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Structure of the talk

• Major gases - O2, N2, Ar, CO2, CH4 : physical and 
chemical processes

• Noble gases - He, Ne, Ar, Kr, Xe : physical processes, 
residence time

• Trace gases - CFCs, SF6 (amongst many others): 
residence time, flowpath tracing
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(Emphasis will be on examples from the UK)
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The major gases

• Initially at least, concentrations in 
groundwater of all but CO2 are 
governed by the atmospheric 
mixing ratio (AMR)

• CO2 concentrations are controlled 
by soil CO2 compositions

• However, concentrations of all the 
gases can be modified in the 
subsurface
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Composition of the 
atmosphere:

O2 20.95 %

N2 78.08 %

Ar 0.93 %

CO2 0.038 %

CH4 0.0002 %
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Initial dissolved gas concentrations

• Water entering the soil w ill be at equilibrium w ith the atmosphere, governed by 
individual gas solubilit ies (Henry’s Law)

• Once w ater is in the soil zone, bacterial respiration (+ higher solubility) usually 
causes CO2 to exceed the O2 and sometimes N2 dissolved concentrations

• ‘Excess air’ is forcible solution at atmospheric ratios, a non-equilibrium process, 
hence (for example) N2/Ar rises, though is still only half the atmospheric ratio
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 Atmospheric  + Soil CO2 + excess air 
 equilibrium (nominal 1%) (nominal 3 cc/L) 

O2 8.00 8.00 8.63 
N2 14.8 14.8 17.1 
Ar 0.39 0.39 0.42 
CO2 0.45 12.4 12.4 
N2/Ar 37.9 37.9 41.0 

 (All concentr ati ons  in cc/L STP)
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Evolution of dissolved gas concentrations

• Typically O2 concentrations decline to varying extents owing to 
reaction with minerals (e.g. pyrite) and/or organic carbon

• N2 concentrations may be supplemented by denitrification

• Ar concentrations are usually unaffected, except in deep basin 
brines where 40Ar may be added

• CO2 concentrations can rise or fall depending on pH and redox 
conditions

• CH4 concentrations are also redox- and lithology-dependent.
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After the addition of excess air during recharge:
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Sample collection
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Bombs Bulbs
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Examples of dissolved gases from the UK

• O2 f rom near-normal to 
below  detection

• N2 near normal except 
at Waltham Abbey

• Ar normal

• CO2 variable, dow n to 
zero at Kidbrooke

• CH4 all low  except at 
Waltham Abbey
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O2 N2 Ar CO 2 CH4

After recharge (theory) 8.6 17 .1 0.42 12.4 0.0001

Triassic, unconf, Notts
Ordsall 1.5 18 .9 0.43 3.14 <0.001
Ompton 4.0 18 .2 0.45 2.01 0.003
Markham Clinton 2.3 17 .6 0.43 2.59 0.002
Halam 4.4 16 .8 0.42 2.31 <0.001
Caunton <0.1 20 .7 0.48 4.42 0.003

Chalk, unconf, SE England
Cleeve 4.1 16 .5 0.29 13.7 <0.001
Pangbourne 4.1 19 .5 0.46 23.2 <0.001
Dartf ord 6.5 17 .0 0.41 13.4 <0.001

Chalk, conf, London Basin
Bell Green 3.6 15 .9 0.36 45.6 <0.001
Ladywell Fields 3.0 16 .9 0.38 35.5 <0.001
Waltham Abbey <0.1 23 .6 0.51 13.4 0.185

Tertiary sands, conf, L Basin
Bell Green 0.1 15 .7 0.36 47.9 <0.001
Ladywell Fields 0.1 17 .4 0.40 50.2 <0.001
Kidbrooke 4.9 14 .7 0.33 <0.5 <0.001

cc/L STP
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Waltham Abbey WTW: under pressure

• Because construction was simpler, a 
pressure tank instead of aeration 
tower was installed to treat low DO in 
the borehole water

• However, combined with the high 
initial concentration of dissolved N2, 
this led to supersaturation of water in 
the distribution network

• Although not dangerous to consumers, 
this is against the water regulations

• To alleviate the problem, an aeration 
tower had to be installed after all
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Waltham Abbey: source of excess N 2

• Plot shows raw groundwater 
nitrogen excess is related to 
excess air rather than 
denitrification

• Cause of excess not clear –
borehole has galleries, but low 
DO suggests no ingress of air 
to the BH system

• Could be due to artificial 
recharge in the Lee Valley 
1950s-1980s

• Mean residence time of the 
water about 30 yrs (CFC/SF6)
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Carbon dioxide: a major hazard?

• Traditionally believed to be a main 
constituent of  so-called ‘foul air’ in 
excavations, and in outgassing BHs

• In the UK, this is unlikely because 
there are no recent geological 
sources of  CO2 (volcanism/ 
metamorphis m), and no large-scale 
anthropogenic sources

• Instead, the safety hazard of  these 
BH gases relates more to their   
low -oxygen status

• Table shows some free gas 
analyses from ‘blow ing’ BHs
in the London area
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Site O2 N2 Ar CO2 CH4

Newham 0. 3 98 1.1 0.7 0.11

Wanstead 3. 9 94 1.1 0.8 0.007

Hertfordshire 2. 2 97 1.1 0.1 0.019

Southgat e* 7. 6 90 1.2

Hack ney* 6. 4 91 1.4

Dartford* 7. 8 83 8.2

 --------------- mol  % ---------------

*Met ropolitan Water Board, 1960s
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Methane: micro to macro
• Potable w aters f rom the Chalk, 

Greensand, Jurassic Lst and 
Triassic Sst hav e only trac e 
concentrations of  CH4, rare ly over 
0.1 cc/L and w ith an average of  
<0.02 cc/L STP. 

