that the 18O 2H 
global meteoric water line is well characterized and represents global 
variation in 18O and 2H (Gat, 1996). 

The triple oxygen global meteoric water line was first defined as (Luz 
and Barkan, 2010) 

* (6)  

from GISP and SLAP (Barkan and Luz, 2005), 29 Vostok snow samples 
(Landais et al., 2008), and a set of 52 meteoric waters (precipitation, 
surface water, cave water, and snow) mostly from Europe and Asia (Luz 
and Barkan, 2010). The basic features of this line, an empirically 
determined slope and positive y-intercept, are similar to the oxygen- 
hydrogen global meteoric water line. However, the 2010 Luz and Bar
kan 18O 17O global meteoric water line was constructed with a large 
proportion of high latitude precipitation and samples (lakes, snow, and 
evaporated snow) with isotopic compositions that are not representative 
of average freshwater from the mid- and low-latitudes (Miller, 2018; 
Sharp et al., 2018). Building upon data that have been published since 
2010, this review evaluates and updates the triple oxygen isotope global 
meteoric water line. 

Following the approaches to build and evaluate the 18O 2H 
meteoric water relationship, the triple oxygen isotope meteoric water 
line should be defined from a regression through 18O and 17O of 
integrated monthly precipitation (Dansgaard, 1964; Rozanski et al., 
1993) and/or flowing surface waters (rivers) (Kendall and Coplen, 
2001). Precipitation data are preferable because they are generally 
unevaporated, but sample collection requires substantial effort and to 
date only eight studies have reported any precipitation 17O data 
(Table 2). For now, river water is a reasonable alternative because it 
often represents the isotopic composition of amount-weighted seasonal 
precipitation (e.g., Kendall and Coplen, 2001). However, the isotopic 
composition of river water can be affected by post-precipitation pro
cesses such as evaporation or isotopic exchange with atmospheric vapor, 
so ultimately it will be important to re-evaluate the triple oxygen isotope 
meteoric water line with only integrated monthly precipitation data. 
This evaluation process will be especially important for 18O and 17O 
because one of the main applications of triple oxygen isotopes is to 
constrain evaporation. 

The available triple oxygen isotope data (Table 2) from which we 
defined an updated meteoric water line include 1 river from north
western Switzerland (Affolter et al., 2015), 9 rivers from the western 
United States (Passey and Ji, 2019), 15 rivers from southern Spain 
(Gazquez et al., 2017), 17 rivers from the Sistan Basin in eastern Iran 
(Surma et al., 2015), 18 rivers from locations throughout Asia and 
Europe (Luz and Barkan, 2010), 57 rivers from the Pacific Northwest in 
the United States (Bershaw et al., 2020), and 84 rivers from our new 
surface water dataset (Section 4.1 and Supplement 1). Available pre
cipitation data include amount-weighted monthly (Landais et al., 2010; 
Tian et al., 2018) and reported monthly (Gazquez et al., 2017; Uechi and 
Uemura, 2019) values. We do not include published data from indi
vidual precipitation samples because these data are not representative of 
monthly averages, nor do we include data from precipitation samples 
that that were collected without any measure to prevent evaporation or 
for which the accuracy and precision of ∆ 17O measurements were not 
explicitly presented. 

The 18O 17O regression through the river and precipitation data 

that are included in the updated meteoric water line is: 

* ‰ (7) 

Excluding rivers from very arid environments that may be affected 
by evaporation (Passey and Ji, 2019; Surma et al., 2015), the regression 
line is: 

* ‰ (8) 

The samples included in Eqs. (7) and (8) range from 20.5 to 9.4‰ 
in 18O, and these regression lines are nearly indistinguishable from the 
best-fit line from a recent compilation of meteoric waters with 18O 
values greater than 20‰ ( 17O 0.52654* 18O ( 0.00036) 0.014 
( 0.003); Sharp et al., 2018). In contrast, the regression line through 
samples with 18O values less than 20‰, 

* ‰ (9)  

has a higher slope, higher intercept, and is similar to the 2010 global 
meteoric water line (Eq. (6)). Importantly, Eq. (9) is defined from every 
sample with a 18O value less than 20‰ because currently there are 
only 12 samples (11 precipitation (Tian and Wang, 2019) and 1 river 
(this review)) that meet the criteria established by the 18O 2H global 
meteoric water line. Instead, more than 97% of the triple oxygen isotope 
samples with 18O values less than 20‰ are from snow and ice from 
Antarctica or Greenland. 

Differences between Eqs. (7) (9) suggests that triple oxygen isotopes 
do not fit a single, global meteoric water line. These differences may be 
associated with regional hydrologic processes as more than 95% of the 
samples included in Eq. (8) are from locations equatorward of 60 N and 
60 S whereas more than 97% of the samples in Eq. (9) are from locations 
poleward of 60 N and 60 S. Alternatively, differences between Eqs. (8) 
and (9) may be related to water type, a sampling bias because most 
samples are clustered in small regions (Figs. 2 and 6), or insufficient 
data. For example, the Luz and Barkan (2010) triple oxygen isotope 
global meteoric water line was defined from all of the published pre
cipitation, surface water, snow, and ice data in 2010, but does not fit all 
of the observations available today. Eqs. (7) (9) were defined from a 
subset of the published data in 2020 and better fit the observations 
available today, but may also become outdated with future work. For 
now, the available triple oxygen isotope data do not fit a single global 
meteoric water line. Future studies of flowing surface water and 
monthly precipitation are needed to further evaluate and properly 
establish this relationship. If triple oxygen isotopes do not fit a single 
global meteoric water line, that means the triple oxygen isotope system 

Table 4 
Observed ( obs) by water type. See Table 2 for references.  

Sample subset obs standard error 

All data 0.5273 0.00005 
Luz and Barkan (2010) 0.5282 0.0003 
Plant water 0.5188 0.0004 
Precipitation 0.5273 0.0001 
Ocean 0.5278 0.001 
Snow and ice 0.5285 0.00006 
Surface and subsurface 0.5261 0.0001  

Table 5 
Temperature dependence of equilibrium fractionation factors and Rayleigh.  

Temperature (C) 18
eq 

17
eq Rayleigh 

Calculation Explanation Majoube, 1971 (18
eq)0.529 (17

eq 1)/(18
eq 1) 

40 1.00823 1.00435 0.5280 
25 1.00937 1.00495 0.5278 
0 1.01172 1.00618 0.5275 

25 1.01483 1.00782 0.5272  
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c a pt ur e s diff er e nt p art s of t h e h y dr ol o gi c c y cl e t h at m a y n ot d o mi n at e 

e q u all y a cr o s s t h e gl o b e. 

5. 2.  Tri pl e o x y g e n is ot o p e r ef er e n c e sl o p e 

F or m u c h of t h e p a st d e c a d e it w a s a s s u m e d t h at all u n e v a p or at e d 

m et e ori c w at er δ ′1 8 O a n d δ ′1 7 O v al u e s pl ott e d o n a si n gl e gl o b al m et e -

ori c w at er li n e wit h a n o b s er v e d sl o p e ( λ o b s ) e q u al t o t h e r ef er e n c e sl o p e 

(λ r ef). Wit h n e w o b s er v ati o n s, it i s n o w k n o w n t h at m et e ori c w at er δ ′1 8 O 

a n d δ ′1 7 O v al u e s d o n ot pl ot o n a si n gl e w at er li n e, b ut i n st e a d t h at λ o b s 

c a n b e q uit e v ari a bl e ( T a bl e 4 ) a n d t h at t h e sl o p e of a m et e ori c w at er 

li n e  (λ m wl )  c a n  v a r y  a m o n g  s u b s et s  of  s a m pl e s  ( E q s. ( 7)– ( 9); Mill er, 

2 0 1 8 ; S h ar p et al., 2 0 1 8 ). V ari ati o n s a m o n g t h e s e v al u e s m a k e s it criti c al 

Fi g. 7. V ari ati o n of li q ui d δ ′1 8 O a n d Δ ′1 7 O d u ri n g R a yl ei g h di still ati o n i n ( A) a s c h e m ati c a n d ( B) δ ′1 8 O – δ ′1 7 O i s ot o p e s p a c e. W at er st art s i n t h e o c e a n ( 1), e v a p or at e s, 

a n d c o n d e n s e s, l e a vi n g air m a s s e s wit h ( 2) 8 0 %, ( 3) 6 0 %, a n d ( 4) 4 0 % of t h e i niti al air m a s s r e m ai ni n g. I n t h e s c h e m ati c ( A), f i s t h e p er c e nt a g e of t h e i niti al air m a s s 

t h at r e m ai n s aft er r ai n o ut. T h e i s ot o pi c c o m p o siti o n of pr e ci pit ati o n ( st e p s 2- 4) w a s c al c ul at e d at 2 5 ◦ C a n d i s a s s u m e d t o b e i n i s ot o pi c e q uili bri u m wit h t h e v a p or 

s h o w n i n t h e mi d dl e r o w of Fi g. 1 1 . B e c a u s e λ R a yl ei g h i s a p p r o xi m at el y e q u al t o λ r ef, Δ
′1 7 O i s r el ati v el y i n s e n siti v e t o R a yl ei g h di still ati o n. 

Fi g. 8. B o x a n d w hi s k er pl ot of w at er Δ ′1 7 O v al u e s. W at er t y p e s ar e li st e d i n di vi d u all y, b ut ar e c ol or e d a c c or di n g t o br o a d er c at e g ori e s t o gi v e a s e n s e of v ari ati o n 

wit hi n gr o u p s. T h e n u m b er s i n p ar e nt h e s e s i n di c at e t h e t ot al n u m b er of p u bli s h e d o b s er v ati o n s f or e a c h w at er t y p e a n d i n cl u d e t h e n e w s urf a c e w at er d at a r e p ort e d 

i n t hi s r e vi e w. I n e a c h b o x, t h e b ol d e d li n e i s t h e m e di a n Δ ′1 7 O v al u e, t h e u p p er a n d l o w er hi n g e c orr e s p o n d t o t h e 1 st a n d 3 r d q u a rtil e s, r e s p e cti v el y, a n d t h e w hi s k er s 

c orr e s p o n d t o n o m or e t h a n 1. 5 ti m e s t h e i nt er q u artil e r a n g e (I Q R, t h e v ari ati o n b et w e e n t h e 1 st a n d 3 r d q u a rtil e s). T h e i n di vi d u all y pl ott e d p oi nt s f all o ut si d e t h e 

I Q R. I n g e n er al, m or e e v a p or at e d w at er s h a v e l o w er Δ ′1 7 O v al u e s a n d l e s s e v a p or at e d w at er s h a v e hi g h er Δ ′1 7 O v al u e s. 

