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INTRODUCTION

K.R. Lasseya*
a

Lassey Research & Education Ltd, Lower Hutt, New Zealand

*Corresponding Author: K.R. Lassey, Email: keith.lassey@lasseyresearch.co.nz
Methane (CH 4 ) is the most abundant hydrocarbon in the atmosphere. Over the past
three centuries of unprecedented agricultural and industrial activity, methane
concentrations have grown from about 0.7 ppm in 1700AD to present-day levels of
about 1.8 ppm (Dlugokencky et al., 2011, MacFarling Meure et al., 2006) (1 ppm = 1
µmol(CH 4 ) per mol of dried air). Research into the global CH 4 budget – the balance
between atmospheric burden, global sources and atmospheric removals – leaves no
doubt that this increase is due to rising emissions from human activities
(anthropogenic sources), despite uncertainties around apportioning them to specific
sources (Denman et al., 2007, Dlugokencky et al., 2011, Kirschke et al., 2013, Prather et
al., 2012).
Arguably, CH 4 emitted by farmed ruminant livestock is both the largest anthropogenic
category of global CH 4 sources, and among the most certain (Lassey, 2007, Lassey,
2008). Best estimates of the global budget suggest the present atmospheric CH 4
burden of about 5000 Tg (1 Tg = 1012 g) is sustained by a global source of 554 ± 56
Tg/yr (mean ± 1 s.d.), with mean atmospheric residence time of about 9.1 ± 0.9 yr
(Prather et al., 2012). Of that global source, 202 ± 35 Tg/yr (~40%) has natural origins –
mainly from wetlands – while the remaining 352 ± 45 Tg/yr is anthropogenic (Prather
et al., 2012). Farmed ruminant livestock account for between 76 and 92 Tg/yr – about
15% of the global source, or some 25% of the anthropogenic source.
Such ‘ruminant CH 4 ’ emissions can dominate the national CH 4 emission inventories of
some heavily agricultural nations. They may even be a dominant constituent of total
greenhouse gas emissions, as they are in New Zealand, where ruminant CH 4 accounts
for 90% of anthropogenic CH 4 emissions and one third of all CO 2 -equivalent
greenhouse gas emissions. Several Latin American countries have similar profiles.
Methane emissions are inextricably linked to food production (rice cultivation as well
as livestock production) and therefore to food security. The interaction between
agriculture and climate – including agriculture’s role in greenhouse gas production, and
sustainable agricultural practices – has attracted scrutiny (McAllister et al., 2011,
O’Mara, 2011, Salinger, 2007, Steinfeld et al., 2006). Some countries regard
agricultural emissions as candidates for emission abatement, to partly meet
obligations under international treaties such as the Kyoto Protocol. That stance
requires that agricultural emissions be measurable – you can’t be confident of
reducing what you can’t measure accurately. This measurement challenge has
spawned two reliable techniques for estimating CH 4 emission from individual animals:
enclosure techniques and the SF 6 tracer technique. Enclosure techniques allow for

12 | Chapter 1: Introduction

Guidelines for use of sulphur hexafluoride (SF6) tracer technique
to measure enteric methane emissions from ruminants

estimation of emissions from all enclosed orifices, while the SF 6 tracer technique
determines emissions only via the nasal cavity.
Enclosure techniques have been used in studies of ruminant metabolism for many
decades. The most common form is open-circuit chambers, where controlled airflow is
monitored for composition at inlet and outlet using instruments such as infrared
analysers. While this requires that acclimatised animals be confined in unnatural
conditions, CH 4 emissions can be inferred with high precision. See Johnson and
Johnson (1995) for an overview, Grainger et al. (2007) and McGinn et al. (2006) for
descriptions of particular facilities.
The SF 6 tracer technique relies on a known source of a synthetic inert tracer – sulphur
hexafluoride (SF 6 ) – inserted in the rumen, where at least 90% of CH 4 is sourced.
‘Breath’, characterised as respired plus eructed gases, is sampled and analysed
(Chapter 2). This technique can be used with untethered, freely-grazing animals.
Moreover, the equipment cost per animal under test is much lower than for chamber
experiments, enabling dozens or even hundreds of animals to be breath-tested in a
single experiment (e.g. (McNaughton et al., 2005).
Several experimenters have compared enclosure and SF 6 tracer techniques ((Boadi et
al., 2002, Grainger et al., 2007, McGinn et al., 2006, Muñoz et al., 2012, Pinares-Patiño
et al., 2008, Pinares-Patiño et al., 2011), and those comparisons are generally
favourable. However, emission estimates by the SF 6 tracer technique appear subject to
greater variability than those from enclosure techniques. On the one hand this may
suggest that the SF 6 tracer technique superimposes its own inherent variability on
natural biological variability, or that the technique is not always applied with sufficient
attention to detail. On the other hand, the SF 6 tracer technique may be capturing real
variability of animal intake and behaviour that is masked in chambers, where intake
and behaviour is more controlled.
The SF 6 tracer technique enjoys wide acceptance, but with a variety of
implementations. This variety arises from different equipment and hardware designs,
and variations in innovative hardware developments, as well as differences in
experimental protocols and data analysis. These guidelines are the culmination of a
project to bring experienced SF 6 practitioners together, and to pool those experiences
into a composite guide. The first stage of that project was a workshop – held in
Palmerston North, New Zealand, in March 2011 and chaired by Keith Lassey, then of
NIWA – featuring international practitioners skilled in a range of SF 6 applications. An
outline of these guidelines and an allocation of authorships are outputs from that
workshop.
These guidelines are offered as a comprehensive, citable, peer-reviewed reference to
the theory and practice of the SF 6 tracer technique. It presents the combined expertise
and experience of leading practitioners from around the world. The guidelines
recommend standard and/or best practice approaches without being prescriptive: a
recognition that the approach chosen will reflect the particular circumstances of the
experiment, such as the availability of skills and equipment, or the nature of the
national livestock industry.
These guidelines are written to help researchers:
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•

understand the fundamental principles behind the SF 6 tracer technique, and
the concepts around its effective use.

•

with minimal experience of the technique who wish to get up and running as
quickly as possible (aided by the technical manual by Johnson et al. (2007)).

•

decide on an implementation, or adapt an existing implementation, to suit their
circumstances (access to skilled personnel or laboratories, etc).

•

cite a specific implementation, and credit its developer(s), rather than having to
detail that implementation in a paper.

•

tap into the collective wisdom of researchers experienced in applying and/or
adapting the technique.
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2.1

Evolution

Sulphur hexafluoride (SF 6 ) is a gas at standard temperature and pressure, where it is
also
chemically
and
biologically
inert
(http://en.wikipedia.org/wiki/Sulfur_hexafluoride). It has no known natural sources,
and is manufactured largely for use as an insulating gas in electrical switchgear. It has a
very low concentration in the background atmosphere; about seven parts per trillion
(ppt, defined as pmol per mol dry air) though growing (Rigby et al., 2010) as a result of
human activities (see also Chapter 7). As a fully halogenated gas, SF 6 is quantitatively
detectable at ppt levels in air, using electron capture detection (ECD) with a gas
chromatograph (Clemons and Altshuller, 1966, Lovelock, 1971).
These properties have made SF 6 a tracer of choice in air-dispersion experiments and
indoor ventilation studies over several decades (Clemons et al., 1968, Eskridge et al.,
1979). Its low but detectable concentration in water makes it an ideal water-borne
tracer, with uses such as investigating gas exchange across the air-water interface
(Wanninkhof et al., 1985), or mapping currents (Clark et al., 1996).
Thus, when Zimmerman of the National Center for Atmospheric Research at Boulder,
Colorado, first recommended SF 6 as a tracer of ruminant CH 4 in 1993 (Zimmerman,
1993), there was already a lot of experience with that tracer. A research team at
Washington State University in Pullman, comprising experts in trace gas handling and
analysis and in animal nutrition worked with Zimmerman to further develop the SF 6
tracer technique as a tool to quantify bovine ruminant CH 4 emissions, and published
the seminal paper (Johnson et al., 1994).
That technique has since been adopted across the globe. It has been adapted to
measure emissions from sheep (Lassey et al., 1997), alpacas (Pinares-Patiño et al.,
2003) and deer (Swainson et al., 2011), and while it cannot account for small losses of
CH 4 in flatus, emission estimates using the technique compares favourably with those
using respiration headboxes and chambers (Boadi et al., 2002, Grainger et al., 2007,
McGinn et al., 2006, Muñoz et al., 2012, Pinares-Patiño et al., 2008, Pinares-Patiño et
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al., 2011), if with greater variability (Grainger et al., 2007, McGinn et al., 2006, PinaresPatiño and Clark, 2008, Pinares-Patiño et al., 2011).
As noted in Chapter 1, such enhanced variability could either originate from the
technique as implemented, or reflect a genuine biological variability that is less
pronounced in the controlled management of chambers.
As a cautionary note, SF 6 is a powerful greenhouse gas: an emission of one kilogram of
SF 6 into the atmosphere is deemed equivalent to an emission of 22,800 kg of CO 2
(Table 2.14 in Forster et al. (2007). This gas should therefore be used responsibly, with
all reasonable efforts to minimise SF 6 losses and waste.

2.2

The SF6 tracer technique in brief

The SF 6 tracer technique works on the basis that excretions of two gases sourced from
the rumen disperse identically into the animal’s environment, and thus have identical
probability of interception by a ‘breath’ sampler located near the nasal cavity. One of
those gases is the purposeful tracer, SF 6 , which has a known release rate, while the
release rate of the other – CH 4 – is under investigation. Thus, the concentration ratio
of those gases in a breath sample, accumulated over a feeding cycle, can be equated to
the ratio of their release rates, with due allowance for the presence of SF 6 and CH 4 in
‘background’ air (Chapter 7). This enables the unknown CH 4 release rate to be
estimated. One can think of the tracer as allowing the efficiency of breath interception
to be quantified.
Importantly, the ideal tracer should be conservative (all in vivo removal pathways and
fates quantitatively identified), biologically inert (demonstrated for SF 6 by Johnson et
al. (1994)), be co-released with CH 4 in the rumen, and behave as similarly to CH 4 as
possible after release. Thus, eructation of the two gases into breath would then be
100% correlated; an idealisation not expected on timescales shorter than a full feeding
cycle.
A known source of SF 6 – a permeation tube loaded cryogenically with SF 6 and with a
calibrated SF 6 release rate, Q SF6 , (Chapter 4) – is inserted into the rumen of each
participating animal prior to the experiment. A pre-evacuated canister draws air from
near the animal’s nasal cavity at a steady rate. The canister is carried by grazing
animals, so it should be light and unobtrusive, made from pressure-rated PVC tubing,
aluminium, or stainless steel (Chapter 5). Johnson et al. (2007) have published
detailed, illustrated descriptions of typical experimental equipment, along with its
fabrication and deployment.
A breath sample is usually accumulated over 24 hours (i.e., a full feeding cycle), and
collections typically repeated over five to eight days through canister exchange. Some
experiments have used shorter breath accumulations, because of experimental
constraint (Martin et al., 2012) or to test the influence of accumulation time (Lassey et
al., 2011), and some experiments have used lower collection rates to achieve multi-day
accumulations (Pinares-Patiño et al., 2012) that might be appropriate when animal
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management requires infrequent mustering. Sampling equipment is therefore
designed so canisters can be replaced easily.
A sub-sample of gas from each canister is analysed for CH 4 and SF 6 , usually using gas
chromatography (Chapter 8). Mixing ratios of CH 4 and SF 6 in breath samples and
background are then combined to provide an estimate of CH 4 emission rate over the
breath-collection period for the particular animal. In its simplest form, this CH 4
emission rate estimate, Q CH4, is given by:
Eqn 2. 1

where Q SF6 is the particular SF 6 release rate, and [CH 4 ]/[SF 6 ] is the ratio of trace gas
mixing ratios in breath adjusted for background levels (Chapter 10). Eqn 2.1 presumes
consistent molar units for Q SF6 and Q CH4 , with an adjustment factor required for the
more usual mass units. Considerations around the deployment of background
samplers are addressed in Chapter 7.
Ideally, CH 4 and SF 6 are sourced identically in the rumen, and sampled with equal
probability, but in practice, this idealisation cannot be met. While a constant release
rate of SF 6 from its source might suggest a constant emission rate at each respiratory
or eructation cycle, CH 4 emission rates would strongly peak during rumen digestion.
This creates a potential mismatch in the timing of SF 6 and CH 4 emissions, especially
when animals are fed distinct meals that lead to emissions peaking in the one to two
hours after feeding. In addition, some emitted CH 4 may not be sourced in the rumen. It
is therefore important to sample breath over a full feeding cycle – usually 24 hours – to
avoid bias.

2.3

Subsidiary feed measurements

While measurements of animal characteristics and properties of its feed during the
experiment are inessential to the implementation of the SF 6 tracer technique, they are
critical to interpretation of the CH 4 emission findings, and valuable for any later metaanalyses.
Because the animal’s feed provides the substrate for methanogenesis in the rumen, it
has long been recognised that CH 4 production is near-proportional to feed intake.
Indeed, IPCC methodologies propose that CH 4 emissions be estimated via a ‘CH 4 yield’
– the enthalpy of emitted CH 4 as a percentage of the gross energy intake (IPCC, 2006),
Chapter 9). The IPCC proposes a narrow range of values for the CH 4 yield of 6.0 ± 0.5%.
•

Many experiments have tested hypotheses that certain diets or dietary
supplements can further reduce CH 4 yield, so it is essential that experiments
reporting CH 4 emission rates also report dietary details and estimates of feed
intake. Specifically, the dietary quality (digestibility, composition) and the level
of intake (daily dry matter intake per head) should be reported, as well as the
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physiological state of the animals (breed, gender, age, lactation status, body
weight). For further detail, see Chapter 9.

2.4

Summary of fundamentals of the SF6 tracer technique

The fundamental requirements of the SF 6 tracer technique can be summarised as
follows:
One calibrated SF 6 permeation tube per animal, preferably plus at least three tubes
retained in the calibration environment as ‘surveillance control tubes’ (Chapter 4).
One continuous breath collection system per animal, and per background sampler,
that collects a sample at a constant rate (Chapter 5).
Careful animal management, with adequate air movement or ventilation to minimise
re-inhalation of respired gases that could lead to cross-contamination of CH 4 and/or
SF 6.
Gas chromatography system for analysis of CH 4 and SF 6 , with strong QA/QC emphasis
(Chapter 8).
Subsidiary measurement of feed intake and feed quality in order to relate CH 4 output
to feed input (Chapter 9).
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3.1

Pre-experimental planning

When designing experiments that use the SF 6 technique to measure methane (CH 4 )
emissions, it is important to include sufficient power to detect the expected
differences in CH 4 yield between treatments. In his thesis, Quantifying variation in
estimated methane emission from ruminants using the SF 6 tracer technique, Vlaming
(2008) reported on experiments using the SF 6 technique which assessed the observed
variance in CH 4 measurements of animals measured in chambers.
The coefficient of variation (CV) in CH 4 yields from calorimetry measurements
reported was between 1% and 6% for within-animal, and 6% for between-animal
variance. These values are less than half the reported within- (CV = 8-18%) and
between-animal (CV = 11-16%) variance in estimates of CH 4 yield for housed stall-fed
animals when using the SF 6 technique. For the SF 6 technique, one CH 4 measurement
per day is usually obtained, thus the within-animal variation is the variance among
such daily measurements, usually taken over several consecutive days, for the same
animal. Note that in this chapter we deal with CH 4 yield - grams of CH 4 per kilogram of
dry matter intake – and not CH 4 production in grams per day.
Estimates of repeatability and within- and between-animal variance in daily CH 4 yield
were obtained (Vlaming, 2008), and used to develop a power analysis using a
simulation study. This estimated the number of animals – and number of daily
measurements per animal – required to detect a significant difference (P < 0.05)
between two treatment groups. Since this required repeated measurements of CH 4
yield from the same animal, the simulations were performed (Chapter 20.5 inGałecki
and Burzykowski (2013)) using a mixed-effects model with variance-covariance matrix
assumed to have an autoregressive (order 1) structure. The correlation parameter was
0.4, and between-animal and within-animal-between-days standard deviations were 4
(g/kgDMI), based on data from previous studies (Vlaming, 2008).
The simulation model was designed with two treatments: a high CH 4 -emitting group
and a low CH 4 -emitting group. Three scenarios were considered, with differing degrees
of separation – differences of 1.5, 1.0 and 0.5 standard deviations (SD) – between
group means. The study simulated varying numbers of animals per treatment, and
varying numbers of (daily) measurements per animal, then calculated the power for
each combination. Power was defined as the number of occasions in 1000 simulations
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(expressed as a percentage) that a significant difference was detected between the
two groups (see Table 3.1).
The power analyses show the expected result: that when the difference between the
means of two treatment groups of animals is small, more animals are required to
detect a significant treatment difference (Table 1). Increasing the number of daily
measurements per animal tends to increase the power of the experiment modestly,
but only up to around five to seven measurements per animal (i.e., five to seven days).
After this, little power is gained from further daily measurements on individual
animals.
It is also desirable to optimise experiments to minimise the number of measurements
(number of animals and measurements per animal) needed to detect a statistical
difference. For example, using the standard 80% power requirement and 1.5 SD
separation between the means of two groups, 10 animals would need to be measured
seven times (70 samples) or 12 animals measured three times (36 samples).

24 | Chapter 3: Pre-experimental planning
– How many animals are needed?

Guidelines for use of sulphur hexafluoride (SF6) tracer technique
to measure enteric methane emissions from ruminants

Table 3.1: Likelihood (%), of detecting a significant difference (at P < 0.05) between
the means of two groups of animals – either 1.5, 1 or 0.5 within animal standard
deviations (SD) apart – with a set number of animals per group, and a set number of
consecutive measurements. This is for CH 4 yield estimated using the SF 6 technique.
Animals per group

Number of daily measurements per animal
2

3

4

5

6

7

8

9

10

7

50

52

54

61

59

61

65

64

63

8

57

61

66

68

68

70

71

72

71

10

68

72

76

77

77

82

84

85

84

12

78

83

85

87

87

89

87

89

89

14

50

50

59

58

64

59

63

62

62

16

56

59

60

62

64

68

70

68

72

20

67

72

72

77

75

79

80

81

80

25

77

80

83

82

85

88

87

87

88

70

64

64

69

70

71

74

74

76

76

80

64

72

74

77

78

80

81

81

84

90

72

79

77

80

82

85

88

85

87

100

77

81

82

86

88

88

89

91

89

1.5 SD

1.0 SD

0.5 SD
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A simpler, more approximate, approach avoids the need for repeated measurements
analysis. By using just the average of the daily CH 4 measurements from each animal, it
uses the expected difference between two group means and the animal-to-animal
variation to calculate the total number of experimental animals required. Sample-size
calculations were carried out, based on a simple two-sample t-test comparison of
means. The power analysis calculates the number of animals required to achieve a
power of 80% – the accepted standard for power analyses – at a 5% significance level.
Calculations used a range of differences between means set in percentage terms,
based on a population mean daily CH 4 yield of 20 g CH 4 /kg DMI, and a range of
commonly reported coefficients of variation (CVs) for the SF 6 technique. Results are
shown in Table 3.2.
Table 3.2: Total number of experimental animals required to detect a significant
difference in mean estimated CH 4 yield (g CH 4 /kg DMI) between two groups of
animals with a specified coefficient of variation (CV) and expected difference
between treatment means when using the SF 6 tracer technique.
Expected difference between treatment means

CV (%)

5%

10%

15%

20%

25%

10%

64

17

8

5

4

15%

143

37

17

10

7

20%

253

64

29

17

12

25%

394

100

45

26

17

For example, if a 10% difference is expected between the means and using a range in
CV from 15 to 20%, between 37 and 64 animals per treatment would be required to
enable detection of the difference between treatment means when using the SF 6
technique.

3.2

Analysis of SF6 data

Before statistical analysis, the data must be examined and assessed from a quality
control perspective, including identification of data points which may be in error or are
outliers in the set. It is worth reiterating that any decision to remove data points from
a data set must be justified on technical (e.g. something went wrong with the
equipment) or biological grounds, and not on statistical grounds alone. The integrity of
the data must never be compromised in the name of data quality control. This matter
is dealt with in Chapter 11.

26 | Chapter 3: Pre-experimental planning
– How many animals are needed?

Guidelines for use of sulphur hexafluoride (SF6) tracer technique
to measure enteric methane emissions from ruminants

Many papers describe statistical methods that may be used to analyse SF 6 data
(Grainger et al., 2007, Grainger et al., 2010, Mc Geough et al., 2010, Pinares-Patiño et
al., 2003). Approaches to data analysis differ, however, in the way researchers treat
repeated measurements in time. Normally an SF 6 measurement period involves
measuring a number of animals over a number of consecutive days, varying from three
to five days. One approach with such data is to average the consecutive daily data over
the measurement period and to present, for statistical analysis, one averaged data
point for each animal for the period.
The other approach is to present all the daily data for each animal, and use a
recognised model to analyse repeated measurements data, such as a mixed-effects
statistical model technology, which is the current standard for analysis of this kind of
data, and implemented in the most widely-used statistical software. The second
approach is preferable, as it allows for within-animal between-day variation to be
estimated, revealing more information from the experimental data.
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This chapter looks at the designs of permeation tubes used by various research groups,
the determination of SF 6 release rate from individual tubes (‘tube calibration’), and
investigations of tube performance.

4.1

Tube design and properties

The source of SF 6 is a permeation tube inserted into the rumen of each animal prior to
the start of the experiment. Each tube releases its charge of SF 6 through a permeable
‘window’ at a rate governed by the window size, membrane thickness, and
temperature. The rate of SF 6 release is determined through a calibration process prior
to the experiment, usually serial weighing over several weeks at a controlled
temperature of 39°C.
The original tube design by Johnson et al. (1994), shown in exploded detail by Johnson
et al. (2007), has undergone several variations. The Johnson et al. (1994) design was
based on 7/ 16 " (11.1 mm) stainless steel or brass rod, 32 mm in length, drilled with a
blind hole, and threaded to match a ¼" Swagelok nut (brass part number B-402-1,
fitted by a 9/ 16 " spanner). With a circular PTFE (polytetrafluoroethylene, commonly
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termed ‘Teflon’) membrane approximately 0.27 mm thick, SF 6 permeation rates at 39
°C of 1000–2000 ng/min (1.4–2.9 mg/d) were achieved. A porous stainless steel frit (2
µm pores) mechanically supported the Teflon membrane against internal pressure.
The ¼" (6.35 mm) diameter hole in the Swagelok nut provides a ‘window’ through
which SF 6 permeating the membrane is released.
Lassey et al. (1997) adopted the Johnson et al. (1994) design, modified only by the
introduction of flat faces on a lengthened brass tube so it could be tightened by a
spanner. The tubes were originally intended for use with either cattle or sheep,
according to the SF 6 permeation rate. Even when the nut on a permeation tube is
tightened to a standard torque of ~10 N-m, and re-tightened to that torque after room
temperature is attained after cryogenic filling, SF 6 permeation rates varied by more
than a factor of two. Upon dismantling, the Teflon membranes were always found to
be appreciably distorted and creased, which Lassey et al. (2001) reasoned may be
partly a consequence of the outer perimeter of the Teflon being gripped and crushed
between tube and nut, distorting the window portion that makes contact with SF 6 .
That distortion would in turn increase the surface area of Teflon in contact with SF 6 ,
and potentially introduce creases at weak points or otherwise stretch the Teflon,
which might partially account for the variability in permeation rate.
As a solution, Lassey et al. (2001) introduced a nylon washer, reasoning that if it
absorbed some of the crush from the applied torque, it would lessen the Teflon
distortion. Such a washer could also counter tube failures caused by minute scratches
in the tube face acting as a conduit for SF 6 escape. Use of the nylon washer appeared
to have three consequences: first, the variability in SF 6 permeation rates was reduced,
though not markedly; second, the SF 6 permeation rate was appreciably lower –
typically 0.7–1.8 mg/d – and third, an almost zero level of failure to retain SF 6 has since
been experienced. The lowered permeation rate was attributed to the effective
window size being reduced to the internal diameter of the partially-crushed nylon
washer. As a result, the permeation rates proved to be too low for ideal use with
cattle. This was temporarily fixed by deploying two tubes per cow while a larger tube
was designed and commissioned. The dual-tube solution was not ideal because it
meant two tubes per animal had to be calibrated, rather than one, and because
uncertainties were compounded.
The larger ‘cattle tubes’ designed by Lassey et al. (2001) are based on 9/ 16 " (14.3 mm)
brass rod, 38 mm long, threaded to match a 3/ 8 " brass Swagelok nut (part number B602-1, fitted by a 11/ 16 " spanner), which has a 3/ 8 " (9.53 mm) diameter window. Typical
SF 6 loads were three to four times those of the smaller tubes – now renamed ‘sheep
tubes’ – with permeation rates between 2.5 and 6.5 mg/d. The first cattle tubes were
fabricated in April 2000. The cattle and sheep tubes developed by Lassey et al. (2001) –
hereafter referred to as NIWA tubes –have been supplied to many international
research groups since September 2003.
Although the tubes designed by Johnson et al. (1994, 2007) are intended for use with
cattle, they are the same size as the NIWA sheep tubes.
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Figure 4.1 shows an exploded view of the NIWA tubes, taken from Lassey et al. (2001),
and Table 4.1 reports representative properties. A Teflon membrane 0.27mm thick is
the normal choice for both sheep and cattle tubes, though both thinner and thicker
membranes have been trialled to achieve faster and slower permeation rates.

Figure 4.1: An exploded view of NIWA permeation tubes (Lassey et al., 2001) of
which there are two sizes; sheep tubes and cattle tubes (Table 4.1).
The design was based on that of Johnson et al. (1994, 2007), but with the inclusion of a
nylon washer and flat faces at the closed end to enable gripping or holding while
applying torque. The Johnson et al. design had just one size equivalent to the NIWA
sheep tubes.
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Table 4.1: Representative properties of NIWA permeation tubes.
Property

Sheep tubes

Cattle tubes

External diameter, excluding nut

11.1 mm

14.3 mm

Swagelok nut, spanner size

12.7 mm

15.9 mm

Internal bore diameter

4.8 mm

7.9 mm

Bore depth at centre

27 mm

38 mm

Internal volume available for SF 6

0.45 ml

1.7 ml

Tare mass, including washer, membrane, frit, nut
(typical)

32 g

57 g

SF 6 charge (typical)

800 mg

2400 mg

‘Minimum useful’ SF 6 load1

150 mg

600 mg

Range of SF 6 permeation rates at 39°C (typical)2

0.7–1.8 mg/d

2.5–6.5 mg/d

1

‘Minimum useful load’ (MUL) refers to the SF 6 load that remains in gaseous phase when all nongaseous SF 6 is exhausted. Thereafter, permeation rates fall in response to falling internal pressure
(Lassey et al., 2001), and the loaded permeation tube is no longer useful. The MUL itself is
proportional to internal volume at 344 mg(SF 6 ) per ml at 39°C.

2

Within a particular batch of tubes, the range of permeation rates will normally be narrower: the
cited ranges are those normally considered to be acceptable and of assured quality.

At INRA, France, Martin and co-workers adopted the Johnson et al. tube design, but
based on a 12.5 mm diameter brass rod, 40 mm long and threaded to accept a ¼"
Swagelok nut. Typical SF 6 loads were 600–700 mg. INRA tubes have been used by
various European research groups in sheep and cattle trials over the past decade.
Iwaasa and co-workers at Agriculture and Agri-Food Canada (AAFC) have designed
cattle tubes, very similar to NIWA’s, for use in dairy and beef cattle trials. The AAFC
tubes have been supplied to numerous research groups in Scandinavia and the United
States over the past seven years.
At Embrapa, Brazil, Berndt and co-workers developed ‘long-term’ permeation tubes,
mainly to achieve the targets of the Pecus Project, which aims to evaluate methane
(CH 4 ) emissions from the same animals over several months: beef cattle from weaning
to slaughter (18 months) and dairy cows during the lactation period (nine months).
These long-term permeation tubes are brass-bodied, with an external diameter of 7/ 16 "
(11.1 mm), and a length of 32 mm. They are drilled with a blind 6 mm hole to a depth
of 30 mm, and threaded to match a ¼" Swagelok nut. With a Teflon membrane
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approximately 0.40 mm thick, suitable SF 6 permeation rates at 39°C of between 600
and 1300 ng/min (0.9–1.9 mg/d) were achieved. A porous stainless steel frit with 2 µm
pores supports the Teflon membrane, and a 0.7mm-thick nylon washer reduces Teflon
deformation.
Because emission rates are relatively low, two permeation tubes are needed per
animal, with long operational lifetimes. Although ‘double dosing’ requires that twice as
many tubes be prepared and calibrated, an advantage is that tubes can be paired so as
to achieve a desirable and consistent combined release rate, reducing the range
between repetitions.
Hegarty et al. (2003) at Armidale in NSW, Australia developed permeation tubes with
much higher SF 6 release rates of 170 to 275 mg/d, so as to utilise infrared
spectroscopy (IRS) to detect SF 6 and to explore alternative tracers to SF 6 . However,
none of those alternatives with IRS detection had all the desirable attributes of SF 6 ,
such as low ambient concentration, moderate head-space pressure in permeation
tubes, and high molecular weight. Moreover, with much higher SF 6 detection limits by
IRS than by GC, the higher release rates were needed (Machmüller and Hegarty, 2006).
Furthermore, a higher permeation rate of SF 6 might have allowed analysis of breath
samples by benchtop FTIR (Fourier Transform Infrared Spectroscopy), but this could
not be achieved by Armidale researchers with the path length of available cells. A
further hypothesis was that tubes with a high release rate would also have a short (one
month) life span, thus enabling independent repeated measurements to be made on
animals by inserting new permeation tubes over a year. These ‘high-flow’ permeation
tubes were milled from series 2000 aluminium rod, with thread cut at both ends (28.4
mm x 1.02 threads per mm) and drilled with a U-channel, providing a total chamber
volume of 4.2 ml (Figure 4.2). Castellated brass caps at both ends were rebated to
support a 25mm stainless steel frit, overlying a Teflon membrane (28 mm dia; 250 μm
or 125 μm) and flexible clear PVC washer (28 mm external diameter, 20 mm internal
diameter).
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BODY DETAIL

ISOMETRIC VIEW
CAP DETAIL

Description: HF Permeation Tube
Material: Aluminium body / Brass caps
Drawn by: B.W.
Scale: 1:1

Figure 4.2: Engineering diagram for a high flow permeation tube used to deliver SF 6
or other tracer gases (Hegarty et al., 2003).
With brass end-caps and aluminium body these tubes were adequate for releasing SF 6 ,
but end-cap threads could shear if used for gases at higher vapour pressure such
ethane or methane isotopologues, necessitating that endcaps be made of stronger
material such as stainless steel.

