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1                                             Introduction to methyl halides 

Methyl bromide (CH3Br) and methyl chloride (CH3Cl) are two halocarbons that are 

unique in that they play a significant role in stratospheric ozone destruction, and are 

mainly produced by natural systems.  The current average tropospheric mixing ratios 

are 7.9 pptv CH3Br and 550 pptv CH3Cl (WMO, 2007).  Although CH3Br and CH3Cl 

are present in such low concentrations, their atmospheric life times are sufficiently 

long that they can be transported to the stratosphere via the tropical tropopause at the 

equator, Figure 1.1.  This process takes approximately six months.  The best estimates 

of atmospheric lifetimes are 0.7 y and 1.0 y for CH3Br and CH3Cl respectively 

(WMO, 2007). 

 

 

Figure 1.1:  Diagram of methyl halide transport from Earth’s surface to the stratosphere via the 

tropical tropopause 

 

Natural systems are both source and sink for CH3X, but the numbers associated with 

these terms are poorly constrained and the budgets of CH3X remain unbalanced with 

the known sink strength greater than the known source strength, Table 1.1.  It should 

be noted that the budgets presented in Table 1.1 are taken from the WMO report 
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(2007), and do not account for recent findings of large CH3X sources from tropical 

forests and refined estimates of the soil sink strength.  A more detailed summary of 

natural CH3X sources and sinks, including recent data are given in Table 1.2 and 

Table 1.3. 

Table 1.1:  Imbalance in the global budgets of CH3Br and CH3Cl 

  CH3Br  CH3Cl 

 Gg y
-1

 Range (Gg y
-1

) Gg y
-1

 Range (Gg y
-1

) 

Sources 159 77 – 293 2956 1934 - 12085 

Sinks -204 -129 - -387 -4005 -2797 - 6533 

Net -45 -220 - +71 -1049 -4599 - 19288 

 

Modelling studies have attempted to provide insight for the reconciliation of CH3X 

budgets.  An initial study by Lee-Taylor et al. (2001) refined the source and sink 

terms of CH3Cl and, crucially, concluded that the imbalance in the CH3Cl budget was 

as a result of unidentified source terms, likely to be of biogenic origin.  Further 

modelling studies (Yoshida, et al., 2004) constrained the biogenic source to between 

30°S and 30°N which agreed with observations of elevated atmospheric CH3Cl in 

tropical latitudes (Yokouchi, et al., 2000). 

 

In the case of CH3Br, evidence for a missing source(s) comes from measurements on 

Antarctic firn air (Butler, et al., 1999) and from modelling studies  (Reeves, 2003).  

The analysis of Antarctic firn air showed that the missing source is independent of the 

anthropogenically derived source, whilst modelling studies established that the ‘true’ 

source and sink values did not lie within the large range of uncertainty.  Modelling 

and measurement studies suggested that the unbalanced CH3Br budget was the result 

of unidentified terrestrial sources (Lee-Taylor, et al., 1998) and, as for CH3Cl, the 

tropics were likely to be a large source.  Field studies have identified several 

ecosystems as CH3Br sources (in some cases as CH3Cl sources too) including 

wetlands, salt marshes, Brassica species, rice and rapeseed agriculture, and 

mangroves.  However, the latest CH3Br modelling study (Warwick, et al., 2006) still 

calls for more measurements to constrain the terrestrial sources of this gas. 
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Natural sources of CH3Cl and CH3Br are currently estimated to contribute 16% and 

30% respectively to the primary sources of Cl and Br to the stratosphere (Schauffler, 

et al., 1998; WMO, 2007).  The relative contribution of Br and Cl to the stratosphere 

from natural CH3X sources will become increasingly important as reservoirs of the 

anthropogenic Br and Cl containing gases, e.g. CFCs, halons and HCFCs, decline in 

accordance with the phase-out strategy of the Montreal Protocol and its subsequent 

amendments.  The increasing relative importance of CH3Br and CH3Cl to the global 

atmospheric Br and Cl burden is illustrated in Figure 1.2. 

 

Figure 1.2:  Time series of the rise and predicted decline in effective stratospheric chlorine over 

the 20
th

 century.  Effective stratospheric chlorine is a parameter that quantifies the potential for 

stratospheric ozone depletion for all Cl and Br-containing gases, adjusted to account for the 

different atmospheric lifetimes of different gases and the substantially greater ozone depletion by 

Br compared with Cl (Newman et al., 2007; WMO, 2007). 

 

It is important to understand the natural fluxes of CH3X so that the impact of future 

environmental change to the climate or land use change can be assessed.  

Additionally, a better understanding of the CH3Br budget will allow the benefit of 

anthropogenic emission reductions to be gauged. 

1.1 The role of CH3X in ozone destruction 

Once in the stratosphere, CH3Br and CH3Cl are exposed to shortwave radiation (λ = 

185 - 210 nm) where they photodissociate to release Br and Cl radicals.  Stratospheric 

ozone is destroyed by the Br and Cl radicals via a series of reaction cycles that are 

summarized in Figure 1.3, where X = Br or Cl radicals. 
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Net:  O3 + O  O2 + O2 

 

Figure 1.3:  The two step reaction cycle for the catalytic destruction of ozone by Br and Cl 

 

The key feature of this simplified reaction cycle is that it is catalytic; Br and Cl 

radicals are regenerated and can go on to destroy many ozone molecules before they 

are removed by termination reactions that form reservoir species, Equation 1.1 and 

Equation 1.2. 

 

Equation 1.1:  Example termination and reservoir species formation for Cl and Br in the 

stratosphere 

 

X + CH4  HX + CH3 

 

Equation 1.2:  Example termination and reservoir species formation for Cl and Br in the 

stratosphere 

 

XO + NO2 + M  XONO2 + M 

 

It is estimated that one Cl atom destroys in the order of 100 000 ozone molecules 

before it is removed.  Br and Cl are similarly important in ozone destruction because 

although Br is approximately 150 times less abundant in the atmosphere, it is around 

60 times more destructive to stratospheric ozone than Cl.  Br is more destructive than 

Cl for two reasons.  Firstly the termination reaction (Equation 1.1) i.e. the formation 

of HBr is endothermic and extremely slow in the stratosphere.  Secondly the reservoir 

XO + O       X +O2 X + O3        XO + O2 

X
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species BrONO2 (Equation 1.2) is photolytically unstable, lasting just 10 minutes in 

the lower stratosphere compared with 6 h for ClONO2 (Seinfeld and Pandis, 2009). 

 

In response, in the first instance to the discovery of the Antarctic ozone hole, 

anthropogenically-produced substances such as CFCs and halons identified as having 

ozone depleting potentials (ODP) greater than 0.2 were targeted for phase out.  The 

ODP describes the effectiveness of a compound at destroying ozone compared with 

reference compound CFC-11 (CCl3F).  The OPD is dependant on the number of Br 

and Cl atoms in a molecule and on the atmospheric lifetime of the compound.  Methyl 

bromide has an ODP of 0.51 (WMO, 2007) and anthropogenic sources have been 

phased out since 2005 in developed countries although annual exemptions have been 

negotiated.  Production for essential (quarantine) uses is permitted at 30–40% of 

2003–2004 production levels.  Methyl chloride has anthropogenic sources in industry 

and an ODP of 0.02 (WMO, 2007).  It is not a controlled substance under the 

Montreal Protocol.  Importantly, it is the natural sources of CH3Br and CH3Cl rather 

than the anthropogenic emissions which are the major contributor of these gases to the 

atmosphere. 

1.2 Summary of identified natural sources and sinks 

CH3X flux, to a greater or lesser extent, has been found in most of the previously 

investigated ecosystems implying that this function is widespread in the natural 

environment.  Substantial natural sources that have been identified for CH3Br and 

CH3Cl are oceans, biomass burning, wetlands, salt marshes, rice and rapeseed crops, 

fungi and higher plants.  The CH3X sinks include reaction with OH radicals and 

photolysis in the atmosphere (relatively well quantified), oceans and soils. 

