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1 Introduction

Urban vegetation has several important functional tasks. Apart from the esthetic
value by making a stony desert more attractive, vegetation also has a favourable
effect on the urban microclimate. Temperature fluctnations are levelled and trees can
catch considerable amounts of dust from the air. Furthermore the urban vegetation,
particularly in parks, has an important recreative function as it may counterbalance
the incessant hurry of daily life. Usually townsmen appreciate the urban vegetation
as a pleasant element in their environment. Thus it is not surprising that people
became worried about sudden deteriorations of urban vegetation as it was to be
observed in the Netherlands some five to six years ago, just after the changeover
from town gas to natural gas. Since such a changeover a considerable number of
street trees and shrubs has been injured by leakage of natural gas from the gas
distribution system in towns and villages in the Netherlands as also in other West-
European countries.

As a consequence the Netherlands Association of Municipal Park Superintendents
instituted the Committee for Study of the Influence of Natural Gas on Vegetation
(SIAB), The committee was instructed to investigate the extent of the gas injury in
the Netherlands, to study the processes in the soil near natural-gas leakages and to
find measures to control and, if possible, to prevent the damage. Results of the
Committee’s work were published in a number of reports (SIAB, 1968a, b, 1965,
1970; Hoeks, 1971; Adamse et al., 1972a; Hoeks & Leegwater, 1972).

After the changeover from town gas to natural gas the number of leaks strongly
increased from a mean of 6 to about 20 leaks per kilometer of cast iron mains. The
leak size of the presently occurring leaks is on the average of the order of 401 pet hour
(Gaikhorst, 1971). The increase in the number of leaks was caused by several factors
(SIAB, 1968). The gas pressure in the low pressure distribution system was raised
from 0.0065 to 0.025 ato (in parts of the low pressure network in some cities it has
recently been raised to middle pressure, about 0.1 ato). In the second place, and this
is also an important factor, the natural gas is often distributed through gas mains
formerly used for the distribution of town gas. In 60% of this older distribution
system (in the Netherlands about 13000 km) the cast iron pipes are jointed by the
so-called lead-oakum joints. The oakum in these joints serves to provide a gastight
connection. As the town gas was almost saturated with water vapour, the oakum
absorbed water from the gas and swelled, thus forming a gastight joint. The natural
gas, however, is extremely dry and this has a desiccating effect on the cakum. Con-
sequently the oakum shrinks and the joint starts leaking. Gas mains with this older

1




type of joints are situated for the larger part in older town sections. In newer sections
new gas mains have been installed in which modern joint techniques are wsed
(Gaikhorst, 1971), as yet giving no problems. A third factor is the increase in traffic
intensity, which causes more and more loose joints.

Low and middle pressure distribution networks are situated by necessity in urban
surroundings. Accordingly leakages of natural gas will occur specifically in such
areas and will there affect the vegetation, i.e. street trees and shrubs. In the first and
fourth SIAB report (1968, 1970} some data are given on the extent of the damage.
These data were collected from inquiries and some of the results are listed in table 1.

In these cases no information was available about the position of the tree with
respect to the gas network, the age of the mains, the quality of the joints and the
extent and nature of the pavement. Therefore it is not justifiable to draw conclusions
with relation to the susceptibility of the different tree species and their age groups.

From these data it appears that 50 to 709 of the recently observed dead strect
trees have died as a result from leakage of natural gas. As the total number of street
trees and also the total number of dead trees include trees in new town sections,
where leakage of natural gas occurs only occasionally, the damage percentage will
be higher if only the trees in the older sections would have been taken into account.
The latter was done for three large cities (The Hague, Rotterdam, Zwolle). Here
all the trees in the older sections are potential gas-trees, because these trees can be
assumed to be in the near vicinity of an old gas main and thus may be affected by
leakage. As here more information was available about the position of the tree, the
percentage of damage caused by natural gas, as calculated from these figures, is more
reliable (table 2).

This table shows that during the last four to five years about 5 to 20% of the street
trees in the older town sections presumably died as a result of leakage of natural gas.
This appeared to be 60 to 909/ of the total mortality of street trees.

Damage to vegetation by underground leakage of natural gas has also been de-
scribed in literature (Bray, 1958; Riva, 1961 ; Braverman et al., 1962; Kiihne & Koster,
1967). The symptoms of the injurics are described as: yellowing and premature fall
of the leaves, failure to bud, death of branches and a bluish-violet colouring of the

Table 1. Extent of mortality of street trees caused by leakage of natural gas
(after SIAB, 1970). ‘Gas-trees’ are trees killed by leakage of natural gas.

Growth stage of the trees

young half-grown full-grown
Total number of street trees 71,979 105,836 96,134
Total number of dead trees 2,010 2,774 1,906
Total mortality in %, 2.8 2.6 2.0
Number of gas-trees 984 1,967 1,309
Gas mortality in % of total
mortality 49 71 69




Table 2. Total mortality of street trees caused by natural-gas leakage, in older
town sections up to the end of 1969 (after SIAB, 1970).

The Hague Rotterdam Zwolle

Change-over to natural gas in 1967 1968 1965
Nuymber of street trees 29,333 33,377 10,037
Number of potential gas-trees 16,618 10,014 3,031
Total number of dead gas-trees 760 1,370 569
Gas mortality as %, of potential

gas-trees 4.1 137 18.8

roots, accompanied by a typical smell of gas and organic acids. Until recently the
natural gas in itself was assumed to be non-toxic (Gaikhorst & van Zijl, 1964). The
hydrocarbons are almost all in a saturated state (table 3) and toxic components as
CO, HCN and C,H,, which were the toxic components of town gas, should not be
present. Recent research, however, as described by Adamse et al. (1972a) and Hoeks &
Leegwater (1972), has given evidence about the presence of ethylene in natural gas
in a concentration of about 2 to 3 ppm. Concerning the possible toxicity of the odor
additive THT (tetrahydrothiophene) there is as yet little information. Pirone (1960)
conciuded from his experiments that the odorant mercaptan can be regarded as non-
toxic.

The aerial contact of plants with natural gas has no or hardly any harmfuil effect
(Solheim & Ames, 1941; Gustafson, 1944, 1950). Damage by underground leakage
is ascribed by several authors to-a lack of oxygen (Braverman et al., 1962; Kuhne &
Kaster, 1967). Other causes of damage are menticned in literature as being partly a
consequence of this lack of oxygen, like the occurrence of toxic, reduced components
in the soil. Schollenberger (1930) found an increase of exchangeable Mn?* up to
18 % of the exchangeable cations. Strongly increased Mn 2* and Fe®* contents were
also found by Adams & Ellis (1960) and Kiihne & Kdoster (1967).

Aside from the lack of oxygen, changes in bacterial processes are reported to take
place (Harper, 1939), resulting in N-fixation, cellulose conversion and denitrification
(Kaserer, 1905; Balks & Wehrmann-Ebsdorf, 1944). Schollenberger (1930) and later
Adams & Ellis (1960) found an increase in organic matter content and an increase in

Table 3. Composition of natural gas in the Netherlands.

CO,  0.90% C:He 2.7% CeHyo 0.03%
0: 0.01% CsHs  0.37% C;H,s 0.01%
N, 1429 CiHyo 0.16% CsHs 0.01%
CH., 81.6% CsHya 0.02% CsHs 0.01%

Odorant: THT (tetrahydrothiophene) about 20 mg per m?* natural
gas at 15 °C and 1 atm.
Density: 0.82g-1"'at0°C and 1 atm.




water retention of the soil. The desiccating effect of natural gas on the soil has also
been mentioned as a possible cause of damage (Bray, 1958). With regard to the com-
position of the soil gas phase near leaks very few experimental data are available,
Accordingly a closer examination of the processes occurring in soil near gas leakages
appeared to be necessary.

The present investigations, performed on request of and in close cooperation with
the SIAB-Committee aiready mentioned, were intended to gain an insight into the
processes in the soil around a natural-gas leakage with the purpose to find measures
for controlling and preventing damage to vegetation.

Subjects discussed in this study are; the composition of the soil gas phase as a
result of gas transport processes and biological processes, changes in physical and
(bio)chemical processes, as well during leakage of natural gas as after repair of the
leak, and their influence on plant growth. Especially the rate of recovery of the soil
envirenment is important in this respect, both for the survival of trees and for successful
replanting of new trees. Finally the effects of some measures (curative and preventive)
on soi] aeration will be discussed.

The investigations consisted in part of the observation of the changes in composi-
tion of the soil gas phase at selected sites in urban regions where the presence of a gas
leakage had been established. In addition a controlled experiment was set up at the
Forest Research Station in Wageningen, where a controlled gas ‘leakage’ was induced
between poplars and willows growing on an experimental field sealed with plastic
sheeting. This latter experiment proved to be of great importance as it allowed precise
observations of all processes taking place in the soil right from the start of a gas
fcakage,

The observed effects could be described mathematically and the formulae evolved
could be used to predict the influence of leakage of natural gas on the composition
of the soil gas phase as well as to predict the effect of certain confrol measures, In
many cases such calculated predictions could be compared with experimental data.




2 Experimental sites and field measurements

2.1 Urban experimental sites

At various sites where accidental leakages of natural gas occurred in streets lined
with trees (in the towns of Amsterdam, The Hague, Rotterdam, Utrecht, Wageningen
and Zwolle) measurements were taken. The experimental measurements mainly con-
sisted of analyses of the soil gas phase. In addition the effects of curative measures
were studied from the ensuing change in the soil gas phase composition. The measure-
ments were taken during one or two years and this appeared to be too short a period
to study the whole process of recovery of the tree after repair of the leak. An injured
tree mostly needs several growing seasons for its regeneration processes. More pro-
Ionged research would be necessary to ascertain which tree species have a good
capability for recovery.

For the interpretation of some obtained results, especially concerning the effect of
measures, the relative position of the leak, of the sampling points, of the ventilation
chanpels present, etc. are very important. Therefore a layout of five experimental
sites is given in fig. 1.

Some additional facts on soil texture, depth of groundwater and soil pH, which
may be important for the processes in the soil near the leaks given in fig. 1 are:

fig. 1A, B and C, experimental sites in The Hague: fine sand poor in humus (dune
sand); bulk density 1.3 to 1.4 g - cm™3 (pore volume 45 to 50%); pH-KC1 6.9 to 7.6;
groundwater table about 1.20 to 1.50 m below soil surface;

fig. 1D, experimental site in Wageningen: humic sand (man-made ‘plaggen’ soil in
pleistocene eolian sand); bulk density 1.5 to 1.6 g- cm™2 (pore volume 40 to 45%);
pH-KCI 6.5 to 7.0; groundwater table deeper than 2.00 m below soil surface;

fig. 1E, experimental site in Rotierdam: fine sand poor in humus (river sand);
bulk density 1.3 to 1.4 g - cm ™3 (pore volume 45 to 50%); pH-KCI 7.6 to 8.0; ground-
water table about 1.25 to 1.50 m below soil surface.

2.2 Non-urban experimental site

The experimental field at the Forest Research Station in Wageningen has a soil
profile of coarse sand with gravel, classified as Holt podzol on the soil map of the
Netherlands (de Bakker and Scheiling, 1966). The top soil (0-20 cm) is a dark homic
layer with an organic matter content of 4%, a bulk density of 1.3 to 1.4 g-cm™3
soil (pore volume 45 to 50%) and a pH-KCl of 3.7 to 4.1, The subsoil (below 20 cm)
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Fig. 1. Layout of some of the urban experimental sites. A.: Prinsenvinkenpark, The Hague, measure-
ments during and after leakage; B: Goudenregenstraat, The Hague, measurements after leakage
starting from installation ventilation channels (12-ViI-1971); C: Oostduinlaan, The Hague, measure-
ments during leakage before and after installation ventilation channels (8-VII-1969); D: Geertjesweg,
Wageningen, three separate leaks (I, II, ITI}, measurements after leakages starting from installation
ventilation channels (17-1X-1969); E: Pieter de Hooghstraat, Rotterdam, three separate leaks (§, 11,
IIT), measurements of I during leakage and air injection, II the same after installation ventilation
channels, IIT after leakage and after installation ventilation channels.

is a redish-brown layer 50 cm thick with an organic matter content of 19/, a bulk
density of 1.5 to 1.6 g - cm ™3 soil (pore volume 40 to 45%) and a pH-KCl of 4.2 to
4.9, overlying sandy pleistocene deposits. The depth of the groundwater table is
about 20 meter below s0il surface.

An artificial leak was installed by means of inserting a piece of iron tubing reaching
to a depth of 80 cm below soil surface (this being the most common depth of gas
mains in the Netherlands) and bleeding natural gas at a controlled rate, varying
between 5 and 250 liter per hour, as checked with a flow meter.

In the experiments the soil surface was covered with a plastic sheeting in order to
simulate the effect of pavement. The oxygen diffusion coefficient of the plastic sheeting
was determined according to the method of Bakker & Hidding (1970). The diffusion
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Fig. 2. Layout of the non-urban experimental site, Forest Research Station, Wageningen; measure-
ments from the start of leakage before and. after installation ventilation channels (the two rows on
5-VIII-1970; channel near leak on 11-1X-1970).

resistance (thickness of sheeting over diffusion coefficient) was more than 10°s - cm ™!,

which is comparable with the values for an asphalt pavement 5 cm thick. The plastic
sheeting was fitted as closely as possible to the trunk of the trees growing on the field,
thus limiting the escape of gas to the atmosphere to a minimum.

At first the processes from the start of the leakage were examined without ventila-
tion channels. In a later stage their effect was also studied. The layout of the experi-
mental field is given in fig. 2.

2.3 Measurements
2.3.1 Sampling of the soil gas phase

Most of the measurements concerned analyses of the soil gas phase. The most
important gas commponents near leaks of natural gas are methane {CH,), oxygen (O,)
and carbon dioxide (CO,). The concentration of these gases in per cent of volume
was measured periodically. In a few cases the concentration of ethane (C,H,), propane
(C,H,) and butane (C,H,,) in the soil gas phase was also determined.

Various lengths of copper tubing (inner diameter 1 mm) were installed into the
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soil as permanent sampling points (see fig. 2). At the top, these were connected to
nylon tubing, from which samples of soil air could be sucked. After taking a sample,
the nylon tubing was closed with a nail, thus preventing gas exchange between soil
and atmosphere. The samples were either analyzed in the field (with portable instru-
ments) or transported to the laboratory in specially made small bags of aluminium-
coated cellophane. At the urban experimental sites most samples were taken at a
depth of 50 cm below the pavement unless mentioned otherwise. On the experimental
field at each sampling point the sampling depths were 20, 50 and 80 cm, while at a
distance of 50 cm from the leak samples were also taken at a depth of 120, 150 and
180 cm below soil surface, all via separate copper pipes.

2.3.2 Methods to detect gases

For detection of gas components in a mixture of gases several methods are available,
for which various instruments available on the market can be applied (cf. Janse,
1969). This does not mean, however, that each method of detection is equally con-
venient for analysis of the soil gas phase around a leak.

The methods for the detection of gases are mostly based on:

a. Heat conductance: if the heat conductivity of the gas component in question
clearly differs from the conductivity of all the other components of the mixture, then
this method can be used for detection. However, in the case of the detection of
methane in a soil air sample, complications arise. From table 4 it appears that not

Table 4. Some properties of a number of gases.

Gas Density Heat Solubility Diffusion Sound Viscosity Specific
at 0 °C, conductivity inwater coefficient velocity at 20°C, magnetic
latm at0°C,latm at20°C, inairat at0°C, 1atm susceptibility

€ 1Y (x10-3 1 atm 20°C, latm  {x10~* at20°C,

cal*cm~' (g:-1"Y 1latm (m-s~1) dyne- 1 atm

s1-°K~Y) (cm?-s~1) ecm~2-5) (X10°9)
Air 1.29 5.66 0.024 — 331 1.81 —
(0% 1.43 5.70 0.044 0.20 316 2.03 +106.2
N. 1.25 5.66 0.019 — 334 1.75 -0.342
CO; 1.97 3.37 1.73 0.158 259 1.46 —0.423
CH, 0.71 7.15 0.024 0.189* 430 1.09 =25
C;Hg 1.34 4,26 — —_ 308%* — _
H, 0.09 397 0.002 0.720 1284 — —1.97
H,O-vapour 0.30 4,29 — 0.258 401 —_ —
S0, 2.86 1.95 1i0 —_ 213 _ _
NO 1.34 5.65 —_ — 324%% — +48.66

* Calculated with eq. (9).
** at 10°C.




only methane but also carbon dioxide has quite a different heat conductivity from
oxygen, nitrogen and air, Therefore high concentrations of carbon dioxide in the
sample, as is common in soil air samples, greatly disturb the methane determination.
Only when the methane concentration is very high, as is the case close to a leak,
this determination will be more or less reliable, particularly because in that case
the concentration of carbon dioxide is generally low,

b. Propagation of sound waves: each gas has its own characteristics with respect to
the propagation of sound waves. Again methane and carbon dioxide show character-
istics clearly different from the other components of air. Accordingly, this principle
is not convenient for analysis of the soil gas phase near leaks of natural gas.

Apparatuses, based on this method, are used by several gas companies in the

Netherlands for the detection of gas leaks. Because of the interference by carbon
dioxide the readings are not accurate and only the larger leaks can be detected.
From measurements of Férch (1970) it became clear that near leaks the methane
concentration must be higher than 10 to 209, before the meter gives readings in-
dicating the presence of this gas.
c. Combustion of gases: this method can be used for the detection of combustible
gases. The sample flows along a glowing platinum wire and the burning gas raises
the temperature of the wire, resulting in a change of the electric resistance of the
wire. The rise in temperature of the wire is dependent on the amount and the heat of
combustion of the gas burnt. The wire temperature will also depend on the heat
conductivity of the surrounding gas mixture and here carbon dioxide may interfere
again. The temperature rise is only little affected by it, however.

This method gives good results in the detection of leaks, particularly when the
concentration of natural gas is fow, When the gas concentration is higher than the
Lower Explosive Level (LEL), the sample has to be diluted with air for a reading
to be realized. In most cases the degree of dilution in the apparatus nsed is not
constant enough and therefore the determination of methane concentrations higher
then LEL is not very accurate.

d. Flame ionization: this method is convenient for the detection of hydrocarbons.
In a hydrogen flame the hydrocarbons are ionized and this process changes the electric
conductivity of the flame. Even very small concentrations (parts per million) can be
detected in this way.

e. Infrared absorptien: hetero-atomic gas components have characteristic absorption
spectra in the infrared zone. The method is useful for gases as CH, and CQ,, but not
for homo-atomic gases as N,, H, and O,. With the aid of filters it is possible to
eliminate the effect of interfering gases. Very low concentrations (parts per million)
can be detected.

F. Chemical absorption in liguids: this method is very convenient for the volumetric
determination of oxygen (absorption in pyrogallol) and carbon dioxide (absorption
in potassium hydroxide). Particularly the absorption of oxygen in pyrogallol takes
some time. Some new absorption liquids for the oxygen determination have been
developed, however, in which the absorption proceeds at a faster rate.




The absorbing liquids are specific for the various gases, so interference by other

components is negligible. The method is sometimes used to calibrate apparatuses
based on other methods.
g. Polarography: this electrochemical method can be used for the determination of
oxygen, because of the unique feature of this gas to reduce at a cathode when a
certain difference in potential (—0.7 V) is created between cathode and anode. As
anode a Ag or Zn-electrode and as cathode a Au or C-electrode is used, the electrodes
placed in a saturated K Cl-solution. Then the following reactions occur

at cathode: O, +2H,0+4e” - 4 0H™
at anode: 4 Ag+4Cl™ - 4 AgCl4+de” or 2Zn—2Zn**4+4e”

When the anode is a Zn-electrode, the difference in potential required for the

reaction given above is self-generated. When it is a Ag-clectrode then the voltage
between the two electrodes must be maintained at 0.7 V. The KCl-liquid in the cell
may become poisoned when brought into contact with high carbon dioxide concen-
trations. Normally the sample is in the apparatus for a short time only and afterwards
atmospheric air is sucked into it to calibrate it again. In this way the poisoning effect
of carbon dioxide appears to be no problem.
h. Paramagnetic behaviour: only a small number of gases have a significant specific
magnetic susceptibility, e.g. O,, NO and NO,. In soil air nitrogen oxides are not
present or only in a very low concentration. Therefore this method can be used for
the determination of oxygen in soil air samples. The oxygen is brought into a magnetic
field affecting the magnetic field strength. The change in position of a magnet in that
field is electrically compensated, the force of the compensating current is propor-
tional to the oxygen concentration,

Summarizing, the methods based on heat conductance () and propagation of
sound waves (b) are not satisfactory for the determination of methane and carbon
dioxide in soil air samples. The methane concentration may be determined with
methods based on combustion (¢), flame ionization (4) or infrared absorption (e),
the carbon dioxide concentration with methods based on infrared absorption () or
chemical absorption in potassium hydroxide (f) and the oxygen concentration with
methods based on absorption in pyrogallol (f), polarography (g) or specific magnetic
susceptibility (h).

For measurements in the field portable apparatuses were mostly used. The methane
concentration was determined with a Johnson-Williams Combustible Gas Detector
(Sniffer model C}), based on combustion of methane. The oxygen concentration was
determined with a Johnson-Williams Oxygen Indicator {model K), based on the
polarographic method (Zn and Au-electrode); in some cases an Orsat-apparatus
(chemical absorption in pyrogallol) was used. The carbon dioxide concentration was
also determined with this Orsat-apparatus (absorption in potassium hydroxide).
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Laboratory analyses were in some cases performed with other types of instruments.
Thus the concentration of methane and carbon dioxide was determined with the aid
of an URAS-apparatus, based on absorption of infrared light. In some cases a total
analysis of the gas sample was made with a gaschromatograph. In a column filled
with Porapak R the constituents of the gas mixture were separated and the concen-
tration was determined with a flame ionization-detector.

2.3.3 Other measurements

Aside from analyses of the soil gas phase a few other characteristics of the soil wers
determined. These were the pH-KC], the redox potential as measured with a Pt-
calomel electrode couple, the organic matter content, moisture content, the soil
moisture characteristic {moisture content as a function of moisture tension) and gas-
filled pore space. Soil temperatures at three depths (20, 50 and 80 cm below soil
surface) were read with the aid of thermistors at the time the soil gas phase com-
position was measured.
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3 Composition of the soil gas phase

3.1 General

The gas phase of the soil contains a number of components of which nitrogen,
oxygen and carbon dioxide are quantitatively the most important ones. As nitrogen
usually behaves as an inert gas (except in nitrogen fixation processes) oxygen and
carbon dioxide deserve most attention, particularly because they affect biological and
physico-chemical processes in the soil and, specifically, the growth of its vegetative
cover, Under special circumstances, as in the case of leakage of natural gas from
underground gas mains, also other gas components may be important, for instance
methane.

The composition of the soil gas phase is determined by the combined result of two
processes, namely the process of transport of gases, from atmosphere to soil as well
as within the soil, and the biological ¢.q. chemical processes. The transport of gases
in soil may be impeded by excessively wet soil conditions or by dense structures under
moist conditions, or both when the top soil is in puddled condition (Domby &
Kohnke, 1956; Bakker & Hidding, 1970). Tillage of the soil may favourably in-
fluence the exchange of gases between atmosphere and soil (van Duin, 1956).

Considering the situation in a soil under a pavement, the moisture content of the
commoenly sandy soil is usually rather low because the larger part of the rain water
flows directly into the sewage system. So the moisture conditions will hardly offer
any problems for the transport of gases. As the pavement is rather impervious, how-
ever, the exchange of gases with the atmosphere is restricted, especially when it
concerns asphalt, which constitutes an almost perfect seal.

In this chapter the general aspects of the transport processes determining the com-
position of the soil gas phase and the effect of this composition on soil processes will
be discussed.

3.2 Transport of gases in soil
3.2.1 Flow equation

Gas transport in soil is mainly governed by diffusion but in some cases also bulk
flow may be important. The general flux equation, taking into account both pro-
cesses, is

Fp = =D, ¥p,+vpy, {mg- em™2 - S_l) 6]
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where ¥, (mg-cm™2 - s~} is the flux of gas component  in the soil, p,(mg - cm™3)
is the concentration of that component in the soil gas phase, v (cm - s~*) is the appar-
ent flow velocity of the gas mixture through the soil (i.e. the volume of gas passing
through unit area of soil in unit time) and D,(cm? - s~*) is the diffusion coefficient
of the component in the soil. The concentration gradient, being the driving force
for the diffusion process, is represented by Vp,,.

Introducing in eq. (1) the equation for continuity

oH,,

T —(V-Fo)+A, 2
one finds the flow equation

oH,, -3 -

=V DVp)—(V op)+ Ay (mgrom™ ™) @

where H,(mg-cm™3) is the total amount of component m per unit volume of soil
and 4,(mg-cm™3s71) is the rate of production of component m per unit volume
of soil in unit time (negative if the component is consumed). If ¢, is the gas-filled pore
space of the soil then H,, = ¢,p,,. The operator V applied to a vector field v is defined
(Timman, 1966} as

(V-v) = lim M 4)

¥=+0 V

where n is the unit vector directed along the normal to the surface S (cm?). The
integration proceeds over the whole surface S enclosing the volume ¥ (cm?). This
limit is known as the divergence of the vector field v and expresses the net rate of
influx per unit volume.

Assuming that s, and D,, are constant and that for practical purposes the density
of the gas mixture is also constant (i.e. pressure gradients and temperature gradients
areignored, and the gas phase behaves like an incompressible fluid), equation (3) yields

%ggf = D,Vpu—(v Vo) + 4, (mg-em™-s7") )
because in this case (V + v) = 0. The operator V2 is defined in accordance with the
particular coordinate system chosen.

Solution of equation (5) depends, of course, on the boundary conditions. In the
procedure, as discussed in chapter 4, several coordinate systems were employed,
yielding eq. (55) for spherical symmetry at short distances to a natural-gas leakage,
eq. (5C) for cylindrical symmetry at large distances and eq. (SR) for a two-dimen-
sional rectangular system for the situation with more than one ventilation channel
(chapter 7)

Opm _ o (L0 ,ap,,)) 0pm
“v?'”m(rz:a;(" ) T A | %)
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Within the range of temperature gradients found in the soil under the conditions
studied, the effect of these gradients on diffusion processes is rather small and ac-
cordingly the calculations were based on isothermal conditions. In that case p, is
directly proportional to the partial pressure.

In addition, the intrinsic permeability of the soil for gases is sufficiently high to
warrant neglectance of gradients of the total gas pressure (arising as a result of bulk
flow of gases), even in conmection with gas leakages of considerable magnitude.

Taking the flux equation to be v = — K(8p/d¢), the flow equation expressed in spherical coor-
dinates is
op 1@ ap
= =K1 7'2— ma. m—3.s—1
& &t (rz ar ( ar)) @ ¢ )

In the steady state (8p/3¢ = 0), employing the boundary condition — K{(dp/dr) = Q\(dr®)~! and
p(r — o) — p,, the distribution of the total pressure can be described by p = p,+Q.(4nrk)~1,
where K = 1.013 % 10® X;n~", K, being ths intrinsic permeability of soil, p, the atmospheric pressure,
# the viscosity of gas (see table 4). For a dune sand (g, = 0.20 to 0.40, bulk density 1.64 g - cm™3)
with K, = 1 to 3x10~7 cm? (Bakker, personal communication}, some calculated results are given
in fig. 3.

Thus neglecting pressure gradients, the concentration of gas component m is directly
proportional to the volume fraction of m in the gas mixture. As the experimental data
were usually acquired as per cents of volume of the different gases, concentrations
in tables and figures in the next chapters are expressed in terms of volume fractions
{C,). Conversion of C,, to p,, occurs according to

P = PomCm (mg-cm™ 3) ®)

gas pressure pin atm.
1.0020 ]

3.001%

1.0010

1.C0085

Fig. 3. Pressure distribution in the soil gas
phase around a gas leak at three leakage rates

50
1.0000 \hr ‘
0.99950 i em® cm~?; K =1.52%103cm? - atm™* 571}

Q; 0-hr %) in a dune sand soil (g, = 0.30
5 10 15 20 a5

distance r from leak in Sn(?n bulk density 1.64 g - cm™3).
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where p,. = pM,, (22.4)"1 2737~ (= density of the pure gas component m), p being
the total pressure of the gas mixture (atm) and M, the molecular weight (g - mol™?)
of component m. The values of the factor p,, for the gases O,, CO, and CH, are
given in table 5 as a function of T (°K) at a total gas pressure of 1 atm.
For the situation considered, viz. (V * 9) = 0, the velocity v of bulk flow, due to
leakage of natural gas and to loss in volume as a result of biological processes, may be
- expressed for instance in terms of cylindrical coordinates

0 -1
tJ_2.1cd,r (cm s ?
where

and d, the height of the cylinder, bere equal to groundwater depth; @, being the rate of

Table 5. Factor p,u(mg - cm™3) for conversion of the
volume fraction Ca{cm®- cm~?) to the gas comcen-
tration p,(mg - cea~3} and of a.(cm3 -cm=3 -3 to
Au (mg-cm™? < 3~%); py =1 atm.