4.2

Tube filling

Filling tubes with SF 6 is conceptually simple, and within the resources of many physics
or chemistry laboratories. However, care is essential to assure quality control.
Johnson et al. (2007) described their method of charging the tubes with SF 6 ,
summarised as follows: components are assembled and tare weighed, then
dismantled. Each tube body is immersed in liquid nitrogen until fully chilled to -196°C,
then drained. Using a 120 ml plastic syringe, pure SF 6 is then quickly transferred into
the upright tube, where it freezes on contact. The tube is immediately capped by the
nut with enclosed frit and Teflon membrane to achieve a load of ~600 mg SF 6 .
Lassey and co-workers at NIWA adopted a standard filling procedure using a polycarbonate glove box (Figure 4.3) as follows. The glove box is swept with air pumped
through a molecular-sieve trap to reduce moisture and CO 2 , a precaution that
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minimises condensation on the chilled tube surfaces. Tubes are filled in groups of six
(sheep tubes) or four (cattle tubes) in a purpose-designed brass block with six or four
wells surrounded by a channel to be filled with a ‘moat’ of liquid nitrogen as coolant
(Figure 4.3).

Figure 4.3: The NIWA facility for charging permeation tubes with SF 6 .
The polycarbonate glove box (internal dimensions H×W×D: 38.5×61×40 cm; wall
thickness 1.2 cm) encloses, from left: a flow meter to monitor the flow rate of SF 6
during filling; a brass block drilled to house four cattle tubes (another block houses six
sheep tubes) and grip the closed-end faces of those tubes, enclosed in a polystyrene
insulator; vacuum flask with liquid nitrogen; four nuts with enclosed washer,
membrane and frit associated with (and tared with) the four tubes.
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The sweep gas, through the red inlet in the glove box ceiling, is air pumped through a
molecular sieve filter to remove moisture and traces gases such as CO 2 . The blue funnel
on the glove box ceiling admits liquid nitrogen to top up the flask from a dewer. A
channel near the perimeter of the brass block is kept filled with liquid nitrogen to
maintain it at –196 °C. The nylon tubing (3.18 mm o.d.) shown delivers SF 6 to each tube
through a stainless steel dispenser (1.59 mm o.d.) at a continuous flow rate determined
by regulator pressure, for a prescribed time. A torque wrench is used to cap the tubes
to 10 N-m immediately after filling. Up to ~100 unfilled tubes and filled tubes can be
retained separately inside the glove box.
A pair of jaws at the base of each well grasps the tube, enabling a torque to be applied
in situ without turning the tube. The brass block is enclosed on all sides and beneath by
an insulating polystyrene block. A small vacuum flask inside the glove box contains a
supply of liquid nitrogen which is replenished by funnelling through a small hole in the
glove box ceiling. Current procedure adopts ‘continuous filling’, which uses a regulated
SF 6 flow direct from a cylinder for a specified time: 88 ml(SF 6 )/min for 40 s, or 220
ml(SF 6 )/min for 60 s, for sheep and cattle tubes respectively. The SF 6 charges achieved
are reported in Table 4.1. Batches of ~100 tubes have been charged without having to
open up the glove box.
Prior to adopting a glove box, NIWA researchers encountered problems when filling
tubes in a fan-driven fume cupboard. These problems arose from moisture trapped in
the tubes, presumably sourced from the air flow drawn by the fan. In contrast, the
initial practice of filling tubes on a benchtop did not strike this condensation problem,
probably because a persistent blanket of evaporating nitrogen was largely impervious
to uncondensed moisture. Since about 1999, the glove box approach has been used
exclusively to fill more than 3000 tubes, as it provides better control of the filling
environment.
The procedure at INRA, France, is to tighten the tube to achieve a permeation rate in
the range of 1–2 mg(SF 6 )/d, rather than to a standardised torque. Tubes with the
lowest permeation rates are used with sheep, the higher ones with cattle. Fills of
between 600 and 900 mg SF 6 were achieved. However, around a quarter of tube fills
failed to perform adequately, and such failures have to be taken into account when
planning the number of tubes to be filled.
At AAFC, Canada the filling procedure is very similar to Johnson et al., achieving a fill of
between 2400 and 2600 mg of SF 6 in their larger tubes (Iwaasa et al., 2004).
At Embrapa, Brazil, the ‘long term’ tubes are filled in groups of five in an aluminium
block with five holes, immersed in liquid nitrogen, using a variant of the NIWA
continuous filling process reported above but without the glove box. The room must
be refrigerated so as to reduce liquid nitrogen evaporation, especially during the
summer. The nuts are tightened to a standardised torque of ~7.5 N-m, but are not retightened to that torque once warmed to room temperature, as it seems this may
contribute to Teflon deformation. The SF 6 load achieved with this design is 1300±150
mg, of which the ‘minimum useful load’ (refer Table 4.1) is 250 mg and the estimated
useful lifetime is 800 days. Approximately 1% of the filled tubes might have to be
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discarded as a result of poor performance due to leaks or damage. With the need for
standardised emission rates which would be expected to be distributed normally, the
number of tubes filled usually exceeds the number required for the experiment by
30%.
At Armidale, Australia, where high flow permeation tubes are used, the lower end-cap
(housing, frit, membrane and washer) is fitted and tightened before the tube is
lowered into an insulated box (18 × 18 × 20 cm internal dimensions) containing liquid
nitrogen deep enough to cover approximately two-thirds of the height of the tube.
Tubes are filled using eight 120 ml syringes prefilled with SF 6 , with the three-way tap
of each syringe fitted to a 13 gauge needle used to introduce the SF 6 into the
permeation tube.
On completion the top end-cap with frit, membrane and washer already fitted is handtightened onto the body, and the tube removed to the lab bench, where the upper
end-cap is tightened quickly using a spanner custom-made to fit the castellated endcap. The filled and sealed tube is then held under running water (which initially freezes
over the tube) for approximately one minute before the end-caps are retightened.
Then the tube is submerged in a shallow water bath, held at 38oC, where any leaks
become apparent as bubbles. End-caps on any leaking tubes are further tightened, and
those that persistently leak are discarded. Tubes are dried with paper towels, and an
approximate weight determines SF 6 retention before they are placed in an oven at
39oC to dry. Weighing begins 48 hours later.

4.3

Tube calibration

Tube calibration determines individual SF 6 release rates to high accuracy (three to four
significant figures). This is usually done gravimetrically by the serial weighing of tubes
kept at 39°C – the nominal mean rumen temperature in cattle and sheep. Researchers
working with grazing dairy cows have found that, after several weeks, orallyadministered tubes are usually found in the reticulum.
Calibrating through direct measurement of the released SF 6 avoids the assumption
that mass loss is due entirely to SF 6 loss. However, collection of the permeating gases
and analysis by gas chromatography generally lacks the precision that could challenge
gravimetric calibration. Nevertheless, there is a risk that some condensable gases –
notably water vapour and CO 2 – may have become entrapped with SF 6 during the
filling procedure, subsequently permeate out and contribute to mass loss.
Lassey et al. (2001) reported that the rate of mass loss after tube fill initially declined,
before stabilising after a ‘settling period’ of about 14 days (occasionally longer,
depending on the circumstances of the fill. See Section 4.4). They surmised that this
was likely due to permeation of trapped moisture, a conjecture confirmed by the
presence of liquid water in opened tubes. Filling tubes in a glove box, swept with air
passed through a moisture trap, was specifically designed to minimise trapped
moisture. Accordingly, Lassey et al. (2001) recommended discarding any weight data
during this settling period, effectively delaying the start of calibration.
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The following quality control procedures should be taken into account during tube
calibration:

Weighing tubes
The permeation tubes must be weighed precisely to secure accurate estimates of
tracer permeation rates, and this requires practice and experience. Techniques for
accurately weighing items using laboratory balances are described in a number of
laboratory-focussed text books (e.g., Christian, 1997). An electronic balance, capable of
weighing to 0.1 mg or better, is needed. Such balances are fitted with a weigh-pan
enclosure to prevent interference from air currents (see Figure 4.4). The balance
should be placed on a sturdy surface, such as a concrete bench securely connected to a
concrete floor in a dedicated weigh room, to minimise vibrations.

Figure 4.4: A Sartorious CP224S electronic balance as used to weigh permeation
tubes at Department of Environment and Primary Industries, Ellinbank, Victoria,
Australia.
Note the use of cotton gloves to prevent perspiration from influencing measured
permeation tube weight.
The balance should be prepared, turned on and allowed to warm up prior to any
weighing, as outlined in its user manual. The balance is then ‘zeroed’ with the
enclosure doors shut. Permeation tubes should be handled with cotton gloves or
powder-free disposable gloves to stop moisture or perspiration causing inaccurate
weights. Each tube is placed gently in the centre of the balance pan, and the balance
door is closed. Once the balance digital display has stabilised, the weight can be
recorded and the permeation tube then removed. A certified calibration weight or
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dedicated laboratory standard weight (similar in weight to the permeation tubes)
should also be weighed as a check on any drift in balance performance.
To avoid repeated disturbance of the incubator, tubes can be weighed in batches,
taking up to an hour. Local standard time should be recorded at the beginning and end
of weighing each batch, and the midpoint time associated with the weighing of each
tube in the batch. Thus, the tubes might be out of the 39°C environment for up to an
hour, and each tube’s calibration time accurate to within 30 minutes: neither is of any
consequence. If the same batches are retained for all weighings, the same regression
formulae – weight against time – can be used across the batch.

Incubation of permeation tubes
Gravimetric calibration techniques differ, but all require that tubes be ‘incubated’ in a
dry environment at constant temperature, and that permeation tubes be individually
weighed every three to seven days. Individual permeation rates can then be deduced
through linear regression fits of mass versus elapsed time (Lassey et al., 2001). Lassey
et al. routinely obtain a linear regression fit over eight weeks (following the settling
period), with R2 exceeding 0.9995, and any tubes not meeting this criterion are not
inserted into animals.
Johnson et al. (2007) recommend placing tubes in a glass receptacle immersed in a
39°C water bath, and weighing them weekly to the nearest tenth of a microgram for at
least five or six weeks. Lassey et al. (2001) reported the properties of tubes held in a
laboratory incubator at 39°C and weighed weekly to the nearest 0.1 mg.
Rochette et al. (2012) have recently suggested that it may be preferable to calibrate
permeation tubes after exposure to ruminal liquor – or other aqueous environment –
rather than in a dry environment, as proposed in the original method of Johnson et al.
(2007) and commonly adopted. This surprising result – not yet independently
confirmed – was not found by Lassey et al. (2001), and is also at variance with a finding
by Deighton et al. (2013a) that submersion in water does not affect SF 6 permeation
rates. However, it is important to recognise the potential for moisture to permeate
into the tube – a process consistent with diffusion along a partial pressure gradient for
water vapour – and that once the tube is transferred back to a dry environment, such
intruded water will permeate out again over time.
With higher precision balances (e.g., accurate to ±1 µg) and more frequent weighing
(e.g., twice weekly), more precise estimates of permeation rate may be possible for
tubes with very low permeation rate, which could shorten the calibration time. That
calibration time (excluding the settling period, when calibration weights are unused)
should nevertheless be comparable to, or exceed, the duration of the experiment,
irrespective of weighing precision. This enhances confidence in extrapolating
calibration performance throughout the experimental duration (see Section 4.4).
A good rule of thumb is that tubes be calibrated for a minimum of six weeks and up to
half as long as the planned experimental duration with a practical maximum of 10
weeks. That implies confidence that any tubes calibrated over a period of T calib will
continue to perform as extrapolated for a further 2×T calib . For an experimental
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duration exceeding about 20 weeks without recovery and recalibration of the tubes,
consideration should be given to accounting for a changing permeation rate (Section
4.4).
More than 50 published scientific papers report the use of the SF 6 tracer technique in
animal research, but few authors have described how their permeation tubes were
incubated. Pavao-Zuckerman (1999), Martin et al. (2008, 2012) and Pinares-Patiño et
al. (2007) reported incubation in a water bath, while Lassey et al. (2001) reported using
an ‘oven’; most other authors were non-specific. As best practice, we recommend that
the ambient temperature is stable to within ±0.2° of 39°C, and verifiable as such by a
calibrated mercury thermometer placed with the tubes. The environment could be a
dedicated laboratory incubator, or an oven from a decommissioned gas
chromatograph.
At the Department of Environment and Primary Industries, Ellinbank, Victoria,
Australia (DEPI Ellinbank) staff use a very accurate thermometer with NIST-traceable
calibration (ICL Calibration Laboratories Inc. Stuart, Florida, USA) (-1.0 to 51.0 °C, ± 0.1
°C) to verify a temperature-stable Heratherm IMH 60 incubator (Thermo Fisher
Scientific, Melbourne, Australia). Previously, permeation tubes were incubated in a
Contherm Digital Series 5 Incubator. In this type of incubator, a specific temperature
can be set by digital control. However, it was a concern that discrepancies of up to two
degrees were detected between the digital setting on the Contherm incubator and the
true interior temperature as measured with a glass-mercury thermometer. By way of a
fix, a mercury thermometer (temperature range 35 – 42°C) was instead used to
calibrate the incubator, and the set temperature adjusted until the thermometer in the
incubator read 39°C. However, many standard glass-mercury thermometers may only
be accurate to within ±0.5° of 39°C.
At NIWA, New Zealand, a Contherm Laboratory Culture Incubator, model 1050
(Contherm Scientific Ltd, Petone, New Zealand ) is used for tube calibration. This
model, with an internal volume of 50 litres, has a digital set-point for temperature with
a rated temporal variation of ±0.2°C, and spatial variation of ±0.6°C with a rated
temperature stability of ±0.2°C. Checks with a mercury thermometer have found no
temperature-offset issues.
In Armidale, Australia (Hegarty et al., 2003), the high flow tubes are incubated in a
Labmaster (Anax Pty Ltd) incubator at 39°C, with all tubes (typically 24, including
empty control tubes) removed together and weighed. The exact minute of weighing is
recorded, as tubes are weighed only on post-fill days 2–14, prior to insertion.
Charged tubes can be preserved at reduced permeation rate by chilling or freezing
them, noting that permeation rates decline with temperature. When stored in a
freezer at -80°C, SF 6 permeation effectively stops, but fully recovers, with unchanged
permeation rate, upon warming to 39°C (Deighton et al., 2011). NIWA and INRA have
confirmed these findings. This means it can be cost-effective to store and freeze
charged tubes in large batches once they have been checked for an acceptable
permeation rate. They should be fully calibrated before use according to the above
rule of thumb.
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Tube performance

An implicit assumption of the SF 6 tracer technique is that permeation tubes inside the
rumen release SF 6 at exactly the same rate as they do in the calibration environment.
It is also assumed that SF 6 is emitted by the animal at the same rate, averaged over a
few eructation cycles, as it is released from the tube, although in practice, it matters
only that the average emission rate during a breath collection matches the release rate
from the tube. Some detailed experiments have challenged these assumptions.

Long-term changes to SF6 permeation rate
Lassey et al. (2001) monitored the performance of representative NIWA-designed
sheep tubes throughout a SF 6 release period of up to two years. Rather than a
constant SF 6 permeation rate until the SF 6 charge was depleted, they were surprised
to find that permeation rates slowly declined, so that a plot of tube mass versus time
was curved, concave upwards, rather than linear (termed ‘permeation curvature’).
While they could not explain such curvature, Lassey et al. noted that the internal
pressure, being the saturated SF 6 vapour pressure at 39°C, would be ~32 bar (3200
kPa) where SF 6 does not obey the ideal gas law (PV = nRT), with the possibility of nonintuitive properties. The degree of non-linearity appears to vary among batches of
tube fills, and potentially among individual tubes for reasons unknown, but
presumably related to the conditions and circumstances of the fill. Figure 4.5 illustrates
the Lassey et al. (2001) findings, illustrating also the pitfall associated with calibrating a
tube too early after filling, and for too short a period (established with hindsight).

Figure 4.5: Sheep tube #387 filled at NIWA, New Zealand, on 26 Jun 2001 was one of
six ‘left-over’ tubes retained for a longevity experiment from a batch of 40 tube fills.
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The six tubes were outside the target range of permeation rate for an experiment
requiring 34 ‘insertion tubes’. Thus, they were not selected randomly from the 40, and
therefore not strictly ‘surveillance tubes’ in the parlance of Lassey et al. (2001). The six
tubes were retained for 427 days in the calibration environment (a Contherm
incubator, model 1050, held at 39.0°C), removed only for the purposes of weighing. The
blue diamonds show the tube mass, weighed approximately weekly, from two days
after filling (Day 2) until Day 427. The solid diamonds show the weights from which two
regression fits were determined (Days 29–384). After Day 384 (hollow diamonds) the
mass of the SF 6 charge falls below its ‘minimum useful load’ of 150 mg. Prior to Day 29,
the tube was deemed not to have ‘settled’ (moisture permeation presumed to
contribute significantly to mass loss) as adjudged by R2 < 0.9995 for a fit to Day 384.
The equations for the two regression fits to the solid diamonds, linear (purple line) and
quadratic (dark red line), are shown in text boxes with borders and text of matching
colour. Also shown is a linear regression fit to 8 data points shown with black overcrosses for Days 29–77 (black line with equation in black-bordered box). Day 77 was
the last calibration date for the 34 ‘insertion tubes’ that were siblings of Tube #387.
Thus, the regression fit of Days 29–77 would be the only fit available had Tube #387
been selected as an insertion tube.
This particular tube fill is selected more as an illustration of the need for care when
calibrating rather than as typical. It is clear that the best estimate of SF 6 permeation
rate, Days 29–384, is 1.654 mg/d, whereas the quadratic simulation, imperfect prior to
about Day 50 (perhaps, with hindsight, moisture was still permeating significantly?)
suggests a permeation rate steadily falling from 1.773 mg/d at Day 29 through 1.741
mg/d at Day 77 to 1.534 mg/d at Day 384 (calculated using Eqn (4.2) with the
quadratic fit). Yet the regression fit for Days 29–77 (the black line) suggests a higher
mean permeation rate at 1.976 mg/d over those 48 days. Thus, with hindsight, some or
even all of the 34 insertion tubes may have had their permeation rates overestimated if
their settling periods were as long as that for Tube #387, resulting in only seven weeks
(eight data points) of effective calibration. Thus tubes should be filled at least 12 weeks
prior to a planned insertion date, in order to allow an ample settling period followed by
at least six weeks (preferably eight to 10 weeks) of calibration.

As an empirical model for permeation curvature, Lassey et al. (2001) applied the
following quadratic regression equation to express the mass of the charged tube W(t)
as a function of elapsed time t since charging with SF 6 (or since placement in 39°C
environment after retrieval from a freezer).

W (t ) = W0 − at + bt 2

Eqn 4. 1
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The initial SF 6 charge is given by Wo less the tared components shown in Figure 4.1.
Eqn 4.1 applies only until the charge is depleted to the point when only gaseous SF 6
remains.
During the period with non-gaseous phase present, the SF 6 internal pressure remains
steady at its saturated vapour pressure for 39°C (viz, 32 bar), but once non-gaseous SF 6
is exhausted as a result of replenishing permeation losses from the gaseous phase,
internal pressure – and accordingly, the SF 6 permeation rate – steadily declines. The
residual SF 6 load at the point of exhaustion of non-gaseous phase was termed the
‘minimum useful load’ (MUL) by Lassey et al. (2001). Table 4.1 supplies MULs for NIWA
tubes. The MUL is proportional to the internal volume of the permeation tube at 344
mg(SF 6 ) per ml at 39°C (calculated after Lassey et al., 2001). The minimum longevity of
the SF 6 -charged tube – the time elapse before the MUL is reached – can be predicted
from the linearly-regressed permeation rate. The actual longevity will be longer, due to
permeation curvature.
Eqn 4.1 is a simple empirical model of permeation curvature whose parameters, a and
b are deducible from a quadratic regression fit to the mass versus time curve (ignoring
the settling period of 14 or more days, as noted in Section 4.3). Indeed, a quadratic
relationship cannot be rigorous, as it would predict an eventual growth in mass. Lassey
et al. (2001) found that the value of b varied markedly among ‘sibling tubes’ – tubes
from the same batch of SF 6 fill – but that the ratio b/a – the relative change in
permeation rate – varied less, and was proposed by Lassey et al. (2001) as a basis for
retrospectively adjusting permeation rates for unrecovered tubes. Such adjustment is
achieved by retaining ‘surveillance tubes’ as controls – drawn at random from sibling
tubes and retained in the calibration environment throughout the experiment – whose
ongoing weights are modelled by Eqn 4.1. The mean b/a ratio for those surveillance
tubes is then presumed to also apply to unrecovered tubes for which b is unmeasured
(Lassey et al., 2001).
Many non-linear models could be candidates for describing permeation curvature.
Such a model might be guided by the underlying mechanism of permeation curvature,
if it were understood, or by a putative mechanism. Recently, Moate et al. (2013) have
formulated such a mechanistic model, showing that Michaelis-Menten kinetics can be
used to accurately describe the release rate of SF 6 from permeation tubes over
extended time periods. Using the initial charge of SF 6 and the initial rate of release of
SF 6 , Moate et al. accurately predicted SF 6 permeation rates out to 600 days. This new
approach may allow the SF 6 tracer technique to be used in serial experiments over at
least a year, substantially reducing costs.
The quality of the linear regression fit during a calibration period should be a criterion
for selecting ‘insertion tubes’ – tubes selected for in vivo experiments – from among a
batch of sibling tubes (e.g., R2 > 0.9995). If that quality cannot be attained, the earliest
data should be removed from the regression fit, thereby extending the settling period
until appropriate quality is assured (e.g., Fig 4.5). Extending the settling period may
come at the expense of the calibration period, so with an established experiment date,
ample time should be allowed (typically three months) when planning the tube fill. The
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calibration period should not be less than six weeks and preferably not less than eight
weeks (Figure4.5)
It is presumed that the settling period is largely determined by the amount of
impurities (H 2 O, CO 2 , etc) trapped in the tube, which would depend upon the
circumstances of the fill. Each impurity co-permeates with SF 6 , thereby contributing to
measured mass loss, until depleted to negligible levels.
With the quadratic model of Eqn 4.1, the SF 6 permeation rate Q SF6 at time t is given by:

Q SF 6 (t ) ≡

− dW (t )
= a − 2bt
dt

Eqn. 4.2

which empirically captures the observed declining permeation rate. In practice, for a
calibration period T calib of about six to 10 weeks, linear regression of W(t) versus t
provides a very good fit (typical R2 exceeds 0.9995) with Q SF6 as slope close to a,
because b is very small (bT calib << a). However, as Figure 4.5 shows, the slope a can be
biased high if the settling period is underestimated. Lassey et al. (2001) recommended
that permeation rates deduced by linear regression could apply to insertion tubes in
experiments conducted within about a month of calibration. Any protracted or
subsequent experiments should take account of the permeation curvatures of those
tubes, ideally through recalibrating the tubes if possible, but otherwise through
adjustment based on the performance of surveillance tubes retained as controls in the
calibration environment throughout the experiment.
Since 2001, when NIWA commissioned the larger cattle tubes, in vitro experiments
with cattle tubes have been undertaken similar to the experiments reported by Lassey
et al. (2001) with sheep tubes. Permeation curvature was also found, but for unknown
reasons appeared to be less pronounced, with a smaller ratio b/a. For some batches, b
was indiscernibly small, and a linear regression result remained robust for at least one
year.
It is critical to the SF 6 tracer technique to be confident of extrapolating tube
performance throughout the duration of the experiment or series of experiments.
Thus it is strongly recommended that a SF 6 -charged permeation tube should not be
used for serial experiments without recovery and recalibration between experiments.
If this is not possible – when non-fistulated animals are used, for instance – then SF 6
permeation rates should be adjusted to allow for permeation curvature, either using
empirical adjustments as reported by Lassey et al. (2001, Section 4), or better still, by
using a more prolonged initial calibration that employs non-linear regression such as
the quadratic regression of Eqn 4.1.
It is recommended that from every batch of permeation tubes, about 5% (preferred
minimum of three) are selected randomly and retained in the calibration environment
as controls, and their performances monitored throughout the experiment. The
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performances of those ‘surveillance tubes’ provide confidence in the performances of
‘insertion tubes’, and enable adjustment for declining permeation rate as necessary
(Lassey et al., 2001).
At Embrapa, Brazil, the ‘long term’ permeation tubes are calibrated for a minimum of
eight weeks, keeping some representative tubes in calibration to eventually adjust the
emission rates according to the observed curvature. This is analogous to the retention
of what Lassey et al. (2001) term ‘surveillance tubes’.
At Armidale, Australia, the high-flow tubes are typically weighed daily from days 2-12
after manufacture. Weights prior to day 6 are ignored, and a regression through
weights on day 6 to 12 of emission is typically used to quantify permeation rate. The
number of days of data for calibration can be extended (e.g., to day 14) if breath
sampling is done over fewer days. The pattern of weight change in several surveillance
tubes from the study of Hegarty et al. (2007) – which were retained in an incubator
while other tubes were inserted in cattle – are shown in Figure 4.6.

Figure 4.6: Release rate profile (mgSF 6 /d) for three high flow rate permeation tubes
from which data on days 6–12 were used to estimate release rates.
These control tubes were taken to the experimental site with tubes for insertion into
cattle then returned to incubator to confirm that permeation rates were maintained
until the end of the experiment.
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Short-term changes to SF6 permeation rate
On a sub-daily time scale, Lassey et al. (2011) have questioned the usual assumption
that a uniform release rate of SF 6 from a permeation tube results in a steady emission
at each eructation cycle. For reasons still unclear, it appears that released SF 6 may
accumulate within the rumen or elsewhere in the digestive tract for up to a few hours,
until apparently stimulated by digestion to be co-emitted with eructated gases. This
results in a strong correlation between CH 4 and SF 6 in the daily emission pattern (see
also Chapter 10.2).
However, that correlation alone does not impair the utility of SF 6 as a tracer of enteric
CH 4 . On the contrary, the fact that SF 6 emissions are strongly correlated with CH 4
emissions strengthens its merit as a tracer (Chapter 2), with the result that CH 4
estimates using the SF 6 tracer technique can be reliable even for breath accumulations
as short as three hours (Lassey et al., 2011).