1.2.1 Attempting to balance the budgets 

Since the preliminary modelling studies of atmospheric CH3Br (Lee-Taylor, et al., 

1998) and CH3Cl (Lee-Taylor, et al., 2001) identified that there were missing 

terrestrial sources of both gases, many types of ecosystem have been investigated for 

CH3X flux activity.  Natural systems that have been identified as significant 
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contributors to the CH3Br and CH3Cl budgets are summarised in Table 1.2 and Table 

1.3, respectively.  Modelling studies continue to constrain the source and sinks terms 

for both gases as well as illustrating that more field data is required for accurate 

simulation of the observed atmospheric CH3X conditions. 

 

The model predictions of tropical CH3Cl sources have been partly substantiated 

through limited field measurements in tropical ecosystems that have found large 

CH3Cl emissions from South-East Asian forest (Gebhardt, et al., 2008; Yokouchi, et 

al., 2002; Yokouchi, et al., 2007).  More detailed investigations by (Blei, et al., 2010) 

showed that CH3Cl emissions originated in considerable quantities from both 

vegetation and leaf litter in a South-East Asian forest.  Modelling studies have also 

refined the existing source and sink terms for the CH3X budgets.  As part of a 

modelling study of atmospheric CH3Cl (using GEOS-CHEM, a global 3D chemical 

model of tropospheric chemistry), Yoshida et. al.(2004) concluded that the CH3Cl 

biomass burning source should be reduced.  In addition, the oceanic sink strength was 

localised to the polar regions (Lee-Taylor et al. 2001).  The biomass burning and 

known biogenic CH3Cl sources were further refined using an inverse modelling 

approach (Yoshida, et al., 2006) which accounted for pronounced seasonal variation 

of CH3Cl emissions in the Northern Hemisphere. 

 

The most recent global modelling study of atmospheric CH3Br concluded that an 

increased biomass burning source (contrary to decreasing the CH3Cl biomass burning 

source) or increased tropical vegetation source could balance the budget (Warwick, et 

al., 2006).  The measurements by (Blei, et al., 2010) showed that the tropical 

vegetation was a greater source of CH3Br than tropical leaf litter, but that neither 

component substantially contributed to the global CH3Br budget.  The study by 

Warwick et al. (2006) did, however, highlight that further measurements were 

required in several ecosystems (continental mid- to high- Northern latitudes, central 

Southern-Africa and South America) to define and constrain the terrestrial sources of 

CH3Br. 
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1.2.2 Summary of CH3Br sources and sinks 

The known sources and sinks for CH3Br described in Table 1.2 are based on the 

Scientific Assessment for Ozone Depletion (WMO, 2003; 2007).  More recent studies 

are included in italics. 

 

Table 1.2:  Summary of estimated global source and sink terms for CH3Br 

Ecosystem 
Source strength / 

Gg y
-1

 

Range of 

uncertainty 
Reference 

CH3Br sources    

Oceans 63 23–119  

Anthropogenic sources 46   

Fresh water wetlands  0.9 0.1–3.3  

Peatlands 4.6 2.3–9.6  

Biomass burning 20 10–40  

Salt marshes 14.5 (California) 

8.0 (California) 

1.4 (Scotland) 

7–29 

 

0.5–3.0 

 

(Manley, et al., 2006) 

(Drewer, et al., 2006) 

Rice paddy agriculture 1.5 0.5–2.5  

Rapeseed crops 6.6 4.8–8.4  

Fungus 1.7 0.5–5.2  

Tropical plants 18  (Blei, et al., 2010) 

Mangroves 1.3  (Manley, et al., 2007) 

Shrublands  0.5–3.0 (Rhew and Abel 2007) 

    

CH3Br sinks    

Oceans -77 -37– -133  

Reaction with OH/ 

Photolysis 
-80 -60– -100 

 

Soils -47 -32– -154  

 

The latest studies in temperate grasslands suggest that CH3Br uptake (by soils) in 

these ecosystems has been overestimated (Rhew and Abel, 2007; Teh, et al., 2008; 

Teh, et al., 2009).  The soil sink strength may therefore need to be revised 

downwards.  The leaf litter component of temperate wood land ecosystems has found 

to be an additional source of CH3Br (Drewer, et al., 2008), but the net contribution of 

this source to the global budget has not been assessed.  It is interesting to note that 

tropical leaf litter was not large a source of CH3Br (as it was for CH3Cl) and could 

behave as a net sink (Blei, et al., 2010). 
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1.2.3 Summary of CH3Cl sources and sinks 

The known sources and sinks of CH3Cl described in Table 1.3 are based on the 

Scientific Assessment for Ozone Depletion (WMO, 2003; 2007).  More recent studies 

are included in italics. 

 

Table 1.3:  Summary of estimated global source and sink terms for CH3Cl 

Ecosystem 
Source strength / Gg 

y
-1

 

Range of 

uncertainty 
Reference 

CH3Cl sources    

Oceans 77 380–500  

Tropical/subtropical 

plants 

2640* 

1100 

820–8200 

 

 

(Blei, et al., 2010) 

Tropical senescent/dead 

leaves 

 

320 

30–2500 

-5.2–1900 

 

(Blei, et al., 2010) 

Peatlands 5.5 0.9–43.3 (Dimmer, et al., 2001) 

Fresh water wetlands 48 (New Hampshire) 

34.7 (Ireland) 

  

(Dimmer, et al., 2001) 

Biomass burning  325–1125  

Salt marshes 170 (California) 

49 (California) 

(65–440)  

(Manley, et al., 2006) 

Rice paddy agriculture 5.3 2.4–4.9  

Mangroves 12  (Manley, et al., 2007) 

Fungi 160   

Industrial processes 

Waste incineration 

15–75 

10 

 
 

    

CH3Cl sinks    

Oceans  

(cold water polar oceans) 

 93–145 
 

Reaction with OH/ 

Photolysis 

 3800–4100 
 

Cl reaction  180–550  

Soils  100–1600  

* average from modelling studies (Lee-Taylor, et al., 2001; Yoshida, et al., 2004) 

Oceans were originally thought to be the largest natural source of CH3Cl but 

terrestrial systems, particularly tropical forests and to a lesser extent biomass burning, 

are now thought to be the major contributors of CH3Cl to the atmosphere.  The WMO 

(2007) estimate for these latter sources (Table 1.3) are from modelling studies, but 

recent field campaigns in South-East Asia have confirmed that certain tropical plants, 

particularly the Dipterocarpacaeae family, emit large quantities of CH3Cl (Blei, et al., 
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2010; Saito, et al., 2008).  In addition, the latter investigation found that tropical leaf 

litter was also large source of CH3Cl. 

1.2.4 Uncertainty in the CH3X budgets 

Uncertainty in the methyl halide budgets arises chiefly from the paucity of the data 

used to scale up from local to global flux estimates.  The substantial costs (financial 

and time) associated with collecting temporally and spatially resolved CH3X flux data 

means there are few comprehensive datasets for these gases.  If a dataset is temporally 

limited, it is difficult to correctly account for the seasonal and diurnal variation in 

CH3X fluxes.  If a dataset is spatially limited, an approximate CH3X flux value must 

be applied to a large area and it is difficult to account for the heterogeneity of CH3X 

fluxes within and between ecosystems.  Consequently, the range of uncertainty 

associated with global production figures is large and, combined with incomplete 

understanding of production and consumption mechanisms, has hindered modelling of 

future trends in CH3X fluxes and prediction of their responses to environmental 

changes. 

 

The hazards of scaling up from limited temporal and spatial measurements are 

demonstrated by comparing global estimates of CH3X from peatlands and salt 

marshes.  Dimmer et al. (2001) estimated global emissions from peatlands of 4.7     

Gg y
-1

 for CH3Br
 
and 0.9 Gg y

-1
 for CH3Cl from measurements in Irish peatlands 

made over a two month period.  Varner et al. (1999a) estimated a similar CH3Br 

contribution of 4.6 Gg y
-1

 from two peatland systems in New England, USA.  

