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A TECHNIQUE FOR SAMPLING SOIL AIR : SOME RESULTS
AND METHODOLOGICAL IMPLICATIONS

J.Crowther

Abstract

This paper describes a diffusion well method for sampling soil air which has proved
satisfactory for repetitive carbon dioxide measurements over a one year period in some karst
soils of West Malaysia. Results from a tower karst footslope soil demonstrate that carbon
dioxide concentrations increase with depth and exhibit a close positive correlation with the
total amount of rainfall in periods of 1-32 or 1-64 days before sampling. Evidence is
discussed which suggests that: (1) air with markedly different carbon dioxide concentrations may
be obtained from a given soil using different methods of sample extraction, and (2) air
extracted by existing sampling techniques is atypical of that present in the near-saturated
zone which develops at the base of soil profiles at times of substantial groundwater recharge.

The importance of soil carbon dioxide in the chemical weathering of limestones
is well-established. The present paper describes a technique for sampling soil
air which has been used successfully in a long-term investigation of carbon
dioxide in some tropical Karst soils in West Malaysia. Important methodological
implications which emerge from the results are considered. In particular,
attention focuses on the possibility that different results might be obtained
at a given site using different methods of air extraction and on the relation-
ship between measured carbon dioxide concentrations and the actual solutional
potential of soil waters.

EXISTING METHODS

Bunting and Campbell (1975), Grable (1966) and Macfadyen (1970) outline some
of the difficulties associated with soil air sampling. Samples of several ml,
suitable for gas chromatographic analysis, can be obtained directly from soil
pores using a metal capillary probe and a small glass syringe (Pritchard and
Brown, 1979; Wong, 1974). Volumes of up to 40 ml, needed for analysis using
a Lloyd type gas analyser (Lloyd, 1958), are usually obtained by installing
either diffusion wells (Boynton and Compton, 1944; Burford, 1973; Cooper,
1975; Vine, et al., 1943; Yamaguchi et al., 1962) or carbon dioxide permeable
collection vessels (Harley and Brierley, 1953; Macfadyen, 1970; Martin and
Pigott, 1965; Nicholson and Nicholson, 1969) in the soil. In the first method
samples are extracted by syringe and the soil remains undisturbed once the well
has been installed. The second method is less satisfactory for repetitive
measurements at a single site since some disturbance is inevitable during
sampling. A mechanical pump is normally required to extract the larger samples
of over 100 ml needed in the Draeger (Miotke, 1974) and Orsat methods of
analysis (Jakucs, 1977).

PRESENT METHOD

The equipment used in the present study (Fig. 1) was designed to provide
samples of 30 to 40 ml for replicate analysis using a Lloyd-Gallenkamp gas
analyser. The diffusion well, which is inserted into an auger hole in the soil,
comprises thick-walled steel pipe, 34 mm internal diameter and of a length equal
to the sampling depth. The pipe is open at the bottom to allow free entry of
soil air, and an access tube (6 mm o.d.) passes through a metal plate which is
welded at the top. Throughout the sampling system air-flow is controlled by
Hoffman clips attached to flexible PVC tubing of 6 mm bore. One such valve is
pushed firmly onto the access tube, forming an air-tight seal. Because the
area of PVC tubing exposed below the clip is small and a carbon dioxide
diffusion through such tubing is 1likely to be slow, errors arising from this
source are considered to be negligible. However, in field trials in West
Malaysia the PVC proved to be extremely vulnerable to termite attack.

Plasticine moulded around the tubing was a satisfactory deterrent.

A large and robust syringe was required to extract the required volume of
air, particularly from wetter and denser soils. The outer casing, constructed
of clear perspex, allows immediate detection of defects in the piston.
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The latter is made from aluminium with a rubber seal, and the rod is of light-
weight aluminium tube. The sample intake assembly comprises a glass tube
connected to the base of a polypropylene y-shaped adaptor (6 mm o.d.) by means
of a short length of PVC tubing. One arm of the adaptor leads to the diffusion
well and the second to the storage bladder. In order to make the intake
assembly more resilient to knocks, it is mounted in a rubber bung. The internal
walls of the syringe and the joint between the bung and the perspex case are
lightly coated with silicone grease to maintain air-tight seals.

