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Abstract 

The Breathing of Halogenated Volatile Organic Compounds (HVOCs) from 

Human-impacted Ecosystems 

by 

Yi Jiao 

Doctor of Philosophy in Geography 

University of California, Berkeley 

Professor Robert C. Rhew, Chair 

 

Atmospheric methyl chloride (CH3Cl) and methyl bromide (CH3Br) are the largest 
natural gaseous carriers of reactive chlorine and bromine, which contribute to stratospheric 
ozone depletion. Chloroform (CHCl3) also contributes to total stratospheric chlorine load 
and ozone destruction, with a much smaller impact. This dissertation investigates and 
quantifies emissions of these halogenated volatile organic compounds (HVOCs) from 
some natural ecosystems impacted by human activities. 

Chapter two describes a study on HVOCs flux measurements at an intermediate 
zone of coastal ecosystems in South Carolina, which are subject to seawater intrusion 
induced by storm surges combined with sea level rise. The degraded forested wetland 
showed significant CHCl3 emission rates and remained a net CH3Cl sink and a negligible 
CH3Br source/sink, unlike the saltmarsh which was a significant source for both. This study 
suggested that sea level rise and frequent storm surges derived from global climate change, 
in the long term, may increase CHCl3 emissions from coastal degraded forested wetlands 
and of methyl halides if salt marshes expand, with potential impacts for stratospheric ozone 
depletion. 

Chapter three describes a project that measured life-cycle fluxes of CH3Cl, CH3Br 
and CH3I from rapeseed (Brassica napus “Empire”). The results showed that rapeseed 
emitted 5.3 ± 1.3 Gg CH3Cl year−1, 2.8 ± 0.7 Gg CH3Br year−1, and 4.0 ± 0.8 Gg CH3I 
year−1 as of 2018. Assuming the future global rapeseed production follows the same rate 
of increase as the past 60 years, the atmospheric sources of CH3Cl, CH3Br and CH3I may 
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increase to 13.1 Gg year-1, 7.0 Gg year-1, and 9.8 Gg year-1, respectively by 2050, becoming 
an ever-larger global source.  

Chapter four describes a study which showed that CuSO4, in conjunction with either 
hydrogen peroxide (H2O2) or solar radiation, significantly enhanced CH3Cl and CH3Br 
production from organic matter in soil or seawater. This study identified a new abiotic 
pathway of methyl halide production occurring in agricultural fields and water bodies 
facilitated by the widespread application of Cu (II) based pesticides, herbicides and 
fungicides. A rough quantification suggested this mechanism had the potential to account 
for a significant part of the missing sources of CH3Cl and CH3Br. 

These aforementioned studies highlight the increasing contribution from natural 
sources of ozone depleting substances (ODSs) influenced by human activities, which may 
offset some of the ODSs reductions achieved by the Montreal Protocol. 
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Chapter 1. Natural sources of halogenated volatile organic 
carbons (HVOCs) influenced by human activities 

1.1 Stratospheric ozone depletion and current challenges 

 In the 1970s, atmospheric chemists first predicted the potential effects of 
chlorofluorocarbons (CFCs) for causing destruction on the stratospheric ozone layer 
(Cicerone et al., 1974; Donahue et al., 1976; Molina & Rowland, 1974; Rowland, 1996; 
Stolarski & Cicerone, 1974). However, global production of CFCs continued to grow 
rapidly as new uses were found for these chemicals in refrigeration and fire suppression. 
(Howard & Hanchett, 1975). Since the 1980s, the ozone hole over Antarctica has been 
observed every austral spring (Farman et al., 1985; Solomon, 1988; Solomon et al., 1986). 
The depletion of the stratospheric ozone layer has raised worldwide concern and interest 
from scientists, the public and policymakers because stratospheric ozone protects life on 
Earth’s surface from biologically damaging ultraviolet radiation. The scientific and 
political communities worked together to create and then ratify The Montreal Protocol on 
Substances That Deplete the Ozone Layer in 1987 following the 1985 Vienna Convention 
for the Protection of the Ozone Layer. 

The Montreal Protocol, first signed in 1987 and ratified by 198 countries so far, 
aims to protect the stratospheric ozone layer by phasing out the production and 
consumption of substances that are responsible for ozone depletion, such as CFCs, halons, 
and other chlorine- or bromine-containing compounds. It is considered by many the most 
successful environmental global action by far. Ronald Reagan, the 40th president of the 
United States, appraised it as “a model of cooperation” and “a monumental achievement”. 

The Global Monitoring Laboratory of the National Oceanic & Atmospheric 
Administration (NOAA) reported that atmospheric concentrations of CFC-11 (CCl3F), 
CFC-12 (CCl2F2), methyl chloroform (CH3CCl3), carbon tetrachloride (CCl4), and CH3Br 
and their contributions to stratospheric halogen radicals have declined steadily since the 
late 1990s due to the phasing out the anthropogenic halocarbons as mandated by the 
Montreal Protocol (Figure 1.1).  

As a consequence, the beginning of the ozone layer recovery has been observed in 
the upper stratosphere since the first decade of the 21st century (Kuttippurath et al., 2018; 
Newchurch et al., 2003; Solomon et al., 2016; Strahan et al., 2019; Yang et al., 2008). 
Assuming the compliance with the controls in the Montreal Protocol continues in the 
coming decades, stratospheric ozone is projected to return to 1980 levels around the years 
2040-2060 (Dhomse et al., 2018; Oman et al., 2010). However, while the long-term ozone 
layer recovery from the ozone-depleting substances (ODSs) phase-out is predicted to be 
underway, it still faces some obstacles in the coming decades that could affect the extent 
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and timing of ozone recovery. For example, during the austral spring of 2020 (September-
October), NASA observed a peak ozone hole area of 23 million km2, almost the same size 
as North America, and almost the same level as in 1993-1994 (Figure 1.2).  

 

 

Figure 1.1 The contributions of various halogen source gases to the total EESC. 
Equivalent effective stratospheric chlorine (EESC) is a convenient parameter to 
estimate the amount of stratospheric ozone depletion due to these chlorine- or 
bromine- containing compounds. The units of EESC are in parts per billion by 
volume (ppbv). This figure was from https://ozonewatch.gsfc.nasa.gov/. 

 
The variability of stratospheric ozone and its recovery is subject to several factors, 

such as the development of polar stratospheric clouds (PSCs) and the polar vortex which 
are influenced by meteorological variability, long term climate change, atmospheric 
dynamical variability and solar proton events (SPEs) (Chipperfield et al., 2017; Stone et 
al., 2018). In addition, there are at least three possible challenges with regard to ODS 
emissions, which could delay the return of stratospheric ozone levels to historical values 
by up to decades (Chipperfield et al., 2020; Fang et al., 2019; Liang et al., 2017). 

 
1.1.1 Emissions of short-lived ODSs, such as CHCl3 

The typical transport time scale from the troposphere to the stratosphere is longer 
than 0.5 years. Therefore, halogenated compounds of tropospheric lifetime less than 0.5 
years, categorized as very short-lived halogenated substances (VSLSs), are less likely to 
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get into the stratosphere to contribute to ozone depletion (Carpenter et al., 2014; Engel et 
al., 2018). VSLSs, such as chloroform (CHCl3), dichloromethane (CH2Cl2), bromoform 
(CHBr3), are not regulated by the Montreal Protocol.  

However, concern has been raised as the atmospheric concentrations of CHCl3 and 
CH2Cl2 have been increasing steadily in the past 1-2 decades (Fang et al., 2019; Hossaini 
et al., 2015, 2017; Oram et al., 2017). For example, observations showed CHCl3 
atmospheric molar fractions have been steadily increasing at a rate of 2.6-6.3% each year 
over the past decade, which is likely attributable to industrial activities (Engel et al., 2018; 
Fang et al., 2019). Numerical model simulations also indicate that these increasing VSLSs 
can influence ozone destruction in the lower stratosphere, and the recovery of stratospheric 
ozone may be significantly delayed if atmospheric concentrations of VSLSs, including 
CHCl3, continue to grow (Claxton et al., 2019; Fernandez et al., 2017). 

 

 

Figure 1.2 The ozone hole area over Antarctica in early austral spring season (7th 
September – 13th October) from 1979 to 2020. The ozone hole area is determined 
from total ozone satellite measurements and is defined to be that region of ozone 
values below 220 Dobson Units (DU) located south of 40°S. The inserted ozone 
map is the monthly-averaged total ozone over the Antarctic pole in October 2020; 
the blue and purple colors are where there is the least ozone, and the yellows and 
reds are where there is more ozone. The data and the inserted map were retrieved 
from the Ozone Watch website of the National Aeronautics and Space 
Administration. 
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1.1.2 Potential emission increases in natural ODSs, such as methyl halides, induced by 

anthropogenic activities  

Methyl chloride (CH3Cl) and methyl bromide (CH3Br) are the largest natural 
gaseous carriers of chlorine and bromine, contributing to the reactive chlorine and bromine 
burden and halogen radical driven ozone destruction in the stratosphere (Carpenter et al., 
2014; Engel et al., 2018). However, current estimates of CH3Cl and CH3Br sources cannot 
be balanced by their sinks, with discrepancies at about -430 Gg year-1 and -43 Gg year-1, 
respectively (Table 1.1). Though part of the imbalance may be attributed to the 
uncertainties associated with the quantification of these sources and sinks, it still indicated 
the existence of missing sources and/or underestimation on some current sources. Some 
natural sources are increasing, induced by global warming or anthropogenic activities, such 
as land use change, which may offset some of gains introduced by the Montreal Protocol 
(Andreae & Merlet, 2001; Jiao et al., 2020; Westerling et al., 2006). Therefore, periodic 
re-quantification of these evolving sources of methyl halide may be needed. 

 
1.1.3 Noncompliant emissions of controlled anthropogenic ODSs such as CFC-11, CCl4. 

As mandated by the Montreal Protocol, all contracting parties should have phased 
out the production and consumption of CFCs, e. g., CFC-11, CFC-12, CFC-113 (Cl2FC-
CF2Cl), CFC-114 (ClF2C-CF2Cl) and CFC-115 (F3C-CF2Cl), commencing on January 1, 
2010 (for non-article 5 countries, this date was on January 1, 1996), with exemptions for 
only a few essential uses. However, studies have reported slowdown in the diminishing of 
atmospheric CFC-11 and increase in the hemispheric differences since 2012, indicating an 
increase in CFC-11 emissions likely coming from unreported industrial production 
(Montzka et al., 2018; Rigby et al., 2019). Though recent studies in 2021 found that the 
noncompliant emissions of CFC-11 were declining in 2018-2019, before the economic 
slowdown due to the COVID-19 pandemic (Montzka et al., 2021; Park et al., 2021), this 
observed fugitive emission probably meant much more CFC-11 may be evaporated into 
the atmosphere eventually (up to six times larger than the observed increase) if the 
noncompliant production was for closed-cell foam use, a long-term CFC-11 reservoir. Such 
an increase of CFC-11 emissions would delay the restoration of the stratospheric ozone 
layer, although there are large uncertainties in the extent and time of this potential CFC-11 
leak (Dhomse et al., 2019). 

Dispersive use of CCl4 has the same phasing-out timeline as CFCs’ as scheduled by 
the Montreal Protocol. Nevertheless, in addition to the fugitive emission derived from legal 
feedstock usage of CCl4 (2 Gg year-1, Engel et al., 2018), non-compliant production and 
emissions of CCl4 also exist across the globe at a rate of ~13 Gg year-1 (Liang et al., 2016; 
Sherry et al., 2018). For example, CCl4 emissions were inferred at 2.2 ± 0.8 Gg year-1 from 
Europe (Graziosi et al., 2016), 4 (2.0-6.5) Gg year-1 from the United States (Hu et al., 2016) 
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and 4-24 Gg year-1 from Eastern Asia, especially China (Bie et al., 2017; Lunt et al., 2018; 
Park et al., 2018).  

All these noncompliant industrial sources of ODSs, together with newly discovered 
anthropogenic emissions of some CFC/HCFC species (Laube et al., 2014; Vollmer et al., 
2021), contributed to the stratospheric chlorine/bromine load and induced potential delay 
in stratospheric ozone recovery. 

 
1.2 Current understanding on some natural halocarbons 

1.2.1 Chloroform (CHCl3) 

CHCl3 is the second largest natural carrier of chlorine in the atmosphere. Natural 
sources of CHCl3 are believed to predominate, and account for 50-90% of its global 
emissions (McCulloch, 2003; Worton et al., 2006). AGAGE measurements show stable 
global mean mole fractions of CHCl3 in the range of 7.3–7.7 ppt with a stable inter-
hemispheric difference (IHD, 4.3 ppt) over 1997–2010 (Figure 1.3), suggesting that 
atmospheric CHCl3 was dominated by natural sources during this period. It is noted, 
however, as discussed above, this stable period was followed by a subsequent increase in 
both atmospheric molar fractions and IHD (6.3 ppt as of 2016) of CHCl3 since 2010, 
suggesting an increase in Northern Hemisphere anthropogenic emissions in the past 
decade. 

 

Figure 1.3 Latitudinal profile of atmospheric CHCl3 molar fraction in 2018. Each 
data point represents the annual averaged CHCl3 molar fraction and the error bars 
represent the standard deviation of the annual molar fractions. Positive latitude 
values represent Northern Hemisphere latitudes, negative latitude values represent 
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Southern Hemisphere latitudes. The raw data was retrieved from the database of 
the Advanced Global Atmospheric Gases Experiment (AGAGE). 

 
Natural emissions of CHCl3 are mainly from the surface ocean (~360 Gg year-1) and 

terrestrial soils (over 200 Gg year-1), such as peatland (Dimmer et al., 2001; Khan et al., 
2012), tundra (Johnsen et al., 2016; Macdonald et al., 2020; Rhew et al., 2008b), forest 
(Albers et al., 2011; Haselmann et al., 2002; Haselmann et al., 2000), rice fields (Khalil et 
al., 1998; Khan et al., 2011), salt marsh (Wang et al., 2016; Rhew et al., 2008a) and wetland 
(Jiao et al., 2018). Various CHCl3 flux measurements have been reported from multiple 
different ecosystems (Rhew et al., 2008a, 2008b; Cox et al., 2004; Hoekstra et al., 1995, 
1998, 2001; Khalil et al., 1990, 1998) and the results showed large spatial and temporal 
variabilities within the same ecosystem. Different CHCl3 production mechanism 
assumptions have been explored regarding biotic vs. abiotic, irradiation induced vs. 
temperature controlled. However, no uniform production mechanism has been proposed to 
apply to all circumstances. 

 
1.2.2 Methyl chloride (CH3Cl) and methyl bromide (CH3Br) 

Methyl chloride (CH3Cl) and methyl bromide (CH3Br) are the largest natural 
gaseous carriers of chlorine and bromine, contributing to the reactive chlorine and bromine 
burden and ozone destruction in the stratosphere (Carpenter et al., 2014; Engel et al., 2018). 
CH3Br was once produced anthropogenically and mainly used as to fumigate soil in 
agriculture, with a minor fraction used for the manufacture of other chemical products. 
However, anthropogenic application of CH3Br has been largely curtailed by the Montreal 
Protocol. Currently, CH3Br production is exempted only for critical use, namely quarantine 
and pre-shipment (QPS) fumigation for pest control for the transport of agricultural 
products (Carpenter et al., 2014; Engel et al., 2018). Since the implementation of the 
Montreal Protocol, controlled CH3Br consumption dropped to about 1% of the peak value 
(0.94 Gg year-1 as of 2016), and total reported fumigation emissions have declined by more 
than 85% since their peak in 1997 (8.4 Gg year-1 as of 2016). At present, both CH3Cl and 
CH3Br are mainly from natural sources (Table 1.1). 

