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Structure

1) Stable isotopic principles & terrestrial water isotopes
2) Ocean temperatures - Carbonate isotopes

a. Basic principles
b. Separating ice and temperature: Foraminifera Mg/Ca
c. Brachipods & other archives

3) Carbon isotopes in carbonate
4) Atmospheric CO2 concentrations – Palaeosol

carbonate.
5) Atmospheric sulfate addition & ozone depletion –

terrestrial S & O isotopes
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Excellent resource for the basics & to explore the 
wide range of applications in Earth sciences:

Principles of Stable Isotope Geochemistry, 

Zachary Sharp

Free to download (legally!) at: 
https://digitalrepository.unm.edu/unm_oer/1/

1) Stable isotopic principles



02/11/2018

3

Notation: The  (delta) scale
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 values are expressed as ‰ (per mille) 
= parts per thousand difference from a 

defined standard.

Positive = more of the heavy isotope than the standard
Negative = less of the heavy isotope than the standard

Where, 
RPDB =  13C/12C of the Pee Dee Belemnite

So if a sample of calcite had a 13CPDB value of +6 ‰, 
it would have 6 parts per thousand more 13C than the 
original Pee Dee Belemnite
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Using carbon as an example:
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Isotopic Fractionation

Kinetic. 
Fast, incomplete, or unidirectional processes. Normally 
Involves change of phase, chemical species valence 
state etc. e.g. a chemical reaction.

Physical e.g. diffusion, evaporation, 

Chemical: e.g. photosynthesis, bacterial sulfate reduction

Equilibrium.
Exchange of atoms between two phases or chemical 
species to approach thermodynamic equilibrium. No 
change of mass of each reservoir.

e.g. H2O(vapour)-CO2, or CaCO3-H2O

Process which can change the stable isotopic composition 
of a substance:

Equilibrium fractionation

Arises from exchange of atoms between molecules

E.g. CO2  H2O

18O is ‘swapped’ between the molecules to reach 
thermodynamic equilibrium

C18O16O + H2
16O  C16O16O + H2

18O

NOTE: There is no conversion of mass

(reservoir effects – see later)
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Formally defined as the ratio of the isotopic ratios in 
two substances ().

Equilibrium fractionation factor

B

A
BA R

R


 displays large variations in the range of 
temperatures that characterise Earth surface 
environments.

This is the basis for all geothermometers

Because the differences in RA and RB are small 
is always close to 1.

e.g.     = 0.99XXX, or, 1.00XXX

We normally only ever measure  values not 
absolute ratios, so how can we relate  to the 
variable we measure?

Usefully, it can be approximated as the difference 
in the  value between the two substances () 
because:

Equilibrium fractionation factor

BABABA    ln1000
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e.g. H2S (aq) + 2O2  2H+ + SO4
2-

32S reacts faster than 34S 
 K32 > K34

  = <1
 Reaction product (SO4) will have a more negative 

34S than starting H2S.

Kinetic fractionation factor

Light

Heavy

K

K


32

34

K

K


Defined as the ratio of the reaction rates (K) for the 
heavy and light isotope:

1) Terrestrial water oxygen isotopes 
(Mostly controlled by kinetic processes)

H2O (liquid)  H2O (vapour)

H2
16O has higher vapour pressure than HDO or H2

18O 

 H2O vapour produced will be enriched in 16O

Evaporation

Condensation Condensation
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Relationship between 
precipitation-18O & 
temperature: 

Temperature controlled 
kinetic isotopic 
fractionation.

Breaks down at higher 
temperature (temperate 
& tropical latitudes) 
where other processes 
come into play.

Transport: Tap water 18O in the USA

Bowen et al, 2007. 
Water Resources Res. V43, 
doi:10.1029/2006WR005186
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Ice volume therefore controls the oxygen isotope composition of the 
ocean on glacial to interglacial timescales.

Low ice volume

Ocean has more 
- 18O

High ice volume

Ocean has more 
+ 18O

Ice at high latitudes is very 18 O depleted water (has negative 18O)  mainly 
because of temperature and transport induced fractionation. 

IMPORTANT! Remember 
for later!

How do I know 
my whisky is 
really Scottish?