Marked changes in gaseous composition can occur during the storage of soil
air samples (Bunting and Campbell, 1975; de Jong and Schappert, 1972;
Macfadyen, 1970). In tests on a wide range of storage vessels, rubber football
bladders were among the least permeakle to carbon dioxide and proved particularly
suitable for field use. Throughout the study samples were taken between 13.00
and 14.00 hrs and were transported to the laboratory in a well-ventilated
position in the rear of the field vehicle. The rate of carbon dioxide loss
under these conditions was determined experimentally. When expressed as:

Amount of CO, lost in 1 hr

x 100
Initial concentration of CO2
the values for the 15 sampling bladders used in the study ranged between 1.6 and
2.3, A typical diffusion curve is shown in Fig. 2. Such curves were used to
estimate carbon dioxide loss during storage, which never exceeded 4 hrs. There
was no significant change in the permeability of the bladders over the one year
study period.

SOME RESULTS FROM KARST OUTCROPS IN WEST MALAYSIA

Temporal variations in carbon dioxide in a tower karst footslope soil, Kinta
Valley, Perak.

The study site is located on a forested colluvial (or alluvial?) footslope
of G. Tempurong (Crowther, 1982). The soil is neutral to slightly acidic in
reaction and has a clay to sandy clay texture. It has moderately developed,
subangular blocky peds in the surface horlzons (bulk density, 1.06 g/cm ), but
is more massive at depth (b.d., 1.65 g/cm3). Carbon dioxide concentrations at
15, 30 .and 60 cm, and soil moisture at 15 cm, were determined at approximately
6-week intervals over a one year period.

The carbon dioxide and soil moisture data are summarised in Table 1.

Table 1 Carbon dioxide and moisture levels (expressed as % by volume) in a
footslope soil, G. Tempurong.

MEAN MINIMUM MAXTIMUM STANDARD DEVIATION
Carbon dioxide
15 cm 0.65 0.38 0.96 0.21
30 cm 0.94 071 1«36 0.26
60 cm 1.94 1.03 3:67 0.98
Moisture
15 cm 25w 19.4 30.8 4.55

The increase in mean carbon dioxide levels with depth suggests that gaseous
diffusion, the principal mechanism of soil aeration (Grable, 1966; Stolzy, 1972),
is sufficiently impeded from the deeper soil horizons by the long flow paths to
the surface that carbon dioxidebuilds up to concentrations in excess of those

in the uppermost horizons, where rates of biogenic carbon dioxide production are
usually higher. Marked fluctuations in carbon dioxide were observed at each
depth over the study period, the range at 60 cm, for example, being from 1.03

to 3.67 per cent. From the standard deviations it can be shown that the number
of samples required to estimate the mean carbon dioxide content to within

10 per cent at the 0.05 probability level ranges from 29 at 30 cm to 98 at

60 cm. Correlation coefficients were calculated for the relationships between
soil carbon dioxide (and soil moisture) and rainfall totals during a wide

range of pre-set antecedent periods, using the method outlined by Pitty (1966)
for the investigation of karst waters. For each sampling depth the closest
correlation is with an antecedent period, such as 1-2 or 1-64 days, which begins
on the day of sampling, rather than with periods such as 16-31 days where there
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is a lagged response. The results obtained are summarised in Figs. 3 and 4.

In each case the peak correlation coefficient is statistically significant

(P <0.05). Soil moisture at 15 cm correlates most closely with rainfall in the
antecedent period 1-8 days. This suggests that on average rainwater from most
storms is retained by the soil for about 8 days in amounts which are sufficient
to affect significantly the moisture level at 15 cm. In contrast, fluctuations
in carbon dioxide are most strongly related to rainfall amounts during antecedent
periods of 1-32 or 1-64 days. It is well-established that where a soil has
adequate aeration the number of micro-organisms and, hence, rates of soil
respiration vary directly with soil moisture (Campbell and Biederbeck, 1976;
Shameemulla et al, 1971). The present results suggest that there are periodic
oscillations in the microbial population of the footslope soil in response to
long spells of wet or dry weather.

Comparison of measured carbon dioxide concentrations and the calcium hardness of
shallow subsurface flow in the Setul Boundary Range, Perlis.