Temperature dependence of permeation
Permeation rates depend on temperature. Standard treatises express the temperature
dependence through an equation such as the following (Namiešnik, 1984, Eq. 17):

Q
log 2
 Q1

1

1 
 = 2950 ×  − 
 T1 T2 


Eqn 4.3

where Q j is the permeation rate at absolute temperature T j (°K). While this equation is
empirical to an extent, it is based on Arrhenius relationships, and the factor 2950 is
said to vary by ~10% with a different permeable medium and permeating gas. Oddly,
what is seldom stated is the base of the logarithm in Eqn 4.3, whether a natural
logarithm (when “ln” is often used in place of “log”), or of base 10 (log 10 , often
abbreviated “log”). Such logarithms have a common ratio: ln(x)/log 10 (x) = ln(10) =
2.3026.
Namiešnik (1984) interprets Eqn 4.3 as indicating that “the value of the permeation
rate varies by 10% with a change of temperature of 1°C” near an unspecified
temperature; a statement which is more consistent with base-10 logarithms being
intended. On the other hand, and apparently on the basis of direct experimentation,
Bárbaro et al. (2008) have reported that the SF 6 permeation rate increases about 3%
per °K over the range 308–316°K (35-43°C).
Very recently, Deighton et al. (2013b) have investigated the temperature dependence
of SF 6 permeation rate about a temperature of 39°C, concluding that permeation rates
increase with temperature by about 2.5% per °C, in good agreement with the finding
of Bárbaro et al. (2008). This is consistent with natural logarithms being associated
with the log function in Eqn 4.3.
Assuming a natural logarithmic interpretation of “log”, a differential form of Eqn 4.3 is:
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Eqn 4.4

which clarifies that the relative change of Q with temperature, Q-1dQ/dT , for T near
312°K would be about 0.03, or 3%.
Such temperature dependence of SF 6 permeation rate emphasises the need for
accurate temperature control at calibration. In addition, it also emphasises that any
between-animal variation in rumen temperature, or any temporal variation in rumen
temperature, can potentially confound applications of the SF 6 tracer technique.
However, short-term variations in rumen temperature of ±2°C (Al Zahal et al., 2008)
are unlikely to be influential.
Detailed characterisation of permeation tube performance is important to gaining
confidence in the efficacy of the SF 6 tracer technique, and in reducing uncertainty in
CH 4 emission estimates.
It is useful if a batch of tubes prepared for a particular experiment have a narrow range
of SF 6 permeation rates, so that inter-animal characteristics cannot be confused with
inter-tube characteristics. This would require that the number of successfully-filled
tubes far exceeds the number required – by typically 30% – in order to be able select
from a narrow range of permeation rates.
The preference for such a narrow range is heightened by reports that CH 4 emission
rates estimated by the SF 6 tracer technique might depend upon the individual SF 6
permeation rate (Vlaming et al., 2007; Pinares-Patiño et al., 2008; Martin et al., 2012),
a finding that questions the merit of SF 6 as a conservative tracer of enteric CH 4 . In
particular, Vlaming et al. (2007) reported a positive correlation between estimated CH 4
emission rate and SF 6 release rate for housed steers. However, such a correlation
seems incompatible with results by Hegarty et al. (2007), who obtained plausible CH 4
emission estimates despite using permeation tubes that released up to 275 mg(SF 6 )/d,
some 35 times the highest permeation rate used by Vlaming et al (2007). In addition,
Meister et al. (2013) found a small negative but not significant correlation when using
tubes of different permeation rates (by a factor of two) with the same animals (goats).
Moreover, the correlation reported by Vlaming et al. (2007) may have an alternative
explanation. Lassey (2013) has demonstrated that the apparent correlation is sensitive
to the choice of locations for background samplers, and that ill-chosen locations can
lead to a spurious correlation. The optimal sampler locations are by themselves worth
investigating in an animal house with limited ventilation, where concentration
gradients of CH 4 and/or SF 6 can be appreciable (Chapter 7).
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Research groups have developed various breath-sampling systems – both passive and
active – using SF 6 as a tracer. In all cases, the aim is to reliably collect a time-averaged
(continuous) air sample from a location near a ruminant’s muzzle.
Most systems consist of a flexible sample collection tube, which extends from a
collection point at the animal’s muzzle to a sample collection vessel, secured to the
animal in a halter or harness. Typically, a filter in the sample collection tube removes
airborne particles that might otherwise block it. Sampled air is drawn either passively
via vacuum, or actively via a pump, into the collection vessel.
In passive sampling, the collection rate is limited using a flow restriction, such as a
capillary tube located between the sample collection point and the collection vessel.
Collected gas samples must contain sufficient concentrations of methane (CH 4 ) and
SF 6 to enable reliable determination of those concentrations during analysis, usually
via gas chromatography.
An important feature of SF 6 tracer techniques is the ability to collect samples from
individual animals without having to confine them. One implementation of a SF 6 tracer
technique has been described by Johnson et al. (2007) and detailed online (Johnson
and Westberg, 2006). This chapter describes the gas sampling apparatus, and
equipment used to support its deployment by a range of international research

50 | Chapter 5: Sampling systems

Guidelines for use of sulphur hexafluoride (SF6) tracer technique
to measure enteric methane emissions from ruminants

groups. A summary of the main attributes of various SF 6 sampling systems
implemented internationally is shown in Table 5.1.
Throughout this chapter, the vacuum and/or pressure within collection vessels used in
passive SF 6 sampling systems is specified in standard international units (kilopascals;
kPa). For clarity, vacuum and pressure is described as measured (gauge value); that is,
relative to standard atmospheric pressure (101.3 kPa), rather than as absolute
pressure (i.e., a vacuum of 95 kPa is equal to an absolute pressure 95 kPa less than
atmospheric pressure).

5.1

Sampling location

Air samples are normally collected from a point just above the animal’s nostrils (Figure
5.1). This location enables sufficient sampling efficiency of expired and eructated gases
in ambient air, while reducing the chances of blockage of the sampling apparatus
during feeding and drinking.
Common causes of sampling failure are blockage of the air inlet by particles of feed or
soil, water blockage during drinking, and the capture of water vapour, which can
condense, blocking the flow restrictor.
Design of the sampling apparatus varies, but typically includes single sampling points,
branched inlets and loops. Most systems utilise a 3.17 mm flexible tube to transport
collected gases from the sampling point to the collection vessel, as well as some means
of filtering the sampled air to prevent blockage of the flow restrictor.

Figure 5.1: Examples of sampling points for the collection of air samples.
(L to R): Agriculture and Agri-Food Canada, Semiarid Prairie Agricultural Research
Centre; Universidad Nacional del Centro de la Provincia de Buenos Aires; Department of
Environment and Primary Industries, Ellinbank, Victoria, Australia.
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Table 5.1: A summary of the characteristics of various established sampling systems for use with cattle.
Collection vessel
Material

Shape

Vacuum (kPa)
Volume (L)

Quick
connect

Valve

Sample
port

Precollection

Flow
Postcollection

PVC

U yoke

2.0

Yes

No

Yes

84

50 - 65

PVC

V yoke or
cylinder

0.7 or 2.5

Yes

No

No

80-90

40-50

Stainless
steel

Cylinder

0.5

Yes

No

No

ns

50

Initial flow
(SCCM)

Collection
duration (d)

Location

0.37

1

Agriculture and Agri-Food
Canada

0.004” ID

0.25 or 0.8
or 1.6

0.5 or 1

Ball bearing in
tube union

0.35

1 or 5

Restrictor
Capillary
0.004” ID
900 mm, coiled
Capillary,

Capillary
Stainless
steel

Cylinder

0.8

Yes

No

No

97

65

0.005” ID

0.2

1

30 mm, crimped

PVC

U

2.14

Yes

No

No

90

60-65

0.5

1

20 mm, crimped

V yoke

2.5

Yes

No

No

97

60 - 65

0.004” ID
10cm crimped

SCCM, standard cubic centimetres per minute; ID, internal diameter; ns, not specified.

Univ. Nac. Del Centro de la
Pcia. De Bs. As. Argentina
Department of Primary
Industries, Victoria

Teagasc and University
College Dublin
Ireland

Capillary
PVC

France

Australia

Capillary
12.7 μm ID

INRA Herbivores

NIWA and AgResearch
0.9

1

New Zealand
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Passive collection
Apparatus used for passive sample collection includes an evacuated collection vessel,
some means of restricting the flow into the vessel and a filter to prevent obstruction of
the flow restrictor.

Collection vessel
The size and shape of the collection vessel depends on where it is mounted on the
animal. In the original method described by Johnson et al. (1994), the collection vessel
was a one-litre stainless steel sphere. Since then, researchers have developed various
other shapes and sizes (Figure 5.2). V- or U-shaped yokes have been used in collection
vessels positioned over an animal’s neck (Johnson et al. 2007). Stainless steel cylinders
are more commonly used when the collection vessel is mounted behind the animal’s
head, while an elongated U shape has been used when the collection vessel is fitted to
the animal’s back (Deighton et al. 2013)

a)

b)

c)

Figure 5.2: Sampling apparatus used at various research locations internationally.
a) PVC yoke (1.7 L for sheep, 2.5 L for cattle) for neck mounting, complete with 1.59 mm
swagelok quick connect coupling, 3.17 mm PFA sample transport tube, 1.59 mm external
crimped capillary tube and branched Y sampling point (Department of Animal Sciences,
Washington State University, USA. NIWA and AgResearch, New Zealand).
b) Stainless Steel canister (0.5 L) for halter mounting; complete with ball bearing inflow
regulator and double filter, an inner layer of hypoallergenic tape and an external layer of
permeable hydrophobic tissue (Universidad Nacional del Centro de la Provincia de
Buenos Aires).
c) PVC U-shaped canister (2.14 L) for back mounting, complete with padded backpack,
3.17 mm swagelok quick connect coupling, internal 1.59 mm crimped capillary tube, 15
micron air filter, 3.17 mm PFA sample transport tube and 6.35 mm red tube protection
coil (Teagasc Moorepark Dairy Research Centre, Ireland).
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Configuration of sampling apparatus

A variety of equipment configurations has been used to transfer gas from the sampling
point to the collection vessel, typically by a flexible tube of 3.17 mm outer diameter and
made from either nylon or Perfluoroalkoxy (PFA). Some researchers have used ¼”
diameter polyethylene tubing. Examples of gas sampling and collection apparatus are
shown in Figures 5.3, 5.4 and 5.5.

Figure 5.3: Air filter, flow restricting capillary tube and quick connect stem assembly
used at the Department of Environment and Primary Industries, Victoria, Australia.
1.
2.
3.
4.
5.
6.
7.

Filter: 15 micron (B-2F-15; Swagelok, Solon, OH, U.S.A.) note direction arrow.
Nylon ferule set: (NY-200-SET; Swagelok, Solon, OH, USA)
Nut: (B-202-1; Swagelok, Solon, OH, U.S.A.)
Nylon tubing: 750mm long, ⅛” OD, 0.08” ID (Ledalon 12; Leda extrusions NZ Ltd.,
Upper Hutt, New Zealand).
Brass ferule set: (B-200-SET; Swagelok, Solon, OH, USA)
Capillary tube (crimped): 30mm long (56712-U; Supelco, Bellefonte, PA, USA). Note
that the crimped end is the end away from the nylon tubing.
Snap connector: Brass QC4 (B-QC4-S-200; Swagelok, Solon, OH, USA)
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Figure 5.4: A 0.8 L stainless steel collection vessel used at the Department of
Environment and Primary Industries, Victoria, Australia.
1.
2.
3.
4.
5.

Body: 75mm diameter x 200mm long, 304 stainless steel tube.
End cap: 1.5mm thick 304 stainless steel, cut to match tube end.
Boss: To suit male elbow, installed 10mm proud of tube
Male elbow: ⅛” NPT brass (B-2-ME; Swagelok, Solon, OH, USA.)
Quick connect: Swagelok Brass QC4 Body (B-QC4-B-2PF; Swagelok, Solon, OH, USA)

Figure 5.5: Sample collection apparatus used at the Agriculture and Agri-Food Canada,
Semiarid Prairie Agricultural Research Centre.
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The Agriculture Canada sampler utilises an evacuated PVC yoke with a 90 cm long coil of
stainless steel capillary tube as the inflow restrictor. The coiled capillary tube, with inner
diameter of 0.004 – 0.006 mm, is protected inside a plastic sleeve, and the 3.17 mm
PTFE air sampling tube is also protected within a more robust outer tube attached to a
Nylon horse halter. Air collection tubes and an inline particle filter (Swagelok B-2F-15)
are located near the nose by a nose flap attached to the halter. The capillary tube with
outer diameter of 1.58 mm is connected to the PTFE sampling tube using a reducing
union (Swagelok B-200-6-1), while the outer protective tube is attached to the plastic
sleeve using Oetiker clamps (18-OET).
Collection vessels have been constructed from both stainless steel and polyvinylchloride
(PVC). PVC has been used when weight, cost or shape have been important criteria.
When durability is the prime concern, stainless steel is more suitable. Choice of vessel
shape also influences choice of construction material: for example, stainless steel is
relatively easy to use in simple cylinders, but PVC is more amenable to the creation of
complex shapes.
Researchers at DPI, Victoria no longer use neck-mounted PVC yokes for dairy cows, as
these broke frequently and their daily replacement was time consuming. Instead, they
use stainless steel canisters, which have proven remarkably robust and faster to handle.
The capacity (volume) of collection vessels is a compromise between the desired sample
quantity, the sampling rate that can be reliably achieved and the intended location of
the collection vessel on the animal. Capacities used range from 0.5 L to 5.0 L (Gere and
Gratton, 2010; Hegarty et al. 2007).
The standard gas-tight union used between the evacuated collection vessel and the
sample collection tube is the Swagelok Quick Connect from the QC4 series (Swagelok,
Solon, OH, USA). This removes the need for a separate tap, as a shut-off valve in the QC4
body automatically engages when it is decoupled from the QC4 stem (Figure 5.6).

Connecting and Disconnecting QC4 Quick Connect Components
To couple the Quick Connect the stem is aligned with the body and pushed into the
body until the body sleeve moves away from the stem and clicks into place (Figure 5.6).
The movement of the body sleeve when connected provides an easily visible cue to
verify a correct connection. To uncouple pull the body sleeve towards the stem.
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when connected the sleve moves away from the stem

stem

body sleeve

Figure 5.6: QC4 Quick Connect components; stem (left) and body (Swagelok, Solon,
OH, USA).

Cleaning Swagelok QC4 Quick Connect Bodies
Cleaning the valves in Swagelok QC4 body is simple, but reassembly requires care. The
suggested process is as follows: carefully open the body of the QC4 and identify the
parts (Figure 5.7). The conical recess of the valve base and the o-ring of the valve can be
cleaned by wiping with a lint free paper towel or cloth. Once the sealing surfaces are
clean, reassemble the QC4, paying particular attention to the sequence and orientation
of the parts. After reassembling the quick connect, test for leaks.

Figure 5.7: The parts of a QC4 quick connect body (Swagelok, Solon, OH, USA).
• connector end, ‚ valve base, ƒ valve, „ spring, … base.

Flow restriction
The rate and duration of air collection must be matched to the volume of the collection
vessel to ensure an acceptable decrease in vacuum (and consequently flow rate) over
the desired collection period.
Flow restriction can be created in a number of ways: successful solutions include
stainless steel capillary tubing 0.005” ID, 1.59 mm OD (56712-U; Supelco, Bellefonte, PA,
USA), in which the length determines the flow rate (Figure 5.8: Johnson et al. (1994)); a
short length of capillary tubing crimped almost shut to match the desired flow rate
(Figure 5.9: Wims et al. (2010)) and a ball bearing pressed against the base of a tube
union fitting with sufficient force to achieve a desired flow rate (Figure 5.10: Gere and
Gratton (2010)).
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Figure 5.8: Capillary tube

Figure 5.9: Crimped capillary

Figure 5.10: Ball bearing

Chapter 5: Sampling Systems | 57

58 | Chapter 5: Sampling systems

Guidelines for use of sulphur hexafluoride (SF6) tracer technique
to measure enteric methane emissions from ruminants

Setting flow rate
The airflow rate through each flow restrictor should be set at a common vacuum.
Ideally, the initial collection vessel vacuum would be used (e.g., 95 kPa). Vacuum
should be determined using an accurate gauge: at DPI Ellinbank, the vacuum in
collection canisters is measured using a digital test gauge (XP2i-DP; Crystal
Engineering, San Luis Obispo, CA, USA).
A flow meter measures the flow rate in standard cubic centimetres per minute (SCCM),
through a capillary at standard temperature and pressure. At DPI Ellinbank, a digital
flow meter corrects for ambient temperature and pressure (EW-32908-53; ColeParmer, Vernon Hills, IL, USA). The flow meter must be positioned on the atmospheric
side of the flow restrictor, not the vacuum side (Figure 5.11), where it would
overestimate the true flow rate (SCCM). This is because the pressure (vacuum) of the
measured flow will differ significantly from the ambient atmospheric pressure about
the flow meter.

Figure 5.11: A flow meter must be on the atmospheric side of the restrictor when
measuring flow.

Once the desired flow of a capillary tube is known to be given by a set length (an 80 cm
length, for instance, will typically be associated with 0.9 SCCM), new restrictors can
then be created simply by cutting additional pieces to the set length, then checking for
actual flow rate.
For crimped capillaries, the crimping needs to be done while the flow is being
measured in real time. The short length of capillary is crimped using a narrow-jawed
vice or lever action pliers (such as vice grips) until the desired flow is achieved when
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the crimping force is released. If the flow is too low, it can be increased by gently
crimping the capillary at 90° to the first crimp point.
For the ball bearing technique (Gere and Gratton, 2010), a torque of ~1 Nm on the
hexagonal head of the screw top is enough to reduce the flow to the desired range.
Then, the restrictor is inserted as a leak toward atmosphere in a small vacuum system
with a known volume (~30 mL), evacuated with a mechanical pump. A capacitive gauge
gives the pressure. After a first online adjustment based on the minimum pressure
attainable during pumping, pumping is stopped by closing a valve, and the inflow rate
is determined typically by measuring the pressure rise-time from 0.3 to 0.5 bar – about
20 s. This fast determination of the conductance allows further adjustments when
necessary.
Protection of flow restrictors
Regardless of design, all restrictors must be protected from blockage by particles or
moisture.
For systems with inline flow restriction, a filter is installed upstream of the restrictor.
Air filtration is commonly achieved using an inline particulate filter with a 15-micron
pore size (e.g., B-2F-15; Swagelok, Solon, Ohio, U.S.A.). Filters are commonly located at
the air inlet, or immediately prior to the point of flow restriction – sometimes in both
locations.
A different approach was used for Gere and Gratton’s ball bearing restrictor (2010),
because it is situated at the end of the sampling line. A double filter consisting of an
inner layer of hypoallergenic tape and an external layer of permeable hydrophobic
tissue has been used. Immersion in water for about 15 min did not appreciably change
the inflow rate. However, long exposure to wet conditions can result in blockage of the
restrictor.
Capillaries need mechanical protection from bending, since any change in the inner
diameter of the tube will change the flow rate. Solutions include housing a length of
coiled capillary tube inside a plastic housing (Figure 5.12), and fitting the capillary
inside the collection tube such that it resides within either the air filter (Figure 5.13) or
male Quick Connect fitting.
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Figure 5.12: Coiled capillary can be housed inside a PVC tube for protection.

(b)

(a)

Figure 5.13: A 15mm length of 1.59 mm crimped capillary tube (a) fitted inside a
Swagelok air filter (b) and ⅛” tube using nut and ferrule tube connections (Swagelok,
Solon, OH, USA).
Note protective cap fitted to prevent dust contamination via the QC4 stem.

Location of flow restriction
There is debate about the best place to locate the flow restrictor. Some researchers
place the restrictor at the sample collection end of the sampling tube, while others
place it at the collection vessel end. In theory, there should be no difference. In
practice, however, placing the restrictor near the sample collection point subjects all
joints and tubing between the restrictor and the collection vessel to vacuum, raising
the possibility of leaks. If the restrictor is located adjacent to the collection vessel,
there is a possibility that air may flow bi-directionally within the sampling tube.
However, that is unlikely, so long as the internal diameter of the sampling tube is
small. For example, 3.17 mm nylon tube commonly has an internal diameter of about 2
mm. At a flow of 0.5 SCCM, the velocity of gas within the tube will be about 15
cm/min. If a larger diameter tube were used, the velocity would be less, making bidirectional flow possible, but still unlikely (for ¼” tube with internal diameter around
4.3 mm and a flow of 0.5 SCCM, the velocity would be 3.4 cm/min).

Guidelines for use of sulphur hexafluoride (SF6) tracer technique
to measure enteric methane emissions from ruminants

Chapter 5: Sampling Systems | 61

Systems that locate the restrictor as close as possible to the collection vessel reduce
the opportunity for leaks, especially where the flow restrictor is positioned as an
integral component of the air filter or Quick Connect coupling. Use of 3.17 mm tubing
(with a small internal diameter) creates a flow velocity such that bi-directional flow in
the sampling tube is not possible.

Head halters and back mounted harnesses
Halters of various designs are used to mount gas-sampling apparatus on the head of
animals, and position the sampling point above the nostrils. Sample collection
canisters have been fitted in various positions – as a yoke over the neck of an animal or
as canisters fitted to the head halter (Figure 5.14) – and have been mounted on
shaped backpacks and flexible saddles (Figure 5.15).

Figure 5.14: Various canister mounting positions.
(L to R) neck yoke (Department of Environment and Primary Industries, Victoria,
Australia) and Halter (Universidad Nacional del Centro de la Provincia de Buenos Aires;
Department of Environment and Primary Industries, Victoria, Australia).
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Figure 5.15: Two types of back-mounting system for collection vessels
(L to R):Padded backpacks on cows with U-shaped 2.14 L PVC canisters (Teagasc
Moorepark Dairy Research Centre, Ireland) and flexible saddles on cows with 0.8 L
stainless steel canisters (Department of Environment and Primary Industries, Victoria,
Australia).

5.3

Sample collection procedure

Cleaning collection canisters to remove residual gases
Prior to air sample collection, it is necessary to ensure that the evacuated vessels used
are free of residual CH 4 and SF 6 from their previous use. Deighton et al. (2011)
demonstrated that re-use of sampling canisters without an effective cleaning
procedure resulted in the retention of a detectable residue of both CH 4 and SF 6 . They
performed a repeat analysis of gas from canisters following a single evacuation and refilling with N 2 (999.99 g/kg N 2 ). This enabled determination of the residual gas
retained in canisters. It was found residual gas concentrations are proportional to the
gas concentration of the previous sample collected into the canister (Figure 5.16).

Residual SF6 (ppt)

Guidelines for use of sulphur hexafluoride (SF6) tracer technique
to measure enteric methane emissions from ruminants

Chapter 5: Sampling Systems | 63

50
40
30
20
10
0
0

100

200
300
Sample SF6 (ppt)

400

500

Figure 5.16: A single evacuation of a collection vessel can leave a residue in
proportion to the concentration of gases in the previous sample - from Deighton et
al. (2011).

Residual gas can have a large effect on the accurate correction for background
concentrations of SF 6 and CH 4 . Residual gas will increase the measured concentration
of gases within subsequent samples collected into the same vessel, and potentially
increase or decrease the resulting CH 4 :SF 6 ratio. This causes an erroneous sample
concentration when the previous sample collected into a given vessel has a higher
mixing ratio, and the CH 4 :SF 6 ratio differs from the true ratio of the subsequent
sample.
To ensure each sample collection is independent from previous use, residual gas must
be purged from vessels. This is done by repeated evacuation and flushing of canisters
with a clean gas source free of SF 6 and CH 4 . A specific flushing protocol should be
developed at each research site, and the protocol must be demonstrated to effectively
remove residual gas from vessels with the highest expected gas mixing ratio.
Evacuating collection vessels to a vacuum < 95 kPa will minimise the number of flushes
required within a given protocol. While it is possible to remove residual gases from
collection vessels by complete, or near-complete, evacuation, this is rarely achieved in
practice (Table 5.1). Researchers need to be aware of the potential for residual gas
error, and evaluate their system to determine if canister flushing or complete
evacuation is the most time-efficient way to remove residual gases before collecting
samples.

Preparation of collection vessels
Before use, collection vessels need to be evacuated and tested for leaks. Evacuation is
usually achieved using a mechanical vacuum pump. Ideally, the vacuum should be
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maximised (greater than 95 kPa vacuum), so as to reduce contamination or dilution by
air remaining in the collection vessel. Importantly, the initial vacuum should be
maximised to provide the longest sampling period possible at a vacuum of >50 kPa.
Collection vessels can be tested for leaks by evacuating them, recording the initial
vacuum using a digital meter, then waiting for twice the intended sampling duration
before measuring the remaining vacuum. This must be done with with an accurate
device, such as a Digital Test Gauge (XP2i-DP; Crystal Engineering, San Luis Obispo, CA,
USA). Any decline in vacuum indicates a leak. The valve in the Swagelok QC4 body is a
potential source of leaks following extensive use, or use in dusty conditions.

Sampling rate
Contary to the established dogma that evacuated canisters are filled at a constant or
steady rate (Johnson et al. 1994; Johnson and Johnson 1995; Johnson et al. 2007), flow
restrictors used within passive sampling systems result in a declining rate of sample
collection. Sampling rate declines with the decline in vacuum in the collection vessel,
because airflow is a function of the presure difference across the flow restrictor (Gere
and Gratton, 2010). The decline in sampling rate is supported by empirical data
collected at DPI Victoria (Figure 5.18).
The pressure difference across the flow restrictor, created by the remaining vacuum in
the collection vessel, decreases with time as collected air fills the vessel. The decline in
sample inflow rate (sampling rate; SCCM) over the course of the collection period –
typically 24 hours – produces a time-related bias in sampling. More sample volume
(ml) is collected for a given duration (min) when a collection vessel is first activated
than just prior to its retrieval at a lower vacuum level. Thus, gases emitted earlier in
the sample collection period contribute a greater proportion of the total timeaveraged sample than those emitted late in the collection period.
To minimise the sampling bias generated within a collection period, air flow rate
(SCCM) should be matched through the flow restrictor to sample canister volume: this
ensures that, following the sample collection period, the remaining canister vacuum is
no less than 50 kPa (Johnson et al. 2007) as indicated by the dotted line shown in
Figure 5.17.
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Figure 5.17: Flow rate through crimped capillaries declines with decline of vacuum in
the collection vessel. Dotted line indicates ~27% flow reduction at 50 kPa; the point
at which collection is commonly terminated with capillary sampling systems.
(Empirical data from Department of Primary Industries, Victoria, Australia).

Time of sample collection canister change
Time-averaged gas sampling within the SF 6 tracer technique relies on collecting an
equal quantity of gases at all times throughout the sampling period (typically 24 h). As
such, gases sampled at any time should contribute an equal proportion of the total gas
collection for the sampling period. It can be seen that passive collection is an imperfect
time-averaged sampling system, because the rate of sample collection is not constant
(Figure 5.17). For this reason, the time of day (stage of collection period) when
collection vessels are changed could bias the calculated result, especially if animals

0
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have distinct bouts of feeding, and subsequently a diurnal pattern of CH 4 emission in a
24-hour cycle.
Consider the diurnal methane flux (Figure 5.18): if collection vessels were changed at
07:00 (when feeding often begins, and peak rates of CH 4 are produced), then the
greatest sampling rate occurs when CH 4 emission is greatest (0 to 12 h) and the least
sampling rate occurs when CH 4 emission is lowest (12 to 24 h). This would tend to lead
to an overestimation of the true CH 4 emission per day. Similarly, if the collection vessel
was changed at 19:00, there could be an underestimation of daily CH 4 emission.
Lassey et al (2011) reported that SF 6 is not emitted from sheep at a uniform rate, but
its daily emission pattern was strongly correlated (R2 = 0.732) with methane emission.
Should this observation hold for all animals, this co-emission of CH 4 and SF 6 can be
expected to reduce – but not eliminate – the error caused by an imperfect timeaveraged sampling procedure, while also being a source of individual animal variation.
Good scientific practice dictates that collection vessel changeover should be timed so
that, within each measurement period, all animals and treatments are compared
equally, thereby reducing any sampling bias among animals and treatments.

0.6

Methane (g/min)

0.5
0.4
0.3
0.2
0.1
0
07:00

13:00

19:00

01:00

07:00

Time of day

Figure 5.18: CH 4 peaks at feeding, then declines when dairy cows are fed twice per
day (Empirical respiration chamber data from Department of Environment and
Primary Industries, Victoria, Australia, arrows indicate feeding times).

It is important to note that the exact time of canister connection and disconnection is
unrelated to the calculated rate of daily CH 4 emission (g/d). Sample collection should
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be initiated and stopped at approximately the same time of day for each animal in
each collection period used. This time should be the same, relative to any important
events such as feeding or treatment administration, to ensure that each sample
collection period is an equal replicate of each animal’s daily routine. However, the
duration of sample collection does not influence the calculated rate of CH 4 emission
(see Chapter 10).

Example sample collection protocol
Prior to start of measurement period:
•

Sample collection canisters are tested to ensure they do not leak under
vacuum. Canisters are evacuated to a vacuum of approximately 95 kPa.
Vacuum is measured using a digital test gauge, such as the XP2i-DP (Crystal
Engineering, San Luis Obispo, CA, USA), and recorded. Canisters are stored for
48 h prior to measurement of remaining vacuum to determine vacuum loss.

•

In-line particulate filters are cleaned and dried. This is achieved by soaking in
ethanol for 24 hours, then flushing 20 ml of ethanol through each filter, in the
reverse direction to air flow, using a syringe. Excess ethanol is removed by
backflushing with nitrogen gas or air, prior to drying at about 65°C for 24 h.

•

Each sample collection apparatus is assembled and checked to ensure all
connections and tubing are in good working order. The sampling rate of each
assembled apparatus – measured in standard cubic centimetres per minute
(SCCM; at standard temperature and pressure) – is tested using a digital flow
meter, such as the EW-32908-53 (Cole-Parmer, Vernon Hills, IL, USA), which
corrects for ambient temperature and pressure, while connected to a collection
canister with vacuum equal to the intended initial sampling vacuum (95 kPa).