Meier-Augenstein et al, 2012. 
Food chemistry, 133, p1070-1074

Map of D (2H) of 
source waters for 
Scottish distilleries.
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Detecting counterfeit whiskies

Authentic

Suspect

Counterfeit

Meier-Augenstein et al, 2012. 
Food chemistry, 133, p1070-1074

2) Oxygen isotopes in carbonates as an 
important tool for reconstructing past 
environmental change

How do they work?
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Relationship between 
1000ln & temperature for 
selected carbonates, 
including calcite

Remember: 

1000ln  difference in ‰ 
between mineral & water

The calcite water geothermometer

Environmentally relevant range 

Reservoir effects - Equilibrium

Water Calcite

Calcite values are sensitive to temperature dependent fractionation, but 
the water values are not because the reservoir is so huge in comparison.
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     214.03.45.16 watercalcitewatercalciteCt  

Epstein et al, 1953

Classic equation for calculation of water temperature 
from calcite-18O:

18O of calcite increases as temperature decreases 
(more positive values of 18O, bigger difference between water and 
calcite 18O)

Other forms of this equation exist based on different experimental 
methods and there is still significant debate about which to use. 

Two of the most commonly analysed 
are:
1. Foraminifera

• Microscopic. 
• Live at different water column depths.
• Present in huge numbers from 

roughly the beginning of the 
Cretaceous (120-0 Myrs) to the 
modern day. Most work concentrates 
on the Cenozoic (65-0 Myrs). 

2. Brachiopods
• Ranges from the Lower Cambrian 

and to the modern (530-0 Myrs)

This approach is applied to many organisms with 
modifications for shell mineralogy and specific temperature 
equations.
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Why these organisms?

Because both produce low Mg calcite which is 
closer to chemical equilibrium with the 
sediment pore fluid, and therefore much more 
resistant to post-depositional change.

Still need to do preservation tests….

STABLE ISOTOPE 
GEOCHEMISTRY, ICE & 

TEMPERATURE

Classic Cenozoic benthic-foraminifera oxygen-
isotope record

Deep water temperature and ice 
volume record

One of the most cited curves in 
geoscience literature! 

For ice free worlds (e.g. early Eocene) 
we can assume all the change is 
represents temperature. 

Zachos, J. et al. 2001. Trends, Rhythms, and 
Aberrations in Global Climate 65 Ma to Present. 
Science, 292, 686-693
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(Veizer, et al,. 1999. 87Sr/86Sr, d13C and d18O evolution of Phanerozoic seawater. Chemical 
Geology 161, 59-88.)

A (mainly) brachiopod record of calcite 18O for the entire 
Phanerozoic

(note inverted 18O scale)

Sharp et al, 2018
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We need another proxy!

For both these records an accurate temperature calculation 
relies on knowing, or assuming, the oxygen isotope 
composition of water, which, as we learnt earlier is 
dependent on terrestrial ice volume….

     214.03.45.16 watercalcitewatercalciteCt  

Mg/Ca in foraminifera records only temperature

Elderfield, H., Ganssen, G., 2000.

• Mg substitutes into 
calcite in proportion 
to the temperature of 
the water in which it 
forms

• Allows separation of 
T and ice volume 
effects
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Clumped isotopes – a possible way to resolve ice 
and temperature further back in time

Ca13C16O3 + Ca12C18O16O2 = Ca13C18O16O2 + Ca12C16O3

• Measure the distribution of C13-O18 bonds in 
carbonate minerals relative to a theoretical 
distribution

• Dependent on temperature.
• Equilibrium reaction.
• Critically, it is independent of water δ18O
• However, issues with calibration between 

labs, still poorly understood and can be reset 
by burial (temp & pressure)

Whilst the figure below looks promising there are 
still many uncertainties, so its not a ‘standard’ tool 
to use yet…..
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Carbonate oxygen isotopes take home messages:

1. Carbonate 18O records a signal that represents 
both the temperature and the ambient 18O of the 
water

2. Foraminiferal calcite  is especially useful because:
a) It’s abundant.
b) Mg/Ca can be be analysed on the same samples and 

used to derive both sea surface temperature and ice 
volume

c) Their range of depth habitats mean that vertical water 
column temperature gradients can also be 
reconstructed.

3. Brachiopod calcite
a) Long range in time
b) Clumped isotopes may allow separation of ice and 

temperature

3) Carbon isotopes in carbonate

• Records the carbon isotopic composition of dissolved 
inorganic carbon with almost no fractionation.

• Can therefore record variabilty in space and time.

• Uncertainty about where in the water column carbonate 
is produced is critical.