The latitudinal profile of atmospheric CH3Cl and CH3Br molar fractions (Figure 
1.4) indicates the different distributions of CH3Cl and CH3Br sources. Peak CH3Cl 
concentrations are typically observed around the tropical region, suggesting the primary 
sources are tropical/subtropical ecosystems; while the peak CH3Br concentrations are 
around 30-50 °N, indicating large CH3Br sources exist in mid-latitudes in the northern 
hemisphere. 

Currently, the significant CH3Cl sources includes tropical and subtropical plants 
(Bahlmann et al., 2019; Blei et al., 2010; Gebhardt et al., 2008; Lee-Taylor et al., 2001; 
Saito et al., 2008; Xiao et al., 2010; Yokouchi et al., 2002; Yoshida et al., 2004), biomass 
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burning (Andreae & Merlet, 2001; Carpenter et al., 2014), the ocean (Hu, 2012; Hu et al., 
2013), salt marshes (Deventer et al., 2018; Drewer et al., 2006; Manley et al., 2006; Rhew 
et al., 2014; 2000), and fungi (Lee-Taylor et al., 2001; Watling & Harper, 1998); significant 
CH3Br sources includes ocean (Hu, 2012), biomass burning (Andreae & Merlet, 2001; 
Carpenter et al., 2014), salt marshes (Deventer et al., 2018; Drewer et al., 2006; Manley et 
al., 2006; Rhew et al., 2014; 2000), rapeseed (Gan et al., 1998; Jiao et al., 2020; Mead et 
al., 2008).  

 

 

Figure 1.4 Latitudinal profile of atmospheric CH3Cl and CH3Br molar fractions in 
2019. Each data point represents the annual averaged CH3Cl or CH3Br molar 
fractions and the error bars represent the standard deviation of the annual molar 
fractions. Positive latitude values represent Northern Hemisphere latitudes, 
negative latitude values represent Southern Hemisphere latitudes. The raw data was 
retrieved from the database of the Halocarbons and other Atmospheric Trace 
Species group, which is under the Global Monitoring Division, Earth System 
Research Laboratory, National Oceanic and Atmospheric Administration. 

 
1.2.3 Production mechanism of CH3Cl, CH3Br and CHCl3 

Biogenic formation of CH3Cl and CH3Br is from the methylation of halide ions 
catalyzed by methyltransferases with S-adenosyl-methionine (SAM) serving as a methyl 
donor (Attieh et al., 1995; Rhew et al., 2003; Saini et al., 1995). CH3Cl and CH3Br (and 
CH3I) can also be produced in soil or sediment abiotically from the alkalization of halide 
ions when iron (III) oxidizes the organic matter (Keppler et al., 2000; 2003), in which 
microbes and sunlight are not required. During the senescence period of plant or biomass 
burning, pectin can act as a methyl donor to produce large amounts of CH3Cl, CH3Br (and 
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CH3I) abiotically, a process that is sensitive to temperature (Hamilton et al., 2003; 
Wishkerman et al., 2008). 

Natural CHCl3 can be produced both biotically and abiotically. Biotically, 
chloroperoxidases (CPOs) excreted from soil microbes can produce hypochlorous acid 
(HOCl) to chlorinate organic substrates (e.g., humic and fulvic acids), which can then be 
cleaved to form CHCl3 (Albers et al., 2011; Breider & Hunkeler, 2014b; Ruecker et al., 
2014). CHCl3 can also be produced from terrestrial environments when organic matter is 
oxidized by iron (III) and hydrogen peroxide (H2O2) in the presence of chloride ions (Huber 
et al., 2009). 

 

1.3 Structure of the studies described in the dissertation 

I designed and conducted three independent case studies, generally focusing on (1) 
measurements of CHCl3 fluxes from a degraded wetland in South Carolina, along a salinity 
gradient, subject to the seawater intrusion induced by sea level rise and storm surges; then 
quantifying the CHCl3 contributions from degraded wetlands globally to figure out if it is 
a hotspot of CHCl3 emission; (2) re-quantification of methyl halide emissions with respect 
to rapeseed (Brassica napus), a substantial and ever-growing source due to the expansion 
of cultivation area, production and yield globally; constructing the relationships of fluxes 
to the environmental factors driving them and evaluating the global impacts, and (3) 
laboratory-based incubations to explore the possibility of copper-mediated production 
mechanisms of methyl halides in human-impacted ecosystems, such as agricultural fields 
and water bodies. 

Chapter two addresses the questions: Are CHCl3 emission rates significantly 
enhanced when forested wetlands become degraded? How do the CHCl3 emission rates 
from forested wetlands compare to different terrestrial ecosystems? How big is its overall 
contribution to atmospheric CHCl3 budgets? What is the mechanism and controlling factors 
on CHCl3 formation in natural ecosystems? 

Chapter three addresses the questions: What is the integrated life-cycle flux of 
methyl halides from rapeseed (B. napus)? Considering the expansion of B. napus 
cultivation area and yield globally, how large is the contribution of B. napus to atmospheric 
methyl halides nowadays and in the future?  

Chapter four addresses the questions: Will copper (II) catalyze the production of 
methyl halides in soils or seawater in a similar manner as iron (III)? Does this production 
mechanism require oxidizing agents or sunlight? Considering the large application of 
copper-based pesticides, fungicides and herbicides in global agriculture every year, how 
big is its contribution to global methyl halide budgets? 
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Table 1.1 Current identified and quantified budgets of methyl chloride (CH3Cl), 
methyl bromide (CH3Br) and methyl iodide (CH3I). 

 Category CH3Cl 
[Gg year-1] 

CH3Br 
[Gg year-1] 

CH3I 
[Gg year-1] 

Source Subtotal 3977.34 80.36 456.2 
 *Leaded gasoline n.q.   0.3    
 After 2012   0-3 j   

 In 1999   0.6 ag   

 In 1996   4.5 ± 3 ah   

 In 1995   1.5 (<3) ai   

 *Industrial activity 525  n.q.    

 *coal combustion 162 (29-295) a     

 *manufacturing industry 363 ± 85 b     

 *Fumigation n.q.  9.34    

 QPS consumption n.q.  8.4 aj, 

ak 
  

 non-QPS consumption n.q.  0.94 aj, 

ak 
  

 Biomass burning 573  23  6.2  

 natural and 
*anthropogenic 

650 c 29 c 14 c 

 South America and 
Southern Africa 

900 (700-1000) d (14-24) d 1.6-4.1 d 

 Ivory Coast 515 (226-904) e     

 Southern Africa savanna 
fires 

1100-1510 f 19-24 f 3.4-8 f 

 biomass burning  934 ± 207 g     

 global burning 611 ± 38 h     

 biomass burning 640 i     

 *indoor biofuel 113 (56-169) j 6 (3-9) j   

 open field burning 355 (142-569) j 17 (7-27) j   

 (Sub-) tropical plants, 
leaf litter 1906.6  n.q. 

   

 tropical terrestrial 
psedobiogenic source 

(2330-2430) k     

 30°N - 30°S biogenic 
sources 

(2430-2900) h     

 tropical plants 2200 ± 390 g     

 tropical rainforest and 
leaf litters 

1400  l     

 tropical forests 1300 m     

 tropical vegetation  1500 ± 600 n     

 tropical rainforest 670 ± 200 o     

 40°N - 40°S biogenic 
sources 

  25.6 al   

 Ocean 700  32  371.4  

 unidirectional gross 
emission 

700 (510-910) p   177-205 aw 

 global ocean 510 h 32 (22-44) j 127-353 ax 
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 ocean     1300 ay 

 net flux (source - sink) 300-400 q   214 az 

 open ocean     270 aag 

 global ocean     800 aaf 

 southern ocean     247-676 aaj 

 global ocean     70-260 aak 

 open ocean     298 aal 

 global ocean     610 aal 

 gross sea-to-air fluxes     176-206 aam 

 global ocean     335.6 aan 

 global ocean     150 aao 

 global waters 4900 aap 300 aap 300-500 aap 

 global ocean     303 aaq 

 algae: Prochlorococcus     592.8 aah 

 kelp: Macrocystis 
pyrifera 

2 aas 0.1 aas 0.2 aas 

 macroalgae     0.6 aat 

 microbial degradation of 
kelp 

    300 aar 

 global phytoplankton     1.2 (1-4) aau 

 Wood-rotting fungi 162.7 r 1.7(0.5-5.2) am   

 Mid-latitude terrestrial 
biomes 

n.q.  n.q.  33 aac 

 Salt marsh 31  3    

 Northern California 31 (10-77) s 3 (1-8) s   

 Southern California (65-440) t (7-29) t   

 Texas (30-90) u (3-9) u   

 Southern California 49 v 8 v   

 Ria Formosa, Portugal (2.3-4.5) w (0.5-1.0) w (0.6-1.2) w 

 salt marsh   7 (0.6-14) an   

 coastal Scotland   1 (0.5–3) ao   

 Wetland 48 x 4.6 x 7.3 z 

 Mangroves 12 y 1.3 y 11 y 

 Rapeseed (B. napus) 5.3  2.8  4.0  

 life-cycle measurements  5.3 ± 1.3 ✝ 2.8 ± 0.7 ✝ 4.0 ± 0.8 ✝ 

 modeling approximation  n.q.  5.12 ap n.q.  

 incubation of juveniles  n.q.  6.6 ± 1.8 aq n.q.  

 Peatland 5.5 (0.9-43.4) z 0.9 (0.1-3.3) z 1.4 (0-13) z 

 Rice paddies 3.65  0.7  22.5  

 chamber measurements 5.8 aa 1.3 aa 71 aa 

 model approximation (2.4-4.9) ab (0.5-0.9) ab (16-29) ab 

      20 av 

Sinks  Subtotal 4406  123  310  

 Reactions 2832  56  310  

 with OH, Cl 3614 (3000-3564) o     

 with OH 2832 (2470-3420) j 56 (48-63) j < 2 % aae 

 with OH 3994 ± 42 h     

 photolysis     304 az 

 photolysis     1650 aai 

 Soil 1058  30    
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 Soil 1058 (664-1482) j 30 (19-41) j   

 Soil >1000 ac 32 (19-44) an   

 Soil 250(200-1000) o 42 ± 32 ar   

 forest/savanna 69 h     

 temperate 
forest/grassland 

137 h 2.2 ± 0.9 as   

 temperate 
forest/grassland 

  69.6 ± 39.9 at   

 boreal forest 16 h     

 cultivated land 34 h 65.8 ± 29.2 at   

 shrubland 15 ± 6 ad 0.7 ± 0.2 ad   

 Arctic tundra <11.2 ae, 

af 
0.3 ae   

 Ocean  370  33  0.01  

 ocean  370 (296-445) j 33 (20-44) j 0.01 aw 

 unidirectional gross 
uptake 

370 (300-430) p 

29-32 
au 0.011-

0.014 
aam 

 Stratosphere 146 j 4 j   
Imbalance  -428.66 -42.64 146.2 

* denotes the anthropogenic sources. “n.q.” means not quantified. “✝” refers to the study 
described in chapter 3 of this dissertation. 

 
a - (Archie McCulloch et al., 1999), CH3Cl source size estimation based on chlorine 

contents in coals, as well as national statistics of coal quantity and quality in power and 
heat generation, including industrial conversion, residential and commercial heating. 

b - (Li et al., 2017), estimation on CH3Cl budget with respect to manufacturing industries 
(including coal combustion, feedstocks, chemical production) by inter-species correlation 
method with high-frequency and high-precision in situ atmospheric CH3Cl concentrations 
monitoring data. 

c - (Andreae & Merlet, 2001), global extrapolation on methyl halide emissions with 
respect to both natural and anthropogenic biomass burning, including forest, biofuel, 
charcoal and agricultural residues, by emission ratios reported in literatures, which is 
obtained by simultaneous measurements of trace gases and reference gases (CO2 or CO) in 
a fire plume. 

d - (Blake et al., 1996), total biomass burning emission rates for savannas and worldwide 
were calculated for methyl halides by extrapolating with the ratios of methyl halides and 
CO2 or CO in aircraft canister-sampling during the dry season (1992 September - October) 
biomass burnings in South America (eastern Brazil, 5°S and 15°S) and southern Africa 
(eastern side, 5°S and 25°S). 

e - (Rudolph et al., 1995), CH3Cl emission with respect to biomass burning was 
extrapolated by the measured ratio of CH3Cl/CO2 and/or CH3Cl/CO in savanna fire plumes 
in Ivory Coast (6°13’N , 5°02’W) in February 1991. 
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f - (Andreae et al., 1996), methyl halides budgets with respect to biomass burning 
estimated by determining the ratio of methyl halides and CO2 or CO from experimental 
savanna fires in South Africa (Kruger National Park) and Zambia during the 1992 fire 
seasons (August to October). 

g - (Xiao et al., 2010), inverse-modeling of CH3Cl sources/sinks with atmospheric 
CH3Cl concentrations from high frequency in-situ observation networks (AGAGE, SOGE, 
NIES, and NOAA/ESRL HATS) and low frequency flask network (NOAA/ESRL HATS). 

h - (Yoshida et al., 2004), modeling (GEOS-CHEM) approximation of CH3Cl budgets 
with 7 surface sites observations and 9 aircraft field experiments with assimilated 
meteorology fields for 7 years. 

i - (Lobert et al., 1999), biomass burning CH3Cl budget was estimated by incorporating 
emission ratios relative to CO, CO2 and the chlorine content of biomass burning fuel into 
carbon emission inventory. 

j - (Carpenter et al., 2014) 
k - (Lee-Taylor et al., 2001), modeling global CH3Cl budget by incorporating know 

terrestrial and oceanic source/sink terms into a three-dimensional chemical transport model 
of the lower atmosphere (5° × 5° horizontal resolution plus 25 vertical σ-coordinate levels). 

l - (Blei et al., 2010), extrapolation based on static-chamber measurements on branches 
(mainly Dipterocarpaceae family) and ground litters at the Danum Valley Field Station 
(4°58’N, 117°48’E, 400 m a.s.l.). 

m - (Saito et al., 2008), extrapolation based on (i) vial enclosure of detached leaves 
(mainly Dipterocarpaceae family); (ii) canopy-scale flux estimated by vertical 
concentration gradient; at the Pasoh Forest Reserve (2°58’N, 102°18’E, 75-150 m a.s.l.). 

n - (Gebhardt et al., 2008), CH3Cl budget determined by large-scale approach with 
airborne measurements over the Atlantic Ocean and the pristine tropical rainforest in 
Suriname and French Guyana (3-6° N, 51-59° W, 1000 km scale). 

o - (Bahlmann et al., 2019), modeling on tropical rainforest CH3Cl budget by applying 
kinetic carbon isotope effects of various sources/sinks processes. 

p - (Hu et al., 2013), approximation of CH3Cl unidirectional gross emission and uptake 
rate from the sea globally by a CH3Cl temperature and salinity dependent solubility 
function developed by lab experiments. 

q - (Moore, 2000), estimation on global oceanic net flux of CH3Cl by measuring the 
Henry’s law constant for CH3Cl. 

r - (Watling & Harper, 1998), estimation on CH3Cl budget with respect to wood-rotting 
fungi by taking into account woody tissue chlorine content, global abundance of CH3Cl-
releasing fungal species (mainly Phellinus and Inonotus) and the annual decomposed 
woody tissue mass. The estimation can be sub-grouped into temperate (38.7 Gg year-1), 
tropical (115.2 Gg year-1) and Australia (8.8 Gg year-1). 
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s - (Deventer et al., 2018), extrapolation based on ecosystem-scale annual measurements 
by relaxed eddy accumulation and static-chamber measurements at a salt marsh (69% 
Salicornia pacifica, 12% Lepidium latifolium, 3% Frankenia salina) in northern California 
(38.02°N, 122.03°W). 