•

Sample collection canisters are cleaned following a site-specific protocol,
verified to ensure all residual CH 4 and SF 6 is removed from canisters.

•

Sample collection canisters are evacuated to approximately 95 kPa vacuum in
preparation for use.

•

Animals are fitted with training halters and/or canister supporting saddles to
familiarise them with the equipment prior to the measurement period.

During the measurement period:
•

Animals are fitted with the full sampling apparatus in preparation for initiation
of sampling.

•

The initial vacuum of sample collection canisters allocated to each animal is
measured using a digital test gauge, then each canister is connected to the
sampling apparatus to initiate sample collection.

•

After 24 h, the collection canister is removed and post-collection vacuum is
measured using a digital test gauge and recorded.
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•

Any leaking or blocked sampling apparatus identified by the post-collection
vacuum check are replaced with spare apparatus, prepared following steps 2
and 3 above.

•

Another evacuated canister is attached to begin the next consecutive 24-hour
sampling period.

Data collection and processing
Data collection for the calculation of CH 4 emissions begins during the sample collection
process. Typically, a data recording sheet is used for each day of sample collection. This
sheet accompanies each set of gas collection canisters from their pre-sampling
preparation to final gas analysis, and contains a full record of activity relating to each
sample’s collection and analysis.
An example of how this information can be categorised and used to calculate CH 4
emission and yield from a passive sampling system is provided below. This example
includes data typical of that collected from dairy cattle at the Department of
Environment and Primary Industries Victoria, Australia (DEPI), and sheep by NIWA,
New Zealand (K.R. Lassey pers comm.). Worked examples of important equations are
provided, as used by researchers at DEPI. For the purposes of these examples, data are
presented for a single animal sample and single background canister.
Under normal experimental conditions, the concentration of gases in background air is
determined as the mean concentration from several background sampling canisters,
sited to collect air representative of that surrounding experimental animals (Chapter
8). For easier interpretation, vacuum and/or pressure within collection vessels is
specified as measured (kPa; gauge value); that is, relative to standard atmospheric
pressure (101.3 kPa).

Sampling details
Animal sample

Recorded
d

Recorded
Recorded
dd/mm/yyyy Cow ID

Recorded
Control

Recorded
ID No.

Calculated
7.4

Measured
Restrictor
restrictor flow
ID
(SCCM)
Recorded Measured
Cap-ID
0.25

d

dd/mm/yyyy Sheep ID

Control

ID No.

0.90

Cap-ID

Collection
Date
day no.

Animal ID Treatment

Permeation SF 6 release
tube ID
rate (mg/d)

Background sample
Collection
Date
day no.
Recorded
d
d

Background
Position
Location

Recorded
Recorded
dd/mm/yyyy Outdoor
dd/mm/yyyy Outdoor

Recorded
West
East

Restrictor
ID
Recorded
Cap- ID
Cap- ID

Measured
restrictor flow
(SCCM)
Measured
0.27
0.6

0.60
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Daily sample collection details
Animal sample
Canister
Collection
volume (cc) start time

Collection
end time

Sampling
duration
(min)

Recorded Recorded Recorded
SS-ID
800
7:00
Yoke-ID
1700
10:50
1
See Eq.1 example below.

Recorded
6:50
8:30

Calculated
1430
1300

Collection
end time

Sampling
duration
(min)

Recorded
7:10
8:30

Calculated
1440
1300

Canister
ID

Expected
final
vacuum
(kPa)
Eq.1
53.71
52.5

Initial
canister
vacuum
(kPa)
Measured
97
97

Final
canister
vacuum
(kPa)
Measured
56
55

Expected
final
vacuum
(kPa)
Eq.1
49.9
52.5

Initial
canister
vacuum
(kPa)
Measured
97
97

Final
canister
vacuum
(kPa)
Measured
52
55

Background sample
Canister
ID

Canister
Collection
volume (cc) start time

Recorded Recorded
B-SS-ID
800
B-PVC-ID 1700

Recorded
7:10
10:50

Laboratory sample preparation and analysis
Animal sample
Diluted
[SF 6 ] of diluted
[CH 4 ] of diluted
Dilution
pressure
animal sample
animal sample
factor
(kPa)
(ppt)
(ppm)
Measured Eq.2
GC analysis
GC analysis
30
3.22
34.41
18.96
41
3.4
77.90
17.66
2
3
See Eq.2 example below, See Eq.3 example below.

Background sample
Diluted
Dilution
pressure
factor
(kPa)
Measured Eq.2
30
3.2
41
3.4

[SF 6 ] of diluted
background air
(ppt)
GC analysis
4.89
0.97

[CH 4 ] of diluted
background air
(ppm)
GC analysis
2.26
0.67

Sampled
[SF 6 ] (ppt)

Sampled
[CH 4 ] (ppm)

Eq.3
110.203
263.93

Eq.3
60.72
59.83

[SF 6 ] of collected
background air
(ppt)
Eq.3
15.65
3.31

Calculation of daily CH4 emission and CH4 yield
CH 4 emission (g/d)
Eq.4
4604

Dry Matter Intake
(kg/d)
Measured
20

CH 4 yield (g/kg DMI)
Calculated
23.0

[CH 4 ] of collected
background air
(ppt)
Eq.3
7.23
2.29
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21.8
1.0
21.8
See Eqn 5.4 example below, after Williams et al. (2011).

Eqn. 5.1: Calculation of the expected canister vacuum at the end of the sampling
period
This equation is used to determine the expected final canister vacuum, and enables
identification of blocked or leaking sampling systems, as indicated by canisters with a
post-collection vacuum that differs from that expected. Inclusion of this calculation
within data processing is a useful way to detect malfunctioning sampling equipment
and compromised samples.
 Inflow rate × Sampling duration

Expected final vacuum = Initial vacuum − 
× Initial vacuum 
Canister
volume



E.g.:

 0.25 × 1430

Expected final vacuum = 97 − 
× 97  = 53.7 kPa
800



Eqn. 5.2: Calculation of sample dilution
This equation is used to determine the dilution of collected gases prior to GC analysis.
Dilution arises from two sources; residual gas remaining in canisters prior to sample
collection (due to incomplete canister evacuation), and diluent gas added after sample
collection to increase canister pressure before analysis. Some researchers add
ultrapure nitrogen to canisters to pressurise the sample above atmospheric pressure,
which allows passive sample flow onto the gas chromatograph. Alternatively, in a
pumped system, canisters can be partially filled with nitrogen and remain partially
evacuated. If the diluted canister pressure is less than atmospheric pressure (a partial
vacuum), its inclusion within this calculation must be as a negative value.

Dilution factor =

E.g.:

Atmospheric pressure + Diluted canister pressure
Initial vacuum − Final vacuum

Dilution factor =

101.3 + 30
= 3.20
97 − 56

Eqn. 5.3: Calculation of sampled gas concentration
This equation enables correction of the gas concentration – as determined by the GC –
for pre-analysis sample dilution to determine the gas concentration as collected.
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Sampled gas concentration = Diluted gas concentration × Dilution factor

E.g.:

Sampled [SF6 ] = 34.41 × 3.2 = 110.20 ppt

Eqn. 5. 4: Calculation of daily CH 4 emission
This equation describes the calculation of daily CH 4 emissions for a single animal. Gas
concentrations are as sampled, following correction for pre-analysis dilution. Animal
samples are corrected for background concentration after Williams et al. (2011). The
SF 6 release rate used in this example is specified in mg/d; thus the resulting CH 4
emission has units of g/d.

Methane (g / d ) = SF6 release rate ×

E.g.:

Animal sample [CH 4 ] − Background air [CH 4 ] Molecular weight CH 4
×
× 1000
Animal sample [SF6 ] − Background air [SF6 ]
Molecular weight SF6

 60.72 − 7.23   16.04 
 × 
Methane emission = 7.4 × 
 × 1000 = 460 g / d
 110.20 − 15.65   146.06 

Active collection
An alternative approach to collecting discrete samples and analysing them later is to
take the gas chromatograph (GC) to the animals, but as the subjects are tethered to
the instrument, this is only possible with a small number of animals confined in crates
or stalls. So far, only one example of this approach appears in the literature (Lassey et
al., 2011). The following briefly describes the configuration adopted by Lassey et al.
(2011), which is based on an automated GC system – the “Lung”, developed by Martin
et al. (2011) (Figure 5.19). This system enables concurrent and continuous breath
sampling from three animals – in this case, sheep.
An inlet is attached to the halter beside the nose of each of three sheep in the usual
way, and an airline attached to the Lung. A small pump moves sampled air from each
inlet to a Tedlar bag for temporary storage (20 minute accumulation). Three bags –
one per sheep – are thereby accumulating samples for 20 minutes, while three
companion bags are being sequentially analysed on the GC, then evacuated during
those 20 minutes. Every 20 minutes, the roles of the bags reverse, so that sample
collection is continuous. These 20-minute cycles are automatically repeated and
interspersed with analyses of gas standards under software control. Lassey et al.
(2011) reported successive 20-minute accumulations and analyses for six days (432
accumulations and analyses per sheep). The sample frequency is dictated by the cycle
time of the GC and the number of animals sampled.
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Figure 5.19: A schematic of the Lung-GC system (Martin et al., 2011), showing one of
three layers of the Lung (shaded) connecting to one of three inlets represented by
three sheep.
A small purge pump (one for each airline) maintains a continuous flow towards the
purge vent and a smaller flow to each Tedlar bag. While Cluster A (consisting of three
bags) is being filled, a sample is drawn from each bag in Cluster B, dried and directed to
the GC. When all three bags in Cluster B have been analysed, they are evacuated, and
the Cluster roles are reversed.
This combination of continuous collection and sequential analysis ensures that every
eructation event is captured, and allows temporal patterns in both CH 4 and SF 6 to be
examined. The same experiment allowed the data to be analysed in ways that
mimicked different ‘averaging times’ – the effective sample accumulation times over
which CH 4 emission rates were averaged – ranging from three hours to six days.

5.4

Conclusion

Various sampling systems are used internationally within the SF 6 tracer technique.
These vary in the size, shape and positioning of the collection vessel, the flow restrictor
used and length and configuration of the sampling apparatus between the sampling
point and the collection vessel.
The most common systems use a passive, vacuum driven sampling method and a
capillary tube to restrict the rate of air inflow, through a 3.17 mm tube into an
evacuated PVC or stainless steel canister over a 24-hour period.
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Regardless of components or design, several rules should be adhered to in order to
achieve a well-functioning sampling system. The most important are:
•

The rate of sample collection (flow rate; SCCM) should match the desired
sampling duration (typically 24 hours) and the capacity of the evacuated
sample collection vessel. Smaller collection vessels require slower air inflow
rates in order to reduce the decline in sample collection rate over the sampling
period. The minimum recommended post-collection canister vacuum is 50 kPa.

•

The sample collection rate of assembled apparatus should be tested before
each experimental use, to ensure that the actual sampling rate remains within
an acceptable range. Flow restrictors are prone to blockage or calibration loss.
To minimise any errors and/or data loss caused by partial or complete
blockage, a particulate filter should be used, and cleaned following each use.
Consideration should also be given to physical protection of the flow restrictor,
as flow rate can be affected by physical manipulation of the restrictor during
use. For example, bending capillary tubes alters their rate of air conductance.

•

Each sample collection should begin with clean apparatus free of residual gas
contamination. Consideration should be given to the random selection of a
collection vessel within each set of canisters prepared for use. If filled with pure
gas chromatograph carrier gas, as used for sample analysis, the concentration
of both SF 6 and CH 4 should be undetectable in such a negative control.

•

Pre- and post-collection vacuum of canisters should be measured using an
accurate test gauge, and used to verify the sampling rate of each sampling
apparatus. Pre- and post-collection vacuum should also be used to calculate the
dilution factor of each sample (see Chapter 9). Vacuum measurement at
canister changeover also allows for immediate correction of sampling faults
(leaks or blockages) by replacement of the sample collection apparatus.

•

Special care should be taken in any situation where the SF 6 tracer technique is
used for sampling durations other than 24 hours. As a time-averaged technique
reliant upon the consistent release of SF 6 from the reticulorumen, collecting
gas samples by rapid air inflow rates for periods shorter than 24 hours is not
recommended. The technique has been used for sampling durations greater
than 24 hours, using very slow air inflow rates. During such experiments, care
must be taken to minimise the decline in sample collection rate from the start
to the end of the sample collection period. Otherwise, the relative contribution
of gases sampled on the first day of a multi-day collection will be greater than
those collected on the final day.

5.5
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6.1

Advantages of the SF6 tracer technique

The use of the SF 6 tracer technique on ruminally-cannulated animals allows for
frequent, detailed sampling of rumen contents in order to study the rumen microbial
metabolism, as well as estimating enteric methane (CH 4 ) emissions.
In the absence of ruminally-cannulated animals, rumen fluid may be obtained by
oesophageal sampling or rumenocentesis. However, there are concerns around the
accuracy of single time-point sampling techniques. In a comparison between
oesophageal and per cannula sampling, Rowntree et al. (2010) reported that volatile
fatty acids (VFA) profiles did not differ between sampling techniques, when the
samples were collected from a single site within the rumen. Samples collected by
oesophageal sampling had significantly lower total VFA concentrations, suggesting
saliva contamination of between 10 and 30% in rumen fluid samples collected from
sheep using that method (Waghorn, unpublished data), and a 10% reduction in rumen
ammonia concentrations. Another issue with oesophageal sampling is the uncertainty
of the precise sampling location in intact animals.
An additional benefit from using the SF 6 tracer technique on ruminally-cannulated
animals is that it allows permeation tubes to be retrieved at the end of a study, and
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release rates to be recalculated. Alternatively, permeation tubes can be replaced for
longer duration studies.
A number of studies have measured CH 4 from intact and rumen-fistulated animals
using the SF 6 tracer technique, and most measurements have been consistent (e.g.,
Morgavi et al., 2008, 2012; Pinares-Patiño et al., 2008; Chung et al., 2010, 2011).
This is not surprising if the proportions of SF 6 and CH 4 gases lost through the fistulae
are similar to those eructated. The extent of fermentation gas loss from the fistulae is
likely to be affected by rumen fill, and a full rumen is likely to provide some degree of
sealing by holding the inner cannula against the rumen wall. In other words, gas
leakage from the rumen, and air into it, may be greater in a partially empty animal
than a full one. Waghorn (unpublished) suggested that 60 to 70% of rumen CH 4 was
lost via the fistulae of lactating dairy cows grazing pasture, when measured using the
GreenFeed system (C-lock Inc.)

6.2

Limitations and concerns

Anecdotes abound of implausible CH 4 estimates obtained by using the SF 6 tracer
technique in ruminally-cannulated animals, but there is little documented evidence for
this. One possible explanation is that disparate leakage of SF 6 and CH 4 through the
cannula might cause inaccurate estimation of CH 4 emissions, but we know of no
evidence for this. Another possibility that could be investigated is that the cannulae
may absorb SF 6 , causing a lower concentration of this gas in the breath sample, and
consequently an overestimation of CH 4 emission. Again however, this is not supported
by evidence, and the use of the SF 6 tracer technique in ruminally-cannulated animals
has been widely reported, despite these concerns (e.g., Morgavi et al., 2008, 2012;
Pinares-Patiño et al., 2008; Chung et al., 2010, 2011).
A recent report by Beauchemin et al. (2012) attempted to measure the impact of
fistulation on CH 4 and SF 6 leakage from the fistulae, but the placement of sampling
ports may have influenced the findings. Nevertheless, there is no doubt that gases do
leak around the cannulae. The authors concluded that cannuale configuration can
affect the extent of this leakage and that the use of the SF 6 tracer technique in
ruminally-cannulated animals is not recommended.
Some authors have used ruminally-cannulated animals (for estimation of rumen
fermentation variables) in conjunction with intact animals (SF 6 estimation of CH 4
emissions (Foley et al., 2008; 2009; Hulshof et al, 2012)), with the obvious limitations
that measurements are collected on different groups of animals. Moate et al. (2103)
reported modest, though non-significant decreases of daily CH 4 emissions and a
significant reduction in CH 4 yield for ruminally-cannulated animals in respiration
chambers. Furthermore, these authors reported that cannulae allowed significant air
ingress into the rumen headspace. This represents evidence of a direct effect of rumen
cannulation on at least one aspect of rumen fermentation. Researchers should
therefore be cautious when prescribing effects observed in ruminally-cannulated
animals to intact animals. Further study is merited.
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Rumen headspace gas sampling

The utilisation of the rumen headspace gas sampling technique on fistulated animals,
in association with the use of SF 6 as a tracer gas, is an opportunity to study the kinetics
of ruminal gas production. Jouany and Senaud (1979) used cannulae equipped with a
valve (see Figure 6.1) to collect rumen gas headspace samples without having to open
the cannula. To avoid contamination with ruminal fluid, a needle is inserted through
the cannulae bung to sample the dorsal sac from standing animals.
Martin et al. (2012) have used this methodology on dry cows, and the SF 6 tracer
technique for different release rates of SF 6 in the rumen, as shown in Figure 6.2. The
results on the kinetics of gas production in the rumen agree with those reported in
literature, supporting this approach. Alternatively, Moate et al. (1997) described the
sampling of rumen headspace gas by rumenocentesis by inserting a needle via the
para-lumbar fossa, through the skin, musculature and rumen wall, directly into the
rumen headspace, from where gas is collected into a gas-tight syringe. They also
collected rumen headspace gas from rumen fistulated cows by simply inserting a
needle through the bung of a rubber rumen cannula (www.rumencannula.com).
Hristov et al. (2007) has used samples of rumen headspace gas and the SF 6 tracer
technique to obtain estimates of CH 4 emissions in lactating cows.
Martin et al. (2012) also compared CH 4 emissions estimates from gas samples of
ruminal headspace and breath using the SF 6 tracer in dry cows. The breath samples
yielded systematic 8 to 9% higher CH 4 emissions estimates than the ruminal samples,
suggesting that the breath sources accounted for the hindgut production of CH 4 which
is mostly exhaled.

Figure 6.1: Apparatus for rumen headspace gas sampling (Jouany and Senaud, 1979).

78 | Chapter 6: Special considerations
for ruminally-cannulated animals

Guidelines for use of sulphur hexafluoride (SF6) tracer technique
to measure enteric methane emissions from ruminants

Figure 6.2: Post feeding kinetics of gas concentration ratios and estimated hourly
productions of CH 4 and CO 2 , based on gases sampled from the rumen headspace
with low (LRR, ○) and high (HRR, ■) release rates of SF 6 .
Bars represent mean SED of all data points within the same graph. (Reproduced from
Martin et al., 2012)
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The use of rumenally-cannulated animals to evaluate ruminal fermentation
parameters is open to question. A particular issue is the possibility of gas exchange and
loss of anaerobiosis. There are also growing animal welfare concerns around using
fistulated animals, which may restrict their future use. However, there is no other way
to efficiently monitor the rumen microbial metabolism – other than through
cannulated animals – hence their widespread use. There is evidence to show leakage
of gases both out of and into the rumen via the fistulae, and limited evidence that the
fistulae has significant detrimental effects upon CH 4 yield and CH 4 estimation using the
SF 6 tracer technique. Researchers must follow good scientific protocols to minimise
possible experimental errors.

6.4

•

Using ruminally-cannulated animals to assess various aspects of rumen
fermentation and microbiome is highly attractive.

•

Issues exist around air ingress and release through the cannula.

•

Caution is required when prescribing effects observed in cannulated animals
to intact animals.
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The concentrations of methane (CH 4 ) and sulphur hexafluoride (SF 6 ) in the air
surrounding an animal are derived from three main sources: trace quantities in the
earth’s atmosphere; emissions from nearby animals, and the animal’s own breath. For
the purposes of a SF 6 tracer technique, ‘background air’ can be defined as the
concentration of CH 4 and SF 6 within an animal breath sample that has a source other
than the animal being sampled. While an animal may also inhale some of its previously
exhaled breath, this has been shown to be immaterial in principle (Lassey, 2013).
Sampling background air requires careful consideration. The aim is to collect air
representative of the background air, over the same period that breath samples are
collected. This might involve collecting air samples for each individual animal, or for a
group of animals.
This chapter discusses the considerations associated with sampling equipment, its
location, and some consequences of different choices.

7.1

Apparatus

The essential elements of a background-air sampling system are the same as those
used to collect breath samples (Chapter 5). Many researchers have reported using
apparatus similar to that used to collect breath samples from animals, but this need
not be the case. Figure 7.1 shows an example of equipment for collecting background
samples. This equipment works equally well indoors or outdoors, where it can be easily
hung on a fence.
Note the tag with the number 1.5 written on it: this indicates the flow rate (1.5 ml/min
at 95 kPa vacuum) of the restricting capillary tube. Labelling the sample tubes is
particularly useful if different air sampling rates are being used to collect background
samples for different durations. For example, if background air is sampled indoors
while animals are feeding (e.g., seven hours duration) and different background
samples are collected while the animals are loafing outside (e.g., 17 hours duration)
then different gas sampling rates are required for the indoor and outdoor sampling so
the vacuum remaining at the end of sampling – and sample quantity – is similar for all
samples.
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Figure 7.1: Example equipment used to collect samples of background air at the
Department of Environment and Primary Industries, Victoria, Australia.
1. Flared snorkel: reduces the chance of moisture being sucked into the tube –
especially useful if it is raining. The snorkel is fabricated from clear tube and an old
filter body.
2. Filter: 15 micron (Swagelok B-2F-15). Note direction arrow.
3. Nylon tubing 1/8” OD by 50 mm long, with crimped capillary fitted in QC4 connector.
4. Quick Connect stem (Swagelok B-QC4-S-200), to suit connector on sample collection
canister. 5. Sample collection canister with Quick Connect body (Swagelok B-QC4-B2PF).
6. Insulating handle (conveniently sized cable tie) - necessary if metal canisters are to
be hung on an electric fence wire.

7.2

Outdoors

When animals are grazing, it may be impossible to sample the background air for a
particular animal, so it is necessary to estimate the concentrations of background
gases. Consider the arrangement of animals shown in Figure 7.2, and suppose the wind
is blowing from left to right. Animal A will be standing in fresh air, uncontaminated by
the exhaled breath of cohorts, while animal B will be standing in a mixture of fresh air
and the exhalations of the animals upwind. Air collected at sampling point 4 is likely to
be representative of the air inhaled by animal A, while air collected at sampling point 2
is likely to be the most representative of air inhaled by animal B.
Since the animals are free to move about, and the wind can change direction, we
recommend the use of at least four sampling points to collect background air, which
are averaged to represent the best estimate of the background gases entrained within
the sample from each individual animal. An alternative approach, trialled in New
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Zealand, is to put background air sampling equipment on the backs of some of the
animals in the group (Cesar Pinares-Patiño, AgResearch, Palmerston North, New
Zealand). The objective is to sample air representative of that surrounding the animal
throughout the sampling period, without bias due to changes in wind direction and
animal location.

Figure 7.2: A theoretical arrangement of animals in an outdoor area and potential
fixed sites for sampling background air (numbered).
The effect of height above the ground on the concentrations of CH 4 and SF 6 in the
sample collected is generally negligible. Williams et al. (2011) sampled background air
outdoors at four different heights, and found no significant difference in the
concentrations of either CH 4 or SF 6 . Given this, the sampling devices can be hung on
the top wire of a fence surrounding the paddock for convenience of distribution and
retrieval (Figure 7.3). An alternative is to mount the sampling equipment on a
temporary post outside the grazing area to avoid damage or sample contamination by
curious animals.
Equipment used to collect samples of background air is exposed to the elements, so
some protective measures may be necessary. In particular, rain or other moisture
should be prevented from entering the sampling tube where it can block the flow
restrictor. Using a flared snorkel, such as that shown in Figure 7.1, reduces the risk of
moisture being drawn into the sampling tube.
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Figure 7.3: Equipment for sampling the background air can be hung on a fence.

7.3

Indoors

The task of sampling background air can become more complicated when animals are
housed indoors. The physical design of the housing may lead to differential
accumulations of both CH 4 and SF 6 within the building, and the concentration of those
gases within the building will almost certainly be higher than outside. Gas
concentrations vary with location in three dimensions (Williams et al., 2011). Enclosed
buildings are unlikely to be suitable for use with a SF 6 tracer technique. Buildings with
low air volume per animal, low air turnover rates, or poor ventilation at animal level –
as can be induced by pens with solid walls – may have elevated concentrations of CH 4
or SF 6 in background air. These may be so elevated that they are a significant
proportion of animal breath samples, which is contrary to the requirements of the
tracer technique (see Chapter 11).
The challenge for sampling indoors is to identify sentinel locations that will enable the
reliable estimation of background concentrations of both CH 4 and SF 6 . Each building
design, and stocking density, will have different air flow characteristics. This means the
sentinel locations may be different for each building and each arrangement of animals.
The only way to identify suitable sentinel locations is to initially collect samples from
more locations than will be eventually used (Figure 7.4), so as to create a three
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dimensional map of gas concentration. Then the most representative locations for
sampling background air can be chosen.
For group-housed animals, it may not be possible to estimate a background for each
individual. For one large group, the situation is similar to animals outdoors, and a set of
sampling points around the outside of the pen may be the only option. Housing small
groups of animals within a series of pens allows for background sampling of each pen,
and using that background for each animal within that pen.
For individually stalled animals, it is possible to estimate the background for each
animal. The arrangement of sentinel locations will depend on the arrangement of
stalls. Williams et al. (2011) investigated the distribution of CH 4 and SF 6 in background
air within an open-sided building with cows housed individually in a single row of stalls.
They found that concentration of both CH 4 and SF 6 varied quadratically along the
length of the building (Figure 7.5).

Figure 7.4: Sampling the background air at many locations is necessary to determine
the most representative.
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Figure 7.5: Example concentrations of CH 4 and SF 6 with cow position along a single
row of stalls and sentinel positions for sampling of background air at Department of
Environment and Primary Industries, Victoria, Australia.
Williams et al. (2011) also found that the concentration of both CH 4 and SF 6 varied
significantly (P<0.05) between floor level and the most elevated location. So which
sampling height is the most appropriate? The sample should reflect the background air
being experienced by the animals. Williams et al. (2011) concluded that the air at, or
near, the same level as the top of their solid-sided feed box was most appropriate for
sampling background air.
For the animal housing described by Williams et al. (2011), the background
concentration of gases for a particular position (i) can be calculated from the quadratic
model for each gas (Eqn 7.1).

BGi = A × ( Position i ) 2 + B × ( Positioni ) + C

Eqn 7. 1

Where:
•

BG i is the predicted concentration of background gas at position (i)

•

A, B and C are constants for the gas (CH 4 or SF 6 ) concentration being
calculated. They are derived from fitting a quadratic model to the
concentration of gas at the sentinel locations.
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Position (i) is the ith animal stall along the length of the animal house.

It is important to note that different configurations of animals and buildings may
require different models to predict the background gas concentrations for a given
location. The general principle, however, should still apply.
An alternative to using lots of sampling equipment to monitor indoor backgrounds is to
keep the concentrations of gases in background air much lower than that in breath
samples, which lessens the impact of small errors in estimating CH 4 emissions (Lassey,
2013). This could be achieved by increasing the ventilation rate when mechanical
ventilation is available, or by decreasing the density of the animals within the building.
Calculating CH 4 emissions from animals with individual backgrounds is the same as
that for a shared background (Chapter 11).

7.4

Mixed accommodation

In experiments where feed intake is measured, animals may be individually fed at one
location and rest at another (Moate et al., 2011; Pinares-Patiño et al., 2008). Feed
stalls are commonly indoors, or at least under a roof, which is expected to result in
concentrations of gases in background air to be elevated above outdoor
concentrations. Conversely, resting areas are typically outdoors, where background
concentrations of gases are at their minimum. Maximising the time animals spend in
the resting area is one way of minimising the effect that background gases can have on
the estimation of CH 4 emissions, but this must not be at the expense of the time
required by animals for eating.
When animals spend part of each breath-collection period indoors and the rest
outdoors, it is necessary to sample background air in some way that mimics the
background air being experienced by the animals over the breath-collection period.
Some researchers have moved their background sampling apparatus with the animals,
but this has the effect of creating an average sample during the collection. Unless
animals are penned as one single group, both indoors and outdoors, this process can
limit the usefulness of the sample collected.
Using separate apparatus for sampling background air indoors and outdoors, and
activating each set only while the animals are at that location enables the estimation
of time-weighted averages of the concentrations of background gases entrained within
the animal samples. Sentinel locations can be used indoors to predict the backgrounds
for individuals (or small groups) while animals are housed (Section 7.3). A set of
locations can be used outdoors to estimate the average background experienced while
animals are loafing (Section 7.2). Pooling the two is achieved by weighting the
predicted indoor and estimated outdoor background, according to the duration the
animals spent in each environment (Eqn 7.2). The pooled background concentrations
of CH 4 and SF 6 for an animal are then used in the calculation of CH 4 emissions for that
animal.
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Eqn 7. 2

Where:
BG av = time weighted average concentration of background gas for an animal,
or group of animals
• BG i = predicted concentration of background gas for an animal at the ith
position in the animal house.