• Generally considered more robust than carbonate 18O

• They measure the operation of the carbon cycle

• Foraminiferal calcite can measure the 13C profile of the 
oceans (different depth habitats)

 Link to productivity

Newton, R.J., Bottrell, S.H., 2007. Journal of the Geological Society, 164: 691-708



02/11/2018

17

After Kroopmick & Craig 1972 from Sharp, 2018

• Long term changes in marine carbonate carbon-isotopes reflects 
changes in organic matter burial. 

• Important because organic carbon burial controls atmospheric oxygen

(Veizer, et al,. 1999. 87Sr/86Sr, d13C and d18O evolution of Phanerozoic seawater. Chemical Geology 161, 59-88.)

More 
org-C 
burial

Less 
org-C 
burial
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4) Proxies for CO2 –
The master variable?!

• Multiple proxies
• Large uncertainties but 

broad agreement in trend if 
not absolute value

• Less certainty the further 
back in time you go.

1) Carbon cycle modelling
2) Palaeosol carbonate
3) Leaf stomatal density
4) Phytoplankton 

(alkenones)
5) Boron isotopes
6) Nahcolite-trona
7) Bubbles in ice core

Beerling & Royer, 2011
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See review of CO2 proxies in Royer, Berner & Beerling, 2001 (on ref list)

Palaeosol carbonate-carbon isotopes

• Soil-carbonate forms in arid conditions
• Carbonate carbon is a mixture of oxidised organic carbon 

and atmospheric CO2 which diffuses into the soil
• Rate of diffusion is a function of concentration in the 

atmosphere
• These two types of carbon have different isotopic 

compositions: Atmosphere more positive (around -8‰) 
Organic matter more negative (-22 to -30‰)

• By measuring the soil-carbonate carbon-isotope 
composition we can model this process and derive 
atmospheric CO2 concentrations

Higher concentration of atmospheric CO2 = higher rate of 
diffusion into soil = greater contribution of atmospheric 
carbon to soil carbonate = more positive soil carbonate 
carbon isotope composition.

See review of CO2 proxies in Royer, Berner & Beerling, 2001 (on ref list)

Palaeosol carbonate-carbon isotopes

• Has a long record since the 
evolution of land plants

• Based on multiple 
assumptions which men it 
has large error bars

• For some time periods the 
only way to get a direct (ie
not modelled) estimate of 
atmospheric CO2

‘Royer compilation’ data in fig 
to right are all produced by 
this method
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5) Terrestrial S & O isotope 
proxies for S addition & ozone 

depletion.

With Jacopo Dal Corso, Barry Lomax, 
Huiming Bao, Paul Wignall, Matt Kent, 

Jinnan Tong, Daoliang Chu, Wenchao Shu 
Mark Claire, Aubrey Zerkle & others…

Addition of terrestrial sulphur from Siberian Traps 
volcanism or H2S from the oceans

• Ozone depletion (Allows 
increase in UV radiation, 
terrestrial stressor/kill 
mechanism)

• Acidification (terrestrial 
stressor/kill mechanism)

• Climate control (SO4 aerosol, 
short term cooling)

What was the role of ozone 
depletion & increased UV 
exposure in the terrestrial P-T 
extinction?

We need a way to trace the 
atmospheric sulphur cycle….

Fo
st
er
 a
n
d
 A
fo
n
in
, 2
0
0
5

Mutated pollen from P‐T lake sediments, NW China

Measure the major and minor isotope 
composition of sulphur and oxygen (in 
sulphate) in lake sediments and 
palaeosol carbonates.
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Mass independent sulphur isotope variations

In most reactions fractionation is proportional to the mass 
difference between the isotopes

e.g. fractionation for δ33S would be half that of δ34S 
(Mass difference = 1/32 compared to 2/32) 

Sometimes it isn’t…..

These are called mass independent fractionations (or 
MIFs) and are the deviation from the mass dependent 
fractionation line.

The notation is ∆ (cap delta). E.g. ∆33S

Positive ∆33S

Negative ∆33S

Mass independent sulphur isotope variations
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Disappearance of 33S MIF at ~2.3 Ga

MIF effects Produced by atmospheric reactions of SO2 or H2S in the absence 
of atmospheric oxygen, although exact mechanisms debatable.

Large MIFs disappear at about 2.3 Ga. Newer work suggest they sometimes 
reappear…

Farquhar et al, 2000

Mechanisms to produce large ∆ (cap delta):

1. ∆33S & ∆36S are generated when SO2 is 
photolysed at 248nm, a wavelength 
normally attenuated by ozone.