t - (Rhew et al., 2000), extrapolation based on static-chamber measurements at salt 
marshes (peak emissions from Salicornia family, Batis maritima, and Frankenia 
grandifolia) at the Mission Bay marsh (32°47’N, 117°13’W) and the San Dieguito lagoon 
(32°58’N, 117°15’W). 

u - (Rhew et al., 2014), extrapolation based on static-chamber measurements at salt 
marshes (species includes Avicennia germinans, Batis maritima, Borrichia frutescens and 
Monanthochloe littoralis) at coastal Texas (27°38’-27°52’N, 97°03’-97°12’), USA. 

v - (Manley et al., 2006), estimation by biweekly incubation enclosure of a single plant 
species (including Spartina foliosa, Salicornia virginica, Batis maritime and Frankenia 
grandifolia) from the Upper Newport Bay, California (33°38.75N, 117°52.94W) over a 1-
2 years period. 

w - (Weinberg et al., 2015), methyl halide budgets estimation by conducting dynamic-
chamber measurements at a coastal marsh (species dominated by Zostera noltii with some 
Zostera Marina L. and Cymodocea nodosa) in the vicinity of Faro, Portugal (37.0°N, 
7.6°W) during summer and spring period. 

x - (Varner et al., 1999), extrapolation by transparent chamber measurements at Sallie’s 
fen (43°12.5’N, 71°03.5’W, species dominated by Sphagnum spp. and Carex spp.) and 
Angie’s bog (43°26.2’N,71°10.4’W, species dominated by Sphagnum spp.) in NH, USA 
during the growing season. 

y - (Manley et al., 2007), methyl halide budgets extrapolated from land area normalized 
fluxes which were derived from leaf area normalized fluxes measured by enclosing 
mangroves (Avicennia germinans and Rhizophora mangle) in greenhouse bin containers. 

z - (Dimmer et al., 2001), extrapolation based on static-chamber measurements at seven 
peatlands (predominate species includes Molinia caerulea, Carex panicea, Calluna 
vulgaris, Ulex europaeus, Erica cinerea, Myrica gale, Eriophorum angustifolium, 
Bryophytes and Phragmites australis) in Ireland (53°19’N, 9°54’W). 

aa - (Redeker et al., 2000), extrapolating by life-cycles static-chamber measurements at 
rice paddies in Maxwell, California (39°17’N; 122°07’W), and in Houston, Texas 
(29°46’N, 96°01’W). 

ab - (Lee-Taylor & Redeker, 2005), modeling budget with raw data from Redeker et al 
(2000) by taking into account rice crop growing conditions, distribution and seasonality 
and conditions-dependent methyl halide fluxes from rice crops. 



 14 

ac - (Keppler et al., 2005), budget calculation by conserving the mass balance of carbon 
isotopes in CH3Cl with process-based isotopic fingerprint values and sources/sinks 
inventory data in the literature. 

ad - (Rhew et al., 2001), extrapolation based on static-chamber measurements of coastal 
shrublands (predominated by Artemisia californic, Carpobrotus eduli, Bromus diandrus, 
Avena fatua and Adenostoma fasciculatu) and desert shrublands (predominated by Larrea 
tridentat and Franseria dumosa) at southern California, USA (32°52’-33°39’N, 116°22’-
117°15’W).  

ae - (Rhew et al., 2007), CH3Cl and CH3Br estimation based on static-chamber 
measurements of Arctic sedge tundra (predominate species includes Carex aquatilis, 
Eriophorum russeolum, Eriophorum angustifolium, Dupontia fisheri, and Arctophila 
fulva) at Alaska, USA (71°N, 157°W) during the growing season. 

af - (Hardacre et al., 2009), extrapolation from static-chamber measurements at subarctic 
wetland (main plant species includes Carex rostrata, bryophytes, Equisetum palustre, 
sphagnum mosses, Vaccinium spp., Betula nana, Empetrum nigrum, Andromeda polifolia, 
Eriophorum spp., Rubus chamaemorus, lichens, bryophyte) in northern Sweden (68°28’N, 
18°49’E) throughout the growing season. 

ag - (Bertram & Kolowich, 2000), estimation by analyzing exhaust CH3Br and fuel 
bromine concentrations in non-catalyst automobile experiments. 

ah - (Chen et al., 1999), estimation based upon “air volume × CH3Br enhancements in 
the whole air samples” collected in Santiago, Chile (33°21.6'-33°32.7'S , 70°31.8'-
70°47.4'W). 

ai - (Baker et al., 1998), estimation with CH3Br/CO ratio from the roadside vehicle 
exhaust collected in UK and global CO emission budgets. 

aj - (UNEP, 2017), data for quarantine and pre-shipment uses (QPS) methyl bromide 
and non-QPS consumption come from https://ozone.unep.org/countries/data.  

ak - (Engel et al., 2018), emission factor for OPS methyl bromide is 84% and for non-
QPS methyl bromide is 65%. 

al - (Warwick et al., 2006), CH3Br budgets estimated by a global three-dimensional 
chemical transport model testing with a base-line emission scenario and five further 
plausible scenarios. 

am - (Lee-Taylor & Holland, 2000), estimation on CH3Br budget from wood-rotting 
fungi by taking into account the information of global distribution and quantity of litter 
decay, litter bromine content, and the halide methylation rate by fungal species in the 
literature. 

an - (Montzka et al., 2011) 
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ao - (Drewer et al., 2006), budget extrapolated by static-chamber measurements at a salt 
marsh (dominate species include Aster tripolium, Festucarubra, Spergularia salina, 
Plantago maritime, Armeria maritima) in coastal Scotland (56°00’N, 2°35’W) over a year. 

ap - (Mead et al., 2008), extrapolation with raw data from Gan et al with 1960-2003 
FAOSTAT data. 

aq - (Gan et al., 1998), extrapolation with Manson jar incubations of juvenile rapeseed 
plants with 1998 FAOSTAT data. 

ar - (Shorter et al., 1995), CH3Br-dosed field enclosures at a mixed deciduous and 
conifer forest at Durham, NH, USA (43°08’N, 71°57’W). 

as - (Varner et al., 2003), extrapolation with static chamber measurements at a temperate 
forest soil at College Woods, NH, USA (43°08’N, 71°57’W). 

at - (Serça et al., 1998), extrapolation with static-chamber measurements at a bared 
agricultural site (Longmont, CO), a temperate forest site (Denver, CO), a grassland site 
(Boulder, CO) and a bog site. 

au - (Lee-Taylor et al., 1998), global oceanic CH3Br budget modeled by incorporating 
know source/sink terms into a three-dimensional chemical transport model of the lower 
atmosphere (5° × 5° horizontal resolution plus 25 vertical σ-coordinate levels). 

av - (Muramatsu & Yoshida, 1995), extrapolated CH3I budget with respect to rice was 
by enclosed bag measurements of CH3I fluxes from the cultivated rice plants (Oryza sativa 
cv. Nihonbare) in the flooded soils over it life cycle. 

aw - (Ziska et al., 2013), sea-to-air CH3I budget was calculated from the global maps 
(1° × 1° resolution) of marine and atmospheric surface CH3I concentrations with either raw 
data from the database or extrapolated with latitudinal and longitudinal dependent 
regression techniques. 

ax - (Moore & Groszko, 1999), sea-to-air flux calculated based on the CH3I 
concentrations in air samples, surface, and subsurface water samples collected at the cruise 
campaigns at the northwestern Atlantic (1995.07), northeastern Atlantic (1996.06), and 
Pacific Oceans (1995.10-11). 

ay - (Rasmussen et al., 1982), oceanic CH3I flux estimation based on sea-to-air two film 
model with more than 450 measurements of CH3I concentrations in the air and in the 
seawater ranging from the arctic circle to the south pole. 

az - (Bell et al., 2002), net oceanic CH3I flux computed by the coupled ocean-
atmosphere GEOG-CHEM model with parameters of mixed layer temperature, solar 
radiation flux at the surface, dissolved organic carbon and wind speed. 

aac - (Sive et al., 2007), terrestrial CH3I flux extrapolated from diurnal CH3I profile at 
a field forest at North Carolina (35.58°N, 79.05°W). 
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aae - (Brown et al., 1990), atmospheric CH3I partial lifetime with respect to OH was 
determined by measuring the reaction rates of CH3I and OH within an apparatus over a 
wide temperature range of 271-423K. 

aaf - (Reifenhäuser & Heumann, 1992), extrapolation by the two-film model of a gas-
liquid interface with sea water and air samples collected at Antarctica Peninsula (60-67°S). 

aag - (Liss & Slater, 1974), sea-to-air flux extrapolated by plugging both atmospheric 
and surface oceanic CH3I concentrations (measured by the RRS Shackleton Royal research 
ship along the Atlantic Ocean from UK to Antarctica in 1971-1972) into the two-film 
model of a gas-liquid interface. 

aah - (Smythe-Wright et al., 2006), global CH3I flux with respect to Prochlorococcus 
was extrapolated on the equation Flux = k(Cwater-Cair) with raw data collected by cruises 
from Spain to Greenland and around the Mascarene Plateau in the Indian Ocean and 
confirmed by laboratory culture experiments. 

aai - (Cox et al., 2005), estimation of photolysis sink for CH3I after Roehl et al (1997). 
aaj - (Cohan et al., 2003), extrapolated based on the seasonally averaged fluxes from the 

Southern Ocean (40-50°S) estimated by a 3-layer ocean-air model with data from Cape 
Grim measurements. 

aak - (Stemmler et al., 2014), air-sea fluxes (production rates, net emission/outgassing 
rates, and degradation rates) were approximated by running a ocean general circulation 
model coupled with a marine carbon cycle model in the scenarios of biological production 
only, photochemical production only and mixed productions. 

aal - (Butler et al., 2007), global air-sea fluxes of CH3I extrapolated by the measurements 
of CH3I mixing ratios in both the surface seawater and the marine boundary layer collected 
by seven cruises in the Pacific and the Atlantic from 1994-2004. 

aam - (Ziska et al., 2013), global sea-to-air fluxes calculated based on data-based high 
resolution estimated fluxes from surface observations within the HalOcAt database, which 
were interpolated into classified oceanic regions model. 

aan - (Jones et al., 2010), total global CH3I fluxes from the ocean extrapolated by 
simultaneous air and seawater measurements of CH3I during two cruises in the Atlantic 
Ocean (16-36°N, 25-13°W; 53-58°N, 7-13°W) in 2006 and 2007. 

aao - (Campos et al., 1996), global ocean CH3I flux extrapolated based on CH3I emission 
rates measured by cruise at the southern North Sea (~55°N, ~0-8°E, 1989.01-09), assuming 
it is globally homogeneous. 

aap - (Singh et al., 1983), global oceanic methyl halide fluxes extrapolated by following 
the same air-sea two-layer model as Liss & Slater, 1974, (see aag.) with raw data from the 
samples collected at Point Arena, California (38°57’N, 123°44’W, 1979-1981), and the 
vessel (USCGC Polar Sea) from California to Chile (1981.12). 
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aaq - (Ordóñez et al., 2012), the emission rate came from the global chemistry-climate 
model CAM-Chem with raw inventory data mainly from Bell et al., 2002 (see az). 

aar - (Manley & Dastoor, 1988), global CH3I fluxes from microbial degradation of kelp 
extrapolated based on laboratory incubations of five axenic kelp-tissues and their microbial 
degradation. 

aas - (Manley & Dastoor, 1987), estimated global methyl halide fluxes with respect to 
giant kelp assuming all kelps has the same methyl halide fluxes as those of Macrocystis 
pyrifera, which were measured by dark and light incubations of kelp blades. 

aat - (Manley et al., 1992), global CH3I production rates from marine macroalgae 
extrapolated from laboratory incubations of 11 species of marine macroalgae, such as 
Pterocladia capillacea, Macrocystis pyrifera, Ulva sp. 

aau - (Manley & Cuesta, 1997), global phytoplankton CH3I flux was extrapolated from 
measured CH3I fluxes (normalized to phytoplankton and bacterial cell numbers) from 
unialgal incubations of 15 species (significant emitters includes Phaeocystis sp., Porosira 
glacialis, Navicula sp., Nitzschia sp., Nitzschia punctate, Thalassiosira pseudonana. 
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Chapter 2. Halocarbon emissions from a degraded forested 
wetland in coastal South Carolina impacted by sea level rise 

The material for this chapter was previously published as: Jiao, Y., Rücker, A., 
Deventer, M. J., Chow, A. T., & Rhew, R. C. (2018). Halocarbon emissions from a 
degraded forested wetland in coastal South Carolina impacted by sea level rise. ACS Earth 
& Space Chemistry, 2 (10), 955-967. DOI: 10.1021/acsearthspacechem.8b00044; and is 
adapted with permission from the American Chemical Society. 

 

2.1 Abstract 

Tropical and subtropical-storm surges combined with sea level rise cause saltwater 
intrusions into low-lying coastal ecosystems along the southeastern coast of the USA, 
gradually converting freshwater forested wetland into salt marsh. The transition zone 
between freshwater and saltwater ecosystems becomes a degraded forested wetland, where 
the combination of high levels of soil organic matter and elevated concentrations of halide 
ions creates a dynamic biogeochemical environment that may be a potential hotspot for 
halocarbon formation such as chloroform, methyl chloride and methyl bromide. This study 
conducted field measurements at a transition zone in coastal South Carolina to quantify 
halocarbon exchange rates, and laboratory soil incubations to determine the contributions 
of biotic versus abiotic processes. The degraded forested wetland showed significant 
chloroform emission rates (146 ± 129 nmol m-2 d-1). The degraded forested wetland 
remained a net sink for methyl chloride and a negligible source/sink for methyl bromide, 
unlike the salt marsh which was a significant source for both. The laboratory incubations 
strongly suggest that methyl halide consumption in soils at the field site was biotic and that 
production of methyl halides and chloroform was largely abiotic and temperature-
dependent, although additional experiments are required to rule out possible biotic 
production involving heat-resistant microbes. The results suggest that sea level rise and 
more frequent storm surges derived from global climate change, in the long term, may 
increase emissions of chloroform from coastal degraded forested wetlands and of methyl 
halides if salt marshes expand, with potential impacts for stratospheric ozone depletion. 

 
2.2 Introduction 

In the lower stratosphere, the photolysis of halocarbons from both anthropogenic 
and natural sources releases free chlorine and bromine radicals, catalyzing stratospheric 
ozone depletion. Following the Montreal Protocol in the 1980s, anthropogenic production 
and use of long-lived ozone depleting substances (ODSs) have been regulated, and hence 
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since 1997, atmospheric concentrations of these halocarbons have been declining 
(Carpenter et al., 2014; Elkins et al., 1993; Velders et al., 2007). However, non-controlled 
halocarbon emissions and emission variations associated with land use change (Mead et 
al., 2008), biomass burning (Ferek et al., 1998; Rudolph et al., 1995), seawater warming 
(Smythe-Wright et al., 2006; Yokouchi et al., 2001), and sea level rise (Wang et al., 2016) 
could offset some of the reductions achieved by regulatory efforts, highlighting the 
importance of further exploration of natural sources of ODSs. 

