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Jed Sparks
Cornell

Stable isotopes & water

Learning objectives

1. Understand some key PRINCIPLES & PATTERNS of H and O isotope variation 
in meteoric waters that impact soils and organisms

2. Examine some data on H and O variation in source waters and then how we 
can use this in biology (e.g., links to organismal ecology and physiology. 
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Today’s hydrologic cycle

Evaporation

Condensation

Sublimation

Percolation

Infiltration . . and

Transpiration

- of -

PRECIPITATION

Ø Water links Earth and Atmosphere

Water isotope partitioning by hydrologic pools & fluxes
~ coupling process to pattern ~

Values are expressed as d18O
Dawson & Fung, 2011

Tropopause
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5 Rules to remember:
1. Expect fractionation during phase changes
2. Temperature will impact the isotope    

composition (lower temps, great affect)
3. The isotope composition of any water is a 

result of fractionation, mixing or both
4. Always anticipate that both equilibrium and

kinetic affects may be at play
5. Biology can matter too

Examples of Fractionation Types in Water

Exchange/equilibrium
Liquid droplet formation from vapor in clouds
Evaporation at the boundary layer (100% RH) of Ocean

Kinetic
Evaporation of waters

Transport / Diffusion
Diffusion through boundary layer over water, out of leaves, through 
soils 

During any fractionation event these are NOT mutually exclusive

For water, it is very common to have both
equilibrium and diffusive (kinetic) fractionation occur

as water cycles and moves
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Isotope fractionation of water and
Rayleigh distillation 

(also called Rayleigh [“raylee”] fractionation)

What is this process?
-Fractional distillation of mixed liquids

-Exponential relation describing isotope partitioning between two reservoirs as

one reservoir decreases in size

ASSUMPTIONS:

1. Material is continuously removed from a mixed system containing molecules

of two or more isotope species (e.g., H2O with 18O & 16O)

2. Fractionation accompanies the removal process and at an instance is described

by the fractionation factor, a
3. a does not change during the process (be careful here!)

Rayleigh fractionation/distillation

• Rayleigh fractionation occurs when a parent mass is depleted by 
equilibrium fractionation to a phase continually removed (Lord 
Rayleigh (J. William Strutt, 1843-1919) first used this to describe distillation of liquid 
rain from and airmass (in the ideal case RF is only for chemically ‘open’ systems 
that are in a well mixed thermodynamic equilibrium with finite reservoirs)

The equation describing Rayleigh processes is:

Rt = R0f(1-a)

Rt and R0 are the ratios at time “t” and at t=0
f is the fraction remaining at t,
a is the fractionation factor
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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)

Rayleigh fractionation from rainfall (condensation)

rain

cloud

Total Rain 
accumulation of

what is being removed

Note how BOTH prod and react become
progressively more negative as “f ” changes

Rayleigh Distillation in action

Liquid <-> Vapor

Liquid

Accumulation of
light isotopes

Accumulation of 
heavy isotopes

Equilibrium Mixture

Generally an “open” system case 
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The Global Meteoric Water Line, GMWL

After Clark and Fritz, 1997; GMWL defined by Craig, 1961

Condensation
is an equilibrium process

so

Most precipitation d values
lie along a Global Meteoric

Water Line (GMWL) of
slope ~8

(e2H / e18O = 8)
-next slide-

The intercept of the
GMWL is ca. +10‰

NOTE: that most global precipitation values have negative d values

Equilibrium fractionation factors for water isotopes 
(vapor-liquid) vs. Temperature

at 20� C
e2H = 74‰

e18O = 9.2‰

e2H / e18O = 8.0

at 80� C
e2H = 38‰

e18O = 4.5‰

e2H / e18O = 8.4

Equilibrium enrichment
factors, e, for H

isotopes are ~8 x those
for O isotopes

An insight into the slope of the GMWL
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Looking at equilibrium and kinetic 
enrichment factors together

Q: What was the relationship 
between ee

2H and ee
18O?

