


Look at our BLUE PLANET and some key PRINCIPLES & PATTERNS
of H and O isotope variation in meteoric waters that impact soils,

the sub-surface, and organisms.

Place the discussion about ISOTOPES in a climatic and ecological context.

Discuss the PROCESSES that help us understand patterns.

Examine some data on H and O variation in “source” waters and then how 
we can use this in biology = organismal “ecology” and “physiology”



• Planetary Cooling
pressure and out-gassing do not permit this option

• Hydrate Minerals
leakage from these is too little

• Volcanic Activity
vapor from eruption is a source of ‘rain’ but this source would be too little

• Extraplanetary Sources
Comets, meteoroids like carbonaceous chondrites [carbon-rich meteorite]
can contain 3–22% water. Chondrites have the same D/H ratio (159:999,840) as 
Earth’s water, where Comets have less water and a D/H of 320:998,950

• Inheritance from Big Bang Origin
The Earth, Moon, and carbonaceous chondrites all have the same D/H ratio    
suggesting a common origin of water when the planets were originally formed 
(Apollo 15 and 17)



Evaporation

Condensation

Sublimation

Percolation

Infiltration

Transpiration
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PRECIPITATION

Water links
Earth & Atmosphere



Tropopause



Values are d18O

What about MAGNITUDE, MIXING, and MEASUREMENT? 

Tropopause



Expect fractionation during phase changes (liquid       vapor)

Temperature will impact isotopic composition
(lower temps = larger isotopic affects)

The isotope composition of any water is a result
of fractionation, mixing, or both.

Always anticipate that both equilibrium and kinetic 
fractionation effects may be at play.

Biology and physiology can influence water isotope values too.
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Blue shaded squares are stable and the unshaded squares
are unstable (radioactive) nuclides.



Hydrogen Isotopes: 2 stable, 1 unstable (radioactive):

1H, Protium (H) 99.984%
2H, Deuterium (D) 0.0159%
3H, Tritium (T) 5 x 10-6%

Oxygen Isotopes: 3 stable, 5 unstable (radioactive):

16O 99.630%
17O 0.0375%
18O 0.1995%



Of nine configurations (isotopologues) of H and O stable isotopes 
in meteoric water, only three make up the large majority on Earth:

1H1H16O - most common (highest vapor pressure)
1H1H18O - less common

1H2H16O - least common

Isotopologues = identical compounds/molecules that differ in isotope composition.
(1H1H16O  vs. 1H2H16O)
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Rsample

–1        x 1000
Rstandard

dR in ‰ =

R = isotope ratio of RARE / COMMON.                   
2H/1H or 18O/16O                                                         

(very small number)

[(Rsample / Rstandard) -1] is a small number.                                                  
multiplying value by 1000 allows us to express the value in per mil.               

(parts per thousand or ‰)

Delta notation is a “difference” or relative expression in relation to a standard.                              
So, an isotope ratio in the sample equal to the standard means Rsample/Rstandard = 1 or dR = 0‰. 

International Atomic Energy Association (IAEA) maintains these reference standards



Isotope
System

Ratio IAEA Reference Standard
Reference Standard
Abundance Ratio 

2H 2H/1H
V-SMOW: 

(Vienna-Standard Mean Ocean Water) 
155.76 x 10-6

18O 18O/16O
V-SMOW:

(Vienna-Standard Mean Ocean Water) 
2005.2 x 10-6 

Reference standard was originally called SMOW but is now called V-SMOW.

Measurements are calibrated to other international standards
that span a wide range of values.



Abbreviation Standard Name d2HVSMOW d18OVSMOW

V-SMOW Standard Mean Ocean Water 0‰ 0‰

SLAP Standard Light Antarctic Precipitation -428.0‰ -55.5‰

GISP Greenland Ice Sheet Precipitation -189.7‰ -24.8‰

NBS-1 National Bureau of Standards (NBS) 1 -47.1‰ -7.9‰

NBS-1A National Bureau of Standards (NBS) 1A -183.2‰ -24.3‰



For the most part, this course is concerned with
TWO main processes that have isotope effects:

Fry 2006

Fractionation Mixing



Isotope Fractionation Factor: aA-B =  RA/RB
(A and B are substrate and product respectively)