Among the natural emitted halocarbons, methyl chloride (CH3Cl), chloroform 
(CHCl3) and methyl bromide (CH3Br) are believed to be the first and second largest natural 
carrier of reactive chlorine (Clerbaux et al., 2007; Rhew et al., 2008a) and the largest 
natural carrier of reactive bromine (Butler, 2000) respectively. However, the known 
sources presently cannot balance the reported sinks for methyl halides (Carpenter et al., 
2014), which suggests that either currently identified sources are underestimated or 
significant sources are missing. There is also a discrepency between identified sources and 
sinks for CHCl3, with sources exceeding sinks 150-170 Gg each year (Cox et al., 2003; 
Keene et al., 1999). In order to close the gap in the global budgets of methyl halides and 
CHCl3, a better mechanistic understanding of natural halogenation reactions and their 
contribution to the global budgets is needed. In particular, the contribution of abiotic and 
biotic reaction pathways to the overall halocarbon formations is still a matter of debate 
(Hamilton et al., 2003; Huber et al., 2009; Keppler et al., 2000; Leri et al., 2015; Rhew & 
Østergaard et al., 2003). 

Soils are the second largest natural source for CHCl3 after the ocean (Cox et al., 
2003; Keene et al., 1999), and the second largest sink for methyl halides after the reaction 
with hydroxyl radical (·OH) (Carpenter et al., 2014). Most studies suggest that CHCl3 
formation in soils is mediated by haloperoxidases (HPOs) that oxidize halide ions with 
H2O2, but there is also evidence of abiotic CHCl3 formation in soils (Hoekstra et al., 1998) 
which involves Fenton-like reaction conditions (Fe3+ and hydrogen peroxide), elevated 
halide content and soil organic matter with resorcin-like dihydroxylated compounds 
(Huber et al., 2009). The biotic pathway of methyl halide formation involves SAM (S-
adenosyl-methionine) - dependent methyl transferases that are found widely in plants 
(Attieh et al., 1995; Ni & Hager, 1998, 1999; Rhew & Østergaard et al., 2003; Saini et al., 
1995; Wuosmaa & Hager, 1990), especially those in the Subclass Dilleniidae (Gan et al., 
1998; Rhew et al., 2002; Yokouchi et al., 2000). The abiotic formation of methyl halides 
within soils is believed to be related to Fenton-like reactions with organic matter and halide 
ions, although different from the mechanisms outlined for chloroform above (Keppler et 
al., 2000). The abiotic Fenton-like halogenation reactions are also believed to be 
responsible for sediment organohalogen formation (Leri et al., 2015). Thus, elevated halide 
content and soil organic matter content can stimulate both the biotic and abiotic pathways 
of halocarbon production.  

Coastal wetlands in southeastern United States that undergo storm-induced seawater 
intrusion (storm surges) and sea level rise may potentially be hotspots of both CHCl3 and 
methyl halide production due to their soil biogeochemical properties. Large areas (over 
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2000 km2) of low-lying coastal tidal wetlands in southeastern United States, from Texas to 
North Carolina, have been slowly inundated with saltwater and will be converted from 
freshwater forested wetland to degraded forested wetland and ultimately to salt marsh 
(Cormier et al., 2013; Doyle et al., 2007). These degraded forested wetlands, with large 
amounts of organic matter from fallen branches and leaves and additional halogen input 
from seawater intrusion, have a significantly different biogeochemical environment in 
comparison to the adjacent ecosystems. The interaction of halogens with organic-rich 
sediments can result in the formation of organohalogens (Montelius et al., 2016; Zlamal et 
al., 2017), thus making the degraded forested wetland potentially a hotspot for halocarbon 
emissions. However, only one set (n = 4) of chloroform fluxes from this degraded 
ecosystem have been reported thus far, and the fluxes were on average higher than the 
bracketing freshwater wetland and salt marsh ecosystems, an observation that was also 
consistent with soil core incubations from these same ecosystems (Wang et al., 2016). 
However, the fluxes were also highly variable, leading to questions about the magnitude 
of annual emissions and the environmental factors controlling these emissions. CH3Cl and 
CH3Br fluxes were also measured but not yet reported (Wang et al., 2016), in the degraded 
forested wetland, the freshwater wetland and the salt marsh ecosystems, providing a basis 
of comparison for the present study.  

In order to evaluate the ozone-depleting impact of the gradual turnover from 
freshwater forest to salt marsh over the long term, and to assess the regional or global 
implications of the observed biogeochemical transition in coastal ecosystem soils, this 
study conducted both field and laboratory incubations to quantify spatially and temporally 
resolved fluxes of CHCl3, CH3Cl and CH3Br. Certain environmental (e.g., temperature, 
insolation) and biological (e.g., growth cycle of plants, litterfall) controls on fluxes show 
distinct seasonal cycles, while other potential controls (e.g., flooding, soil salinity, buried 
soil organic matter) may not. Hence, the seasonality of field-based flux measurements can 
reveal the relative importance of different biochemical factors and abiotic controls. 
Furthermore, the production and consumption mechanisms of halocarbons were tested in 
laboratory soil incubations by manipulating temperature regimes and conducting heat-
sterilization on sampled soil cores.  

 
2.3 Methods 

2.3.1 Site description 

Winyah Bay (33°32’N, 79°25’W), a National Estuarine Research Reserve, is 
located in South Carolina on the southeastern coast of the United States and next to the 
Atlantic Ocean (Figure 2.1). The upland freshwater forested wetland is dominated by bald 
cypress (Taxodium distictum) and swamp tupelo (Nyssa sylvatica var. biflora) (Busbee et 
al., 2003; Chow et al., 2013). The coastal wetlands are subject to seawater intrusion due to 
tropical storm-derived tidal surges in the short term and sea level rise in the long term. The 
increasing soil salinity has converted coastal freshwater forests to degraded forested 
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wetlands and will eventually convert them to salt marshes (Chow et al., 2013; Cormier et 
al., 2013; Krauss et al., 2009). Forest dieback due to the increasing soil salinity has partially 
opened the canopy, leaving more ground area exposed to sunlight. The fallen leaves and 
branches have led to relatively high organic matter content and surged seawater has 
increased soil salinity.  

 

 

Figure 2.1 Location of the field site in Northern Inlet-Winyah Bay National 
Estuarine Research Reserve, South Carolina, USA. The expanded image (Google) 
shows Winyah Bay and the adjacent Atlantic Ocean with bathymetry. Longitude 
and latitude coordinates (°) are labelled. 

 
The Winyah Bay region has a humid subtropical climate, with hot summers (average 

temperature 32°C) and mild winters (average temperature 15°C). Thunderstorms due to 
hot and humid conditions, together with tropical cyclones or hurricanes, contribute to the 
annual precipitation of 1427 mm in 2016 (National Weather Service, 2017). In October 
2016, Hurricane Matthew traversed the field site and dropped precipitation of up to about 
800 mm over a three-day period, submerging the wetland thoroughly for about 2 weeks. 
Following this flooding period, water levels dropped to sub-surface levels in November, 
exposing the soil to ambient air again. 

 
2.3.2 In-situ gas collections and measurements 

Static chamber description: In-situ static chamber measurements were conducted at 
a freshwater forested wetland (n = 4), degraded forested wetland (n = 4) and salt marsh (n 
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= 4) along a salinity gradient (0.1, 2 and 7 ‰, respectively) on 14-17 May 2012; the 
freshwater forested wetland and salt marsh were inundated, and the degraded forested 
wetland had saturated soil (Wang et al., 2016). Subsequently, bi-monthly field flux 
measurements were conducted from January to December 2016 within the degraded 
forested wetlands (Figure 2.2). Three replicate sampling sites (within 10 meters of each 
other) were chosen for static chamber measurements in the degraded transition zone 
undisturbed by human activities. To reduce the potential disturbance to the soils and the 
micro-environment, open-ended aluminum bases (L × W × H: 52 cm × 52 cm × 15 cm) 
were inserted into the soil at a depth of about 10 cm in December 2015, one month prior to 
the first sampling. Fallen and decomposing leaves and branches were enclosed in the 
chamber footprint.  

 

 

Figure 2.2 (a) Dark Aluminum chamber with thermal-reflective cover and (b) 
plastic transparent chamber with coiled water circulation tubes. 

 
To conduct the static chamber measurement, an opaque aluminum chamber lid (L 

× W × H: 53 cm × 53 cm × 45 cm) was placed on top of the previously situated base, which 
had a 2 cm deep channel filled with deionized water surrounding its lip, to create an airtight 
seal between base and lid. Two electric fans were mounted inside the chamber to mix the 
air during the enclosure time period. In four out of the six outings, a transparent chamber 
lid (same dimensions as the aluminum lid) made of polycarbonate was used to explore the 
influence of irradiation. To keep temperatures within the chambers stable, the opaque 
chamber was covered by thermal reflective insulation during sampling while the 
transparent chamber was actively cooled by pumping water through an aluminum tube 
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(length 13 m, diameter 1 cm) inside the chamber. Chamber air temperatures were recorded 
every minute with iButton temperature data loggers (Embedded Data Systems, 
Lawrenceburg, Kentucky, USA); internal temperatures were stable within two degrees 
Celsius. Blank static chamber measurements using a mirror-polished aluminum sheet with 
Viton gasket as the base were carried out previously to ensure that the chamber material 
had no potential contamination in terms of halocarbons (Rhew et al., 2010). 

Sample collection: Starting from the 5th minute after chamber enclosure, air samples 
were taken three times at intervals of 15 minutes into pre-evacuated canisters (1 L, electro-
polished stainless steel, LabCommerce, Inc., San Jose, California) for halocarbon analysis 
and GC headspace vials (10 mL, glass) for the greenhouse gases (CO2, CH4) analysis 
respectively. When taking the air samples, a stainless-steel vent tube was opened to 
ambient air to maintain pressure equilibrium and avoid negative drawing air from the soil 
pore space. 

Sample measurements: Each gas sample was measured at least twice for 
halocarbons and greenhouse gas concentrations. For halocarbon (CHCl3, CH3Cl and 
CH3Br) analysis, samples were pre-concentrated with cryo-trap and then analyzed by gas 
chromatography coupled with a mass spectrometer (GC/MS; Agilent 6890N/5973, Agilent 
Technologies, Santa Clara, California) (Rhew et al., 2007b). Calibration curves were 
constructed before and after each batch of samples with a natural air standard collected at 
Trinidad Head, California, which was calibrated at the Scripps Institution of 
Oceanography, University of California at San Diego. For CO2 and CH4 analyses, samples 
were analyzed as duplicates using a Shimadzu GC2014 greenhouse gas analyzer coupled 
with three detectors: ECD/FID/TCD. Certified greenhouse gas standard mixtures (Air 
Liquide LLC., Houston, Texas) were used for calibration of CO2 and CH4. The 
concentrations were reported in parts per million (ppm) for greenhouse gases and parts per 
trillion (ppt) for halocarbons. 

Flux calculation: Positive fluxes (emissions) were calculated based on the slope 
derived from the best linear fit between the corresponding gas concentrations and enclosure 
time. When negative fluxes (uptakes) were observed, a first order consumption rate (k) was 
calculated and then normalized to Northern Hemisphere background air concentrations 
(Carpenter et al., 2014). Fluxes were reported as the change of the number of moles of gas 
per unit area and per unit time (moles m-2 d-1). Flux errors were derived from the 
propagation of the 90% confidence interval of the slope and in the number of moles of air 
within the chambers. The paired-t-test (type I error rate at 5% level) was applied to detect 
statistically significant differences between fluxes measured with opaque and transparent 
chambers. 

Soil property measurements: Surface soil (0-5cm) samples were collected using a 
small spade and transported to the laboratory for further analysis. Dissolved organic carbon 
(DOC) and total dissolved nitrogen (TDN) of soil extracts were analyzed with at least two 
replicate extracts from each site. The soil extract was prepared and analyzed according to 
Emmerich et al (2012) and Ruecker et al (2014). Gravimetric soil moisture (gH2O/gsoil wet 
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wt.) was measured by water loss after oven-drying subsamples (50g, fresh weight) at 105°C 
overnight (except for January and December). Soil temperatures (at ~3cm depth) were 
recorded with iButton temperature data loggers (Embedded Data Systems, Lawrenceburg, 
KY). Soil pH measured previously in this ecosystem was 7.0 (Wang et al., 2016). 

 
2.3.3 Laboratory soil core incubations 

Soil collection and incubation: Intact soil cores (n = 10, depth: 5.0 cm, diameter: 4.5 
cm) from the degraded forested wetland were collected on July 28 and 29, 2016 using a 
slide hammer (AMS, Inc., American Falls, Idaho) and stored at 5°C until the start of 
experiments. Soil cores inside a sheath and base (stainless steel or aluminum) were placed 
in 1.9 L Mason jars for incubations. The jar was initially sealed, and 50-100 mL of 
headspace was withdrawn to remove accumulated gas within the soil pores. Then the jars 
were opened and flushed with ambient air for approximately 30 seconds prior to sealing 
again with a Viton O-ring and a stainless-steel lid to start the actual incubation. A short 
length of stainless-steel tubing was used both as a sampling volume and as the conduit 
between the jar and the pre-concentration system of the GC/MS. Approximately 15 ml of 
air sample was drawn from the jar headspace every 40 minutes for three times, starting at 
1 minute after sealing. The gas fluxes were calculated based on the change of the number 
of moles of gas species per unit time and per unit exposed soil core surface area (15.9 cm2), 
reported in units of moles m-2 d-1. After the first incubation, a standard was measured. 
Meanwhile, the jar was opened and flushed with ambient air. The soil cores were then 
measured a second time within an hour of the first incubation. 

Temperature controlled incubation: The same batch of soil cores were incubated at 
different temperatures, ranging from 5°C to 40°C, at steps of 5°C. To simulate different 
temperatures, Mason jars were situated in a temperature-controlled water/ethylene glycol 
bath (Model 1180S, VWR International, West Chester, Pennsylvania). At each 
temperature, the jars were sealed first and then placed in the bath for at least 12 hours in 
order to reach an equilibrium temperature with the surrounding liquid bath. Water loss in 
between runs was assumed to be negligible. Prior to each incubation, the jar was flushed 
with ambient air for 30 seconds and gas fluxes were quantified as described above. 

Thermal sterilization: To distinguish between abiotic and biotic contributions to 
halocarbon emissions, aluminum foil covered-soil cores were thermally sterilized at 150 
°C under atmospheric pressure for two hours to destroy the enzymes and stop microbial 
activity in the soil (Keppler et al., 2000; Rhew et al., 2003). The soils were not heated to 
complete dryness and deionized water was added to the soil to account for water loss during 
the thermal sterilization process. Approximately 12 hours later, the sterilized soil cores 
were incubated for flux measurements as described above, along the same temperature 
gradient (range: 5°C to 40°C with steps of 5°C). Paired-t-test (type I error rate at 5% level) 
was applied on flux comparisons between soil cores before and after thermal treatments. 
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Arrhenius formula:  The effect of temperature on halocarbon production was 
explored by fitting measured fluxes from the temperature-controlled incubations with the 
Arrhenius equation. The Arrhenius formula proposed by Svante Arrhenius in 1889, is 
usually used for the temperature dependence of reaction rates: 

𝑘 = 		𝐴𝑒!
!"
#$       …… (Eq 2.1) 

where A is the frequency factor or pre-exponential factor, T is the soil temperature 
in Kelvin, k is the reaction rate constant (here k represents trace gas fluxes in nmol m-2 d-

1), Ea is the activation energy for the reaction (J mol-1) and R is the universal gas constant 
(8.314 J mol-1 K-1). The linear relationship between temperature and reaction rate constant 
is shown by rearranging the Arrhenius equation as follows: 

ln(𝑘) = 	− ""
#
∙ $
%
+ ln	(𝐴)     …… (Eq 2.2) 

With the temperature gradient incubations of the soil cores (range: 5°C to 40°C with 
steps of 5°C), the logarithmic value of chloroform fluxes was plotted against the inverse of 
temperature (in Kelvin). 