Temperature p.m for gas component

CK) CH, CO; 02

213 0.714 1.964 1.429
274 0.712 1.957 1.423
275 0.709 1.950 1.418
276 0.707 1.943 1.413
2717 0.704 1.938 1.408
278 0.701 1.929 1.403
279 0.699 1.922 1.398
280 0.696 1.915 1.393
281 0.694 1.908 1.388
282 0.691 1.902 1.383
283 0.689 1.885 1.378
284 0.687 1.888 1373
285 0.684 1.382 1.368
286 0.682 1.875 1.363
287 0.679 1.868 1.359
288 0.677 1.862 1.354
289 0.675 1.856 1.349
290 0.672 1.849 1.345
291 0.670 1.843 1.340
292 0.668 1.836 1.336
293 0.666 1.830 1.331
294 0.663 1.824 1.327
295 0.661 1.818 1.322
296 0.659 1.812 1.318
297 0.657 1.806 1.313
298 0.654 1.799 1.309
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gas leakage (cm® - s™') and § the loss in gas volume per cm® of soil (cm® - cm ™3 - s71),
The second term on the right hand side of eq. (7a) represents the total loss in volume
in a cylinder with radius r and height 4,.

3.2.2 Diffusion of gases

The diffusion flux, given by Fick’s first law, is dependent on the diffusion coefficient
D, in the soil. The soil factors influencing the diffusion coefficient (e.g. porosity and
tortuosity factors) are commonly expressed in terms of the ratio D,/D,,,, where D,,
is the diffusion coefficient of a gas in soil and D,,, the diffusion coefficient of the same
gas in air. The advantage of using this ratio is its independence of the nature of the
gas or vapour. The ratio is related to the gas-filled pore space g, (cm® - cm™?) of the
soil, according to Currie (1960)

Dm/Dma = 1'182 (8)

The coefficients @ and b are related to the complexity of the pore system and to
the degree of aggregation of the soil particles, so these coefficients will vary for
different soils with different structure. Several authors have published data con-
cerning the order of magnitude of the coefficients a and b (Currie, 1960 and 1961;
Grable & Siemer, 1968 ; Bakker & Hidding, 1970). Many authors (see van Duin, 1956;
Wesseling, 1957, 1962) found a linear relationship between D,/D,,, and ¢, given by

Dmlea = a(sy—b) (9)

Data from literature concerning both relationships are summarized by Bakker &
Hidding (1970). Millington & Shearer (1971) give a relation for D, /D, taking into
account the effect of aggregation in the soil. As the upper layers of the soil profile
below a pavement are mostly sandy (single grain structure) and the gas-filled pore
space is rather high (0.20 to 0.40 cm? per cm? of soil) because of low moisture contents,
equation (9) will be used here, as this linear equation gives a good approximation of
the relation between D, /D,,, and ¢, for sandy soils at high values of g,. According
to Call (1957) the coefficient @ was taken 0.66 and 5 0.10, this being in close agreement
with data of Currie (1960 and 1961) as also of Penman (1940) and van Bavel (1952b)
although the latter authors took b equal to zero.

The diffusion coefficient in air (D,,,) has to be known for a calculation of D,,. The
diffusion coefficients of oxygen and carbon dioxide are known from experiments
described in literature. For the component methane, which is important near leaks of
natural gas, no experimental data were found. It is possible, however, to estimate the
diffusion coefficient of methane in air with a formula based on molecular gas theory.
Several anthors (Wilke & Lee, 1955 and as cited by Reid & Sherwood, 1966: Slattery &
Bird, 1958; Chen & Othmer, 1962; Othmer & Chen, 1962; Fuller, Schettler &
Giddings, 1965) have proposed formulae derived from the theoretical one, introducing
one or more empirical constants. Reid & Sherwood (1966) have tested these formulae
with a large number of experimental data. It appeared that the theoretical formula

i6




gave quite good results (mean deviation 7.5%), even better than some of the formulae
improved with empirical constants,

The theoretical formula for calculation of diffusion coefficients in a mixture of
two gases, which is based on the Chapman-Enskog kinetic theory (Bird et al., 1960),

reads
1 1
./ T (— + —)
M M
Dy, = 1.8583x 1073 r 2 (cm?-s71) (10)
Po'ngn
where

D,, = diffusion coefficient in a binary gas mixture (cm? - s™1),
0,2, = factor related to the dimensions of the molecules of components 1 and 2 (A)
and
@, = factor indicating the probability of collision of the molecules, depending on
the temperature as well as the potential field between the molecules of com-
ponents 1 and 2.
The values for o, and &, [¢,, = 4(0, + ;)] and 2, have been tabulated for many
gases by Hirschfelder et al. (1949, 1954).
The effect of temperature and pressure on the diffusion coefficient may be cal-
culated with eq. (10), but because the coefficient £, also depends on temperature it is
easier to calculate these effects with the relation given by Slattery & Bird (1958)

oomonl )

where D, is the diffusion coefficient at temperature T, and pressure p,,.

Calculation of the diffusion coefficient of methane in air with eq. (10) ylelds a
value of 0.166 (cm?-s™!) at 273 °K and 1 atm. The calculated values for oxygen
and carbon dioxide are respectively 0.175 and 0.129, which are in rather good agree-
ment with the experimental data, being respectively 0.178 and 0.139 ¢cm? - s~ (Hand-
book of Chemistry and Physics, 1965/1966).

The gas phase of the soil is, however, a multicomponent heterogeneous mixture of
gases and therefore the above equation is not entirely correct. Reid & Sherwood
{1966) gave the following equation for the diffusion coefficient of component 1 (Dy,,),
diffusing in a homogencous mixture of m components

D=2 (s (12)

J;z D1y '

where y, is the mole fraction of the diffusing component, y; the mole fraction of
component j, and D, the diffusion coefficient for a binary mixture of component 1
and j (calculated with eq. 10). Calculations showed that for the composition of the
soil gas phase near leaks (CH,:0 to 25%; C0,:1.5 to 10%; 0,:0 to 15%)) the
diffusion coefficients calcufated with eq. (12) deviated less than 5% from the coeffi-
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cients calculated with eq. (10). Therefore the effect of a change in composition of
the soil gas phase on the coefficient of diffusion is further ignored. Changes in diffusion
coefficients with position are neglected too because of the single grain structure of
the sandy soil usually found beneath a pavement. Differences in pore space with
depth may occur, but are ignored in the present calculations.

3.2.3 Bulk flow of gases

Transport of gases by bulk flow, i.e. low of a medium in bulk, will occur as a
consequence of gradients in total pressure. Such gradients may be caused by several
factors (Bouyoucos, 19135, as cited by Grable, 1966; Keen, 1931; Romell, 1935, cited
by Russell, 1952). The diurnal temperature wave, mostly restricted to rather shallow
depths in the soil, creates gradients in density and pressure, The effect, however, is
small {Russell, 1952), just as the effect of changes in barometric pressure {Grable,
1966). Bulk flow may also result from pressure gradients brought about by wind
blowing over the soil surface and the pumping effect of infiltrating rain water. Kimball
& Lemon (1971) found that at a depth of 8 cm below soil surface the effect of atmos-
pheric turbulence on evaporation of hexane had decreased with 919 in comparison
with the effect at 1 cm depth. Gas transport in the soil due to these causes appears
to contribute little to soil aeration as seen against diffusive transport {Russell, 1952).

Other processes which may cause bulk flow are bioclogical processes. As a result
of respiration of plant roots, microorganisms, etc. oxygen is consumed while carbon
dioxide, and in some cases also methane and hydrogen, are produced. When the
amount of gases consumed does not equal the amount of gases produced, a gradient
in pressure will be built up, resulting in bulk flow. Under normal acrobic conditions
the amount of oxygen consumed is approximately equal to the amount of carbon
dioxide produced. Under wet circumstances, when the soil is poorly aerated, the
production of gases may be in excess of the consumption (Black, 1957). Penningsfield
(1950) stated that the oxygen consumption in the soil after a period of anaerobiosis
is higher than the production of carbon dioxide. In all these cases oxygen is required
for the oxidation of a reductant, mostly a solid organic compound. .

In the special case to be discussed here the reductant is a gas itself, i.e. CH, in the
soil, so the oxidation process is accompanied by a decrease in volume, as the formed
H,O is converted almost completely to the liquid phase. Accordingly the bulk flow
induced by this process (and directed towards the oxidation zone) must be taken into
account.

Finally the outflow of natural gas from a leak constitutes a significant bulk-flow
term in the transport equation for gases. Obviously the magnitude of this term tends
to diminish rather rapidly with increasing distance from the leak, especially in the
case of spherical symmetry. Although the bulk-flow term is thus an important term
in the transport equation to be solved, the earlier statement to the effect that gradients
of total gas pressure can be ignored, remains valid because of the relatively high
permeability of soil for gases.
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3.2.4 Influence of bivlogical processes

The composition of the soil gas phase is closely related to the biological activity
of plant roots and micro- and macroorganisms {respiration processes). The marked
diurnal and seasonal variations in oxygen and carbon dioxide concentrations in the
soil reflect the effect of temperature on biological activity, Increase of this activity
brought about by a raise of temperature, addition of nutrients and/or organic maiter,
involves an increase in oxygen consumption and carbon dioxide production. In the
case of leakage of natural gas the microbial oxidation of methane and also of higher
hydrocarbons is very important for the composition of the soil gas phase around a
leak, Calculation of changes in concentration in the gas phase with a mathematical
model requires some knowliedge on the factors influencing this microbial process.
In chapter 4 laboratory experiments will be discussed, showing the extent of the
microbial methane oxidation as influenced by a number of such factors.

3.3 Solution of the flow equation

In many cases the flow under consideration is rather complex and analytical solu-
tions are not possible, unless far-reaching simplifications are made. Such solutions
can be given for several steady state problems and to a lesser extent for certain non-
steady state problems. Below examples of solutions of some transport problems are
given.

For the more complex systems numerical methods may give a good approximation
of the real solution. Some general remarks will be presented on the use of numerical
methods with regard to the problems of leakage of natural gas,

3.3.1 Analytical solutions

Steady state problems are easier to solve than non-steady state probiems because
one independent variable (¢) is lacking, as @C, /¢t = 0. In one-dimensional systems
the partial differential equation will then change into an ordinary differential equation.

Most analytical solutions known from literature solely concern the transport by
diffusion. As mass diffusion and heat conduction are analogous in this respect,
existing solutions are generally applicable to both phenomena. Many analytical
solntions for different boundary conditions have been given by Carslaw & Jasger
(1959) and Crank (1956).

For non-steady state situations analytical solutions of the flow equation are avail-
able for systems with rather simple geometry, provided the initial and boundary
conditions are not too involved. '

Crank (1956) describes the following methods for sclution of the flow equation
in the non-steady state:

Reflection and superposition; this method can be used in the case of instantaneous
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sources in an infinite, semi-infinite or finite system. The source may be a plane source,
a line source or a point source and there may be reflection at an impermeable bound-
ary. A certain amount of substance is injected at a certain time and position. The
concentration distribution is then found to be expressible in terms of Gauss distri-
bution functions. This method is particularly convenient for calculating the concen-
tration distribution in the early stages of diffusion.

Separation of variables; this method yields series of trigonometric functions, which
are because of 2 more rapid convergence more convenient for the middle and later
stages of diffusion than the solutions of the above mentioned method.

Laplace transformation; this method can be used for various problems. The time
variable of the partial differential equation is temporarely removed from the equation,
thus leaving an ordinary differential equation to solve which is eventually translated
back into a time dependent solution.

As soon as the problem is somewhat complicated, the given solutions for non-
steady state cases are often too cumbersome for practical use. Complicated integrals
often occur in the final equation, which have to be evaluated by numerical approxi-
mations.

For steady state problems analytical solutions are more readily available. Specific
solutions concerning the aeration of the soil were given by for example van Bavel
(1951, 1952a) and Lemon (1962). Van Bavel (1951} considers one-dimensional diffu-
sion of oxygen in soil, taking into account consumption of oxygen in an active layer
overlying or underlying an inactive layer, combined with a difference in diffusion
coefficients for the layers if required. Aeration of the soil under a pavement can be
treated in this way. The pavement will affect the soil gas phase composition in a
similar way as a dense inactive topsoil layer, as discussed by van Duin (1956). The
pavement has thickness d,, overlying an active soil layer of thickness (L—d,), in
which oxygen is consumed. The boundary conditions of this system are

z=20 C=C,
L dC
ZzZ = —_— =
dz
dc dC
z=d

D,—=D-—
P ?dz dz

where D, is the diffusion coefficient in the pavement and D is the diffusion coefficient
in the soil.

With the condition that the concentration C is continuous at the boundary d,
between two layers, the solutions are:

for0 <z <d,

C=- g_ (d,—L)z+C,  (cm®-cm™%) (13a)
P
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ford,<z<L

%(L—d,HC, (cm®-cm™%)  (13b)

a alL
C=-— EB(zz—df,) + 3(2-(1,) +
where —« is the rate of consumption of oxygen expressed in volume units per unit
volume of soil (cm® - cm ™3 - s~1); @ may be converted to A (mg-cm™3 - 571) with
the factor p,,, (see table 5).
The value D, is known for an asphalt pavement from experiments carried out by
Bakker according to the method described by Bakker & Hidding (1970). Values of
D, for other kinds of pavements were estimated as

D,=5D (s (14)

where g, is the area fraction of the road surface which is non-sealed (open soil between
the elements as bricks or tiles), expressed as cm? open soil per cm? pavement. Dif-
fusion through bricks and tiles was neglected. The calculated data for oxygen diffusion
coefficients are

asphalt pavement 5 x10~° cm?-s~!

tile pavement5 x107*cm®-s
brick pavement 1.4x 1073 cm? -5~
soil 38x%x10"2em? 57!

The rate of O,-consumption (—«) in the active layer has been estimated here as
2x1077 cm® O, per cm? of soil per second.

Some results of calculations with these values are given in fig. 4. For the chosen
value of a the diffusion flux through the asphalt pavement is too small to supply
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Fig. 4. Calculated O;-concentration in the soil gas phase under a pavement. A: under various infinite
pavements compared with non-metalled soil for an oxygen consumption rate in the active layer of
2%x10-7 cm® « cm~? - s~1; B: under asphalt roads of various widths lined with grass borders for a
1 m thick active layer with an oxygen consumption rate of 1 X10~7 cm®-cm~3-3~1.
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the whole active Iayer (here L = 50 cm) with oxygen; the oxygen flux is just enough
to support biological activities in an active layer of about 10 cm. If other sources of
oxygen supply, e.g. via non-metalled borders, soil around a tree or ventilation
channels, are lacking root growth is hardly possible under an asphalt pavement. It is
clear from fig. 4A that also the tile pavement may inhibit the aeration of the soil to a
large extent once the consumption rate increases above the value chosen in fig. 4.
From the non-metalled borders along an asphalt road oxygen enters beneath the
pavement, so the oxygen concentration in the soil will depend on the width of the
road (fig. 4B).

Diffusion of oxygen from a ventilation channel (see chapter 7} may be described
in the steady state as

DViC = —« (15a)
In a cylindrically symmetric system this yields, if D is constant

Dd dC

—_—ryr —|= - 15b

r dr( dr) (150)
With the boundary conditions

r=r, C=C,

dcC
=L — =0
r dr

where r,, is the inner radius of the ventilation channel, the solution of this differential
equation is

C=C, — — (=12 + a—Lf(ln r=Inr) (cm®-cm™?) (16a)
" 4D “ 2D ’

For the particular case that the ventilation channel is the only source of oxygen
{other sources and diffusion through the pavement being negligible) there is an ad-
ditional condition, namely C = 0 at ¥ = L. Introducing this condition into eq. (16a)
vields an equation in L according to

¢« alnr , a , ar?
=+ — )+ —-LChl+-—-+C,=0 16b
(4D+ 29) BT ST, S (165)
The value of L, satisfying the above equation, may be approximated by the method
of Newton-Raphson or with the regula falsi (iterative methods, <f. Kosten, 1966).
Concentration distributions calculated according to eq. (16a) and (16b) for different
values of « are given in chapter 7.
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3.3.2 Numerical solutions

Solution of partial differential equations by numerical methods is based on the
approximation of differentials by finite differences in the following way

dc C.!.k"'l cf,l:

a A —a i {17a)
Furthermore
dZCm CH-I ] Cl. C:,'k - C;,_ 1,
Ax Ax Ax (17b)
dC CH-I & C‘ k Ci'." - ik
&3 [ + Ax ] (17¢c)

where C5* represents the concentration at position x = /Ax and at time 7 = kAt
Combining eq. (17a), (17b) and (17c) yields an equation expressing Cix*** explicitly
as a function of the three known concentrations at time ¢, namely C&~**, C:* and
CiLt* This method is known as the explicit or Schmidt-method (cf. Crank, 1956).

Strictly speaking eq. (17a) gives the first derivative with respect to ¢ at time
(¢+1At), while eq. (17b) and (17¢) approach the derivatives with respect to x at
time 7. In the Crank-Nicolson methed (Crank & Nicolson, 1947, cited by Crank
{1956)) the derivatives with respect to distance are therefore approximated for time
(t+1At) as follows

d2c 1 [/CHHLR+L _ chk+l  ciRLE ik

dx? ~ 2Ax Ax Ax
{Chkt1 _ ci-Li+1 Cht — CiLk
-( . + )] (182)
dC Cl+1 k+1 Cl L, k+1 Ci,k+l - Cl-l.l;+1
dx ~1 [( Ax + Ax ) +
Lk _ ohk ChE _ Ci-Lk
" n m m lsb
+ (——Ax M v— )] (18b)

Combining eq. (17a), (18a) and (18b) yields an implicit equation, in which the three
unknown terms CL-1**1, Ch¥t! gnd CLH1%*1 are expressed in three known terms
Clmi* Ch* and €LY 1, The process yields n equations with » unknown concentra-
tions which can be solved.

The explicit method is subject to the stability criterion, which means that the time
interval At has to be related to the distance interval Ax, In order to prevent exponen-
tial growth of the errors inherent to the method, the relation has to satisfy D, Af/Ax* <
< 0.5 (Dp, = D,/e,). This relation holds for the case of one dimensional linear dif-
fusion.
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The numerical method is used here for transport (diffusion and bulk flow) in
cylindrical and spherical systems, however. In this case stability was secured when the
relation satisfied D,At/Ar? < 0.45, as found empirically. The distance interval Ar in
numerical calculation of the composition of the soil gas phase around a gas leakage
was taken at 20 cm. For D), appearing in the stability relation, the highest diffusion
coeflicient of the three gas components under consideration (CH,, O, and CO,) was
taken, thus yielding Af equal to 0.6 hour. Calculating the effect of ventilation channels,
the distance interval Ar was taken 10 cm. A change of Ar from 5 to 25 cm appeared
to give only slight differences in the calculated oxygen concentration (less than 0.5
vol. %). The discrepancies became smaller for larger distances and larger times.

With the implicit Crank-Nicolson method Ax and Af can be chosen independently
from each other and be relatively large compared with the explicit method, because
this computation process is in principle stable. However, it requires a considerable
amount of computation time when a concentration-dependent production function
is taken into account, as then time-consuming iterative procedures have to be em-
ployed. Production functions can be accounted for much easier by using the explicit
method, as this method does not present any difficulties when production (or con-
sumption) varies with time and position. As a varying production function is charac-
teristic for the soil around a gas leakage, the explicit method was employed in the
present study.

3.4 Oxidation-reduction status of the soil

A considerable amount of rescarch on the oxidation-reduction processes in the
501l has been done on paddy soils (rice culture). During the period of inundation the
soil is completely anaerobic, thus oxygen is absent from the gas phase. The oxygen
molecule is acting in redox reactions as an electron acceptor. Electrons are released
with the oxidation of for example Fe?*, according to

4Fe?t =4 Fe?t +4e”
4H*+0,+4e” =2 H,0

The Fe?*-ion acts as an electron donor and the electron is transferred to an elec-
tron acceptor, here O,. Other electron donors in soil are Mn®* and organic com-
pounds, the latter often present in large quantities. If O, is practically absent, NO3,
Fe**, Mn** or SO}~ will act as electron acceptor.

A well-known reduction reaction is the reduction of nitrate (denitrification), pro-
ceeding in the following way (Laskowski & Moraghan, 1967)

NO; +2H*"+2e” = NOQ; +H,0

The NO, will eventually be reduced to N,O and N,. The loss of nitrogen, as N,O
and N,, is often observed within a couple of days after the onset of the anaerobic
period. As soon as almost all of the NO; has been reduced, the other electron ac-
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ceptors Mn**, Fe** and SO; ~ will successively be reduced
MnO,+4 H* +2e~ 5z Mn?* +2H,0
Fe(OH);+3 H" +¢~ =< Fe?* +3 H,0
SO} +8H " +8e¢” = 82" +4H,0

Electron donors, e.g. organic compounds, are required for these reduction reac-
tions. Addition of easily decomposable organic matter is found to accellerate the
reduction processes (Aomine, 1962; McKeague, 1965; Gotoh & Yamashita, 1966;
Harmsen, 1971). The oxidation-reduction processes are related to the rate of microbial
activity (Kamura et al., 1963; Parr, 1969).

The reduction processes cited above may be brought about by facultative anaerobic
bacteria, except the reduction of sulphate which is accomplished by strictly anaerobic
sulphate-reducing bacteria.

If the soil has been reduced to a large degree, organic compounds may be fermented
by anaerobic microorganisms to gases as CH,, H, and CO,. So acetic acid can for
example be reduced to methane

CH,COOH - CH,+CO,

by methane-producing bacteria.

As electrons are involved in these redox reactions, measurements of electron ac-
tivity in soil (redox potential measurements) will indicate the degree of reduction or
oxidation in the soil. The redox potential for the redox reaction, Ox+ne” +aH*
&5 Red, can be expressed by the Nernst equation

RT  (Ox)(H*)

E,=E In ————~ 19
w= Lo + — oF (Red) \)) (19)
where
E, = redox potential (V)
E, = standard potential at 25 °C (V)
R = gas constant (8.31 J.K™! - mol™?}
r = absolute temperature (°K)
F = Faraday (96500 C. eq™ ')

(Ox), (Red), (H*) = activity of respectively oxidized component, reduced component
and H*-ions (eg. 171)
n, resp. a = number of electrons resp. H*-ions involved in the reaction
Eq. (19) applied to the Fe?*-Fe(OH); system yields at a temperature of 298 °K
=1

E, = 1.06—0.059 log Fe?* —0.177 pH \2] (20)

In soil, however, the redox systems rarely reach an equilibrium state, because of a
continuous, but often rather slow, oxidation of electron donors, i.e. oxidizable organic
compounds (Bohn, 1971). Furthermore there will often be several redox couples
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Table 6. Successive stages in the reduction processes in soil after Takai & Kamura (1966).

Reduction Process Redox pot. Microorganisms Formation of
stage (V) organic acids
First disappearance of O, +0.60 to 1-0.50 aerobes none
stage  disappearance of NO;~  +0.50 to 1+0.20 facultative slight accumulation
formation of Mn?+ +0.40 to +0.20 anaerobes after addition of
formation of Fe?* +0.30 to 4+0.10 organic matter
Second formation of §2~ 0to —0.15 obligate anaerobes rapid accumulation
stage  formation of H, —0.15 to —0.22 rapid decrease
formation of CH, —0.15 to —0.22

present in the soil, so at non-equilibrium the measured redox potential £, will be a
‘mixed potential’ (Bohn, 1968 and 1971). The relation of such mixed potentials to
the various activities of the oxidized and reduced components is as yet unsolvable.
Because of non-equilibrium sitvations and also differences in experimental methods
it is not surprising that the E,-values mentioned in literature for the various redox
reactions in soil vary rather much. A very precise measurement of E; is of little use
therefore (cf. also Jeffery, 1961b).

Nevertheless, measurements of redox potentials are useful in supplying a general
picture of the intensity of the oxidation-reduction conditions in the soil. A rough
estimation of the different Ej-levels, at which the mentioned reactions may be ex-
pected to occur, was given by Takai & Kamura, 1966 (table 6).

As H"-ions are involved in the reduction processes, the pH of the soil will
change (Starkey, 1966; Ponnamperuma et al., 1966; Gotoh & Yamashita, 1966;
Mukhopadhyay et al., 1967). In acid soils the process of reduction proceeds more
rapidly than in alkali soils, as more H*-ions are available. Reversely, the process
of oxidation proceeds more rapidly in an alkali soil (Greene, 1963),

During the stage of reduction the pH of an acid soil increases, because H*-ions
are fixed. Here the drop in E, and the rise in pH are likely to be determined by the
Fe(OH);-Fe?* system. In an alkali soil, however, the pH may decrease during the
period of reduction (Adams & Ellis, 1960; Mukhopadhyay et al., 1967). Here different
systems as the carbonate—carbon dioxide equilibrium may determine the decrease
in pH (Ponnamperuma et al., 1966). In a flooded soil (and also near a gas leakage)
CO, produced by bacterial action is accumulated in rather high amounts and this
will affect the pH of the soil. Thus the increase in pH by reduction processes may be
smaller than the decrease in pH by a raised CO,-concentration.

Ponnamperuma stated that the pH of a soil should shift towards pH 7 during an
anaerobic period. After aeration of the soil the pH shifts back towards the original
value.
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4 Processes near a leakage of natural gas

4.1 Microbial oxidation of methane*
4.1.1 General

From literature it is known that a number of microorganisms can grow in a medium
with gaseous hydrocarbons as the only carbon-source. The hydrocarbons are then
oxidized, yielding eventually CO, as the end product. The energy liberated in the
oxidation process, may be used for the synthesis of cell material (assimilation of
hydrocarbons).

Since natural gas consists of hydrocarbons to about 85% by volume, these micro-
bial oxidation processes may be expected to occur in soil near gas leakages. Con-
sidering the composition of natural gas, particularly the oxidation of methane, ethane
and propane should be important.

Methane-oxidizing microorganisms have been described by several authors (Kaserer,
1906; Sohngen, 1906; Harper, 1939; Leadbetter & Foster, 1960; Brown et al., 1964;
Nyns & Wiaux, 1969). The organisms mentioned in literature are for example Bacillus
methanicus (Sdhngen, 1906), Methanonomas methanooxidans (Brown et al., 1964),
Methylococcus capsulatus (Foster & Davis, 1966) and Pseudomonas methanica (Dwor-
kin & Foster, 1956; Leadbetter & Foster, 1958).

The majority of investigations reported in literature concern the microbial oxida-
tion of methane in water; only few authors investigated methane oxidation in soil
near leakages of natural gas, Davis et al. (1964) and Coty (1967) reporied an increased
nitrogen content in soil near leaks., They isolated methane-oxidizing bacteria capable
of fixing atmospheric nitrogen. Earlier Schollenberger (1930) and Harper (1939)
already found accumulation of nitrogen in ‘gassed soils’. Harper attributed this
phenomenon to nitrogen fixation by Clostridium spp. under anaerobic conditions.

According to Brown et al. (1964} the oxidation of methane proceeds via a number
of intermediates. Ribbons et al. (1970) calculated the change in free energy (keal -
- mol~*) for each oxidation step in the course of methane oxidation

—26.12 -44.81 ~37.13 —58.25

CH, —— CH;0H —— HCOH ——— HCOOH —— CO,

{methane) (methaaol) (formaldehyde) (formic acid) (carbon dioxide)

* Most of the material presented in this part has also been treated in Hoeks (1972).
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Formaldehyde is likely to be a key compound for synthesis of cell material by
methane-oxidizing microorganisms (Johnson & Quayle, 1964; Kemp & Quayle, 1967;
Wilkinson, 1971). The chemical combustion reactions indicate the maximum relative
amounts of oxygen and carbon dioxide which may be involved

CH, +2 O, > CO,+2H,0+210.8 keal (212)
C,Hs+33 O, —» 2 CO,+3 H,0+368.4 keal (21b)
C Hg+5 O, - 3 CO,+4 H,0+526.3 keal (21c)

As in soil the oxidation is brought about by microorganisms using part of the
hydrocarbons for the synthesis of cell material, the O,-consumption and CO,-
production per unit volume of oxidized hydrocarbon will be lower than the relative
amounts given above. Data from measurements with suspensions of methane-oxidizing
bacteria yielded divergent values for the relation between the CH,-consumption,
Q,-consumption and CO,-production (Sthngen, 1906; Dostalek, 1954; Dworkin &
Foster, 1958; Brown et al., 1964; Whittenbury et al., 1970a; Naguib, 1971). Per unit
volume of oxidized CH, the O,-consumption ranged from 0.2 to 1.8 and the CO,-
production from 0.2 to 0.9 volume units. The large differences may in part have been
due to additional oxidation of higher hydrocarbons (e.g. C,Hg), which appeared to
be present in a number of cases. Furthermore the growth stage of the microbial
poptlation should be of importance. In an early stage the number of bacteria will
strongly increase and then the assimilation of CH, must be higher than in a later
stage when the number of microorganisms remains almost constant (stationary phase).