T a bl e 6 

P e ar s o n c orr el ati o n c o ef fi ci e nt b et w e e n ∆ ′1 7 O a n d d- e x c e s s or δ ′1 8 O.  

W at er t y p e ∆ ′1 7 O – d- e x c e s s C o r r el ati o n ∆ ′1 7 O – δ ′1 8 O C o r r el ati o n 

All D at a 0. 5 9 − 0. 1 7 

Pl a nt W at er  0. 9 5 − 0. 9 3 

L a k e 0. 6 4 − 0. 7 9 

R ai n 0. 2 1 − 0. 1 9 

Ri v er 0. 2 8 − 0. 0 9 

O c e a n N A * − 0. 0 3 

S n o w or I c e − 0. 3 5 0. 3 7  

* T h e r e i s n o r e p ort e d c orr el ati o n b et w e e n ∆ ′1 7 O a n d d- e x c e s s f or o c e a n w at er 

b e c a u s e o nl y o n e s a m pl e ( B er s h a w et al., 2 0 2 0 ) h a s r e p ort e d δ 1 8 O, δ 1 7 O, a n d δ 2 H 

of o c e a n w at er. 
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to understand differences between obs, mwl, and ref. 
The observed slope ( obs) is the slope through any particular dataset 

or group of samples. This value varies among studies, regions, and 
subsets of samples, and records hydrologic information because obs 
values are lower (closer to diff) when kinetic processes dominate iso
topic compositions and higher (closer to eq) when equilibrium frac
tionation controls isotopic compositions (Table 4). The slope of a 
meteoric water line ( mwl) defines an average or representative rela
tionship among unevaporated waters. The 18O 2H model suggests that 
this is value is constant globally, but triple oxygen isotope mwl values 
vary among subsets of samples or water types (Eqs. (7) (9)). The 
reference slope ( ref) is the reference frame from which ∆ 17O is defined 
(Eq. (5)) and must remain constant. Typically, hydrologic triple oxygen 
isotope studies use a value of 0.528 for ref, and we recommend that 
authors continue to use this value. However, a value of 0.528 for ref is 
somewhat arbitrary, so it is important to understand where this value 
comes from and how it affects calculated ∆ 17O values. 

The value of ref was initially defined from a set of meteoric water 
18O and 17O measurements made with electrolysis and continuous 

flow IRMS that fit a line with obs of 0.528 (Meijer and Li, 1998, obs 
0.5281 0.0015). This slope was later confirmed with a different set of 
water samples and higher precision dual inlet IRMS measurements (Luz 
and Barkan, 2010 obs 0.528 0.0001), and defined as ref. That these 

obs values are closer to 0.529 ( eq) than to 0.518 ( diff) and are nearly 
identical to the value during Rayleigh distillation ( Rayleigh, Table 5) 
indicates that most meteoric waters in these initial studies were more 
strongly affected by Rayleigh distillation than by kinetic fractionation. 

Of course, the isotopic composition of meteoric water reflects more 
than just Rayleigh distillation, and observations over the last decade 
show that obs is not always equal to 0.528. When obs is equal to ref (e. 
g., during Rayleigh distillation), 18O and 17O fractionate along a line 
parallel to ref and ∆ 17O values remain constant (Figs. 3a, 7, and 8a). 
When obs is less than ref, 18O and ∆ 17O are negatively correlated. The 
magnitude of this effect varies on a case-by-case basis and authors 
should carefully consider differences between obs and ref as a part of 
∆ 17O interpretations. 

6. Hydrologic processes that affect ∆ 17O 

The previous section focused on important distinctions among triple 
oxygen isotope slopes, but the magnitude of these variations is very 
small and 18O 17O compilations almost always appear exactly linear 
(Fig. 4c). Instead, triple oxygen isotope variations are commonly pre
sented and interpreted in 18O ∆ 17O isotope space (for example, 
Fig. 3a c). This space highlights mass-dependent deviations from the 
reference relationship (Farquhar and Thiemens, 2000; McKeegan and 
Leshin, 2001) and is a helpful way to simultaneously visualize isotopic 
compositions of 18O (‰) and ∆ 17O (per meg, where 1 per meg 

0.001‰). 
The 18O versus ∆ 17O isotope space is analogous to 18O versus d- 

excess (Fig. 1). However, plots of 18O versus d-excess are relatively 
uncommon because most hydrologically relevant deviations from the 

18O 2H reference line are already visible in plots of 18O versus 2H. 
For example, the very evaporated plant waters in Fig. 4a clearly deviate 
from the rest of the less evaporated or unevaporated data. These de
viations are visible in plots of 18O versus 2H because the difference 
between the reference slope (8) and kinetic slopes (typically ~4 6; 
Bowen et al., 2019; Gonfiantini et al., 2018) is the same or similar order 
of magnitude as 18O and 2H variations (typically a few to 10s of ‰). 
Similar deviations are not visible in the 18O versus 17O plot (Fig. 4c) 
because the difference between the reference slope (0.528) and kinetic 
slope ( diff 0.518) is orders of magnitude smaller than variations of 

18O and 17O (a few to 10s of ‰). Therefore, mass-dependent triple 
oxygen isotope variations are instead presented in 18O ∆ 17O isotope 
space. 

6.1. Variability of ∆ 17O in meteoric water 

Average meteoric water ∆ 17O is 20 to 30 per meg, but ranges from 
less than 250 per meg to greater than 100 per meg (Fig. 3b). Generally, 
more evaporated waters have lower ∆ 17O values and less evaporated 
waters have higher ∆ 17O values (Fig. 8). Among all published meteoric 
water data, ∆ 17O is positively correlated with d-excess (r 0.59, 
Fig. 3e) and uncorrelated with 18O (r 0.17, Fig. 3b), but these 
correlations vary substantially among water types (Table 6). For 
example, ∆ 17O and d-excess of highly evaporated waters such as plant 
water and lakes are strongly positively correlated (r 0.95 and 0.64, 
respectively, Table 6) whereas ∆ 17O and 18O are strongly negatively 
correlated (r 0.93 and 0.79, respectively, Table 6). These plant 
water and lake correlations are so strong because both d-excess and 
∆ 17O are sensitive to relative humidity and vary as a function of kinetic 
fractionation. The slope between d-excess and ∆ 17O is ~ 0.7 to 2.0 per 
meg ‰ 1 (e.g., Landais et al., 2010; Li et al., 2015), but the exact value 
varies as a function of relative humidity and fractionation factors (Bar
kan and Luz, 2007). Correlations from less evaporated waters such as 
precipitation and rivers are weaker between ∆ 17O and d-excess (r 
0.28 and 0.21, respectively, Table 6) or 18O (r 0.19 and 0.09, 
respectively, Table 6). These weak correlations mean that processes 
other than evaporation must account for the ∆ 17O variation of precip
itation and river water. 

Published meteoric water ∆ 17O data are poorly suited for spatial 
analysis and there are no clear spatial trends in Fig. 6. In part this occurs 
because most ∆ 17O observations are clustered in small regions and very 
few datasets systematically span latitudinal or elevational gradients 
(Figs. 2 and 6), but also because ∆ 17O is primarily sensitive to kinetic 
fractionation and relatively insensitive to temperature effects and 

Table 7 
Processes and explanations of ∆ 17O variation.  

Process ∆ 17O Response Magnitude of ∆ 17O Response Explanation 

Evaporation from the ocean increase Typically ~ 20-30 per meg. Higher values with low humidity and/or  
low turbulence at the evaporating site. 

eq vs. diff and diff less than ref 

Condensation increase ~ 10 per meg. Higher ∆ 17O expected in colder conditions. eq greater than ref 

Recycling increase Typically 20 per meg diff less than ref 

Stratospheric intrusions increase ? 
Depends on stratospheric and tropospheric ∆ 17O values 

Addition of stratospheric water vapor 

Post-condensation evaporation decrease Potentially 200 per meg in plant water, typically no  
more than ~ 50-60 per meg in surface water 

diff less than ref 

Mixing decrease 0 to 100 per meg. Depends on the mixing fraction and  
initial 18O and ∆ 17O of the mixing waters 

Non-linear response 

Supersaturation decrease ~ 10 to 30 per meg diff less than ref 

Rayleigh distillation temperature dependent 10 per meg. Larger effect at lower temperatures. Rayleigh ref 

Convection ? ? ?  
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R a yl ei g h di still ati o n ( s e e S e cti o n 6. 2. 4 a n d L u z a n d B ar k a n, 2 0 1 0 ). I n 

t hi s w a y, e x p e ct ati o n s of s p ati al ∆ ′1 7 O v a ri ati o n a r e m or e si mil ar t o d- 

e x c e s s t h a n t o δ 1 8 O. S p ati al ∆ ′1 7 O p att e r n s a r e al s o c o m pli c at e d b e c a u s e 

t h er e i s oft e n m or e ∆ ′1 7 O v a ri ati o n wit hi n a si n gl e st u d y t h a n b et w e e n 

st u di e s. F or e x a m pl e, Li et al. ( 2 0 1 7) li n k m or e t h a n 5 0 p er m e g ( ~ 4 0 t o 

– 1 5 p er m e g) of ∆ ′1 7 O v a ri ati o n t o e v a p otr a n s pir ati o n a n d l o c al r el ati v e 

h u mi dit y i n c e ntr al K e n y a. H o w e v er, a si mil ar r a n g e of ∆ ′1 7 O v a ri a bilit y 

i s  r el at e d t o s u m m er s u bli m ati o n i n A nt ar cti c a (P a n g et  al., 2 0 1 9 ) or 

r el ati v e  h u mi dit y  a b o v e  r e m ot e  m oi st ur e  s o ur c e s  i n  s o ut h er n  J a p a n 

(U e c hi  a n d  U e m ur a, 2 0 1 9 ). I n di vi d u all y, e a c h  of t h e s e  d at a s et s t ell a 

c o m p elli n g st or y of l o c al-t o-r e gi o n al h y dr ol o g y; t o g et h er, t h e y d o n ot 

p ai nt a r o b u st pi ct ur e of l ar g e- s c al e s p ati al ∆ ′1 7 O p att e r n s. 