 
2.4 Results 

2.4.1 Seasonal variabilities of halocarbons fluxes from degraded forested wetland 

2.4.1.1 Chloroform (CHCl3) 

The degraded forested wetland was consistently a net source for CHCl3 over the 
period of measurement, with an overall annual mean net flux of 146 ± 129 nmol m-2 d-1 
and a full range of 12-511 nmol m-2 d-1 (Figure 2.3a). These fluxes showed large temporal 
variability, with the highest fluxes observed in December 2016 (427 ± 95 nmol m-2 d-1) and 
the lowest fluxes observed in January 2016 (44 ± 7 nmol m-2 d-1). The three study sites also 
showed large spatial variability, illustrated by the standard deviations. However, spatial 
variability was significantly smaller than variability over time (two-way analysis of 
variance at p = 0.05). Variations in the seasonal CHCl3 pattern did not resemble the 
seasonal variations of air or soil temperature, suggesting that temperature was not the major 
controlling factor for CHCl3 emissions between the sites. Differences between the opaque 
and the transparent chamber were found to be statistically not significant (paired-t-test). 
Environmental parameters other than temperature, solar radiation and soil moisture were 
not concurrently monitored and are excluded from the discussion. Average CHCl3 fluxes 
from 2016 accounted for 69.9% of these measured in May 2012, but the range of fluxes 
from both studies were comparable (Wang et al., 2016). 
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Figure 2.3 Bi-monthly fluxes in 2016 from the degraded forested wetland (a) 
chloroform (CHCl3), (b) methyl chloride (CH3Cl), (c) methyl bromide (CH3Br), (d) 
carbon dioxide (CO2), (e) methane (CH4), and (f) annual air/soil temperatures. Inset 
bar plot of fluxes in May 2012, of (a’) chloroform (CHCl3)(Wang et al., 2016) (b’) 
methyl chloride (CH3Cl), (c’) methyl bromide (CH3Br) from freshwater forested 
wetland (F), degraded forested wetland (D) and salt marsh (S) along a salinity 
gradient. “No Data” indicates the corresponding measurement was not taken. 
Height of the bars represent the averaged values of measured fluxes among 
replicates (n = 3 for a, b, c, d and e; n = 2 for f; n = 4 for a’, b’, c’), and error bars 
represent the standard deviations of measured fluxes among replicates.  

 
2.4.1.2 Methyl chloride (CH3Cl) 

The degraded forested wetland was a net sink for CH3Cl (Figure 2.3b). Negative 
fluxes were observed at nearly all sampling spots in 2016, with an annual mean net flux of 
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-90 ± 61 nmol m-2 d-1 and a range of -293-41 nmol m-2 d-1. Large temporal variability was 
observed, with the largest uptake rate of CH3Cl in December with -204 ± 86 nmol m-2 d-1. 
In January, the soil showed negligible average CH3Cl fluxes (6 ± 34 nmol m-2 d-1). The bi-
monthly fluxes of CH3Cl were also highly variable over time and did not follow the annual 
temperature pattern. No statistically significant difference (paired-t-test) was observed 
between CH3Cl fluxes measured with the opaque chamber and the transparent chamber. In 
May 2012, the degraded forested wetland was a large net CH3Cl sink (-232 ± 120 nmol m-

2 d-1), in contrast to the small net uptake rates observed at the freshwater forested wetland 
(-44 ± 15 nmol m-2 d-1) and the relatively large net emissions observed at the salt marsh 
(258 ± 95 nmol m-2 d-1) (Figure 2.3b’). 
2.4.1.3 Methyl bromide (CH3Br) 

In contrast to CHCl3 which showed only emissions and to CH3Cl which primarily 
showed uptake, no significant exchange rate was observed for CH3Br from the degraded 
forested wetland (Figure 2.3c). Bi-monthly measured net fluxes fluctuated between slightly 
positive and slightly negative values in the range of -6 nmol m-2 d-1 to 4 nmol m-2 d-1 with 
an annual mean flux of -3.1 ± 2.6 nmol m-2 d-1. The temporal variability also did not follow 
soil or air temperature trends. In the 2012 study (Figure 2.3c’), the degraded forested 
wetland also showed negligible fluxes (0.3 ± 0.8 nmol m-2 d-1), whereas the salt marsh was 
a source (28.6 ± 10.2 nmol m-2 d-1) and freshwater forested wetland a modest sink (-3.1 ± 
3.2 nmol m-2 d-1).  

 
1.3.1.1 Methane (CH4) and carbon dioxide (CO2) 

The degraded forested wetland soil was a net source for both CO2 and CH4. The 
annual CO2 emission rates were 267 ± 157 mmol m-2 d-1 and the annual CH4 emission rates 
were 5.3 ± 4.2 mmol m-2 d-1 (Figure 2.3d, e).  The annual emission patterns of both CO2 
and CH4 followed the seasonal pattern in ambient/soil temperatures, which suggested that 
the production of CO2 and CH4 were primarily mediated by temperature-dependent 
microbial activity. 
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Figure 2.4 Plot of (a) chloroform (CHCl3), (b) methyl chloride (CH3Cl) and (c) 
methyl bromide (CH3Br) fluxes from soil cores pre- (n = 4) and post-thermal 
treatment (n = 2). The incubations were conducted at room temperature (22°C). 
Values above the dashed line at zero indicate a net source whereas values below 
the dashed line indicate a net sink. Error bars represent the standard deviation of 
the replicates. 

 

2.4.2 Lab soil incubations for halocarbons fluxes 

2.4.2.1 Soil laboratory incubation fluxes in comparison to field measurements 

The laboratory soil core incubation results yielded similar results to the field 
measurements from July, when the soil cores were collected. Both soil incubations and 
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field measurements demonstrated that the degraded forested wetland soils emitted a 
significant amount of CHCl3. The soil cores incubated at room temperature (T = 21.5°C, n 
= 8) revealed a mean flux of 39 ± 17 nmol m-2 d-1, which was lower than but of the same 
magnitude as the field measurements in July (opaque and transparent chambers averaged, 
78 ± 18 nmol m-2 d-1). Soil core incubations also showed the same magnitude and direction 
of CH3Cl exchange rate (-61 ± 34 nmol m-2 d-1) and CH3Br fluxes (-2.2 ± 0.8 nmol m-2 d-

1) as in the field in July (CH3Cl flux: -90 ± 48 nmol m-2 d-1, CH3Br flux: -2.2 ± 0.1 nmol 
m-2 d-1, opaque and transparent chambers averaged). 

 

2.4.2.2 Soil core fluxes after thermal treatments 

The fluxes observed from the untreated room temperature soil cores, described 
above, were compared with room temperature (T = 21.5°C) flux measurements of the same 
soil cores following thermal sterilization and restoration of soil moisture levels. The 
thermal treatment was designed to stop enzymatic and microbial activity during a short 
heating period that limited the physical disturbance to the soil structure. Mean CHCl3 
fluxes slightly increased from pre-treament values of 39 ± 17 nmol m-2 d-1 (n = 4, see above) 
to 47 ± 41 nmol m-2 d-1 (n = 2) post-treatment (Figure 2.4a). However, differences were 
statistically not significant (paired-t-test). In contrast, after thermal treatment soils acted as 
sources of CH3Cl and CH3Br uniformly whereas they acted as net sinks before heat 
treatment. The methyl halide fluxes switched from pre-treatment net sinks (see above) to 
post-treatment sources of CH3Cl (70 ± 4 nmol m-2 d-1) and CH3Br (2.3 ± 0.4 nmol m-2 d-1) 
(Figure 2.4). 

 
2.4.2.3 Temperature gradient incubations 

CHCl3 fluxes from both pre- and post-thermal treated soil cores increased with 
incubation temperatures (Figure 2.5a). Arrhenius plots of the natural log of CHCl3 emission 
fluxes versus 1/T showed similar slopes and correlations for the pretreated (R2 = 0.96) and 
post-thermal treated soil incubations (R2 = 0.93, Figure 2.5d). 
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Figure 2.5 Bar plot of (a) chloroform (CHCl3), (b) methyl chloride (CH3Cl) and (c) 
methyl bromide (CH3Br) fluxes in laboratory soil incubations (n = 4) at different 
temperatures. Arrhenius plots for production rates of (d) chloroform (CHCl3), (e) 
methyl chloride (CH3Cl) and (f) methyl bromide (CH3Br) from incubated soil cores 
(n = 4) at different temperatures. k represents the emission rate of the corresponding 
halocarbons (unit: nmol m-2 d-1). Error bars represent the standard deviation of 
measured fluxes among replicates. 

 
Pre-thermal treated soil cores gradually switched from CH3Cl sinks to sources as 

temperature increased: -180 to -240 nmol m-2 d-1 at 5-15°C, -15 to -60 nmol m-2 d-1 at 20-
25°C, 50-130 nmol m-2 d-1 at 30-35°C and 320 nmol m-2 d-1 at 40°C (Figure 2.5b). For 
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individual flux measurements, the largest uptake of CH3Cl was observed at the lowest 
temperature (-314 ± 73 nmol m-2 d-1 at 5°C), and the largest emission was observed at the 
highest temperature (381 ± 110 nmol m-2 d-1 at 40°C). However, post-thermal treated soil 
cores became CH3Cl sources uniformly under all temperatures. CH3Cl fluxes from post-
thermal treated soil cores also increased with incubation temperature and can be 
represented by the Arrhenius equation (R2 = 0.89, Figure 2.5e, Eq 2.2). Plotting the 
Arrhenius relation for methyl halides from pre-thermal treated soil cores is not possible 
due to negative methyl halide fluxes. 

Soil core incubations revealed negligible CH3Br absorption rates and emission rates 
before and after the thermal treatments respectively (Figure 2.5c), which is consistent with 
the field results. Control soil cores were CH3Br sinks at any temperature uniformly but 
switched to CH3Br sources after the thermal treatment. The Arrhenius fit showed a linear 
trend with a moderate R2 value (R2 = 0.405, Figure 2.5f). 

 
2.5 Discussion 

2.5.1 Chloroform (CHCl3) 

2.5.1.1 Comparison to fluxes from other ecosystems 

Results suggest that the transitional zone (degraded forested wetland) of coastal 
South Carolina can be a significant source of CHCl3 to the atmosphere. The mean ± 1s 
annual CHCl3 flux calculated from the bi-monthly measurements is 146 ± 129 nmol m-2 d-

1 from the field chambers and 39 ± 17 nmol m-2 d-1 from laboratory incubations. These 
emission rates are slightly lower than but comparable to the 209 ± 183 nmol m-2 d-1 

emissions observed at this site on May 12-14, 2012 (Wang et al., 2016). Nevertheless, the 
mean (146 nmol m-2 d-1) and the highest (511 nmol m-2 d-1) of observed net CHCl3 emission 
rates in 2016 are larger than or comparable to reported fluxes from other natural significant 
CHCl3 sources (Table 2.3), including tropical rainforest (Khalil & Rasmussen, 2000), 
subtropical shrubland and salt marsh (Rhew et al., 2008a; Wang et al., 2016), temperate 
peatland (Dimmer et al., 2001), temperate coniferous forest (Albers et al., 2011), temperate 
pasture (Cox et al., 2004), temperate salt marsh (Cox et al., 2004), rice field (Khalil et al., 
1998; Khalil & Rasmussen, 2000),  boreal pine forest (Hellén et al., 2006), subarctic 
shrubland, wetland, bog, birch forest and coniferous forest (Johnsen et al., 2016), arctic 
tundra (Rhew et al., 2008b). Similar to most of these ecosystems, CHCl3 fluxes observed 
here show relatively high spatial variability, despite the proximity of sampling sites and 
visible homogeneity of enclosed soils. Given the experience at other ecosystems (Albers 
et al., 2011; Pickering et al., 2013), it is unlikely that these measurements captured the full 
spatial variability of fluxes. 

It is possible that increased availability of Cl- associated with storm surges 
contributes to the high CHCl3 fluxes in the degraded forested wetland, the spatial extent of 
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which are expected to increase with projected sea level rise. The May 2012 study also 
showed that CHCl3 emissions in the degraded forested wetland was greater than those in 
the adjacent salt marsh and freshwater forested wetland (Figure 2.3a and a’, Table 2.2), 
although the freshwater wetland was flooded at that time (Wang et al., 2016). 
Demonstrating the enhancement of CHCl3 emissions from the salt-induced degradation of 
freshwater forested wetlands will require a corresponding study in unaltered freshwater 
forested wetlands. The consistently smaller CHCl3 emissions from salt marsh sites both 
here as well as elsewhere suggests that salt marshes are indeed smaller sources of CHCl3 
(Cox et al., 2004; Rhew et al., 2008a).   

 
2.5.1.2 Abiotic versus biotic mechanisms of CHCl3 production 

Both biotic and abiotic mechanisms that produce CHCl3 are known and assessing 
which mode of production dominates in the degraded forested wetland is necessary to 
predict changes in future emissions. Regarding biotic mechanisms, haloperoxidases 
(HPOs) are known to catalyze the halogenation reaction between hydrogen peroxide, 
organic matter and halide ion (X: Cl-, Br-, I-) resulting in the production of relevant 
intermediate compounds including HOX or enzyme-bound intermediates, which then 
contribute to the formation of haloform (Brown & Hager, 1967; Neumann et al., 2008; 
Wagner et al., 2009; Walter & Ballschmiter, 1992; Weigold et al., 2016). Hoekstra et al 
(2001) conducted laboratory-based simulating reactions with humic acid, chloride and 
chloroperoxidase and also suggested that chloroperoxidase-mediated chlorination of humic 
materials is an environmentally significant process accounting for CHCl3 emissions from 
natural soils. Field measurements also showed that wood-degrading areas and soils with a 
humic layer could emit more CHCl3 (maximum 201.0 nmol m-2 d-1) than areas without 
humic layers (Hoekstra et al., 2001). 

However, the activity of chloroperoxidases (CPOs), like most enzymes, is inhibited 
at high temperatures. For example, the activity of chloroperoxidase from the fungus 
Caldariomyces fumago reaches 100% at 35°C and drops to almost 0% after incubation at 
60°C for 15 minutes (Pickard & Hashimoto, 1988). Another study showed that 
chloroperoxidase from the same fungus retained only about 10% peroxidase activity after 
exposure at 50°C for 6 hours (Liu & Wang, 2007). Much higher thermostability (activity 
midpoint temperature of 90°C) was observed from a different fungus chloroperoxidase 
(Curvularia inaequalis), but its activity reduced to 0% at 100°C (Van Schijndel et al., 
1994). The loss of activity presumably represents the denaturing of the enzyme. In the 
controlled incubations with soil cores pre- and post-thermal treatment, no significant 
difference was observed in terms of CHCl3 fluxes (paired-t-test, n = 4). Assuming that 
chloroperoxidase was destroyed during the thermal treatment process (2 hours at 150°C), 
these results suggest that abiotic production dominates the CHCl3 emissions at the field 
site. The linear Arrhenius relation with high R2 values over the whole temperature range is 
consistent with a non-enzymatic process (Figure 2.5d), unless the dominant 
chloroperoxidase has high thermostability. One caveat is that the thermal treatment may 
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decrease organic matter content in soils and increase dissolved organic matter content in 
pore water which may change concentrations of available reactants involved in the abiotic 
production of halocarbons (Berns et al., 2008). 
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The behavior of production in the degraded forested wetland may differ from other 
forest soils. For example, Danish spruce forest soil has peak CHCl3 emissions in warm and 
humid spring and autumn, thus suggesting that soil microorganisms were responsible for 
the CHCl3 production (Haselmann et al., 2002). However, at this field sites, the peak CHCl3 
emissions were observed in December, during the coldest period of the year with relatively 
low CO2 emission rates (Figure 2.3d). The different phase of CO2 and CHCl3 fluxes 
suggests that CHCl3 emissions do not correspond with the general activity of 
microorganisms or fungi, assuming that CO2 is largely a function of their respiration. 
Albers et al (2011) studied coniferous forests soil and reached a similar conclusion that the 
general microbial activity could not explain the CHCl3 production within soils. 