7.5

•

t h = duration animals housed indoors

•

t o = duration animals spent outdoors

•

BG o = average concentration of background gas for an animal, or group of
animals, while housed outdoors.

Conclusion

There is no single ‘correct’ way to collect samples of background air. Researchers
should choose a strategy which enables the collection of samples that best represent
the background air experienced by the animals under their experimental conditions.

7.6
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This chapter describes how to extract sub-samples of each breath or background
sample from a collection canister or otherwise deliver for analysis, and how to analyse
it for SF 6 and CH 4 – usually by gas chromatography (GC).

8.1

Sample extraction

After gas samples have been collected (Chapter 5), one or more sub-samples need to
be extracted for analysis to determine mixing ratios of methane (CH 4 ) and SF 6 .
Sub-sampling is done in one of five ways: (1) over-pressurising each collection canister
by diluting with high-purity nitrogen, so that successive sub-samples can be pushed
out by the pressure; (2) extracting one or more sub-samples from the collection
canister into vials at the experimental site for later analysis; (3) using an extraction
system, based on a vacuum pump, to suck samples from the canister and transfer
them directly to the GC; (4) diluting with high purity nitrogen to a small vacuum, and
drawing a sub-sample into the sampling loop of the GC using a pump at its outlet; and
(5) actively pumping samples from the inlet near the animal’s nose, or at the
background site – avoiding use of a pre-evacuated canister altogether – then
transferring them to the GC.
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Over-pressurising with nitrogen
This is the standard approach recommended by Johnson et al. (1994, 2007), chosen for
expediency rather than analytical precision. The collection canister, with ~50 kPa (half
ambient) pressure, is over-pressurised with high-purity nitrogen – typically to 20–50
kPa over-pressure – which dilutes the sample about 2.5-fold. The over-pressure is then
used to drive successive (usually up to three) small sub-samples into the GC analyser
for replicate analyses. This approach avoids having to extract a sample from subambient pressure. However, by diluting the sample to about 40% of its original
concentration, it also weakens the GC signal, reducing accuracy in inferred mixing
ratios.
A collected sample pressure of ~50 kPa strikes a compromise: it is large enough to
minimise the dilution necessary to achieve ~130 kPa absolute pressure, but small
enough to ensure the growing back-pressure does not excessively slow down the rate
of sample collection, noting that a sample should ideally be collected at a uniform rate.

Sub-sampling into vials
Sub-sampling into one or more vials has many virtues, but one major drawback. It is
particularly appropriate when samples must be shipped from the experimental site to
a distant analytical laboratory. It also enables fast canister turnover if they are in short
supply, and/or unwieldy to transport to a laboratory. However, careful quality control
is essential to avoid sample contamination and cross-contamination due to leaky vials.
Methods of sub-sampling for such interim storage – which may still involve overpressuring with nitrogen – are addressed in Section 8.4.

Sample extraction system
This system was developed at NIWA, New Zealand (G.W. Brailsford, R.J. Martin, K.R.
Lassey, unpublished ). The NIWA ‘piston extractor’ uses a double-ended piston and
vacuum pump to extract a sub-sample from the canister, compress it, then push it into
the GC sample loop, from which it first purges the preceding sample. One piston
chamber is accessed by the vacuum pump and the other by the sub-sample. The
compressed sub-sample is sufficient for three sequential replicate analyses. Because
this approach does not require initial overpressure, it avoids diluting the sample and
weakening the signal at the GC detectors.
This offers three benefits. First; the undiminished GC signal allows for more precise
mixing ratio estimates, particularly at low SF 6 mixing ratios (Section 8.2). Second; the
sample size is determined only by the needs of gas analysis. This means a slower
sample collection rate can be used, and a declining collection rate due to backpressure becomes less of a concern. Third; yoke re-evacuation is quicker, unless
flushing is required. Flushing need not be required if the evacuating pump can
evacuate the canisters to an absolute pressure below ~0.1kPa, which at NIWA is
achieved using a Hivac pump model TRP-12 (www.hivac.co.nz), which has a pumping
speed of 170 L/min, and is capable of evacuating to below 10-4 kPa absolute pressure.

Guidelines for use of sulphur hexafluoride (SF6) tracer technique
to measure enteric methane emissions from ruminants

Chapter 8: Analyses of | 91
breath samples

The NIWA piston extractor is manually operated (though it can be automated) through
a sequence of switches which activate pneumatic valves. It requires a DC power
supply, a compressed air supply (of any quality) and a dedicated vacuum pump to drive
the piston.
All New Zealand field work since ca 2001 has used the NIWA piston extractor, in
preference to canister over-pressuring. The extractor is also well suited to subsampling into vials (Section 8.4).
A procedure developed independently at Armidale, NSW, Australia by Hegarty and coworkers transferred samples from a PVC yoke to Tedlar bags, using an oil-free piston
pump (Welch Thomas; Model 2581C-02. Skokie, USA). The sample inlet of the pump is
initially occluded by a male quick-connect (Swagelok). The pump then evacuates its
interior and a closed 5L Tedlar bag is connected to the pump outlet. The pump is
switched off, and the yoke containing the sample is attached to the pump via its fitted
female quick-connect. The pump is then turned on again and the Tedlar bag opened,
so that the sample is transferred through the pump into the Tedlar bag, whereupon
the Tedlar bag is closed and removed.
Samples of gas are subsequently withdrawn from the Tedlar bag for SF 6 and CH 4
analysis. Tests using a mixed gas standard (initial mixing ratio CH 4 :SF 6 = 206:1 vol/vol)
indicated a ratio indistinguishable from samples released by over-pressurising the yoke
(207:1) or by extraction from the yoke by a mild vacuum (207:1) or by a strong vacuum
(208:1), as described by Hegarty et al. (2007). While such direct transfer has proved
adequate for samples with high SF 6 concentrations (1–30 ppb, or 1000–30,000 ppt), no
data are available for this extraction approach when SF 6 concentrations are in the low
to mid ppt range, where contamination of samples through the pump may need extra
attention.

Over-pressurising plus pumping
This is a hybrid approach, involving a lesser dilution with pure nitrogen to typically 10
kPa vacuum, nearly halving original concentrations. With this reduced vacuum,
samples can be readily pumped directly into the GC sample loop by means of a pump
on the exhaust of that loop. This procedure was developed at DPI, Ellinbank, Victoria,
Australia.

Active sample pumping
Rather than collect samples by drawing passively into a pre-evacuated canister, air can
be pumped directly from the inlet at the animal’s nose into a temporary accumulator
before sub-sampling for GC input. Typically, the sample would be pumped at a uniform
rate into a Tedlar bag from an inlet near the nostrils of each penned animal. This
approach was adopted by Lassey et al. (2011) using a NIWA-designed ‘Lung’ (Martin et
al, 2011) in an adjacent portable laboratory. Operating unattended under software
control, the Lung gathers samples, analyses them, then discards the residues to ready
the bags for reuse, through successive cycles of as short as 20 minutes with full
sampling continuity. Further detail is supplied in Chapter 5.
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While more expensive than conventional passive sampling, the NIWA Lung can run
with only occasional oversight for several days, enabling Lassey et al. (2011) to
investigate detailed CH 4 and SF 6 emission patterns throughout successive feeding
cycles.

8.2

Analysis by gas chromatography

GC configurations
Almost all practitioners have followed Johnson et al. (1994) in using GC for gas
analysis. Indeed, SF 6 is popular as a tracer because of its quantitative detection at very
low levels (ppt: pmol(SF 6 )/mol(dry air)) by GC with electron capture detection
(GC/ECD). See Chapter 2. Methane is readily detectable at levels of 10-3 ppm [ppm:
µmol(CH 4 )/mol(dry air)], or higher by GC with flame ionisation detection (GC/FID).
This section is not a definitive manual on gas chromatography. It is recommended that
every research team using the SF 6 tracer technique include a researcher experienced
in gas chromatography and gas handling.
All GC analyses should be conducted in a temperature-controlled laboratory to
minimise any drift in GC performance during the session. Samples should be dried
before analysis, such as by a Nafion drier (Perma Pure Inc, Toms River, New Jersey)
typically to a dew-point of -20 °C or lower. Water vapour has a diluting effect that
leads to underestimated mixing ratios of SF 6 and CH 4 , by ~2.4% for water-saturated
samples at 20 °C, but only 0.1% at -20 °C. While this does not affect the ratio
[SF 6 ]/[CH 4 ], the magnitude of this effect can be different for breath and background
samples, so that their subtraction (Eqn 11.3) would incur error. Furthermore, water
degrades column performance, including retention times.
Most modern GC systems accommodate two detectors, which may be placed in series
with a common GC column (the ECD is followed by the FID, because the latter
consumes the sample), or in parallel. For the parallel configuration, each detector can
have its own column and sample loop, designed to optimise analytical performance for
SF 6 (ECD) and CH 4 (FID) separately, but with the minor drawback that they require a
larger sample. Johnson et al. (1994, 2007) appear to use either two GCs or two
columns in a single GC, with columns packed with Poropak N (CH 4 ) and Molecular
Sieve 5A (SF 6 ). Both are held near 50°C. With separate columns, elution of each gas
can take about one minute.
Lassey et al. (2011) described a two-column GC system (HP 5890 Series II) in an
automated portable analytical laboratory near the penned experimental animals. Both
columns were packed with Molecular Sieve 5A in an oven at 80°C, and used N 2 as
carrier gas. Figure 8.1 shows a schematic of the GC configuration.
Apart from this example (Lassey et al, 2011), New Zealand researchers have used the
simpler approach of a GC (either HP 5890 Series II, or Shimadzu GC-2010) with a single
column packed with Molecular Sieve 5A in an oven at 80°C, with ECD and FID in series,

Guidelines for use of sulphur hexafluoride (SF6) tracer technique
to measure enteric methane emissions from ruminants

Chapter 8: Analyses of | 93
breath samples

using N 2 as carrier gas. CH 4 elution takes longer in this configuration, at around 4.5 to
5 minutes.
With any such system, the Molecular Sieve column should be baked out regularly –
preferably with the ECD isolated, as described by Johnson et al. (2007). This rids the
column of slow-eluting gases including PVC plasticisers. The bake-out frequency
depends on the extent to which such contaminants enter the main column, rather
than being confined to, and flushed from, a pre-column (e.g., Figure 8.1).

load
ECD

Sample is loaded
Pre-column is being backflushed

FID

SF6

CH4

OVEN

Figure 8.1: Schematic configuration of the two-column GC configuration, as
implemented at NIWA and reported by Lassey et al. (2011).
Of the two main columns – Alltech, 3 mm O.D, 2 mm I.D, both 2 m long and packed
with Molecular Sieve 5A on a 60/80 mesh – that on the left is used for SF 6 detection by
ECD, while that at right is used for CH 4 detection by FID. The carrier gas, zero-grade
nitrogen, flows at ~30 ml/min. The oven is maintained at 80 °C and both detectors at
250 °C. The two 10-port valves are shown in ‘load’ phase, in which the dried sample is
being loaded into both sample loops (volumes 1 ml for ECD and 3 ml for FID), while the
respective pre-columns – identical to main columns except for lengths 0.2 m for ECD
and 0.3 m long for FID – are being back-flushed by the nitrogen carrier gas to purge
slower-eluting gases of no interest. The balance columns ensure that flows meet the
same resistance during all phases.
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Figure 8.2: Representative chromatograms for a background sample (upper panel)
and for a breath sample (lower panel), as determined and presented by
ChemStation®.
The software associated with the HP 5890 Series II GC on which the samples were run,
using the configuration of Figure 8.1 (Lassey et al, 2011).
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The abcissa is elution time (0-3 min), and the ordinate is counts recorded (scales differ
among the panels).
The blue trace is as recorded from the detector, and the pink lines are ChemStation’s
best estimate of how to interpolate the baseline, and thereby estimate the peak area
above that. It is clear that uncertainty associated with that interpolation means that
the peak area for background is associated with greater relative uncertainty than the
peak area estimated for a breath sample.
Note: the giant truncated O 2 peak on the ECD trace corresponds to elution of only a
portion of the O 2 content of the sample – the interloping CFC-12 peak (a pervading
atmospheric contaminant) can interfere with the SF 6 peak, and compromise peak area
estimation if the peaks are insufficiently separated. The proximity of those three peaks
(SF 6 , CFC-12, O 2 ) dictates the length of the Molecular Sieve column: too short, and
those peaks are not resolved.

Chromatogram analysis
GC software available with the GC system (e.g, ChemStation with Agilent GCs) is
capable of providing analyses that recognise specified peaks, and estimate relevant
peak areas used to deduce the relevant mixing ratios, including disentangling any
overlapping peaks. Fig 8.2 shows a typical chromatogram for the two-column system
of Lassey et al. (2011) for a representative breath sample, and for a representative
background sample. Both CH 4 and SF 6 peaks are necessarily much smaller on the
latter, and therefore quantified with greater relative uncertainty. In the case of SF 6 ,
the potential for interference from neighbouring peaks – notably atmospheric CFC-12
(Figure 8.2) – dictates the column length needed to separate those peaks.
A suite of standards is essential when deducing SF 6 and CH 4 mixing ratios from
chromatogram areas. The FID has the advantage of being strictly linear over a broad
range of mixing ratios; in other words, the area of the chromatogram peak associated
with CH 4 is strictly proportional to the CH 4 mixing ratio. This means only a single CH 4
gas standard is needed – effectively to establish the constant of proportionality and
monitor any drift over time. A CH 4 standard with mixing ratio near the centre of the
encountered range of mixing ratios would be suitable. In New Zealand field work, a
standard with [CH 4 ] near 25 ppm, inter-calibrated against international standards
(National Institute of Standards and Technology (NIST), Gaithersburg, MD, USA:
www.nist.gov), is deployed.
By contrast, the ECD is generally not a linear detector. Typically, a power law
relationship emerges between ECD response and [SF 6 ], with exponent dependent on
the GC configuration (e.g, Benner and Lamb, 1985), and potentially individual to the
GC/ECD system (e.g., Figure 8.3). The exponent can be near unity with some
configurations, implying near linearity. A power law implies linearity in log-log space,
but in practice, such linearity is imperfect over the encountered range of [SF 6 ] (Figure
8.3). Thus, as a minimum, three SF 6 standards should be considered, spanning the
range of encountered mixing ratios. In New Zealand field work, three SF 6 standards
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prepared by NIWA are deployed with validated [SF 6 ] mixing ratios of approximately 20,
160 and 1000 ppt. These mixing ratios roughly span the [SF 6 ] encountered in breath
samples, and are in approximately geometric progression, which corresponds to equal
spacing in log-log space. All NIWA standards are prepared with the same ratio of CH 4
to SF 6 mixing ratios, and the middle standard is also used as the CH 4 standard. NIWA
has prepared standards for other research groups.
Non-linearity of the ECD has been confirmed for the high concentrations of SF 6 in
breath samples from cattle dosed with high flow permeation tubes at Armidale,
Australia (Hegarty et al, 2007.). More detail on this implementation is to be found in
Section 8.3

Implementation in New Zealand
This section describes the analytical procedure to calculate [CH 4 ] and [SF 6 ] from the
areas under corresponding chromatogram peaks, as developed by NIWA and adopted
in New Zealand field work. Since c. 2001, all sample gases are undiluted, and extracted
from the collection canister as described in Section 8.1, Option 3.
Gas standards are critically important to mixing ratio calculations. Several suites of
three gas standards, denoted Lo, Mid and Hi, have been prepared at NIWA for use in
New Zealand. They were prepared by diluting a parent gas ([CH 4 ] = 745 ppm; [SF 6 ] =
4850 ppt, supplied by Air Liquide in New Zealand) with zero-grade air as dilutant ([CH 4 ]
measured at 0.052 ppm; [SF 6 ] below detection threshold) using calibrated mass flow
controllers. Dilutions were cross-checked by measuring [CH 4 ] and exploiting the
linearity of GC/FID. NIWA holds several CH 4 standards, calibrated against NIST
standards (www.nist.gov).
Aliquots of Lo, Mid, Hi were sent to the University of Heidelberg, a laboratory
recognised for high-quality [SF 6 ] measurements (Levin et al, 2010), which led to the
reassignment of 4850 ppt for the parent gas from its original assignment of 5000 ppt
by Air Liquide. Prepared standards are retained in Scott-Marrin cylinders with highpurity regulators (www.scottmarrin.com). Each cylinder is plumbed to a Quick-Connect
body (Swagelok) for easy interchange with gas collection canisters. Valves on the
cylinders are always turned off when not in use, to preserve the contents.
The GC used in New Zealand is either Hewlett Packard’s 5890 Series II, or Shimadzu’s
GC-2010 – sometimes both concurrently, depending on the number of daily analyses
to be conducted. If both GCs are used, a suite of standards is associated with each GC.
At the start and end of each session – usually a day – of GC analyses, the three
standards – Lo, Mid, and Hi – are each run repetitively until stable SF 6 and CH 4 peak
areas are achieved. Throughout each session, only Mid (being both a SF 6 and a CH 4
standard) is run, typically after every five to 10 samples. Each standard is run in
triplicate (three aliquot) and each sample run in duplicate, or with further replicates as
necessary to achieve stability in peak area (coefficient of variation <1%, except for
background samples, where <7% is sufficient).
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All sample aliquots are passed through a Nafion drier (MD-110-72, Perma Pure Inc,
Toms River, New Jersey) on route to the GC sample loop(s). The mean peak area (A for
SF 6 in Figure 8.3 and counterpart for CH 4 ) of each stable triplicate or duplicate is then
interpreted using a mathematical algorithm as follows, encoded in Visual Basic and run
automatically via Excel macros.
The mathematical algorithm for CH 4 is straightforward. Each peak area A is related to
A o , the mean of the CH 4 peak areas in the nearest preceding and nearest succeeding
runs of Mid. The sample mixing ratio associated with A is then calculated as:
[CH 4 ] = (A/A o ) × [CH 4 ] std

Eqn 8. 1

where [CH 4 ] std is the CH 4 mixing ratio assigned to Mid.
The mathematical algorithm for SF 6 is complicated by non-linearity. The algorithm
developed at NIWA exploits the near-linearity between log-transformed quantities
(Figure 8.3 b, d). As with CH 4 , each A is related to A o , the mean of the SF 6 peak areas in
the nearest preceding and nearest succeeding runs of Mid. As Figure 8.3 confirms, V =
ln(A/A o ) is an almost linear function of ln([SF 6 ]), and the small departure from linearity
is adequately captured by an empirical quadratic relationship. Thus, with this model, V
can be expressed in the form:
V = aU + bU2

Eqn 8. 2

where U = ln(C/C o ), C = [SF 6 ], and C o = [SF 6 ] mid , the SF 6 mixing ratio assigned to Mid.
Thus Eqn 8.2 empirically captures the curvature in Figs 8.3 b, d, with a close to 1.0, and
b small but positive. The absence of a constant term in Eqn 8.2 follows from the
definition of U, which ensures that U and V are simultaneously zero. Thus the constant
terms in the regression fits of Figure 8.3 b, d equates to .
In the New Zealand protocol, both a and b are estimated each time all three standards
are run to commence and end each session’s analyses. These estimates follow because
Eqn 8.2 applies also when Lo or Hi are the ‘sample’ for which C values are assigned.
Values for a and b then emerge as solutions, when expressions of Eqn 8.2 for Lo and
for Hi are treated as two simultaneous linear equations. All analyses conducted during
the session use values for a and b that are the geometric means of those estimated at
the start and end of that session.
With the above in place, it is straightforward to express U as a function of V, and the
evaluated a and b by inverting Eqn 8.2 (’solving’ Eqn 8.2 as a quadratic equation in U):

Eqn 8. 3
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This expression of the inversion is numerically stable, as it embodies the important
property that as b → 0, then U → V/a. With U determined, [SF 6 ] is calculated as:

[SF 6 ] = exp(U) × [SF 6 ] mid

Eqn 8. 4

Guidelines for use of sulphur hexafluoride (SF6) tracer technique
to measure enteric methane emissions from ruminants

Chapter 8: Analyses of | 99
breath samples

100 | Chapter 8: Analyses of
breath samples

Guidelines for use of sulphur hexafluoride (SF6) tracer technique
to measure enteric methane emissions from ruminants

Figure 8.3: Relationships between ECD detector response to SF 6 (chromatogram peak
area) in the eluting gas to SF 6 mixing ratio, [SF 6 ], in a detailed calibration experiment
conducted in December 2003 as a NIWA-AgResearch collaboration (New Zealand).
In all cases, [SF 6 ] is measured directly by the quantitative dynamic dilution of a parent
gas (with [SF 6 ] nominally 5000 ppt, subsequently cross-calibrated by University of
Heidelberg and assigned 4850 ppt) with high-purity nitrogen (SF 6 -free). Calibrated
mass-flow controllers accurately determine dilution factors, and also limit the dilution
factors available. The plots cover [SF 6 ] in the range 9.46–1961 ppt. Gas at each
selected dilution is analysed repeatedly and accepted only when the three consecutive
(triplicate) measured peak areas are stable. All detector responses, A, are expressed
relative to Ao which is the detector response to a NIWA-prepared standard (‘Mid’,
assigned [SF 6 ] = 162.6 ppt).
A run of Mid is alternated with every dilution run, and accepted when a stable triplicate
is obtained. Specifically, A/Ao is the peak area for the selected dilution, relative to the
mean peak area of the immediately preceding and succeeding runs of the standard.
This approach corrects for any drift in GC performance.
(a) shows a plot of A/Ao as detected by a Hewlett Packard Series II HP5890 GC and ECD
versus [SF 6 ], together with a power law regression fit, with equation displayed in a text
box on the plot. It is clear that the fit is non-linear, and a power law is adequate – but
imperfect – over the full range.
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(b) shows the same data as (a) on a log-log plot (natural logarithms), together with a
linear regression fit (solid line with equation in solid-bordered box) and a quadratic fit
(dashed line and dash-bordered box). It is clear that the linear fit reproduces the
parameters of the power law fit in (a), viz exponent and slope of 1.1273. The quadratic
fit to the log-transformed quantities provide a slightly superior fit over the 200-fold
range of SF 6 mixing ratio.
(c) and (d) are exact counterparts of (a) and (b) for identical dilutions but detected by a
Shimadzu GC-2010 and ECD. Both GCs were run simultaneously, with gas flow diverted
from one to the other. Columns and temperatures were also identical. The features of
(c) and (d) are qualitatively, but not quantitatively, similar to those of (a) and (b),
illustrating the individuality of GC/ECD systems, including the power law exponent.

Implementation at Department of Primary Industries, Victoria, Australia
At DPI Ellinbank, used canisters are flushed as described in Chapter 5, then evacuated.
The vacuum of evacuated canisters (τ e ) is measured using a digital gauge (XP2i-DP,
Crystal Engineering, San Luis Obispo, CA, USA, 0.01 kPa resolution) and recorded. It is
important to use an accurate vacuum gauge, as the recorded vacuums are used in the
calculation to correct for physical dilution of the sample. When the canisters have
been used to collect breath samples, the vacuum (τ s ) of individual canisters is again
measured using the same gauge and recorded. Ultra-high-purity N (999.99 g/kg N 2 ) is
then added to each canister to achieve a vacuum of ~10 kPa, which is measured (τ f )
using the same gauge and recorded. A target of 10 kPa allows some room for
overshoot. Canisters are then sent to the GC for gas analysis.
The GC used is a Varian CP-3800 (Varian Analytical Instruments, Walnut Creek, CA,
USA) fitted with a 7 ml sample loop, and a Nafion dryer (MD-110-24F-2, Perma Pure,
Toms River, NJ, USA) to dry the samples. Ultra-high-purity N 2 (999.99 g/kg N 2 ) is used
as the carrier gas. The N 2 gas, stored in a cylinder outdoors, is brought to room
temperature by passing it through an extended, exposed length of ¼" (6.35 mm)
copper pipe arrayed on the wall of the GC room (Figure 8.4). A stable carrier gas
temperature is necessary to achieve a stable baseline in the chromatograms.
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Figure 8.4: GC and copper tube array used to bring the temperature of the carrier gas
to room temperature. At DPI Ellinbank, bottled gas is stored outside buildings for
safety. In cold weather, it had been observed that the chromatogram baselines were
unstable when the carrier gas was piped directly to the GC without temperature
stabilisation.
Gas is transferred from a common sample loop through two parallel columns, one per
detector, operated at 80°C. The CH 4 peak is separated using an Alltech Porapak-Q 80–
100 mesh column (3.6 m × 3 mm stainless steel, Grace Davison Discovery Sciences,
Deerfield, IL, USA) operating at a pressure of 310 kPa. Detection is by a flame
ionization detector at 250°C. Separation of SF 6 is achieved using an Alltech Molecular
Sieve 5A 80–100 mesh column (1.8 m × 3 mm stainless steel, Grace Davison Discovery
Sciences, Deerfield, IL, USA) using a flow rate of 30 ml/min. Detection is by an electron
capture detector operating at 300°C. The Molecular Sieve column is baked out
overnight by slowly raising the oven temperature to 250°C, while bypassing the
electron capture detector. The oven temperature is held for 10 hours, then slowly
reduced to 80°C. Note that the Porapak column is isolated for the duration of this
bake-out process.
Three NIST (www.nist.gov) certified gas mixtures (Scott-Marrin, Riverside, CA, USA) are
used as standards to interpret the results from the GC. These are low ([CH 4 ] =
20.37ppm, [SF 6 ] = 18.66 ppt), medium ([CH 4 ] = 63.9 ppm, [SF 6 ] = 59.4 ppt) and high
([CH 4 ] = 251 ppm, [SF 6 ] = 240.3 ppt). Each standard is plumbed to a Quick-Connect
fitting (Swagelok QC4-B-200) so it can be connected to the GC in the same way as the
samples. Regulators on the standards are set to deliver the gases at 2 kPa, to minimise
the difference in conditions between standards and samples. Each standard gas is
drawn through the GC using the same process as that used for sample analysis (see
below). An example calibration curve for SF 6 is shown in Figure 8.5.
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Figure 8.5: A typical linear GC calibration equation for SF 6 as determined at DPI
Ellinbank. The three points or clusters, other than the origin, correspond to three
standards.
Sample analysis immediately follows analyses of the three standards. After mounting a
canister, the sample loop opens and a diaphragm pump (Thomas, 7006VD/2,3/E/AC,
Gardner Denver Thomas Australia, Wetherill Park, NSW, Australia) connected to the
GC exhaust is turned on, drawing the sample into the GC at ~30 ml/min for the 30
seconds the sampling loop is open (as per Section 8.1, Option 4). The pump’s
connection to the GC exhaust minimises the potential for cross contamination. The
pump is turned off after the sampling loop has closed. Run time per sample is three
minutes. Example chromatographs are shown in Figure 8.6 and Figure 8.7. Canisters
are analysed sequentially until all samples have been analysed. The analysis sequence
concludes with each of the three standards being analysed again, to check for drift in
the GC. SF 6 and CH 4 mixing ratios are then estimated on the basis of linearity of
detector responses.

Detector signal (µV)
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Figure 8.6: A typical DPI Ellinbank GC/ECD chromatogram, showing the SF 6 peak.

Figure 8.7: A typical DPI Ellinbank GC/FID chromatogram, showing the CH 4 peak.

Methane emissions are calculated in a two-part process: the first step is to
mathematically account for the physical dilution of the samples with N 2 gas before
analysis (Eqn 8.5).

[GS ] =

101 − τ f

τ e −τ s

× [G A ]

Eqn 8. 5

Where [G S ] (same units as [G A ]) is the calculated concentration of the gas as sampled,
101 is the average atmospheric pressure (kPa), τ f (kPa) is the final vacuum in the
canister after the addition of nitrogen, τ s (kPa) is the vacuum in the canister after the
sample is collected, τ e (kPa) is the vacuum in the evacuated canister before use, and
[G A ] (ppm for CH 4 , ppt for SF 6 ) is the gas concentration in the sample presented to the
GC.
Concentrations of SF 6 measured in background air samples at DPI Ellinbank tend to be
similar to, but consistently higher than, those measured at Cape Grim Baseline Air
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Pollution Station in northwest Tasmania (40° 41’ S, 144° 41’ E) (Figure 8.8): see also
Levin et al. (2010) for Cape Grim data. This comparison between local and Cape Grim
concentrations of background SF 6 serves as a valuable check that the collection, GC
analysis and calculations have been completed satisfactorily, and that growth in
background [SF 6 ] is not an artefact of measurement. A persistent difference between
Ellinbank and Cape Grim estimates is not of concern because the former carry greater
uncertainty and, potentially, bias (Lassey, 2013).
The second step is to use the calculated gas concentrations to calculate the methane
emissions as described by Williams et al. (2011) and in Chapter 10, (Eqn 10.3).
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Figure 8.8: Concentrations of SF 6 measured in background air samples at Department
of Primary Industries, Victoria, Australia (•; line shows linear trend) and atmospheric
air samples at Cape Grim Baseline Air Pollution Station (o) located at Northwest
Tasmania (40° 41’ S, 144° 41’ E). Cape Grim data courtesy Paul Krummel (CSIRO Division
of Marine and Atmospheric Research – Aspendale, Australia).