I s ot o p e- e n a bl e d cli m at e m o d el s c a n fill s o m e g a p s t h at ar e mi s si n g 

fr o m  o b s er v ati o n s  ( e. g., Ri si  et  al.,  2 0 1 3 ),  a n d  m et e ori c  w at er ∆ ′1 7 O 

v al u e s d o t e n d t o b e l o w er i n ari d r e gi o n s d u e t o s u b- cl o u d a n d s urf a c e 

e v a p or ati o n a n d hi g h er i n r e gi o n s w h er e a n n u al pr e ci pit ati o n i s d o mi -

n at e d  b y  c ol d- s e a s o n  r ai n  or  l o c ati o n s  t h at  r e c ei v e  a  hi g h  d e gr e e  of 

r e c y cl e d  m oi st ur e  ( s e e S e cti o n  6. 2. 3. 1 ).  H y dr ol o gi c  mi xi n g  m a y  al s o 

d e cr e a s e ∆ ′1 7 O v al u e s i n r e gi o n s w h er e air m a s s e s or ot h er w at er b o di e s 

c o m bi n e  ( L a n d ai s  et  al.,  2 0 1 0 ; Li  et  al.,  2 0 1 5 ; Ri si  et  al.,  2 0 1 3 ).  F or 

e x a m pl e, l o w er t a p w at er ∆ ′1 7 O v al u e s i n t h e c e ntr al U nit e d St at e s m a y 

r e s ult fr o m at m o s p h eri c mi xi n g of m oi st ur e t h at ori gi n at e d i n t h e P a ci fi c 

O c e a n a n d t h e G ulf of M e xi c o ( Li et al., 2 0 1 5 ). L atit u di n al ∆ ′1 7 O g r a -

di e nt s a r e o b s er v e d i n t a p w at er s fr o m t h e U nit e d St at e s ( Li et al., 2 0 1 5 ) 

b ut n ot i n C hi n a ( Ti a n et al., 2 0 1 9 ), alt h o u g h a d diti o n al w or k i s n e e d e d 

t o u n d er st a n d t hi s p att er n (Fi g. 6 ) b e c a u s e t a p w at er ∆ ′1 7 O v al u e s a r e 

c o m pli c at e d b y n o n-l o c al i s ot o p e si g n al s. 

T e m p or al ∆ ′1 7 O p att e r n s a r e al s o still r el ati v el y u n c ert ai n b e c a u s e 

o nl y a f e w st u di e s h a v e f o c u s e d o n t hi s t y p e of v ari a bilit y ( T a bl e 2 ). Still, 

a s e a s o n al p att er n of mi d-l atit u d e pr e ci pit ati o n ∆ ′1 7 O i s e m e r gi n g, wit h 

l o w er v al u e s i n t h e s u m m er a n d hi g h er v al u e s i n t h e wi nt er (Aff olt er 

et al., 2 0 1 5 ; Li et al., 2 0 1 5 ; Ti a n et al., 2 0 1 8 ; U e c hi a n d U e m ur a, 2 0 1 9 ). 

T hi s s e a s o n al p att er n m a y b e r el at e d t o v ari ati o n s i n r el ati v e h u mi dit y 

a n d e v a p or ati v e c o n diti o n s a b o v e r e m ot e m oi st ur e s o ur c e s ( Ti a n et al., 

2 0 1 8 ; U e c hi a n d U e m ur a, 2 0 1 9 ). C o n d e n s ati o n t e m p er at ur e m a y al s o 

pl a y a r ol e i n s e a s o n al ∆ ′1 7 O v a ri ati o n ( T a bl e 5 ), b ut t h e s e eff e ct s ar e 

li k el y s m all er t h a n t h o s e r el at e d t o r el ati v e h u mi dit y b e c a u s e ∆ ′1 7 O i s 

m o r e s e n siti v e t o ki n eti c fr a cti o n ati o n t h a n t o t e m p er at ur e. 

6. 2.  H y dr ol o gi c pr o c ess es t h at aff e ct ∆ ′1 7 O 

M o st  m et e o ri c  w at er s  o c c u p y  a  cr o w d e d  r e gi o n  i n δ ′1 8 O – ∆ ′1 7 O 

i s ot o p e s p a c e, a n d m a n y of t h e di sti n ct p att er n s t h at diff er e nti at e pl a nt 

w at er  a n d  s n o w  or  i c e  ( Fi g.  3 b)  di s a p p e ar  a m o n g  pr e ci pit ati o n  a n d 

s urf a c e w at er s ( Fi g. 3 c). H o w e v er, t h e ∆ ′1 7 O v al u e s of p r e ci pit ati o n a n d 

s urf a c e w at er s v ar y b y m or e t h a n 8 0 p er m e g, si g ni fi c a ntl y gr e at er t h a n 

t h e pr e ci si o n of w ell-t u n e d ∆ ′1 7 O m e a s u r e m e nt s, a n d s y st e m ati c tr e n d s 

e xi st  wit hi n  t hi s  cl o u d  of  i s ot o p e  d at a  t h at  ar e  r el at e d  t o  h y dr ol o gi c 

pr o c e s s e s  a n d  w ell- k n o w n  m a s s- d e p e n d e nt  fr a cti o n ati o n s.  T h e  n e xt 

s e cti o n s d e s cri b e t h e pr o c e s s e s t h at dri v e t hi s v ari ati o n. 

Fr o m a m e c h a ni sti c p oi nt of vi e w, ∆ ′1 7 O v a ri a bilit y ari s e s fr o m 1) 

c h a n g e s i n θ v al u e s ( θ e q v e r s u s θ diff ), 2) diff e r e n c e s b et w e e n t h e v al u e s of 

λ r ef a n d θ e q o r θ diff , o r 3) n o n-li n e ar i s ot o p e r e s p o n s e s t h at r e s ult fr o m t h e 

l o g arit h mi c δ ′ n ot ati o n ( T a bl e 7 ). I niti al ∆ ′1 7 O v a ri ati o n d uri n g e v a p o -

r ati o n fr o m t h e o c e a n i s w ell e x pl ai n e d b y t h e Cr ai g a n d G or d o n ( 1 9 6 5) 

m o d el, b ut p h a s e c h a n g e s a n d mi xi n g f oll o wi n g t hi s i niti al e v a p or ati o n 

c a n  c o m bi n e,  c o m p o u n d,  or  n e g at e  e a c h  ot h er  a n d  c o m pli c at e ∆ ′1 7 O 

d at a. 

T o si m plif y i nt er pr et ati o n s of ∆ ′1 7 O d at a, w e fi r st u s e t h e t h e or eti c al 

fr a m e w or k of t h e Cr ai g a n d G or d o n ( 1 9 6 5) m o d el t o e x pl ai n tri pl e o x -

y g e n  i s ot o p e  v ari ati o n  d uri n g  i niti al  e v a p or ati o n  a n d  c o n d e n s ati o n 

(S e cti o n 6. 2. 1 , Fi g s. 9 a n d 1 0 ) a n d t h e n d e s cri b e h o w di sti n ct h y dr ol o gi c 

pr o c e s s e s c a n f urt h er aff e ct ∆ ′1 7 O ( T a bl e 7 a n d S e cti o n s 6. 2. 2 a n d 6. 2. 3 ). 

F or b e gi n ni n g r e a d er s, t h e s e s e cti o n s ar e a n i ntr o d u cti o n t o t h e t y p e s of 

q u e sti o n s t h at tri pl e o x y g e n i s ot o p e s c a n h el p a n s w er. F or e x p eri e n c e d 

r e s e ar c h er s, t h e s e s e cti o n s o utli n e t h e t h e or eti c al fr a m e w or k, c o m m o n 

i s ot o pi c m o d el s, a n d h y dr ol o gi c pr o c e s s e s t h at m a y e x pl ai n ∆ ′1 7 O o b -

s e r v ati o n s. T hi s f o c u s o n pr o c e s s i s n ot i nt e n d e d t o e x pl ai n gl o b al or sit e- 

s p e ci fi c o b s er v ati o n s, b ut r at h er t o pr o vi d e a m e c h a ni sti c u n d er st a n di n g 

of m et e ori c w at er ∆ ′1 7 O v a ri a bilit y. C o d e t o c al c ul at e i s ot o pi c v ari ati o n 

d uri n g  i niti al  e v a p or ati o n  a n d  c o n d e n s ati o n  ( S u p pl e m e nt  4),  mi xi n g 

( S u p pl e m e nt 5), a n d p o st- c o n d e n s ati o n e v a p or ati o n ( S u p pl e m e nt 6) i s 

i n cl u d e d t o h el p r e a d er s u n d er st a n d tri pl e o x y g e n i s ot o p e v ari ati o n. 

6. 2. 1.  W h y d o m ost m et e ori c w at ers h a v e p ositi v e ∆ ′1 7 O v al u es ? 

T h e Cr ai g  a n d  G or d o n  ( 1 9 6 5) m o d el  of  e v a p or ati o n  e x pl ai n s  w h y 

m o st m et e ori c w at er s h a v e p o siti v e ∆ ′1 7 O v al u e s. T o u n d er st a n d t hi s, w e 

br e a k t h e t h e or eti c al Cr ai g a n d G or d o n ( 1 9 6 5) fr a m e w or k i nt o st e p- b y- 

st e p  pr o c e s s e s  a n d  s h o w  i s ot o pi c v ari ati o n  s c h e m ati c all y  ( Fi g.  9 )  a n d 

st e p- wi s e ( Fi g s. 1 0 a n d 1 1 ) a s w at er e v a p or at e s fr o m t h e o c e a n a n d t h e n 

c o n d e n s e s. T hi s s e cti o n f o c u s e s o n δ ′1 7 O, δ ′1 8 O, a n d ∆ ′1 7 O; δ 1 8 O, δ 2 H, 

a n d  d- e x c e s s  ar e  i n cl u d e d  i n Fi g s.  1 0  a n d  1 1 t o  hi g hli g ht  si mil ariti e s 

b et w e e n t h e δ ′1 8 O – δ ′1 7 O a n d δ 1 8 O – δ 2 H i s ot o p e s y st e m s. Arr o w s, c ol or, 

a n d b ol di n g i n Fi g s. 9 a n d 1 0 hi g hli g ht st e p- wi s e i s ot o pi c v ari ati o n. T h e 

s y m b ol s, c ol or (r e d v er s u s bl u e), a n d b ol di n g ( b ol d v er s u s n o n b ol d) ar e 

t h e  s a m e  i n Fi g s.  9  a n d  1 0 .  I n  t h e s e  fi g ur e s,  c ol or  diff er e nti at e s 