Several abiotic CHCl3 production mechanisms in soil have been proposed. One 
abiotic mechanism is the decarboxylation of trichloroacetic acid (CCl3COOH) (Albers et 
al., 2017; De Leer et al., 1985; Frank et al., 1989; Matucha et al., 2007). Trichloroacetic 
acid in the soil could arise from multiple pathways, including the oxidative 
biotransformation of trichloroethene (C2HCl3) and tetrachloroethene (C2Cl4) (Müller et al., 
1972) and mainly anthropogenic use of herbicide (Frank 1991). The addition of 
trichloroacetic acid into spruce forest soil leads to an increased release of CHCl3, 
suggesting that trichloroacetic acid does contribute to the CHCl3 formation (Haselmann, 
Laturnus, et al., 2000). However, the field site is located at remote coastal forested area, 
far away from industrial pollution sources, and the CHCl3 fluxes showed large temporal 
variations, suggesting that decarboxylation alone is not likely to explain the high CHCl3 
fluxes from soil.  

Another possible abiotic mechanism for CHCl3 production involves the 
transformation of carbon tetrachloride (CCl4) in iron (III)-reducing environments through 
mineral mediated or sulfate-reducing reactions (Devlin & Müller, 1999; Laturnus et al., 
2005; McCormick et al., 2002). The measured CCl4 fluxes were uniformly negligible (0.4 
± 2.1 nmol m-2 d-1) and showed no correlations to CHCl3 fluxes in this study, suggesting 
that the pathway of CCl4 transformation could not account for the CHCl3 production at the 
field sites. Huber et al (Huber et al., 2009) conducted laboratory incubations and concluded 
that Fenton-like reaction conditions (iron (III) and hydrogen peroxide), elevated halide 
content, and an extended reaction time could produce CHCl3 through the degradation 
pathway starting from resorcin-like dihydroxylated compounds. Breider et al (2014a) also 
simulated CHCl3 formation with pure chemicals (phenol and propanone) in laboratory 
incubations. This abiotic pathway could happen in soil with typical pH range of 4.5 - 7.5 
(Breider & Albers, 2015) and could potentially explain the high CHCl3 emission features 
because the field site meets two of the essential factors: high organic matter content and 
elevated soil salinity. 

In this study, the highest CHCl3 flux was observed in December, after the water 
level retreated back to sub-surface levels after Hurricane Matthew. Page et al (Page et al., 
2012) found that reactive oxygen species, including hydroxyl radical (×OH), intermediacy 
of hydrogen peroxide (H2O2), were produced during the oxidation of reduces humic acid 
in soils by exogenous O2. Thus, one hypothesis is that the Hurricane Matthew-induced 
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water level rise could have produced an environment conducive to iron reduction to Fe (II), 
which could then participate in Fenton reactions once H2O2 becomes available when water 
levels drop. In this case, the soil redox potential may relate to CHCl3 formation. Using CH4 
flux as an indicator for soil redox potential, the fact that relatively low CH4 fluxes were 
measured in spring and winter when high CHCl3 fluxes were observed (Figure 2.3a and e) 
suggests that CHCl3 production favorably occurs when the system is not anaerobic. 

Although the CHCl3 production mechanism in the degraded forested wetland soil 
cannot fully be identified in the scope of this study, results suggest that abiotic processes 
dominate the CHCl3 formation at the field sites. 

 
2.5.1.3 Environmental controls on CHCl3 emissions 

Temperature is well known to control CHCl3 formation rates in soils and water. In 
a seasonal measurement of CHCl3 from arctic and subarctic ecosystems, highest fluxes 
were observed in summer (Johnsen et al., 2016). Indeed, fluxes from laboratory soil core 
incubations showed a positive correlation with incubation temperatures and could be 
satisfactory described by linear Arrhenius equations (R2 = 0.96, Figure 2.5b, Eq 2.2). 
Nevertheless, as shown in Figure 2a, f and Table 1, the CHCl3 emission rates in South 
Carolina are not correlated with annual temperature fluctuations, suggesting that 
temperature is not the sole controlling factor of soil CHCl3 emissions at the field site. Based 
on these seemingly contradictory results, we hypothesize, that over the time scale of a year, 
environmental factors other than temperature (e. g. soil redox potential, chemical 
precursors advection by high/low tide cycles) dominate the soil CHCl3 production in 
natural systems. When other geochemical factors are held constant, temperature appears to 
control the CHCl3 production rate, following the Arrhenius equation. 

Hydrological extremes also affect fluxes. For example, the lowest flux (44 ± 7 nmol 
m-2 d-1) was recorded in January when the site was flooded, suggesting that standing water 
can inhibit CHCl3 emissions by limiting the mass transfer between soil pore air and the 
ambient air. The highest CHCl3 fluxes were observed from the moist soils in March and 
December during the transition periods between the flooding and drained conditions. The 
finding is consistent with the results of fieldwork and laboratory incubations conducted 
with Alaska Arctic tundra soils (Rhew et al., 2008b; Teh et al., 2009), which demonstrated 
that either flooded or drier conditions reduces CHCl3 emissions while saturated (moderate 
moist) soil without standing water is a common feature for large CHCl3 emissions. This 
may be related to the fluctuating soil redox potentials as discussed above. 

The potential impact of sunlight on halocarbon fluxes is supported by halocarbon 
emissions following the diurnal cycle of irradiation during measurements in Irish peatlands 
(Dimmer et al., 2001). However, in the opaque versus transparent chamber measurements, 
there was no statistically significant difference in CHCl3 fluxes (paired-t-test). This 
suggests that CHCl3 formation in this ecosystem is independent of solar radiation. Results 
from laboratory incubations of soil cores from Alaska arctic tundra also suggested that 
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formation processes are not necessarily dependent on sunlight (Rhew et al., 2008b). Thus, 
it is possible that temperature increases in chambers (varies +15°C on days with bright 
sunshine) may account for the previously observed diurnal cycles (Dimmer et al., 2001) 
instead of sunlight. However, it is noted that the photosynthetic active radiation intensity 
(10-87 μmol m-2 s-1) under the canopy of the degraded forested wetland was low, which 
may hinder the conclusion above that sunlight was not involved in the CHCl3 production. 

 
2.5.2 Methyl halides (CH3Cl and CH3Br) 

2.5.2.1 Comparison to fluxes from other terrestrial ecosystems 

In contrast to salt marshes which are significant sources of methyl halides (Drewer 
et al., 2006; Manley et al., 2006; Rhew et al., 2000), results from this study indicate that 
the adjacent transitional zone (degraded forested wetland) acts as a net sink for CH3Cl with 
an annual mean ± 1s of -90 ± 61 nmol m-2 d-1.  As shown in Table 2.4, the observed net 
uptake rate of CH3Cl is on the same order of magnitude but smaller than reported fluxes 
from tropical rain forest soils (Khalil & Rasmussen, 2000), subtropical coastal/chaparral 
shrublands (Rhew et al., 2001), temperature pasture and grassland (Cox et al., 2004), boreal 
forest soils (Rhew et al., 2003), and Arctic non-flooded tundra (Rhew et al., 2007), but 
larger than fluxes from Arctic Greenland mossy soil (Khalil & Rasmussen, 2000), 
temperate wetland (Cox et al., 2004), and Arctic flooded tundra (Rhew et al., 2007). 

As for CH3Br fluxes in our field measurements, they fluctuated between slightly 
positive and slightly negative values in the range of -6 nmol m-2 d-1 to 4 nmol m-2 d-1, which 
were negligible. 

 
2.5.2.2 CH3Cl and CH3Br consumption and production mechanisms 

The thermal treatment (150°C for 2 hrs) switched the soil cores from net sinks to 
sources for CH3Cl and CH3Br. This high temperature should deactivate the microbial and 
enzymatic activities (Hines et al., 1998) therefore the switch from sink to source suggests 
that the consumption of methyl halides within the soil was biotic and the production was 
abiotic predominately. The finding is further supported by other studies (Rhew et al., 2003; 
2007; 2010; Teh et al., 2008). Biotic consumption exceeded abiotic production, thus 
yielding net sinks, similar to other soils where gross fluxes were measured (Rhew et al., 
2003; 2007; Teh et al., 2008). An abiotic production mechanism (Keppler et al., 2000; 
2003) for methyl halides entails the alkylation of halide ions during the oxidation of organic 
matter by an electron acceptor such as Fe(III) even in the absence of sunlight or microbial 
activity. This mechanism may be linked to the CHCl3 production described above. Indeed, 
the correlation between net CHCl3 emissions and the abiotic production of CH3Cl from the 
thermally treated soil cores is strong (R2 = 0.928, Figure 2.5d). 
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However, the high CH3Cl and CH3Br productions within the salt marsh are likely 
created by enzymatic processes in salt marsh plants, which involves SAM (S-adenosyl-
methionine) - dependent methyl transferases that are found widely in plants (Attieh et al., 
1995; Ni & Hager, 1998, 1999; Rhew & Østergaard, et al., 2003; Saini et al., 1995; 
Wuosmaa & Hager, 1990). 

 
2.5.2.3 Environmental controls on CH3Cl emissions 

A dependence of methyl halide formation on solar irradiation was proposed 
previously (Amiro & Johnston, 1989; Muramatsu & Yoshida, 1995). However, there is no 
statistically significant difference between the CH3Cl fluxes measured with opaque and 
transparent chambers (paired-t-test), suggesting that sunlight was not required for either 
degradation or abiotic production of CH3Cl. The abiotic production of methyl halides 
through the oxidation of organic matter by iron (III) is not dependent on sunlight (Keppler 
et al., 2000). On the other hand, the photosynthetic active radiation intensity (10-87 μmol 
m-2 s-1) on the ground of the degraded forested wetland where chambers were placed is 
low, which may mitigate the conclusion above that sunlight was not involved in the 
production or degradation of CH3Cl. Therefore, further experiments in more light-exposed 
environments (e.g., advanced degraded forests with more open canopies) should be 
conducted to test the light effect.  

The post-thermal treated soil incubations demonstrated that the abiotic production 
of CH3Cl was temperature controlled and could be described by Arrhenius equations 
(Figure 2.5d, Eq 2.2).  

Over the course of the year, neither the highest nor the lowest CH3Cl fluxes were 
observed during flooding season in January and the dry period in July. However, large 
CH3Cl uptake rates were observed in May and December during the middle of flooding-
drainage cycles when comparably moderate soil moisture was recorded, suggesting that 
the consumption of CH3Cl is maximum at intermediate soil moisture and reduced at both 
low and high ends of the range (Rhew & Mazéas, 2010). 

 
2.5.3 Regional and global implications 

Due to the large variability of observed CHCl3 and CH3Cl fluxes, the heterogeneity 
of soils and the limited scale of the flux chamber coverage area, any extrapolations to the 
global scale will introduce large uncertainties. However, a simple quantitative 
extrapolation can help us to assess the significance of degraded forested tidal wetland in 
terms of regional halocarbon budgets.  

Assuming the annually averaged fluxes of CHCl3 (146 ± 129 nmol m-2 d-1) and 
CH3Cl (-90 ± 61 nmol m-2 d-1) are representative of coastal degraded forested wetland, and 
using the degraded forested wetland area of 1.7 × 1011 m2 (including the coastal freshwater 
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wetland subject to seawater inundation) for the continental United States (Dahl et al, 2011), 
we estimate a total annual flux of 1.06 ± 0.15 Gg CHCl3 and -0.46 ± 0.05 Gg CH3Cl. 
Considering sea level rise and increasing frequency of extreme weather events due to 
global climate change (Tebaldi et al., 2012), the investigated environments thus may 
become a more important source of ozone-depleting CHCl3. If an annual flux of 270 Gg is 
needed to balance the OH sink for CHCl3 (O’Doherty et al., 2001), the coastal forested 
wetland within the continental United States accounts for 0.4% of the global annual CHCl3 
flux, which is not that significant. The uptake of CH3Cl within the continental United States 
is also minor compared to the global scale sources and sinks. However, the contributions 
of global coastal freshwater wetland to halocarbon budgets are expected to be much higher. 
Unfortunately, the global coastal forested wetland subject to seawater intrusion area data 
are not currently available (Herbert et al., 2015). Over longer time scales with sea level 
rise, the transitional zone is likely to shift further inland and the original degraded forested 
wetland would convert to salt marsh. Hence, it is conceivable that the current CH3Cl sink 
will become a CH3Cl source (258 nmol m-2 d-1 as in May 2012), and instead of an annual 
uptake of 0.46 Gg CH3Cl, the area that is currently degraded forested wetland could 
produce 1.79 Gg of CH3Cl per year. A longer-term network of measurements across the 
southeastern US will provide a more accurate assessment of the impact of degraded 
forested wetlands on ozone-depleting compound budgets at the regional or global scale. 

 
2.6 Conclusion 

Results from this study suggest that when freshwater forest becomes degraded 
through seawater intrusion due to storm surges and sea level rise, it emits significant 
amounts of CHCl3 through abiotic pathways and absorbs CH3Cl through biotic pathways 
predominately, and if these lands are overtaken by salt marshes, methyl halide emissions, 
instead of consumptions, will likely increase. Thus, global warming induced sea level rise 
could lead to a potential impact on stratospheric ozone depletion by altering the 
atmospheric halocarbon budgets. However, it is not yet proven that emissions will 
dramatically differ from freshwater wetlands, owing to the large spatial and temporal 
variability of observed fluxes and the limited number of freshwater wetland measurements. 
Variations could be even larger under different climate conditions (i.e., hurricane, wet year 
with more precipitation.). 
 

 



 43  

Chapter 3. Global methyl halide emissions from rapeseed 
(Brassica napus) using life cycle measurements 

The material for this chapter was previously published as: Jiao, Y., Acdan, J., Xu, 
R., Deventer, M. J., Zhang, W., & Rhew, R. C. (2020). Global methyl halide emissions 
from rapeseed (Brassica napus) using life cycle measurements, Geophysical Research 
Letters, 47, e2020GL089373. DOI: 10.1029/2020GL089373; and is adapted with 
permission from the American Geophysical Union. 

 

3.1 Abstract 

Stratospheric ozone absorbs incoming solar UV radiation, attenuating the harmful 
radiation exposure for life on Earth’s surface. Halogen atoms transported via halocarbons, 
including methyl halides, can catalyze ozone destruction efficiently in the stratosphere. 
Anthropogenic sources of halocarbons have been decreasing consistently since the 
implementation of the 1987 Montreal Protocol and its amendments. However, some natural 
sources, especially those influenced by anthropogenic activities, may offset some of the 
achievement of reduced halocarbon emissions. This study quantifies methyl halide 
emissions from cultivated rapeseed (Brassica napus, cultivar: Empire), based on life cycle 
measurements and normalized to seed production. This yields a global crop contribution 
of 2.8 ± 0.7 Gg of methyl bromide (CH3Br) annually, which is smaller than previous 
estimates (5.1-6.6 Gg), even after accounting for the doubling of global annual rapeseed 
production since then. It supports the conventional view that there must be other 
unidentified or underestimated sources for CH3Br. This study also quantifies for the first 
time that rapeseed emits 5.3 ± 1.3 Gg of methyl chloride (CH3Cl) and 4.0 ± 0.8 Gg of 
methyl iodide (CH3I) each year. Due to the increasing demand on rapeseed products such 
as canola oil, its global methyl halide emissions are expected to grow in the future. 