2. ∆17 OSO4 are derived from the oxidation 
of SO2 by ozone
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SO2

O3

O3
O3

Absorbs UV 200 – 310 nmSO2 photolysis  SO4 + S‐MIF

Production of S with S‐MIF occurs where 
SO2 interacts with  ~248 nm UV radiation

 Indicates height of volcanic plume 
injection (below/above ozone layer)

SO2

SO2

SO2

SO2

Savarino et al, 2003

SO2 photolysis  SO4 + S‐MIF

SO2 oxidation  SO4 ‐ S‐MIF

Sulphur mass independent fractionation (S‐MIF)

UV  ~248 nm

SO2

• SO2 oxidant controls the size of O‐MIF
signal in the SO4.

• Big difference between ozone and other 
oxidants

 Potential to track the presence and 
destruction of ozone layer

SO2

SO2

SO2

SO2

Savarino et al, 2000

Oxygen mass independent fractionation (O‐MIF) 

Oxidant O‐MIF of SO4 (17O)

O3 8.8 ‰

H2O2 0.9 ‰

OH 0.0 ‰
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Site characteristics

• Low S catchment – atmospheric S signal 
may be small. Shale or evaporite in 
catchment would swamp atmospheric S 
signal.

• Soil or lake carbonates to capture SO4 as 
well as total-S

Preservation & extraction of sulphur.

S can be reduced and either incorporated into 
organic matter or as metal sulphides. We used 
an Eschka’s total digest to extract total-S.

SO4 in soil water should be preserved in 
palaeosol carbonate. Extracted using same 
methods as for carbonate associated SO4 in 
marine carbonates where it is widely used.
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Theoretical background

1. SO4 addition is preserved as 

a) reduced S2- (where FeHR is >TOC) in lake sediments

b) SO4 in soil carbonates substituted for CO3
2- ion.

2. SO2 photolosis in atmosphere produces 33S and 36S 
anomalies.

3. Ozone depletion by SO2 photolysis produces +ve 17O 
anomalies in SO4.

4. SO4 & total-S has the potential to preserve atmosphere 
induced 17O, 33S and 36S (SO4) or just 33S and 36S 
(total-S) imposed by atmosphere

49

Bao et al,  2000a, b & c, Savarino, Lee & Thiemens, 2000, Lee, Savarino & 
Thiemens, 2001, Savarino et al, 2003, Howell & Bao, 2006, Baroni et al, 2007
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Dalongkou

Taodonggou Tarlong

Daolongkou north limb

Approximate P‐T transition interval
Sampled interval

Lake sediments
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Daolongkou north limb

Taodonggou
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Taodonggou

Shaofonggou Jiucayuan Guodikeng Wutonggou

Mostly palaeosols with varying amounts of carbonate:

Wutonggou – almost none
Guodikeng – Some carbonate nodules but probably formed in saturated soil
Jiucayuan – none at base, some appears towards top, but not classic arid pedogenic carbonate
Shaofonggou – Clear aridsoil carbonates quite abundant

Taoshuyan = Taogonggou: Cao et al, 2008. EPSL, v270,  p251‐257

Taodonggou

Shaofonggou

Jiucayuan

Guodikeng

Wutonggou
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Tarlong

Early Triassic lake seds and palaeosols
Closer to the lake edge than Taodonggou.
Mostly shallow lake seds in upper Guodikeng

No classic palaeosol carbonate, but some carbonate nodules present and quite 
frequent lacustrine limestones

Tarlong south limb Tarlong north limb

Tarlong south

Small nodules 
weathering out of 
sandstone in mid 
Guodikeng fm
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Tarlong south

Nodular weathering 
in limestone in mid 
Guodikeng fm

SMIF?

+ve OMIF?

Yes No

Yes NoNo

‐ve change in 34S? 

Yes No

YesNo

YesNoYes

Volcanic/H2S?        
SO2

photolysis 
@248nM?

       

SO2-O3

reaction?        

UV-B
increase        

No Yes

S addition, 
ozone 

destruction

S addition 
only

No S addition
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1. Initial pulse of S delivery/preservation
2. Onset of C carbon cycle perturbations
3. Freshwater extinction and floral turnover

1

2

3

Daolongkou section lake 
sediments

Chu et al, 2015 & 
unpublished data

Note implications for the UV‐B sporopollen wall 
chemistry proxy… 

Isotopes can indicate atmospheric process, pollen 
chemistry can indicate UV‐B flux to the ground. Very 
complimentary.

See Barry Lomax’s talk later in the week. 