8.3

Analysis by other technologies

Analysis of samples containing high levels of SF 6 (9–30 ppb) is conducted in Armidale,
Australia (Hegarty et al., 2007), where breath samples are collected from cattle dosed
with high-flow permeation tubes (Chapter 4). This process has not been validated for
much lower (ppt) levels of SF 6 .
At Armidale, SF 6 is analysed by GC, while CH 4 is analysed separately using an Innova
1312 multi-gas analyser (Innova Airtech Instruments; Ballerup, Denmark) fitted with a
photo-acoustic detector and equipped with moisture compensator. Standards for SF 6
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analyses are prepared daily, three sets per day, as a volumetric dilution series from a
single SF 6 standard of 100 ppb (= 105 ppt) in nitrogen (Alpha standard, BOC Analytical
Gases, Australia). Gravimetrically calibrated 50 ml and 1200 ml (SGE Analytical Science)
syringes were used to manually and sequentially prepare standards of 100, 40, 16, 6.4,
2.56 and 1.28 ppb SF 6 in air, mixed in the 1200 ml syringe. A separate 50 ml injection
syringe was flushed twice with 20ml of each standard drawn from the 1200 ml syringe,
before being used for duplicate injection of that standard into the GC sampling loop (5
ml). No contamination of SF 6 was detectable in the injection syringe (<1 ppb) in blank
(air) samples analysed at the start and end of each dilution series. The dilution series
was prepared independently twice each day, with each calibration being used to
quantify SF 6 in samples analysed in the 4 hours following the calibration.
Samples (1–2 L) are extracted from collection yokes into Tedlar bags using a piston
pump (Model 2581C-02, Welch Thomas, Skokie, IL), no more than four hours prior to
analysis (Hegarty et al., 2007). Each sample is analysed for SF 6 and CH 4 in duplicate.
Like standards, samples for SF 6 determination are drawn into a 50 ml syringe after
flushing the syringe twice with the same gas. The syringe is then manually connected
to the GC, and an injected sample purges, then fills, the 5ml sampling loop. The GC
configuration for this analysis is as described by Goldsack et al. (1979).
The daily protocol has a sample of ambient air injected onto the GC, then a set of
calibration standards – prepared as above – are injected; then the background yoke
samples and 12 breath samples (between 0800 and 1200 h). Ambient air and the
second set calibration gases are then run, followed by a further 12 samples (1300–
1700 h), with ambient air and the third set of calibration standards analysed again at
the end of the day.
Peak areas from calibration sets before and after each 12 samples are averaged in
converting SF 6 peak areas to mixing ratios, [SF 6 ], for the intervening samples. A
curvilinear regression is fitted ([SF 6 ] = y o + a.area + b.area2) using SigmaPlot (version
8.02A), where area = peak area units quantified by an integrator (Chromatopac C-R1B
Data Processor, Shimadzu; Kyoto, Japan).
While a sample is being analysed for SF 6 , the host Tedlar bag is connected to the
Innova 1312 multi-gas analyser for CH 4 analysis. A two-point methane calibration –
using 0 and 100 ppm standards in air – is made at the start, middle and completion of a
day’s analyses. In some studies, a mixed high standard (100 ppm CH 4 , 4000 ppm CO 2 )
was used to obtain CO 2 concentration data from this instrument. A cross-interference
correction for water is always switched on in the Innova 1312 to avoid having to dry
the sample.
The Innova 1312 can measure five gases per sample, and has a claimed detection limit
for SF 6 of 2 ppb, so should have been capable of direct simultaneous infra-red
measurement of SF 6 as well as CH 4 and CO 2 in these samples. However, crossinterference with SF 6 from unknown compounds occurred in samples collected in
yokes made from a range of plastics and of aluminium. Inclusion of a 5 ml in-line cleanup column packed with A20 activated carbon significantly reduced this interference,
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but the authors were not confident to measure SF 6 in yoke samples by this instrument
below 100 ppb SF 6 , making the Innova 1312 unsuitable for infrared SF 6 determination
of breath samples as collected.

8.4

Intermediate sample storage

It may not always be possible to analyse samples directly from the collection canister
within 24 hours of collection, thereby assuring a quick turnaround of canisters.
Without a 24-hour turnaround, a lot more canisters would be needed to effect
successive 24-hour collections. As canisters are both cumbersome to store (and
therefore expensive to ship), and expensive to buy or fabricate when compared to
vials, they do not make ideal sample storage receptacles. Hence, several research
groups have developed techniques to transfer sub-samples from canisters into vials for
storage and/or for efficient transport to a specialist laboratory. The following sections
describe such experiences.
In sample transferral and vial storage, it is important to recognise the risk of loss or
contamination of samples due to leaky vials, including cross-contamination among copackaged vials, especially when shipped over long distances and/or kept in the vials for
long periods. Attention to sample integrity is critically important; in particular, it is
good practice to over-pressure the vials to circumvent inward leaks. But samples at or
near atmospheric pressure at the filling site could still leak during transit where local
atmospheric pressure changes. Anecdotally, there have been many studies that have
failed due to leaky vials.

The Canadian experience
Motivated mainly by a need for fast turnover of canisters (PVC yokes), the research
team at Agriculture and Agri-Food Canada – Semiarid Prairie Agricultural Research
Centre (AAFC-SPARC) introduced a modification to the yoke design that incorporated a
septum to enable manual extraction of a gas subsample.
The SPARC SF 6 PVC collection yoke was modified by attaching a sub-sampling port,
connected to the Swagelok Quick-Connect body via a ¼" (6.35 mm) T branch (NAPA
p/n 3600×4: Swagelok) screwed into the yoke (Iwaasa et al., 2004; McGinn et al.,
2006). Key to the sub-sampling port is a blue silicone/butyl septum, 9.525 mm
diameter and 3.0 mm thick (Mandel Scientific A-6514). As a valuable and vulnerable
part of the SPARC SF 6 PVC yoke, the Quick-Connect and sub-sampling port body is
guarded by a PVC surround for additional protection (Figure 5.5).
After a 24-hour collection period, the yoke is over-pressured by about 100 kPa by
slowly adding N 2 gas (99.999%). It was found that after pressurisation, the N 2 gas must
be allowed to equilibrate/mix for at least one hour to achieve a stable concentration in
withdrawn sub-samples. After this time, a sub-sample is taken from the sampling port
on the yoke using a 25 gauge needle attached to a 20 mL syringe. Initially, about 5–10
mL of gas is sampled, then vented to avoid contamination associated with dead
volume in the syringe and needle. A 20 mL gas sample is then taken, and injected into
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a 5.9 or 12 mL Soda glass vial exetainer (Labco) with screw caps and double-wadded
septa with Teflon and silicone. Before use, exetainers have been evacuated to less
than 0.01 kPa. From each yoke, three sequential 20 mL subsamples were taken and
transferred to three exetainers for later CH 4 and SF 6 analysis.
The general recommendation is that GC analyses should be conducted as soon as
possible. However, standards have been run from the same exetainers after one to
two months of storage with no detected problems. Another general conservative
recommendation is that each blue silicone/butyl septum in the sub-sampling port and
the double-wadded Teflon/silicone septa in the exetainers should only be injected ten
times before being replaced.

The New Zealand experience
New Zealand, researchers have developed techniques to sub-sample from unmodified
collection canisters (PVC yokes) into vials without prior dilution. Sub-sampling lessens
the number of yokes required for successive daily breath sampling from ~60 sheep,
and avoids the onerous burden of analysing >60 samples per day at the field site, some
distance from the main analytical laboratory at NIWA (Wellington).
Along with a number of GCs, NIWA’s gas-analysis laboratory has a Gilson auto-changer,
with a GC interface controlled by LabView software on a laptop computer. The autochanger tray can be loaded with up to 220 vials (12 ml soda-glass ‘exetainers’ with
screw caps and butyl septum: Labco, UK). Once set up, the LabView software
controls the unattended successive analyses of the supplied vials, interspersed with
analyses of a supplied standard. Teflon and/or silicone linings, are not used in the butyl
septa, because of the known interactivity between Teflon and SF 6 , and the suspicion
that silicone is porous to some gases.
Under LabView control, the vials are sampled and analysed sequentially, using a
conical-tip needle with a side port (21 Gauge, 0.8 mm o.d, stainless steel luer hub
needle, Hamilton 7729-08 from Grace Davison Discovery Sciences, Rowville, Vic,
Australia). These needles are designed to penetrate septa and thin gauge vinyl and
plastics without coring, thereby minimising septum damage and prolonging septum life
(cf. the more common broader-gauge intravenous needle, which can cut the septum).
Under software control, one tray of up to 220 vials can be analysed in about 16 hours,
interspersed with analyses of a standard supplied in a pressurised cylinder (NIWA’s
‘Mid’ standard), and can run unattended overnight. Each session is preceded and
succeeded by a sequence of all three SF 6 standards, as per Section 8.2. The aim is to
analyse samples within one week of collection, though tests with one month storage
have shown good sample integrity in exetainers.
Sub-samples are transferred from yoke to vial at the experimental venue. The NIWAdesigned piston extractor (Section 8.1) has been adapted to transfer a sub-sample
using the yoke’s standard Quick-Connect simultaneously to each of three vials
(replicates), allowing the yoke to be then re-evacuated for reuse. The adaptation uses
a purpose-designed manifold that places the three vials in parallel, under control of a
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manually switched pneumatic valve. The extractor device first simultaneously
evacuates the piston chamber, the manifold and connection tubing up to the QuickConnect, including the three vials via the side-entry needles (<0.01 kPa). Then, without
withdrawing the needles, a switched valve exposes the manifold to the sample,
transferring a sub-sample simultaneously into each of three vials to an over-pressure
of 200 kPa.
That overpressure (24 ml at STP) is sufficient for one sample analysis in the GC,
including purging of the preceding sample. Because of the overpressure, vials with
screw caps are used, rather than push-caps. A technician can conduct and record
about eight transferrals – yoke to three vials – per hour, which far exceeds throughput
of triplicate samples and standards by in-situ GC analysis. With sub-samples extracted,
the yoke can then be evacuated (<0.1 kPa) without flushing for later reuse.
The pump used in each operation to avhieve the staed vacuums is a Hivac TRP-12
(www.hivac.co.nz), with rated pumping speed of 170 L/min.
This system has worked flawlessly in three field campaigns to date, with no renewal of
septa. Each septum is punctured only twice per use: once at the experimental site
(evacuation, sample injection), and once in the analytical laboratory (sample
extraction).
In this way, an experimental campaign with up to 73 samples per day, including
backgrounds, can be sub-sampled by one on-site technician to provide triplicate subsamples for one 220-vial tray for later overnight analysis. This protocol can, in
principle, be extended to a greater number of daily samples if logistics, including the
requisite number of vials, permit.

The Brazilian experience
Because of the large distances between field sites and laboratories – as large as 1,500
km in the case of one field site in Amazonia – the research team at Embrapa developed
a system to split the canister sample into vials and send the boxed vials by post. The
vial configuration varies, according to the auto sampler of the target GC system. In all
cases, borosilicate glass and double-sided (Teflon and silicone) septa are desirable, to
prevent gas loss from the vial. The septum was found to be the most fragile point of
storage, because of the need to puncture it three times: first to apply the vacuum,
second to inject the sample and third to transfer the sample to the GC (manually or
automatically).
Manufacturers usually recommend discarding the septum after only one use.
However, it is possible to check the integrity of each septum brand after multiple
punctures, using a gravimetric method as follows: individually weigh a batch of ~100
new vials (10 or 20ml La-Pha-Pack vials: www.la-pha-pack.com) with air inside at
atmospheric pressure. Then apply a vacuum to 10 vials by puncturing once with the
needle normally used to transfer the sample (0.45 × 13 mm). Puncture another 10 vials
with two holes, another 10 with three holes, etc, with the last hole made by a needle
connected to the vacuum pump and used to evacuate the vials.
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All 100 vials are weighed after evacuation, and again daily for as long as would be
expected between field collection and analysis. An inward leak of air from atmospheric
pressure is easily identified by the weight increasing toward the full-of-air weight (20
ml of air has mass ~25 mg at STP). Embrapa Southeast Livestock have found that 100%
of septa reliably retain a vacuum after four punctures, falling to 65% after the fifth
puncture.
Once the vial brand is chosen, and the number of acceptable punctures is defined, it is
important to evacuate replicate vials (typically five) to equal residual pressure, so that
the replicate samples are all diluted equally (and minimally) by that pressure. A device
was developed (Figure 8.9) to simultaneously apply the vacuum in five (or more) vials,
transfer the sample from the canister and fill them to the same positive pressure. The
device consists of two parts: one fixed base, to which the vials are affixed, and another
moving part with five parallel needles aligned with the centre of each septum of the
vial.
When the movable part descends to meet the vials, the needles pierce the septa at the
same time. On the way back, the moving part ascends, and all the needles leave the
septa at the same time. On the top of the moving part, a three-way Swagelok valve
allows two different flows from or to a common manifold, to which the five needles
are connected through tubing. One flow is to the vacuum pump, and the other from
the sample canister, which has been pressurised with pure nitrogen to an overpressure of ~100 kPa.
First, the valve position exposes all the five vials and connected tubing to the vacuum
pump, to achieve the maximum vacuum (<10 kPa absolute). Then the valve is
switched, so that the canister sample is immediately transferred in part to the vials and
at near-undiminished pressure (~200 KPa absolute). This process standardises the subsamples from the same canister, minimising errors due to different vacuums, volumes
transferred and positive pressures. After this process, the vials will receive only one
further puncture, enabling a useful septum life of two cycles each. The Embrapa team
is still evaluating this system, and testing for how long can the samples be transported
or stored from collection until analysis.
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Figure 8.9: The Embrapa (Brazil) system for transferring samples from collection
canister to 20 ml vials.
See text for details. Photo courtesy of Alexandre Berndt, Embrapa.

112 | Chapter 8: Analyses of
breath samples

8.5

Guidelines for use of sulphur hexafluoride (SF6) tracer technique
to measure enteric methane emissions from ruminants

References

Benner, R.L & Lamb, B, 1985. A fast response continuous analyzer for halogenated
atmospheric tracers. J. Atmos. Oceanic Tech. 2, 582-589.
Goldsack, R.J, Hawke, G.S & Tio, P.H, 1979. Atmospheric dispersion experiments in the
Sydney region. Clean Air 13:57-61.
Hegarty R.S, Goopy, J.P, Herd, R.M & McCorkell, B, 2007. Cattle selected for lower
residual feed intake have reduced daily methane production. J. Anim. Sci. 85, 14791486.
Iwaasa, A.D, Stumborg, M.A, Wittenberg, K.M, McGinn, S.M & McAllister, T.A, 2004.
Development of a cost-effective and simple sampling apparatus and PVC collection
yoke system for methane measurement from grazing ruminants using the SF 6
technique. Canadian Society of Animal Science Conference on the Science of Changing
Climates, Edmonton 20–23 July, 2004.
Johnson, K, Huyler, M, Westberg, H, Lamb, B & Zimmerman, P, 1994. Measurement of
methane emissions from ruminant livestock using a SF 6 tracer technique. Environ. Sci.
Tech. 28, 359-362.
Johnson, K.A, Westberg, H.H, Michal, J.J & Cossalman, M.W, 2007. The SF 6 technique:
methane measurement from ruminants, In: Makkar, H.P.S, Vercoe, P.E. (Eds.),
Measuring methane production from ruminants, Springer, Dordrech, Netherlands, pp.
33-67.
Lassey, K.R, 2013. On the importance of background sampling in applications of the SF 6
tracer technique to determine ruminant methane emissions. Anim. Feed Sci. Tech. 180,
115-120.
Lassey, K.R, Pinares-Patiño, C.S, Martin, R.J, Molano, G & McMillan, A.M.S, 2011.
Enteric methane emission rates determined by the SF 6 tracer technique: temporal
patterns and averaging periods. Anim. Feed Sci. Tech. 166–167, 183-191.
Levin, I, Naegler, T, Heinz, R, Osusko, D, Cuevas, E, Engel, A, Ilmberger, J, Langenfelds,
R.L, Neininger, B, v. Rohden, C, Steele, L.P, Weller, R, Worthy, D.E & Zimov, S.A, 2010.
The global SF 6 source inferred from long-term high precision atmospheric
measurements and its comparison with emission inventories. Atmos. Chem. Phys. 10,
2655–2622. (www.atmos-chem-phys.net/10/2655/2010/).
Martin, R.J, Bromley, A.M, Harvey, M.J, Moss, R.C, Pattey, E & Dow, D, 2011. The
“Lung”: a software-controlled air accumulator for quasi-continuous multi-point
measurement of agricultural greenhouse gases. Atmos. Meas. Tech. 4, 2293-2303.
(www.atmos-meas-tech.net/4/2293/2011/).

Guidelines for use of sulphur hexafluoride (SF6) tracer technique
to measure enteric methane emissions from ruminants

Chapter 8: Analyses of | 113
breath samples

McGinn, S.M, Beauchemin, K.A, Iwaasa, A.D & McAllister, T.A, 2006. Assessment of the
sulphur hexafluoride (SF 6 ) tracer technique for measuring enteric methane emissions
from cattle. J. Environ. Qual. 35: 1686-1691.
Williams, S.R.O, Moate, P.J, Hannah, M.C, Ribaux, B.E, Wales, W.J & Eckard, R.J, 2011.
Background matters with the SF 6 tracer method for estimating enteric methane
emissions from dairy cows: A critical evaluation of the SF 6 procedure. Anim. Feed Sci.
Techn. 170, 265–276.

114 | Chapter 9: Animal management
and feed intake

9

Guidelines for use of sulphur hexafluoride (SF6) tracer technique
to measure enteric methane emissions from ruminants

ANIMAL MANAGEMENT AND FEED
INTAKE

G.C. Waghorna*, C. Pinares-Patiñob, G. Molanob, A.
Berndtc & C. Martinde
a

DairyNZ, Hamilton, New Zealand

b

AgResearch Limited, Palmerston North, New Zealand

c

Embrapa, Fazenda Canchim, São Carlos, SP - Brasil

d

INRA, UMR1213 Herbivores, Saint-Genès-Champanelle, France;

e

Clermont Université, VetAgro Sup, UMR1213 Herbivores, Clermont-Ferrand, France

*Corresponding Author: G.C. Waghorn garry.waghorn@dairynz.co.nz
Methane (CH 4 ) is derived from anaerobic digestion of feed, mainly in the rumen, and
CH 4 production is largely determined by the amount of feed eaten. When calculating
CH 4 yield (CH 4 /unit of feed intake), an accurate measure of intake is just as important
as an accurate measure of CH 4 . The SF 6 technique is important, because it enables CH 4
production to be measured in environments that are typical of commercial husbandry.
The SF 6 technique allows CH 4 measurement from unrestrained animals, which
therefore exhibit ‘normal’ behaviour such as grazing. But in many instances, the
technique is used with animals confined in pens or metabolism crates. Because most of
the world’s ruminants graze outdoors, measurements made from grazing animals may
best represent the population of animals managed on farms. They choose their diet,
and when to eat, ruminate and rest. The importance of grazing behaviour – and
grazing regimens – should not be underestimated in terms of production, digestion
and possibly, CH 4 emissions.
The alternative ‘cut and carry’ feeding of confined or restrained animals provides feed
at times determined by experimental protocols, often with higher intakes compared to
competitive grazing. Forage is cut to a defined length, and intakes are rapid.
Nevertheless, if intake measurement is an important aspect of an experimental
protocol, feeding measured amounts, and collecting uneaten feed (refusals, orts) is the
only way to ensure an accurate measurement.
The SF 6 technique applies to different ruminant species under a wide range of
circumstances, but in practice, most measurements have been confined to sheep,
cattle and some deer. Few measurements have been made with males (other than
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castrates) or animals that have not had frequent contact with humans. The SF 6
method involves frequent – often daily – handling during the measurement period:
fitting halters and gas collection canisters and ensuring the tubing, or ‘plumbing’,
remains intact.
It is important that animals are reasonably docile. There is nothing to be gained from
trying to measure CH 4 production from angry animals, other than poor data, broken
equipment and injuries to humans and animals. Animals should be sufficiently calm for
equipment to be attached and changed without headstocks, because neck restraints
prevent neck yokes being fitted, and damage can occur when the animal is released.
Bos indicus is naturally more agitated and averse to human contact, and typically
demands two to three months of careful care during domestication. Young animals can
become very docile following domestication, but it is best to identify aggressive
animals and exclude them prior to training to ensure success. This applies to all species
and breeds.
The experimental objective should determine both the choice of protocol – whether
SF 6 or another method should be used for measuring CH 4 – and the requirements for
intake measurement (Table 9.1).
The importance of the objective cannot be overstated, especially when it defines
grazing vs. indoor feeding. Are intake measurements really necessary? Could they be
predicted from energy requirements for maintenance and measured production? How
accurate should the measurements be? Indigestible markers, faecal ‘grab’ samples or
pre- and post-grazing pasture cuts can give an indication of intakes, and avoid the need
for cut–and-carry, which means intakes can be measured indoors. However, there is a
risk of under-estimating CH 4 yields if predicted intakes are used, because any reduction
in actual intake (in response to the measuring equipment) will lower CH 4 yields. Of
course, these considerations only apply to animals grazed outdoors.
The SF 6 technique has been used to estimate CH 4 production in countries such as
Australia, Argentina, Brazil, Canada, China, France, Ireland, New Zealand, United
Kingdom and the United States. When protocols have been followed, the data have
been assumed to be representative of the actual emissions. Indeed, emissions
calculated from the SF 6 method have been compared with respiration chambers in
cattle (McGinn et al., 2006; Grainger et al., 2007; Münoz et al., 2012) and sheep
(Hammond et al., 2009) with good agreement.
However, when sufficient data became available, Vlaming et al. (2005; 2007)
demonstrated a positive relationship between SF 6 permeation rate and estimates of
CH 4 production, and this warrants further investigation. Other concerns with this
technique were highlighted when low CH 4 yields (g/kg dry matter (DM) intakes)
measured from sheep fed either fresh white clover (Trifoliun repens) (Krause;
unpublished ) (14-16 g/kg DM intake or chicory (Cichorium intybus) (Waghorn et al.,
2002) (16.2 g/kg DM intake) were reassessed using respiration chambers. Chamber
measurements showed CH 4 yields from sheep fed white clover were 19.8-27.1 g/kg
DM intake (Hammond et al., 2011), and 22.8 g/kg DMI from chicory (Sun et al., 2011).
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Intake level may have accounted for some of the discrepancies between SF 6 and
chamber values (Hammond et al., 2013), but much of the difference between
measurements methods remains unexplained.
This chapter considers three aspects of measurement in farm animals; animal handling
and management, intake measurement, expression of CH 4 and diet composition.

9.1

Animal handling and management

The SF 6 technique requires eructated and respired gas to be collected from near the
nostrils, and the sample stored in evacuated canisters that are changed when they are
between 50 and 70% full. The sampling tube must be attached to the animal in a way
that maintains its position near the nostrils at all times, whether eating, drinking,
scratching or any other activity. Usually, it is connected to a halter securely fastened to
the animals head. A ‘nose flap’ or similar may need to be fitted to ensure the sampling
tube is located appropriately, and the tube should have two openings in the shape of a
‘y’, to minimise the chance of water blocking the capillary tube when the animal is
either drinking or grazing wet pasture. The actual position of the sampling tube is not
important, provided the collected gas concentrations are about 10 times their
concentration in background air.
Halters are the standard method of attaching the sampling tube, and any wellconstructed (i.e., several adjustable straps) version is suitable, provided it fits firmly
without rubbing. Halters for cattle seem to fit easily and well, but sheep can be more
difficult, depending on wool length and halter design. It is probably easier to work with
sheep that have comparatively little wool around their head and neck, which means
the halter can be positioned easily and securely. Halters may be fitted one or two days
before sample collecting, so animals become accustomed to them and to people. It is
probably best to commence measurements from all animals in a trial at a similar time.
The canister design (Chapter 5) may affect animal handling and operator safety. Early
trials in New Zealand placed ‘training’ neck canisters on sheep and cattle, so they
became accustomed to the equipment before measurements commenced. In Brazil,
most trials with cattle use training halters and canisters (without tubes and
connections) for at least four days before the collection period. The need for training
halters can also be assessed by measuring CH 4 production over sequential collection
days. Brazilian work has not shown any changes in emissions measured over five days
following a four-day training period.
The animal handling requirements for collection canisters are similar to those for
fitting halters, but care is essential to make sure the animals are not harmed by the
equipment. Girth straps holding back-mounted canisters can cut and abrade behind
the front legs, and the canisters themselves can damage the skin over the spine. These
require straps around the brisket, in addition to the girth strap, rather than very tight
girth straps alone. The use of shoulder and saddle collection canisters has been
restricted in some centres because careless or poor fitting by some operators caused
rubbing and pressure damage.
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On housed animals, collection canisters must sometimes be mounted in alternative
ways: for example, neck-mounted yokes are not appropriate when animals are eating
from Calan gates, Grow Safe or any facility with a narrow access point to feed.
Individual animals held in metabolism stalls may have the collection canister mounted
off the animal, in which case the tubing connecting to the halter should be positioned
so the animal cannot chew it. This may be achieved if it is attached behind the head, or
between the shoulder blades, and if the tubing is supported by elastic (7-10 mm, used
in clothing) it will remain out of reach when the animal stands or lies down.
Other systems include mounting under the jaw, attached to the halter, but these may
interfere with grazing. Animal care and welfare is essential from both an ethical
perspective and because an ill-treated animal will yield poor quality information.
When fitting halters, harnesses and canisters, it is preferable that animals are
sufficiently docile that head and/or neck restraints (or crushes) are not necessary. In
our experience, it is better to spend time working with the animals for days or weeks
before the measurements, so they become accustomed to handling, rather than
impose halters and other collection equipment on stressed sheep, cattle or deer.
We should aim for 100% success with collections, and if the collection rate is less than
80%, something is wrong with the equipment installation, animal training or operators.
Problems arise from loose tubing, stressed animals and inadequately trained personnel
fitting and changing equipment incorrectly. Experienced personnel will observe,
identify and remedy potential problems: are connectors fitted properly? Are tubes
intact, stretched or broken? The vacuum in the canister must be checked when placed
on, and removed from, the animal, and collections should be avoided in very wet
conditions because tubing will block. Attention to detail will improve the quantity and
quality of samples obtained, but often, only 70% of collections (with appropriate
vacuum) from grazing animals are successful. In this situation, it is important to allow
extra days for measurement, so as to obtain sufficient robust data.
Experimental animals should be split into groups of less than 15, to minimise
equipment damage when they are bought into the yards, and to maximise their
grazing time – large groups take time to process, so there is less time available for
grazing. Keeping groups small, and having enough operators on hand, will ensure the
rapid exchange of canisters. Keep spare halters and canisters handy should any need
replacing.
It is also important to consider herd hierarchy: mixing animals from different herds
immediately before the collection period might see equipment damaged as animals
establish a new dominance relationship. When animals alter their behaviour in this
way, they probably eat less and spend more time and energy on social interactions,
which means data quality can be compromised.
Any reduction in intakes attributed to the equipment will affect measurements and
interpretation, and this could prejudice data accuracy – especially where intakes were
calculated or estimated. Most sheep and dairy cows have little problem with
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measuring equipment, but young animals appear to reduce their intakes – for one or
two days, at least – when measuring apparatus is placed on them. However, once
accustomed to the halter, the canister appears to have minor effects on behaviour of
mature sheep and cattle. This means measurements may be taken from the time the
canister was fitted. Fitting halters takes time, so the halter may be fitted one or two
days prior to placing the canister on the animal.
Determining an animal’s appropriate adjustment period must be made with specific
experimental situations in mind. Any impact from the canister can be assessed by
comparing emissions on day one with those on subsequent measurement days.
The optimal number of collection days does not appear to have been determined. In
Brazil, five days of measurements from cattle are recommended – including additional
collection days if some data are discarded – and this has resulted in consistent
emissions without trends over the collection period. Measurements from cattle in New
Zealand have occasionally shown oscillations in daily emissions (a two-day cycle). The
cause has not been identified, but it could be the intermittent equilibration of SF 6 in
rumen head-space gas. Defensible measures of CH 4 made using SF 6 must be
undertaken over at least four days, because the data will be more representative than
from shorter measurement periods, and any trends over time can be recognised over a
period of four or more days. We suggest a minimum of four days of collection – three
days is inadequate.