Isotope Enrichment Factor: eA-B = (a - 1) • 1000 ‰

A process that combines different substrates into the product
(the making of a homogeneous whole – e.g., baking)

A process that occurs during chemical reactions when the 
abundances of the heavy isotopes in the substrate are different
than the abundances of the heavy isotopes in the product(s)



Exchange or Equilibrium
– Complete back-reactions occur
– Product/reactant offset by constant fractionation factor (a)

Kinetic (Non-Equilibrium)
– Incomplete back-reactions or none occur
– Product and reactant d can evolve in concert (closed system),                  

or reactant composition determines product composition (open system)

Transport or Diffusive (Non-Equilibrium)
– Can be thought of as a special case of kinetic fractionation reaction

(along a flux/concentration gradient)
– Incomplete back-flux is a necessary condition



During any fractionation event these are NOT mutually exclusive.

For water, it is very common to have both equilibrium and kinetic
fractionation occur as water cycles and moves.

Exchange or Equilibrium
– Liquid droplet formation from vapor in clouds
– Evaporation at the boundary layer (100% RH) of water body (ocean/lake)

Kinetic
– Mineral precipitation out of magma
– Evaporation of waters (<100% RH)
– Biosynthesis (enzyme-mediated)

Transport or Diffusive
– Diffusion through boundary layer over water, out of leaves, through soils 



What is this Process?
– Fractional distillation of mixed liquids.
– Exponential relation describing isotope partitioning between two 

reservoirs as one reservoir decreases in size.

Assumptions
– Material is continuously removed from a mixed system containing 

molecules of two or more isotope species (e.g., H2O with 18O and 16O).
– Fractionation accompanies the removal process and at any instance is 

described by the fractionation factor alpha (a).
– Alpha (a) does not change during the process.



Rt = R0f (1-a)

Rt and R0 are the ratios at time “t” and zero (initial)
f is the fraction remaining at t
a is the fractionation factor

Rayleigh fractionation occurs when a parent mass is 
depleted by equilibrium fractionation to a phase 

continually removed. 





d in cloud vapor and 
condensate plotted as a 
function of the fraction of 

remaining vapor in the 
cloud. These idealized 
lines follows the same 
Rayleigh process as 

classical evaporation.

dreact = cloud (vapor)
dprod = rain (liquid)

Rain
(liquid phase)

Cloud
(vapor phase)

Total Rain 
(accumulation of water removed)

Note BOTH dprod and dreact become progressively more negative as “f” changes.

Residual Fraction (f)

Clark and Fritz 1997



Liquid <-> Vapor
(equilibrium mixture)

Liquid

Accumulation of
Light Isotopes

Accumulation of 
Heavy Isotopes





• @ 20°C
• e2Hv-l = 74‰
• e18Ov-l = 9.2‰
• e2H / e18O = 8.0

• @ 80°C
• e2Hv-l = 38‰
• e18Ov-l = 4.5‰
• e2H / e18O = 8.4

• Mass Differences
• (2H – 1H) / 1H = 1
• (18O – 16O) / 16O = 0.125
• 1 / 0.125 = 8.0

Equilibrium enrichment
factors for hydrogen

isotopes are ~8x those
for oxygen isotopes

Global Meteoric Water Line
(GMWL)



Condensation is an 
equilibrium process:

Global Meteoric
Water Line (GMWL)

slope = ~8

Intercept of +10‰?

Warm Regions

Cold Regions

d18O (VSMOW)

d2
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Q: What is the relationship
between eeq

2H and eeq
18O?

A: eeq
2H / eeq

18O = 8

De2Heq+k and De18Oeq+k give us
a different relationship

Equilibrium
a2H = 8 X a18O

Kinetic
a2H ≈ a18O

d2H

d18O
Gat 1996



Brings both equilibrium and kinetic effects together to show isotope
evolution during phase changes of H2O

aeq equilibrium fractionation factor (1.009)
ak kinetic fractionation factor (1.0285)
hair      humidity [vapor pressure of water] in air
dawv molar ratio of 18O/16O (or 2H/H) of atmospheric water vapor

dvapor = dliquid – hair x dawv – aeq – (1 – hair) x ak / 1 – hair

Craig and Gordon 1965, Dongmann et al. 1974, Flanagan et al. 1991



• Open Air
– Large and Well-Mixed
– RH<<100%

• Transition Zone (TZ)
– Turbulently Mixed <100% RH
– Decreasing Humidity Upwards