However, their estimate of 48 Gg y
-1

 for CH3Cl emissions from peatlands was an 

order of magnitude greater than the Irish peatland estimate.  Studies in Californian 

and Scottish salt marshes have also yielded very different global CH3Br estimates of 

8.0−14.5 Gg y
-1

 (Manley, et al., 2006; Rhew, et al., 2000) and 1.4 Gg y
-1

 (Drewer, et 

al., 2006). 

1.2.4.1 Limited or absent field data 

The difficulty in obtaining field data is also a contributing factor to uncertainty in 

CH3X budgets.  For example, extensive laboratory studies have shown that 

Hymenochaetaceous (white rot) fungi emit large amounts of CH3Cl (Harper, 1985; 
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Harper and Hamilton, 1988a; b; Harper and Kennedy, 1986) and that 

ectomycorrhizal fungi, which are associated with tree roots, could be a large source of 

CH3X (Redeker, et al., 2004).  However, fungal genera such as Phellinus and 

Inonotus form large bracket-like masses on tree trunks and branches (Harper, 1998), 

making it difficult to directly measure emissions in the field (Moore, et al., 2005).  

The fungal CH3Cl source strength is based on scaling up from laboratory-based 

studies and models; consequently Harper (1998) states that the current estimate of 150 

Gg y
-1

 is ‘conservative.’ 

 

One likely habitat of cellulose degrading fungi, amongst which CH3X production is 

though to be widespread (Harper, et al., 1988), is decomposing leaf litter and coarser 

woody litter on forest floors.  Two recent field campaigns addressed the absence of 

field data in these ecosystems and CH3X fluxes have been measured from leaf litter in 

temperate forests (Drewer, et al., 2008), and tropical forests (Blei, et al., 2010).  

Temperate deciduous litter, coniferous litter and rotting woody litter were all net 

CH3Br sources of 43 (±33) ng kg
-1

 (dry weight) h
-1

, 80 (±37) ng kg
-1

 (dry weight) h
-1 

and ~1-2 ng kg
-1

 (fresh weight) h
-1 

respectively.  It was estimated that tropical leaf 

litter could contribute 1.3 Tg y
-1

 CH3Cl (Blei, et al., 2010), but although CH3Br 

emissions were also observed from tropical leaf litter the net emissions were 

comparatively low and were not thought to be a globally substantial source. 

1.2.4.2 Limited temporal data 

To accurately scale up CH3X flux estimates the seasonal (and diurnal) variation in 

uptake and emission needs to be taken into account.  This is of particular importance 

in temperate and, to a lesser extent, high latitude systems where ecosystems have 

distinct seasonal cycles.  With the exception of Drewer et al. (2006), Drewer et al. 

(2008), Redeker and Cicerone (2004) and White et al. (2005), field campaigns have 

been relatively short and have not covered the entire growing season.  Additionally, 

diurnal variation has not been characterised for many systems.  It has been shown in 

temperate peatlands, saltmarshes and tropical forests that CH3X fluxes can vary 

during a 24 h period (Blei, et al., 2010; Dimmer, et al., 2001; Drewer, et al., 2006, 

Yokouchi et.al., 2007).  In general the emission rate peaked during the day and was 
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reduced at night.  Importantly, all diurnal studies have shown that low CH3X fluxes 

continue throughout the night. 

1.2.4.3 Limited spatial data 

Good spatial coverage of an ecosystem is important to capture variation in CH3X 

fluxes within that ecosystem.  Ecosystems are inherently heterogeneous with respect 

to vegetation cover, microtopography and hydrology.  Sometimes it has been possible 

to attribute spatial variation in CH3X fluxes to the vegetation composition, 

microtopography and hydrology, or a combination of these parameters.  For example, 

the rates of CH3X emission amongst different species of saltmarsh plant were found 

to be different (Manley, et al., 2006) whilst Teh et al. (2009; 2008) observed that the 

soil water content was linked to CH3X uptake in shortgrass steppe and Alaskan Arctic 

tundra.  However, it was not always possible to attribute spatial variation in CH3X 

fluxes to specific topographical features or vegetation, for example, ‘hot spots’ of 

CH3Br flux were observed in a Scottish saltmarsh (Drewer, et al., 2006), in shortgrass 

steppe (Teh, et al., 2008) and Alaskan Arctic tundra (Rhew, et al., 2007), where there 

were no unique features. 

1.2.4.4 Uncertainty in land cover estimates 

There are also large uncertainties in land cover estimates.  An early, crude estimate of 

saltmarsh and mangrove coverage suggested a global area of 0.38 x 10
12

 m
2
, with an 

estimated uncertainty of ± 50% (Woodwell, et al., 1973).  Later estimates of global 

vegetation coverage and wetland area coverage used a combination of published data, 

satellite imagery and datasets (e.g. UNESCO vegetation database, FAO soil database) 

to compile a 1° × 1° resolution global database (Matthews, 1983; Matthews and Fung, 

1987).  Although a comprehensive survey of the available datasets was used to 

compile these databases, the comparatively coarse resolution (1° × 1°) means that 

ecosystems such as wetlands which can cover small, scattered areas are easily under- 

or over estimated.  Remote sensing techniques and more comprehensive satellite 

datasets are likely to improve estimates of global land cover in the future.  For 

example, the CORINE dataset gives land cover data for the European Union to 300 m 

resolution (http://www.esa.int/esaEO/index.html). 
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1.2.5 Un-quantified sources and sinks of CH3X 

The contribution of emission and uptake processes to the global CH3X budget are not 

estimated where these processes have been identified in the laboratory, but have not 

been established in natural environments. 

1.2.5.1 Green plants as a sink for CH3Br 

Jeffers et al. (1997) and Jeffers and Wolfe (1998) demonstrated that plant leaves 

could take up CH3Br with pseudo-first order kinetics.  The uptake rate was variable 

with the age of the leaf (greater in older leaves) and across the range of species 

analysed.  The observations were consistent with an enzymatic mechanism for all 

species and it was suggested that the methyl transferase pathway (Section 1.4.1.1) 

operated in reverse in response to the elevated CH3Br concentrations used in the 

experiment.  It is, however, difficult to assess the real world implications of this 

proposed mechanism because the experiment utilised CH3Br concentrations that were 

far above the ambient atmospheric mixing ratios. 

1.2.5.2 Abiotic CH3X production via geochemical reactions in the soil 

Abiotic CH3Br and CH3Cl production was observed in soil samples by Keppler et al. 

(2000) and the proposed reaction mechanism is described in Section 1.4.1.3.  

Although it was suggested that the reaction constituents (Fe(III), halide ions, 

methoxylated phenolic compounds) were widely present in natural soils, the 

heterogeneous nature of soil systems and the unknown effects of environmental 

conditions, for example soil moisture, means that it is difficult to predict the relevance 

of this process at the global scale. 

 

A different type of abiotic mechanism was identified for CH3Cl production from 

senescent and dead leaf litter (Hamilton, et al., 2003).  In a later study abiotic CH3Br 

production was also observed from plant material (Wishkerman, et al., 2008).  The 

mechanism of plant-based abiotic CH3X production is further discussed in Section 

1.4.1.1.  The abiotic CH3X production rate was found to be dependant on the halide 

and water content of the plant material, and on the reaction temperature.  The 

temperature range of the CH3Cl production reaction (minimum = 150°C) implied that 
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it would be important in biomass burning and could possibly occur in tropical leaf 

litter (Hamilton, et al., 2003).  The CH3Br reaction was observed at lower 

temperatures, between 30°C and 50°C (Wishkerman, et al., 2008), suggesting that it 

may be important in Mediterranean and semi arid climates.  CH3X emissions from 

tropical leaf litter were measured by (Blei, et al., 2010) (Section 1.2.4), although 

whether the reaction mechanism was fungal or abiotic, was not determined. 