Microorganisms using CH, as a source of carbon under anagrobic conditions are
not reported in the literature,

4.1.2 Laboratory experiments

The rate of CH,-oxidation and the resulting O,-consumption and CO,-production
was investigated for dune sand soil from the town of The Hague. Soil samples were
taken at a depth of 30 to 50 cm below the pavement. Two types of samples were
distinguished, namely of:

Gussed soil: during the year before the experiment this soil in the neighbourhood of a
leaking gas main, was saturated with natural gas; the O,-concentration in the soil
was almost 09, the CO,-concentration varied from 6 to 8 ¢} by volume. Other data:
pH-KCl 7.8, organic matter 2.6 %, moisture content 6,6 %, by weight.

Normal soil: this soil was sampled at the same site, but outside the zone of influence
of the leak; the O,-concentration was 17 to 199 throughout the year before the
experiment, the CO,-concentration 2 to 4% by volume. Other data: pH-KCl 8.1,
organic matter 1.09;, moisture content 5.6 % by weight.

The differences in pH, organic matter and moisture content between the two types
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of soil may have resulted from local differences (heterogeneous soil). Nevertheless,
such effects on pH, organic matter and moisture content resulting from gas leakage,
have been reported by Harper (1939) and Adams & Ellis (1960).

The soil samples were transferred to metal pots (diameter 15.5 cm, height 23 cm),
which were gastight, except for inlet and outlet through which a gas mixture (air,
nitrogen, carbon dioxide and natural gas) was introduced and collected after passage
through the soil (cf. also Dasberg & Bakker, 1970). By determining the influent and
effluent amounts of a gas component, so the product of its concentration and of the
flow velocity of the gas mixture, the rate of consumption or production of that gas
component in the soil can be calculated.

Flow velocity was measured both at inlet and at outlet, with a flow meter. Consider-
ing the chemical combustion reaction (eq. 21a), the flow velocity is likely to be lower
at the outlet than at the inlet, as only 1 mol CO, is produced while 1 mol CH, plus
2 mol O, are consumed. The formation of H,O may be disregarded as it converts to
the liguid phase.

The O,-concentration was measured with a Johnson Williams Oxygen Indicator,
Model K 525.For continuous measurements a Beckman Oxygen Analysor (nr. 777)
was used. The CH, and CO,-concentrations were measured with an Infrared Analysor
{(URAS) which was adapted to the different gases by changing the detector.

To obtain the rate of CH,-oxidation in the soil, the rates of consumption of CH,,
and O, and the rate of production of CO,, were determined at three constant temper-
ature levels, viz. 20.5, 17.0 and 13.5 °C (within 0.2 °C). The effect of the composition
of the gas mixture introduced into the soil, was investigated by varying the concen-~
trations of the components concerned (CH,: 0, 2.5, 5%,; 0,:0,1,2,4,7, 12, 21%,;
CO,: 0, 8%) and by varying the flow velocity of the gas mixture (10 and 25 cm®-
-min~Y).

During the experiments small soil samples were taken from the pots. At the
Laboratory for Microbiology of the Agricultural University at Wageningen methane
and ethane-oxidizing bacteria were isolated from the soil samples and the number
of bacteria per gram of soil was counted. Results of microbioclogic investigations are
discussed in detail by Adamse et al. (1972b).

4.1.3 Effect of composition of the soil gas phase

When excess CH, and O, were supplied to the passed soil, the rate of microbial
oxidation of methane in the soil was found to be very high, resulting in high rates of
O,-consumption and CO,-production, Values for the rate of O,-consumption were
found to be 50 to 100 times higher than those found in normal soil (table 7).

The ratio between the rate of consumption and the rate of production of the
three components concerned approximated the ratio derived from the chemical reac-
tion. From fig. 5 this relation could be calculated for the here presented case as

Oen, * o, t Ocp, = —1: ~2.02: +0.98




Table 7. Rate of O;-consumption and CO,-production (both in cm® - s~ per cm? of
s50il at about 20 °C) in a gassed soil, compared with normal soils.

Soil type Particulars Q,-consumption CO;-production
(x10~7 (%107
Dune sand normal soil 05— 1.0 0.5— 1.0
Dune sand normal soil with plant 27— 4.1 27— 4.1
Sikk loam normal soil with plant* 25— 5.8 25— 58
Dune sand gassed soil during leakage
of natural gas 190 —275 65 —95

* Derived from data of Dasberg & Bakker (1970).

1t has to be mentioned that besides the oxidation of methane, also oxidation of
ethane is likely to contribute to the O,-consumption and CO,-production. Considering
the composition of natural gas, however, this effect will be relatively small. From the
above relation it may be concluded that the CH 4-assimilation rate was low, indicating
a more or less steady microbial population.

The rate of CH,-oxidation depends on the density and the metabolic activity of
the microbial population. In this respect factors as nutrient conditions (supply of
inorganic nutrients, methane and oxygen), pH and temperature are most important.

The effect of the composition of the soil gas phase will be important with respect
to the supply of O, and CH, to the methane-oxidizing microorganisms. From fig. 6
it becomes clear that the rate of CH,-oxidation, as found in these experiments, did
not correspond with the maximum attainable rate. Microbial activity was limited
by a lack of oxygen as soon as the rate of O,-supply was lower than 0.4 cm® - min™?.
If the O,-supply exceeded 0.4 cm® - min~?! the microbial activity was rather constant
and the rate of CH,-consumption was as high as the rate of CH,-supply, being
0.18 cm® - min~!. Thus, in these experiments the microbial activity was either limited
by the rate of O,-supply or by the rate of CH,-supply.

In order to find the maximum attainable rate of oxidation the rate of O, and CH,-
supply had to be increased. This was realized by raising the flow velocity of the gas
mixture. Only in the case of low O,-concentrations in the gas mixture the rate of
O;-supply still remained too low and appeared to be a limiting factor for microbial
CH,-oxidation. The fact that at very low O,-concentrations of 0.6 %, all the oxygen
supplied was consumed in the soil, leads to the conclusion that the activity of the
methane-oxidizing microorganisms is, although dependent on the rate of supply of
O,, practically independent of the O,-level in the gas phase.

After increasing the rate of O, and CH,-supply, the relation between consumption
and production terms changed a little [oey, 00, %00, = —1:(—1.8 to —2.1):(40.7
to +0.8), at about 20 °C]. The relative decrease in CO,-production may indicate a
rise in CH ,-assimilation. Possibly the microbial population was growing during these
experiments.
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Fig. 5. Relation between the O,-consumption
rate, resp. the CO.-production rate, and the
CH,-consumption rate in a pot with dune sand
soil at about 20 °C.

Fig. 6. Effect of the O,-supply on the microbial
CH-oxidation rate at a constant CH,-supply
0.18 cm? - min~?) and about 20 °C, measured
as the consumption rates of Q; and CH, and
the production rate of COa.

Data about the rate of CH,-oxidation are summarized in table 8. Here only data
have been given concerning experiments in which the supply of both O, and CH,
was not 2 limiting factor for microbial activity. So other factors as temperaturs, soil
fertility and soil acidity will have determined the activity of the microorganisms.

Raising the CH,-concentration from 2.5 to 5%; by volume did not increase the
" CH,-consumption rate, so the activity of the methane-oxidizing microorganisms,
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Table 8. Rate of microbial CH,-oxidation at 17 °C, as influenced by composition of the gas
mixture.

Pot  Composition of Temp. Production %o, * Gcn, ° Geo,
gas mixture (°C)  incm?- 5! per cm?
in vol.% soil (X 10°5)
CH, CO, 0 0; CH, CO,

G-8 25 <01 1.7 17.0 —1.14 —0.61 +0.47 —19: —-1: +0.8
27 <01 11.4 17.4 —1.22 —0.69 +0.50 —1.8: —1:4+07
26 <01 202 17.0 —1.17 —0.58 +0.39 —2.0:—1: 407

G-9 47 <«0.1 7.5 17.0 ~1.92 —0.64 -+0.67 —3.0: —-1: +1.0
49 <0.1 11.0 17.4 —1.86 —0.75 +0.72 —25:—-1:+1.0
4.6 <0.1 19.7 17.0 —1.78 —0.61 +0.64 —29:—-1:+1.0

G-19 2.5 8.1 7.5 17.4 —2.25 —0.94 +0.64 —2.4: —1: 407
2.4 8.4 11.5 17.0 —1.92 —0.89 +0.61 —2.2:—1:407
23 7.8 18.8 17.6 —1.81 —0.86 +0.50 —2.1: —1: +0.6

G-20 53 7.9 7.5 17.4 —2.81 —0.94 +0.78 —3.0:—1: 408
5.4 85 114 17.0 —2.67 —1.06 +0.81 —2.5: —1: +038
5.0 7.7 183 17.6 —1.78 —0.69 +0.58 —2.6:—1:+0.8

although dependent on the rate of CH,-supply, is not influenced by the CH,-level.
The O,-consumption rate and the CO,-production rate did increase, however. Gas-
chromatographic analyses {carried out at the Laboratory of Microbiology, Agri-
cultural University at Wageningen) showed also ethane and propane being oxidized
in the soil by bacteria (Adamse et al., 1971). Because of the low concentrations of
these components in natural gas the rate of C;Hg-supply and of CyHg-supply will
have been limiting the activity of etbane and propane-oxidizing microorganisms.
A two-fold CH4-concentration by raising the amount of natural gas supplied, implies
a two-fold C,H, and C;Hg-concentration. Therefore the consumption rates of C,Hy
and C;H, will have increased with a factor 2. This may at least partly explain the
relative rise in O,-consumption and CO,-production at the highest CH,-concen-
tration in the gas mixture.

The presence of CQ, in the gas mixture was found to stimulate the activity of the
methane-oxidizing microorganisms, possibly resuiting from a pH-effect. The rate of
CH,-oxidation was clearly augmented as appeared from the increased CH, and O,-
consumption and CO,-production data. The production of CQO, slightly reduced in
proportion to the consumption of Q, and CH, as reflected in the relation gy, itto,:
t%cq,. This might indicate that under these conditions the microbial population in-
creased (higher CH,-assimilation rate) and/or the CH,-oxidation proceeded less com-
pletely, vielding incompletely oxidized intermediates.

4.1.4 Effect of temperature and nutrients

The metabolic activity of the methane-oxidizing microorganisms was strongly in-
fluenced by temperature. At the Laboratory of Microbiology at least two types of
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methane-oxidizing bacteria have been isolated from the dune sand, used in the ex-
periments described here (Adamse et al., 1971), viz. Pseudomonas methanica and a
bacterium probably identical to Methylosinus trichosporium, as it was described by
Whittenbury et al. {1970a). The optimum temperature for growth of both bacteria
is about 30 °C. Furthermore methane and ethane-oxidizing mixotrophic fungi were
isolated from the dune sand soil (Adamse et al., 1972b).

The O,-consumption in a gassed soil increased with a factor of 4 to 5 when the
temperature was raised from 13.5 °C to 20.5 °C (fig. 7). This means a very strong
dependence on temperature, since for growth processes of higher plants as a mean a
factor of 2 to 3 is found with a temperature raise of 10 °C, At different temperatures
the relation between consumption and production terms was

20.5 °C Ocn, * %o, S Ocp, = —1:(—1.8to —2.1):(+0.7 to +0.8)
17.0°C Oy, © 0o, & %o, = —1:({—1.9to —2.8):(+0.7 to +1.0)
13.5°C Gy, : o,  Oco, = —1:(—3.910 —4.5):(+2.0t0 +2.5)

At lower temperatures the O,-consumption and CO,-production increased relative
to the CH,-consumption. Perhaps the oxidation of methane is reduced to a larger
extent than are the other biological processes in soil.

The fertility of the soil will also influence the growth rate and the activity of the
microorganisms. The methane-oxidizing bacteria are more akin to autotrophs than
to heterotrophs, since they can only use C-sources as CH, and CH,;OH (Ribbons
et al., 1970). Davies & Whittenbury (1970) called them obligate heterotrophs. Anor-
ganic nutrients, as for example nitrates, are necessary, however, for growth of the
bacteria, preventing uptake by the plant.
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The effect of nutrient conditions is demonstrated in fig. 3. Here a mixture of natural
gas and air was supplied to a normal soil. Oxidation of methane, as expressed in the
Q,-consumption, started only after an extensive lag phase of 30 days. During this
phase the microorganisms get adapted to changed environmental conditions. The
slight increase in O,-consumption during this period was found to be the result of
oxidation of ethane and propane. The lag phase for ethane and propane-oxidizing
microorganisms was relatively short in comparison with the lag phase of methane-
oxidizing microorganisms (Adamse et al., 1972b).

After addition of a nutrient solution (for its composition see table 9}, the lag phase
became very short and oxidation of methane started practically at once. The phase
of exponential growth lasted in both cases about 15 days. In the next period the
O,-consumption dropped and (at least temporarily) stabilized at a considerably lower
level. This back-sliding might have been caused by shortage of nutrients and/or
accumulation of toxic metabolic excretes due to the intensive microbial activity.

The methane-oxidizing bacteria isolated from dune sand were found to grow at
optimum rate at pH 7.0, while growth was possible within a pH-range of 5.5 to 8.0
(Adamse et al., 1971). Therefore soil acidity is an important factor for the metabolic
activity of the bacteria. The pH of the dune sand was 7.8 to 8.0, so within the above
mentioned range. The pH of the soil at the experimental field, however, was about 4.
Thus microbial activity should be low in this soil (table 10). Nevertheless the rate of

Table 9. Composition of the nutrient solution after Leadbetter & Foster {1960).
Amounts in g per liter de-ionized water.

NaNO; 2 KCl 0.04 H,B0; 10x10-8
MgS0, 0.2 CaCl,  0.015 MnSO, 10x10-%
Na,HPO, 0.2 FeSO,  0.001 ZnSO,  70x10-¢
NaH,PO,  0.09 CusO, 5x10-°
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Table 10. Number of bacteria per g of soil at the experimental field and in the used
dune sand (after Adamse et al., 1972b).

Samples from Particulars Number of bacteria
Experimental fleld 0.5 m from leak 4.89 % 10% (n="5)
with 6-month 1 m from leak 1.95x10° (n=5)
leakage (pH 4) 10 m from leak 1.01 % 10% (=35}
Pots with dune wormal soil 3.8 x10°% (=3}
sand {pH 8) gassed soil after a 7-week leakage 122 %10 (p=3)
gassed soil after a 3-week aeration 68.2 x10% (n=23)

methane oxidation was still high enough to create a practically anaerobic zone
around the leak (see section 4 of this chapter). It is not unlikely, however, that at low
pH-values other methane-oxidizing microorganisms, more adapted to acid conditions
as fungi or yeasts, are active in the soil. Isolations were made in a medium of pH 7,
being perhaps less favourable for such microorganisms.

4.2 Distribution of gases around gas leakages

From measurements at experimental sites in urban regions and later on from
measurements at the experimental field it has become clear that the composition of
the soil gas phase around a leakage of natural gas shows the same characteristic
picture in all cases, in spite of differences in soil type. In fig. ¢ an example is given of
the distribution of O, and CO; around a ieak. This leak, influencing the soil gas phase
up to a distance of more than 16 m, was a very large one. There exists a completely
anaerobic zone up to 11 m from the leak. Natural gas was found te be present in the
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J xd: 1 ’ Fig. 9. Distribution of O, and COQ, in the soil
Kl "—"‘-""a—" 1*2" 6 20 gas phase near a gas leakage in the Prinsen-
distance from legk in m vinkenpark at The Hague (see also fig. 1A).
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soil gas phase up to 13 m. The CO,-concentration can be rather high, in the example
given here 4 to 14 per cent by volume dependent on the distance from the leak.

From a large number of measurements, later on confirmed by calculations, a general
picture of the situation around a gas leakage can be given. This situation is drawn in
fig. 10,

The microbial oxidation of CH,, as discussed in the previous section, requires
both CH, and O,. As a consequence CH-oxidation ¢cannot occur in the anaerobic
zone. It appeared that there is only a relatively narrow zone where both CH, and O,
are present and where CH,-oxidation might occur. This zone is defined as the methane
oxidation zone. Here CH, is supplied from the leak and O, is supplied from the
opposite direction, viz. from the ungffected normal soil via a zone with lower O, and
higher CO, content, the oxygen transit zone. The methane oxidation zone, being the
only zone where both O, and CH, are found together, is rather narrow. The data of
Bravermann et al. (1962) are therefore dubious. They report CH,-concentrations of
13 to 45 vol. %, together with O,-concentrations of 4.8 to 14 vol.%,. This is only
possible during the winter period or just after the start of gas leakage when methane
oxidation is limited, but it is most unlikely to occur in the summer period.

Because of the production of CO, in the oxidation zone, high CQO,-concentrations
are found here. In principle the highest CQ,-concentration is found at the inner side
of the oxidation zone at the boundary with the anaerobic zone (r = r,). Going towards
the leak the concentration decreases because the CQO, is pushed away by the flow of
natural gas (bulk flow). In the steady state all the CH, released by the leak is oxidized
in the oxidation zone. At the same time all Q,, transported to this oxidation zone is
consumed here. Thus the concentrations of O, and CH, are known at two distances
viz. Cy, = 0 at r = r, and Cgy, = 0 at r = r,. Furthermore the concentrations of the
three components (O,, CO, and CH,) are given at the distance r, (with Cgy, always
equalling zero). These conditions are used as boundary conditions in the mathematical
solutions for calculation of the composition of the soil gas phase in the steady state.

The extent of the gas zore i.e. the region where methane is present in the soil gas
phase is defined in terms of its horizontal radius, be it cylindrical or spherical. In
reality the leak influence extends to a larger distance, for also in a part of the oxygen
transit zone the soil gas phase composition is unfavourable for plant growth. The
above defined gas zone, however, will be used as a measure for the leak influence as it
is easy to determine. In urban regions the radii of the gas zones of the majority of
gas leakages are found to vary between 2 and 6 m.

Because of the difference in density between natural gas (0.82 mg - cm™?) and air
(1.29 mg - cm ™) one might suppose that the gas should be transported preferentially
in an upward direction (Kelsey, 1964; Eynon, 1967). From the measurements at the
experimental field this effect appeared to be negligible. The natural gas and the soil
gas phase are apparently mixed rather intensively by diffusion of the different gas
components, resulting in an only gradual increase in density from the leak to the
unaffected normal soil.

The iso-concentration surfaces are almost spherically distributed around the leak.
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microbial methane oxidation reaction
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Fig. 10. Schematic representation of the composition of the soil gas phase around a leakage
of natural gas in soil.
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Fig. 11. Distribution pattern of natural gas around an artificial leak (51 hr~1), as reflected in the
CH,-concentration (vol.%,) in the soil.

A cross-section is shown in fig. 11 for a relatively small leak (5 1 of natural gas per
hour). In this case the spherical distribution is somewhat flattened at the top, as the
microbial activity (oxidation of CH,) is higher in the topsoil than in the subscil.
This is probably due to more favourable nutrient conditions in the topsoil.

4.3 Mathematical description of the distribution

The distribution of gases around a gas leakage, as discussed in the previous section,
can be described mathematically. To this purpose the flow equation (3) must be solved
while taking into account the appropriate boundary conditions. The production
terms for the different components of the gas phase were derived from the laboratory
experiments on the rate of microbial CH,-oxidation discussed in section 4.1.

4.3.1 Calculation of production terms

In the situation under concern the production terms of the three components CH,,
0, and CQ, should include the aerobic dissimilation processes in the oxygen transit
zone, the microbial CH,-oxidation in the oxidation zomne, and the processes of
anaerobic dissimilation in the anaerobic zone. Fortunately the production rates fol-
lowing from the microbial oxidation of CH, are extremely high and consequently
the production rates due to the other two processes may be neglected (cf. table 7).
This assumption leads to the sitvation where production {or consumpticn) of gases
is limited to the region of the methane oxidation zone,

The rate of microbial CH,-oxidation was found to be influenced by the CO,-level
in the soil gas phase, while it was practically independent of the O, and CH,-level
within rather wide limits. Also important for the rate of microbial CH4-oxidation is
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the influence of temperature and specifically the existence of an initial period before
the microbial population reaches its maximum size.

The ratio of the production rates of the dominant gas components accompaning
the microbial oxidation process was empirically determined. In the oxidation zone
the CO,-level is always high, about 10 to 15%, by volume. According to the CO,-
effect as given in table 8, the ratio of the three production terms in the methane oxi-
dation zone was estimated to be

o, | B0, S %o, = —1:=2: +0.6 (22)

Once ¢y, is known the other production rates were calculated in accordance with
this relation.

The effect of temperature on the production terms was, for lack of more informa-
tion, approximated by application of the Arrhenius equation to the experimental data
given in section 4.1, as being

ay = ke—p{2.3RT (23)

By plotting the natural logarithm of the O,-consumption rates (given in fig. 7)
versus 7~ (cf, fig. 12) one finds for the value of u (i.c. energy of activation) 3.41 x 10°
J - mol~1. Using the given rate of CH -consumption at temperature T, as a reference
(for computations T, was taken 293 °K), the rate at any temperature " was calculated
with the equation

Uy = “m{To} e—1.1s4x 104T=1-To~%) (cm3 ,cm—3 . s—l) (24)

It should be pointed out that this equation was derived from data in the temperature
range from 13.5 to 20.5 °C. The use of the equation outside this range remains some-

what doubtful, because it does not account for a minimum and a maximum temper-
ature for microbial activity.

h (—0(02) temperature in °C
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As mentioned above another complication in applying the experimentally deter-
mined production rates to the situation around a gas leakage, is the existence of an
initial period during which the microbial population has not yet reached its maximum
size. It was assumed that during this initial period the microbial population is in a
phase of exponential growth changing abrubtly into a stationary phase after this
period, being expressible as

CLB = AB fortg gy
dt
and
d—B =0 fort > t, (25)
dr
These conditions yield
B = B; *¢™™ fort <t
and
B =B, fort > t, (26)

in which B is the number of microorganisms in the population and ¢, is the moment
when the population has reached its stationary size B;.

As the production term a,, is likely to be directly proportional to the number of
bacteria, eq. (26) can be converted to

U = ot} €7 (em®-em™3 - 571 (1))

where «,{t,} is the rate of production at time #;, when the microbial population is
in a stationary phase. Data of the O,-consumption rates after the start of gas leakage
in a normal soil were given in fig. 8. In this figure the O,-consumption rate fell back
to a lower level after the period of exponential increase. This back-sliding is as yet
unexplained ; it might be a shortage of nutrients or an accumulation of toxic microbiat
excretes, but it seems reasonable to assume that eventually there must set in a station-
ary phase at whatever level. For the computations in this chapter this phenomenon
is of small importance as the level of the eventual O,-consumption rate will be varied
for checking its effects on the soil gas phase composition near a gas leakage.

As far as the phase of exponential growth of the bacteria population is concerned,
the natural logarithms of the O,-consumption rates were plotted versus time (cf.
fig. 13). From this figure the growth rate coefficient A was calculated as being
1.86x 1076 57!, Of course the value of A will also depend on temperature. No data
were available on this effect, however, so it was not taken into account. The above
value of 1 is only valid at about 20 °C, since it was derived from experiments which were
carried out at room temperature. Under extreme conditions, for instance during the
winter period, the growth rate of the microbial population may be extremely low to
practically zero.
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Combining eq. (24) and (27) the production term in the initial period (¢ < #;) was
taken as

&, = C(,.{To, tl}e-l.‘.|'84-x 104T-1=Ty~1)+1.86 X 10~%(t—1;) (cm?a . cm'a . 5—1) (28)

The fertility status of the soil was found to affect the duration of the lag phase of
the methane-oxidizing microorganisms after the start of gas leakage. This effect can
be expressed in #,. For the dune sand used in the laboratory experiments the lag phase
iasted about 30 days, while the phase of exponential growth lasted some 15 days, so
a total period of 45 days, i.e. ¢, equals 3.888 x 10°® s. After adding a nutrient solution
this period decreased to 15 days yielding a #,-value of 1.296x 10° s.

If & {T,, t,} and ¢, are known, the production rates in the initial period (¢ < ;) at
temperature T can be calculated with eq. (28). For ¢ > 7, the microbial population
is thought to be in a stationary phase and the production rates remain constant, so
eq. (24) supersedes eq. (28) where «,{T,} equals «,{T,, #}.

4.3.2 Coordinate geometry of the model

From fig. 11 it became clear that the transport of gases at short distances to the
leak can be considered as spherically symmetric transport from a point source. How-
ever, because of the existence of a practically gastight pavement at the top and
possibly a groundwater table acting as an impervious boundary at the bottom of the
soil layer under conmsideration, the flow lines of the gases are deflected at larger
distances (fig. 14A). At even farther distances the transport can be treated as cylin-
drically symmetric transport. Between the regions of spherical and cylindrical trans-
port there is a transition region where the transport somewhat resembles hemi-
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Fig. 14. Schematic representation of flow lines and isoconcentration surfaces near a gas leakage (A)
and the ensuing subdivision of the space around the leak in layers approximately perpendicular to
the flow lines for the numerical computations (B). See text for the symbols used.
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spherical transport.

Although in principle the distribution of gases in the different zones is amenable
to computation with a generalized equation in three-dimensional Cartesian coordi-
nates, the time needed for such computations appears to be hardly warranted in view
of uncertainties in the model description. Therefore a schematic model as illustrated
in fig. 14B was chosen. If the leak is situated at a depth 4; under a gastight pavement,
while a groundwater table is found at d,, the geometry of the model can be described
for the case of (d,—d) > d; (road surface nearer to the leak than groundwater
table) as

0 <r<d spherical symmetry
d; <r<d,—d mixed symmetry
dy~dy <r cylindrical symmetry

The mixed symmetry assumed for the transition zone between spherical and cylin-
drical symmetry consists here of a cylinder with radius r and length 4, plus at the
botiom a hemisphere with radius r.

Transformation of spherical to mixed symmetry takes place at the impervious
boundary nearest to the leak, be it the pavement or the groundwater table, so either
at r = d; (cf. above and fig. 14B) or at r = d,—d,. In the latter case the mixed
symmetry consists of a cylinder with radius r and length d,—d, plus at the top a
hemisphere with radius ». The transformation of mixed to cylindrical symmetry then
takes place at r = 4, being the boundary remotest from the leak,

The error introduced when changing over from the spherical distribution pattern
to the mixed pattern at the distance r = d; amounts to the introduction of an in-
stantaneous jump in the distribution pattern, i.e. once a certain concentration reaches
the distance 4, it is assumed that the rotational volume indicated by ¥, (fig. 14B) is
suddenly filled with gas at that particular concentration. Obviously the result must be
a slight exaggeration of the spreading velocity of the gas, so the actual concentration
should be slightly less than predicted. In order to check the magnitude of the error
introduced in this manner, the calcnlations were repeated with a change from spherical
to mixed symmetry at 7 = 4 d;. In that case the approximation solely involves a
sudden redistribution of the gas present in the hypothetical volume ¥V, above the
pavement over the rotational volume ¥; (equal to V), under the pavement. In this
case the real situation should be approximated very closely indeed. As the differences
in concentration computed with both alternatives were negligible (cf. table 11),
further calculations were done for a distance of transformation equal to 4. A similar
reasoning holds for the second transformation, i.e. from mixed to cylindrical sym-
metry,

On the experimental field the groundwater table was that deep that there was no
need for using cylindrical symmetry, so only spherical and mixed symmetry were
used.

The direction of flow given in fig. 14A holds for transport of CH, and CO,, trans-
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Table 11. Composition of the soil gas phase (vol.%), calculated with a mathematical distri-
bution model, based on a spherical distribution pattern at short distances from a leak and on
a mixed (hemispherical and cylindrical) pattern at larger distances. The transformation of one
pattern to the other was taken at respectively 80 cm (= d)) and 120 cm (= § 4)) from the leak.
Rate of gas leakage: 51 hr~ ! (Q) = 1.389 cm?® - s~ %); CH,-consumption rate (xcy, {293 °K,
£0:222x1077 cm® - em~2 » 371, temperature 18 °C (T = 291 °K); maximum rate of CH,-
oxidation reached after 25 days (f; = 2.16 x 105 s).