Fi g. 9. G e n er ali z e d p at h w a y of δ ′1 8 O a n d δ ′1 7 O f r a cti o n ati o n 

i n  t h e  w at er  c y cl e.  I n  t hi s δ ′1 8 O  v e r s u s δ ′1 7 O  i s ot o p e  s p a c e, 

Δ ′1 7 O i s d e fi n e d a s t h e d e vi ati o n fr o m t h e r ef er e n c e li n e. T h e 

w hit e b a c k gr o u n d i n di c at e s i s ot o p e s p a c e s wit h p o siti v e Δ ′1 7 O 

v al u e s;  t h e  gr a y  b a c k gr o u n d  i n di c at e s  i s ot o p e  s p a c e s  wit h 

n e g ati v e Δ ′1 7 O  v al u e s.  W at er  at  diff er e nt  p oi nt s  i n  t h e  h y -

dr ol o gi c c y cl e i s diff er e nti at e d wit h s y m b ol s a n d n u m b er e d 1- 

5 t o s h o w st e p wi s e v ari ati o n a s s o ci at e d wit h e v a p or ati o n a n d 

c o n d e n s ati o n.  B e gi n ni n g  fr o m  t h e  o c e a n  ( S M O W,  1),  w at er 

e v a p or at e s  i nt o  a  s at ur at e d  e q uili bri u m  l a y er  ( 2),  diff u s e s 

t hr o u g h  t h e  u n s at ur at e d  at m o s p h er e  ( 3),  c o n d e n s e s  ( 4),  a n d 

e v a p or at e s  ( 5).  V a p or  i s  n ot e d  wit h  o p e n  s y m b ol s;  li q ui d  i s 

n ot e d  wit h  fill e d  s y m b ol s.  T h e  s y m b ol s  d o  n ot  i n di c at e  e n d 

p oi nt s, b ut i n st e a d s h o w p oi nt s o n a tr aj e ct or y ( m ar k e d wit h 

arr o w s) al o n g w hi c h i s ot o pi c c o m p o siti o n s c a n c o nti n u e. R e d 

( w ar m er) a n d bl u e ( c ol d er) o utli n e s s h o w t h e eff e ct s of t e m -

p er at ur e  d e p e n d e nt  fr a cti o n ati o n s.  F or  cl arit y,  v al u e s  of λ r ef, 

θ e q ( s oli d li n e), a n d θ diff ( d ott e d li n e) ar e i n cl u d e d. A d diti o n al 

d et ail s  a n d  a  st e p- b y- st e p  d e s cri pti o n  of δ ′1 8 O  a n d δ ′1 7 O 

f r a cti o n ati o n s ar e s h o w n i n Fi g. 1 0 .   

P. G. Ar o n et al.                                                                                                                                                                                                                                 



C h e mi c al G e ol o g y 5 6 5 ( 2 0 2 1 ) 1 2 0 0 2 6

1 2

Fi g. 1 0. St e p- wi s e v ari ati o n of δ ′1 7 O, δ ′1 8 O, δ 2 H, Δ ′1 7 O, a n d d- e x c e s s a s w at er e v a p or at e s a n d c o n d e n s e s i n a cl o s e d s y st e m. I s ot o pi c v ari ati o n i s s h o w n b et w e e n 

δ ′1 8 O a n d δ ′1 7 O ( c ol u m n A), δ ′1 8 O a n d Δ ′1 7 O ( c ol u m n B), δ 1 8 O a n d d- e x c e s s ( c ol u m n C), a n d δ 1 8 O a n d δ 2 H ( c ol u m n D). T h e s oli d bl a c k li n e s i n c ol u m n s ( A) a n d ( D) 

s h o w t h e tri pl e o x y g e n a n d o x y g e n- h y dr o g e n r ef er e n c e r el ati o n s hi p, r e s p e cti v el y. I n e a c h c ol u m n, w at er b e gi n s i n t h e o c e a n (r o w 1), e v a p or at e s i nt o a s at ur at e d 

l a y er (r o w 2), diff u s e s t hr o u g h a n u n s at ur at e d at m o s p h er e (r o w 3), c o n d e n s e s t o m et e ori c w at er (r o w 4), a n d e v a p or at e s (r o w 5). I n r o w 4, w e a s s u m e t h e i s ot o pi c 

c o m p o siti o n of pr e ci pit ati o n i s e q u al t o t h at of s urf a c e w at er. T h e i s ot o pi c c o m p o siti o n s of e v a p or at e d v a p or a n d r e m ai ni n g li q ui d w er e c al c ul at e d a s s u mi n g p a n 

e v a p or ati o n at 1 6 ◦ C a n d 1 0 % e v a p or ati o n. I n all p a n el s, v a p or i s s h o w n wit h o p e n s y m b ol s a n d li q ui d i s s h o w n wit h fill e d s y m b ol s. I n c ol u m n s B a n d C, bl a c k arr o w s 

s h o w t h e i s ot o pi c v ari ati o n a s s o ci at e d wit h e a c h r o w; gr a y arr o w s ar e i n cl u d e d t o s h o w t h e ‘tr aj e ct or y ’ of i s ot o p e v ari a bilit y. Fr a cti o n ati o n a s s o ci at e d wit h e q ui -

li bri u m e v a p or ati o n (r o w 2), at m o s p h eri c v a p or diff u si o n (r o w 3), a n d c o n d e n s ati o n (r o w 4) ar e s h o w n u n d er diff er e nt t e m p er at ur e a n d h u mi dit y s c e n ari o s wit h 

c ol or a n d b ol d e d s y m b ol s. W h e n m ulti pl e s c e n ari o s ar e i n cl u d e d, t h e st ar ( *) n ot e s w hi c h s c e n ari o i s u s e d i n s u b s e q u e nt c al c ul ati o n s (r o w s). 

P. G. Ar o n et al.                                                                                                                                                                                                                                 



Chemical Geology 565 (2021) 120026

13

temperature and bolding shows the sensitivity of isotopic compositions 
to relative humidity. Black arrows in Fig. 10 show the isotopic variation 
associated with each step, and gray arrows give a sense of the isotopic 
‘trajectory . 

First, beginning from the ocean (Figs. 9 and 10, row 1), equilibrium 
isotope exchange (Fig. 10, row 2) occurs between water vapor (open 
upward-facing triangles) and liquid water (solid black circles) in a 
saturated layer near the evaporating surface. Because the value of eq 
(0.529) is greater than that of ref (0.528), 18O and 17O of the vapor 
fall below the reference line and ∆ 17O is slightly negative ( 9 per meg 
and 11 per meg at 25 C and 5 C, respectively, Figs. 9 and 10, panel 2b). 
The difference between the red (warmer) and blue (colder) open 
upward-facing triangles is very small within a typical temperature range 
(~0 30 C) because the value of eq is relatively insensitive to temper
ature (Barkan and Luz, 2005) and is similar to the value of ref. 

Second, during diffusion through the unsaturated atmosphere 

(Fig. 10, row 3), ∆ 17O values of atmospheric vapor (open downward- 
facing triangles) increase because the value of diff (0.518) is less than 
the value of ref (Figs. 9 and 10, panel 3b). The magnitude of this kinetic 
effect is negatively correlated with turbulence above the saturated layer 
and sensitive to the relative humidity at the site of evaporation (Barkan 
and Luz, 2007; Criss, 1999; Merlivat, 1978; Uemura et al., 2010). The 
sensitivity of ∆ 17O to relative humidity is labeled in Fig. 9 and shown 
with bolded (higher relative humidity) or nonbolded (lower relative 
humidity) symbols in the 3rd row of Fig. 10. When relative humidity is 
higher, kinetic fractionation is smaller and vapor ∆ 17O values remain 
closer to zero. When relative humidity is lower, vapor ∆ 17O values are 
higher (Figs. 9 and 10, panel 3b). 

Third, equilibrium condensation (Fig. 10, row 4) proceeds along a 
slope ( eq 0.529) that is greater than the value of ref. This fraction
ation increases the ∆ 17O value of the more condensed phase (precipi
tation, solid squares in Figs. 9 and 10, panel 4b) and decreases the ∆ 17O 

Fig. 11. Isotope variations of 18O (A, D, G,), 17O (B, E, H), and d-excess (C, F, I) during evaporation from the ocean and subsequent Rayleigh distillation. Row 1 
(A, B, C) shows the sensitivity of evaporated vapor to temperature and relative humidity. Rows 2 (D, E, F) and 3 (G, H, I) show the temperature sensitivity of 
remaining vapor and condensed liquid, respectively. Fractionation under each temperature scenario is independent and does not represent a ‘trajectory from ocean 
water to precipitation. The final (RH 0.4) 25 C water vapor from the top row is the starting vapor in the middle row. The final (f 0.4) 0 C vapor in the middle row 
is in isotopic equilibrium with the liquid in the bottom row. Note the different y-axes in each row. 
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value of the less condensed phase (remaining vapor, Fig. 11e). Precipi
tation and vapor ∆ 17O values are slightly sensitive to temperature 
during condensation (compare the red and blue squares in Figs. 9 and 10 
and variations in Fig. 11e) because equilibrium fractionation is larger at 
lower temperatures than at higher temperatures (Fig. 9; 10, panel 4b; 
and 11e) (Horita and Wesolowski, 1994; Majoube, 1971). The increase 
in precipitation ∆ 17O associated with equilibrium condensation is 
typically smaller than kinetic effects during diffusion because the value 
of ref is closer to the value of eq than the value of diff. 

Fourth, post-condensation evaporation (Fig. 10, row 5) increases 
vapor (open diamonds) ∆ 17O values and decreases the ∆ 17O values of 
the remaining liquid (solid diamonds) because the value of diff is less 
than the value of ref (Figs. 9 and 10, panel 5b). This kinetic fractionation 
explains why some very evaporated waters such as plant waters and 
lakes (Figs. 3b and 8) have negative ∆ 17O values. 

6.2.2. Hydrologic processes that decrease ∆ 17O 

6.2.2.1. Evaporative effects on remaining water. Evaporation leaves the 
remaining water body with higher 18O and 17O compositions (Gat, 
1996; Gonfiantini et al., 2018) and a lower ∆ 17O value because the 
value of diff is less than the value of ref (Figs. 9 and 10). These effects 
are most pronounced in leaf waters, lakes, and some slow-moving rivers 

(Fig. 3b; Cernusak et al., 2016; Landais et al., 2006; Li et al., 2017). This 
fractionation is independent of initial 18O, such that low ∆ 17O values 
do not require high 18O and vice versa (Fig. 12). 