1.2.5.3 Ectomycorrizal fungi as CH3X producers 

Redeker et.al. (2004) found that ectomycorrhizal fungi were capable of producing 

CH3Br and CH3Cl.  Hymenochaetaceous or ‘white rot’ fungi are an established source 

of CH3Cl and the production mechanisms have been well documented (Harper, 1998; 

Watling and Harper, 1998).  Ectomycorrhizal fungi are associated with plant root 

systems and are globally widespread, being particularly common in temperate forests.  

No mechanism was proposed, but the reaction conditions required for CH3X 

production in ectomycorrhizal fungi were not comparable with those required for 

CH3X production in hymenochaeteceous fungi.  This suggests that the mechanisms 

are different in each type of fungus.  The CH3X production rate varied between 

ectomycorrhizal fungal species, as did the relative amounts of CH3Br and CH3Cl 

produced.  It is not clear how significant this process would be in a soil environment 

where bacteria are also acting to take up CH3X (Section 1.4.2), but CH3X emissions 

from soils have been observed in field studies (Drewer, et al., 2008; Varner, et al., 

2003). 

1.2.5.4 CH3X production at snow surfaces 

CH3X fluxes have also been observed at snow surfaces.  CH3Br was produced on 

snow surfaces from most of the locations (northern, mid-latitude and southern) 

investigated by Swanson et al. (2007).  There was generally very little CH3Cl 

production from the snow surfaces and the observations were occluded by suspected 

soil emission processes at the mid-latitude sites.  CH3X production followed a diurnal 

cycle where the peak emissions were observed during the day.  These processes are 

not considered globally significant, but are important for boundary layer atmospheric 

chemistry processes, especially in the polar regions. 
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1.3 Ecosystems as CH3X sources and sinks 

Most field studies only evaluate net CH3X fluxes, but it is important to understand the 

underlying uptake and emission processes to determine how the individual 

mechanisms are driven by environmental factors, and to assess partial atmospheric 

lifetimes.  It is generally assumed that the plant and soil components of an ecosystem 

will behave as source and sink respectively, but it is possible that soil-based fungi 

produce CH3X (Redeker, et al., 2004; Drewer et al., 2008) and that green plants take 

up CH3X (Jeffers et al., 1998).  CH3X uptake by green plants has not been studied in 

the field, but the CH3Br production rate for temperate forest soils was calculated by 

Varner et al. (2003).  This was achieved by measuring net flux in the field and 

estimating gross consumption using laboratory manipulation experiments.  The gross 

production was calculated as the difference between net flux and gross consumption. 

  

Rhew and Abel (2007), Teh et al. (2008) and Teh et al. (2009) measured in situ gross 

uptake and gross emission rates in the field.  To achieve this, stable carbon isotope 

spiking gases (
13

CH3Br and 
13

CH3Cl) and a tracer gas (CFC-113) were added to the 

sampling chamber immediately after closure.  Monitoring the mixing ratio of the 

CFC-113 tracer gas in the chamber allowed the physical loss rate of gases to the soil, 

and out of the chamber to be calculated.  The soil uptake rate of CH3X was 

determined by monitoring the loss rate of 
13

CH3Br and 
13

CH3Cl from the chamber.  

Finally, the gross emission rate of CH3Br and CH3Cl was determined by monitoring 

the mixing ratios of these two gases in the chamber.  A distinction was not made 

between plant and soil emissions. 

 

Investigations in temperate grasslands (Rhew and Abel, 2007), shortgrass steppe (Teh, 

et al., 2008) and Alaskan Arctic tundra (Teh, et al., 2009) showed that gross 

production and gross uptake occurred simultaneously within these ecosystems.  The 

predominant direction of net flux was different at these three ecosystems; uptake was 

observed in shortgrass steppe and Alaskan Arctic tundra, but both uptake and 

emission were observed in temperate grasslands.  In the shortgrass steppe and 

temperate grasslands the emissions were plant-based and the uptake was via the soil.  

The net fluxes of CH3Br and CH3Cl from annual temperate grasslands (Rhew and 
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Abel, 2007) were found to be highly variable with season, species and soil moisture, 

and the reasons for this variation were elucidated by investigating the gross fluxes.  

The gross uptake rates were comparatively steady, but the gross emission rate was 

more variable.  The gross CH3X emission rate was found to be closely linked to the 

plant species and season; a relationship that is expected for a plant-based emission 

process.  The gross CH3Cl and CH3Br production rates were not well correlated, 

while gross uptake rates were well correlated.  This suggests that the CH3X uptake 

mechanisms are the same, but that either the CH3X production mechanisms are 

different or that there is a plant species dependant preference for one or other halide 

(Br
-
 or Cl

-
). 

 

The studies in temperate grasslands also showed that a small net flux may mask 

considerable gross uptake and emission rates that are occurring simultaneously.  In 

temperate grasslands this was observed for CH3Cl fluxes in particular, where the net 

uptake rate was low, but the opposing rates of uptake and consumption were 

comparatively high (Rhew and Abel, 2007).  Similarly, although Varner et al. (2003) 

measured small net CH3Br fluxes from temperate forest soils, the individual 

consumption and production processes were comparatively large. 

 

In summary it seems reasonable to assume that simultaneous CH3X uptake and 

emission are occurring to a greater or lesser extent in all terrestrial ecosystems where 

there are vegetation and soil components. 

1.4 Mechanisms of production and uptake in terrestrial systems 

Several pathways for methyl halide synthesis and degradation have been identified in 

terrestrial biological and abiotic systems.  In particular, soil-based bacterial 

degradation of CH3X, and CH3Cl (although not CH3Br) production by 

Hymenochaetaeceous fungi have been studied in some detail.  Plant-based emission 

mechanisms are, however, not well understood and although the CH3X production is 

widespread among higher plants the reasons for this are unclear. 
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1.4.1 CH3X synthesis in terrestrial systems 

It is not yet known why plants synthesize and emit methyl halides.  It has been 

suggested that these gases are produced to remove excess halide ions from plants (Ni 

and Hager, 1999) or they are a ‘metabolic accident’ with no physiological function 

(Manley, 2002).  However, the amount of methyl halides released by plants represents 

only a small proportion of the halide ion in plants (Manley, 2002).  In addition, salt 

tolerant species which would have the most need for halide ion removal from tissues 

were found to have relatively low methyl transferase activities (Saini, et al., 1995). 

1.4.1.1 The methyl transferase enzyme 

A novel enzymatic mechanism for the formation of CH3Cl in marine algae, a 

terrestrial succulent and a species of white rot fungus was reported by Wuosmaa and 

Hager (1990).  In these systems methyl halides were synthesized via an S-adenosyl 

methionine (SAM) transfer mechanism catalysed by a methyl transferase enzyme, 

shown schematically in Figure 1.4. 

 

SAM-S(Met)-CH3 + X
-
 

methyl transferase 

 
CH3X + SAM-S

-
(Met) 

 

Figure 1.4:  Proposed reaction for methyl transferase catalysed synthesis of CH3X.  In which X
-
 is 

either Cl
-
 or Br

-
, SAM is S-adenosyl-L-methionine, and Met represents the methionine moeity. 

 

Higher plants were also shown to synthesize methyl halides via this enzymatic 

pathway, and it was demonstrated in a survey of 118 herbaceous plants that methyl 

transferase activity was particularly high in Brassica species (Saini, et al., 1995).  A 

gene coding for methyl transferase has been identified in Arabidopsis (Rhew, et al., 

2003).  Mutant plants without this gene emit ~1% of the amount of methyl halide that 

is emitted by wild-type plants.  The gene coding for the Arabidopsis methyl 

transferse, dubbed Harmless to Ozone Layer (HOL), was found to be widespread in 

vascular plants. 
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1.4.1.2 CH3Cl production in fungi 

Extensive studies of CH3Cl metabolism in fungi, particularly the Hymenochaetaceae 

genera, have described certain biochemical pathways that lead to CH3Cl production.  