A: ee
2H / ee

18O = 8

De2H and De18O give us a different 
relationship

Equilibrium
a2H = 8*a18O

Kinetic
a2H ≈ a18O

d2H

d18O
Gat, 1996

The Craig-Gordon Model brings both effects together to show
isotope evolution during phase changes of H2O

Craig and Gordon (1965), Dongmann et al. (1974), Flanagan et al. (1991), Kahmen et al. (2011) + others

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
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Phase change reaction a la Craig-Gordon

• Open air
– Well-mixed
– Large

• Transition zone (TZ)
– Turbulently mixed
– Decreasing humidity upwards

• Boundary layer (BL)
– Thin, well-mixed layer
– 100% RH

• Liquid
– Large (ocean) or small (droplet) 

body of water
– Mixed or stratified

“Light”

“Heavy”

Gat, 1996

Equilibrium

Kinetic

Why doesn’t the Global Meteoric Water Line intercept 0? 

d18O

d2H

SMOW

d2H = 8.0 x d18O + 10

d2H = +10

GMWL

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

dprecip-1

dvapor

e (@ 100% RH)

evap-line (< 100% RH)

dresid…liquid
devaporite (vapor)

dprecip-2

The d-excess of precip-2
is greater than precip-1

And with the greater mass
and mass difference of O
isotopes, when you add the
kinetic affect during evaporation
it has a disproportional relative
impact on O more than on H
such that evaporated waters fall
“off” the GMWL on the O-side

d-excess = d2H – 8 x d18O

+

+

-

-
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• The net ratio of 2H and 18O isotope 

effects is a blend of the 

Equilibrium and Kinetic ratios, 

typically between 3 and 8

• The coupled 2H/18O system gives 

us a “proxy” for kinetic 

fractionation… deuterium excess

d2H

d18O
Gat, 1996

Looking at equilibrium and kinetic 

enrichment factors together

8

3

Precipitation Deuterium Excess and RH

Bowen and Revenaugh, 2003
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d18O

dD

d18O = 0
dD = 0 Equilibrium processes at 100% humidity

dD = 8.0 x d18O + 10 

dD = +10 Additional kinetic processes at 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 oxygen than for 
hydrogen because H2

16O diffuses 5.4% faster than H2
18O but H2

16O 
only 2.7% faster than HD16O during evaporation (plus note that 
scale for O is 8X smaller than H) 

SUMMARIZE

d2H

d18O

GMWL

Evap. Line

The Other Side of Evaporation: 
Evapoconcentration

• Open air
– Vapor flux diffusing downward 

carries atmospheric signal
• Transition zone

– Kinetic fractionation during 
diffusion

• Boundary layer
– Equilibrium fractionation 

between vapor and liquid
• Liquid

– Liquid d value labels the upward 
flux of vapor

Isotope effects related 
to the model layers

Evaporation removes vapor with a
different isotopic composition than

the liquid.

What happens to the d values of
the remaining liquid?
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• If a significant fraction of the liquid water is evaporated, 
the d values of the remaining water will increase 
(remember Rayleigh distillation?)

• The isotopic composition of the residual water depends 
on

– The initial composition of the water
– The fraction of the water evaporated
– The isotopic composition of the evaporative flux
– The back-flux of water from the atmosphere (relative size, rate, 

and isotopic composition)

• Depending on the system, this last factor can be 
insignificant (the ocean) or the most important factor 
(leaf water)

The Residual Water

Local Meteoric Water Lines

• Isotopic variability in local precipitation often does not follow 
the GMWL

• QUESTION:  What kinds of processes could the Local Meteoric 
Water Lines shown here reflect?

y = 6.3x + 7.1

y = 6.4x - 30.6
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Whitehorse, Yukon

Entebbe, Uganda

Hydrogen

Oxygen

Data: GNIP

d2H = 8.0 x d18O + 10GMWL
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Local Meteoric Water Lines

Coastal regions are similar to GMWL, but continental regions 
(cold) and regions with high evaporation have shallower 

slopes (4 to 6) and often a negative
d-excess’ (intercept) (examples below are surface waters)

Spatial variability of O isotopes in hydrologic fluxes
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Stable Isotopes in Precipitation

www.WaterIsotopes.org

Temperature Effect

Rozanski et al., 1993Dansgaard, 1964

d18O = 0.69Taverage – 13.6‰ ~ d2H = 5.6Taverage - 100‰



14

The Amount Effect

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

The Continental Effect

Precipitation isotope d
values decrease towards 
continental interior

Reflects the fact that vapor 
is sourced from the oceans, 
rains out over the 
continents (+ winter 
precipitation [snow] is 
formed at colder 
temperatures)
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Latitude and Altitude Effects

Bowen & Wilkinson, 2002

A North American IsoRoad Trip 

Bowen et al. (2005)
Oecologia 143: 337-348

Distillation in action:
– Latitude effect
– Altitude effect
– Continentality
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Air mass history and 
source areas both affect 

precipitation isotope 
ratios

Burnett et al., 2004

Source Areas

What do we see or expect when 
analyzing soil waters?
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Soil Column