Evaporation occurs in the hydrosphere under steady-state (constant 
water levels) or non-steady-state (progressive water loss) conditions. 
The isotopic composition of remaining water in both of these scenarios is 
predicted by well-established models that apply to 18O, 17O, and 2H 
(Criss, 1999; Gazquez et al., 2018; Passey and Ji, 2019; Surma et al., 
2018). First, steady-state evaporation occurs in simple flow-through or 
closed-basin systems where the volume of inflowing water is equal to the 
volume of water loss via evaporation, outflow, and/or groundwater 
seepage. In this scenario, the isotopic composition of the remaining 
water is: 

(10)  

where eq is the temperature dependent equilibrium fractionation factor 
(Barkan and Luz, 2005; Horita and Wesolowski, 1994; Majoube, 1971), 

diff is the kinetic fractionation factor, h is the relative humidity 
normalized to the temperature of the evaporating surface, XE is the 
volumetric ratio of water lost to evaporation relative to inflowing water, 
and RI, RA, and RW are the isotope ratios of inflowing water, atmospheric 
water vapor, and remaining evaporated water, respectively. Impor
tantly, this model assumes that the isotopic composition of the evapo
rating body is well mixed and that inflowing water is isotopically 
uniform and unevaporated, which is not always the case (e.g., Surma 
et al., 2018; Surma et al., 2015). Second, non-steady-state evaporation 
occurs in isolated water bodies that evaporate to dryness. The isotopic 
composition of the water body during this ‘pan evaporation is (Criss, 
1999; Passey and Ji, 2019; Surma et al., 2018): 

(11)  

where f is the fraction of water remaining, RW is the isotope ratio of the 
evaporating body, RWi is the isotope ratio of the initial water, RWss is the 
predicted final steady-state isotope ratio, and the exponent u relates 
equilibrium and kinetic fractionation factors by the relative humidity 
(h), where u is: 

(12)  

and RWss is: 

(13) 

Observations and modeling show that the isotopic effects of 

Fig. 12. Schematic of 18O versus 17O based on isotope mass balance models 
of steady-state evaporation. During evaporation, the 17O response is inde
pendent of initial 18O composition. 

Fig. 13. Variations of (A) 18O, (B) d-excess, and (C) 17O values when mixing VSMOW (water 1) and SLAP (water 2). 18O and d-excess vary linearly with mixing. 
17O responds nonlinearly to mixing because it is defined with notation. 
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evaporation are greatest when relative humidity is low and/or when 
values of diff or XE are high (Criss, 1999; Gazquez et al., 2018; Passey 
and Ji, 2019; Surma et al., 2018), although additional work is needed to 
clarify the role of turbulence at the evaporating site and to constrain the 
values of diff and XE (Passey and Ji, 2019). 

6.2.2.2. Mixing. Due to the logarithmic notation used in the defini
tion of ∆ 17O, mixing water bodies with different 18O compositions 
decreases ∆ 17O (Fig. 13c; Luz and Barkan, 2010; Matsuhisa et al., 1978). 
This phenomenon is most pronounced when ∆ 17O of the mixed water 
bodies are identical and 18O are very different. The 18O and d-excess 
responses to mixing are a linear function of the fraction of each mixed 
water (Fig. 13a and b) because 18O and d-excess are defined with 
notation (not logarithmic notation). Isotopic effects of mixing also 
affect analytical systems as gases move through prep lines and isotope 
analyzers (see Section 7.2.6 for additional details). Code in Supplement 
5 is provided so researchers can explore the isotopic effects of mixing in 
natural and analytical settings. 

6.2.2.3. Supersaturation. Kinetic effects during condensation under 
very cold ( ~ 20 C) supersaturated conditions cause low ∆ 17O values 
in snow and ice (Angert et al., 2004; Jouzel and Merlivat, 1984; Landais 
et al., 2012a, 2012b; Landais et al., 2008; Pang et al., 2019; Pang et al., 
2015; Risi et al., 2010; Schoenemann et al., 2014; Schoenemann and 
Steig, 2016; Winkler et al., 2012) and a pattern of downward tailing 
∆ 17O at very low ( 18O 30‰) isotopic compositions (Fig. 3b). Su
persaturation is common in high latitude and polar regions and develops 
when the saturation vapor pressure of a condensing surface is less than 
the vapor pressure surrounding a water droplet or ice crystal (Schoe
nemann et al., 2014). Under these conditions, a strong vapor pressure 
gradient develops between water vapor and the condensing surface. 
Water vapor must diffuse across this gradient to condense, a process that 
causes kinetic fractionation and lowers ∆ 17O values of the condensate. 
Although equilibrium effects during condensation (Section 6.2.1) and 
moisture recycling in Antarctica (Pang et al., 2019) generally increase 
∆ 17O, low ∆ 17O values observed in polar regions (Fig. 3b) suggest that 
strong kinetic effects dominate under very cold supersaturated condi
tions (Angert et al., 2004; Jouzel and Merlivat, 1984; Landais et al., 
2012a). 

6.2.3. Hydrologic processes that increase ∆ 17O 

6.2.3.1. Moisture recycling. Moisture recycling increases ∆ 17O of 
evaporated vapor and subsequent precipitation because the value of diff 
is less than the value of ref (Figs. 9 and 10). Maintaining isotopic and 
mass balance and following the logic that describes fractionation of 
remaining water during evaporation (Section 6.2.2.1), evaporated vapor 
has lower 18O, lower 17O, and higher ∆ 17O than the initial water 
body from which it evaporated. The ∆ 17O of this vapor is inversely 
related to the relative humidity at the site of evaporation, with lower 
relative humidity resulting in higher vapor ∆ 17O values (Figs. 9 and 10). 
Condensation of this recycled moisture further increases ∆ 17O (Figs. 9 
and 10). d-excess also increases with moisture recycling (Aemisegger 
et al., 2014; Salati et al., 1979; Tian et al., 2019), so ∆ 17O and d-excess 
of evaporated vapor are positively correlated (Figs. 3e and 10, panels 5b 
and 5c). 

6.2.3.2. Stratospheric intrusions. Stratospheric water vapor undergoes 
non-mass-dependent fractionation and has extremely high (greater than 
1,000 per meg) ∆ 17O values (Miller, 2018; Winkler et al., 2012) that 
may contribute to surface water fluxes. Stratospheric intrusions are 
possible during the Antarctic winter when the tropopause is low (Franz 
et al., 2005; Roscoe et al., 2004), but are generally considered negligible 
in most hydrologic triple oxygen isotope studies (e.g., Landais et al., 
2008; Luz and Barkan, 2010) and are not evident in Fig. 3. 

6.2.4. Hydrologic processes with little effect on ∆ 17O 

6.2.4.1. Rayleigh distillation. Rayleigh distillation explains many of the 
spatial patterns observed in meteoric water 18O, 17O, and 2H (Gat, 
1996; Risi et al., 2013), but has little effect on ∆ 17O (Fig. 7) because 

Rayleigh (Table 5) is nearly identical to ref (0.528) (Fig. 7b, Luz and 
Barkan, 2010). In other words, during Rayleigh distillation 18O and 

17O vary along a line that is nearly parallel to ref, so ∆ 17O remains 
essentially constant. A slight temperature dependence of Rayleigh 
(0.5278 at 25 C, 0.5272 at 25 C; Table 5) and can increase (decrease) 
the ∆ 17O value of vapor (condensate) by a few per meg when Rayleigh is 
less than ref (Fig. 11), but this variation is generally smaller than 
analytical precision (approximately 10 per meg). The temperature 

Fig. 14. Temperature dependence of the slopes in (A) 18O 2H and (B) 18O 17O isotope systems. Slopes are shown for equilibrium fractionation ( eq, solid black 
line), the diffusion of water vapor through the air ( diff, dashed black line), and the meteoric water reference relationship (solid gray line). The reference slopes are 
well-established (Craig, 1961 and Luz and Barkan, 2010, respectively) and do not vary with temperature. Similarly, diff values are independent of temperature 
(Barkan and Luz, 2007). The diff value associated with the 18O 2H relationship is generally between ~ 2.5 and 8 (Gonfiantini et al., 2018). The triple oxygen 
( 18O 17O) eq value is insensitive to temperature (Barkan and Luz, 2005); the oxygen-hydrogen ( 18O 2H) eq value varies slightly with temperature. These 
different eq temperature sensitivities result in a slight temperature dependence in d-excess but little temperature dependent variation in 17O. 
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sensitivity of Rayleigh arises from the equilibrium fractionation factors (
values) for 18O and 17O (Barkan and Luz, 2005; Luz and Barkan, 2010; 
Majoube, 1971) because 

 

( )

( ) (14) 

As a result, values of Rayleigh are slightly higher at warmer temper
atures and slightly lower at cooler temperatures (Table 5). At very warm 
temperatures ( 35 C), Rayleigh is almost identical to ref, and ∆ 17O is 
indeed invariant during Rayleigh distillation (Table 5, Fig. 11). 

6.2.4.2. Temperature sensitivity of ∆ 17O. Theoretical calculations and 
laboratory experiments show that ∆ 17O is relatively insensitive to 
temperature, and far less sensitive to temperature than d-excess 
(Figs. 10, 11, and 14b; Barkan and Luz, 2005; Cao and Liu, 2011). These 
different temperature sensitivities occur because the triple oxygen 
liquid-vapor eq value is independent of temperature (Fig. 14b; Barkan 
and Luz, 2005; Cao and Liu, 2011), whereas the oxygen-hydrogen 
liquid-vapor eq value varies slightly with temperature (Fig. 14a; 
Horita and Wesolowski, 1994; Majoube, 1971). For both the triple ox
ygen and oxygen-hydrogen systems, the eq value is defined as: 

(15)  

where l-v is the temperature dependent equilibrium liquid-vapor frac
tionation factor for A (2H/1H or 17O/16O) and B (18O/16O). The triple 
oxygen l-v value is nearly invariant (0.529, Fig. 14b) because 17O/16O 
and 18O/16O are subject to the same temperature effects; the oxygen- 
hydrogen l-v value (~ 8, Fig. 14a) varies slightly with temperature 
because 2H/1H fractionation is governed by a different temperature 
dependent relationship than 18O/16O fractionation (Horita and Weso
lowski, 1994; Majoube, 1971). 