Fungi were initially thought to release CH3Cl as a secondary metabolite, i.e. a stable 

end product of metabolism (Harper, 1985; Harper and Kennedy, 1986).  However, 

subsequent studies have highlighted the importance of CH3Cl as a methyl donor to a 

variety of aromatic and aliphatic acids such as veratryl alcohol, a constituent in the 

degradation of lignin (Harper, et al., 1991).  CH3Cl is biosynthesized in fungi via S-

adenosylmethinone (SAM) methylation of Cl
-
, catalysed by a membrane bound 

methyl transferase enzyme (McNally, et al., 1990; McNally and Harper, 1991).  The 

coupled pathways of CH3Cl synthesis and utilisation are shown in Figure 1.5. 

 

SAM + Cl
-
 

methyl transferase 

 
SAH + CH3X 

 

CH3Cl + 
RCOOH or 

Ph-COOH  

R=(O)OCH3 or 

Ph-OCH3 
+ HCl

 

Figure 1.5:  Coupled pathways of CH3Cl synthesis and production in fungi.  In which RCOOH 

and Ph-COOH represent aliphatic and aromatic acids respectively and where SAH represents   

S-adenosylhomocysteine. 

 

In certain fungal species the pathways in Figure 1.5 are tightly coupled and little 

CH3Cl emission is observed (Harper, et al., 1990).  In other species the coupling 

between CH3Cl systhesis and utilisation appears to break down at the end of the 

growth cycle, releasing large quantities of CH3Cl to the atmosphere (Harper, et al., 

1989). 

 

By contrast, CH3Br metabolism in fungi is not well described, but a species of 

hymenochaetaceous fungi, Phellinus pomaceus, utilised CH3Br in addition to CH3Cl 

in the synthesis of aromatic and aliphatic acids (Harper and Kennedy, 1986). 
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1.4.1.3 Abiotic CH3X production via geochemical reactions in the soil 

Keppler et. al. (2000) observed abiotic CH3X production in soils and sediments, and 

proposed a geochemical reaction whereby organic matter, for example methoxy 

groups in phenolic moieties, are oxidised by Fe(III) in the presence of halide ion, 

Figure 1.6, to form CH3X.  The Fe(III) is reduced to Fe(II). 

 

R-O-CH3 + Fe
3+

 + X
-
 

 
R=O + Fe

2+
 + CH3X 

Figure 1.6:  Proposed reaction for abiotic CH3X formation in soils. 

 

The geochemical production process was further studied in the laboratory using 

sterilised soil samples and guaiacol as a model soil system.  It was observed that the 

reaction rate was dependant on the initial halide and Fe(III) concentrations and that 

CH3Br formation was preferred over CH3Cl. 

1.4.1.4 Abiotic CH3X production in senescent vegetation 

Abiotic formation of CH3Br and CH3Cl in vegetation was reported by Wishkerman et 

al. (2008) and Hamilton et al. (2003), respectively.  From the initial observations of 

CH3Cl emission when senescent and dead leaf material were heated to between 150°C 

and 300°C, Hamilton et al. (2003) proposed a reaction whereby the CH3Cl was 

formed by the reaction of pectin methoxy groups with Cl
-
 ion.  Wishkerman et al. 

(2008) demonstrated this mechanism of CH3Br formation using a model system of 

pectin enriched with Br
-
.  In both studies (Hamilton, et al., 2003; Wishkerman, et al., 

2008), CH3X formation was found to be dependant on the temperature, halide ion 

concentration and water content of the plant material.  These factors are therefore 

important for assessing the contribution of this reaction in ‘real world’ conditions. 
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1.4.2  CH3X uptake in terrestrial systems 

Global soils represent a considerable terrestrial sink for CH3X, but although this 

process has been documented for CH3Br across a range of soil types (Hines, et al., 

1998; Serca, et al., 1998; Shorter, et al., 1995; Varner, et al., 1999b), relatively few 

studies have investigated the global CH3Cl soil sink.  This is because soil-based 

CH3Cl sinks are thought to be less significant in the global CH3Cl budget compared 

with the CH3Br soil sink strength in the CH3Br budget; the corresponding uncertainty 

in the global CH3Cl soil sink strength is large, Table 1.1.  It should be noted that 

elevated atmospheric CH3Br concentrations were used to study uptake processes in 

the laboratory-based (Hines, et al., 1998; Shorter, et al., 1995; Varner, et al., 1999b) 

and field based studies (Hines, et al., 1998; Serca, et al., 1998).  Biological (bacterial) 

and chemical processes contribute to CH3Br degradation in soils, but chemical 

degradation of CH3Cl was not observed (Miller et al., 2004).  The majority of 

bacterial degradation is via aerobic bacterial strains (McDonald, et al., 2002). 

1.4.2.1 Identification of bacterial CH3X consumption in soils 

Shorter et al. (1995) and Hines et al. (1998) demonstrated that CH3Br uptake was a 

bacterially-mediated process with a biologically optimum range between 27°C and 

37°C.  Notably, the temperature optimum for CH3Br uptake was found to vary across 

a range of soil types (Hines, et al., 1998).  This indicates that different bacterial 

species associated with the different soil types were responsible for CH3Br uptake.  

Further experiments showed that uptake did not occur in ‘killed’ soils or in anaerobic 

soil conditions for the soil types studied (Hines, et al., 1998; Shorter, et al., 1995).  

CH3Br uptake has been found to be a ubiquitous process across a wide range of 

agricultural soils (Varner, et al., 1999b), but other soil types have not been 

extensively studied.  Amongst the limited range of soil types studied by Shorter et al. 

(1995) and Hines et al. (1998) the CH3Br consumption rates in temperate forest soil 

were comparatively rapid. 

1.4.2.2 Mechanisms of CH3X degradation in soils 

In controlled laboratory investigations certain bacteria are able to use CH3X as a 

carbon source.  The initial reaction in the biochemical CH3X degradation pathway of 
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all the aerobic bacterial strains investigated was catalysed by a methyl transferase 

enzyme.  Many bacteria were able to utilise both CH3Br and CH3Cl, although in 

sandy loam soils Miller et al (2004) found that CH3Cl degradation was faster than 

CH3Br degradation and that separate bacterial strains were responsible for the 

consumption of each gas. 

 

Chemical CH3Br degradation observed in sandy loam soils was found to account for 

over half of the total loss of CH3Br (Miller, et al., 2004).  The likely reaction 

mechanisms for CH3Br degradation in soils are hydrolysis and methylation of organic 

matter (Miller, et al., 2004).  The greater uptake rate of CH3Br compared with CH3Cl 

in temperate grassland soils was most likely due to significant chemical degradation 

in addition to bacterial consumption (Rhew and Abel, 2007). 

 

CH3X uptake has been observed in certain natural anaerobic soils (Teh, et al., 2009) 

and may be an important mechanism in water-saturated soil systems such as wetlands.  

Anaerobic bacterial degradation also utilises a methyl transferase enzyme, but the 

metabolic pathways are distinct from those in aerobic bacteria (Harper, 2000). 

1.4.2.3 Controls on soil-based CH3X consumption 

In addition to the soil temperature, bacterially-mediated CH3Br uptake was also 

shown to be dependant on the water content and organic matter content of the soil 

(Hines, et al., 1998; Shorter, et al., 1995).  Further studies in a temperate agricultural 

soil demonstrated that when the soil was very dry and low in organic matter the 

CH3Br diffusion rate into the soil determined the uptake rate rather than the bacterial 

activity (Rhew and Abel, 2007). 

1.5 Trends in CH3X fluxes  

Seasonal and diurnal variation in CH3X fluxes is an important consideration for an 

accurate estimate of emission and uptake over longer time periods.  Indeed, if clear 

and consistent seasonal trends can be identified, longer term predictions of fluxes 

from natural systems could be modelled with greater accuracy.  It is expected that 
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CH3X fluxes that are the result of biological processes will be subject to seasonal 

variation, particularly in temperate and high latitude environments. 