• Boundary Layer (BL)
– Thin and Well-Mixed (100% RH)

• Liquid
– Large (ocean) or Small (droplet)
– Mixed or Stratified

“Light”

“Heavy”

Equilibrium

Kinetic

Gat 1996



d18O

d2H

SMOW

dprecip-1

dvapor

e (Equilibrium @ 100% RH)

dresidual liquid

d2H = 8.0 x d18O
if V-L are in isotopic equilibrium

(no kinetic fractionation) dprecip

dvapor

e (Equilibrium @ 100% RH)

d2H = 8.0 x d18O + 10

d2H = +10

GMWL

The d-excess of precip-2 > precip-1

dprecip-2

d2H = +15

d-excess = d2H – 8 X d18O

Evaporation Line
(Kinetic @ <100% RH)

devaporite (vapor) With the greater mass and mass 
difference of O isotopes, when you add 
non-equilibrium (kinetic) effect during 
evaporation it has a disproportional 

relative impact on O more than H such 
that evaporated waters (vapor) fall

“off” the GMWL on the O-side



• The net ratio of 2H and 18O 
isotope effects is a blend of the 
equilibrium and kinetic slopes, 
typically between 3 and 8.

• The coupled 2H and 18O system 
gives us a “proxy” for kinetic 
fractionation… deuterium excess

8

3

Gat 1996

d2H

d18O





Bowen and Revenaugh 2003



The evaporation line can be extended to show the change in residual
water d values and d of the remaining liquid (body of water).

Vapor

Remaining
Liquid

New
Liquid

8

3

d = d2H – 8 x d18O

d =  60   50   40   30  20   10   0

-10

-20

-30

Clark and Fritz 1997

d2H

d18O



d of seawater (SMOW) is 0 – 8 x 0 = 0‰

d = d2H – 8 x d18O

d =  60   50   40   30  20   10   0

-10

-20

-30

Clark and Fritz 1997



d18O

d2H

d18O = 0
d2H = 0

Equilibrium Processes: 100% humidity

d2H = 8.0 x d18O + 10 

d2H = +10 Additional Kinetic Processes: 81% humidity (global average)

• Evaporation causes departures from the MWL
• Since mass-balance must be preserved, the liquid phase will get 

“heavier” if the vapor leaving is “lighter”
• The affect of evaporation is ‘seen’ more for O than for H because H2

16O 
diffuses 5.4% faster than H2

18O but H2
16O only 2.7% faster than HD16O 

during evaporation (plus note scale for O is 8X smaller than H) 

GMWL

Evap. Lined2H

d18O



Coastal regions are similar to GMWL, but cold continental regions have 
shallower slopes (4 to 6) and often negative d-excess (-10‰ to -50‰).



A Note of Caution
LMWLs are sometimes defined using surface waters, but precipitation and

surface water LMWLs can reflect different processes and should not be confused.





c

2007-Present (n = 23)

http://isohis.iaea.org



www.waterisotopes.org

Processes Behind Patterns?
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Dansgaard 1964, Rozanski et al. 1993

d2H = (5.6)Taverage - 100‰d18O = (0.69)Taverage – 13.6‰



Precipitation isotope d values 
decrease with increasing 

amounts of rainfall (rain out).

Generally follows the predictions 
of a Rayleigh model forced by 
lapse rate of cooling airmass.

Rozanski et al. 1993



Precipitation isotope d values decrease 
towards continental interior.

Reflects the fact that vapor is sourced 
from the oceans, rains out over the 
continents, plus winter precipitation 

(snow) is formed at colder temperatures.



Bowen and Wilkinson 2002

Banff/Jasper Canada
-4.7 to -17.4‰
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Distillation in Action
Latitude Effect
Altitude Effect
Continentality

Bowen et al. 2005

Bowen et al. 2005



Variability in moisture source 
needs to be considered as 

another effect governing local 
precipitation isotope values

Example:
North American Monsoon

Amundson et al. 1996

Atmospheric Circulation – North America