Time Distaoce Boundary between spherical model and mixed model

(b totheleak 80cm(=4d) 120cm (= & dp)
(cm) %CHys %0,  %CO, %CHsa %02  %CO,

43 30 9.8 159 2.7 .7 159 2.8
110 2.1 17.5 3.0 20 17.5 3.0
190 0.6 17.8 3.0 0.6 17.8 3.0
270 0.2 17.9 3.0 0.2 17.9 3.0

168 30 10.6 152 29 10.5 15.2 2.9
110 2.8 16.7 32 2.7 16.8 32
190 1.2 17.1 3.2 1.2 17.1 3.2
270 0.5 17.3 32 0.5 17.3 32

Steady 30 7.4 7.8 6.7 7.5 8.1 6.5

state 110 0.0 10.9 6.3 0.0 11.0 6.2
150 0 14.0 4.9 0 14.0 4.9
270 0 154 4.2 0 15.4 4.2

port of O, occurs in the opposite direction, i.e. towards the leak, coming from the
unaffected normal soil where at non-metalled sites O, diffuses into the soil,

4.3.3 Steady state solutions

From the equation for continuity (2)* the differential equation for the cylindrically
symmetric transport in the steady state (¢C,/d¢t = 0) can be derived as

1d Ddc"'+ C)]— 29
ra["( LA Vem]) = Uy (29)

The term between parentheses represents the total fiux £,,, multiplied by the distance
r. Since «,, is assumed to be zero in the anaerobic zone and in the oxygen transit
zone (fig. 15), the term between square brackets rf,,, must be constant in these zones.
The flux f,, is the volume of the gas component m which is transported through a
unit area of soil per unit time; for the case of cylindrical transport, f,, may be ex-
pressed as Q,/2nrd,, where Q,, is the total amount of gas transported through the
surface of a cylinder with radius » and height d,. Consequently Q,, must be constant

*In eq. (2) ¥, pn and A, can be replaced by f,,, C, and a,, respectively, because F, = pomfis
P = PonCr a0d Ap = pomitn (the conversion factor .. is given in table 5, chapter 3). The bulk flow
term ¢ is used for flow in the r-direction.

44




® ®

C02=0 CCH4=O Cm=normat
! Cmz=normal
anaercbic Imethone]  oxygen unuffected
zone oxidation) transit” zone |normal
Z0ne 1 $Qil
3
3
_Omm - 20ic) O =
fmsge  Goptt2dleny  tmrg” " gc;"?
] " e
v o v V*3r
r OloHy r
g W)
oAm=0 ! H Um=0 om=0 1
rsQ Ta ry re rzQ e
o =Gy Q" =-097 Oy Qco, =0.009G, Oto, ¢ 0.5010y
Gicp, <0.82 04 e = © Sp=2mdgr {eylindricat)
s2myr+2nr? (mixed)
o, =0 Qg, =1.640
Ca 0z 1 =4 r2 {spherical)

Fig. 15. Data used in the steady state egs. (36C, 36S and 36M) for two situations of gas flow from
a leak at r = 0. A: with a methane oxidation zone (normal situation during summer); B: without a
methane oxidation zone (situation in winter at low temperatures).

in the anaerobic zone (= Q) as well as in the oxygen transit zone (= Q). Con-
sidering the transport of CH, it is clear that QOcg, Will be zero at any distance beyond
the methane oxidation zone (Qcy, = 0), while at any distance within the oxidation
zone Qcy, Will equal the amount of CH, released from the leak (Qcu, = 0.82 @),
where 0, is the rate of leakage of natural gas and 0.82 represents the volume fraction
of CH, in it}. So eq. (29) can be integrated as

0 dCC!h 0
f d [r(—pcm + vCea, ] = f dcu,r dr (0)
0.82 Qy/22dg dr 0

Because ooy, was assumed to be a discontinuous function of distance (constant
and finite in the oxidation zone, zero elsewhere), this equation can be written as

0.82Q, J"‘ OcH, , 2 -
- = = a2 1
2nd, . tcg,r dr 5 (rs~r3) (31)
Thus the volume of the methane oxidation zone, ma',(.v',,2 —r2), equals
ndri—rd) = = 2% (o) 32

dependent on the rate of gas leakage 0, and on the microbial activity (expressed in

%cn,)-
Inside the oxidation zone Q,, equals zero for the steady state, so Qp, = 0. With
eq. (30) the value of Qp, outside the oxidation zone can be calculated as

o
Q5, = 2nd, f g,r dr (cm® - 571) (33)
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which, with oy, = 20y, and with eq. (31), yields 05, = —1.64 ;. In a similar way
QOco, can be calculated as 0.501 Q,, since Qco, equals the amount of CO, released
from the leak, being 0.009 @, (natural gas contains 0.9% CO,).

The bulk flow term v may be expressed as Q/2nrd,, according to eq. (7). The loss
in volume B, mentioned in eq. (7a) can be replaced by —2.4 agy,, so yielding

Q = Q,—2nd, J: 24acy,rdr {cm® 571 34

In the anaerobic zone (r < r,} the integral in this equation cancels out, so 0’ = Q,.
In the oxygen transit zone (r > r,) the integral is a constant, which can be solved with
eq. (31), yielding Q9" = —0.97 Q,. These constant values of @, and Q are given,
together with other boundary conditions, in fig. 15.

Considering the flux equation

dC,,

Pk vC,, (cm®-em~2-571) (352)
r

Ju= —Dy

where £, and v can be expressed in terms of @,, and @, its solution can be obtained
for those regions where {,, and O are constants. Rearranging eq. (35a) as
dC,, dr

0n—0Cn  2nDpd,r (35b)

one finds after integration, with the boundary condition C,, = C,,, at distance
r= 1’1

Qm - Qcm _ Q r
& [QM—QC,.,,,] = 20,4, " [r_l] (36C)

In a similar way the general solutions for a spherical distribution pattern and for
a mixed pattern can be obtained

spherical in [Q"' _g'g”'] = 413) [rl - ;] (365)
m— mry m 1
. Qm"_Qcm _ Q 1+dl/r1
mixed fn [Q,,.-Qcm] = Znbd, " [ 1+ dyfr ] (36M)

From these equations C,, can be solved for any distance r, provided C,,,, at r = r,
is known. For calculation of the concentration distribution in the oxygen transit zone
the known concentration C,, was used as a boundary condition (C,,, = C,.,
ry = r.). For calculation of the concentration distribution in the anaerobic zone,
however, no information is available with respect to the concentration at any partic-

* B = —(ocn, +0o,+co,), and according to eq. (22) ap, = 2acy, and oco, = —0.6 acn,, thus
vielding g = 2.4 acy "
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ular location. Thus one must first attempt to calculate the concentration distribution
in the oxidation zone, making use of the value of the concentration at its outer bound-
ary, which must equal the concentration obtained from the distribution in the oxygen
transit zone. In the oxidation zone @, and { are not constant, so an analytical solu-
tion of eq. {35a) is not possible. Therefore the flux equation pertaining to this zone
was solved numerically, according to fig. 16A as

Cl-l'l__cf Ci+1+cf
fid m + U; m ]
Ar 2

| Jou =Dy (37

Because the starting point of the calculation scheme is the value of C, at the
boundary r, of the oxygen transit zone, the index 7 is numbered in backwards direc-
tion, i.e. in the direction of decreasing r.

The remaining difficulty is now that the value of 7, is not yet known. This problemn
was solved by means of successive approximations, consisting of the following steps:

1. For extremely high values of a,, in the methane oxidation zone, the thickness of
this zone approaches zero and it is situated at the distance where the O,-concentration
reaches its zero value. This distance can be calculated from the equations (36) holding
for the O,-distribution in the oxygen transit zone.
2. For a finite value of o, the oxidation zone has a certain thickness and is situated
around the distance calculated in step 1. The volume of the oxidation zone is known
from eq. {32) and as a first approximation it was assumed that half of this volume is
situated on either side of the distance mentioned above, yielding a first approximation
of r, and ry, namely r; and r;.
3. Substituting the value 7, in eq. (36) one thus finds the starting concentration to
insert in eq. (37). Then the concentration in the oxidation zone is computed yielding
the value of Co, atr = r;.
4. The first approximation as derived in step 2 implies that the computed C,, at
r = r, will be negative. So the value of 7, and consequently 7; must be raised. In the
computer programme r; was increased to
ro\?

ry =1+ (;i) Ar
where Ar equaled 2.5 cm, With this second approximation of r, (and r,) step 3 and 4
were repeated. Raising the approximated value of r; was continued until Co, = 0
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Fig. 16. Schematic representation of the layers used in the numerical calculations for the steady state
concentration distribution (layers numbered in direction of decreasing ) in the methane oxidation
zone (A) and for the non-steady state distribution (layers numbered in direction of increasing r)
around a volume source of natural gas (B).

at r = r,. In that case the limits of the oxidation zone are established with a maxjimum
deviation of +2.5 cm (if the oxidation zone is narrow), but often of +1 cm (if the
oxidation zone is wide).

Once the limits of the methane oxidation zone have been established in this manner,
all concentrations within this zone can be computed with eq. (37). This yields the
concentrations of CH, and CO, at r,, which can be used as boundary conditions for
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calculation of the concentration distribution in the anaerobic zone with eq. (36).
The computer program used for steady state calculations is presented in Appendix I.
Only in two extreme situations, either when the oxidation zone is infinitely small
{®, = c0) or when the oxidation zone is absent (x,, = 0), the concentration distribu-
tion in the region between r = 0 and r = r_ can be calculated entirely with analytical
solutions of the type (36). The real situation will vary between these two extremes.

4.3.4 Non-steady state solutions

For the non-steady state the equation for continuity (2) is valid and this equation
converts for the case of cylindrical symmetry to

ac,,,
ry
This equation was solved with finite difference methods, The gas leakage was
treated as leakage from a volume source with radius r; instead of leakage from a
point source, because this assnmption permits larger intervals Ar and Ar. The region
r; to r, around the leak was divided into » layers of equal thickness Ar (cf. fig. 16B)
and the time into intervals Az. The concentration in the i layer at time ¢ = kAt is
represented by C%¥, the inner radius of this layer by ;. ,, the outer radius by r, and
the centre of the layer by 1(r;— ; +r,). The distance r, was calculated as r; = r,+iAr.
Then equation (38) was approximated by the finite difference equation

~ ~—(rf..)+m,.. (em® - cm™3 - 577) (38)

At Py Jom Bk _p £l At -
Ch¥l = Ch* + e = |+ (39a)
1e,(ri- 1 +1)
where
C::l.k_c:;l: C:;I-l,k_'_c’!',l
fiE = D, [—] + o, [_— (390)
‘ Ar 2
and
o =, [" ‘] + 24 ac, [("‘ ri- 1)] (39)
L 2
Thesge equations were solved employing the boundary conditions
k=0 i>0 C.°=C,, (constant initial concentration in all layers)
k>0 i=n Cit=cC,, (fixed concentration in n® layer)
i=1 fo*=Q,,/2nd,r; (known flux from the leak into the first layer,
Qur, = CgQ0)

The production term a,, is zero as soon as either Cey, or Cp, equals zero. When
both CH, and O, are present a,, is calculated from the given valve of oy {T0, #;}
taking into account the effects of temperature and growth rate of the microbial
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population according eq. (22) and (28) (cf. computer program in Appendix II).

The solutions thus obtained for the non-steady state were checked in some cases
by continuing the calculations until the steady state was reached, and by comparing
these results with steady state solutions (discussed in section 4.3.3).

For spherical and mixed symmetry the differential equation (38) changes into

_ €, L2,

spherical &, il (r" S+ oty (40)
f acm 1 8 2

mixed 8 = T (r_d,-l-—rz). ar [(rdy+r2)ful +on (41)

These equations were numerically solved in the same way as presented above for
the case of cylindrical symmetry.

4.4 Computed and measured concentration distributions

Results of the calculations described in the previous section have been compared
with measured values obtained from the experimental field. The start and the rate
of the gas leakage were known in this case. At the urban experimental sites these
data were always missing, thus making it difficult to compare those experimental
results with computed data.

The transport of gases just after the establishment of a leak must be treated as
transport under transient conditions. After a certain period the composition of the
soil gas phase around the leak will reach an approximately steady state. When
comparing computed data with experimental results it must be born in mind, how-
ever, that field conditions, particularly with regard to temperature, are not fixed,
resulting in periodic deviations from the steady state.

The gas zone of a leak will depend, among other factors, on the rate of leakage
and on temperature. Both factors were investigated at the experimental field and
results could be compared with computed data. Other important factors are the extent
and the nature of the pavement, soil fertility, soil moisture content and depth of the
groundwater table (see fig. 14A). The influence of these factors could not be estab-
lished at the experimental sites, but was estimated from the calculations.

Installation of ventilation channels will also affect the extent of the gas zone.
This effect will be discussed in chapter 7.

4.4.1 Effect of leakage rate

At the experimental field the rate of leakage was increased from § to 25 and ulti-
mately to 250 1- hr™'. The measured distribution of the gases in the soil, presented
in fig. 17, may be considered as a steady state distribution. In the case given in fig.
17C, it probably must be assumed that the measured soil gas phase composition
does not yet represent the steady state,
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Fig. 17. Calculated (thick lines) and measured (thin lines) distribution of CH,, O, and CO, around
a leak at the nop-urban experimental site (with sealed soil surface} for a leak of §1-hr=? two
months after the start of the leakage (A), of 25 1 hr—! about eight months after establishment of
this rate (B) and of 250 1+ hr—! about one month after establishment of that rate (C).

Considering the measured data it appears that the methane oxidation zone is
rather wide, indicating a low bacterial activity (¢cy, is low, according to eq. 32).
Since here no information was available on the occurring rate of CH,-oxidation
the best fit between experimental and calculated data (steady state) was determined
using the production term as a variable, resulting in a CH, -consumption rate at
20 °C of 2.22x 1077 em® - ecm™3 - ™, This value is about 80 to 100 times lower
than the values found for dune sand. The low pH-value at the experimental field
(pH 4 to 4.5) is likely to be less favourable for microbial activity. The number of
bacteria in both types of soil, given in table 10, confirms this,

‘When the leak is small (here 5 | per hour) the oxidation zone is sitvated direct
around the leak and the anaerobic zone, occurring with larger leaks, is missing here.

At the experimental field the soil was covered with a plastic sheeting to 8 or 9 m
from the leak, If the plastic cover should extend to only 4 m (so the distance between
the leak and the open soil 7, becomes smaller), the flux of oxygen to the leak wilt be
larger, resulting in a smaller gas zone (table 12). For practical cases this means that
the area affected by a gas leakage will be very much dependent on the extent of the
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pavement. In the calculations it was assumed that at the distance r, the aeration of
the soil is that favourable that the O,-concentration is not influenced by the leakage
of natural gas. Only in fig. 17C the oxygen and carbon dioxide concentrations at r,
were apparently influenced by the leakage and the boundary conditions here, i.e.
Co, = 0.100 cm® - em ™3 (10.0 vol. %) and Ccq, = 0.075 em*® - ecm™3 (7.5 vol.%) at
r = r., were taken from the measured concentration distributions.

It took quite a long time before the steady state was reached (several weeks to some
months). Transient conditions may arise just after the start of leakage or when the
temperature of the soil changes considerably as is common in autumn and in spring.
Since furthermore microorganisms need time to adapt to such changed conditions,
the transient stage is more prolonged than it might be expected on the base of trans-
port processes only.

Just after the start of leakage the rate of CH4-oxidation is negligibly small, resulting
in a rapid spreading of the natural gas into the soil. The measurements given in fig.
18A show that in spite of the small rate of leakage the gas zone extended in 9 days
to a distance of more than 4 m from the leak. In the successive period the microbial
activity increased, the CH,-oxidation started to influence the composition of the soil
gas phase and the gas zone finally decreased to about 2 m in the steady state.

This change in composition of the soil gas phase in the early stages was also cal-
culated numerically with non-steady state solutions (fig. 18B). The production terms
were obtained from the previously calculated CH,-consumption rate of 2.22x 10~7
cm® - cm™3 - 5™, The value of ¢, depending on the duration of the lag phase, was
not known, so it was used as a variable. The best fit between measured and calculated
data was found when #, equaled 2.16 x 10° s (25 days). This value is quite acceptable

®
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Fig. 18. Composition of the soil gas phase after different periods (9, 16 resp. 22 days; ss = steady
state) of gas leakage (rate 5 I- hr™'). A: data from the non-urban experimental site; B: calculated
results at291 °K, with acu, {To, 1} = —2.22x 10" 7 cm® -em~2-571; 7o = 293 °K; ¢, = 2.16 X 108,
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especially in view of observations at the experimental field indicating that the CH,-
oxidation started about 9 days after the start of the gas leakage (see fig. 22) while,
according to the laboratory experiments (section 4.1), the period of exponential
growth of the microbial population lasts about 15 days, the latter being rather un-
affected by soil fertility differences. The differences between calculated and experi-
mental data are rather small, justifying the conclugsion that with the given mathe-
matical description the effect of leakage of natural gas on the soil gas phase can be
predicted with satisfying accuracy.

4.4.2 Effect of temperature

At falling temperatures the microbial activity decreases. This effect is mathemati-
cally described by eq. (28). Because the CH,-consumption rate (—ocy,) decreases,
the oxidation zone has to become wider (eq. 32), i.e. the inner boundary r, of this
zone will shift towards the leak and the outer boundary r, outwards. So the gas Zone
will extend and the O,-front will move towards the leak. This may continue until
the anaerobic zone has completely disappeared (7, = 0), this being a normal situation
during the winter period. In fig. 19 the composition of the soil gas phase around a
leak of 251 hr™* is given for the summer and winter period. Some conclusions can
be drawn from this figure. First, considering the problem of leakage of natural gas
mainly as an aeration problem, it may be stated that the probability of injury to
vegetation is negligibly small during the winter period, also in view of the low activity
of plant roots. A second conclusion concerns the transport mechanism. The slight
lowering of the O,-concentration in winter, which then is solely the result of bulk
flow, indicates that the extreme low O,-concentrations during the summer period
must be mainly caused by the then high O,-consumption rate in the methane oxida-

Oy resp. COgin voi /o CHyin vol o
24 96
20 ’_‘93_:, 80
//"
16 64
e
(! /
48
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\.\ A "
4 "-3\ ' S 16
AN "'c'-a.. Fig. 19. Distribution of the three main components of the
ap '\Eﬂ}:‘.‘::::: I soil gas phase around an artificial leak (rate 25 1+ hr—1)
° - . 5 ﬁ ““““ Bt:i at the non-urban experimental field in summer (thick lines)
distance from leak In m and in wiater (thin lines).
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Fig. 20. A: O.-distributions around an artificial leak (rate 25 1 hr~?!) calculated analytically (thick
lines) for a,, = < and &, = 0, and as measured (thin lines) in summer and in winter; B: distribu-
tions of the three main components of the soil gas phase around the same leak, calculated analyt-
ically (thick lines) for @, = = and as measured (thin lines) in summer.

tion zone. With analytical solutions for the two extreme situations (~ogy, either
infinitely high or zero in the oxidation zone), the boundaries between which the real
situation is to be found, can be calculated. These calculations can be performed
without the use of a computer (with equations of the type 36). In fig. 20A these two
extreme situations (only for the O,-distribution) are compared with experimental
data. The O,-distribution during the summer period was found to be in close agree-
ment with the calculated distribution for an infinite consumption rate and the distri-
bution during the winter period with the calculated one for zero consumption. So
simple analytical solutions can be used with success to give a fairly close prediction
of the effect of a certain leakage rate on the soil gas phase. In fig. 20B such solutions
for all three components (note the infinitely small oxidation zone at about 2 m from
the leak) are compared with the measured data for the summer period.

Obviously the soil gas phase must change in composition in autumn, Soil temper-
ature had to be rather low (less than about 5 °C), however, before the effect of the
falling temperature became noticeable in the soil gas phase composition.

This insensitivity of the distribution pattern of gases around a leak in the temper-
ature range between 5 and 20 °C is caused by the fact that the level of microbial
activity is less important for the distribution (cf. section 4.4.3} unless it becomes
very low as in winter. Steady state calculations, however, showed a stronger temper-
ature effect (table 12). Then, using the previously calculated value of 2.22x 1077
cm® - cm™* - s~ for the rate of CH -consumption at 20 °C, the distribution pattern
was already markedly influenced after a lowering of temperature to 10 °C, a pattern
which does not correspond with the experimental data. This may have been caused
by deriving the exponential temperature dependence for the range of 13.5 to 20.5 °C,
and extrapolating it to lower temperature ranges. Furthermore the composition of
the soil gas phase is not in a steady state in periods of falling temperature, so it does
not pertain to the actual soil temperature.
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4.4.3 Effect of soil fertility, moisture content and depth of groundwater

As was pointed out in section 4. 1, the fertility status of the soil affects the microbial
CH,-oxidation in two ways. In the first place the duration of the lag phase of the
microorganisms is influenced. This was established at the experimental field in the
initial period just after the start of the gas leakage (fig. 21). In the topsoil microbial
CH,-oxidation started at an earlier date than in the subscil. After 9 days of leakage
the CH,-concentration decreased because of the increasing CH,-consumption rate.
The course of the O, and CO,-concentration also indicates higher microbial activity
in the topsoil, where probably the nutrient conditions are more favourable for the
microorganisms (cf. also Hoeks, 1970). '

Secondly, the size of the microbial population, and accordingly the rate of CH4
oxidation, in the statiopary phase will be the higher the more fertile the soil, It
appears likely that in general the microbial activity in soil near gas leakages will
considerably exceed the activity calculated for the soil at the experimenta} field
(%en, £293 °K} = —2.22x 1077 cm? - ¢em™3 - s™1), as the latter soil was rather acid
(pH 4) and poor in nutrients. The microbial activity in the dune sand soil was much
higher (%eg,{293°K} = —60 to —100x10"7 em®-ecm™3-571%). In spite of these
large differences in «, however, the distribution of gases in the soil gas phase in the
steady state differs only slightly for the various a-values (fig. 22). The computations
show convincingly that in the range of CH,~consumption rates between ¢ and
0.83x10"7 cm® - cm™3 - 57! the influence of « (via the width of the oxidation zone)
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Fig. 21. Changes in the CH,-concentration (A) and the O, and CO,-concentrations (B) at 50 cm
from an artificial leak (rate 51 - hr—*) measured at a depth of 20 and 80 cm below a sealed soil surface.
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is negligible for practical purposes.
This then leads to the important conclusion that at ‘summer temperatures’ the
fertility status of the soil is of little concern with regard to the steady state distribu-
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oxidation rate, as dependent on soil fertility
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Table 12, Effect of gas filled pore space (g,), rate of leakage (Q,), temperature (T),depth of ground-
water (4;) and distance to open soil (r.) on the extent of the gas zone. Calculations were made with
analytical solutions for infinitely high microbial activity in the oxidation zone except for the effect
of T, where numerical solutions were used for finite microbial activity ocy, {293 °K} = —~2.22 X107

cm?-cm™3 571,

Effect ¢, Q
of {em® - em~%) (em?-s5~Y
g 020 6.944
0.25 6.944
0.30 6.944
0.35 6.944
0, 030 1.389 (= 5Lhr-Y)
0.30 6.944 (= 251Lhr~Y)
0.30 27.778 (=100 Lhr~ %)
0.30 69.444 (=250 LLhr=")
T 0.30 6.944
0.30 6.944
0.30 6.944
0.30 6.044
0.30 6.944
dy 0.30 6,944
0.30 6.944
0.30 6.944
0.30 6.944
r. 0.30 6.944
0.30 6.944
0.30 6.944
0.30 6.944

CK)

293
293
293
293

293
293
293
293

293
288
283
278
273

293
293
233
293

293
293
293
293

d, re Radius of Radius of
{(cm) (cm) anaerobic gas zone
zone (¢cm) (cm)

2000 800 349 349
2000 800 267 267
2000 800 214 214
2000 300 177 177
2000 800 40 40
2000 &00 214 214
2000 800 492 492
2000 800 642 642
2000 800 182 247
2000 300 120 303
2000 800 0 438
2000 800 0 653
2000 800 0 800
© 800 214 214
2000 800 214 214
240 860 411 411
160 800 513 513
2000 800 214 214
2000 600 193 193
2000 400 161 161
2000 260 107 107
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tion of gases around a leak. This is in accordance with the observation that the
distribution of gases around a gas leakage always shows a similar characteristic
picture whatever the soil fertility status. Only if the CH,-consumption rate sinks
considerably below 1x10™7 cm® + em™3 - 57! it does influence the distribution.
Such extremely low consumption rates are only found during winter.

In contrast, see table 12, the effect of soil moisture and depth of the groundwater
table on the gas distribution is usually considerable. A change in moisture content
affects the gas-filled pore space g, and accordingly the diffusion coefficient (eq. 9).
The gas zone becomes much larger upon increase of the moisture content (g, smaller).
The chosen range of &, between 0.20 and 0.40 corresponds to the one commonly
found under pavements. The depth of the groundwater table d, determines the for
gas transport available part of the profile and consequently the extent of the gas zone.
Obviously the effect is considerable as long as d, is in the same order of magnitude
or smaller than the gas zone.

Summarizing, it may be stated that for temperatures above about 5 °C the steady
state distribution of gases is typically flux-dominated, and thus the factors affecting
the flux, as soil moisture content and impervious boundaries as a pavement or a
groundwater table, have a very significant influence on the extent of the gas zone.
At very low temperatures in winter the metabolic activity of the methane-oxidizing
microbes will also be of importance.

4.5 Reduction processes in the soil

Measurements of the redox potential showed that the soil in the anaerobic zone
is in a state of strong reduction (E, in the range of —0.15 to —0.20 V, cf. fig. 23).
According to the stages (see table 6) distinguished by Takai and Kamura (1966),
this would mean that the components NO3 , Mn**, Fe** and SO~ become reduced
for the larger part and also organic compounds {acids) may be broken down to CO,,

EpinV Os~concentration in vol %
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0.80 Oz 12
e | En
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A . Fig. 23. Redox potential (Ey) and O;-concen-
i tration in the soil gas phase around an artificial
=0408 = " € 20 leak (rate 250 1 - hr=*; with ventilation chan-
distance from leak inm nels).
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H, and CH, by anaerobic fermentation procssses. The presence of large amounts of
reduced components as Fe** and Mn?* in gassed soils was reported by Adams &
Ellis (1960) and Kiihne & Kdster (1967). In all soil samples of our experiments the
colour of the gassed soils was darker than of the accompaning normal soils, which
might indicate formation of FeS (cf. Gotoh & Yamashita, 1966; Starkey, 1966).

The low redox potential of less than +0.30 V in the methane oxidation zone and
part of the oxygen transit zone (3 to 4 m from the leak) is remarkable. Here the soil
is aerobic and therefore a redox potential of about +0.50 to +0.60 V should be
expected to occur, as in theory even a lowering of the O,-concentration of 20 to
0.2 vol. %, brings about a lowering of the redox potential of only 0.03 V. The effect
found here indicates a lack of equilibrium between the gas phase (characterized by the
0O,-concentration) and the liquid phase (characterized by the redox potential). This
lack of equilibrium means that there is a gradient in E, from high at the liquid-gas
interface to low in the liquid phase. So the O,-concentration in the liquid phase
must be practically zero. This may occur in strongly aggregated soils, where the inner
part of water-saturated structure elements can be in a reduced state, while the outer
part is in an oxidized state. In the soil under concern {the sandy soil of the experi-
mental field) structure elements of considerable size¢ arc absent, however, so the low
oxygen status in the liquid phase can only be explained by assuming a very high
rate of O,-consumption in a thin liquid layer near the liquid-gas interface. In the
methane oxidation zone high O,-consumption rates are common. In the oxygen
transit zone, however, high O,-consumption rates are unlikely, unless it is a remnant
of a previous event, as is probable in the case presented. Because of a drop in tem-
perature during the winter period the gas zone extends, i.e. CH, isintroduced into the
initial oxygen transit zone. In spring at rising temperatures CH, will here be oxidized
again and the gas zone decreases to its initial extent. Thus CH,-oxidation will occur
in the oxygen transit zone during some weeks in spring and some weeks in antuma.
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Furthermore the extent of the gas zone of the particular gas leakage of fig. 23 was’
earlier much larger, but it decreased after installation of ventilation channels. So
high O,-consumption rates in part of the oxygen transit zone may be a remnant of
both events mentioned above. If this explanation is correct then the aftereffects of
such events on the O,-consumption rate should persist for several months, as the
ventilation channels were installed 8 months before collection of the data and 2 months
after the start of methane oxidation in spring (see also chapter 5).