 
3.2 Introduction 

As a result of the Montreal Protocol, atmospheric levels of most anthropogenic 
ozone-depleting halocarbons (e.g., CFCs, HCFCs, carbon tetrachloride and methyl 
chloroform) have decreased (Montzka et al., 2003; Montzka et al., 1996), leaving 
halocarbons from natural sources relatively more pronounced, especially those influenced 
by human activities and climate change (Liang et al., 2017). Among the halocarbons with 
natural sources, methyl chloride (CH3Cl) and methyl bromide (CH3Br) are presently the 
largest carriers of chlorine and bromine, respectively, to the stratosphere. Methyl iodide 
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(CH3I) also contributes to ozone destruction, though mostly in the lower troposphere due 
to its relatively shorter lifetime of 12-15 days (J. Zhang et al., 2020). 

Known methyl halides sources include biomass burning (Andreae et al., 1996), 
tropical forests (Bahlmann et al., 2019; Xiao et al., 2010; Yokouchi et al., 2007), salt 
marshes (Drewer et al., 2006; Manley et al., 2006; Rhew et al., 2000), wetlands (Lee-Taylor 
et al., 2001; Varner et al., 1999), oceans (Carpenter et al., 2014; Hu et al., 2013), fungus 
(Lee-Taylor et al., 2001; Lee-Taylor & Holland, 2000), agricultural fields (such as rapeseed 
(Gan et al., 1998; Mead et al., 2008), rice paddies (Lee-Taylor & Redeker, 2005; Redeker 
et al., 2000)) and anthropogenic sources (such as coal combustion (McCulloch et al., 1999) 
and the use of CH3Br as a fumigant for quarantine and pre-shipment uses (Carpenter et al., 
2014)). Estimated magnitudes of these sources do not balance the known sinks (Carpenter 
et al., 2014), including loss to the stratosphere, reaction with OH radicals, degradation in 
oceans and soils (bi-directional interfaces), which suggests that either missing or 
underestimated sources exist. The magnitude of the "missing" sources for CH3Cl and 
CH3Br are 748 Gg year-1 and 39 Gg year-1, equivalent to 20% and 46% of all known 
sources, respectively; global CH3I emissions are also not well constrained (Table 1-4 and 
1-8 in Carpenter et al., 2014). 

The second largest estimated biological terrestrial source of CH3Br is the global 
crop of rapeseed (Brassica napus), with an estimated global emission of 5.2 Gg year-1 
(Carpenter et al., 2014). Plants of the Brassicaceae family were first reported to have large 
emission potentials for methyl iodide (CH3I) based on a survey of floating leaf discs of 118 
herbaceous species in KI solutions (Saini et al., 1995). Among several species of Brassica 
plants, B. napus emitted the largest amount of CH3Br per unit biomass, and that the global 
crop flux scaled to 6.6 Gg year-1 (Gan et al., 1998). However, these studies were limited to 
juvenile plants in laboratory-based incubations or snapshot measurements in the field. 
Rapeseed has a usual lifetime of 130-160 days (Buntin et al., 2007; Diepenbrock, 2000) 
with physiological factors at different life stages varying significantly, such as leaf area 
index, flower number, pocket number, biomass, plant height. (Bouttier & Morgan, 1992; 
Morrison et al., 1992). It is expected that rapeseed, similar to other biological emitters, 
would reveal varied methyl halide emission levels over the life cycle (Deventer et al., 2018; 
Khan et al., 2013; Manley et al., 2006; Redeker et al., 2000). Extrapolating a global CH3Br 
budget after incorporating the life cycle variations in emissions may improve estimates. 

Using the laboratory-based measurements of juvenile plants and field measurements 
from Gan et al. (1998), Mead et al. (2008) applied the global crop harvest index and life 
length to extrapolate the rapeseed flux to yield 5.1 Gg year-1. Rapeseed is the third largest 
source for vegetable oil (Liu et al., 2016), and its production (20-fold increase), and 
growing area (6-fold increase) have been consistently increasing over the last six decades 
(FAOSTAT Database). Therefore, methyl halide emissions from rapeseed have likely 
increased with time and since the most recent quantification was conducted (Mead et al., 
2008). 
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Biological methyl halide production can occur when S-Adenosyl-L-methionine 
(SAM) donates methyl groups to bond with halogen ions to form methyl halides and with 
bisulfide to produce methane thiol, reactions catalyzed by SAM-halide/thiol 
methyltransferases (Attieh et al., 2000; Bayer et al., 2009; Rhew et al., 2003). Thus, 
rapeseed should have the potential to produce the other ozone destroying compounds, 
CH3Cl and CH3I. Improved estimates of all of these methyl halide emissions from rapeseed 
will help predict the impact of this crop expansion on the future of stratospheric ozone. 

In this study, methyl halide emissions were measured from the whole plants of B. 
napus “Empire” over their entire life cycle, as well as from soil samples collected from the 
field. These results are used to provide an updated global CH3Br budget and the first 
estimates of CH3Cl and CH3I emissions with respect to rapeseed. 
 
3.3 Methods 

3.3.1 Site description and rapeseed cultivation 

The cultivation of rapeseed (Brassica napus, “Empire”) was conducted both in the 
greenhouse and in the field at Oxford Tract (37°52'31"N, 122°16'01"W), a University of 
California, Berkeley facility located approximately 5 km east of San Francisco Bay. The 
greenhouse was vented and was not temperature controlled during the experiment. The 
field plot (6 m×30 m) was located at the southeastern corner of the tract, adjacent to 
cultivated corn crops. The tract was ploughed regularly each year and was irrigated roughly 
twice a week with treated tap water from the East Bay Municipal Utility District during the 
dry season (July to September). Air temperature was recorded for every 10 minutes via 
sensors (HOBO® U23 Pro v2 Data Logger, Onset Computer Corporation, Bourne, MA). 

On July 3rd, 2015, uncoated seeds (i.e., no neonicotinoids) of B. napus (Empire, non-
GMO), from the Brassica Breeding and Research group, University of Idaho, were sowed 
into six different trays (L×W×D: 56 cm×56 cm×30 cm) of soil. On August 5th, 2016, B. 
napus seeds were sowed in the field garden (Figure 3.1).  

Prior to both experiments, the soil above 20 cm depth was removed and autoclaved 
at 145°C for 6 hours to destroy the viability of weed seeds and pests and returned either to 
the field or translocated to the trays. Open-ended aluminum chamber bases (L×W×H: 52 
cm×52 cm×22.5cm) were inserted 10 cm into the soil and remained there for the duration 
of the growing season for static-chamber enclosure measurements. For the field 
measurements only, leaf area, plant height, flower numbers and fruit pocket numbers, if 
available, were recorded each week over the life cycle (Figure 3.2) and the above-ground 
biomass was harvested and dried after the seeds were collected at the end of the 
experimental cultivation. The harvest data for the greenhouse measurements were lost; 
thus, only the diurnal studies (see below) were used for the derivation of normalized flux 
responses to temperature (Figure 3.3), while the weekly fluxes were used to plan for the 
field study. 
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Figure 3.1 Life cycle of rapeseed (Brassica napus) from one of the enclosed 
chamber bases in the field. The date and the week number after germination are 
labeled accordingly. Subfigures (a) - (d) represent leafing period; (e) - (j) represent 
flowering period; (k) represents fruiting period and (l) represents senescence 
period. 
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Figure 3.2 Averaged plant height, dry biomass, leaf area and flower number of the 
enclosed chambers over the life cycle of rapeseed (n = 2). The four different 
background colors represent the four life stages: leafing, flowering, fruiting and 
senescence. 

 

3.3.2 Gas collection and analysis 

Starting from the 5th day after sowing, static flux chamber measurements were 
conducted over two rapeseed plots/trays (n = 2) each week until the end of the life cycle. 
For headspace air sampling, an aluminum chamber lid (L × W × H: 53.5 cm × 53.5 cm × 
44.5 cm) was placed on top of an aluminum base, which was rimmed with aluminum 
channels (width: 3 cm) filled with deionized water, making an airtight seal. Gas samples 
were collected into previously evacuated canisters (1-L electro-polished stainless steel 
(Lab Commerce, San Jose, California) or 1-L or 3-L silica-lined stainless steel (Restek 
Corporation, Bellefonte, Pennsylvania)) through stainless-steel tubing at 2 min, 17 min and 
32 min after the chamber closure. The entire chamber was covered by reflective insulation 
to maintain a stable internal temperature. Air inside the chamber was well mixed with two 
electric fans (0.012 m3 min-1 each) on opposite ends, angled in different directions to 
enhance circulation. The temperature within the chamber was recorded with the stainless-
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steel thermocouple dataloggers (iButtons, Maxim Inc., Sunnyvale, California). When the 
rapeseed plants grew higher than the chamber lid, an intermediate connection piece (L × 
W × H: 54.5 cm × 54.5 cm × 45 cm) was placed in between the base and the lid to increase 
the overall height to 1.2 meters; at the maximum plant heights (1.3 m), stems were bent 
gently to avoid breakage. 

Methyl halide concentrations were analyzed by gas chromatography coupled with 
mass spectrometry (GC/MS; Agilent 6890N/5973, Agilent Technologies, Santa Clara, 
California) with a custom pre-concentration system (Jiao et al., 2018). Each gas sample 
was analyzed at least twice consecutively, and the concentration was reported as the 
average ± standard deviation in units of ppt (parts per trillion). Before and after the 
measurements of each batch of gas samples, calibration curves and daily instrumental drift 
corrections were constructed using a whole-air standard collected at Niwot, Colorado, and 
calibrated at the Global Monitoring Division Laboratory of the National Oceanographic 
and Atmospheric Administration. The averaged instrumental precisions for CH3Cl, CH3Br, 
and CH3I after applying drift corrections were 1.0%, 1.9%, and 8.7%, respectively. 

 
3.3.3 Flux calculation and approximation 

Fluxes were calculated (Eq 3.1) by linear regression between methyl halide 
concentrations and the enclosure time (dc/dt), converted to a net rate of change of moles of 
trace gas in the chamber (Na) and then normalized to the basal area of the chamber (A) and 
expressed in the units of micromoles per square meter per day (μmol m-2 day-1).  

𝐹	 = 	
𝑁&
𝐴
𝑑𝑐
𝑑𝑡 										 . . . . . .						(𝐸𝑞	3.1) 

Methyl halide emissions have been shown to vary dramatically with stage of plant 
growth (Deventer et al., 2018; Khan et al., 2013; Redeker & Cicerone, 2004). Therefore, 
the life cycle of rapeseed was segmented into four growing stages in this study: leafing 
period (from sowing to the maximum leaf area), flowering period (to the maximum flower 
number), fruit-bearing period (to when the seed pods started to dry out) and the senescence 
period (to harvest). 

For the flux chamber measurements in the greenhouse, a 24-hour study was 
conducted at three- or four-hour intervals starting at 0:00 on a randomly selected day within 
each of the four growing stages to capture the diurnal relationships between fluxes and air 
temperature. Assuming the biogenic methyl halide fluxes have an exponential relationship 
with the air temperature (Deventer et al., 2018; Guenther et al., 2012), an equation can be 
proposed as, 

𝐹' 	= 	f(Temp) = 	p ∗ e(∗*+,-					. . . . . .						(Eq	3.2) 
Where Fi represents the flux of the gas species i; Temp is the air temperature within 

the chamber when the flux measurement was carried out and p, q are unknown coefficients, 
which can be derived from fitting with exponential regression (R2 > 0.90, Table 3.1). 
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Figure 3.3 CH3Cl and CH3Br fluxes (normalized to the daily average) response to 
daily temperature change at different life stages of rapeseed (B. napus), including 
(a) leafing period, (b) flowering period, (c) fruiting period, and (d) senescence 
period (n = 2). The error bars represent the standard deviations.; the dashed lines 
represent least squares exponential-fitting between the normalized fluxes and 
temperature. 

 
Table 3.1 The p, q coefficients of Eq 3.2 and the calculated Q10 values for CH3Cl 
and CH3Br fluxes at the four different life stages of rapeseed (B. napus). The values 
within the square brackets denote the 95% confidence bounds. Daily (24-hr) 
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measurements for CH3I fluxes were missing, therefore, p, q coefficients for CH3I 
were estimated as the means of CH3Cl and CH3Br coefficients. 

 
Furthermore, assuming a similar methyl halide flux response to the temperature both 

in the greenhouse and in the field, the daily averaged methyl halide fluxes can be calculated 
by the exponential model with the following equation: 

𝐹.&/ =	
1
24AB

f(T0)
f(T1+23.)

× F1+23.E
56

07$

						 . . . . . .						(Eq	3.3) 

Where Fday represents the average flux over the course of a day, Ti represents air 
temperature measured at the ith hour of the day, TMeas. and FMeas. represent the temperature 
within the chamber when measurement was carried and the corresponding trace gas flux, 
respectively. 

After the autoclaved soil was returned back to the field, intact soil cores (diameter: 
4.5 cm; depth: 10 cm) from adjacent sites undergoing similar treatment were collected with 
a slide hammer (AMS, Inc., American Falls, Idaho) during each growing stage. The cores 
were subsequently incubated in the laboratory in glass jars (V = 1.9L) to derive the 
background methyl halide fluxes from the soil by analyzing the changing methyl halide 
concentrations in the headspace over enclosure time. 

 
3.3.4 Emission extrapolation 

Studies have shown that the leafing area, floral initiation, floral bud number, and 
yield of rapeseed are proportional to each other and to the accumulated air temperatures 
(Luo et al., 2018; Wright et al., 1988). Therefore, to correct for the local temperature bias, 
the weekly methyl halide fluxes were integrated over the plant life span and then 
normalized to the weight of the seeds harvested for enclosed plants at the end of the 
experiment to derive a total “flux per gram of seed”. This is multiplied by the global seed 

Coefficients Leafing period Flowering period Fruiting period Senescence period 

CH3Cl  

p 0.157 
[0.121, 0.194] 

0.206 
[0.124, 0.289] 

0.406 
[0.296, 0.517] 

0.430 
[0.352, 0.507] 

q 0.081 
[0.072, 0.091] 

0.063 
[0.048, 0.078] 

0.038 
[0.027, 0.048] 

0.033 
[0.026, 0.040] 

Q10 2.25 
[2.04, 2.48] 

1.88 
[1.62, 2.18] 

1.46 
[1.31, 1.62] 

1.39 
[1.30, 1.49] 

CH3Br 

p 0.145 
[0.062, 0.229] 

0.360 
[0.306, 0.414] 

0.283 
[0.202, 0.364] 

0.384 
[0.280. 0.487] 

q 0.085 
[0.060, 0.109] 

0.041 
[0.036, 0.047] 

0.052 
[0.042, 0.063] 

0.037 
[0.028, 0.047] 

Q10 2.34 
[1.83, 2.98] 

1.51 
[1.43, 1.60] 

1.69 
[1.52, 1.88] 

1.45 
[1.32, 1.60] 
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harvest, assuming that the harvest-normalized methyl halide production rates in this study 
are representative of crops globally. An unquantified uncertainty is the variation of methyl 
halide emissions between different plant cultivars, as only one cultivar was analyzed in this 
study. Cultivar has been shown to be a significant variable in rice plants (Redeker & 
Cicerone, 2004). The annual data of global/regional rapeseed production, yield, and 
cultivation area since 1961 is accessible to the public from the online Food and Agriculture 
Organization Corporate Statistical Database. 