The different temperature sensitivities of ∆ 17O and d-excess are most 
noticeable at low temperatures (low 18O values, compare Fig. 3b and d) 
and can provide complementary information to decouple the isotopic 
effects of temperature, relative humidity, and supersaturation on 
meteoric waters (Landais et al., 2012a, 2012b; Landais et al., 2008; 
Uemura et al., 2010; Winkler et al., 2012). 

7. Analytical methods and considerations 

7.1. Analytical methods to measure water ∆ 17O 

Triple oxygen isotope ratios are measured with dual inlet isotope 
ratio mass spectrometry or laser absorption spectrometry (Table 8). 
With careful analysis, both methods can achieve high quality 17O/16O 
measurements and similar (~ 10 per meg) precision for the ∆ 17O 
parameter. Typically, triple oxygen isotope data are measured in 
analytical sessions and data corrections (VSMOW-SLAP normalization, 
drift corrections, etc.) are applied over a full session (Thompson, 2012; 
Werner and Brand, 2001). For IRMS systems, an analytical session is 
defined for each reactor (~ 200 injections) and lasts approximately 2 4 

weeks of near-constant analysis; for laser-based systems, an analytical 
session is typically defined as a batch or tray of samples or a ‘calibration 
window as in Schauer et al. (2016) that can span a few days to a few 
months. 

7.1.1. Dual inlet isotope ratio mass spectrometry 
The IRMS cobalt(III) fluoride method was first described by Baker 

et al. (2002) and was later modified by Barkan and Luz (2005) to 
improve the precision of 17O and 18O measurements. In this process, 
water is fluorinated to convert liquid water to oxygen gas: 

(16) 

Following fluorination, O2 gas passes through a series of traps and 
molecular sieves to remove reaction byproducts and capture the purified 
sample. Triple oxygen isotope ratios are measured on O2 gas using 
Thermo-Finnigan Delta Plus (e.g., Luz and Barkan, 2010), Thermo- 
Finnigan 253 (e.g., Schoenemann et al., 2014), or Nu Perspective (this 
study) mass spectrometers. In total, a single measurement takes ~ 3 
hours and samples are typically analyzed twice. IRMS methods and an 
analytical workflow from our lab at the University of Michigan are 
described in Section 8.2. 

7.1.2. Laser absorption spectrometry 
Because the fluorination and IRMS methods are complex and require 

significant laboratory infrastructure (see Section 8.2), there is interest in 
using cavity ring-down spectroscopy (Picarro Inc.) or cavity-enhanced 
laser absorption (Los Gatos Research, LGR) to measure triple oxygen 
isotope ratios. These laser absorption spectrometers can achieve similar 
∆ 17O precision as IRMS techniques, have a smaller laboratory footprint, 
are cheaper and more portable than mass spectrometers, and simulta
neously measure 18O, 17O, and 2H (Berman et al., 2013; Schauer 
et al., 2016; Steig et al., 2014). Laser absorption spectrometry may also 
be faster than the IRMS method because laser-based analyzers do not 
require complex sample conversion from liquid water to gaseous O2 and 
the absorption analysis only takes a few minutes. However, high-quality 
laser absorption isotope data require long integration times (Schauer 
et al., 2016; Steig et al., 2014) or many injections of the same sample, 
which can cumulatively take longer than a single IRMS analysis (Berman 
et al., 2013), and additional work is needed to directly compare 18O, 

17O, and ∆ 17O data from laser-based and IRMS systems. An example of 
the workflow required to achieve ~10 per meg ∆ 17O precision on a 
Picarro water isotope analyzer is described in Schauer et al. (2016). 

7.2. Analytical recommendations and best practices 

7.2.1. VSMOW-SLAP normalization 
We recommend that triple oxygen isotope compositions be normal

ized to the VSMOW-SLAP scale following the approach described by 
Schoenemann et al. (2013). We provide code (Supplement 7) and an 
example data file (Supplement 8) to show how to do this normalization. 
This normalization technique improves the accuracy of isotope mea
surements, simplifies inter-lab data comparisons (Brand and Coplen, 
2001; Coplen, 1988; Gonfiantini, 1978; Meijer et al., 2000; Paul et al., 

Table 8 
Water triple oxygen isotope analysis methods.   

IRMS Picarro Los Gatos Research (LGR) 

Analysis method Dual-inlet isotope ratio mass spectrometry (IRMS) Cavity ring-down spectroscopy  
(CRDS, laser-based) 

Cavity-enhanced laser absorption spectroscopy 

Instrument Various (Delta Plus, MAT 253, Nu Perspective) L2140-i Triple Water Isotope Analyzer (TWIA) 
Sample preparation CoF3 reaction H2O(l) H2O(g) H2O(l) H2O(g) 

Analyte O2 gas Water vapor Water vapor 
Analysis time 2 to 3 hours 1.5 to 3 hours 1 hour to 7 hours 
∆ 17O precision ~ 10 per meg 8 per meg ~ 10 per meg 
Lab footprint 10s m2 1-2 m2 1-2 m2 

Method development Barkan and Luz, 2005 Steig et al., 2014; Schauer et al., 2016 Berman et al., 2013  
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2007; Schoenemann et al., 2013), and corrects for analytical in
consistencies such as pressure-baseline offsets (Yeung et al., 2018). 

At a minimum, VSMOW and SLAP (or VSMOW2 and SLAP2, which 
are isotopically indistinguishable from VSMOW and SLAP (Lin et al., 
2010)), should be measured the beginning and end of every analytical 
session. Ideally, VSMOW or VSMOW2 and SLAP or SLAP2 should also be 
analyzed within each session because instrument nonlinearities can 
evolve through time. We recommend that the value of 17OSLAP 
( 29.6968‰) be calculated directly from the defined values of 18OSLAP 
( 55.5‰), ∆ 17OSLAP (0.00‰), and ref (0.528) (Gonfiantini, 1978; 
Schoenemann et al., 2013) because this approach results in excellent 
inter-lab ∆ 17O reproducibility and mathematically is the same approach 
that most labs already use to correct 18O data (Berman et al., 2013; 
Kaiser, 2009; Schoenemann et al., 2013). 

7.2.2. Secondary reference standards 
We recommend regular analysis of commercially available second

ary water standards (e.g., GISP and USGS reference waters) to ensure 
proper calibration to the VSMOW-SLAP scale, evaluate the accuracy and 
precision of isotopic measurements, and monitor analytical drift. The 

18O and 2H values of GISP and USGS reference water are readily 
available (Araguas-Araguas and Rozanski, 1995; Brand et al., 2014; 
Gonfiantini, 1984); presently, values of 17O and ∆ 17O are only reported 
by individual laboratories. Isotopic compositions ( 18O, 17O, 2H, and 
∆ 17O) of international and secondary reference waters are summarized 
in Table 9. Additional information about the USGS reference waters in 
Table 9 are available in USGS reports on the isotopic composition of 
reference materials (Report of Stable Isotopic Composition Reference 
Material USGS45, 2014; Report of Stable Isotopic Composition Refer
ence Material USGS46, 2014; Report of Stable Isotopic Composition 
Reference Material USGS47, 2014; Report of Stable Isotopic Composi
tion Reference Material USGS48, 2014; Report of Stable Isotopic 
Composition Reference Material USGS49, 2015; Report of Stable Iso
topic Composition Reference Material USGS50, 2015). 

In our experience, ~ 5 10% of samples within an analytical session 
should be secondary reference waters. This proportion is necessary for a 
meaningful assessment of the accuracy and precision of data, although 
more USGS and/or GISP analyses may be necessary when unknown 

sample waters span a large ( 10‰) range in 18O or d-excess. Sec
ondary reference analyses should be distributed evenly throughout 
every analytical session to monitor instrument drift. 

Finally, the isotopic composition of standards and reference waters 
should bracket the expected isotopic composition of unknowns. This is 
typically not an issue for 18O, 17O, and 2H because USGS reference 
waters span the common range of natural waters (Fig. 4a and c, Table 9). 
However, the range of ∆ 17O and d-excess of standards and reference 
waters (Table 9) is much smaller than observed ∆ 17O (Fig. 3b) and d- 
excess (Fig. 3e) variability. Therefore, we recommend that laboratories 
develop additional internal reference waters to expand isotopic ranges. 
New reference waters can be developed from evaporated snow or cre
ative collections of combustion water (e.g., condensate from a home 
furnace) that have very low ( 350 per meg) ∆ 17O values that inherit 
oxygen from atmospheric O2 (∆ 17O ~ 400 to 500 per meg) (Barkan 
and Luz, 2011; Wostbrock et al., 2020; Yeung et al., 2012; Young et al., 
2014). 

7.2.3. Analytical sanity checks 
We recommend laboratories perform evaporation experiments and 

develop mixing curves to monitor analytical performance. Laboratory- 
controlled evaporation and mixing experiments can result in substan
tial isotopic variation (far above analytical precision) and are well- 
predicted by common isotope models (for example, Eqs. (10) and 
(11)). These quality checks are relatively simple and should be included 
as part of regular analytical maintenance and upkeep. Code to calculate 
isotopic variation during mixing and evaporation experiments is pro
vided in Supplements 5 and 6, respectively. 

7.2.4. Analytical ∆ 17O precision 
Typical reported precision for ∆ 17O (~ 10 per meg) is orders of 

magnitude better than analytical errors in 17O and 18O (~ 0.1 to 1‰). 
One major source of analytical error in both IRMS and laser absorption 
spectrometers is physical fractionation of water vapor during sample 
handling (i.e., injection, sample conversion, and transport of the vapor 
to optical cavities or through O2 prep lines). However, this fractionation 
is presumably mass-dependent and 18O and 17O errors are very highly 
correlated along a line with a slope close to 0.528, resulting in very 

Table 9 
Isotopic composition of common standards and reference waters.   