Reduction processes in acid soils are commonly accompanied by a raise in pH
(see section 3.4). This was also established for the anaerobic zone around the leak
at the experimental field (fig. 24). In the calcareous dune sand soil used in laboratory
experiments, however, the pH of the gassed soil samples was lower than of normal
soil samples (7.3 against 7.7) accompanied by a lower carbonate content (0.1%; as
against 1.19%). Similar shifis in pH resulting from gas leakage in acid scils and in
alkali and calcareous soils were reported by Adams & Ellis (1960). An explanation
of such shifts in seil pH under anaerobic conditions was given in section 3.4.
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S Processes after repair of a gas leakage

5.1 General

The first step towards improvement of the composition of the soil gas phase at
leakage sites is obviously repair of the leak. Since leakage is in most cases induced
by desiccation of the lead-oakum joints (see chapter 1), addition of water to natural
gas will bring a certain improvement. Application of this method is usually not of
practical value as expensive wetting installations are required and as difficulties may
arise during frost periods. Other liquids, which may be introduced into gas mains
and which are acting more effectively than water are a mixture of water and di-
ethylene-glycol (90%), an emulsion of water and bitumen (1:1) or an emulsion of
water and rubber (1:1). These methods of repair are known as internal sealing
methods (Gaikhorst, 1971). External sealing methods are more commonly used,
however. Techniques employed are: fixing of leak clamps around the joint, pouring
a sealing compound on bitumen or rubber-basis around the joint, or introducing
di-ethylene-glycol into the desiccated joint from the outside.

After repair of the leak the composition of the soil gas phase changes and there-
fore the environmental conditions for microorganisms. This results in shifts within
the microbial population. The oxidation-reduction conditions in the soil are also
altered and reduced compounds will be oxidized. It is important to know how much
time is involved with these processes and what the consequences will be for the com-
position of the soil gas phase.

The changes in O,-consumption rate after repair of a gas leakage were determined
in laboratory experiments. Measurements of the redox potential at the experimental
field gave more information on the rate of oxidation of reduced compounds in the
anaerobic zone near a leak. Simultaneously the changes in soil gas phase composi-
tion were measured.

5.2 Laboratory experiments

In pot experiments, performed according to the procedure described in section
4.1.2, repair of the leak was imitated by cutting off the supply of natural gas. Thus
air was the only component passing through the soil. Although differences between
the rates of O,-consumption and CO,-production are to be expected, particularly
immediately after stopping the natural-gas supply, differences in flow velocity in
inlet and outlet appeared to be within the limits of measurement. Therefore in later
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Table 14. Pretreatment of soil samples in the laboratory,

Number Aerobic period Anaerobic period
of CH,-consumption 0Q,-consumption duration duration
sample (X107 5cm?*-cm~3-571) (xI07%cm?-cm=3-s!) (days) (days)
1A1* 0.2 to 2.0 0.4 to 4.2 33 0

1A2* 0.1to 1.1 0.2 to 2.2 33 0

1B1 n.d. 0.47 21 0

1B2 n.d. 0.69 56 29

1C1 n.d. 0.22 29 0

1C2 n.d. 0.25 19 10

1C3 n.d. 0.22 10 19

1C4 —_ — 0 29

* The O,-concentration in and the flow velocity of the mixture varied during the aerobic period
(cf. section 4.1.2), thus causing large differences in CH,4 and O-consumption rates.

cases only the flow velocity of the influent gas mixture was measured.

All soils used had been affected by natural gas either during a pretreatment in the
laboratory or during leakage at urban experimental sites. Pretreatments were of dif-
ferent duration and either aerobic, during which air and natural gas were introduced
(sometimes at varying rates) into the soil so CH -oxidation could occur, or anaerobic
during which natural gas was the sole gas introduced into the soil (no CH,-oxidation,
possibly reduction processes), or aerobic followed by anaerobic. A description of the
soil samples is presented in table [3 and the various treatments in table 14.

The rate of O,-consumption in the gassed soils was measured at set times until
it finally equaled the consumption rate in the corresponding normal soils taken at
the same sites but outside the gas zone. All experiments were carried out at room
temperature.

Shifts within the microbial population after repair of the leak were studied in the
soil samples 1B1 and 1B2. Results of this microbiologic research were described in
detail by Adamse et al. (1972a, b). Here some of the results will be discussed, as these
microbial shifts are responsible for biological decay processes which play an important
role in the recovery rate of the soil.

5.3 Effect of changing composition of the soil gas phase on microorganfsms

After repair of the leak, methane-oxidizing microorganisms will remain active as
long as natural gas is present in the soil. Of course the same holds for ethane and
propane-oxidizing microorganisms. So the decrease in amount of natural gas in the
soil is due to continued consumption of hydrocarbons. Furthermore part of the gas
can be removed from the soil with the aid of ventilation channels or with compressor
treatments (see chapter 7).

62




- Adamse et al. (1972b) studied the shifts within the microbial population in a dune
sand soil by counting the number of bacteria per g of soil with respect to methane
and ethane-oxidizing bacteria and heterotrophic bacteria. With the disappearance
of methane from the soil gas phase the methane-oxidizing microorganisms will
become inactive and will finally die or sporulate. The number of viable methane-
oxidizing bacteria decreased only very slowly, however, as is demonstrated in fig. 25.
Whittenbury (1970b) reported formation of exospores respectively cysts by the bacte-
ria Methylosinus trichosporium and Methylocystus parvus. Perhaps this spore and
cyst formation is one of the reasons of the slow decrease of the number of viable
methane-oxidizing bacteria in an infected culture medium.

In soil many heterotrophic microorganisms are present which play an important
role in plant nutrition. They decompose organic substances and mobilize plant
nutrients. After addition of organic matter (especially easily decomposable compounds)
to the soil, the number of heterotrophic microorganisms (bacteria, actinomycetes and
fungi) generally increases considerably (Gaur et al., 1971).

In the methane oxidation zone around a gas leakage organic substances are ac-
cumulating. These may be for instance intermediates of the CH -oxidation process
(as methanol) or other excretes of methane-oxidizing microorganisms and, of course,
dead bacterial cells. Already during the leakage period this accumulation resulted
in a slight increase in the number of heterotrophic organisms.

After repair of the leak the number of methane-oxidizing bateria decreased, in-
dicating an accellerated dying-off of bacterial cells. The Iysis of these cells will result
in a release of non-living organic matter. The ensuing increase in the number of
heterotrophic bacteria during a 5-day period is clearly demonstrated in fig. 25. The
ethane-oxidizing bacterial population also extended, since they are able to use orgamc
compounds other than ethane for their metabolic processes.

In the anaerobic zone around the leak shifts within the microbial population are
also to be expected. As soon as oxygen is introduced into this zone the anaerobic
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microbes will die or sporulate. The aerobic microbes will then develop after a more
or less prolonged lag phase.

5.4 Oxidation of reduced compounds

In chapter 4 some data were given concerning the redox potential in the anaerobic
zone around a leak. These data confirmed that reduced components, like Mn?*, Fe?*
and $%, and organic acids may be present in this zone. After repair of a leak the
oxygen content of the soil will increase and consequently reduced substances will be
oxidized. In soils with low contents of reduceable components, the redox potential
then will often increase to a normal level within some days. Theoretically the redox
potential should reach a normal level (+0.50 to +0.60 V) as soon as the O,-con-
centration in the soil gas phase is measurable. Literature reports concerning the in-
crease in redox potential after an anaerobic period (mostly a period of inundation)
are scarce, while data about a simultaneous increase in O,-concentration are lacking.

From data collected at the experimental field and presented in fig. 26 it became
clear that the redox potential in the liquid phase was not in equilibrium with the O,-
concentration in the soil gas phase. Within 30 days after repair of the leak the O,-
concentration reached a level of 10 to 12 vol. % (case Al), but nevertheless the soil
remained in a reduced state (in case A2: E, = 0 to —0.15 V). In all probability here
the same reasoningholds as given in section 4.5, i.e. the rate of O,-consumption at the
liquid-gas interface must be that high that the O,-concentration in the liquid phase
remains extremely low. A rise in redox potential started near the methane oxidation
zone (see case B2). After some time the redox potential at shorter distances from the
leak (see case A2) also increased.

The oxidation of reduced components in soil can be a purely chemical process, in
many cases, however, microbes are involved in the oxidation reactions (Russell, 1952).
After reintroduction of O, into an anaerobic soil the aerobic microorganisms re-
sponsible for such oxidation reactions have to adapt themselves to the changed en-
vironmental conditions. During this lag phase the metabolic activity of microbes and
therefore the rate of oxidation will be low. Furthermore the oxidation process in an
acid soil (as in fig. 26) proceeds at a slower rate than in an alkali soil.

5.5 Oxygen overdemand of gassed soil

Oxygen is required for the decomposition by heterotrophic microorganisms of
accumulated organic substances and for the oxidation of reduced components. In
laboratory experiments the rate of O,-consumption in gassed soils was measured and
compared with the rate in normal soils. First some experimental results will be dis-
cussed and afterwards it will be shown that in view of these results the rate of O,-
consumption after leak repair may be described in terms of a first order reaction.

After repair of the leak, in the laboratory imitated by stopping the supply of natural
gas but continuing the air supply, the O,-consumption rate initially decreased rather
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Fig. 26. Increase in O,-concentration and redox potential E, with time after repair of an artificial
leak (rate 250 1 - hr~!; with ventilation channels) at various distances from the former leak.

rapidly, but still remained high during a considerable time. Only after a period of
60 to 80 days the O,-consumption rate reached the normal level of 1x 10”7 cm?-
-em™3 - 71 (fig. 27A). This period will be called the s0if recovery period. In this case
the O,-consumption in the soil was not limited by an inadequate O,-supply as the
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gas leakage for two soils (1A and 1C) and six different treatments (see table 14).

O,-concentration in the soil gas phase during the recovery period never dropped
below 16 to 18 vol. %. This is not to be expected in soils under a pavement, however.

The rate of O,-consumption was found to be related to the conditions during the
previous gas leakage. In sample 1Al the rate of CH,-oxidation during leakage was
about two times as high as in sample 1A2 (see table 14). During the pretreatment these
soils were never anaerobic, so the raised O,-consumption can only result from decom-
position of (probably organic) substances accumulated in the soil during the
aerobic pretreatment when microbial oxidation of methane, ethane and propane
could occur. In the field such a situation is found in the methane oxidation zone
near a leak. The O,-consumption rate during the recovery period was the higher the
longer the microbial oxidation of methane continued (cf. fig. 27B).

In the anaerobic period during the pretreatment of gassed dune sand soil the redox
potential dropped rather quickly to between +0.035 and —0.200 V. After reintro-
duction of oxygen into the soil the redox potential reached a level of 4+ 0.40to +0.60V
within one day, These rapid changes indicate probably that only small amounts of
reduced compounds were present in this soil. Therefore the raised O,-consumption
rates in the recovery period here have to be attributed mainly to decomposition of
accumulated organic compounds.

In the non-pretreated soil samples collected in the immediate vicinity of a leak the
O,-consumption rate was found to decrease in a similar way after repair of the leak.
In fig. 28 this is demonstrated for a clay soil.

The amount of oxygen consumed in a gassed soil during the recovery period minus
the amount consumed in a normal soil, will here be defined as the O,-overdemand of
the gassed soil, which may be described mathematically as

w0

Py = - J. (x—w,)dt (cm® - cm™3) (42)
0

where P, (cm® - cm™3) is the O,-overdemand at 7 = 0, i.c. the moment when the
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natural gas is removed from and oxygen is introduced into the soil; —« is the O,-
consumption rate at time ¢, and —c,, is the constant consumption rate in a normal soil
(both in cm®-cm™3-s™!). The O,-overdemand of a gassed scil, in a way com-
parable with the BOD (Biochemical Oxygen Demand)-vaiue of waste water depends
on the amount of accumulated organic and reduced compounds, and will, together
with the oxidation rate coefficient, determine the duration of the recovery period.
In this respect the rate and duration of the gas leakage wiil be important factors.

For lack of precise information as to the nature of the oxidizable compounds
present in a gassed soil it was checked whether the observed O,-consumption rate
could be expressed in terms of a first order reaction. In that case the O,-overconsump-
tion at a given moment is proportional to the O,-overdemand at that moment,
according to .

—(z—a) = oP. (cm®-cm™2 - s™Y) ' 43)
where P = O,-overdemand of the soil at time ¢ (cm?® - cm™3)
@ = oxidation rate coefficient (s™1)

The decrease in P pet unit time equals in principle the O,-overconsumption rate, so

(dP/{dt) = (x—a,) 44
‘Combination of eqs. (43) and (44) yields the differential equation
(dP/di) = —wP 45)

With a boundary condition, e.g. P = P, at time ¢ = 0, the soilution of eq. (45)
becomes

P=Pye™ (em® - cm™3) (46)
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With egs. (43) and (46) the following linear relationship between the natural logarithm
of the O,-overconsumption rate and time can be derived

In{—{(x—a,)] = In wPy—et (1))

In fig. 29 In [—{x—=,)] is plotted against ¢ for a number of pretreated and non-
pretreated soils. The calculated values of P, and o are given for each soil sample.
The correlation cofficients are rather satisfying (r often higher than 0.80), so it is
taken that O,-overconsumption rate in a gassed soil after repair of a leak can be
described with satisfactory accuracy as an exponential function of time. The P, and
w-values for the soils mentioned in table 13 and 14 are listed in table 15. Most of
these soil samples were collected at short distances from a leak (usually from within
the anaerobic zone) and this may be one of the reasons for the lower Py-values in
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Table 15. O;-overdemand P, and oxidation rate co-
efficient « for various gassed soils (see tables 13
and 14).

Soilsample  Po @ Corr.
(cm® - em—2) (x10-7-5~1) coeff.

1A1 6.26 4.2 —0.84
1A2 2.40 5.6 —0.82
1B1 0.57 13.3 ~0.87
1B2 1.62 7.5 —0.97
1C1 0.80 10.9 —0.96
1C2 0.72 71 —0.89
1C3 0.67 6.2 —0.87
1C4 0.67 6.2 —0.86
2A 0.49 6.7 —0.81
2B 0.39 10.3 —0.80
2C 0.73 2.8 —0.77
3A 0.27 16.4 -0.92
iB 0.49 10.6 —0.88
4A 043 8.1 —0.87
4B 0.46 7.5 —0.55
5A 0.15 325 —0.95
5B 0.19 19.4 —~0.97
6A 0.22 20.5 —0.94
6B 0.24 18.6 —0.94
7 0.30 6.4 —0.93

the non-pretreated soil samples. From the data found in pretreated samples (1Al
through 1C4) it could be derived that the highest values for the O,-overdemand P,
are to be expected in the methane oxidation zone. This was confirmed by the P,-
value of sample 2C, which was collected close to the oxidation zone. For other soils
with high contents of reduced components the P,-values within the anaerobic zone
may be high also. The high Pg-value found for the clay soil (sample 7) might be
indicative,

The oxidation rate coeflicient @ will depend on the nature of the accumulated
organic and reduced anorganic substances. The varying values of @ for the different
samples are not surprising therefore, since many compounds of different nature
will be present in the soil. The simultancous presence of a number n of oxidizable
compounds with different oxidation rate coefficients would mean, when the decom-
position of these compounds is assumed to be a first order reaction, that

P=Y P (cm?® - em™?) (48)
i=1
o = ‘)21 ®Po, Y 49)
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where P, is the O,-demand of compound ¢ contributing to the O,-overdemand and
@, the oxidation rate coefficient for this compound. So the overall oxidation rate
coefficient e is the fraction-weighted mean value of w,, but it is not a constant, as
the fractions of the compounds i change with time. Easily decomposable compounds
with high oxidation rate coefficients will rapidly disappear, while the more resistant
compounds with low coefficients are left, so the overall value of @ will decrease with
time. As was indicated above, however, the available data fitted the first order reaction
(w is constant) rather well, so for the present purpose, i.¢. calculating O,-consumption
rates during the recovery period, the possibility of the simultaneous presence of
compounds with rather different oxidation rates was left out of consideration. The
above may serve as a warning, however, that the overall value of » may be estimated
too high if data are collected in an early stage of the recovery period only. In this
context it should also be mentioned that the oxidation process is mainly a microbial
one, so w will undoubtedly depend on temaperature and soil characteristics as pH,
moisture content, fertility status. Differences in @ might also be expected for the
different zones around a gas leakage. From the data in table 15, however, such dif-
ferences could not be established unambiguously.

There is a tendency in the data presented that the lower  the higher P,. A
possible explanation might be that the higher values of P, will usually be found near
the methane oxidation zone, mainly resulting from accnmulation of organic com-
pounds, while the lower Py-values will be found in the anaerobic zone, mainly re-
sulting from accumulation of reduced anorganic compounds. The oxidation rate
coefficient is likely to be lower for organic compounds than for reduced anorganic
compounds. This would mean that the rate of the recovery process of a gassed soil
is fairly certain to be limited in the methane oxidation zone rather than in the anaer-
obic zone. Obviously more research will be necessary to clarify this point.

Since biological determinations of the O,-overdemand, as done in the here pres-
ented research, are rather time-consuming it should perhaps be considered to try
to develop a laboratory procedure in order to establish rapidly the O,-demand of
the soil, for instance with a chemical oxidant, compare COD (Chemical Oxygen
Demand)-determinations in waste water.

5.6 Changes in the soil gas phase

After repair of a leak the composition of the soil gas phase changes in a way as
demonstrated in fig. 30 pertaining to the leak on the experimental field (cf. fig. 2).

That at a distance of 0.5 m from the former leak the O,-concentration is higher
than at 1 or 2 m, is a result of a ventilation channel installed in this case next to the
leak. The almost steady state distribution of gases existing during gas leakage, is
represgnted by the thick lines. The CH,-concentration dropped, particularly due
to the ventilation channel, to zero per cent within 6 days.

The O,-front proceeded towards the former leak and after about one month the
O,-concentration in the whole area around the former leak was higher than 11 vol. 9.
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Fig. 30. Changes in soil gas phase composition at successive times (0, 1, 3, 6, 14, 21, 28, 59 and
78 days) after repair of an artificial leak (data from the measuring points 1 through 5 of fig. 2).

At short distances from the former leak the CO,-concentration initially increased
because CO, now was not pushed away by leaking gas. As soon as the methane was
consumed or removed from the soil, the CO,-concentration decreased in the whole
area. The increase in redox potential was already described in section 5.4,

The recovery processes after repair of a leak were also investigated at urban ¢x-
perimental sites. The composition of the soil gas phase was always found to change
in the way described above. Often the process took more time, because either no
measures were taken to improve soil ventilation or because the measures were more
or less ineffective. The effectiveness of measures in various situations will be dis-
cussed in detail in chapter 7. In table 16 some data are presented on the course of
recovery after repair of leaks at 8 urban experimental sites.

In spite of the measures applied the recovery process up to a normal O,-concen-
tration in the soil gas phase often took several months to one year. In comparison
with these data the O,-concentration at the experimental field (cf. fig. 30) increased

rather quickly. This was particularly due to the there present open ventilation chan-
nels,
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6 Causes of gas injury to vegetation

6.1 General

As was shown in chapter 4 and 5 leakage of natural gas in soil strongly affects the
composition of the soil gas phase, giving rise to practically zero O,-concentrations,
to high CO,-concentrations, and to high concentrations of natural gas in the gas
zone, Aside from the direct influence of natural gas, the very low O,-concentrations
and also the high CO,-concentrations must lead to serious aeration problems for
growing plants. The latter is to be considered as an indirect effect of gas leakage
comparable to aeration problems also accompaning for example prolonged inunda-
tion of soils, The effect of the soil gas phase composition on plant growth has been
extensively studied. Literature reviews were given, amongst others, by Russell (1952),
Black (1957} and Grable (1966). Some aspects will be treated here in order to for-
mulate conclusions concerning the cause of injury to plants by natural-gas leakage.

In addition to the above indirect effect, the aeration effect, natural gas might have
a direct toxic influence on plant growth, especially since ethylene was found to be
present in the gas (Adamse et al., 1972a; Hoeks & Leegwater, 1972).

.The aftereffects of gas leakage may persist for a considerable period. First a lack
of oxygen during part of the period following leak repair may cause injury to plants.
Secondly toxic components may be left in the soil as reduced inorganic substances
(e.g. Fe*, Mn?*, §%7) or organic acids (e.g. propionic and butyric acid). These
aftereffects are important in view of the regeneration of injured street trees and re-
planting of young trees at leakage sites where a dead tree has been pulled up. Check
measurements are to be done before replanting.

6.2 Metabolic activity of roots

In the soil, oxygen is consumed in respiration processes of plant roots, micro-
organisms, etc, The supply of oxygen from the atmosphere into the soil takes place
through the gas phase and mainly by diffusion. Plant roots and microorganisms are
surrounded by a water-saturated zone, so in last resort the oxygen has to be trans-
ported through the liquid phase. At the liquid-gas interface oxygen dissolves into
the water, but the solubility is small (8 mg O, per 1 at 25 °C and a partial pressure
of 0.21 atm; in comparison the O,-concentration in air at that partial pressure is
275 mg per 1 at 25 °C). Furthermore the diffusion coefficient of oxygen in water is
about 10* times as low as in air (D,, = 2.60x107° cm?-s~%, D, = 0.226 cm” - 871,
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both at 25 °C). Therefore transport through the water-saturated zone is very slow,
Under wet soil conditions this zone is relatively thick, so the transport of oxygen
to the root may then become a limiting factor in root respiration. High CO,-concen-
trations can also reduce root respiration. As the respiration processes in the root
liberate the energy required for root growth and uptake of nutrients and water,
these latter processes will be indirectly affected by the aeration conditions.

6.2.1 Oxygen supply to roots

According to Lemon (1962) the O,-concentration inside the root {(p,) is related
to the O,-consumption rate inside the root (4,} and the concentration at the liquid-
gas interface (py,), i.e. at the external boundary of the water-saturated zone around
the root, expressed as

—A""zln( /r)+‘4‘(2 ) ~em™? 50
Py 2__'1)! TelTig IE; rp—r (mg cm ) ( )
where D; and D, are the diffusion coefficients respectively in the root and in the
water-saturated zone outside the root, r, is the radius of the root and ry, the radius
of the root plus water-saturated zone.

In this model the thickness of the water-saturated zone equals (r,,--#,) cm. Con-
sumption of oxygen ouiside the root is neglected and the rate of consumption in the
root tissue is assumed to be independent of the Q,-concentration. Other research
workers also found the activity of roots and bacteria to be unaffected by the O,-level,
even at levels less than I to 2 vol. % (Hopkins et al., 1950; Longmuir, 1954; Michael &
Bergmann, 1954; Harris & van Bavel, 1957c; Greeawood, 1968; McCauley & Griffin,
1969; Wood & Greenwood, 1971). The activity of methane-oxidizing microorganisms
was also found to be independent of the O,-level over a rather wide range (¢f. section
4.1.3). This assumption means that the rate of supply of oxygen to the root can be
a limiting factor, while the concentration level at which it is supplied to the root
system is of minor importance between rather wide limits.

The O,-concentration at the liquid-gas interface becomes critical when the rate
of supply to the root is at its minimum, i.e. when the Q,-concentration in the root
centre (at r = 0) just equals zero. This critical O,-conceniration can be calculated
from eq. (50) as

A Ar?

Piy = 2‘—D¢1n (rlry) — zﬁ

The critical O,-level at the liquid-gas interface (p) is directly proportional to
the critical O,-level in the soil gas phase via the solubility of O, in water, depending
on (cf. Lemon and Wiegand, 1962) the O,-consumption rate in the root tissue and
the root diameter (varies with plant species) and on the thickness of the water-
saturated zone (varies with soil structure and soil moisture content). The rate of
O,-consumption increases with rising temperatures, resulting in a higher critical

Py =

(mg - cm™?) (5D
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O,-level. Thus it is clear that no single value for the critical O,-level in the soil gas
phase can be given, because various parameters are involved. Generally the water-
saturated zone is thick under wet conditions and then plants may suffer from a lack
of oxygen although the O,-level in the soil gas phase is rather high.

Thus a sole measurement of the soil gas phase composition does not always give
sufficient information about the aeration status of a soil. Supplementary measure-
ments of the oxygen diffusion rate to a platinum electrode (ODR-measurements,
Lemon & Erickson, 1952; Bakker, 1971) may complete the picture. According to
Letey et al. (1961, 1962b, c) root growth stops when the oxygen supplied to the elec-
trode is less than 15 to 20x107® g-cm™2 - min~*. When this value is about 30 to
40%x107% g-cm~? - min~! root growth commonly is not hampered. Correlations
between ODR-measurements and crop yield were found to be satisfactory. For one
soil type with changing moisture content and bulk density, measurements of the gas-
filled porosity in the soil gave also satisfying correlations with crop yield (Dasberg &
Bakker, 1970).

6.2.2 Effect of carbon dioxide

The data in literature about the effect of CO, on the metabolic activity of roots
are somewhat confusing. Usually some toxic action of CO, has been found, but the
mentioned critical concentration levels vary widely. It has to be kept in mind that
here again the CO,-concentration at the root surface is a function of the CO,-con-
centration in the soil gas phase, the CO,-production rate in the root, the root diam-
eter and the thickness of the water-saturated zone around the root (cf. eq. 51).

Low CO,-concentrations in the root zone (1 to 4 vol. %) seem to stimulate plant
growth (Grable, 1966; Geisler, 1969). Injury was observed by Geisler with CO,-
concentrations of 8 vol. %, while Leonard & Pinckard (1946) did not observe any
injury up to a2 CO,-level of 15 vol. %. Norris et al. (1959) found a reduction in root
respiration of onion in the order of 30 to 50 %/ with a CO,-concentration of 10 vol. %,
Harris & van Bavel (1957c) showed, however, that in spite of a reduced CO,-produc-
tion of roots, crop yields were not depressed when 5 vol. 5 CO, was present in the
soil gas phase, They only found depressions in crop yield if the CO,-concentration
exceeded the O,-~concentration, 30 possibly there is some interaction between both
gas components. Michael & Bergmann (1954) found an increase in root growth of
10 to 70%;, when CO, was removed from the soil by absorption to active coal.

Summarizing, high CQO,-concentrations are likely to reduce root respiration. A
critical CO,-level in the soil gas phase, though different for each case, may be ex-
pected to be of the order of about 5 to 15 vol. %. Usually the CO,-concentration in
the soil will not reach a lethal level, this being in the order of about 20 vol. ¢ or more,
In contrast the O,-concentration can reach a lethal level. In situations where the
Q,-concentration in the gas phase is zero this is obvious. In addition it might occur
that due to high O,-consumption rates in the liquid phase, as after gas leakage, the
supply to the root will be negligible even at finite O,-concentrations in the gas phase.
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6.2.3 Root growth

Under anaerobic conditions root growth was found to stop immediately (Visser
et al., 1971). Most research workers observed dying of roots within some days to
one week after the onset of anaerobic conditions. Segeren & Visser (1971) report that
there are large differences in susceptibility of the root system to anaerobic conditions
during the different periods of the year. In winter even 6 weeks of inundation did not
injure the root system of apple trees. In summer, however, roots were dying after
3 days of inundation. Kramer & Jackson (1954) also found injury to roots after 2 to 6
days of anaerobiosis.

A lack of oxygen is especially detrimental in early growth stages just after germina-
tion (Letey et al., 1962a). Particularly the process of cell elongation would be affected
(Harris & van Bavel, 1957a). Because the plant has to form new roots in springtime,
poor aeration conditions are probably most detrimental in this period (van 't Woudt
& Hagan, 1957).

6.2.4 Uptake of water and nutrients

Under poor aeration conditions absorption of water as well as transpiration are
reduced (Kramer, 1951 ; Kramer & Jackson, 1954}, In the initial stage of the anaerobic
situation the uptake of water is reduced due to a decrease in permeability of the root
tissue, especially the endodermis (Bierhuizen, 1969). Kramer (1940) states that this
would be caused by the low O,-concentration, while others (Seifriz, 1942; Chang &
Loomis, 1945) attribute this phenomenon to a specific role of CO,. The acidity, the
viscosity and also the permeability of cell protoplasm would be influenced at high
CO,-concentrations (see also Russell, 1952).

The reduction in water uptake will also affect the uptake of nutrient ions, because
the ions are partly transported into the roots with the bulk flow of water. The real
contribution of bulk flow to the overall supply of ions to the roots is, however,
uncertain because the water uptake and ion uptake may be effected by different
sections of the root system (cf. Bolt, 1966). Therefore it is not simple to predict how
the reduction in water uptake will affect the uptake of nutrient fons.

Furthermore root respiration is depressed at poor aeration conditions and thus the
active uptake of nutrients will be reduced. The effect is not the same, however, for
the various nutrient ions as the relation between active and passive uptake is different
for each ion. Chang & Loomis (1945) reporied a decreasing effect in the order
K > N > P > Ca > Mg. Harris & van Bavel (1957b) found almost the same order
except for the effect on Mg-uptake, being slightly higher than on Ca-uptake.

