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Geological Analogues
Natural CO2 reservoirs that have interacted with CO2 on geological timescales

Sheep Mountain CO2 field, Colorado
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Natural CO2 reservoirs on Earth
76 sites documented

by Miocic et al., 2016

- 66 secure stores

- Only 6 insecure sites

4 inconclusive

What lessons can 

be learned from 

secure natural 

storage sites?

Godec et al., 2013

https://doi.org/10.1016/j.ijggc.2016.05.019
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The role of tracers
• Method of detection for the unplanned migration of CO2

• Added potential of ‘fingerprinting’ CO2 during storage and resolving its fate



Inherent Tracer Fingerprints in Captured CO2

Stephanie Flude, Domokos Györe, Fin Stuart, Adrian 
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Natural CO2 molecule
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Anthropogenic CO2 molecule

Fingerprinting CO2?



δ13CCO2

δ18OCO2

Noble gases

Feedstock

• What is the inherent tracer fingerprint of captured CO2

and what controls it?
• Will it be retained during transport?
• Will it be a useful subsurface tracer?

What is the fingerprint of captured CO2?



• δ13C controlled by 
feedstock

• δ18O controlled by water 
involved at any stage & ɛ 
(temperature)

• Noble gas concentrations 
controlled by capture 
process

• Noble gas ratios 
controlled by feedstock

Predicting fingerprints of captured CO2

DOI: 10.1021/acs.est.6b01548 



Expected fingerprints from different feedstocks

δ13C -25 to -20 ‰; 4He & 40Ar δ13C -35 to -20 ‰; 4He & 40Ar

δ13CCH4 <<-20 ‰;
δ13CCO2 -14 to >+10 

‰;
4He & 40Ar

C3: δ13C -30 to -24 ‰
C4:  δ13C -15 to -10 ‰

δ18OO2: +23 ‰
Ar>Ne>He>Kr>Xe

δ18O: <-50 to +15 ‰



Captured CO2 samples collected from:



Results - δ13C

• Majority of coal and gas samples 
agree with expected fingerprints

• Biomass + amine capture samples 
show larger fractionation than 
expected

• Inherent δ13C will be a useful tracer 
in many cases e.g. Shell QUEST 
Project



Results - δ18O

• Majority within 5‰ of 
atmosphere

• O isotopes controlled by air 
from combustion

• Influence of δ18OH2O is small

• Inherent δ18O fingerprints 
will be useful for determining 
CO2 pore space saturation in 
many cases 



Results – Noble gases

• All exhibit low concentrations, with small radiogenic He component

• Significantly lower than air, and different to air-saturated water (ASW) 



Are fingerprints retained after transport?

• Stable isotopes of δ13C and δ18O are not significantly altered

• Noble gases appear slightly fractionated by mass – potentially due to sampling issues



Are fingerprints retained after storage?

• AQ1 – produced CO2 fingerprint complicated by air contamination

• Sample has inherited the high 4He signature from the reservoir

Aquistore

Injected CO2

Produced CO2



Are fingerprints retained after storage?

• Produced CO2 shows mix of injected COSPL CO2 with ASW

• Enrichment in Kr & Xe is due to artificial tracers added for first Otway test, 5 years before

Produced CO2

Injected CO2



What is the inherent fingerprint of captured CO2 & what controls it?

- δ13C will be within 5 ‰ of feedstock

- δ18O similar to atmospheric O2 for combustion derived CO2 but 
influenced by combustion and capture efficiency

- Noble gas concentrations are low but element abundances and 
isotope ratios distinct from those in subsurface

Will it be retained during transport? - Yes

- Stable isotope fingerprint preserved, noble 
gases may fractionate slightly

Will it be a useful subsurface tracer? - Yes, but with caveats

- Stable isotopes can fractionate and can be overprinted by natural CO2

- Radiogenic noble gas fingerprint from reservoir will be inherited by 
injected CO2 and serve as a distinctive tracer for CO2 migration

Conclusions



What does one of the world's leakiest CO2 storage sites tell us 
about long-term CO2 storage security?

Johannes M. Miocic1,2, Stuart M.V. Gilfillan1, Norbert Frank3, Andrea 
Schröder-Ritzrau3, Neil M. Burnside4, R. Stuart Haszeldine1



Evidence of migration of CO2 to surface

2011

St. Johns area - Many 
travertine domes -
evidence of long term 
CO2 leakage

δ13C (CO2) and noble gas 
composition of deep 
CO2 known

Noble gas and water 
chemistry indicates 
active CO2 migration
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All groundwater wells and surface 

springs near to travertine mounds 

show higher levels of 4He relative 

to those expected in groundwater 

(from dissolved air)

→ 4He in samples must have come 

from deep CO2 reservoir

→ Dissolved CO2 in springs must 

be coming from depth

Natural CO2 migration identified using noble gases



St Johns Dome field structural setting

Magmatic CO2

Travertine outcrops located above faults that extend above and below CO2 reservoir



Travertines indicate reservoir retained more CO2 in past



Amount of CO2 retained in reservoir

Constrained CO2 retained in reservoir using 3D reservoir model

Present day ~1.9 x 103 Mt, paleo gas water contact indicates ~2.7 x 103 Mt in the past

Determined the volume of travertines through fieldwork and GIS



Assuming between 1 - 10 % of CO2 precipitated in travertines 

we used their volumes to determine amount of CO2 leaked

Total amount retained is 1-2 orders of magnitude lower than 

total leaked – due to recharging of reservoir by magmatic CO2

Consistent with previous work in the area – CO2 charge linked 

to magmatic activity, resulting in active leakage

For engineered CO2 storage to be effective as a climate 

change mitigation tool, CO2 must be securely retained for 

10,000 years with a leakage rate of below 0.01 % per year of 

the total amount of CO2 injected.

Calculating the amount of CO2 leaked



Calculated leakage rates
Individual travertine mounds dated using U-Th method

Combining calculated volumes of leaked CO2 with leakage 

history from U-Th dates allows estimation of CO2 leakage rates 

along Buttes fault 

Constrained between Mound 3 and 6 which are the highest 

and lowest rates

Time averaged total leakage rate of Buttes Fault: <3.6 x 104 t/yr

Assuming constant CO2 leakage over the last 420 ka, 

travertine deposits above St. Johns Dome indicate maximum 

leakage rates of 2 x 105 t/yr = <0.01 % of reservoir volume



https://www.nature.com/articles/s41598-018-36974-0

Conclusions
Leakage rates in a highly unsuitable storage reservoir are still below 0.01 % of retained CO2

volume per year



churchillsc.co.uk/news/ratcliffe-soar-power-station/

www.nature.com/articles/s41467-018-04423-1

98 % of the injected CO2

retained in subsurface over 
10,000 years

Compared to current 100 % 
leakage rate…

Summary: Security of Stored CO2

http://www.nature.com/articles/s41467-018-04423-1