1.5.1 Seasonal trends in CH3X fluxes 

Seasonality appears to be an important factor in methyl halide emissions, but can only 

be fully characterised through long-term investigations.  As such, seasonal trends in 

CH3X fluxes have been identified in only a few ecosystems.  These include 

saltmarshes (Drewer, et al., 2006; Manley, et al., 2006), temperate wetlands (White, et 

al., 2005), rice paddies (Redeker and Cicerone, 2004) and temperate woodland leaf 

litter systems (Drewer., 2007). 

 

Clear seasonal trends were observed in CH3Br fluxes from a Scottish saltmarsh 

(Drewer, et al., 2006), temperate wetlands (White, et al., 2005), and rice paddies 

(Redeker and Cicerone, 2004).  In the Scottish saltmarsh and in rice paddies CH3Br 

emissions rates were highest during the growing season.  The emission rate followed a 

seasonal pattern that broadly corresponded to seasonal trends in plant growth cycles, 

air temperature and light intensity.  It is important to note that small CH3Br emissions 

were observed from the Scottish saltmarsh during the winter.  CH3Br fluxes from 

temperate peatlands switched from net emission to net uptake during the growing 

season, but the flux rate declined towards early–December (White, et al., 2005).  The 

increased growing season flux rates in these studies show that the uptake and 

emission processes are biologically mediated. 

 

In some ecosystems seasonal variation in CH3X flux rates was less obvious or absent, 

for example CH3Br fluxes from temperate leaf litter and CH3Cl emissions from rice 

paddies.  Seasonal trends in CH3Br and CH3Cl fluxes were not pronounced in 

Californian saltmarshes where CH3X production was demonstrably a plant-based 

process and where seasonal vegetation senescence was observed during the winter.  

CH3X emission rates at these sites varied during the year, but CH3Br emissions only 

declined slightly over the winter and the CH3Cl emissions did not decline at all 

(Manley, et al., 2006).  In Californian saltmarshes the absence of clear seasonal trends 

may have been due to the warmer climate compared with conditions at the Scottish 

saltmarshes and New England wetlands.  The winter temperatures in the Californian 
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saltmarsh never dropped below 10°C; much higher than minimum winter 

temperatures in the Scottish saltmarsh (Drewer, et al., 2006).  There was no seasonal 

pattern in the CH3Cl emission rate from rice paddies (Redeker and Cicerone, 2004), 

and from the observations in this study it was concluded that the rice plants were not 

responsible for the CH3Cl production.  The CH3Br fluxes from temperate woodlands 

fluctuated between uptake and emission during the 18 month sampling period.  

Although it was likely the sources and sinks for CH3Br at this site were biological, 

e.g. fungal production and soil-based bacterial uptake, the net fluxes from this site did 

not follow seasonal trends (Drewer, et al., 2008). 

 

The CH3X fluxes from biological systems would be expected to follow seasonal 

trends where there is a growing season defined by light intensity and air/soil 

temperature.  It is interesting to speculate that the absence of seasons defined by 

temperature and light could result in continuous fluxes throughout the year.  There is 

some suggestion of this in Californian saltmarshes where seasonal CH3X emission 

cycles were poorly defined and the winter temperatures were comparatively warm 

(Manley, et al., 2006). 

 

Seasonal trends may be difficult to elucidate if concurrent uptake and emission 

processes are of a similar magnitude and follow individual seasonal patterns.  In the 

long-term field campaigns discussed above only net fluxes were measured.  The 

observation of seasonal cycles in many ecosystems, and the specificity of a seasonal 

cycle to an ecosystem, demonstrates the necessity of good temporal coverage in 

obtaining a representative flux estimate for scale up. 

1.5.2 Diurnal trends in CH3X fluxes 

Diurnal trends are also an important consideration for scaling up CH3X fluxes, but 

present certain sampling difficulties.  Diurnal measurements have been made in 

Scottish saltmarshes (Drewer, et al., 2006), temperate woodland leaf litter (Dimmer, 

et al., 2001; Drewer, 2007), temperate coastal marsh (Dimmer, et al., 2001), 

temperate peatlands (Dimmer, et al., 2001), Californian saltmarshes (Rhew, et al., 

2002), tropical forests (Blei, et al., 2010) and from two tropical fern species (Saito 

and Yokouchi, 2006). 
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Of these investigations, diurnal variation in CH3Br flux was observed at Scottish 

saltmarshes, certain temperate woodland leaf litter sampling points, high latitude 

wetlands, temperate peatlands, Californian saltmarshes, from the tropical ferns 

(Cyanthea podophylla and Cyanthea lepifera) and from certain tropical plant species.  

Diurnal trends in CH3Cl fluxes were observed at temperate coastal marsh, temperate 

woodland leaf litter, Californian saltmarshes and from certain tropical plant species. 

 

Diurnal cycles in CH3X emission rates were observed at most of the sampling points 

in the various ecosystems that enclosed vegetation.  The observed diurnal cycles 

followed similar patterns with peak emissions corresponding to the warmest and 

lightest part of the day.  The exception to this observation was CH3Br and CH3Cl 

emissions from C. lepifera, where the emission rates were lowest around midday and 

then peaked during the night (Saito and Yokouchi, 2006).  It was not clear why the 

diurnal trend in CH3X emissions was ‘reversed’ for this species.  Where CH3X 

emissions were observed, they generally continued into the night, albeit at a lower 

rate; an important consideration for scale up. 

 

The observation of distinct diurnal cycles that correspond well with daily solar and 

temperature cycles at vegetated sampling points provides further evidence for plant-

based CH3X sources.  CH3X production does not involve primary metabolic processes 

i.e. photosynthetic reactions, but the diurnal cycle shows that it is linked to general 

plant metabolism.  That is, there is greater production when the plant is more active 

during the day.  CH3Cl was emitted at a variable rate over the 24 h sampling period at 

the high latitude wetland sampling points, but it is likely that net emission was 

partially overwhelmed by simultaneous uptake processes. 

 

CH3X fluxes in temperate forest litter did not follow diurnal trends (Dimmer, et al., 

2001; Drewer, et al., 2008).  The CH3X uptake and emission processes in these 

ecosystems are probably soil-based bacterial processes and fungal processes 

respectively.  It is not likely that either soil bacteria or fungi would respond to the 

daily solar cycle, but it is possible that they could respond to daily temperature cycles 

(Section 1.4.2).  However, there was no evidence of any temperature dependence in 

CH3X fluxes from temperate woodland leaf litter sites (Dimmer, et al., 2001; Drewer, 
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et al., 2008), but the daily variation in temperature at these sampling points was 

minimal, only 3–4°C. 

1.6 Environmental drivers 

To predict and describe trends in CH3X fluxes it is useful to understand how the 

uptake and emission processes respond to changeable environmental parameters 

including the light intensity, air temperature, soil temperature and water conditions.  It 

is apparent that CH3X fluxes from vegetated ecosystems do respond to the broad 

seasonal and diurnal trends in environmental parameters (Section 1.5), where the light 

intensity, soil temperature and air temperature regularly change with the day and 

season.  Further, bacterial uptake processes in the soil have been shown to respond to 

temperature (Hines, et al., 1998; Shorter, et al., 1995) and water level (Teh, et al., 

2009; Teh, et al., 2008).  A consistent explanation for the variation observed in CH3X 

fluxes at any one sampling point has so far proved elusive.  Confounding of the 

environmental parameters, light intensity, air temperature, etc. means that it is very 

difficult to ascribe variation in CH3X fluxes to a single parameter and consequently 

very few direct correlations between CH3X fluxes and environmental parameters have 

been observed. 