Labanouskas et al. (1971) stated lower contents of N, P, K, Ca, Mg, Zn and Fe
in the plant under poor aeration conditions. On the other hand the contents of Na,
Cl, Ca and B appeared to be higher than normal. Under normal aerobic conditions
these ions are partly excluded by the plant. As this exclusion process requires energy,
it may be disturbed under poor aeration conditions {Letey et al., 1961 and 1962b).
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6.3 Plant injury near gas leakages

Injury to vegetation near leaks of natural gas might be ascribed to a direct toxic
effect or to an indirect effect of the natural gas. Until recently a direct effect, as it was
found for leakage of town gas, was not expected here since foxic constituents were
not found in the gas. Recent experiments, however, have thrown some doubt upon
this point. Both paschromatographic analyses of the gas and a so-called “triple
response test” with germinating peas showed that in all probability ethylene is present
in the natural gas in a concentration of about 2 to 3 ppm (Adamse et al,, 1972a;
Hoeks & Leegwater, 1972). Up till now symptoms of injury to trees near leaks have
not pointed to ethylene as the injurious agent. The injury proceeds slowly and the
first symptoms are only observed some time after the establishing of anaerobic con-
ditions in the soil, mostly 1 to 3 months after the start of gas leakage. In contrast,
injury by town gas usually proceeds rather rapidly (Fenner, 1951 ; Haller, 1959). Here
ethylene was thought to be one of the toxic agents. Symptoms of injury by town gas
or natural gas, however, are not quite characteristic but resemble the symptoms due
to other factors affecting the root system, as for instance a lack of water or a lack of
oxygen. In general, symptoms of injury by natural-gas leakage are: yellowing and
premature fall of leaves, death of branches, failure to bud in spring and premature
blossoming or fructification, eventually followed by death.

An indirect effect is to be expected in view of the data of the prevtous chapters.
The problem of injury by natural-gas leakage there was shown to be mainly an aera-
tion problem. The O,-concentration in the soil is rather low in the methane oxidation
zone and in part of the oxygen transit zone, while in the anaerobic zone there is no
oxygen at all.

In rather dry sandy soils, as usually found under pavements, the critical O,-
concentration is rather low (4 to 8 vol. %). The O,-concentration near leaks, however,
is that low that in the oxidation zone and part of the oxygen transit zone the metabolic
activity of plant roots will be depressed, if it has not ceased completely due to high
O,-consumption rates at the liquid-gas interface (cf. section 4.5). The high CO,-
concentrations in these zones may also reduce root respiration and accordingly the
uptake of water and nutrients. In the anaerobic zone root growth will be stopped
and eventually the roots will die, unless O, can be supplied to the roots from the
aerial parts of the plant via intercellular spaces or air cavities in the stem {cf. section
6.5). Furthermore toxic substances as Fe**, Mn**, 82~ and organic acids can be
expected to occur in this zone, but the effects on plant growth will depend on the
concentrations reached.

The disturbed process of uptake of water and nutrients involves an increased
susceptibility to plant diseases. McNew (cited by Black, 1957) states that the de-
creased resistance would result from a toxic action of organic compounds as salicylic
aldehyde, which may be formed from anaerobic decomposition of organic matter.
Under anaerobic conditions microorganisms can also produce ethylene in the soil
and this may be a significant factor in causing injury to plants under waterlogged
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conditions (Smith et al., 1971). Some kinds of pathogenic aerobes are less inhibited
by poor aeration conditions than are most other aerobic organisms. Consequently
the pathogenic microbes are comparatively favoured, since the antagonistic action
of other microbes is decreased (Russell, 1952). Moreover, injured roots are more
susceptable to infection than uninjured roots.

The changes in pH due to reduction processes in the soil affect the availability of
plant nutrients (Jeffery, 1961a; Starkey, 1966). Adams & Ellis (1960) reported an
increased amount of available P when the pH increased during gas leakage, which is
undoubtedly related to the change in solubility of iron. If the pH decreased, the
amount of available P decreased too.

In several papers describing injury by natural gas, desiccation of the soil is men-
tioned as one of the possible causes of injury. At the experimental field the desiccating
effect of the gas was only observed up to some 10 cm around the leak, so it is negligible
with respect to plant injury. Even after two years of gas leakage the soil moisture
content within the gas zone was rather high (moisture tension 100 to 50 cm H,O,
so pF-values of 2.0 to 1.7), which was even slightly higher than outside the gas zone.
This is not surprising, remembering the formation of water vapour with the microbial
CH,,-oxidation.

Another aspect of the microbial activity near leaks is the production of organic
matter (intermediates of the CH -oxidation process, dead bacterial cells), as can be
inferred from the increase in the number of heterotrophic microorganisms (cf. section
5.3). This organic material will be partly broken down, but the more resistant con-
stituents will be left in the soil, causing an increase in the organic matter content.
To estimate this increase it is assumed that 409, of the CH, consumed by micro-
organisms is converted to bacterial cell material, for simplicity sake taken to be
(CH,0),. At alow CH,-consumption rate of 2.22x 10~7 cm® - cm ™2 - 571, estimated
for the experimental field, the accumulation of organic matter if decomposition is
ignored will amount to 1.19% 1077 mg - cm™~ 3 - 57!, which means at a bulk density
of the soil of 1.4 g-cm™? an absolute increase in organic matter of 0.022% by
weight per month. For comparison it can be mentioned that at the experimental
field the organic matter content at a depth of 15 cm increased with 0.6 % (from 3.5 to
4.1%;) and at 50 cm with 0.49 (from 1.0 to 1.4%}) during the two-year experiment.
Outside the gas zone the organic matter content decreased with 0 to 0.5%.

Adams & Fllis (1960) observed in gassed soils a much more pronounced increase
in organic matter. In a gassed soil the organic matter content was found to be up to
three times as high as in the normal soil. This increase was clearly reflected in the
change in the moisture retention curves. The distinct effects, particularly in the upper
6 inches of the soil, may have been caused by a number of factors. The pH of the
soils was rather favourable for microbial activity (pH 5.6 to 7.6). Their research
concerned gas leakages in cultivated areas, so a pavement was missing and conse-
quently the O,-supply to the soil will have been rather high. Furthermore the soil
will probably have been rather fertile. All these facts favour a high microbial CH,-
oxidation rate, especially in the topsoil, which may have been many times higher
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than at the present author’s experimental field. The period of gas leakage in the
experiments of Adams and Ellis was moreover extremely long. Two samples were
taken at sites where methane was spontaneously produced in the subsoil (gas wells);
‘leakage’ was supposed to occur here for at least 9 respectively 25 years. Such strong
effects, however, are not likely to be found in soil under a pavement.

6.4 Sensitivity of plants

Some plants, for instance rice, can survive anaerobic situations in the soil because
they possess specific features with respect to the supply of oxygen to the roots. Every
plant is more or less able to adapt to poor aeration conditions, for example in the
following ways:

Development of specialized structures in the plant (air cavities) which serve to supply
oxygen to the roots (Russell, 1952). The existence of air-conducting tissues in rice
can explain why the roots of this crop are able to grow in an anaerobic environment.
0O,-supply from the aerial parts of the plant reduces after stem elongation, possibly
due to an increased diffusion resistance (Alberda, 1953).

Development of adventitious roots (Kramer, 1951). These roots are developed at or
above the soil surface, where aeration is most favourable. The absorbed oxygen can
be transported to the roots in the anaercobic subsoil (Alberda, 1953). According to
Kramer (1951) particularly the rate of development of adventitious roots would
determine whether the plant will survive an anaerobic period or not.

A few plants are able to respire anaerobically, because they possess special enzymes
for this process (Alberda, 1953).

As dying of roots was often observed within one week after the onset of the anaer-
obic conditions, the plant may only survive a prolonged anaerobic period if it has
adapted itself to the situation within a relatively short time. Obviously a plant is
more sensitive to anaerobic conditions during the growing season than during the
winter period when the metabolic activity of the roots is low.

Considering the situation under a pavement, the development of adventitious roots
near the soil surface is hardly possible, because here the aeration conditions are mostly
as bad as in the subsoil, unless the soil is non-metalled. Therefore only different
internal structures and differently developed root systems may result in differences
in sensitivity to poor aeration conditions between the various tree species. This means
that bottomland tree species will be more tolerant to poor aeration conditions than
are upland species. Van Camp (1970) reports that tree species normally associated
with flood plains and lowlands appear to show better survival, better growth rates
and a better condition when planted along city streets and in parks than do upland
species.

It is most likely, however, that in view of the anaerobic conditions near a gas
leakage all tree species will eventually die, unless only a small part of the root system
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is affected. Therefore the possibility of survival of a tree will mainly depend on the
duration of the anaerobic situation and on the root-regeneration capacity of the tree.

6.5 Aftereffects and replanting

In the period following leak repair some aftereffects can be expected in view of the
persisting low O,-contents and high CO,-contents and the possible presence of re-
duced toxic substances in the soil. Replanting of young trees at sites where a tree has
died because of natural-gas leakage, has been performed with varying success.

In table 17 some data obtained from inquiries are given. Because the poor aeration
conditions may persist during a considerable time after leak repair (cf. table 16),
the results of replanting were considered with respect to the period between leak
repair and replanting. After one growing secason 115 trees were dying or wilting,
being 27 %, of the total number of newly planted trees. In most cases data on the O,-
and CH,-concentration in the soil were missing, but from the few data available it
could be assumed that in many cases a lack of O, had caused the injury, especially
when replanting took place within 4 months. By measuring the O, and CH,-concen-
tration in the soil before replanting it is possible to select only those sites, which are
suitable from the point of view of soil acration. When doing so, replanting will be
more successful. In two cities, The Hague and Rotterdam, this procedure has been
applied. In The Hague 199 of the sites initially recommended for replanting were
found to be unsuitable because of bad aeration conditions in the soil or because
additicnal gas leakages were found. At the remaining sites trees were planted. After
one growing season about 109, of these trees were dying or did show symptoms of
injury. As regards Rotterdam, after carefully selecting the sites for replanting the
observed damage among the planted trees was reduced to 129

Nevertheless this percentage of damage is higher than that found when replanting

Table 17. Results of replanting after naturai-gas leakage related to the
period between leak repair and replanting {data after SIAB, 1970).

Period between leak Number of Results after one
repair and replanting  planted trees growing season

healthy dying or wilting

2 months 18 — 18
3 months 18 — a8
4 months i3 33 —_
5 months 62 58 4
6 months 10 10 —
7 months 193 165 28
1 year 54 39 15
1} vear 14 5 9
2 vears 8 5 3
Total 430 315 115
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under normal conditions. This may be due to the following causes. First, replanting
is done during the winter period (November to February). Oxygen-measurements to
select sites for replanting are mostly carried out in autumn, when temperature is
already rather low. Under these conditions the biological activity in the soil will
also be low, resulting in low Q,-consumption and consequently high O,-concentra-
tions in the soil. At some sites the O,-concentration may just exceed the required level;
for safety purposes a level of 12 to 149, oxygen is recommended (SIAB, 1970). In
spring when temperature is on the rise, the O,-concentration may again drop to a level
which is injurious to the newly planted trees. Secondly, toxic components arising
from former anaerobic conditions might be left in a gassed soil, as reduced substances
and organic acids, or perhaps toxic components from the natural gas itself (as for
example ethylene).

In pot experiments these aspects were investigated (Hoeks & Leegwater, 1972),
Bean seedlings (Phaseolus vuilgaris L. c.v. ‘“Vroege Wagenaar’) were planted in gassed
dune sand soil under optimum aeration conditions. Growth of the beans on this
gassed soil was not inhibited in any way and was even better than on the normal
soil. Analyses of soil and crop samples showed that the nitrogen content in the gassed
soil was higher than it was in the normal soil. The smaller number of root nodules
confirmed this nitrogen effect (in the gassed soil hardly any root nodules were found).
Accumulation of nitrogen in gassed soils may be due to nitrogen fixation (absolute
increase of N-content) by anaerobic Clostridium spp. (in the anaerobic zone), as
reported by Harper (1939), or by methane-oxidizing microorganisms, as reported
by Davis et al. (1964). However, for the methane-oxidizing bacteria, isolated from the
dune sand soil used here, Adamge et al. (1971) could not establish any nitrogen fixa-
tion. It is also possible that the N-content is only relatively increased as a result
from decomposition of dead bacterial cells.

As pointed out earlier the amount of reduced compounds was rather low in this
dune sand soil. Therefore the results are not directly transferable to other soils.
More research with different soil types would be required in this respect. It seems to
be a justified conclusion, however, that the natural gas itself did not leave toxic com-
ponents in the soil, at least not in injurious concentrations.

Therefore it can be stated that in soils with low contents of reduceable compounds,
replanting in gassed soils may be performed as soon as the aeration conditions have
become favourable again. An additional check on the soil O,-content in spring time
is to be recommended and if necessary measures are then to be taken to improving
soil aeration (cf. chapter 7).

Of course the soil conditions will also be important with respect to regeneration
of injured trees. Furthermore, the rate of regeneration varies with plant species and
also with the season. The later in the season, the slower the regeneration rate and the
smaller the chance of survival (Sutton, 1969). Root regeneration can be stimulated
by adding fertilizers and water to the soil near the root system,

The effect of root injury on root and shoot growth depends on the extent of the
damage. It is known that removal of rather extensive parts of the root system of
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trees has little effect on the growth rate of the roots. The growth rate of the shoots
generally decreases, however. A tentative conclusion is therefore that even with
rather extensive injury to the root system, a tree may survive because root growth
is probably not seriously affected. In such cases it deserves recommendation, however,
to restrict transpiration of the tree by pruning the crown to such a degree as is needed
to compensate for the loss in roots (Bray, 1958).
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7 Measures to improve soil aeration

7.1 General

Poor acration conditions in the soil may result from impeded exchange between
the soil gas phase and the atmosphere (e.g. due to a pavement) or from exceptionally
high biological activity in the soil {e.g. resulting from gas leakage). Near underground
leaks of natural gas in urban regions both facts are responsible for the unfavourable
aeration status of the soil. Obviously the situation can improve as soon as the leak is
sealed. From chapter 5 it became clear, however, that poor aeration conditions in
the soil may persist quite a long time after leak repair. For regeneration of injured
trees and for replanting of young trees at short notice it is therefore necessary to take
measutes to improve soil acration and to accellerate the recovery process of the soil.

Except for aeration measures, other measures as pruning of the tree and addition
of water and nutrients to the roots in order to stimulate formation of new roots are
to be mentioned, but these are outside the scope of the present research.

In many instances the gas leakages cannot be repaired until some weeks or even
some months after detection. This will be due to a variety of reasons, like arrears
in the repair of leaks, a bad accessibility of the leak, or planned replacement of old
g8 mains by new ones in the near future. Consequently measures are to be taken
to protect trees in such situations. The effectiveness of such measures will at the same
time give information on the effects which are to be expected of preventive measures
taken at sites with valuable street trees where gas leakage is more or less likely to
occur,

7.2 Curative measures

The SIAB (Committee for Study of the Influence of Natural Gas on Vegetation)
proposed three measures (SIAB, 1969), viz. (1) the installation of ventilation channels,
(2) removal of unfavourable gas mixtures by forcing air into the soil and (3) removal
of unfavourable gas mixtures by sucking them from the soil. The latter method has
found no acceptance in practice, as a risk of formation of explosive gas mixtures
in the apparatus exists.

The research reported here concerns the effects of ventilation channels and com-
pressor treatments in various situations. The purpose of these measures is to intro-
duce oxygen into the soil, so the effects will depend on the rate of O,-consumption
in the soil and thus on all factors influencing this rate.
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7.2.1 Technical aspects

Ventilation channels A ventilation channel usvally consists of an auger hole to a
depth of 70 cm below the pavement surface with a diameter of 20 to 25 cm. The
hole may be filled with gravel (gravel-filled ventilation channel), or it may be left
unfilled {open ventilation channel). In both cases the channel is covered with a ventila-
tion tile either with holes or slits (see fig. 31). Oxygen diffuses from the channel into
the soil, while methane and carbon dioxide diffuse from the soil into the channel
and finally into the atmosphere. The gas exchange between channel and atmosphere
will have to be rapid. As this left much to be desired in the gravel-filled channels
initially designed, the open ventilation channels were then introduced, In practice
such open channels collapse if no provisions are made to prevent this. To that purpose
a perforated pvc-tube with a wall perforation of 25% or more is used as a mantle
for the ventilation channel. Of course, any material with a sufficient rigidity and an
adequate perforation may be used.

The pve-tube is covered with a nylon sleeve, while the tube may be bedded in a
few centimeters of gravel in order to prevent clogging of the perforations in the tube
wall. An additional advantage of open channels is the considerably reduced risk of
clogging of the openings in the ventilation tile. The tiles on top of gravel-filled
channels are usually clogged with dust and litter within two months, which seriously
limits their effect. In open channels dust and litter fall through the openings in the
tile and accumulate on the bottom of the channel. Then, even after two years no
clogging was observed.

Clogging of the ventilation tiles and the slow gas exchange in a gravel-filled channel
may explain the excessively long recovery periods which were observed at a number
of urban experimental sites where gravel-filled channels were installed (cf. table 16).

Compressor treatments A very rapid improvement of the soil gas phase composition
is achieved by forcing air into the soil with a compressor (see fig. 32). Generally a
compressor is used with a capacity of about 3 m* per minute. Air is forced into the
soil through 4 to 6 injectors at 6 ato. The treatment may last from 20 minutes to one
hour, depending on the capacity of the compressor. There is no point in continuing
the treatment over more prolonged periods. Since oxygen is consumed in the soil,
the treatment has obviously a transient effect and has to be repeated after some time.

7.2.2 Ventilation channels

The effect of a ventilation channel on the composition of the soil gas phase depends
on the biological activity in the soil. If cylindrical symmetry is assumed, the effect of
the O,-consumption rate on the steady state distribution of oxygen around the chan-
nel can be calculated with eq. (16a) and (16b) of chapter 3 (cf. fig. 33). It should be
noted that the geometric assumption made is permissible only if the soil surface is
covered with an impervious pavement and if the bottom of the ventilation channel
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Fig. 31. Ventilation channels and tiles. A: gravel-filled channel with hole-vented tile; B: open channel
with hole-vented tile; C: 1. to r. hole-vented tile, slit-vented tile, studded tile (a special paving tile
not to be used to cover ventilation channels, however); D: slitted pvc-tube used as mantle of an
open channel, with part of the nylon sleeve to prevent clogging of the perforations.




190 to 275x 1077 ¢cm® - em™? - s7 1. With such high consumption rates the zone of
influence of the ventilation channel is negligibly small; the soil becomes only aerobic
within a radius of about 25 ¢m from the axis of the channel (cf. fig. 33), Nevertheless
ventilation channels can be quite effective near a leak, because the hydrocarbons of
the gas are oxidized near the channel, while at the same time natural gas can escape
via the channel into the atmosphere. In fact the effectiveness of the channel as to
consumption of methane is inversely related to its zone of influence, since the con-
sumption is governed by the total influx of oxygen by diffusion into the soil. This
flux increases with increasing gradient in the Q,-concentration and thus with de-
creasing extent of the zone of influence.

The following calculation may illustrate the oxidation effect. The total amount
of oxygen transported from a channel (with radivs r, and depth d,) into the soil
equals

dC

Qo, = ~—2xr,d,D (——) (em® 571 (52)
dr/r,

The concentration gradient at distance r = r, can be solved from the differential

equation for the steady state (eq. 15b), vielding
Qo, = —nd, oL’ 7)) (em® 571 (53)

where L is the distance where both the concentration and the concentration gradient
equal zero. With data for d, (70 cm), r, (10 cm), & (e.g. —267x 1077 cm® - cm ™3 - s71)
and L (25 cm at the chosen value of a, cf. fig. 33), the amount of oxygen transported
into the soil equals 3.08 cm® per second, i.e. 11.1 1 per hour. With this amount of
oxygen about 5 to 6 1 CH, can be oxidized per hour. Furthermore the amount of
natural gas escaping into the atmosphere can be considerable when there are large
concentration gradients in the soil near the channel, i.e. when the channel is installed
close to the leak, The effect of both processes, the oxidation and the escape of natural
gas, will resemble the effect of a decreased leakage rate.

This effect could be established both at urban experimental sites and at the ex-
perimental ficld. At the experimental site Qostduinlaan at The Hague (cf. fig. 1C)
three gravel-filled channels were installed right beside the leaking gas main. The effect
was only slight as can be seen in fig. 35 (situation b). Because the zone of influence
of these channels was negligibly small, the effect was only measurable near the outer
boundary of the gas zone (sampling points 7, 13, 16, 17 of fig. 1C) as a decrease in
the natural-gas concentration and as an increase in the O,-concentration. The CO,-
concentration increased within the whole area of the gas zone. The next year the three
gravel-filled channels were replaced by five open channels. Consequently the radius
of the gas zone decreased from about 5 to 3.5 m accompanied by a distinct increase
in the O,-concentration in the region between 3 and 8 m from the leak. The success
of such measures will, however, depend on the position of the tree with respect to the
leaking gas main, for the conditions for plant growth are not really improved for a
tree sitvated at for instance 2 m from the gas main. A decrease in the radius of the

86




concentration in vol ©/
24

I I B S
' zone of improved i

conditions for --I
20 rplunt growth
16 -+ /:; |02
Pl » - '
12 A i\ LN/ //;
/
8 yavs.d ™ d) / : Fig. 35. Distribution of O, and CO, in the soil
1< 1: b,%0 { M [N : ges phase at the experimental site Qostduinlaan
4 n;’, ’ 1 N \'-‘-:a P 4C02 at The Hague (cf. fig. 1C) before (a), 5 weeks
2 i J/ . after installation of gravelilled ventilation
0 T 3 4 & 7 é % channels (b) and 5 weecks after replacing these
distance trom ieak in m channels by 5 open ones (c).

gas zone from 5 to 3.5 m would mean, in view of results from the experimental
field, an apparent decrease in the rate of leakage from about 120 to 60 1 per hour.
So 60 1 natural gas per hour disappeared due to the installation of the five ventilation
channels, i.e. as a mean 12 | per hour per channel.

At the experimental field, the radius of the gas zone of the artificial leak (rate 250 1
per hour) decreased considerably after installation of ventilation channels (fig. 36),
viz. from initially 8 m to finally 1.80 m at the side with the open channels and to
about 3.20 m at the side with the gravel-filled channels. Especially the open channel
installed right beside the leak in a later stage, was quite effective as large amounts
of natural gas could escape here into the atmosphere due to high concentration
gradients near the channel. Comparing again the limits of the gas zone before and
after installation of the ventilation channels, one would in this case estimate the
combined effect of removal of gas by oxidation and escape at at least 15 | per hour
per channel as a mean, i.e. for the open channels it will be higher while for the gravel-

Fig. 36. Extent of the gas zone near an arti-
ficial leak (rate 250 1- hr~') before (July 3}
instailation of ventilation chanmels, 5 weeks
after (September 10) the installation of 5 open
channels and 5 gravel-filled channels, and an-
PRI o vendetionchemel ot vecks e (Novmber 10 et
« sempling point aghan tion of one open channel right beside the leak,
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filled channels it will be lower. For the one open channel right beside the leak the
total amount of removed gas may be estimated at at least 40 1 per hour, possibly
even more since after the installation of this channel the amount of gas removed by
the other channels will have decreased.

The open channels were much more effective than the gravel-filled ones because
the gas exchange with the atmosphere was considerably increased by air turbulences
in them. This could be established from data concerning the gas composition in the
channels (cf. table 18, gravel-filled channels: 0.2 to 5.8 vol. %, O,, 10to 22 vol. % CH,;
open channels: 17 to 21 vol. %, G,, 0.7 to 8 vol. %, CH,) and from the effect of the wind
velocity on the gas composition in the open channels. The O,-concentration is the
higher and the natural-gas concentration the lower, the higher the wind velocity.

Near a leak open channels may give some problems, since the gas mixture in the
channel may become explosive. Ignition of this explosive mixture is hardly dangerous,
however, since the channel is open towards the atmosphere, but in practice such

Table 18. Composition of the gas mixture in ventilation channels in the vicinity of a gas leakage
(the position of the channels with regard to the leak is shown in fig. 36).

Date Description Wind (Gas concentration Oxygen concentration
velocity in parts of LEL* in vol.%
open gravel-filled open gravel-filled

channel 1 channel 3  channel 1 channel 3

22-VII  installation of 2 open

channels expl** 19.2
23-VII  installation of 2
gravel-filied channels expl 18.4
24-v11 expl
27-VII 0.70
28-VII 0.95 19.0 5.8
29-vII 0.54 expl
3-VIII 0.85 expl 19.2 0.9

5-VII installation of another
3 open channels and

3 gravel-filled channels + 0.90 expl 18.2 0.8
T-VIiI + 0.65 expl 15.0 0.9
13-VIIL + expl expl 17.6 0.9
17-VIIL ++4++ 0.17 expl 20.1 1.1
18-VIII ++ 0.57
21-VIII +++ 0.20 19.8
24-VIII ++ 0.63
10-1X ++++ 0.18 expl 20.3 0.2

* Lower Explosive Level
** explis >1.00 LEL, i.e. >4% CH,
+ light
+ 4 light to moderate
+++ moderate to strong
++ + +strong
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situations are perhaps preferably to be avoided. Explosive gas mixtures can be ex-
pected just after the installation of the channels. In most cases, however, the natural-
gas concentration will decrease to below the explosive level within some days. Only
when the rate of leakage is high and the channel is situated close to the leak, the gas
mixture in the channel may remain persistently explosive. At the experimental field
this was the case with the channel at 10 cm from the leak {rate of 250 1 per hour).
The CH -concentration in this channel varied between 6 and 10 vol. % (Lower Ex-
plosive Level is 4 vol. %, CH, in air). The transient explosive situation will be more
common, but this situation can be completely avoided by a single air injection into
the soil with a compressor just after installation of the channels.

Effect after leak repair After leak repair the O,-consumption rate in a gassed soil
is much lower and decreases with time from about 20 x 10~7 to eventually 1 x 10~7
cm® - cm~3 « 572, the latter being the rate in a normal soil. This means that the effect
of a ventilation channel (cf. fig. 33) is then measureable within a radius of about
0.6 m to finally 2 m from the channel axis. Data collected at the experimental site
Geertjesweg at Wageningen showed (fig. 33) that in view of the distribution of oxygen
around the open channel the O,-consumption rate in the soil amounted to approxi-
mately 15x 1077 ¢m® - em™3 - s™! at the 5th day after installation of the channel
and to about 8x10~7 cm® - cm ™2 - 57! at the 9th day after installation. At this ex-
perimenizl site the effect of the open channel could be compared with that of the
gravel-filled ones, because the starting situations were comparable, viz, the leaks were
repaired at the same moment (two weeks before installation of the channels) and the
starting composition of the soil gas phase was also comparable, 0 to 1.6 vol. 9 O,,
11.0 to 13.9 vol. % CO, while natural gas was absent. Six weeks after instailation of

grconcentrution in vol /s
4

i
|
x
20—}
[}
i\open channel
18—
! \
X
12 e T =1
-]
AN
\\gruvei-mlad chonnels
N
4 °ﬁ o
:\_%_ Fig. 37. Measured O,-distribution around either
' —— an open or a gravel-filled ventilation channel
o 50 100 150 200 six weeks after installation at the experimental
distance from channel axis in cm site Geertjesweg at Wageningen (of. fig, 1D).
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the channels the O,-distribution around the open channel was considerably more
favourable than around the two gravel-filled channels (fig. 37). Again the gas ex-
change in the open channel appeared to be much better (20.8 vol. % O,) than in the
gravel-filled channels (9.3 to 9.6 vol. % O,).