18O (‰) 17O (‰) 2H (‰) ∆ 17O (per meg) 

VSMOWa, VSMOW2b 0 0 0 0 
SLAPa, SLAP2b 55.5 29.6968c 428.0 0 
GISP 24.78 0.09e 13.16 0.05c 

13.12 0.05d 

13.5 0.3f 

189.7 1.0e 22 11c 

23 10d 

24 12f 

USGS 45 2.238 0.011e 1.19 0.3d 

1.1 0.3f 
10.3 0.4e 12 1d 

13 7f 

USGS 46 29.80 0.03 e 15.85 0.02d 

15.7 0.2 f 
235.8 0.7e 20 2d 

19 11f 

USGS 47 19.80 0.02e 10.47 0.02d 

10.4 0.4f 
150.2 0.5e 40 1d 

32 9f 

USGS 48 2.224 0.012e 1.15 0.01d 

1.1 0.2f 
2.0 0.4e 26 3d 

31 6f 

USGS 49 50.55 0.04e 27.8 0.5f 394.7 0.4e 13 8f 

USGS 50 4.95 0.02e 2.7 0.2f 32.8 0.4e 10 7f 

Notes: All isotopic data are normalized to the VSMOW-SLAP scale. 
a Gonfiantini, 1978; Barkan and Luz, 2005. 
b Lin et al., 2010. 
c Schoenemann et al., 2013. 
d Berman et al., 2013 (isotopic data are weighted by the inverse of precision; uncertainties are the averages of three experimental methods weighted by the number 

of measurements). 
e USGS Reports of Stable Isotopic Composition Reference Materials (uncertainty is the 95% confidence interval). 
f This study (uncertainty is one unweighted standard deviation). The ∆ 17O of USGS47 reported in this study is substantially lower than the value from Berman et al. 

(2013). Our measured 18O and 17O values are nearly identical to the accepted (USGS) or previously published (Berman et al., 2013) values, and we do not have a 
compelling analytical explanation for this one low ∆ 17O value. 
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precise ∆ 17O measurements (Barkan and Luz, 2007; Landais et al., 2006; 
Schauer et al., 2016; Schoenemann et al., 2013; Steig et al., 2014). In 
other words, if 18O and 17O vary during sample handling, they do so 
along a line that is parallel to ref (0.528) and ∆ 17O errors are largely 
independent of the precision for 18O and 17O. 

Achieving sufficiently high (~10 per meg or better) ∆ 17O precision 
can be an analytical challenge, but is necessary in hydrologic triple 
oxygen isotope studies because the natural ∆ 17O variability of most 
meteoric waters (Fig. 3b) is not much greater than analytical ∆ 17O 
precision. On IRMS systems, sufficient ∆ 17O precision is achieved by 
careful sample preparation and well-tuned isotopic analysis as described 
in Section 8.2. With laser absorption spectrometers, high ∆ 17O precision 
can be achieved with a long (up to 20 minutes) integration time on each 
injection (Schauer et al., 2016; Steig et al., 2014) or many ( 20) repeat 
analyses of the same sample (e.g., Berman et al., 2013). 

Currently, there is no universal way to calculate and report the 
analytical precision and accuracy of triple oxygen isotope measure
ments. For example, some studies use the pooled standard deviation of 
secondary reference waters to report analytical precision (e.g., Landais 
et al., 2010; Li et al., 2015) while others use the root mean square error 
of replicate analyses to report analytical precision and accuracy (e.g., 
Schauer et al., 2016; Bershaw et al., 2020). The pooled standard devi
ation ( p) is: 

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
∑

∑

√

(17)  

where si is the standard deviation and ni is the number of replicate 
measurements of the i-th sample and k is the total number of samples. 
The root mean square error (RMSE) is: 

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
∑ (

̂
)

√

(18)  

where yi is the observed isotopic composition, ŷi is the accepted isotopic 
composion, and k is the total number of samples. Preferences among 
these (and other) statistical reporting techniques vary among labora
tories and researchers, so we highlight the most important principles in 
∆ 17O error reporting and leave the particular approach or statistical test 
to the discretion of individual authors. 

At a minimum, triple oxygen isotope papers should report analytical 
precision and accuracy, explain any drift and/or memory corrections 
that were used to correct 18O or 17O data, state which standards were 
used to normalize the data and the number of replicate analyses of both 
standards and unknowns, and clearly articulate the value of ref used to 
calculate ∆ 17O. For example, we report this analytical information in 
Section 8.2 alongside our analytical methods, state the value of ref in 
Section 4.1 as part of our description of the new surface water dataset, 
and include the number of replicate analyses in the Supplements 1 3. 

Finally, we note the important distinction between analytical error 
(reported as the pooled standard deviation, root mean square error, etc.) 
and the uncertainty of individual samples (typically reported as one 
standard deviation for replicate analyses of unknowns). It is important 
to differentiate these measures of uncertainty because the analytical 
error represents the performance of the analytical system while the 
standard deviation of analyses represents error on each unknown. 

7.2.5. Isotopic reporting recommendations 
First and foremost, it is imperative that triple oxygen isotope data are 

reported to three decimal places to calculate ∆ 17O and facilitate data 
comparisons. For every sample, data can be reported as 18O and 17O 
from individual analyses, both to three decimal places, or as average 

18O and average ∆ 17O from multiple analyses, both to three decimal 
places (Schoenemann et al., 2013). Supplements 1 3 are included as 
templates to report unknown, standard, and reference water data. 

Following precedent set by early triple oxygen isotope studies 

(Barkan and Luz, 2007; Luz and Barkan, 2010), we recommend that 
∆ 17O be calculated with a value of 0.528 for ref. This value maintains 
consistency with previous work (Table 2), clearly distinguishes equi
librium ( eq 0.529) and kinetic ( diff 0.518) fractionation effects 
(Fig. 14), and removes most ∆ 17O effects from Rayleigh distillation. 

Finally, we recommend that triple oxygen water isotope studies 
include both ∆ 17O and d-excess data when possible. Combining ∆ 17O 
and d-excess can reveal information about hydrologic cycling (Section 
6) and the parameters (e.g., , , and values) that drive isotope frac
tionation. Adding 2H measurements is straightforward for studies that 
use laser absorption spectrometers and is a worthwhile additional 
measurement for those that use IRMS techniques. 

7.2.6. Memory effects 
Regardless of analytical method (IRMS or laser absorption spec

troscopy), we recommend analyzing samples in order of increasing or 
decreasing 18O and using preparatory injections to minimize memory 
effects. As needed, USGS reference waters can help bridge large 18O 
gaps between sequential samples. In Picarro and LGR analyzers, the 
isotopic compositions of water from preparatory injections are analyzed 
but the data are typically ignored (e.g., Bailey et al., 2013; Berman et al., 
2013; Schauer et al., 2016; Steig et al., 2014; Tian et al., 2018). In IRMS 
systems, memory effects are concentrated in the CoF3 reactor (Barkan 
and Luz, 2005) and can be cleared with preparatory injections. Product 
gases (O2 and HF) from these injections should be pumped away without 
purification or analysis. 

In our reactors at the University of Michigan, we use one preparatory 
injection when sequential 18O values are within 5‰, and two prepa
ratory injections when sequential 18O values differ by more than 5‰. In 
our experience, typically no more than two preparatory injections are 
necessary to clear IRMS memory effects, but we encourage each lab to 
independently determine best practices to minimize memory effects 
from individual reactors. 

7.2.7. Sample selection 
We recommend using existing 18O and d-excess data to select 

samples for triple oxygen isotope analysis. For example, at the Univer
sity of Michigan, we use a Picarro water isotope analyzer to relatively 
quickly measure 18O and 2H values, and then systematically select a 
subset of samples for the much more laborious and time intensive IRMS 

18O and 17O analyses. Initial 18O data should also be used to deter
mine the requisite number of preparatory injections and to arrange 
analytical order to minimize memory effects on ∆ 17O. 

Sample selection should also consider the expected range of ∆ 17O 
variation and be sure to select samples that are likely to result in sta
tistically significant ∆ 17O variation (i.e., greater than ~ 10 per meg). 
For example, assuming non-steady-state evaporation, the maximum 
possible slope between d-excess and ∆ 17O is ~ 2 per meg ‰ 1 (e.g., 
Barkan and Luz, 2007; Li et al., 2015). Therefore, statistically significant 
∆ 17O variation is most probable among samples with more than 5‰ 
variation in d-excess. Datasets with only a few per mil variability in 18O 
and/or d-excess typically result in ∆ 17O variation within analytical 
precision. We encourage researchers to explore the expected ∆ 17O 
variability on a case-by-case basis with code in Supplement 4. 

8. Analytical methods for the new surface water data 

As part of this review, we report a new, near-global dataset of surface 
water triple oxygen isotope data (Figs. 2 4 and 6). A brief summary of 
our results is in Section 4. Here, we explain our sample collection and 
analytical methods to give a sense of the IRMS workflow to make ac
curate and precise ∆ 17O measurements. 

8.1. Sample collection 

We organized a crowdsource effort to collect over 1,600 water 
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samples from around the world for isotope analysis. Water was collected 
in 2 dram glass vials (Ace Glass 8779-20) or 20 ml HDPE plastic vials 
(Wheaton 986716). Samples collected in plastic vials were transferred 
into glass vials within a few months of collection so we do not expect any 
fractionation with the sample containers (Spangenberg, 2012). Vials 
were capped with PolyCone caps to prevent leaks or evaporation, 
filtered (0.45 m, VWR 28145-493), and stored in a dark environment 
before isotopic analysis. 

8.2. Isotopic analysis 

We used a Picarro L2130-i cavity ringdown spectrometer with a 
high-precision vaporizer (A0211) and attached autosampler to measure 
the 18O and 2H values of every freshwater sample collected (over 
1,500 samples). The L2130-i does not measure 17O. Each sample was 
analyzed nine times; we use the average of the last four analyses. We 
used the Picarro ChemCorrect software to monitor samples for organic 
contamination and normalized measured 18O and 2H to the VSMOW- 
SLAP scale with USGS reference waters (USGS45, 46, 49, and 50) and 
four in-house liquid standards. Isotopic drift and precision were moni
tored using the Picarro L2130-i Drift and Precision Test worksheet, 
which is available for download from the Picarro community support 
forum (https://www.picarro.com/support/community). Precision of 
repeat analyses of deionized water was better than 0.1‰ and 0.3‰ for 

18O and 2H, respectively. 
Using the Picarro data, we selected 104 samples (rivers and lakes) 

from the crowdsourced dataset for triple oxygen isotope analysis. 
Samples were selected from 17 Koppen climate classes across 6 conti
nents and span 30‰ in 18O and 50‰ in d-excess. 