Soil Water
Content

TIME

Soil Water: Precipitation is the Source

Soil Water
Content

Soil Water
Content

Soil Water
Content

Wet Soil Zone

Dry Soil Zone

Evaporation Front

Wet Soil Zone

Dry Soil Zone

TIME

Soil
Water

Content

Soil
Water

Isotopes

Soil Water d18O Soil Water d18O 

Soil Water Soil Water

Soil Water d18O 

Soil Water

Effects of Evaporation
(Barnes and Allison, 1983; 1988)

Evaporation Front
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The Soil Water System is Dynamic

TIME

Soil Water
d18O 

Soil Water
d18O 

Soil Water
d18O 

Soil Water
d18O 

Soil Water
d18O 

Soil Water
d18O 

Spring (red), summer (orange), fall (green) and winter (blue) soil water
oxygen isotope ratios (d18O: lines = means; shading = 95% CI) for two
periods in a mixed-species forest in N-central California (2008-2013) 
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Average Precipitation
d18O = -5 to -10‰

- Soil & Aquifer Water
Surface soil: d18O = +3‰
Deep soil: d18O = -6‰
Aquifer: d18O = -6 to -10‰

Evaporated Water
[from soils]
d18O = -31‰

Xylem Water
d18O = -3‰

Leaf Water
d18O = +16‰

[evapoconcentrated]

Transpired Water (SS)
d18O = -2 to -3‰

generalized
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Using stable isotopes to identify patterns of water 
utilization by plants:

 Intra- and inter-specific resource acquisition (e.g., 
competition, facilitation, community water-use patterns)

 Identification of differential water-source utilization (e.g., 
groundwater, shallow soil water, vadose water, fog / mist / 
dew, rain pulses, old water, etc.)

 Plant effects on hydrological processes (e.g., hydraulic 
redistribution, water cycling, transpiration vs. evaporation) 

Cool – so what and how do we sample?      !

Does Fractionation in Plant Water Exist?

What is
happening
to leaves?
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And . . . not all stems are created equally

SOURCE

Roots are inherently hard to study without disturbance
• root distribution is not the same as root function (where and when water or 

nutrients are taken-up)

Uptake of water and nutrients are independent of each other
• water uptake is influenced by functional root volume, aquaporin proteins, fungi
• nutrient uptake is influenced by ion channel proteins
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How does water source use vary seasonally?

Adult poplar trees encountering a stream diversion

Are all these plants using the same water source(s)?
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Interspecific Water-use Differences

Ehleringer et al., Oecologia, 1991

Can this sort of niche-partitioning among species 
help explain the high biodiversity on this otherwise 

water limited desert? 

Where do the tallest trees in the world get their water?
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Central
Pacific
High

Warmer
Temperatures

Cold
Subarctic
Currents

Upwelling

H
LOW

Summer fog formation off the coast of west-central North America occurs when subsidence air 
moved by the Central Pacific High pressure cell meets cold water from Alaskan currents and 
deep water upwelling along the Pacific rim

Fog Formation

Gaultheria shallon

Polysticum munitum

Rhododendron macrophyllum

Oxalis oregana

Sequoia
sempervirens

12 Species
were studied

Ewok
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Redwood investigation used a one isotope, two 
source (rain vs. fog), linear mixing model

where the fraction, ƒ of rain water used is:

ƒrain = 
dmix - dsoil

drain - dsoil

dmix = water mixture

dsoil = shallow soil H2O

drain = deep soil H2O

drain

dsoil

dmix

dsoil

drain

dmix

NOTE:
Shallow soil H2O = FOG water
Deep soil H2O = RAIN water

Do plants from Redwood-Forest Communities use Fog?

Sword Fern
Complete dependence

on FOG!
FOG

Dawson, 1998, 2003, 2013
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What do these birds eat and drink in
this resource-limited desert?

Photo: Blair Wolf

It’s a desert (water limited); so what do they drink?
Hydrogen isotope ratios of Sonoran Desert water resources

SAGUARO dD (‰) VSMOW
Nectar 19.6 � 7.5 (n = 19)
Fruit 50.5 � 4.7 (n = 47)

WILDLIFE WATER CATCHMENTS
Drinking water -20.0 � 5.2 

Wolf and Martinez del Rio. 2000. Oecologia 124: 536-543 
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Desert dove resource use 
(liver tissue & body water)
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White-winged Dove

Wolf and Martinez del Rio, Oecologia 124: 536-543 

CAM CAM

Fruit H2O

Nectar H2O

H2O