9.2

Determining feed intake

In most situations, feed intakes will be an important component of CH 4 research, and
this information may be fundamental to the interpretation of results. Intake
measurements are easily achieved with indoor trials, because feed offered and refused
by individual animals can be measured. Even under these conditions, however, it is
important that researchers are aware that at the start of a trial, the CH 4 is derived
from material eaten previously, and the feed consumed at its conclusion is
contributing CH 4 that will not be measured. It is therefore worthwhile measuring
intakes for a few days prior to CH 4 measurements, especially to be sure there are no
changes (most likely a decline) associated with measurements. A consistent level of
intake and feed type, and a prolonged measurement period (four to five days) will
improve the accuracy of any determinations. Consideration may also need to be given
to rumen adaptation to dietary change, especially when the same animal is used in a
crossover or Latin square design.
Intakes of grazing ruminants are difficult to estimate, and impossible to measure
accurately. It is also difficult to assess the accuracy of grazing measurements.
‘Obviously’ incorrect intakes can be easily identified: of more concern are assumptions
that most measurements are ‘acceptable.’
The use of tables and equations to estimate intakes of animals in short term grazing
trials is equally unacceptable, because daily variation in actual intakes is too great, and
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a 10% overestimate of actual intakes could create a ‘significant’ treatment reduction in
yield, when in reality, there was none.
Researchers cannot assess the accuracy of intake calculations derived from feed
requirements based on changes in body weight and production. Ruminant weight is
notoriously variable, because the rumen digesta accounts for 10-20% of body weight
(Archer et al., 1997; Waghorn 2002) and can vary substantially within, and between,
days. In addition, mobilisation and accretion of body tissue can affect feed energy
associated with milk production in lactating animals, so intakes cannot be calculated
from productivity alone. In beef cattle, the muscle and fat deposition rates alter during
growth, so it is also hard to calculate the efficiency of feed energy use. To address
these challenges, researchers must define the experimental objective carefully. Once
defined, the appropriate experimental protocols can be applied.
If intake measurements are required, the experimental design must take into account
the need for either ‘accurate’ or ‘natural’ (outdoor) conditions. Accuracy may be
achieved by indoor feeding, but this will not be ‘natural’ for a grazing animal. ‘Natural’
may be indoor feeding in some environments, but with grazing animals, the intakes
will be affected by the amount and accessibility of feed offered, weather, animal
efficiency (residual feed intake), reproductive cycle (oestrus), social status in the group,
effect of CH 4 measuring equipment and management. Furthermore, all these are
affected by physiological state (Table 9.1).
When expressing CH 4 production in terms of intake (i.e., yield), equal value must be
placed on the accuracy with which both measurements are made. Table 9.1 lists some
positive and negative points relating to indoor feeding, grazing and calculated
measurements of intake. When designing experiments intended to express CH 4 in
terms of feed eaten, researchers must consider many factors. The points in the Table
will not be expanded here, but the appropriate technique will balance the risks with
the research objectives.
A realistic risk assessment must be made prior to measurements, rather than
optimistically assuming the findings will be acceptable. Of most concern is the
acceptance of data when it is probably flawed (e.g., estimates of intake), in order to
achieve an outcome (publication), without appropriate consideration of the accuracy
of the data. Unfortunately, this is too common, and has lead to misleading and
incorrect conclusions in CH 4 and all research. We reiterate: the measurements must be
driven by the objective, and in some situations, intake may not be necessary when
evaluating a treatment on CH 4 emissions: for instance, when testing mitigants of CH 4 ,
or determining emissions intensity (Ei; emissions/production).
If the experimental objective is to reduce CH 4 emissions while maintaining production,
it may be possible to simply measure CH 4 from farmed animals. If done over an
appropriate period, without experimental bias (for example live-weight gain and loss,
in dairy cows over a lactation), good information can be achieved about emissions,
production and therefore, Ei. This is emissions/production and, in a hungry world, may
be a more sensible measure of greenhouse gas emissions than yield.
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Table 9.1: Positive and negative aspects of intake measurement from housed, grazed
and estimated values.

Indoor feeding
Positives
Accurate weights of feed offered and refused.
Accurate sampling of feed offered and refused to determine dry matter percentage
and composition.
Accurate measurement of feed eaten.
Appropriate management for animals raised indoors (e.g., dairy tie-stall, free-stall).
Concerns
None, if data relate to indoor management systems, and intakes are recorded
accurately.
Intakes and digestion can be affected by timing/feeding frequency, even when feed is
always available.
The feeding pattern will be determined by the feeding regimen.
Negatives
Forage – and to a lesser extent, silage composition – changes after it is cut or removed
from storage, raising the risk of heating and spoilage.
Indoor forage feeding is not representative of a grazing environment because:
Forage is cut once or twice a day.
Forage is harvested to a predetermined height; it is often longer (and more mature)
than grazed forage, to make it easier to harvest.
Intakes are likely to exceed that at grazing because of ad libitum availability.
Digestion will differ from grazed forage because cutting length is pre-determined and
less chewing (cell damage) may be required, compared to grazed forage.
Animal selection of plant species and plant parts is limited.
Interaction with peers and time for other activities are avoided/compromised.
Hours of light/dark are altered.

Grazing
Positives
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Grazing represents the ‘real world’ under which most ruminants exist in many
environments and countries.
Intakes are usually limited through availability and competition with other animals.
Forage quality varies, but animals are often able to choose a variety of components in
their diet.
Concerns
Intakes vary with feed availability, competition, specific paddocks, animal
management, drive to feed, etc.
Composition of diet will differ for individuals, and during the day. Under rotational
grazing where new feed is given once or twice daily to achieve high forage utilisation
(e.g., pasture-fed dairy cows), diet quality will diminish during the day.
In slower rotations, where animals stay in the same paddock for three to five days, the
changes in forage composition, availability, and grazing behaviour are also likely to
affect CH 4 emissions. With slow rotations, the periods of CH 4 measurement may be
adjusted to fit the experimental objectives (e.g. three to five days in a five-day
rotation).
Digestion and digestibility will be affected by diet composition, eating pattern, intake
level and behaviour.
Negatives
Intakes are usually limited through competition with other animals or availability and
forage quality.
No satisfactory method for estimating feed intakes.
Pre- and post-grazing pasture cuts have moderate accuracy and can be appropriate for
estimating group intakes.
Measuring faecal output (with an indigestible marker or collection bag and harness)
requires knowledge of digestibility to calculate intakes, but digestibility varies
substantially between individuals; values may be more defensible for groups than
individuals.
Use of faecal collection bags risks losing faeces, underestimating intake and increasing
estimates of CH 4 yield.
The alkane (plant cuticular wax) method has an advantage over external (indigestible)
markers, because variation between individuals in digestibility is accounted for in the
calculations. This technique is based on faecal recovery of plant waxes and a synthetic
wax (usually an even chain length) administered daily to the animals. For the method
to provide accurate (reliable) data, researchers need to know the alkane content (and
type) of the diet eaten, and the recovery (indigestibility) of both the plant and
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administered alkane must be the same, but In a mixed sward, it is not possible to
determine the alkane concentration in forage eaten, because values differ between
plant species, and individual animals vary in their dietary choice.
Measures of faecal recovery of alkane waxes show differences between plant and
administered waxes (administered are usually higher than plant waxes).
Alkane technology is claimed to be efficacious when monocultures are grazed, but this
is difficult to demonstrate.
When feed intake is estimated using external markers such as alkanes, chromium
oxide and titanium dioxide, animals need to be dosed twice daily, usually for 12 days –
seven days to reach steady state, followed by five days with twice-daily faecal
collection. Depending on animals and circumstances, it may be best to undertake CH 4
and intake measurements separately; especially with animals such as sheep or beef
cattle, which are unaccustomed to routine handling. However, both can be done
simultaneously with dairy cows that are handled every day.

Calculated intakes
Positives
A value is generated, and over a period of several weeks this is likely to be a
representative group mean.
Concerns
The number may have little relevance to intakes of animals fitted with CH 4 sampling
apparatus, especially in short term trials.
Negatives
Feed intakes are calculated from existing tables of energy requirements, which are
based on experimental data collected under situations when intakes could be
measured. An average value is then derived for animals with a defined weight and
productivity. Some systems (e.g., the Australian Research Council standards, 1990)
take the environment into account when deriving the values, but none can take into
account differences between individuals (residual feed intake, or RFI).
The energy requirements are usually based on production, live weight and live weight
change, and must be measured in conjunction with CH 4 measurements. These data
cannot be determined accurately in short-term trials, nor can the metabolisable
energy content of the feed eaten.
Calculated intakes mean little in the short term, and values for young animals fitted
with CH 4 collection apparatus will inevitably be overestimates of actual intakes. This
situation would underestimate actual yields.
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Expressing methane and measuring diet composition

When intake is measured, should CH 4 yield be expressed as dry matter (DM), organic
matter (OM), digestible DM, or energy (gross, digestible, metabolisable or net)?
Despite current and past protocols, it is illogical to express CH 4 on either a gross energy
(GE) or DM basis, because they do not account for variations in feed quality, nor for
the source of CH 4 , which is digested feed. Production-targeted feeding is based on diet
composition and quality, and where energy is first limiting for production, diets are
assessed on the basis of available energy content for maintenance and production
(metabolisable energy, or ME).
Adding fat – or reducing ash – elevates a diet’s GE, and most forages have a value of
about 18.4 MJ/kg DM, even though there may be a two-fold range in the feeding value
for production. For example, a grain-based diet will result in much higher production,
and efficiency of production (daily gain/daily feed intake) than a diet of fibrous
forages. Historically, CH 4 has been expressed on a GE basis, and more recently on a DM
basis, for inventory. Expression on a DM basis may be justified if feed requirements
have been based on DM requirements, but in reality, this is dated and inappropriate.
Expressing CH 4 emission based on gross feed intake may be acceptable for emissions
inventory purposes, but mitigation research needs to evaluated on a more meaningful
basis.
Expression in terms of organic matter is logical, because the CH 4 does not originate
from the ash component of feed. However, it is not much more useful than DM,
especially as ash accounts for between 7 and 10% of DM in most feedstuffs. When
energy is first limiting for production – as with good quality temperate pasture species
– it would be sensible to express CH 4 in terms of ME, because this is the basis of
determining either the feed required to achieve a predetermined level of production,
or predicting the production likely from a set ME intake.
So, ME may appear a logical way to express CH 4 emissions, but a feed’s ME varies with
intake, and the efficiency of use for production is affected by diet composition
(Waghorn, 2007). ME is not a constant, and is usually predicted rather than measured.
There is some logic in expressing CH 4 on the basis of material digested, but only
ruminal and hind-gut digestion contributes CH 4 . Digestibility varies with intake, feed
type and individual animal, and some reports have suggested a poor relationship
between CH 4 yield and digestibility (Johnson and Johnson, 1995; Hammond et al,
2013).
These variables highlight some of the factors that should be considered when
designing an experiment, but there is no right or wrong method of expression. The
important thing is that measurements of feed intake and feed composition are
accurate and repeatable.
One of the most difficult – though often unrecognised – challenges faced by
researchers is measuring forage DM content and composition, especially of wet
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forages fed indoors. This could be illustrated by a feeding trial with cattle in a barn
situation, where 5 t of wet pasture is offered daily, but less than 2 kg might be used to
determine the DM percentage of material offered, and less than a gram is used for
analysis. The problem is greater still with very moist forages, and is made worse when
the material contains a range of plant species. For example, if the feed offered is about
12% DM, then an error of ± 0.5 of a percentage unit (11.5 to 12.5% DM) represents an
8.3% variation in feed offered.
Errors in feed DM determination can be minimised by taking several samples, then
drying ‘representative’ samples (200 g wet weight) when new feed is given, and in
triplicate. It is important that samples represent the material offered, and that they do
not dry out prior to oven drying. They should be placed in a plastic bag, held at 4oC,
and when removed for drying, sub-sampling and weighing, this should be done quickly.
The problem is less important with refusals (orts), especially if these represent 10-15%
of material offered, because the error can only be 10-15% of that associated with the
feed offered. Sampling for analysis represents another challenge, and sometimes
grinding a large, rather than small, sample will lessen errors associated with subsampling. When material is ground in a Wiley mill, there is always some residue
remaining in the mill. This is inevitably stalky material, so grinding in effect lowers the
fibre content of the sample submitted for analysis. Some labs do not clean the mill
between grinding samples of similar material, in an effort to maintain representative
material.
The assays themselves are really the prerogative of the researcher, and may be based
on wet chemistry or near infrared spectroscopy (NIRS), but it is imperative that all
samples are prepared in accordance with analytical requirements. Samples used for
DM determination (e.g., dried at 105oC for 24h) will not be suitable for chemical
analyses. It is helpful to keep a spare sample (in the dark) so additional analyses can be
carried out, if needed.
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10.1

Basic theory

The sulphur hexafluoride (SF 6 ) tracer technique developed by Zimmerman (1993) has
become a popular method for measuring ruminant methane (CH 4 ) emissions. Chapter
13 contains a comprehensive list of publications that reported either on the
development of the SF 6 technique, or on its use.
The technique – first used in ruminant nutrition research by Johnson et al. (1994) –
relies on a permeation tube to release a small amount of SF 6 at a known and constant
rate into the rumen. The released SF 6 mixes with rumen fermentation gas, and acts as
a tracer for rumen CH 4 . The SF 6 technique is based on a breath sampling and collection
system mounted on a head-harness attached to the animal. The system involves an
evacuated container that draws air from near the nose and mouth through a tube.
The air flow rate is limited by means of a flow restrictor, such as a capillary tube. In the
method as described by Johnson et al. (1994), the known daily release rate ( QSF 6 ,
mole/d) of SF 6 from the permeation tube and the ratio of the ‘mixing ratios’
(sometimes designated as concentrations) of CH 4 and SF 6 in the collected gas sample
were used to estimate the daily rate of CH 4 emissions ( QCH 4 , mole/animal/d) as
described by Eqn 10.1:

QCH 4 = QSF 6

[CH 4 ]
[SF6 ]

Eqn 10. 1
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Note: in Eqn 10.1, the mixing ratios of SF 6 and CH 4 must be expressed in the same
units; for example, parts per trillion, and Q SF6 and Q CH4 in the same consistent units;
for example, mol/d.
When the SF 6 technique is used to estimate CH 4 emissions, the most important
equation that should underlie all considerations is the ideal gas law, as shown in Eqn
10.2:

PV = nRT

Eqn 10. 2

Here, P is the gas pressure (atm), V is the volume of a gas (L), n is the number of moles
of the gas, R is the ideal gas constant (0.08206, L.atm.deg-1.mole-1) and T is
temperature in degrees Kelvin. Thus, the correct, consistent units appropriate to each
situation must be used. Mixing ratios are defined as mole fractions of the gas
concerned in dry (or dried) air. But, as can be deduced from Eqn 10.2, at a given
temperature and pressure, the partial volume of a gas in a mixture of gases is
proportional to the number of moles of that gas in the sample. Hence, in equations
involving mixing ratios, it is appropriate and convenient to think of them in terms of
volume ratios, provided that the ideal gas law applies under the prevailing conditions.
However, the law breaks down at high pressures when a molecular volume is a
significant fraction of the total occupied volume per molecule. In this context, a part
per million or billion or trillion can be equated to a volume fraction. Accordingly, 1 ppm
(or 1 ppt) of trace gas – defined rigorously as 1 µmol/mol (or 1 pmol/mol) – is
sometimes written as 1 ppmv (or 1 pptv), or one unit volume of trace gas in 106 (or
1012) volumes of dried air.
The SF 6 technique has evolved from that succinctly described by Johnson et al. (1994),
and it has recently been used in many countries, including Australia (Grainger et al.,
2007; 2008), Brazil (Pedreira et al., 2009), Canada (McGinn et al., 2006; Holtshausen et
al., 2009), France (Pinares-Patiño et al., 2007; Morgavi et al., 2008), Ireland (Wims et
al., 2010) and New Zealand (Vlaming et al. 2007, 2008; Ramirez-Restrepo et al., 2010;
Pinares-Patiño et al., 2011). Lassey et al. (1997) described the technique in more detail
than Johnston et al. (1994), being apparently the first authors to explicitly state that
the CH 4 emission calculation should use the concentrations of SF 6 and CH 4 “in excess
of background”. The intent of this correction procedure is stated explicitly in Eqn 10.3,
where the M subscript indicates the gas mixing ratio measured in a breath sample, and
a BG subscript indicates the same in a background sample:
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[CH 4 ]M − [CH 4 ]BG MWCH 4
×
× 1000
[SF6 ]M − [SF6 ]BG MWSF 6

Eqn 10. 3

In Eqn 10.3, R CH4 is the calculated production rate of enteric CH 4 (g/animal/d), R SF6 is
the measured release rate of SF 6 from the permeation tube (mg/d), MW CH4 is the
molecular mass of CH 4 (16), and MW SF6 is the molecular mass of SF 6 (146). For
convenience, the mixing ratio of CH 4 is generally expressed in ppm, and that of SF 6 in
ppt. This is the case in Eqn 10.3. The factor of 1000 in Eqn 10.3 is a unit converter,
taking into account the disparate units for [SF 6 ] in ppt, [CH 4 ] in ppm, and R SF6 in
(mg/d), so that R CH4 will have the desired units of g/d.
Since the work of Johnson et al. (1994) and Lassey et al. (1997), there have been more
than 50 scientific publications that explicitly report that background corrections shown
in Eqn 10.3 were used to calculate CH 4 emissions (For example, Boadi et al., 2002;
Grainger et al., 2008, 2010; Pinares-Patino et al., 2007; Vlaming et al. 2007, 2008).
Despite the now widespread use of background correction in the SF 6 technique, there
are at least three scientific articles that have not explicitly reported making
background corrections, and one article where background correction was made only
for CH 4 . Recently, Williams et al. (2011) researched and reviewed issues associated
with background corrections and their impact on CH 4 emissions as calculated by the
SF 6 technique, and Lassey (2013) has illustrated how ill-considered backgrounds can
mislead experimental findings (see Chapter 7).

10.2

Choice of Breath Sample Integration Period

Almost all implementations of the SF 6 tracer technique have used 24-hour breath
collections, thereby estimating emission rates averaged over 24 hours. Given that one
might expect SF 6 to be emitted at near equal measure every eructation cycle –
whereas CH 4 emission patterns are strongly correlated with feeding patterns – it
makes sense to consider only average emissions of those gases over a full feeding
cycle, or multiples thereof. Martin et al. (2008) accumulated breath samples for only
eight hours, which included a single meal. They also sampled rumen headspace gas
throughout the same eight hours. Their emission estimates were then necessarily
averaged over only eight hours, and should not be compared with daily averages,
unless a similar meal is offered and eaten every eight hours.
Taking it to the extreme, Hristov et al. (2009), in a novel variant of the SF 6 technique,
used a syringe to collect spot samples of rumen headspace gas hourly, from two hours
after the morning feeding, until six hours post-feeding. Upon extrapolating data for
their control diet on the basis of equal meals every six hours daily, emissions would be
estimated at 156 g CH 4 /d, corresponding to a surprisingly small CH 4 yield of 5.9 g
CH 4 /kg DMI. This illustrates the danger in extrapolating short-term measurements to a
full 24-hour feeding cycle.
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Bárbaro et al. (2008) have experimented with multi-day sampling, which suits the
Argentinian beef system in which animals roam freely without mustering for several
days. In general, fair agreement was obtained when an Argentine multi-day collection
system was compared with a typical New Zealand 24-hour collection system (PinaresPatiño, 2012).
The above variations on daily breath collection were motivated by constraints on the
experimental protocol. In a separate study, Lassey et al. (2011) examined the role of
breath collection duration, called “averaging period”, in a purpose-designed
experiment. This experiment departed from the standard breath collection approach
by pumping breath samples directly into Tedlar bags. A continuous flow of breath
sample from each of nine sheep (three groups of three) for six days was diverted into a
clean bag every 20 minutes. Two bags were associated with each sheep, and while one
was being filled, the other was analysed automatically, the residue discarded and the
bag readied for reuse. This provided a pattern of CH 4 and SF 6 emissions averaged
every 20 minutes for six days. Data could be aggregated to mimic averaging periods of
any multiple of 20 minutes.
A surprising finding in the experiment of Lassey et al. (2011) was that, not only was SF 6
not emitted at a uniform rate throughout the day, but that its emission pattern
strongly correlated with the CH 4 emission pattern (R2 = 0.732 among 3820, 20-min
samples).
This finding may be disconcerting, because the mechanism is undetermined, but such a
correlation actually improves the merit of SF 6 as a tracer of enteric CH 4 . It may also
partially contribute to the SF 6 technique’s apparent innate variability, which has been
reported by some researchers (see “Uncertainty” below). The experiment of Lassey et
al. (2011) confirmed that emission rate estimates made with multi-day averaging
periods agreed with daily estimates, as did estimates based on 12-hour averaging
periods, and often also on six-hour and three-hour averaging periods.

10.3

Uncertainty and variability in CH4 emissions estimates

Estimates of CH 4 emissions using the SF 6 tracer technique are associated with larger
between- and within-animal variability than measurements from respiration
chambers. Variability associated with the tracer technique could be due to many
factors, and we speculate these could include differences between CH 4 and SF 6
dynamics within the digestive tract, differences in excretion pathways, fluctuations in
SF 6 permeation rate from its host tube and lastly – but perhaps most importantly –
poor implementation of the SF 6 technique, and/or the fact that it can be inherently
difficult to accurately measure SF 6 concentrations in air in the ppt range.
The magnitude of CH 4 emissions from ruminants varies principally in direct relation to
the dry matter intake. Many researchers using calorimeters and chambers have shown
that CH 4 yields are approximately 23 g CH 4 /kg DMI (Dijkstra et al. 2011). It would
seem reasonable, therefore, that CH 4 yields estimated by the SF 6 technique should
also be approximately 23 g CH 4 /kg DMI. Except in circumstances where extreme
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dietary manipulations or dietary supplements are concerned, CH 4 yields outside of the
range 17 – 29 g CH 4 /kg DMI should probably be regarded with suspicion.
When researchers employ the SF 6 technique, very low and very high estimates of CH 4
emissions may sometimes be encountered, and some researchers routinely remove
these ‘outlier’ estimates. Criteria or protocols for rejection of outlier estimates
(pertaining to CH 4 emissions as measured by the SF 6 technique) have not been widely
discussed in the scientific literature, nor has any consensus been reached.
Therefore, it seems likely that different researchers may have employed different
protocols or criteria for eliminating outlier estimates, and this may have contributed to
some of the inter-experiment differences in mean CH 4 yields reported in the scientific
literature. For now, we recommend that researchers use the outlier elimination
procedure described in Chapter 11.

10.4

Metric of measurement

Methane emissions from ruminants can be expressed in several ways. An amount of
CH 4 is best described by its mass in grams or kilograms. In practice, when using the SF 6
technique to estimate CH 4 emissions, an amount of CH 4 can best be described by its
weight in grams. The molar mass of CH 4 is 16.042 g/mole. From the ideal gas law (Eqn
10.2), it can be calculated that, at standard temperature and pressure (STP: 273.2ºK,
i.e., 0ºC and pressure 1.0 atmosphere), one mole of CH 4 has a volume given by:

V =

nRT 1 * 0.08205 * 273.2
=
= 22.416 L
P
1

Eqn 10. 4

But experiments are not usually conducted at STP. For this reason, we recommend
that researchers follow the accepted convention amongst authors publishing on
ruminant CH 4 emissions, and report them in units of (g CH 4 /d). This allows readers to
easily compare emissions between different studies, without the need to correct for
differences in temperature or pressure at the different experiment locations.
Another fundamental metric that authors should report is CH 4 yield, and the
recommended unit is: g CH 4 /kg DMI. Although other measures of food intake can be
used, dry matter intake should always be included, as it is the most common and easily
determined measurement of feed intake. It is very important that a measurement of
emissions per unit of intake is included in published literature, because of the high
correlation between feed intake and enteric CH 4 emissions. Publications that omit an
intake metric deny their readers the opportunity to assess the relative emissions
reported, as it is impossible to determine if the scale of emissions reported is due to an
experimental condition, or simply the animal’s level of feed intake.
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Depending upon the subject being researched, or the industry context, other metrics
may also be appropriate. These metrics, which bear a generic name of CH 4 intensity,
include: emissions relative to bodyweight change (g CH 4 /kg ΔBWT); emissions relative
to milk production (g CH 4 /L milk) and emissions relative to production of milk solids (g
CH 4 /kg MS).

10.5
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‘Quality assurance’ implies that a level of desired experimental quality is maintained
throughout when estimating emissions of methane (CH 4 ) using the SF 6 tracer
technique. In other words, that all actions are unbiased, and that the animals respond
in a ‘normal’ manner to the experimental conditions. ‘Quality control’ involves steps
and protocols, closely followed, to ensure that experimental results are valid, thereby
assuring data quality. This chapter highlights some issues encountered when using the
SF 6 tracer technique for estimating CH 4 emissions from ruminants, both indoors and
under free-ranging situations. It briefly addresses problems associated with
permeation tube calibration and expected in situ release of the SF 6 (see Chapter 4 for
more details), efficiency of sample collection and anomalies of unknown origin. It also
suggests steps for data screening for outliers. Here, we refrain from addressing issues
related to sample analysis for concentrations of CH 4 and SF 6 (see Chapter 8).

11.1 Problems with calibrated permeation rates of SF6 and
range of permeation rates
Permeation tubes have no standard rate of SF 6 release. Therefore, each tube should
be calibrated for 8 to 12 weeks after filling. The rate of mass loss during the first two
weeks is generally ignored when calculating SF 6 permeation rate (PR). Only those
tubes with a steady rate of mass loss (R2 > 0.99) should be considered for selection as a
tracer source. It is advised that in any single trial, only tubes within a narrow range of
permeation rate (PR) – about 10% difference between the low and high PR – should be
used, and PR balanced across treatments, as there is a suggestion that CH 4 emission
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estimation may be positively associated with PR (Pinares-Patiño and Clark, 2008;
Martin et al., 2012). Nevertheless, causes other than PR for this inferred association
cannot be ruled out (Lassey, 2013).
It remains debateable which permeation tubes – those with low or high PR of SF 6 – are
the more accurate for estimating CH 4 emissions (Pinares-Patiño and Clark, 2008),
especially when plausible CH 4 emission estimates can be obtained using tubes with PR
two orders of magnitude higher than usual (Hegarty et al., 2007). Furthermore, given
that the release rate of SF 6 from permeation tubes diverges from the pre-determined
permeation rate over time (Pinares-Patiño, 2000; Lassey et al., 2001; Swainson, 2011),
it is advised that when no allowance is made for this change, animal trials should be
conducted no later than three to four months after tube insertion. When experiments
need to be conducted over longer periods, some cohort permeation tubes should be
maintained in the lab, and their PR monitored so the in situ PR can be adjusted using
the change in PR of these surveillance tubes (Lassey et al., 2001).
Rochette et al. (2012) have suggested that it is better to calibrate permeation tubes
after exposure to the rumen environment, rather than use dry in vitro calibration, as
commonly practiced. However, recent observations (Deighton et al., 2013) suggest
that any change in PR of SF 6 may be due to exposure of the Teflon membrane to SF 6 ,
rather than exposure to the rumen environment.

11.2

Background concentrations of tracer and trace gases

The SF 6 gas is the tracer of choice for estimating CH 4 emissions from ruminants
(Chapter 2). This is due to its detectability at very low concentrations (~1 ppt),
reasonable assumptions of predictable SF 6 permeation rate from permeation tubes
deployed in the reticulo-rumen and its likely inertness and non-toxicity to the ruminal
microbiota and host – and consequently the safety of animal products. However, one
major requirement for any tracer gas is that concentrations in the environment
(atmosphere) should be very low, relative to concentration of the tracer in collected
samples. Concentrations of SF 6 in the animal local environment can vary, and if local
background concentrations are not accounted for, there is a risk of biasing the
calculated CH 4 emission.
Signal-to-noise ratio (SNR) can be used as a threshold for the acceptance of results. In
SF 6 techniques, the desired ‘signal’ is the gas concentration in the animal breath
sample, and the ‘noise’ is the background gas concentration. Some laboratories use a
SNR of 10 as a threshold for acceptance of results. Consequently, these laboratories
discard results from breath samples when the background concentration of SF 6 is >
10% of the SF 6 concentration in the breath sample (Figure 11.1). Nevertheless,
experimental planning should ensure that background concentrations of SF 6 do not
exceed 10 ppt. Measures include appropriate ventilation (especially indoors) and
isolation of known non-experimental sources of SF 6 .
The atmospheric concentration of the SF 6 gas is steadily increasing at about 0.22
ppt/yr, and global mean concentration in year 2010 was around 7 ppt, being higher in
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the northern hemisphere than the southern (Hall et al., 2011). Local SF 6 concentrations
can be affected by leaks from the electricity network, and it has been reported that SF 6
can be transported long distances by the wind (K.R. Lassey, personal communication).
Similarly, local CH 4 concentrations can be affected by neighbouring animals, slurry
tanks and effluent ponds.
It is possible to minimise local background concentrations of SF 6 and CH 4 . Outdoor
experiments should be conducted away from known non-experimental sources, and if
possible, upwind of those sources. Researchers at the Department of Environment and
Primary Industries, Victoria, Australia have observed higher concentrations of SF 6 in
background samples when the wind is blowing from an electricity generation plant 40
km away than when blowing from other directions (Unpublished data). Indoor
experiments need to make careful consideration of where background gas samples are
collected. There is evidence that indoor concentrations of SF 6 may change with
individual stall location, point within a feeding bin and/or height in relation to the floor
(Williams et al., 2011). Sentinel background samplers would allow different
background compositions to be associated with different animal locations within the
housing environment (Williams et al., 2011). The locations of background samplers can
crucially impact on research findings, and reports of a possible dependence of
estimated CH 4 emission rates upon the pre-calibrated rate of SF 6 release (PinaresPatiño and Clark, 2008) may be due to the measured background of SF 6 and/or CH 4
poorly representing the actual background air available to the animals (Lassey, 2013).
It is advised that before commencing an experiment, the background concentrations of
SF 6 should be measured, preferably during two to three days). The same applies for
CH 4 background. Whenever possible, experiments should be located away from nonexperimental sources of CH 4 (animals, slurry tanks, ponds, etc) and SF 6 (electricity
transformers, etc.).
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Figure 11.1: Concentrations of SF 6 in breath sample and in the background air
(expressed as a percentage of the concentration in breath) found during an
experiment at INRA Clermont-Ferrand (France) (Yvanne Rochette, unpublished data).
Overestimated CH 4 emission values will arise from increased concentrations of SF 6 in
the background as well as highly diluted concentrations of SF 6 in the breath sample.
Ideally, background concentrations of SF 6 should be <10 ppt and <10% of the
concentrations in the breath sample.