• How ever, carbon-rich str ata c an 
have very h igh dissolved CH4
contents, g iving ris e to considerable 
outgassing, and major explosion 
hazard, dur ing excavat ion act ivity

• Gas, hydrochemical and isotopic 
methods can be us ed to infer the 
like ly mode of  production ( acetate 
fermentation/CO2 reduction/ 
thermogenes is)
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Noble gases: recharge processes

• Neon better for excess air 
calculat ion than N2/Ar approach 
because no possibility of  
subsurface production 

• Exc ess air can help to unravel 
recharge provenanc e and rate in 
complex groundw ater systems 
(e.g. UEA research in NW Norfolk, 
Environ. Sci. Tech 41: 1949-1955)

• Kr and Xe are good for calculat ing 
recharge temperatures (RTs) for 
palaeoclimate research – NGs give 
absolute RTs unlike stable isotope 
shif ts w hich are r elative to 
changing ocean composit ions
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The above figure assumes 1 bar partial pressure for  
each gas – actual atmospheric values in ppm by vol: 
He 5.2, Ne 18.2, Ar 9340, Kr 1.1, Xe 0.086
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Noble gases: residence times

• Most useful (though not yet routine) is 39Ar bec ause 
it covers the gap betw een 3H / CFCs / SF6 and 14C

• Least useful in the UK is 81Kr s ince w e do not have 
active f low  systems large, and therefore o ld, enough

• Most interesting is 4He because it  has the potent ia l 
to cover d if ferent age ranges depending on r ock 
characterist ics

www.bgs.ac.uk

Gas Half- life Origin Comments
(yrs)

8 5Kr 10.8 nuclear reacto rs based on ris in g atmospheric a ct ivit y

3 9Ar 269 cosmic ray activity (atm)
3 9

K n eut ro n capture (subsu rface) large samples (>m
3
) req ui red

40Ca � -dec ay (subsurface)

4He N/A � -de cay o f U- and Th-  series accu mulation ra tes vary with aq uifer

8 1Kr 213,0 00 co smic ray activit y large samples (>m 3) req ui red
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Trace gases: CFCs & SF 6
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Inputs over time are well constrained, but gases very low in concentration 

In  the atmosphere:
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CFCs & SF 6 : theory

• Because of differences in 
emission rates, a CFC–SF6

plot can help to resolve 
mixing from piston flow

• Other ‘exponential’ flow 
models would plot between 
the two lines

• Excess air is important for 
SF6 and a correction should 
be applied
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CFCs & SF 6: ‘natural’ tracers

www.bgs.ac.uk

0

10

20

30

40

50

60

70

80

90

0 20 40 60

Age yea rs

D
e

p
th

 m
 b

g
l

CF C-11
CF C-12

EDEN VALLEY EV2
(Permian sst)

19651970
1975

1980

1985

1990

1995

2000

2005

0.0

0.5

1.0

1.5

2.0

2.5

0.0 0. 5 1.0 1. 5 2.0 2.5 3.0

CFC-12 pmol/L

S
F 6

 fm
ol

/L

PORTSMO UT H 
WATER Co BHs
(Chalk)
Water E nv J 19: 30-40

R2 = 0.68
0

5

10

15

20

25

30

0 0.2 0.4 0.6 0.8 1

Modern fraction

N
O

3
-N

 m
g

/L

DUMFRIES BASIN BHs
(Permian sst)
Hydrogeol J  11: 504–517

© NERC All rights reserved

CFCs as ‘over-modern’ tracers
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R Bure, (Batem an, 1998)
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CFCs as ‘over-modern’ tracers

• The CFCs  are extremely s ensit ive tracers of  groundw ater f low paths

1.1

9.4
2.9

2.20 .8349/56

16
15

CFC-11 MOD FRACT

3.5

6.4
15

5.5
0.8529/20

9.113

CFC-113 MOD FRACT

1.8
2.2

2.3
120

214 25

32/25

CFC-12 MOD FRACTCFC-11

C FC-12

CFC-113



4

© NERC All rights reserved

Dissolved gases: conclusions
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• Desirable to know  dissolved gas c oncentrat ions prior to treatment (w /supply)

• Assisting the understanding of  w ater quality (geochemic al modelling etc)

• Ess ent ia l to characterise outgassing from BHs and excavat ions (H&S)

• Only w ay to infer recharge temperatures ( palaeoclimate res earch) 

• Assessing the recharge history of  groundw aters (groundw ater management)

• Useful residenc e t ime indicators (groundw ater management)

• Highly sensit ive environmental tracers (w ater quality management)

Versatile indicators of physical and chemical processes in groundwaters, 
for example:

© NERC All rights reserved

www.bgs.ac.uk

THE END