 

The multiple CH3X flux processes that are likely to be occurring within an ecosystem 

also prevent the observation of direct correlation (if any exists) between CH3X fluxes 

and environmental parameters.  For example, plant-based CH3X emission processes 

are not a primary metabolic function (Section 1.4.1.1), but the CH3X emission rate is 

likely to vary with the general plant activity.  Therefore if the vegetation is more 

active on a sunny day, (which is also likely to be warmer), CH3X emission rates could 

be higher.  However, if the vegetation is subject to drought stress, emission rates 

could be lower.  Soil bacterial uptake processes on the other hand have been shown to 

respond to temperature (Section 1.4.2).  These opposing processes, responding in 

opposite directions to the same driver serve to complicate the observation of direct 

correlations in the field, especially where the uptake and emission rates are of similar 

magnitude. 
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1.6.1 Plant based emissions driven by temperature or light? 

Contradictory results in Californian saltmarshes and temperate saltmarshes in 

Scotland and Ireland have suggested air temperature and light intensity respectively as 

drivers for CH3X fluxes.  Diurnal studies at the temperate saltmarshes observed 

diurnal trends in CH3X emissions (CH3Br only in Scotland) where the air temperature 

only varied 3–4°C during the 24 h measurement period (Dimmer, et al., 2001; 

Drewer, et al., 2006).  Further, Drewer et al. (2006) observed that CH3Br emission 

rates from Scottish salt marshes peaked on sunny or partly sunny days.  In Californian 

saltmarshes the CH3X emission rate followed trends in the daily solar cycle, air 

temperature and the CO2 efflux from the plants.  This latter observation is, perhaps, 

the most important, suggesting plant-based CH3X is firstly a function of the plant 

activity. 

 

Redeker et al. (2004) studied the effects of temperature and light on CH3X emissions 

from rice plants.  These studies presented a complicated picture of CH3Br emissions 

that were temperature dependant according to the growth stage of the rice plant, and 

specific to the rice cultivar.  Furthermore, although there was a diurnal cycle in the 

CH3Br emissions from rice plants the effect of irradiance was insignificant compared 

with the effect of temperature.  Low water levels enhanced the CH3Br emissions from 

one rice cultivar, but did not affect the emission rate for the other cultivars.  The 

CH3Cl emissions, unlike the CH3Br emissions were not plant-based and consequently 

the emission rate was not temperature or light dependant. 

 

The long-term investigation of CH3Br emissions from New Hampshire peat lands 

presented a somewhat complicated picture; CH3Br emissions were positively 

correlated to air temperature and soil temperature, and negatively correlated to water 

level at one of the sites, but not at the other site (White, et al., 2005).  It is possible 

that the low flux rates at the New Hampshire wetlands were the result of simultaneous 

uptake and emission processes, particularly the second sampling site.  Hence, any 

correlation between a particular process and environmental parameter may have been 

masked. 
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Gross production rates (from vegetation) at grassland sites showed no strong 

correlations with environmental parameters and in fact the greatest variation in CH3X 

emission rate was between the plant species (Rhew and Abel, 2007).  Plant species 

was also the main driver for variation in a long term study at Californian saltmarshes 

(Manley, et al., 2006). 

 

The somewhat confusing picture that emerges from comparing field observations of 

CH3X fluxes with measured environmental parameters shows that a single parameter 

cannot be used as a proxy for CH3X emissions across all systems.  Rather, it is more 

important to well-characterise fluxes within an ecosystem and to understand the 

seasonal and diurnal trends in the ecosystem. 

1.6.2 CH3X fluxes regulated by soil hydrology 

Where gross uptake and gross CH3X emission have been investigated within an 

ecosystem, the individual processes have better correlated to specific environmental 

parameters.  In temperate grasslands CH3X emissions were not well correlated with 

environmental parameters, but the uptake processes were correlated with soil 

moisture.  At drier grassland sites (5–10% gravimetric water content), the CH3X 

uptake was positively correlated with soil moisture, but at wetter (45–50% moisture) 

riparian sites, the uptake rate was lower (Rhew and Abel, 2007).  A combination of 

field studies and laboratory studies found that soil water content was an important 

control for CH3X uptake in shortgrass steppe (Teh, et al., 2008), where the uptake rate 

increased with increasing water content in the field.  However, the CH3X uptake rate 

at the Alaskan Arctic tundra increased when the volumetric water content of the soil 

was lower.  Laboratory based manipulations comparing anaerobic and aerobic 

conditions and different water contents of tundra soils found the reduced uptake in 

wetter conditions was due to the inhibition of CH3X diffusion into the soil, rather than 

the anaerobic conditions in flooded soil.  This implies that the bacterial processes 

responsible for uptake at these two ecosystems (short grass steppe and Arctic tundra) 

were different, probably as result of different bacterial populations in the very 

different ecosystems.  The different responses to a particular parameter i.e. water 

content, in different ecosystems highlights the risks of extrapolating findings across 

ecosystems. 
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1.7 High latitude ecosystems 

Arctic lands cover a significant proportion of the global terrestrial land cover, 

7.567×10
6
 km

2
 (AICA, 2005) where ‘Arctic lands’ are defined as those north of the 

Taiga-tundra ecotone.  Of this area, high latitude wetlands cover ~3.5×10
6
 km

2
 (AICA, 

2005).  Significantly, the changes to these areas, including permafrost melt, decreases 

in biodiversity and land area changes, as a result of a warming climate are predicted to 

be considerable (AICA, 2005). 

 

Until recently CH3X fluxes in high latitude ecosystems had not been investigated.  

Although these ecosystems were not anticipated to be a major source or sink term in 

the CH3X budgets, an estimate of CH3X fluxes from these systems is important for 

two reasons.  Firstly, a comparison of net fluxes from high latitude and temperate 

wetlands will determine if a separate flux estimate is required for the considerable 

high latitude wetland area.  If the high latitude wetland area CH3X fluxes are 

significantly lower, the global wetland budget may be over-estimated by including 

high latitude wetland area in scaling up.  Secondly, to constrain the CH3X budgets and 

accurately model CH3X atmospheric lifetimes, areas of both significant and non-

significant CH3X flux need to be identified.  The modelling study of atmospheric 

CH3Br fluxes (Warwick, et al., 2006) called for more measurements in high latitudes. 

 

CH3X fluxes have been investigated in two Alaskan Arctic tundra sites and in sub-

Arctic Swedish wetlands.  The initial study in Alaska documented fluxes from a range 

of sites, but at only one time point at each site (Rhew, et al., 2007).  A second, more 

detailed study measured gross fluxes from different sites and examined the effects of 

environmental parameters on CH3X fluxes from tundra (Teh, et al., 2009).  The 

Swedish study measured CH3X fluxes over a full growing season and the results are 

presented in Chapter 5. 

 

Hydrology was found to be an important driver for the magnitude of the CH3X fluxes 

at the Swedish and Alaskan sites (Section 1.6).  At the Alaskan sites CH3Cl and 

CH3Br uptake was greater in the drier sampling points compared with the flooded 

sampling points.  It was presumed that bacterial processes were responsible for the net 
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CH3X uptake, but it was demonstrated that uptake rates in flooded soils were limited 

by restricted diffusion of CH3X into flooded soil rather than the anaerobic conditions 

preventing bacterial processes (Teh, et al., 2009).  The correlation between CH3Br and 

CH3Cl fluxes at the Alaskan sites suggested that the same bacteria were responsible 

for the uptake of both gases.  The implications of hydrological dependence are that 

uptake may increase if predicted permafrost melting decreases the water table in high 

latitude systems (AICA, 2005). 

1.8 Methyl bromide and methyl chloride in the atmosphere 

Several studies have investigated historical trends in atmospheric CH3X mixing ratios 

using Arctic and Antarctic ice cores.  Butler et. al. (1999) showed that CH3Br and 

CH3Cl had significant (natural) sources prior to 1950.  However the study showed that 

the mixing ratio of CH3Cl had increased by about 40 pptv to the present day.  Recent 

studies from ice core data have indicated that there are in situ production processes 

which overwhelm the paleoatmospheric signal of CH3Br (Aydin, et al., 2007) and 

subsequently the usefulness of using ice core data for historic CH3Br analysis is 

questionable.  The effect is not so pronounced for CH3Cl.  An atmospheric 

interpretation of the history of CH3Cl from an Antarctic ice core has suggested that 

CH3Cl levels are climate controlled (Williams, et al., 2007).  Higher mixing ratios 

were observed during warm periods and lower mixing ratios were observed during 

cooler periods.  These data have interesting implications for future CH3Cl emissions 

in the event of predicted climate changes. 