When several ventilation channels are interacting, transport can be described in
two-dimensional Cartesian coordinates (if vertical transport is ignored). This means
that eq. (5R) can be used for the present case where diffusion is assumed to be the
only process contributing to the transport, this equation converts, if concentration
and consumption rate are expressed in volume units, to

oc,, 8*C 8*C
E’W = Dm——ﬁ'x—;' + Dm—ay—;" + Uy (mS . Cm—3 - S—l) (54)
This differential equation is approximated by the explicit finite difference equation
Chirk+t = Chik 4 D,Aii (ChHihb_g Chiky Ci-tiiky 4
D, At oAl
+s 2(C3+l,1, 2C! J‘.k+clj ll)_]_ (55)
Ay &g

where C57'* represents the concentration of a gas component at location x = iAx,
y = jAy and at time # = kAr. Computer calculations were run for the situation as
presented in fig. 38: in the sidewalk six ventilation channels are installed, four along
the gas main and two near the tree. The soil surface next to the sidewalk is non-
metalled. Calcnlations can be restricted to region 1, since region II is the reflection
of I A grid is laid over region I where the distance between the grid points is Ax in
the x-direction and Ay in the y-direction (here Ax = Ay = 20 cm). Eq. (55) was now
used to calculate the O,-concentration in the soil as a function of location and time,
making use of the following boundary conditions (cf. Appendix IH): (a) the initial
O,-concentration in the soil is zero (C=0if x> 0, y = 0, t = 0), (b) the O,-
concentration in the non-metalled soil next to the sidewalk was fixed at 18 vol. %
(C=018ifx =0,y = 0,1 = 0), (c) no oxygen is transported through the symmetry
planes (AC/dx =0if x =x,, y2 0,120, and dC/dy =0if x 20,y =0, 1 = 0
orifx > 0,y = y,, t = 0), (d) the O,-concentration in the ventilation channels was
fixedat 2l volL. % (C=021ifx =x,,y=y,t =2 0,if x = x5, ¥y = y5, t = 0, etc).
The O,-consumption rate was calculated from the oxygen overdemand P with the
oxidation rate coefficient w (see section 5.5), so

= gk = wPJ.J, —0, (cm3 * cm—s ' 3_1) (56)
where
P in =P a1 H (% 5 -1 — )AL (em® - cm™3) 57

Calculations were made for an initial oxygen overdemand P, of 0.50 and 0.25
m® - cm ™ * and an oxidation rate coefficient @ of respectively 10x 10~ 7 and 15x 10™7
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Fig. 38. Schematic representation of the situation used to calculate the effect of ventilation channels
(see also fig. 39).

5”1, Results are presented in fig. 39. It can be seen that even within two. days the
O,-concentration in a large part of the root zone of the tree is aiready higher than
5 vol. %, in spite of the still rather high P-values. So in gassed soils, even in those
with a rather high oxygen overdemand, the installation of six ventilation channels
around the tree can already considerably improve the aeration conditions within
some days to one week.

The above calculations were confirmed by data from the experimental site Gouden-
regenstraat at The Hague. Five days after leak repair six open ventilation channels
were installed here (cf. fig. 1B). The soil gas phase was sampled and analyzed at 8
measuring points situated in the region between the channels. Initially natural gas
was still present in the soil, but it disappeared within two days (table 19). The O,-
concentration, which ranged from 0.2 to 1.4 vol.%, increased during the first day
after installation of the channels to a level of 0.6 to 5.3 vol. %, while after two days
already a level of 1.0 to 9.9% was reached. One week after the installation the O,-
concentration exceeded 7 vol. % in the whole region between the channels. At the
experimental field it took about one week after leak repair before all natural gas was
removed from the soil. After another week the O,-concentration exceeded 5 vol. %,
in the whoie region around the former leak.

Leak repair during the winter period will usually result in a very rapid rise in the
O,-concentration, first because the starting O,-concentration in the gas zone is al-
ready rather high in this period and secondly because the O,-consumption rate during
the recovery period is very low. It should be mentioned that in such cases substances
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Fig. 39. Caiculated O,-distribution around the ventilation channels of fig. 38 two days
after installation, for an 0,-overdemand P, of 0.50 cm® - cm~? and an oxidation rate
coefficient @ of 10x10~7 s=! (A) and for Po = 0.25 cm® - em™3 and w = 15x 1077
s~ (B).
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Table 19, Composition of the soil gas phase before (12-VID) and after installation (on
12-VII) of open ventilation channels (Goudenregenstraat, The Hague; for layout see
fig. 1B). Soil air sampled at a depth of 55 cm; date of repair of gas leak: 7-VII-71;
duration of gas leakags: about 8 months.

Sampling 12-ViI-71 13-VII-71 15-VII-71  19-VIL-T1
point o0, ¢ CH, %0. % CH. %0; %O

1 0.3 16 4.9 0 9.8 13.0

2 0.2 1.8 5.3 0 9.9 13.2

3 0.2 2.0 26 0 7.5 11.0

4 0.3 0.8 17 o 6.6 1.1

5 0.2 0.8 1.1 0.4 6.2 1.5

6 14 14 19 0 5.4 9.0

7 0.6 1.2 0.6 0.6 1.0 7.4

8 0.3 2.0 0.8 0 4.0 8.5

accumulated during the gas leakage remain in the soil. In spring, at higher tempera~
tures, the oxidation of these substances will set in causing at that time a temporary
drop in the O,-concentration.

7.2.3 Compressor treatments

A quick but only transient improvement of the soil gas phase composition is ob-
tained by forcing air into the soil with a compressor. The following example may
illustrate this short-duration effect. During the ireatment the O,-concentration in the
soil gas phase may be raised to a maximum of 21 vol. %. So in a soil with a gas-filled
pore space of 30% the applied amount of oxygen per cm? of soil is 0.063 cm3. Just
after repair of a gas leakage the O,-consumption rate in a gassed soil may be in the
order of 15x10~7 ¢cm® - em™* - 571, In that case the oxygen supplied will be con-
sumed in 11 to 12 hours. Before leak repair the O,-consumption rate is even con-
siderably higher, so the effect will then last only a few hours, Therefore this measure
will not solve the problem, since the effect is only very temporary.

Experiments at a number of urban experimental sites also indicated the short
duration of the effect. In table 20 data have been summarized from the experimental
site Pieter de Hooghstraat at Rotterdam (layout in fig. 1E). During the compressor
treatment lasting 20 minutes, the O,-concentration was raised to a level of 17.3 to
21.0 vol. %, except at sampling point I1, where the O,-concentration decreased. This
latter effect is likely to be attributable to the distance of this point to the injectors
(2.80 m). The gas mixture with low O,-content initially present near the injectors
was blown towards this sampling point, causing here a lowering of the O,-concen-
tration. It must be concluded therefore that the effective radius of action of the in-
jectors was here about 2 m. In situation I the favourable effect of the treatment
disappeared within five hours. The O,-consumption rate at the sampling points 12
and I3 was likely to be high due to microbial methane oxidation (short distance to
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Table 20. Short-duration effects of air compressor treatments (duration 20 minutes) on the soil gas
phase composition (at 50 cm depth) before (situation I and II) and after (situation III) repair of a
gas leakage at the urban experimental site Pieter de Hooghstraat at Rotterdam (cf. fig. 1E). J.W.
(gas): measurements of combustible gases; reading >> 1.00 corresponds with an explosive gas
mixture (expl) i.e. with >4 vol.%, CH,.

Situation Measuring Measurement Before Time (hours) after
point treatment compressor treatment

0 2 5 10 25

I. gas leakage, Il J.W. (gas) 0 0 0 0 0 0
without ventilation % CO, 4.5 54 — 49 — 4.4
channels % 03 17.0 13.7 16 163 17.3 175

12 J.W. (gas) 0.67 0 0 0.07 expl expl
% CO, 12.4 29 — 84 — 119
% 02 35 175 75 12 04 0.0
I3 LW, (gas) 0.45 0 0 015 expl cxpl
% CO, 13.3 19 — 132 — 1446
% 02 29 173 80 13 04 10

II. gas leakage, with It J.W. (gas) 0 0 0 0 0 0
ventilation % CO, 6.1 23 23 29 - 3.4
channels % Oy 15.3 203 205 192 179 16.6

112 J.W. (gas) 0 0 0 0 0 0
% CO; 11.3 09 19 26 — 49
% O 7.6 209 202 17.5 145 11.6
I3 LW. (gas) 0.24 0o o o0 o0 o
% CO, 14.6 53 54 61 — 10.6
% O, 1.3 182 142 94 7.2 43
III. leak repaired, 1 1 LW, (gas) 0 0 0 0 0 0
with ventilation %, CO, —_ 1.7 19 31 — 38
channels % Oz 17 209 205 19.5 190 164
2 T W. (gas) 0 1] 0 1] 1] ¢
% CO, — 08 14 1.8 — 20
% O, 9.5 21.0 209 20.2 19.6 18.0
I 3 J.W. (gas) 0 0 0 0 0 0
% CO; — 09 29 29 — 3.6
% 0, 10.0 210 194 134 182 164

the leak). In situation 1I the sampling points II2 and 113 were farther away from the
leak than in situation I. Moreover here 8 ventilation channels were present between
the leak and these points, thus acting as an intercepting screen. Therefore the supply
of methane will have been small initially even none, resulting in lower O,-consumption
rates and consequently a more prolonged effect (one day or more). In situation III
the leak was repaired about half a year before the experiments started. Nevertheless
the O,-concentration was still somewhat low at the points IlI2 and I1I3 (about 10
vol. 7%}. During the compressor treatment the O,-concentration was raised to 21
vol. %. The drop in O,-concentration afterwards was much slower than in situations I
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and II because the rate of O,-consumption in situation III was considerably lower.
However, in this case again the effect was of rather short duration (some days).
The decrease in the O,-concentration as measured at the sampling points I3, IT3 and
113 is demonstrated in fig. 40. ‘

7.3 Preventive measures

Preventive measures are to be taken at those sites where sooner or later gas leakages
may be expected and where valuable street trees are threatened. As a matter of course,
the gas companies are expected to do all that is possible to improve the gas distribution
system. This may imply timely replacement of old gas mains and service pipes by
new ones in which modern jointing techniques are applied or taking measures to
prevent the desiccation process in the oakum joints of the older dlstnbutlon systems
(internal sealing with liquids).

Aside from these gas-technical measures to prevent leakage other action should
be taken to protect valuable trees for the possible case of leakage in the future. From
the above discussed effects of curative measures before leak repair it can be conciuded
that as an effective preventive measure ventilation channels can be installed between
the gas main and the tree, thus acting as an intercepting screen when the gas main
starts leaking. Due to oxidation and escape of the gas, the extent of the gas zone
will then remain small. As furthermore the leakage rate of a starting leak will be
low, time will be gained to mend the leak as the ventilation channels will protect the
tree for a sufficiently long period. At these sites supplementary checks on leaks in
the gas mains are to be done periodically. To this purpose the gas mixture in the
channels (near the bottom, since the natural-gas concentration will be the highest
there) can be sampled and analyzed. When natural gas is found to be present (con-
centrations in open channeis are commonly low, often less than 5 vol. %) the leak
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must be located and repaired as soon as possible. With control measurements executed
twice a year leaks detected are likely to be still rather small ones and in most cases
anaerobic conditions in the root zone of the tree may be completely avoided.

7.4 Conclusions and recommendations

Effective restriction and prevention of leakage of natural gas as well as the ensueing
injury to street trees, can only be realized if there is a good cooperation between the
(municipal) gas companies and park departments. To this purpose the SIAB (Com-
mittee for Study of the Influence of Natural Gas on Vegetation) designed a gas-
tree form (SIAB, 1969}, on which a layout (mains, leaks, kind of pavements, orna-
mental vegetation, measuring points, etc.) of the leakage site and data of measure-
ments can be noted. These forms facilitate the exchange of data between both ser-
vices.

The park department, watching the state of health of street trees, should be equiped
to perform routine measurements concerning oxygen and natural-gas (and if wanted
also carbon dioxide) content in the soil near suspected trees. The pas-trees detected
should be reported to the gas company, on the other hand the gas company should
report to the park department those leaks which are found near street trees. Then
curative measures should be taken.

The gas company, in consultation with the park department, may draft an urgency
programme for repair of leaks taking into account their location and size and the
value of the threatened trees. The value of a tree is hard to estimate, but a table as
presented by Raad (1970) may be helpful. This table accounts for the location of
the tree (in the town centre the value is much higher than in outskirts), its state of
health, the species and particularly the age of the tree.

Open ventilation channels are to be installed at all leakage sites even if the leak
cannot yet be repaired, since one channel can per hour remove 5 to even 40 1 of gas
from the soil. Per tree four channels are preferably to be installed close along the gas
main (spacing approximately 1 m) while two additional channels are to be installed
in the tree-line, one on each side of the tree. If the leak has not yet been repaired, one
treatment with a compressor is recommended to avoid explosive gas mixtures in the
channels. One or two days later the composition of the gas mixture in the channels
has to be checked. If the mixture is still explosive (which is there hardly dangerous,
however) it means the leak is very large and must be repaired immediately.

The vse of gravel-filled ventilation channels must be disadvised since the gas ex-
change between channel and atmosphere is poor as air turbulences in the channel
are absent, while moreover the ventilating tile is soon clogged. Also treatments with
a compressor, other than the one application mentioned above, are of little or no
use because of the short-duration effect.

Open channels are to be protected against collapse by inserting a perforated pve-
tube (diameter 20 cm or more, to obtain adequate air turbulences in the channel;
perforation of the tube wall 25% or more). Other materials with sufficient rigidity
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and adequate perforation may also be used (e.g. plastic-coated or corrosion-resistant
wire netting). The tube is to be covered with a nylon sleeve and surrounded by some
centimeters of gravel to prevent clogging of the wall perforations.

Preventive measures should be taken at sites where, in view of the age of the gas
mains and the quality of the joints, leaks may be expected sooner or later and where
valuable trees can then be injured. First of all the gas company should do all that
is possible to prevent leakage (especially by substituting new gas mains for old ones).
Secondly the gas company and the park department together may select the sites
where ventilation channels will be installed to protect valuable trees (four channels
per treg installed along the gas main). Together with periodical control measurements
on possible leaks at these sites (for example twice a year), injury to trees will thus
largely be prevented..

It is also recommendable to install open ventilation channels at sites where the
oxygen concentration in the soil is low due to impervious road surfaces only. In order
to avoid failures when replanting young trees in gassed soils but also in non-gassed
soils, the soil oxygen status should be checked before (re)planting (as a safe limit the
O,-concentration must be higher than 12 to 14 vol. %). From this it will be clear that
an oxygen analyzer is an indispensible tool for park departments, while it may be
very efficient fo have also a gas detection apparatus (or a combined oxygen-com-
bustible gas analyzer) available for establishing whether low oxygen concentrations
are due to gas leakage or not. The exact location of leaks is, of course, to be done by
the gas company.

For the planning of measurements an intensive contact between gas company and
park department is a prerequisite. Only in this way the knowledge and skill of both
services can be used to solve problems related to the leakage of natural gas.
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Summary

Urban vegetation has several important functions as for instance esthetic, climatic
and recreative ones. The value of these functions is more and more recognized since
people are becoming concerned about environmental conditions. From this point of
view the Netherlands Association of Municipal Park Superintendents instituted the
Committee for Study of the Influence of Natural Gas on Vegetation (SIAB) in Sep-
tember 1967, when sudden deteriorations of urban vegetation were observed following
the change-over from town gas to natural gas. In the Netherlands a considerable
number of street trees and shrubs has been injured by gas leakage which strongly
increased after this change-over. The causes of this were the increase in gas pressure
from 6.5 to 25 mbar, the desiccation of lead-oakum joints in the older cast iron mains
and the vibrations caused by the increasing traffic. The majority of the leaks are found
in town centres, because here the older gas mains with oakum joints are still present.
In these areas about 5 to 207/ of the tree population died from gas leakage in the last
four to five years. As a mean, 60 to 90% of the total mortality among street trees
has been caused by leakage of natural gas.

The aim of thisstudy was to investigate the processes in the soil near a natural-gas
leakage and to find the most efficient measures for control and prevention of injury
to urban vegetation.

Experiments were carried out on request of and in close cooperation with the
SIAB-Committee already mentioned, both at urban experimental sites and at a non-
urban experimental site, i.e. at an experimental field which was sealed with a plastic
sheeting to simulate the effect of a pavement and where an artificial gas leakage was
induced. The effect of the leakage on the soil gas phase composition was established
by measuring the concentration of methane, oxygen and carbon dioxide in the soil
gas phase. Several methods of detection of these gases are available, although not all
of them were equally convenient for the present purpose. The suitability of several
methods is discussed in chapter 2 and a description of the experimental sites is given
there.

Transport of gases in the soil gas phase is mainly governed by diffusion. Bulk flow
resulting from temperature gradients, changes in barometric pressure or wind may
usually be ignored under normal conditions. Near a gas leakage, however, bulk flow
constitutes a significant term in the transport of gases due to the outflow of natural
gas, especially at short distances from the leak. Furthermore biological processes
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may induce butk flow when the amount of gases consumed does not equal the amount
produced. This is particular true for the microbial process of methane oxidation near
a gas leakage. In chapter 3 the general aspects of gas transport in soil by diffusion
and bulk flow are discussed and some analytical solutions of the transport equation
are presented to calculate the oxygen concentration in soil under various kinds of
pavement and the oxygen concentration around a ventilation channel. For non-
steady state sitnations often numerical procedures have to be used. The application
of such procedures is discussed.

The oxidation-reduction status of the soil is closely related to the soil gas phase
composition. Under anaercbic conditions nitrates (NO3), iron (Fe®*), manganese
(Mn**) and sulfates (SO3~) can be reduced and these reduced compounds are more
or fess toxic for plant growth. Measurements of the redox potential may give infor-
mation on the oxidation-reduction status of the soil, but data should be inter-
preted with caution. Reduction and oxidation processes in soil are commeonly ac-
companied by a change in pH. In acid soils usually a rise in pH is observed during a
reductive stage, while in alkaline and calcarious soils often a decrease is found. Two
processes, viz. the fact that H*-ions are involved in the oxidation-reduction pro-
cesses and the fact that carbon dioxide has a distinct effect on pH at alkaline levels,
are responsible for these shifts in pH. Since oxidation-reduction processes are
likely to be of importance near a natural-gas leakage the general aspects of these
processes are also discussed in chapter 3.

The most important process near a leakage of natural gas is the microbial oxidation
of hydrocarbons present in the gas. In this oxidation process, mainly oxidation of
methane as 959, of the hydrocarbons in natural gas is methane, oxygen is consumed
while carbon dioxide is produced. The metabolic activity of the methane-oxidizing
microbes is influenced by the supply of both CH, and O,, the CQO,-level in the soit
gas phase, the temperature and the fertility status of the soil, At excess supply of
CH, and O, the metabolic activity of the microbes is independent of the CH, and
O.-concentration in the soil gas phase. High CO,-concentrations of 8 vol. %, were
found to stimulate the activity. The temperature dependence is strong, a raise from
13.5 °C to 20.5 °C raised the consumption of oxygen in the soil with a factor 4 to 5.
The most important effect of the fertility status was its influence on the duration
of the lag phase, i.e. the period following the start of gas leakage during which the
bacterial activity is still low. In dune sand soil this lag phase was found to last about
30 days, but it was absent when a nutrient solution was added to the soil.

Near a leakage of natural gas a number of different zones are to be distinguished
(fig. 10). The inner part of the gas zone, i.e. the zone where natural gas is present in
the soil gas phase, is anaerobic and accordingly it was termed the anaerobic zone.
In the outer part of the gas zone microbial oxidation of methane can cccur because
here both oxygen and methane are present. This zone was termed the methane oxida-
tion zone. Qutside the gas zone the oxygen transit zone is found, through which
oxygen is transported from the normal soil to the methane oxidation zone. The
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released natural gas flows approximately spherically from the leak. Near impervious
boundaries as the pavement and the groundwater table the flow is deflected and thus
at larger distances from the leak the flow becomes approximately cylindrical. The
coordinate system used for calculations of the concentration of gases around a leak
was chosen in the following way (fig. 14): at short distances a spherically symmetric
system was used, which converted via a transitional system, being a combination of a
cylindrically symmetric system and a hemispherical system, to a cylindrically sym-
metric system at larger distances from the leak, The distances at which transition
from one system to the following system takes place, depend on the distance between
leak and pavement and between leak and groundwater table. Simple analytic solutions
for the steady state were found to represent rather well the real situation around a
leak. With numerical solutions it appeared to be possible to calculate quite satis-
factorily the change in the soil gas phase composition after establishing of a gas leak-
age.

The distribution of gases around a leak was found to be typically flux-dominated,
i.e. except for the rate of leakage, factors affecting the flux, fike the soil moisture
content, the depth of the groundwater table and the extent and the nature of a pave-
ment, have a significant influence on the extent of the gas zone. Daily temperature
fluctuations and the soil fertility status, both factors which influence the microbial
activity in the soil, appeared to be of little concern. Only at very low temperatures
in winter the distribution pattern is markedly influenced and the anaerobic zone may
then disappear completely. Thus the probability of injury to vegetation is negligibly
small during the winter period, also in view of the low activity of plant roots in this
period.

In the anaerobic zone around the leak the redox potential was found to be very
low indicating the reductive conditions in this zone, so toxic, reduced, substances
may be present in this zone., During the two-year leakage at the experimental field
the pH in the anaerobic zone increased from 3.8 to 4.3 as a result of these reduction
processes. The details of the processes near a natural-gas leakage, the description
of the mathematical distribution model and the results of calculations and experi-
ments are discussed in chapter 4.

Chapter 5 deals with the processes in the soil following the repair of a leakage of
natural gas. With the disappearance of methane from the soil gas phase the methane-
oxidizing bacteria will become inactive and will finally die or sporulate. Due to
accumulation of organic substances, such as intermediates of the CH,-oxidation
process, excretes of bacteria and dead bacterial cells, the number of heterotrophic
microorganisms which decompose organic substances was found to increase after
repair of the leak. Furthermore oxygen is reintroduced into the anaerobic zone
causing shifts within the microbial population and oxidation of reduced substances.
The two processes, decomposition of organic substances and oxidation of reduced
compounds, require oxygen and explain the high rate of O,-consumption in a gassed
soil. This consumption rate decreases with time but even at optimum aeration con-
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ditions it may take one to two months until the O,-consumption rate of the gassed
soil reaches a level as low as that of the normal soil. This period was called the soil
recovery period. The amount of oxygen consumed in a gassed soil during this re-
covery period minus the amount consumed in a normal soil was defined as the oxygen
overdemand of the gassed soil, which is in a way comparable with the Biochemical
Oxygen Demand (BOD) of waste water. The actual rate of O,-consumption in a
gassed soil was related to the oxygen overdemand at that moment by a first order
equation, which was found to give rather satisfactory correlations with the measured
data, The oxygen overdemand depends on the amount and nature of the accumulated
organic and reduced anorganic substances, while the rate of oxidation depends on
the decomposability of the compounds and on the microbial activity in the soil. The
changes in the soil gas phase composition following the repair of a leakage of natural
gas are largely dependent on the rate of these oxidation processes and on the rate of
oxygen supply towards the former gas zone. The highest values of the oxygen over-
demand, which were usually accompanied by the lowest oxidation rate coefficients,
are likely to be found in the former methane oxidation zone, so the rate of the re-
covery process of a gassed soil is fairly certain to be limited in the methane oxidation
zone rather than in the anaerobic zone. At a number of urban experimental sites the
whole recovery process took some menths to even more than a year, which was
often due to inefficient measures or to the omitting of measures.

Leakage of natural gas in scil may affect plant growth directly or indirectly. Since
ethylene was found to be present in the gas in a concentration of 2 to 3 ppm a direct
effect is not unlikely, The gas injury to trees, however, has not pointed to ethylene
as the injurious agent. The injury proceeds slowly while the first symptoms are only
observed some time after establishing of anaerobic conditions in the soil. In contrast
the injury by town gas is ascribed to toxic compounds in the gas, ethylene being one
of them and in this case the injury usvally proceeds rather rapidly.

The indirect effect of natural gas leakage on urban vegetation is obvious, since the
soil gas phase composition near a leak is unfavourable for plant growth, Within the
gas zone the oxygen concentration is very low to zero, while the carbon dioxide con-
centration is high. Consequently root growth is stopped while root respiration and so
uptake of water and nutrients are reduced. Eventually the tree will die, unless oxygen
can be supplied to the roots from the asrial parts of the tree or from adventitious
roots. The formation of adventitious roots is supposed to be most important for
survival, but will hardly be of use for street trees because of the impermeability for
gas of the pavement. Therefore without countermeasures the possibility of survival
of a street tree near a gas leakage is slight, unless only a smaller part of the root zone
is affected, After repair of the leak poor aeration conditions may persist for several
months. Whether a tree will overcome the injury will depend on the degree of injury
and on the regeneration capability of the tree. These aspects of bad aeration condi-
tions and plant growth are discussed in chapter 6.
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For regeneration of injured trees and when replanting young trees at short notice
after leak repair, measures are to be taken to improve the soil aeration. Furthermore
measures are to be taken to protect trees in situations where leaks cannot be repaired
immediately after detection. The technical aspects and the effectiveness of the measures
in different situations are discussed in chapter 7. Apart from measures to improve
s0il aeration it should be mentioned that other action is to be taken to accelerate
the regeneration of injured trees, ¢.g. by pruning the tree and by adding nuirients
and water to stimulate formation of new roots.

Discussed measures to improve soil aeration are the installation of ventilation
channels and the use of an air compressor. Both measures are intended to supply
oxygen to the soil. Two types of ventilation channels are discussed (fig. 31), viz.
gravel-filled channels and open channels. Experiments both at urban experimental
sites and at the experimental field showed that the installation of gravel-filled channels
must be disadvised because the gas exchange between channel and atmosphere is
poor. Moreover the ventilation tile over the channel will often clog within two to
three months after installation. In open channels, on the other hand, the gas exchange
with the atmosphere is favourable due to air turbulences in the channel, while dust
and litter does not clog the ventilation tile but accumulates at the bottom of the
channel.

Even when the leak has not yet been repaired the installation of ventilation channels
in a row along the leaking gas main appeared to be very effective (fig. 36). Due to
escape and oxidation of the natural gas, the extent of the gas zone was strongly
reduced. It could be estimated that one channel may account for the disappearance
of 10 to 40 1 natural gas per hour. As was already mentioned the rate of soil recovery
following leak repair will depend on the amount of the substances accumulated in the
soil during gas leakage (being proportional to the oxygen overdemand of the gassed
soil) and their oxidation rate. Calculations as well as experiments showed, that the
oxygen concentration in a large part of the former gas zone can be raised to more
than 5 % within two weeks after leak repair when six ventilation channels are installed
(figs 38 and 39), even at rather high values of the oxygen overdemand.

Forcing air into the soil by means of a compressor has little or no effect, because
of its short duration. In most cases the amount of oxygen forced into the soil is
consumed within some hours to some days. In one case the air compressor may be of
use. Treatment with a compressor after installation of ventilation channels near a
leak is quite effective to avoid the possible formation of an explosive gas mixture in
the channels, which is hardly dangerous, however.

Preventive measures are to be taken at sites where gas leakages are to be expected
in the future and valuable trees can be threatened. Of course the gas company should
do all that is possible to improve the gas distribution system. Aside from these gas-
technical measures, such trees can be protected by the installation of four to five
ventilation channels in a row along the suspected gas main. For an effective restric-
tion and prevention of gas injury to street trees a good cooperation between gas
company and park department is a prerequisite. Urgency programmes for repair
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of leaks as well as for curative and preventive measures should preferably be drafted
in consult of both services. Also for the control measurements an intensive contact
is recommended, since only then the knowledge and skill of both services can be
used to solve the problem of leakage of natural gas.
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Samenvatting

De invloed van aardgaslekkage op bodem en beplantingen in stedelijke gebieden

Stedelijke beplantingen zijn vanuit meerdere gezichtspunten, zoals bijvoorbeeld
esthetische, klimatologische en recreatieve, belangrijk voor het stedelijke leefklimaat.
Sinds het leefmilieu meer in de belangstelling is gekomen, worden ook deze waarde-
volle functies van de stedelijke beplanting duidelijker onderkend. Toen, direct na de
overschakeling van stadsgas op aardgas, plotselinge sterfte onder de stedelijke be-
planting was geconstateerd heeft de Nederlandse Vereniging van Hoofden van Ge-
meentelijke Beplantingen dan ook in september 1967 de Studiecommissie Invloed
Aardgas op Beplantingen (STAB) geinstalleerd. Sinds de overschakeling van stadsgas
op aardgas is in Nederland een groot aantal straatbomen door aardgasiekkages ge-
sneuveld. De sterke toename van het aantal gaslekken was het gevolg van de verhoging
van de gasdruk van 6,5 naar 25 mbar, de uitdroging van loodstriktouwverbindingen
in de oudere gietijzeren leidingen en de trillingen tengevolge van het steeds toenemende
verkeer. Het merendeel van de gaslekken blijkt voor te komen in de oudere stads-
wijken, omdat vooral hier de oudere gasleidingen met de loodstriktouwverbindingen
voorkomen. In deze oudere stadswijken is in de laatste vier & vijf jaar ongeveer 52209,
van het straatboombestand uitgevallen tengevolge van aardgaslekkage. Gemiddeld
blijkt ongeveer 60 4 30% van alle bij straatbomen geconstateerde schade cen gevolg
te zijn van gaslekkage.

Het doel van dit onderzoek was na te gaan welke processen er plaatsvinden in de
bodem rond een gaslek en welke maatregelen het meest efficiént zouden zijn voor
bestrijding en voorkoming van schade aan stedelijke beplantingen.