Triple oxygen isotopes were analyzed with a dual inlet Nu Perspec
tive isotope ratio mass spectrometer. We convert liquid water to O2 gas 
with cobalt(III) fluoride and a custom-built fluorination line based on 
the method outlined by Baker et al. (2002) and refined by Luz and 
Barkan (2010). Our analytical methods have been described previously 
(Li et al., 2017; Li et al., 2015; Passey et al., 2014), although these 
measurements were made with a different mass spectrometer (Thermo 
253) and fluorination line previously at Johns Hopkins University. Our 
methods have changed only slightly since the laboratory was relocated 
to the University of Michigan. 

Briefly, we inject ~ 2 L of water through a septum port into a 
360 370 C CoF3 nickel reactor to convert liquid water to O2 gas and 
gaseous hydrofluoric acid (HF) (Eq. (16)). Helium gas carries O2 gas 
through a nickel trap immersed in liquid nitrogen ( 196 C) to remove 
HF. O2 gas is further purified by passing through a custom-built stainless 
steel column (~ 1 m, 1/8 OD) that is packed with a 5 Å molecular sieve 
(Strem Chemicals, CAS#69912-79-4) and immersed in a methanol/dry 
ice slush ( 80 C). After purification, the O2 gas collects in a 196 C 
trap that is packed with a 5 Å molecular sieve. This process takes ~ 15 
minutes. After the O2 is collected, helium gas is pumped away (14 mi
nutes), liquid nitrogen is replaced by a 80 C methanol/dry ice slush, 
and the O2 is transferred to a 180 C cold finger (12 minutes) that is 
part of the dual inlet system of the Nu mass spectrometer. The cold finger 
has a few pellets of 5 Å molecular sieve to ensure the O2 gas remains in 
the cold finger. Finally, the cold finger is heated (9 minutes) to 90 C to 
release O2 from the molecular sieve, and the sample is introduced to the 
mass spectrometer. In total, sample preparation takes just over an hour. 

The O2 gas is analyzed in dual inlet mode for m/z 32, 33, and 34. To 
minimize analytical error, each analysis consists of 40 cycles during 
which the ratio of sample to reference gas (99.999% compressed oxy
gen, with approximate values of 17OVSMOW 10.3‰, 18OVSMOW 
20.3‰) is determined. Each cycle consists of 50 seconds of integration 
time on the sample gas or reference gas and 20 seconds of idle time 
between integrations. Resistances on the m/z 32, 33, and 34 Faraday 

cups are 2 108, 3 1011, and 1 1011 0, respectively. Analysis in the 
mass spectrometer takes approximately two hours. 

Triple oxygen isotope data are normalized to the VSMOW-SLAP scale 
following the approach described by Schoenemann et al. (2013). We 
analyze VSMOW2 and SLAP2 in at least triplicate at the beginning, end, 
and middle of every reactor, and routinely analyze six USGS reference 
waters (USGS45, 46, 47, 48, 49, 50) to determine long-term, external 
precision of our system, to monitor isotopic drift, and to ensure 
analytical accuracy. The root mean square error of replicate triple ox
ygen isotope analyses of USGS reference waters in our lab is 0.3‰ for 

17O, 0.9‰ for 18O, and 10 per meg for ∆ 17O. 

9. Applications and directions of future work 

9.1. Modern applications 

Studies of ∆ 17O variation in the hydrosphere have two primary ap
plications: as a complement to d-excess and as an analog to the geologic 
record. In modern hydrologic studies, ∆ 17O and d-excess can provide 
complementary information about moisture transport and moisture 
source conditions because ∆ 17O is less sensitive to temperature than d- 
excess (Fig. 14). For example, a combination of ∆ 17O and d-excess can 
decouple equilibrium and kinetic fractionation effects and reconstruct 
both temperature and relative humidity at a moisture source (e.g., 
Landais et al., 2012a; Uechi and Uemura, 2019). 

It is also important to continue to study modern meteoric water ∆ 17O 
variability in order to improve and expand its use. Geologic and pale
oclimate applications of ∆ 17O are very appealing, but it is important to 
first understand hydrologic ∆ 17O variability, especially of unevaporated 
waters. Future hydrologic triple oxygen isotope studies should focus on 
rivers and/or amount-weighted monthly precipitation to evaluate 

18O 17O regression lines and refine our understanding of spatio
temporal ∆ 17O variability. Tap waters were a useful starting point to 
understand ∆ 17O variation (Li et al., 2015; Tian et al., 2019), but these 
data can be complicated by non-local isotopic signals so future work 
should prioritize natural meteoric waters (e.g., precipitation, surface 
and subsurface water, or snow and ice). 

In addition to ∆ 17O studies from long-term precipitation collections, 
there is a particular need for studies that focus on understanding ∆ 17O 
variation in convective precipitation. This work is critical to explain 
∆ 17O variation of mid- and low-latitude precipitation (e.g., Landais 
et al., 2010; Li et al., 2015). For example, ∆ 17O values of convective 
precipitation may decrease due to mixing and/or sub-cloud evaporation 
or may increase if evaporated vapor re-condenses. Currently, the bal
ance of these effects is not clear in observational (Landais et al., 2010) or 
modeling (Risi et al., 2010, 2013) studies because there has been rela
tively little work in this area and the frequency of sample collection 
(sub-event, event, daily, monthly, etc.) is inconsistent. 

Future work is also needed in lake systems to constrain the param
eters in isotopic evaporation models (Eqs. (10) and (11)). Observations 
of water vapor ∆ 17O will be especially important for this because iso
topic models of evaporation are very sensitive to the isotopic composi
tion of water vapor (e.g., Gazquez et al., 2018; Gonfiantini et al., 2018; 
Passey and Ji, 2019), but very little is known about vapor ∆ 17O. Lake 
studies in humid and seasonally dry regions will also be helpful because 
to date most ∆ 17O lake work has focused on hyperarid climates where 
lakes are very evaporated (e.g., western US (Passey and Ji, 2019), the 
Atacama Desert, and Sistant Basin in eastern Iran (Surma et al., 2018, 
Surma et al., 2015, respectively)). Finally, we encourage data-model 
comparisons now that many state of the art isotope-enabled general 
circulation models include 17O (e.g., Brady et al., 2019). This type of 
work can fill in missing gaps from the observational record and improve 
our understanding of kinetic fractionation and ∆ 17O variability (Risi 
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et al., 2013; Schoenemann and Steig, 2016; Wong et al., 2017). 
Future modern triple oxygen isotope studies should also expand to 

include water types that have not yet been studied. These include, but 
are not limited to, 1) water vapor, which is an important component of 
isotopic models of evaporation and may affect precipitation ∆ 17O in 
regions with convective precipitation or a high degree of moisture 
recycling; 2) soil water, which frequently undergoes extensive frac
tionation in the upper soil layers (Barnes and Allison, 1984); 3) 
groundwater, which can integrate information about seasonal recharge, 
local and regional water tables, and paleoclimate conditions (Jasechko, 
2019); and 4) seawater. Generally it is assumed that the isotopic 
composition of seawater is invariant and similar to that of VSMOW (Luz 
and Barkan, 2010; Zakharov et al., 2019), but this idea is largely un
tested for triple oxygen isotopes. 

9.2. Paleoclimate and geologic applications 

The most appealing application of triple oxygen isotopes in the 
geologic record is the ability to track aridity and constrain the isotopic 
effects of evaporation. This has long been a challenge in isotope 
geochemistry because very few minerals contain both oxygen and 
hydrogen, and there has not been a d-excess equivalent in geologic 
materials. Now, the addition of ∆ 17O to geologic 18O records can help 
identify effects of evaporation and aridity (Alexandre et al., 2019; 
Gazquez et al., 2018; Passey et al., 2014; Surma et al., 2018), add con
straints on diagenesis and formation conditions of sedimentary records 
(Levin et al., 2014), and reconstruct the isotopic composition of ancient 
meteoric and ocean waters (e.g., Gehler et al., 2011; Herwartz et al., 
2015; Liljestrand et al., 2020; Passey and Ji, 2019). For example, ∆ 17O 
and ‘clumped isotopes (∆47) in lake carbonates can be used to recon
struct the isotopic composition of unevaporated paleo-water (Passey and 
Ji, 2019). Similarly, ∆ 17O from gypsum hydration water offers new 
insights into changes in relative humidity across glacial-interglacial 
cycles that are impossible to discern with records of 18O alone 
(Gazquez et al., 2018). 

To date, ∆ 17O has been measured in carbonates, sulfates, phos
phates, nitrates, silicates, and oxides to answer an array of paleoclimate 
questions (Bao et al., 2016). Additional work is still needed to calibrate 
solid ∆ 17O standards (Barkan et al., 2019; Wostbrock et al., 2020), 
define fractionation factors (Bergel et al., 2020; Cao and Liu, 2011; Guo 
and Zhou, 2019; Sharp et al., 2016; Voarintsoa et al., 2020), and refine 
analytical methods (Affek and Barkan, 2018; Fosu et al., 2020; Sakai 
et al., 2017), but the potential of triple oxygen isotopes to separate 
equilibrium and kinetic fractionation effects in paleoclimate applica
tions is immense. Additional work to understand the modern variation 
in ∆ 17O of both evaporated and unevaporated waters will help expand 
triple oxygen isotopes as tool for paleoclimate reconstructions. 

10. Conclusion 

Measurements of small, mass-dependent triple oxygen isotope vari
ations have come a long way in less than two decades. Deviations from a 

18O 17O mass-dependent reference line that were once considered 
unimportant and too difficult to measure are now well characterized and 
can separate equilibrium and kinetic fractionation effects. Building upon 
previous work, this review presents a compilation of new and published 
meteoric water triple oxygen isotope data. These data do not fit a single 

18O 17O global meteoric water line, which means that triple oxygen 
isotopes may be sensitive to hydrologic processes that do not dominate 
equally across the globe. In hydrologic applications, ∆ 17O complements 
d-excess and adds information about moisture transport, rainout, and 
evaporation that is impossible to quantify with 18O alone. In paleo
climate applications, ∆ 17O can constrain evaporation and help recon
struct relative humidity or the isotopic composition of paleo-waters. 
Uncertainties remain about the effects of convective precipitation on 
∆ 17O and the spatiotemporal variability of ∆ 17O. Additionally, many 

water types remain understudied, and future triple oxygen isotope 
measurements should focus on surface waters and amount-weighted 
monthly precipitation. This future work will further evaluate meteoric 
water 18O 17O relationships and expand the utility of ∆ 17O in hy
drologic and paleoclimate applications. 
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