1.9 Analysis of CH3Cl and CH3Br in the atmosphere 

1.9.1 Field techniques 

Due to the low CH3X concentrations in ambient atmospheric air (pptv range), a large 

sample volume is required for accurate analysis of these gases.  Consequently, air 

samples are generally collected in the field then removed to a laboratory for CH3X 

analysis.  A notable exception are the instruments used in the AGAGE (Advanced 

Global Atmospheric Gases Experiment) monitoring systems which have been 
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developed so that CH3X, among other halocarbons, can be analysed in situ (Prinn, et 

al., 2000). 

 

A common method of sampling CH3X fluxes in terrestrial ecosystems where the 

vegetation is relatively short involves sinking a base into the ground at the location of 

interest and then enclosing the vegetation by securing an air-tight chamber of fixed 

volume to the base to create an air-tight enclosure.  This type of system has been 

successfully used in many systems including saltmarshes (Drewer, et al., 2006; Rhew, 

et al., 2002), rice paddies (Redeker and Cicerone, 2004) and fresh water wetlands 

(Hardacre, et al., 2009; Varner, et al., 1999a).  Whole system enclosures of larger 

vegetation i.e. trees, is difficult, if not impossible.  To collect CH3X flux samples 

from large vegetation some studies have measured CH3X fluxes from leaves using a 

headspace analyser (Saini, et al., 1995).  This approach has the disadvantage that the 

vegetation is not measured in situ and the observed fluxes may not represent those 

occurring in ‘normal’ conditions.  To obtain a more natural representation of CH3X 

fluxes from tropical vegetation Blei et al. (2010) used an air-tight chamber of fixed 

volume to enclose branches.  

 

To obtain a representative measure of CH3X fluxes in a natural system it is desirable 

that there is minimal disturbance of that system.  To this end, the chamber is generally 

transparent to light so that the enclosed vegetation experiences almost-natural 

radiation levels.  In warmer climates, some chamber systems have included a cooling 

system to prevent a large discrepancy between the enclosure temperature and the 

ambient air temperature.  A short enclosure time should also be used, both to prevent 

a large increase in enclosure temperature and to prevent a build up of CH3X in the 

chamber.  The latter may result in increased soil uptake activity or even plant uptake 

processes (Jeffers, et al., 1998). 

1.9.2 Analytical methods 

Until the development of GC-MS systems, GC-ECD was the most sensitive analytical 

method for methyl halides, allowing for detection into the pptv range (Zlatkis and 

Poole, 1981).  GC-ECD instruments are still widely used for CH3X analysis, but are 

insensitive to halocarbons with poor electron attachment rates, e.g. those with only 
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one or two Cl atoms.  The ECD’s sensitivity to such compounds can be improved by 

oxygen doping (Zlatkis and Poole, 1981). 

 

GC-MS is becoming a more commonly used technique for methyl halide analysis and 

is now used in the AGAGE monitoring stations (Prinn, et al., 2000; Simmonds, et al., 

1995).  GC-MS is more sensitive than GC-ECD, allowing for CH3X detection into the 

sub-pptv range.  The increased sensitivity of the GC-MS systems has also opened the 

way for analysing the stable carbon isotopes of CH3X, which if widely used, should 

help to constrain the CH3X budgets.  Stable carbon isotope analysis has been 

successful in determining gross production and consumptions rates (Rhew and Abel, 

2007; Teh, et al., 2009; Teh, et al., 2008), and has also been used to demonstrate that 

plant-derived CH3Cl has a unique isotopic signature (Harper, et al., 2003) 

 

A further constraint on CH3X analysis, particularly in situ analysis in remote 

monitoring stations (e.g. AGAGE), is the use of cryogenic trapping to concentrate the 

more volatile halocarbons in the large volume air sample which is required.  For 

example, Redeker et al. (2000) used a liquid nitrogen-pentane slush at -130°C.  

Bassford et al. (1998) and Pollmann et al. (2006) designed microtrap systems that 

used adsorbent materials (e.g. Carbotrap, Carboxen 1003 and Carboxen 1000) to trap 

analytes as an air sample was passed through the trap.  The system designed by 

Bassford et al (1998) allowed for near-real-time monitoring of CH3X, amongst other 

analytes, in atmospheric air. 

1.10 Aims 

The overarching aim for this work was to characterise CH3X fluxes from temperate 

wetland ecosystems in order to refine the global estimates of terrestrial CH3Br and 

CH3Cl.  Temperate freshwater wetlands were chosen as the ecosystem for study 

because firstly, these systems have not been studied simultaneously in spatial and 

temporal detail and secondly, wetland systems are vulnerable to land use change.  

Land use change can reduce the total wetland area by drainage to create agricultural 

and arable land or increase the total wetland area by a) rejuvenating previously 
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drained wetland areas for aesthetic or conservation purposes (Burn and Diack, 2009) 

and b) managed retreat from coastal areas in the face of rising sea-levels. 

 

To fully characterise the CH3X fluxes in temperate wetlands and how these fluxes are 

affected by changing environmental parameters, it was important to achieve good 

spatial and temporal coverage, and to monitor external environmental parameters in 

conjunction with CH3X.  An existing GC-ECD system was modified to permit dual 

analysis of CH3Br and CH3Cl  

 

To obtain a spatially representative dataset, CH3X fluxes were monitored in four 

different temperate wetland ecosystems commonly found in the UK.  Sampling points 

within each wetland were chosen to capture variation in vegetation and hydrology 

within that wetland. 

 

To obtain a temporally representative dataset that captured seasonal trends, CH3Br 

fluxes were monitored for at least 18 months and CH3Cl fluxes were monitored for 12 

months at the four wetland sites.  In addition diurnal trends in CH3X fluxes were 

investigated at all sampling points. 

 

To understand how external environmental parameters such as air temperature, soil 

temperature at 10 cm depth, photosynthetically active radiation (PAR) and water-table 

depth, were related to CH3X fluxes the trends in these parameters were closely 

compared with the seasonal trends in CH3X fluxes.  In addition, field and laboratory-

based manipulation studies were performed. 

 

To determine how vulnerable, high latitude wetlands currently contribute to the global 

CH3X budgets, the seasonal and diurnal trends in these gases were monitored at a sub-

Arctic wetland at Abisko, Sweden. 
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1.11 Presentation of this thesis 

The field collection of air samples for analysis of CH3X concentration using GC-ECD 

is described in Chapter 2 along with sampling chamber design and deployment 

technique.  The modification of a GC-ECD system to allow for detection of CH3Cl is 

also described here.  Also covered are the calculations of CH3X fluxes from a gas 

concentration value, together with a discussion of the uncertainties associated with 

these calculations. 

 

The CH3X datasets from the field campaigns at the four Scottish wetland sites are 

presented in Chapter 3.  The characteristics of the four sites are described together 

with the seasonal, diurnal and inter-annual trends (CH3Br only) in CH3X fluxes from 

these four sites.  Additional measurements from a fifth P. australis wetland site are 

included for comparison. 

 

Chapter 4 discusses the CH3X fluxes in relation to the measured external 

environmental parameters (air temperature, soil temperature, incubation temperature, 

PAR, total solar radiation and soil water level).  Results from the field manipulation 

studies and the laboratory manipulation studies are also presented. 

 

The CH3X datasets from the sub-Arctic field campaign in Abisko, Sweden are 

presented in Chapter 5.  The seasonal trends, measured over one complete growing 

season, and the diurnal trends are described. 

 

Chapter 6 summarises the net fluxes from the Scottish sampling campaign and the 

sub-Arctic campaign.  These data are scaled up to give an estimate of CH3X fluxes 

from the global temperate wetland area. 

 

The main conclusions from this study are presented in Chapter 7. 
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