When animals are grazing, it is often recommended that background air samples are
obtained upwind of fixed points outside the animal enclosure (grazing area). However,
there are two potential problems with this: first, the prevailing wind direction may
change between and within days; second, fixed background sampling points do not
reflect the background concentrations to which the experimental animals are exposed.
Animals are highly interactive with their peers and some species, such as sheep, are
highly gregarious.
One way to overcome these issues is to use four background air samplers spaced
evenly around the group and use the average. An alternative is to incorporate animals
as ‘mobile’ background samplers when using a tracer technique. This is achieved by
having at least two animals per treatment, which are dosed with permeation tubes of
mean release rate and samples collected using inlets located away from the mouth
and nostrils. These animals can provide near-real information on background
concentrations of both CH 4 and SF 6 .
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For example, a recent grazing experiment in New Zealand with 30 cattle (Cesar PinaresPatiño, unpublished data) found that samples collected from mobile samplers (two steers)
had systematically higher concentrations of SF 6 (12.0 vs. 6.5 ppt) and CH 4 (7.0 vs. 2.5
ppm) than those collected from single, fixed background samples collected upwind of
the experimental site. Mobile background samplers with no dosed tracer source also
will be useful when dosed samplers are not available. In grazing systems, the mobile
background samplers also can serve as a source of assessment of background
concentrations of external marker used for estimation of feed intake based on faecal
output estimation.

11.3 Sample quality assessment at collection and further
processing
Quality of breath and background samples should be assessed by measuring the
residual vacuum at the end of the collection period, which is usually around 24 hours.
This requires collection vessels to be at full vacuum at the start of the collection
period, and this should be confirmed with a vacuum gauge. Many laboratories deem
samples to be acceptable if residual vacuum is in a small range about 50 kPa. Residual
vacuum higher than the target will indicate a blocked flow restrictor, whereas residual
vacuum lower than the target may indicate leaks in the system and compromised
collection. Samples not meeting the target residual criterion should be discarded from
further sample processing, but most importantly, the sample collection gear and the
sample collection device should be replaced by a new ones.
Gas samples should be analysed soon after collection, as it allows close monitoring of
efficient and successful sample collection from individual animals. Sometimes,
however, it is not possible to analyse samples immediately after collection – if, for
example, the experimental site is some distance from the laboratory, or the number of
samples exceeds the sample analysis rate. If this is the case, samples should be
carefully sub-sampled under positive pressure into gas-tight vials (see Chapter 8).
Alternatively, the collection canisters can be stored pending analysis, preferably
following pressurisation with nitrogen to preclude inflow of surrounding gases. If
pressurisation is not needed for analysis, it can be omitted, provided there is liberal
airflow around the canisters to preclude cross-contamination of CH 4 and SF 6 .

11.4 Steps to detect anomalous concentrations of gases in
the samples
Prevailing weather during sample collection from grazing animals can affect the
concentrations of gases in samples. For example, samples collected under windy
conditions will have a lower concentration of target gases (dilution effect) than those
collected under ‘normal’ conditions. Therefore, checking for extreme gas
concentrations should be done on a day-to-day basis, rather than across the whole
collection period. Recording weather conditions should be standard practice during
grazing experiments.
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Criteria for assessing suspicious data belonging to a particular animal should be
assessed across days of sample collection. High-frequency sheep breath sampling has
shown that SF 6 is excreted with eructation gases (Lassey et al., 2011). However, there is a
suspicion that SF 6 may be withheld in the rumen and/or animal systems, or bypass the
rumen head gas space trapped in feed particles and subsequently voided in faeces,
resulting in estimations of CH 4 emissions outside the expected range. In fact, PinaresPatiño et al. (2011) reported that, when sheep deployed with SF 6 permeation tubes
were housed in respiration chambers and chamber’s out flowing stream were sampled
and analysed for CH 4 and SF 6 concentrations, some chambers had SF 6 concentrations
near to background, whereas their CH 4 concentrations were normal. Post-mortem
recovery of tubes from these animals revealed no apparent indication of tube
malfunctioning.
Estimating CH 4 emissions by the tracer technique uses the pre-calibrated permeation
rate of SF 6 (mg/d), as well as net concentrations of SF 6 (ppt) and CH 4 (ppm) in the
breath sample and the background. Gere et al. (2010) suggested a way to detect the
efficiency of SF 6 collection based on the ‘normalised concentrations of SF 6 in the
breath’. Normalised SF 6 concentration is calculated by dividing the net (above the
background) concentration of SF 6 (ppt) from each animal by the pre-calibrated
permeation rate of the SF 6 (mg/d) from the particular tube inserted in the animal.
Thus, assuming that weather effects on dilution of eructed and exhaled gases are
homogeneous on any given day across all the experimental animals, concentrations of
SF 6 in samples should reflect the amounts released from the permeation source. The
normalised concentration of SF 6 allows cases of unusual SF 6 content in breath to be
identified, based on extremely low or high concentrations of SF 6 in the sample. Such
unusual SF 6 may be due to malfunctioning of permeation tubes, SF 6 retention within
the digestive tract or alternative exit routes of the SF 6 . Statistical tools (see next
section) may help detect anomalous data regarding SF 6 concentrations in samples.
The next step is to look at the CH 4 /SF 6 ratio of concentrations (ppm/ppt). This ratio
will depend upon the permeation rate of the SF 6 source, as well as the CH 4 emission
from the animal, which in turn is strongly dependent on feed intake. The SF 6 and CH 4
gases have different molecular weights, and while gravitational effects are many
orders of magnitude smaller than other gas transport mechanisms, mass-independent
mechanisms such as dispersion, convection and advection may influence the efficiency
of gas collection in the sample. Consequently, a lower efficiency of SF 6 collection in the
sample – relative to CH 4 – will increase the CH 4 /SF 6 ratio, and the CH 4 emission will be
overestimated. Again, outlier data can be detected using statistical tools.
Another way to detect anomalous data in gas concentrations is to examine the ratio of
CH 4 to CO 2 . Feed fermentation in the rumen produces both CH 4 and CO 2 , but most of
the CO 2 excreted by the animal originates in the animal’s metabolism, which
production has different dynamics than that found in fermentation CO 2 . Nevertheless,
data from both penned and grazing animals (Figure 11.2) show that CH 4 and CO 2
concentrations in samples are highly related, and within a particular experimental
treatment, with animals managed in a similar way, there is also a close relationship
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between mean CH 4 and CO 2 emissions. As long as the SF 6 tracer technique’s gas
analysis system can be expanded to measure CO 2 concentrations in breath samples,
analyses of CH 4 /CO 2 and CO 2 /SF 6 concentration ratios may also help detect
anomalous data.

Figure 11.2: Net concentrations of CH 4 and CO 2 in gases collected using SF 6 sample
collection apparatus over five consecutive days from beef and dairy cattle grazing
tropical forages (Source: PECUS Project, EMBRAPA, Brazil).

11.5

Screening for outlier data

From a statistical point of view, an outlier is an observation numerically distant from
the rest of the data; in other words, it deviates markedly from the rest. Outliers
generally – but not always – coincide with maximum and/or minimum values. They
increase variance, and by reducing the power of statistical tests, they may lead to
deleterious and biased research conclusions if they do not represent actual extremes
in the underlying population that are subject to inferences.
In CH 4 emission research, outlier data may arise from human data entry errors,
mistakes in measurement protocols (SF 6 tracer technique and feed intake estimations)
and extreme experimental animal conditions (sick animals, exceptional rumen
conditions, extreme weather, etc.).
It is well known that the SF 6 technique can sometimes produce very high or very low
CH 4 (g/d) data. When these data are converted to CH 4 yield (g CH 4 /kg DMI), values <
12 g CH 4 /kg DMI or > 30 g/kg DMI must be closely examined. This is because these
values are considered biologically difficult to achieve under normal dietary conditions,
and that values outside this range have not been reported in animals measured in
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chambers, which is the most accurate method of measuring CH 4 . An exception to this,
however, would be for experiments that included CH 4 inhibitors that could result in
values < 12 g CH 4 /kg DMI.
It is common practice to remove outliers from data analysis. However, it is the
researcher’s responsibility to thoroughly examine suspicious data before removal.
Removal of any data point can never be justified on statistical grounds alone: there
must be biological or technical reasons that justify the exclusion of data values. For
example, if there is a consistently low CH 4 yield from an animal, the researcher should
first rule out possible causes for it: that the animal is eating normally, that it is a non
rumen-fistulated animal, etc. The breath collection apparatus should also be checked
for leaks or blocks in the tubes leading from nose harness to canister, or vacuum loss
in the canister. If the permeation tube appears to be working normally, other methods
of measuring CH 4 emission should be attempted. It may be that an exceptional animal
has a low-emission rumen ecosystem. That animal could then be flagged as a highly
important research tool.
There are various statistical tools to detect outlier data, which can be applied at
various stages. For example, they can be applied to the ‘Normalised PR’, the ‘CH 4 /SF 6
ratio’, the ‘CH 4 emission (g/d)’ and the ‘CH 4 yield (g/ kg DMI)’. The simplest methods
for screening data for outliers are the ‘Z-score’ standardisation method (which requires
data that are approximately normally distributed) and the ‘modified (or robust) Zscore’ (which copes with moderate non-normality in the data).
The ‘Z-score’ screens data on the basis of mean and standard deviation of the data set,
whereas the ‘modified Z-score’ or ‘robust Z-score’ uses robust measures of centre and
spread in its standardization – such as median and inter-quartile range – or the
trimmed mean and standard deviation (Seo, 2006). An example can be found in the
paper by Grainger et al. (2007). The ‘modified Z-score’ is preferred to the ‘Z-score’,
because the sample mean and sample standard deviation can be affected by a few
extreme values, or even by a single extreme value. Data associated with ‘modified Zscores’ of >3.5 (absolute value) are labelled outliers. The Excel program can be used for
this purpose.
Outliers beyond a biologically acceptable range can also be excluded or downweighted in the analysis, but the researcher must, in any paper submitted for review
by a journal, justify their reasons in the manuscript. We suggest a suitable range, that
could be justified as biologically doubtful, of values < 12 g CH 4 /kg DMI or > 30 g/kg
DMI.
Tables 11.1 and 11.2 summarise data (over a single day) for a grazing trial with cattle
involving the SF 6 tracer technique for CH 4 emission estimation. The ‘modified Z-score’
detected that, on that particular day of sample collection, the animals with ID 111 and
113 were outliers for the ‘Normalised PR of SF 6 ’ (see Table 11.1), whereas the
subsequent step of data screening for ‘CH 4 /SF 6 ratio’ did not find outlier data (once
outliers in the previous screening were removed). This process can be continued for
CH 4 emission (g/d) and CH 4 yield (g/kg DMI).
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Table 11.1: Screening of ‘Normalised PR of SF 6 ’ for outliers. Breath samples collected
from 28 grazing cattle.
Data are for a single day. Data are presented as for an Excel format.

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29

A

B

ID

PR SF6 (mg/d)

101
102
103
104
105
106
107
108
109
110
111
112
113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128

2.343
5.487
4.469
6.585
5.303
4.960
3.190
4.688
2.598
5.253
5.519
2.376
4.866
4.458
3.816
5.448
5.062
5.920
6.252
2.397
4.331
3.622
4.437
2.978
4.360
3.287
3.972
4.164

C

D

E

Net SF6 (ppt) Net CH4 (ppm) Norm PR (ppt/mg/d)
44.8
169.6
84.6
207.4
154.4
104.9
137.3
99.4
108.5
154.1
433.3
59.1
502.1
128.0
124.6
101.3
77.6
132.1
177.9
85.0
107.1
150.1
104.9
168.1
97.2
150.6
132.5
77.1

21.0
38.3
23.6
36.6
33.8
24.8
48.1
22.2
55.7
38.5
89.3
31.9
122.5
43.5
35.2
18.3
16.4
30.5
34.8
44.4
29.3
55.1
32.8
77.2
32.4
49.5
38.0
22.8

19.1
30.9
18.9
31.5
29.1
21.1
43.0
21.2
41.8
29.3
78.5
24.9
103.2
28.7
32.6
18.6
15.3
22.3
28.5
35.5
24.7
41.4
23.6
56.5
22.3
45.8
33.4
18.5

F

G

Zi

Zi Label

-0.92
0.19
-0.94
0.24
0.02
-0.73
1.33
-0.73
1.21
0.04
4.66
-0.38
6.98
-0.02
0.35
-0.97
-1.28
-0.62
-0.04
0.61
-0.39
1.18
-0.50
2.59
-0.62
1.59
0.42
-0.98

NORMAL

28. 92

NORMAL

7. 18

H

NORMAL
NORMAL
NORMAL
NORMAL
NORMAL
NORMAL
NORMAL
NORMAL
OUTLIE R
NORMAL
OUTLIE R
NORMAL
NORMAL
NORMAL
NORMAL
NORMAL
NORMAL
NORMAL
NORMAL
NORMAL
NORMAL
NORMAL
NORMAL
NORMAL
NORMAL
NORMAL

Notes: Concentrations of SF 6 and CH 4 are net (i.e.,17 ppm SF 6 and 5 ppm CH 4 , determined using mobile
backgrounds, have been subtracted). The value 28.92 is the median for the ‘Norm PR’ data set, and the
value 7.18 the corresponding MAD. In Excel, the value 7.18 is obtained by writing the formula:
=MEDIAN(ABS(MEDIAN(E2:E29)-E2:E29)) in the cell H3. Then, once the cursor is at the end of the
formula
and
Ctrl+Shift+Enter
hit,
the
correct
formula
should
appear
as:
{=MEDIAN(ABS(MEDIAN(E2:E29)-E2:E29))} The column F shows the ‘modified Z-score’ (i.e., z i ) for each
observation. This is calculated using the formula z i = 0.6745 (x i – x m )/MAD, in which x i = observation
value, z i = modified z-score of the observation, x m = median of the data set, and MAD = median {|x i −
x m |}, as calculated in cell H3.The column G shows the Zi labelling for each observation. The ‘NORMAL’
and ‘OUTLIER’ values are obtained by typing a formula: for example, for the cattle ID 101, the formula in
cell G2 will be: =IF((ABS((H$2-E2)*0.6745)>3.5*H$3), "OUTLIER", "NORMAL"). The labels ‘outlier’ and
‘normal’ are automatically assigned when copied to the other cells in the column, depending on the
absolute value (|....|) of the ‘modified Z-score’ of the particular observation. If z i >3.5 it will be labelled
as an outlier.
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Table 11.2: Screening of ‘CH 4 /SF 6 ratio’ for outliers. Breath samples collected from
28 grazing cattle.
Animals with ID 111 and 113 were removed by the previous step, based on
‘Normalised PR of SF 6 ’

A
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27

ID
101
102
103
104
105
106
107
108
109
110
112
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128

B
C
PR SF6 (mg/d) Net SF6 (ppt)
2.3428
44.76
5.4868
169.61
4.4694
84.59
6.5852
207.40
5.3026
154.45
4.9603
104.87
3.1899
137.27
4.6876
99.40
2.5979
108.50
5.2534
154.14
2.3762
59.13
4.4582
128.04
3.8164
124.60
5.4478
101.30
5.0619
77.61
5.9204
132.09
6.2519
177.94
2.3970
85.02
4.3305
107.09
3.6222
150.07
4.4365
104.91
2.9780
168.15
4.3599
97.17
3.2873
150.64
3.9725
132.54
4.1636
77.09

D
E
Net CH4 (ppm) CH4/SF6 ratio
21.04
0.47
38.31
0.23
23.56
0.28
36.57
0.18
33.81
0.22
24.83
0.24
48.06
0.35
22.18
0.22
55.65
0.51
38.53
0.25
31.93
0.54
43.54
0.34
35.19
0.28
18.29
0.18
16.37
0.21
30.54
0.23
34.82
0.20
44.41
0.52
29.33
0.27
55.13
0.37
32.83
0.31
77.16
0.46
32.41
0.33
49.53
0.33
38.03
0.29
22.77
0.30

F
Zi
2.08
-0.66
-0.07
-1.21
-0.74
-0.54
0.73
-0.69
2.56
-0.39
2.86
0.62
-0.03
-1.17
-0.83
-0.60
-1.00
2.66
-0.12
0.93
0.32
1.95
0.55
0.49
0.03
0.12

G
Zi label

H

NORMAL

0. 285

NORMAL

0. 060

NORMAL
NORMAL
NORMAL
NORMAL
NORMAL
NORMAL
NORMAL
NORMAL
NORMAL
NORMAL
NORMAL
NORMAL
NORMAL
NORMAL
NORMAL
NORMAL
NORMAL
NORMAL
NORMAL
NORMAL
NORMAL
NORMAL
NORMAL
NORMAL

Notes: See Table 11.1 for calculation details. It is important that blank cells are deleted in order to allow correct
calculation of MAD.

11.6

Conclusion

When estimating CH 4 emissions using the SF 6 tracer technique, quality assurance and
quality control should be mandatory, to ensure data output validity and repeatability.
Quality compliance implies actions at key stages of the process. It starts with ensuring
that only permeation tubes with high linearity of mass loss rate are used, and that they
are deployed into treatments in a balanced way. Then, the sample collection process
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should ensure that correct residual vacuum is achieved at the end of the sample
collection period, and representative background samples collected. Finally, outlier
data are identified using statistical tools. The researcher should refrain from discarding
data without thoroughly scrutinising it first.
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The methodology of an experiment needs to be presented in sufficient detail to allow
others to repeat the work. Williams et al. (2011) reviewed published papers describing
a sulphur hexafluoride (SF 6 ) technique and highlighted some limitations in the
detailing of the techniques used. The following sections outline the minimum
information required to describe how a SF 6 technique was employed.

12.1

Permeation tubes

The characteristics of permeation tubes are related to their design, charge (the
payload of SF 6 ) and initial flow rate. The recommended minimum characteristics for
reporting include:
•

Tube design, which requires a detailed description, including internal volume,
or cite a reference.

•

Charge (SF 6 , g/tube) immediately prior to calibration, expressed as a mean ±
standard deviation.

•

Release rate of SF 6 (mg/day) at the time of insertion into the animals,
expressed as a mean ± standard deviation.

A description of the process used, or a reference to a process to calibrate permeation
tubes, is essential. If referencing a method, it is expected that the method used will be
described exactly, and any variations must be detailed. When describing a SF 6
technique, the following information is regarded as the minimum recommended
detail:
•

How the loss of SF 6 was determined (usually by weighing).

•

The duration of the calibration process.

•

How frequently tubes were weighed.

•

The calibration temperature (usually 39°C for cattle).
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•

How the temperature was achieved; e.g., water bath, incubator. If a water
bath was used, were the tubes immersed, or kept dry in containers within the
water bath?

•

How the release rate was calculated; e.g., linear regression, quadratic (Lassey
et al., 2001), or estimated using Michaelis-Menten kinetics (Moate et al.,
2013)

•

Whether the tubes were freshly charged with SF 6 , or used following storage at
low temperature, including the duration and temperature of storage
(Deighton et al., 2011).

Other permeation tube details that should be reported include the intervals between
completion of calibration and insertion into the animal, and between insertion and the
first measurement; the insertion method (per os or per fistula) and the number of
permeation tubes per animal. If the tubes were inserted per fistula, were they placed
in the rumen, or placed in the reticulum?
For example:
Permeation tubes were filled in June 2011 by NIWA (National Institute of
Water and Atmospheric Research), New Zealand, and were of the design
described by Lassey et al (2001). Initial charge of SF 6 in the tubes was 2268 ±
92 mg (mean ± standard deviation). The SF 6 release rates were 4.7 ± 1.10
mg/day, and ranged from 2.8 to 6.10 mg/day.
Tubes were calibrated by weighing (Sartorius CP224S, Sartorius AG,
Goettingen, Germany) every Tuesday and Friday for 49 days. A dry incubator
(Contherm Digital Series 5 Incubator, Contherm Scientific, Lower Hutt, New
Zealand) was set at 39°C, and validated using a thermometer (Surgipack
mercurial thermometer, Model: 6338, Tyco Healthcare, Lane Cove, New
South Wales, Australia).
Release rate was calculated by linear regression of the permeation tube
weights obtained during the calibration period. On completion of calibration,
tubes were inserted into the cows per os seven days before the first methane
measurement.

12.2

Animal accommodation

Where and how the animals are accommodated will affect the number of background
samples required, and – if animals spend a part of their time indoors and part outdoors
– the calculation method. A photograph or schematic plan of the enclosure might
convey more than a complex description.
For example:
Animals were housed in a single row of stalls along the open, north side of a
naturally ventilated animal house 22 m wide by 61 m long, with internal
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volume of ~7500 m3. An open ridge vent runs the length of the roof, and no
other animals shared the building during the experiment.

12.3

Breath samples

The manner of sampling eructated gases may appear simple, but there are several
variations reported in the literature. Were evacuated canisters used, or an active
pumping system? What was the canister design, material and internal volume? Did
each canister collect gas over 24 hours, multiple days or only part of a day? How was
the rate of sampling achieved? What held the sampling gear in position on the animal
or fence?
For example:
Details describing the sampling equipment, analytical equipment and
protocols for using the tracer technique have been described previously
(Grainger et al. 2007). In this experiment, we employed 800 ml stainless-steel
gas-collection canisters, which had been flushed before use. The flushing
process involved four cycles of filling with air, then evacuating to 95 kPa,
followed by a filling with ultra high purity N gas (999.99 g kg N2) and then
evacuated to at least 97 kPa vacuum. Initial sampling rate was ~0.20 ml/min.
Flow restriction was achieved by means of a stainless-steel capillary tube
(56712-U; Supelco, Bellefonte, PA, USA) cut to 30 mm length, then crimped
using vice-grips until the desired flow was achieved.

12.4

Background samplers

Local, ambient concentrations of both SF 6 and CH 4 can vary from day to day and from
place to place, especially indoors, or outdoors if wind speed and direction are variable.
To account for this, it is necessary to sample a sufficient number of locations to
representatively sample the local background concentrations of gases experienced by
each animal. Outdoors, this may simply involve one sampling point at each compass
point of the animal paddock or yard. Indoors, a two- or three-dimensional grid may be
necessary. Wherever sampling points are located, it is important to describe their
location relative to the animals and their height(s) above the ground. See Chapter 7 for
more information.
For example:
Background concentrations of SF 6 and CH 4 , both inside the animal house and
outside at the loafing pad, were sampled using canisters of the same design
as those used on the cows. Indoors, canisters were fitted to the stall fencing
at eight locations, evenly distributed along the stalls (see Fig. 1) and about
1.1 m above the floor and mid-way between adjacent cows (i.e.,
approximately 0.75 m from each cow). These sampling canisters were only
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active during the seven hours the cows were indoors, and used an initial flow
rate of ~0.8 ml/min, so that sufficient sample was collected (about 50 kPa
vacuum remaining). Outdoors, canisters were positioned one on each of the
north, east, south and west fences at the midpoint of the top wire. These
canisters were only active when the cows were loafing, and used an initial
flow rate of ~0.6 ml/min, so that sufficient sample was collected. Both the
indoor and outdoor canisters were changed for fresh canisters using the
same sequence as for those on the cows.
The background concentrations of SF 6 and CH 4 indoors for each day were
modelled (using Microsoft Excel 2003) by quadratic equations to enable the
estimation of a local indoor background concentration for each individual
cow. Outdoor concentrations were averaged to give a single estimate for all
cows. For each cow, an overall background concentration was calculated
based on an average of indoor and outdoor concentrations weighted
according to the time the cows were in each location.

12.5

Sample preparation

Depending on site-specific arrangements, collected samples may undergo some
preparation before analysis, due to a need to store samples for later analysis, or to
enable the sample to be more easily transferred to the gas chromatograph.
For example:
The vacuum of evacuated canisters was measured using a digital gauge
(XP2i-DP, Crystal Engineering, San Luis Obispo, CA, USA) and recorded. When
the canisters had been used to collect breath samples, the vacuum (τs) of
individual canisters was again measured using the same gauge and
recorded. Ultra-high-purity N (999.99 g/kg N2) was then added to each
canister to achieve a vacuum of ~10 kPa with the actual vacuum achieved
(τf) being measured using the same gauge and recorded.

12.6

Sample analysis

The most common method of analysing collected gas samples is by gas
chromatography. There are many aspects, options and adjustments available in this
process, so it is essential to accurately describe them all.
For example:
Gas samples were analysed using a gas chromatograph (Varian CP-3800,
Varian Analytical Instruments, Walnut Creek, CA, USA) fitted with a Nafion
dryer (MD-110-24F-2, Perma Pure, Toms River, NJ, USA) to dry the samples.
Ultra-high-purity nitrogen (99.999% N2) was used as the carrier gas through
two parallel columns operating at 80°C. Separation of CH 4 was achieved
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using an Alltech Porapak-Q 80-100 mesh column (3.6 m x 3 mm stainless
steel, Grace Davison Discovery Sciences, Deerfield, IL, USA) operated at a
pressure of 310 kPa. Detection was by a flame ionisation detector operating
at 250°C. Separation of SF 6 was achieved using an Alltech Molecular Sieve 5A
80-100 mesh column (1.8 m x 3 mm stainless steel, Grace Davison Discovery
Sciences, Deerfield, IL, USA) using a flow rate of 30 ml/min. Detection was by
an electron capture detector operated at 300°C.
The gas chromatograph was baked out overnight by slowly raising the oven
temperature to 250°C, while bypassing the electron capture detector. The
oven temperature was held for 10 hours, then slowly reduced to 80°C.
Samples were drawn from the canisters to the GC using a positive
displacement, diaphragm pump (Thomas, 7006VD/2,3/E/AC, Gardner Denver
Thomas Australia, Wetherill Park, NSW, Australia) fitted to the exhaust of the
GCs 7 ml sampling loop.

12.7

Methane calculation

Converting the measured gas concentration into methane (CH 4 ) emissions is a critical
step. The equations used to calculate CH 4 emissions must be accurately rep
orted or cited, including processes such as accounting for dilution of gases resulting
from the addition of nitrogen to collected samples.
For example:
Methane emissions were calculated in a two-part process. The first step was
to mathematically account for the physical dilution of the samples with N gas
prior to analysis (Eqn 12.1):

[GS ] =

101 − τ f

τ e −τ s

× [G A ]

Eqn 12. 1

Where [GS] (same units as [GA]) is the calculated concentration of the gas as
sampled, 101 is the average atmospheric pressure (kPa), τf (kPa) is the final
vacuum in the canister after the addition of nitrogen, τs (kPa) is the vacuum
in the canister after the sample is collected, τe (kPa) is the vacuum in the
evacuated canister before use, and [GA] (ppm for CH 4 , ppt for SF 6 ) is the gas
concentration in the sample presented to the GC.
The second step was to use the calculated gas concentrations to calculate
the CH 4 emissions, as described by Williams et al. (2011).
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Data analysis

Analysis of data is often the final step of an experiment. This may include the
identification of invalid data, outlying data and statistical analysis. Each of these
processes must be adequately described. If data are excluded, was this due to
equipment failures, animal health issues or some other reason? Was a process used to
identify outlying data? If so, what was it? If outlying data were identified, were they
excluded, and why? How were the data statistically analysed?
For example:
Data from two cows (one treatment and one control) were excluded due to
severe mastitis infections and subsequent treatment with antibiotics. A
modified Z-score was used to identify outlying data. While some outliers
were identified, all values were retained for statistical analysis, as no
experimental anomalies could be identified to justify their exclusion.
All data were analysed by ANOVA or, where corresponding covariate data
were available, by ANCOVA, using GenStat 14 software. The statistical model
was specified as follows:

Where yij is the response for animal i on treatment j, µ is a constant, τj is an
effect of treatment j, βxij is a linear adjustment for covariate xij (if available),
and εij is an independent random error. Contrasts (t-tests) were used to test
differences between treatment means and differences between treatment
and control diets. Distributional assumptions of normality and constant
variance were checked visually, using graphs of residuals against fitted
values, and histograms and normal quantile plots of residuals. ANOVA Fstatistic P-values were derived by Monte Carlo permutation.
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