De experimenten werden uitgevoerd op verzoek van en in nauwe samenwerking
met de reeds genoemde SIAB-commissie ¢n vonden plaats op proefobjecten in stede-
lijke gebieden en op een proefveld met een kunstmatig gaslek, waar de bodem werd
afgedekt met plastic folie om het effect van een wegdek na te bootsen. Het effect van
gaslekkage op de samenstelling van de bodemlucht werd vastgesteld via meting van
de concentraties van methaan, zuurstof en koolzuur in de gasfase in de bodem. Er
zijn verscheidene methoden bekend voor de detectie van deze gassen. Niet alle metho-
den zijn echter even goed bruikbaar voor het hier gestelde doel. Daarom is in hoofd-
stuk 2 de geschiktheid van de verschillende methoden besproken, terwijl in dit zelfde
hoofdstuk ock een beschrijving is gegeven van de proefobjecten.

Het transport van gassen in de bodemgasfase vindt voornamelijk plaats via diffusie.
Massastroming als gevolg van temperatuurgradidnten, van veranderingen in Iucht-
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druk of van wind is onder normale omstandigheden verwaarloosbaar. Bij gaslekkage
geeft de massastroming echter een belangrijke bijdrage aan het transport van gassen,
vooral op korte afstand van het lek. Ock biologische processen kunnen aanleiding
zijn tot massastroming als het verbruikte gasvolume niet gelijk is aan het geprodu-
ceerde gasvolume. Dit is met name het geval voor de microbiologische methaan-
oxidatie zoals die bij een gaslek optreedt. In hoofdstuk 3 zijn de algemene aspecten
van gastransport door diffusie en massastroming besproken, terwijl tevens enkele
analytische oplossingen van de transportvergelijking zijn gegeven, namelijk voor de
berekening van het zuurstofgehalte in de bodem onder verschillende typen wegdek
en voor de berekening van het zuurstofgehalte rond een ventilatiekanaal. Voor niet-
stationaire situaties moeten veelal numerische methoden worden gebruikt. De toe-
passing van dergelijke methoden is besproken.

De oxidatie-reductie toestand van de grond hangt ten nauwste samen met de samen-
stelling van de bodemgasfase, Onder anaerobe omstandigheden kunnen nitraten
(NO3), fjzer (Fe**), mangaan (Mn**) en sulfaten (SO;~) worden gereduceerd en
deze gereduceerde verbindingen zijn in meer of mindere mate giftig voor de planten-
groei. Metingen van de redoxpotentiaal kunnen enige informatie verschaffen over
de oxidatie-reductie toestand van de grond, hoewel de meetgegevens met voorzichtig-
heid moeten worden gehanteerd. De oxidatie en reductieprocessen in de bodem gaan
gewoonlijk gepaard met wijzigingen in de pH. In zure gronden wordt over het alge-
meen een pH-stijging waargenomen tijdens reductie, terwijl in dit geval in alkalische
en kalkhoudende gronden vaak een pH-daling wordt gevonden. Twee processen zijn
verantwoordelijk voor deze pH-verschuivingen, namelijk enerzijds de deelname van
H*-ionen in de oxidatie-reductic reacties en anderzijds de duidelijke invioed van
CO, op de pH bij hoger pH-waarden. Deze oxidatie-reductie processen zijn belangrijk
bij gaslekkage en daarom zijn enige algemene aspecten behandeld in hoofdstuk 3.

Het meest belangrijke proces bij een gaslek is de microbiologische oxidatie van
koolwaterstoffen. Aangezien de koolwaterstoffen in aardgas voor 959 bestaan uit
methaan is methaanoxidatie verreweg het belangrijkste. Bij dit oxidatieproces wordt
zuurstof verbruikt, terwiji koolzuur wordt geproduceerd. De metabolische activiteit
van methaanoxiderende microorganismen wordt beinvloed door de toevoer van CH,
en Q,, door de CO,-concentratie in de bodemgasfase, door de temperatuur en dooy
de voedingsomstandigheden in de grond. Bij een overmatige toevoer van CH, en O,
blijkt de activiteit van de microorganismen onafhankelijk te zijn van de CH,- en
O,-concentratie. Hoge CO,-concentraties van 8 vol. %, bleken de aktiviteit te stimu-
leren. De temperatuurafhankelijkheid is sterk: een temperatuursverhoging van 13,5
naar 20,5 °C deed de zuurstofconsumptie toememen met cen factor 4 4 5. De
voedingsomstandigheden in de grond bleken vooral invliced te hebben op de duur
van de ‘lag’ fase, dat is de periode direct na het ontstaan van een gaslek tijdens welke
de bacterie-activiteit nog gering is. In duinzandgrond bleek deze fase ongeveer 30
dagen te duren, maar na tocvoeging van een voedingsoplossing was zij geheel afwezig,

Rond een gaslek kunnen een aantal verschillende zones in de bodem worden onder-
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scheiden (fig. 10). Het binnenste deel van de gas zone, dit is de zone waar aardgas
aanwezig is in de bodemgasfase, is anaeroob en is daarom de anaerobe zone genoemd.
In het buitenste deel van de gas zone kan microbiologische oxidatie van methaan
plaatsvinden, omdat hier naast methaan ook zuurstof aanwezig is. Deze zone is de
methaanoxidatie zone genoemd. Buiten de gas zone bevindt zich de zuurstofdoorvoer
zone, zo genoemd omdat de zuurstof via deze zone wordt aangevoerd naar de methaan-
oxidatie zone vanuit de normale grond. Het aardgas stroomt ongeveer sferisch uit het
lek. Bij de ondoorlatende grenzen, zoals het wegdek en de grondwaterspiegel, wordt
de stroming afgebogen in horizontale richting, zodat op grote afstand van het lek
de stroming praktisch cilindrisch verloopt. Het coordinatensysteem voor de bereke-
ning van de concentraties van gassen rondom het lek werd als volgt gekozen (fig. 14):
op korte afstand van het lek werd een sferisch-symmetrisch systeem gebruikt dat
via een overgangssysteern, bestaande uit een cilindrisch-symmetrisch en een half-
sferisch systeem, op grotere afstand overging in een cilindrisch-symmetrisch sy-
steem. De afstanden waarop moet worden overgegaan van het ene systeem op het
volgende, worden bepaald door de afstand tussen het lek en het wegdek en door de
afstand tussen het lek en de grondwaterspiegel. Eenvoudige analytische oplossingen
voor de stationaire toestand bleken de werkelijke situatie rond een lek vrij goed weer
te geven. Met numerische oplossingen bleek het goed mogelijk om de veranderingen
in de bodemgasfase na het ontstaan van het gaslek te berekenen,

De distributie van gassen rond een lek bleek vooral bepaaid te worden door die
factoren die direct de flux beinvioeden, hetgeen betekent dat behalve de lekgrootte,
factoren als het vochtgehalte van de grond, de diepte van de grondwaterstand en de
aard en de uitgestrektheid van het wegdek, de uitbreiding van de gas zone bepalen.
De dagelijkse temperatuurschommelingen en de vruchtbaarheid van de grond, twee
factoren die de microbiologische activiteit in de grond beinvloeden, bleken slechts
van geringe betekenis te zijn. Alleen bij zeer lage temperaturen in de winter wordt het
distributiepatroon duidelijk beinvloed en de anaerobe zone kan dan geheel verdwijnen.
De kans op schade aan beplantingen is dan ook verwaarloosbaar klein in de winter,
mede gezien de geringe wortelactiviteit in dit jaargetijde.

In de anaerobe zone rond het lek bleek de redoxpotentiaal zeer iaag te zijn (— 0,154
—0,20 V), hetgeen wijst op reducerende omstandigheden en op de mogelijkheid van
vorming van giftige gereduceerde verbindingen in deze zone. Tijdens de twee jaar
durende gaslekkage op het proefveld nam de pH in de anaerobe zone toe van 3,8
tot 4,3 als gevolg van deze reductieprocessen. Nadere gegevens over de processen bij
gaslekkage, een beschrijving van het wiskundige distributiemodel en de resultaten
van berekeningen en experimenten zijn besproken in hoofdstuk 4.

Hoofdstuk 5 beschrijft de processen zoals die in de bodem optreden na de reparatie
van het gaslek. De verdwijning van methaan uit de bodemgasfase heeft tot gevolg dat
de methaanoxiderende bacterién inactief worden en uiteindelijk zullen afsterven of
overgaan in sporevorm. Het aantal heterotrofe organismen welke verantwoordelijk
zijn voor de afbraak van organische stoffen in de grond, bleek toe te nemen na de
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lekreparatie hetgeen wijst op de aanwezigheid van opgehoopt organisch materiaal
in de grond, zeer waarschijnlijk tussenprodukten van de CH,-oxidatie, uvitscheidings-
produkten van bacterign en dode bacteriecellen. Bovendien neemt het zuurstofgehalte
in de anaerobe zone weer toe na de lekreparatie en dit veroorzaakt hier verschuivingen
in de microbiologische populatic en oxidatie van gereduceerde verbindingen. Voor
beide processen, de afbraak van organische stoffen en de oxidatie van gereduceerde
verbindingen, is zuurstof nodig en dit verklaart het hoge zuurstofverbruik in een gas-
grond. Dit verbruik neemt af met de tijd maar zelfs als de aeratie van de grond opti-
maal is, duurt het nog een 4 twee maanden voordat het zuurstofverbruik van de gas-
grond gelijk geworden is aan het zuurstofverbruik van een normale grond. Deze
periode is de herstelperiode van de bodem genoemd. De totale hoeveelheid zuurstof
in de gasgrond verbruikt tijdens de herstelperiode verminderd met de hoeveclheid
zuurstof die in dezelfde tijd in een normale grond wordt verbruikt, is aangeduid als
de extra zuurstofbehoefte van de gasgrond, hetgeen enigszins vergeliikbaar is met de
‘Biochemical Oxygen Demand’ (BOD) van afvalwater. De werkelijke zuurstof-
consumptic in een gasgrond is afhankelijk gesteld van de extra zuurstofbehoefte op
dat moment en wel volgens een vergelijking van de eerste orde. Dit bleek redelijk
bevredigende correlaties op te leveren met de meetgegevens. De extra zuurstof-
behoefte van een gasgrond hangt af van de hoeveelheid en de aard van de opgehoopte
organische en gereduceerde stoffen, terwijl de oxidatiesnelheid athangt van de stabili-
teit van de verbindingen en van de microbiologische activiteit in de grond. De ver-
anderingen in de samenstelling van de bodemgasfase na de lekreparatie worden
grotendeels bepaald door de snelheid waarmee de oxidatieprocessen zich voltrekken
en door de snelheid waarmee zuurstof kan worden aangevoerd in de oorspronkelijke
gas zone. De hoogste waarden voor de extra zuurstofbehoefte, die gewoonlijk samen
bleken te gaan met de laagste oxidatiesnelheidscoéfficiénten, treden zeer waarschijnlijk
op in de oorspronkelijke methaanoxidatie zone. Dit betekent dat de snelheid van het
herstelproces van een gasgrond veeleer gelimiteerd zou worden in de methaan-
oxidatie zone dan in de anaerobe zone. Op een aantal proefplekken in stedelijke ge-
bieden bleck het gehele herstelproces enkele maanden tot zelfs meer dan een jaar te
duren. Dit was echter in veel gevallen het gevolg van inefficiénte maatregelen of van
het geheel achterwege blijven van maatregelen.

Aardgaslekkage in de bodem zou de plantegroei op twee manieren kunnen bein-
vloeden, namelijk direct dan wel indirect. Sinds kort is bekend geworden dat aardgas,
waarin tot dan toe geen giftige verbindingen waren aangetoond, het giftige ethyleen
bevat in een concentratie van 2 & 3 delen per miljcen. De gasschade aan straatbomen
wijst echter niet op ethyleenschade. Zjj voltrekt zich langzaam, terwijl de eerste symp-
tomen pas worden waargenomen enige tijd na het optreden van een anaerobe situatie
in de bodem. Daarentegen voltrekt de schade bij stadsgaslekkage, waarbij ethyleen
een van de giftige verbindingen in het gas is, zich over het algemeen tamelijk snel.

Het indirecte eifect van aardgaslekkage op stedelijke beplantingen is voor de hand
liggend, gezien de zeer ongunstige samenstelling van de bodemgasfase. In de gas zone
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is het zuurstofgehalte zeer laag tot nihil, terwijl het koolzuurgehalte hoog is, met
gevolg dat de wortelgroei ophoudt en de wortelademhaling en daarmee de opname
van water en voedingszouten wordt geremd. Uiteindelijk zal de boom dood gaan,
tenzij de wortels zuurstof aangevoerd krijgen vanuit de bovengrondse delen van de
boom of vanuit adventiefwortels. De vorming van adventiefwortels wordt zeer be-
langrijk geacht voor de overleving, maar een straatboom is nauwelijks in staat van
deze wortels gebruik te maken gezien de aanwezigheid van cen wegdek. De over-
levingskans van een straatboom bij een gaslek is daarom klein, tenzij slechts een klein
gedeelte van het wortelstelsel wordt beinvloed door de gaslekkage. Na de reparatie
van het lek houden de ongunstige aeratie-omstandigheden nog gedurende verschei-
dene maanden aan. Of een boom de schade te boven zal komen zal afhangen van de
omvang van de schade en van de regeneratiecapaciteit van de boom. Enkele algemene
aspecten van plantegroei in verband met slechte aeratie-omstandigheden zijn be-
handeld in hoofdstuk 6, waaruit enkele conclusies zijn afgeleid ten aanzien van de
aardgasschade.

Voor regeneratie van beschadigde bomen en ook voor herinplant van jonge bomen
op korte termijn is het noodzakelijk dat maatregelen getroffen worden om de bodem-
aeratie te verbeteren. In vele gevallen blijken de gaslekken niet onmiddetlijk na de
opsporing te kunnen worden gerepareerd. In dergeliike gevallen zullen dus maat-
regelen nodig zijn om de bomen te beschermen, De technische aspecten en de effec-
tiviteit van een aantal maatregelen zijn besproken in hoofdstuk 7. Naast maatregelen
ter verbetering van de bodemaeratie dient nog te worden vermeld dat er ook teelt-
kundige maatregelen genomen moeten worden om de regeneratie van beschadigde
bomen zo veel mogelijk te versnellen, zoals bijvoorbeeld door het snoeien van de
boom en door toevoeging van voedingsstoffen en water om de vorming van nieuwe
wortels te bevorderen.

De maatregelen die hier zijn besproken, betreffen de aanleg van ventilatickanalen
en de toepassing van een luchtcompressor. Beide maatregelen beogen een verhoging
van het zuurstofgehalte in de grond. Twee typen veutilatiekanalen zijn beproefd
(fig. 31), namelijk grindgevulde kanalen en open kanalen. Experimenten op proef-
plekken in de stad en ook op het proefveld hebben aangetoond dat de aanleg van
grindkanalen moet worden afgeraden wegens de gebrekkige gasvitwisseling tussen
het kanaal en de atmosfeer. Bovendien blijkt de ventilatietegel die het kanaal afdekt
vaak binnen twee of drie maanden na de aanleg te zijn verstopt. In open kanalen
daarentegen is de gasuitwisseling met de atmosfeer gunstig dankzij luchtwervelingen
in het kanaal, terwijl verder stof en bladafval de ventilatietegel hier niet verstoppen
omdat ze op de bodem van het kanaal terecht komen.

Zelfs als het gaslek nog niet is gerepareerd blijkt de installatie van ventilatiekanalen
in een rij langs de lekkende gasleiding zeer effectief te zijn (fig. 36). Dankzij het ont-
snappen en de oxidatie van het gas neemt de omvang van de gas zone sterk af. Uit
schattingen kan worden afgeleid dat 1 ventilatiekanaal goed is voor de verdwijning
van 10 tot 40 | aardgas per uur,
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Zoals reeds gezegd is de snelheid van het herstel van de bodem na de lekreparatie
afhankelijk van de hoeveelheid stoffen opgehoopt tijdens de gaslekkage (en dus van
de extra zuurstofbehoefte van de gasgrond) en van de oxidatiesnelheid van deze
stoffen. Zowel de berekeningen als de experimenten toonden aan dat de zuurstof-
concentratie in een groot deel van de wortelzone binnen twee weken kan stijgen tot
boven 5% als er een zestal ventilatickanalen is aangelegd rond de boom (fig. 38 en 39),
zelfs wanneer de extra zuurstofbehoefte van de gasgrond tamelijk hoog is.

De toepassing van een luchtcompressor heeft weinig of geen zin vanwege het kort-
durende effect. In de meeste gevallen is reeds binnen enkele uren tot enkele dagen
de toegediende zuurstof weer volledig verbruikt (fig. 40). In één geval kan de com-
pressor van nut zijn. Onmiddellijk na de aanleg van ventilatickanalen bij een open lek
blijkt een eenmalige compressorbehandeling zeer effectief te zijn om de, overigens
nauwelijks gevaarlijke, vorming van explosicve gasmengsels in de ventilatickanalen
te voorkomen.

Preventieve maatregelen dienen te worden genomen op die plaatsen waar in de
toekomst gaslekken kunnen worden verwacht en waar waardevolle straatbomen wor-
den bedreigd. Vanzelfsprekend behoort het gasbedriif al het mogelijke te doen ter
verbetering van het distributienet. Behalve door deze gastechnische maatregelen kan
de boom worden beschermd door de aanleg van vier of vijf ventilatickanalen in cen
rij langs de gasleiding.

Teneinde een effectieve bestrijding en voorkoming van aardgasschade aan beplan-
tingen te verwezenlijken is een goede samenwerking tussen gasbedrijf en plantsoenen-
dienst cen eerste vereiste. Urgentieprogramma’s zowel voor de reparatie van lekken als
voor curatieve en preventicve maatregelen dienen bij voorkeur te worden opgesteld
in overleg tussen beide diensten. Qok voor de uit te voeren metingen is ¢en intensief
contact aan te bevelen, omdat dit de enige manier is om zo efficient mogelijk gebrnik
te maken van de kennis en ervaring van beide diensten bij het oplossen van problemen
samenhangende met aardgaslekkage.
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List of used symbols

The subscript m refers to the gas component m, which in this paper is either CH,,
0O, or CO,. When only one of these gases is meant, its chemical formula is used as
subscript. When it is clear from the text which component is meant this subscript is
omitted.

Symbol Interpretation Units
A, rate of production in weight units per cm?® soil mg-cm™3-s7!
A rate of production per cm?® root tissue mg-em~3 .57t
B number of bacteria per cm® soil
c, concentration in soil gas phase (volume per volume) cm?®-cm™?
Cra concentration in atmosphere cm® - cm ™3
Crg concentration in natural gas cm® - cm™?
Cre. concentration at distance r, cm?®-em™3
Coo concentration in ventilation channel cm? - em™3
D, diffusion coefficient in soil cm?- st
D, diffusion coefficient in air cm? g1
D, diffusion coefficient in the water-saturated zone around
the root cm?-s~!
Do diffusion coefficient in the root tissue cm?-s"*
Do diffusion coefficient in soil at temperature T, and
pressure po cm?-s~?
D,, diffusion coefficient in pavernent cm? - 871
D, diffusion coefficient in water cm?-s7!
E, redox potential A’
E, redox potential at 25 °C v
F, weight flux per cm? soil mg-cm~2.g7!
H, weight of gas per cm? soil mg-cm™3
K permeability of soil for gases
(K =1.013x 10° K,/n) cm?-atm~!-s™!
K, intrinsic permeability of soil for gases cm?
L distance where flux equals zero (i.e. VC,, = 0) cm
M, molecular weight g-mol™!
P oxygen overdemand of gassed soil per cm? soil cm? - em™3
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oxygen demand of compound { contributing to the
oxygen overdemand of the soil

oxygen overdemand at t = 0

transported volume of soil gas phase

constant value of Q in the anaerobic zone
constant value of Q in the oxygen transit zone
rate of gas leakage

transported volume of gas component m
constant value of ,, in the anaerobic zone
constant value of @, in the oxygen transit zone
arca through which flow passes

area of flow at distance »

temperature

depth of groundwater below soil or road surface
depth of leaking gas main below soii or road surface
thickness of pavement

depth of ventilation channel below ventilation tile
volume flux per cm? of soil

superscripts to C,, and f,,, and subscripts to v, P and «

used in numerical calculations to refer to a location
(i, /) and a time (k)

subscript referring to gas component m in a gas mixture

gas pressure

atmospheric pressure (= 1 atm = 760 mm Hg = 1.013

bar)

radial distance in cylindrical and spherical coordinate

systems

inner and outer radius of methane oxidation zone
radial distance of boundary between oxygen transit
zone and normal soil

radius of root plus water-saturated zone

radius of root

inner radius of ventilation channel

distance interval in numerical calculations

time .
time required for growth of bacterial population to
maximum density

time interval in numerical calculations

apparent flow velocity of the gas phase in the soil, i.e.
the volume of gas passing through I cm? soil per unit

time
distances in Cartesian coordinate systems

cm?® -
cm? -
cm? -
cm? -
cm? -
cm? -

w

cme .
cm” -

cm
cm
‘K

cm
cm
<m
<m

cm” e

atm

atm

cm

cm

cm
cm

cm

cm

WON W W W W
.




Ax, Ay
z

%
ot{ Tos #1}

O
B

oo

b

Pmi
pmly

Pom

distance intervals in numerical calculations
depth below soil or road surface

rate of production in gassed soils in volume units per
cm? soil

rate of production at temperature T, and time #;

rate of production under normal soil conditions

loss in gas volume due to biological processes per cm?.
soil per unit time

gas-filled pore space per cm? soil

arga fraction of the road surface which is non-sealed
viscosity of a gas '
growth rate coefficient of bacterial population

energy of activation

concentration in soil gas phase (weight per volume)
concentration in root

concentration in liquid phase at the liquid-gas
interface

density of gas component m (used as conversion factor:
Pm = pomcm Fm = pamfm = pomam)

oxidation rate coefficient of oxidizab]e substances in a
gassed soil

differential operator; when applied to a scalar as C,,
it is the gradient of C,(VC,), when applied to a vector
as p it is the divergence of o (V + v)

cm
cm
cm®-cm™3-
cem®-cm™3 -
cm®-cm™? -
em? - em™3
cm?® - ¢m™3
cm? - cm ™2
dyne - cm
s

J-mol~
mg-cm™3
mg-cm™?
mg - em ™3
mg-cm™3
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Appendix I

Computer program for steady state distribution of gases around a leak
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Appendix I1

Computer program for non-steady state distribution of gases around a leak

PROBAAN LEMK 1
CUesssoSan0IL SAT PHASE COWPOBITION MEAR & LEAK (MON=STEADY IJTATE)Sseeeasss
DEREHRION AT148) ¢ G100 e SURFACE (1A0) e CONTENT LSRN+ ENtLGIoRI 4

& COCIMTI e OF
Ta OF LEAKME RATE (FLE), CHACOMSUNSTIgN ANTE 4T Bs DEGMEES COLAI
wlmu TCWPERATURE IW DEANINS CELIIUS (TEWP}
.

e
TLOMS FOR PRINTING OF RCRULTS

OTPRAIK TS, 30-
CossTING RESUIRED FOR DEVELOPHENT OF BACTERTAL. FOPULATION

DEVR=L80.
CUEBASF ILLED PORE SPACE
ConsOITRURToN COEPPICIDNIS TN LIR theCas Dmdze CoCOT)

CHESCHE () D €0] IC) —COMCERTARTION IN WaTUfAL sa%
CHAASe 1 .0

OIS0 489
t‘"ﬂ%?‘lﬂl SETUREN ConflntT | THRus (P10 PRecOz/Cm)
|

*2et.
CHUDERTH OF LEAK [DLEAKS AND SADUMDYATEN (DS
BLEAKnSS .

TRV Iee.
£a0nh [ STANCES LOL ﬂ:l OF TRANSFORNATION OF WOOELS
DLERSTIRE ~DLE.
DL =00 EAK
M';'l*l“ W'ICI:H"N 1IN $OUL TNSEHAORORs £otdp)
DFOM sﬂm-a'umnwnul 13
D'rmvmm
(104 ORMECO
DIFCaDF OMrebC
PRINT ®d, SLEAX, DaRu, TRHR

gnaonnm“"‘_

Pred, j4l8
MI;": STEP (0K} aMD° THE MUNBER OF LATERS M)

e

MuRIST AR 0e1

ITUS OF THE VOLUME SOURCE OF LEAKING GaS

LI T2
FLOW TEMM ¢@1(})

BEL

CHHFONCTIONS FOR CALCULATION OF SURFACE AND LOmTENT

4 1o

IRLT1 0Tt} 80 ﬂ> u

IF_IN$114T.08) 80 TO
ICAL STNSETAY

SUNFACE (T nt b5t ([} un]

CONTERT (1) o t4nr hetoF 1o tRE11 83-R1T= LI 9932

0 10 20

COsSNIALD SYMMETAY
8 WURFACECII ST, 9929 [T} #4203, 0PLHR(I) SOLARY
CONTENT (R 0EZ, /3 oPI* (1] ) *=3-R{I=L} 233 o1 PERI LI =2 Z-R (] =]} PE2)

#0 Yo 3
" ll‘ Il‘"-l'l’-wl tsd
BURFALE (Lrwd oeTon{1) #(R1]) sLEAK]
eﬂlllﬂllll-leol'ﬂ'lllﬂ"!-lll-lI"!I#I'lllll"l-ﬂll-n"ll

lItll’\'
16 SURFLACK | L=, »PToA L] ) Spanw
wﬂmltn-ﬂ-lumuﬁu-u"!uﬂ
COSAINITIAL CONCENTRATIONS N SOIL (W=Cuse Owizy Ce{OR)
3 CHIL+1)moiTn
CUele | toch]n
€CLIyLinCCIn
40 COMY It
ENtHa 1)) aCNIN
COHeLedinCOIN
CCIN 10 1)MERIN
mnlﬁl OF yINE STER

M-rrrll 01410
DTeOTMUINTANE
Tug,
¢
CHLSRTaRagYNANIC JECT
¢
45 TaT«DT
CHHCALCULATIG OF CHA-COMSUMPTION RATE (CsmadT)
l tl.u-ﬂm l-tl’ll-lll?'"-mnll
“ll =l

I'l ?I
mn‘r-muuuu:ntrrm.- 117893, 1o/ TR} OR

tWII_ITI“ OF COMCENTRATIONS (CMe COs CC] FROM LWFLON [RFLTWEs GUTFLOW
CONPIPT] L -

m‘lm“ :i.ﬂ. ON/RODUCTIEN RATE (CONI/PRODI |MaCHA, Q=024
1 IB-I-! RILISQ(I=4)
¥ # To 4§

L INGey,
APLINCASLEAKSCTEAS

1] :lelmuﬂ!i-l-ll-ﬂlivllI‘ﬁ'm(ll-llIﬂlﬂll'l)'lthll-lnll

I.ml"l'(ﬂll-llll'ﬂllo THHURFACE (I }/DReQ(I=1) S LEBLE=1+1)

-‘I..E“ .-u}v' ! u.:u-m|-ncuom-mmu-um-n:|-n-teeu-lm
tl‘"m ’:; ";;: lll’ﬂll'lll’..ﬂ.la(llm'"'tﬁtlt‘"
COL] rLY=COLE*1 02 ) SRUAPACE L] ) /DAA LLI G0 (La])

Ncﬂ!-ll-tul'l 1) SRR ACE (1) AR L [ R iC L)
<t 'Illll

mmum '
(APL IND=RFLOUTO] /CONTENT LI
RAC= (AFLTNC =R OUTE) ACONTENT LI
PRGNS i lm}nulnl

PAOOn (ROOSDToPORSCH( K411 1 /8T

¥ .ﬂ:uumu CONIMSCIMART
ir |mm.ohm- COMSHAPASN
CoNSOnr)

PaGgcardectnn
[ .gn-uu.;mmﬂnnu
COLTrI=EN 1 [211  INGG=C

ﬁi J)'ﬁclhilll i-llm“'fl’ﬂ

ll-l"ll)ll
“lﬂ-“lld!-tﬂﬁl-lh*lhﬂ oCOnio

4y
IF ATy 'ITI;) TP
17 ST.EELTPRINT) TERINTSTRAINT+DTPRINT
0 TO 45 .

4% FORMAT{//ZR4LINETTE OF LEAK SR iFRdudh CHIAL X TONOESTH OF SAOUND
GYATER: F0a0e IW /2Ny | JHTERGRRATURR , 91, Fil. 4 80 omrnhmlﬂm.
2%+ L HHOIST) Mﬂlﬂhll-lmm K2 THOR=CONE 3 2K+ SHCOFoCOME v F ¢ Y TH

| 1

AMLACME} /|

SAP-COMA TIL/CHI !
100 mm'r Ill-".!-hl-!lah.l-rlqSullf'hiollcn-hllﬂﬁl.l-"-ﬂ

119



http://CONSN.tT.PRtM
http://CCU-l.H-CCU-l.2t

Appendix III

Computer program for non-steady state distribution of oxygen around ventilation channels after leak repa
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