The site is located on a forested,35  hillslope at the south-eastern corner
of Wang Tangga, a large enclosed depression in the Setul Boundary Range. The
soil is a slightlg acid clay, with a well developed crumb structure (bulk density,
0.72 to 0.91 g/cm>). At 60 cm, which is typical of the depth of the thicker
soils in the area, the carbon dioxide concentration averaged 0.78 per cent, with
a 0.53 to 1.21 per cent range over the one year period. Nearby, a combination
of natural collapse, caused by gully erosion during storm runoff, and the
activities of local tin prospectors have exposeda section of the soil and upper
part of the bedrock. The exposure yields considerable volumes of water during
wetter periods or after particularly heavy downpours. The precise position of
the soil-rock interface cannot be determined with certainty because the surface
is thickly mantled by secondary deposits. It seems likely, however, that the
majority of seepages correspond with flow lines at the base of the soil in the
upper, most weathered layer of bedrock. 92 water samples were analysed from a
total of 16 seepage points. The results are summarised in Table 2.

Table 2 Hardness properties (expressed as ppm CaCO3) of shallow-depth
subsurface waters in Wang Tangga.

MEAN MINIMUM® MAXTMUM STANDARD
DEVIATION
Total hardness 341 .9 263.6 395.9 38.6
Calcium hardness 280.8 211 .10 326.0 31 .1
Magnesium hardness 6l.1 49.6 80.2 10:2
Alkaline hardness 340.7 263.3 395.3 37+7
Non-alkaline hardness 1.2 0.0 5.9 2.24

*Based on means of 3 to 8 samples from each of 16 seepage points.

All the waters are supersaturated with respect to calcite (Crowther, 1980).
While pH may change considerably in response to a fall in the partial pressure
of carbon dioxide as the waters seep towards the exposed face and emerge at the
surface, changes in total hardness are thought to be small. This is confirmed
by the fact that no detectable decrease in hardness was found in water which had
flowed as a thin surface film for a distance of 1.5 m from a seepage point.

It is assumed, therefore, that the observed hardness values provide a reliable
estimate of the solutional potential of soil waters at this site.

The relationship between the calcium content of saturated calcite solutions
and the partial pressure of carbon dioxide in the pure CaCO,-CO,-H,0 system is
well established (Picknett, 1973). A curve for this relationship at 25°C (cf.
mean seepage temperature of 24.4°C) may be constructed from the data presented
by Picknett (1973, Table 5, p.72). From this the concentration of carbon
dioxide corresponding with a mean calcium hardness of 280.8 ppm is approximately
2.6 per cent, which is more than three times greater than the measured mean
value of 0.78 per cent at 60 cm. Whilst the former figure must be regarded with
some caution because of the complex nature of natural karst waters (see, for
example, review by Picknett et al, 1976), especially in this case the presence
of magnesium ions, it is unlikely that errors from this source can account
completely for a difference of this magnitude. Furthermore, the ephemeral
flow of seepages and their topographic setting suggest the waters have a very
shallow subsurface origin. Consequently, the carbon dioxide rich *'ground air’

50



0-84
Moisture, 15cm
T 061
. )
)
L 044
°
o .
v
o 024
o
'o‘ 4
]
X
(]
=024 CO,, 30 cm
COo,, 60cm
-0-4- 2?
T T T T T T T T 1
1 12 14 18 116 1-32 1-64 128 1-256
Antecedent period (days)
Figure 3. Correlation coefficients (r) for the relationship between
soil carbon dioxide (and moisture) and rainfall amounts
during selected antecedent periods in a tower karst footslope
soil.
35+ Moisture, 15cm 117 CO,, 15 cm
1 °
.
30 094
o L]
€ i
3
o
> 25+ 07 -
by
o
- ] -
3
204 054 /
¥ =1866+0111x | LI ¥=0-433+(896x10) X
15 T T T T T T T T T 1 03 T T T T T T T T 1
0 20 40 60 80 100 o] 100 200 300 400 500
Antecedent rainfall, -8 DAYS (mm) Antecedent rainfall, 1-32 DAYS (mm)
145 CO,, 30 cm 40, CO,, 60 cm
L]
- <
1:2-
o
E
E
°
>
104
P
o
081 °
] . Y= 0:319+(131x10)x ) Y=1262+ (31010 )X
06 — 1 T o . T T - T —— \
200 300 400 500 600 700 800 o 100 200 300 400 500

Antecedent rainfall, 1-64 DAYS (mm) Antecedent rainfall, 1-32 DAYS (mm)

Figure 4. Measured soil carbon dioxide and moisture levels shown in

relation to the rainfall amounts in the antecedent periods
with which they exhibit the strongest positive correlation.

53



effect, postulated by Atkinson (1977) to explain the discrepancy between
measured soil carbon dioxide concentrations and the hardness of seepage waters
in the Mendip Hills, is not thought to be operative. Thus, it is concluded that
the soil air sampled by the present method of extraction is unrepresentative of
the air with which soil waters come into equilibrium during periods of ground-
water recharge.

IMPLICATIONS FOR SOIL AIR SAMPLING IN LIMESTONE SOLUTION STUDIES

Use of different methods of soil air sampling.

Since the presence of water reduces the volume of air-filled pore space in a
soil, thereby impeding diffusion, it may be anticipated that carbon dioxide
levels will increase after storms. The absence of a significant positive
correlation in the tower karst footslope soil between carbon. dioxide and rainfall
amounts during antecedent periods shorter than 1-8 days may simply be caused by
the dominant effect of longer-term fluctuations in microbial activity as outlined
above. Additionally, however, it might reflect the soil air sampling technique
adopted. The diffusion wells have a cross-sectional area of only 9.1 cm?2, whereas
the internal volumes of the 15, 30 and 60 cm wells are approximately 135, 270 and
540 cm”, respectively. As a consequence, changes in the gaseous composition of a
diffusion well will take place very slowly compared with those of the air-filled
pore spaces in the soil. Thus, while carbon dioxide levels in the soil pores may
fluctuate considerably from day to day or from hour to hour, the present sampling
method and, presumably, others which utilize diffusion wells or carbon dioxide
permeable collection devices are relatively insensitive to such changes. It is
postulated, therefore, that techniques of air extraction which rely on gaseous
diffusion have a low degree of resolution with respect to temporal variations in
soil carbon dioxide and that short-term fluctuations can only be reliably
monitored using those methods which permit direct extraction of air from soil
pores. An important corollary of this is that samples with different carbon
dioxide concentrations might be obtained from a given site using different
extraction methods.

Relationship between measured carbon dioxide levels and the actual solutional
potential of aquifer recharge waters.
Where a soil cover is present groundwater recharge can only take place when

the water-holding capacity of the soil is exceeded. Because of the high rates

of evapotranspiration which obtain in the Malay Peninsula, such conditions will
only occur during spells of wet weather or following particularly heavy downpours.
On the other hand, in temperate regions, such as Britain, most recharge occurs
during the winter months (Pitty, 1974). At such times the soil immediately above
the soil-rock interface will be almost saturated and the air in this zone will be
largely confined to isolated bubbles in the otherwise water-filled macro-pores.
Gaseous diffusion will virtually cease and it is reasonable to suppose that the
carbon dioxide content of the gas bubbles will increase as a result of

microbial and root respiration in the soil which is in direct contact with the
air. Air in such bubbles cannot be sampled directly in the field using metal
capillary probes or the Draeger method since water will be drawn into the
equipment during sampling. Also, there will be little gaseous exchange between
the air in the soil and that in diffusion wells (or carbon dioxide permeable
containers) which penetrate the near-saturated horizons. Consequently, even
when samples can be obtained at times of groundwater recharge, they will have
lower carbon dioxide concentrations than the air in the saturated zone. The
results from Wang Tangga certainly indicate that the carbon dioxide content of
air sampled by the diffusion well method is considerably less than that

predicted from the chemistry of shallow subsurface waters. This finding has
important implications for limestone solution studies in that the carbon dioxide
concentration of air obtained by any of the existing sampling methods is unlikely
to be representative of air present in the near-saturated zone during the
critical periods when groundwater recharge occurs.

| CONCLUSIONS

Four main conclusions may be drawn from the results and experience gained in
investigating soil carbon dioxide in the Malay Peninsula.
(1) The diffusion well and method of sample extraction and storage developed in
the present study provide a reliable, yet relatively cheap and extremely robust,
means for repetitive field sampling at a range of depths.
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(2) Marked temporal and depth variations in soil carbon dioxide may be
encountered in a tropical karst terrain. Measured carbon dioxide levels

in a tower karst footslope soil vary directly with rainfall totals during
antecedent periods of 1-32 or 1-64 days, and increase with depth. Detailed
long-term data are required before mean carbon dioxide levels at a given site

can be specified with some certainty. .
(3) Air in diffusion wells is relatively insensitive to short-term fluctuations

in soil carbon dioxide. Results obtained by the present method, and by others
which rely on diffusion, might therefore differ significantly from those
obtained using direct methods of soil air extraction.

(4) Field evidence and theoretical considerations suggest that soil air
extracted by existing sampling techniques is atypical of the air present in
the near-saturated zone which develops at the base of soil profiles at times
of substantial groundwater recharge.
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