 
3.4 Results and discussion 

3.4.1 Methyl halide fluxes from plant-soil system 

The average soil fluxes of CH3Cl, CH3Br, and CH3I were 66 ± 33, 2.1 ± 0.3, 17 ± 
24 nmol m-2 d-1 during the leafing period, 98 ± 163, 2.8 ± 3.9, 20 ± 4 nmol m-2 day-1 within 
the flowering period, -172 ± 37, 1.6 ± 4.3, 5.6 ± 0.9 nmol m-2 day-1 over the fruiting period, 
and -211 ± 97, 2.8 ± 0.8, 12.0 ± 0.1 nmol m-2 day-1 at the senescence period, respectively 
(Table 3.2). CH3Br and CH3I fluxes from soil were relatively consistent while CH3Cl 
gradually switched from net emissions to net absorption over the experiment. Soil is 
usually a bi-directional interface for methyl halide with abiotic production and biotic 
degradation happen concurrently (Keppler et al., 2020). The switch from CH3Cl soil sink 
to source may be a result of the initial autoclave process killing methyl halide consuming 
microbes, which slowly recolonized the soils over the season.  

 
Table 3.2 Soil fluxes across the life cycle of rapeseed during the experiment. 

Life Stages CH3Cl  
[nmol m-2 d-1] 

CH3Br  
[nmol m-2 d-1] 

CH3I  
[nmol m-2 d-1] 

Leafing 66.4 ± 33.0 2.1 ± 0.3 17.1 ± 23.9 
Flowering 97.6 ± 163.2 2.8 ± 3.9 20.4 ± 3.7 
Fruiting -172.2 ± 37.2 1.6 ± 4.3 5.6 ± 0.9 
Senescence -211.2 ± 97.2 2.8 ± 0.8 12.0 ± 0.1 

 
Flux measurements from cultivated rapeseed (B. napus) plots were much larger than 

incubated soil fluxes, roughly 10, 100 and 20 times larger in magnitude for CH3Cl, CH3Br 
and CH3I, respectively. CH3Cl, CH3Br and CH3I emissions all had similar seasonal patterns 
over the life cycle of the crop, with the peak emissions observed during the flowering 
period (Figure 3.4). The average fluxes (note different units) of CH3Cl, CH3Br, and CH3I 
during the leafing period were 0.29 ± 0.33 µmol m-2 day-1, 0.06 ± 0.09 µmol m-2 day-1, 0.13 
± 0.18 µmol m-2 day-1; then climbed up to 2.04 ± 0.46 µmol m-2 day-1, 0.65 ± 0.19 µmol m-

2 day-1, 0.57 ± 0.18 µmol m-2 day-1 within the flowering period; decreased to 0.77 ± 0.40 
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µmol m-2 day-1, 0.19 ± 0.06 µmol m-2 day-1, 0.17 ± 0.07 µmol m-2 day-1 over the fruiting 
period; and dropped further to 0.12 ± 0.03 µmol m-2 day-1, 0.02 ± 0.01 µmol m-2 day-1, 0.03 
± 0.03 µmol m-2 day-1 at the senescence period, respectively. 

 

 

Figure 3.4 Life cycle emissions of methyl chloride (CH3Cl), methyl bromide 
(CH3Br) and methyl iodide (CH3I) from rapeseed (B. napus) normalized to per unit 
area. Error bars represent the standard deviations of the replicates (n = 2). The four 
different background colors represent the four life stages as indicated by the 
drawings: leafing, flowering, fruiting and senescence. The open diamond symbols 
represent the background soil fluxes based on the controlled laboratory incubations. 
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Fluxes of methyl chloride (CH3Cl) and methyl bromide (CH3Br) both showed strong 
correlations with air temperature (Figure 3.3, Table 3.2) within each plant life stages (R2 > 
0.90). Similar results were found for perennial pepperweed (Lepidium latifolium), a related 
species within the Brassicaceae family, which increased with temperature towards an 
optimum temperature at 33°C, consistent with enzymatically mediated production by the 
plants (Deventer et al., 2018). This is also consistent with measurements from rice plants 
where biogenic production of methyl halides correlated with temperature over a large 
range, with an optimum temperature around 36°C (Redeker & Cicerone, 2004). It is 
proposed that SAM acts as a methyl donor to halogen ions to form the respective methyl 
halides catalyzed by methyltransferase enzyme (Rhew et al., 2003; Saini et al., 1995). 
Studies reported some methyltransferases, such as nicotinic acid-N-methyltransferase from 
soybeans (Glycine max) and (S)-tetrahydroprotoberberinecis-N-methyltransferase from 
Eschscholtzia and Corydalis, have an optimum temperature at 40°C and remain stable up 
to 45°C (Chen & Wood, 2004; Rueffer et al., 1990). However, the temperature during the 
experimental period of this study was almost entirely under 33°C. Therefore, impacts of 
high temperature could either enhance or reduce enzymatic activity, but these are not 
accounted for in this study. In addition, the temperature sensitivity of CH3Cl and CH3Br 
emissions varies across the life stages: leafing, flowering, fruiting and senescence (Table 
3.1), which suggest life cycle scale methyl halide emissions from rapeseed were 
predominantly influenced by physiological factors. 

 
3.4.2 Global methyl halide emissions from rapeseed 

CH3Br emissions from several Brassica plants were found to be linearly correlated 
to soil halide content (Gan et al., 1998). In the present study, soil bromide content was 
1.1±0.3 mg kg-1, similar to the typical bromide content (1.0 mg kg-1) in natural soils 
globally (Flury & Papritz, 1993). Allometric factors of rapeseed may be influenced by 
several factors, including local climate, agrarian techniques and chemical inputs, such as 
fertilizer, pesticide. As a consequence, the yield and density of rapeseed may vary 
significantly across the producing regions (e. g. Canada, China, Europe, India) with 
different local climates. The single cultivar (Empire, non-GMO) used in this experiment 
may show different methyl halide emission patterns compared to other genotypes. 
However, studies have shown that leafing area, floral bud numbers, and yield of rapeseed 
are proportional to each other and to the accumulated air temperatures (Luo et al., 2018; 
Wright et al., 1988). Rapeseed in this experiment showed a harvest index of 24.4 ± 2.2, 
which was close to those (21.3 ± 1.5) of hundreds of other genotypes of rapeseed (Lu et 
al., 2016). Therefore, methyl halide emissions per gram of seed harvested (corrected for 
soil fluxes) were calculated as a means to partially offset the locality bias in plant vitality. 
Daily fluxes were calculated based on the weekly flux measurements and temperature 
relationships (Eq 3.3) and summed over the plant life span. The integrated life cycle 
emissions were then divided by the fresh weight of the seeds to determine total emissions 
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per gram of seed produced. This method provides both a means for inter-site comparison 
as well as for global extrapolation using agricultural commodity data.  

In this experiment, methyl halide production rates by seed biomass were 71.0 ± 17.1 
ug g-1, 37.8 ± 9.8 ug g-1, and 53.2 ± 11.4 ug g-1 for CH3Cl, CH3Br and CH3I, respectively.  
Assuming these parameters are representative globally, 2.8 ± 0.7 Gg CH3Br were emitted 
from global cultivated rapeseed in 2018. This is smaller than the prior estimations, which 
concluded rapeseed emitted 5.1-6.6 Gg of CH3Br each year (Gan et al., 1998; Mead et al., 
2008). The lower value is determined despite the fact that the global production of rapeseed 
has more than doubled as well as the growing area has increased over 1.5-fold from 1998-
2003 to 2018. 

The major reason for the discrepancy involves the method of extrapolation. Prior 
extrapolations (Gan et al., 1998; Mead et al., 2008) were based on CH3Br fluxes in low 
bromide soils (25 ng g-1 dry wt above ground biomass day-1), which scaled up 20-fold to 
515 ng g-1 day-1 assuming a global average soil bromide content of 1 mg kg-1. The end 
result was roughly 9 times the life cycle average flux reported here despite similar soil 
bromide contents (Table 3.3). On the other hand, numerous other factors remain to be 
accounted for, including variations in cultivar, agricultural practices, climate, and soils. 
The low number of replicates (n = 2) also poses substantial uncertainties in representing 
the true mean flux for the field site. Based on studies of chamber variance in rice paddies, 
we estimate that these measurements are within 30% of the field means (Redeker et al., 
2002). 

Interestingly, this study yielded a much larger average emission rate for CH3Br per 
unit above-ground biomass than the prior study, which was based on the leafing phase only.  
The life cycle average was twice that of the prior study. Considering the leafing phase only, 
the emission rate in this study (82 ng g-1 dry wt day-1) was over 3-fold the prior study.  
Thus, while this study supports the assumption of higher emissions with higher soil 
bromide content, it does not concur with the magnitude of scaling up. 

 
Table 3.3 The comparison of measured or extrapolated methyl bromide (CH3Br) 
fluxes per unit above-ground biomass from rapeseed at different life stages. 

Comparison  Prior studies 1 This study 2 

Measurement period  Leafing Leafing Flowering Fruiting Senescence Life cycle 
average 

unit  
[ng g-1 d-1 (dry weight)] 

25 
82.0 ± 32.4 89.2 ± 50.5 16.8 ± 6.0 2.8 ± 1.8 55.9 ± 48.6 515 

1. The previous studies include Gan et al. (1998) and Mead et al. (2003).  
2. The averaged soil bromide content of this study was 1.1 ± 0.3 mg kg-1. CH3Br fluxes of this 
study listed in the table were normalized to per unit above-ground biomass in order to provide 
comparison to prior studies. However, the global extrapolation of this study was calculated from 
fluxes per unit of seeds harvested.  
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Even with smaller CH3Br annual fluxes than previously estimated, rapeseed remains 
one of the largest non-industrial terrestrial sources of CH3Br, next to biomass burning, 23 
Gg year-1 (Andreae et al., 1996; Blake et al., 1996), salt marshes, 8-29 Gg year-1 (Deventer 
et al., 2018; Manley et al., 2006; Rhew et al., 2014; Rhew et al., 2000), and wetlands, 4.6 
Gg year-1 (Varner et al., 1999). However, CH3Br budgets with respect to rapeseed still 
cannot balance the current identified and quantified sources and sinks, with the missing 
sources estimated to be about half the magnitude of all the known sources put together.  

The average chloride content in soils globally is about 100 mg kg-1 (Geilfus, 2019), 
which is slightly lower than that of the soil (148 ± 71 mg kg-1) in this experiment. Using 
the same extrapolation method and assumptions yields a global CH3Cl source from 
rapeseed of 5.3 ± 1.3 Gg in 2018, which is comparable to that of rice paddies, 2.4-5.8 Gg 
year-1 (Lee-Taylor & Redeker, 2005; Redeker et al., 2000), mangroves, 12 Gg year-1 
(Manley et al., 2007), and at the lower limit of that of salt marshes, 10 Gg year-1 (Deventer 
et al., 2018). However, rapeseed itself cannot bridge the considerably large CH3Cl gap 
between currently identified sources and sinks. 

As for CH3I, rapeseed is estimated to account for an annual flux of 4.0 ± 0.8 Gg 
year-1, which is a minor source. The ocean is believed to be the largest CH3I source, with 
an average flux of 371.4 Gg year-1, predominantly through abiotic photochemical 
production (Butler et al., 2007; Stemmler et al., 2014) and/or biogenic emissions from 
phytoplankton and algae (Manley & Cuesta, 1997; Smythe-Wright et al., 2006), depending 
on the region or season. The largest identified terrestrial source for CH3I is rice paddies, 
with a quantified flux of 16 to 71 Gg year-1 (Lee-Taylor & Redeker, 2005; Redeker et al., 
2000). However, a CH3I profile measurement study at North Carolina (Sive et al., 2007) 
suggested the existence of mid-latitude terrestrial sources of 33 Gg year-1, in which 
rapeseed (B. napus) would be considered as one of them. Other ubiquitous species among 
the Brassicaceae family, such as Brassica oleracea (e.g., broccoli, brussels sprout, 
cabbage, cauliflower, collards, kale), Brassica rapa (e.g., bok choy, Chinese cabbage, 
turnip), Brassica juncea (mustard), Lepidium latifolium (e.g. perennial pepperweed), have 
been reported as significant emitters for CH3Cl and CH3Br (Gan et al., 1998; Khan et al., 
2013; Deventer et al., 2018). Thus, it is rational to speculate that they may account for part 
of the terrestrial sources of CH3I as well. However, measurements of CH3I from these 
widespread species have not been reported, and their global budget extrapolations have not 
been established as a consequence. In contrast to CH3Cl and CH3Br, currently identified 
and quantified sources of CH3I exceed the sum of the sinks, with a positive imbalance of 
~146 Gg year-1, suggesting that either the oceanic CH3I production may be overestimated 
and/or the photolysis sinks of CH3I may be underestimated.   

Atmospheric CH3Br concentrations have an inter-hemispheric ratio of 1.130 
(NH/SH, 2017) (NOAA HATS Data Archive), suggesting the unevenly distributed 
regional sources with the major sources located in the Northern Hemisphere, especially in 
the mid northern latitudes. This is in agreement with a hypothesis of the existence of 
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significant terrestrial sources or biogenic sources. Given the geographical distribution of 
rapeseed, methyl halides from this crop are mainly emitted in the Northern Hemisphere 
(93.6%, 2018), which will contribute to this inter-hemispheric gradient. However, the 
updated CH3Br budget of rapeseed itself cannot account for the inter-hemispheric 
difference due to its size. The dominant emission of CH3Cl from rapeseed from the 
Northern Hemisphere also has a negligible impact on the inter-hemispheric gradient of 
CH3Cl. Atmospheric CH3Cl displayed a relatively even distribution across the hemispheres 
with the peak concentrations observed at the intertropical zone (NOAA HATS Data 
Archive), suggesting the predominant sources are located near the equator.  

Global estimates of rapeseed emissions will be improved after additional 
measurements are conducted at different agricultural sites and with different cultivars. This 
study demonstrates the importance of life cycle measurements to determine overall 
emissions per seed crop biomass, a key metric to extrapolate results over time.  Emission 
rates by biomass are highest during the leafing and flowering stage and are highest by 
surface area at the flowering stage. This study also demonstrates the relative importance of 
rapeseed on the global CH3Cl and CH3I budgets.   

The increase of rapeseed harvest area and production over the past 60 years have 
resulted in increased emissions of CH3Cl, CH3Br and CH3I by 21-fold between 1961 and 
2018 (Figure 3.5). The demand for rapeseed oil in the world is projected to grow even 
larger in the future (Jat et al., 2019). Using the extrapolations developed here and assuming 
the future global rapeseed production follows the same rate of increase as the past 60 years, 
the atmospheric sources of CH3Cl, CH3Br and CH3I may increase to 13.1 Gg year-1, 7.0 
Gg year-1, and 9.8 Gg year-1, respectively by 2050, highlighting the increasing contribution 
from natural sources of ozone depleting substances influenced by human activities. Non-
controlled anthropogenic halocarbon emissions (Dhomse et al., 2019; Li et al., 2017; 
Montzka et al., 2018), together with the projected increasing of natural sources associated 
with global warming (Smythe-Wright et al., 2006; Yokouchi et al., 2001), land use change 
(Deventer et al., 2018; Mead et al., 2008), biomass burning (Blake et al., 1996; Westerling 
et al., 2006), and sea level rise (Jiao et al., 2018; Wang et al., 2016) may offset some of the 
halocarbon emission reductions achieved by the Montreal Protocol (Liang et al., 2017). 
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Figure 3.5 Extrapolated global methyl chloride (CH3Cl), methyl bromide (CH3Br) 
and methyl iodide (CH3I) budgets with respect to rapeseed (B. napus) from 1961 to 
2018. Estimated emissions from the Northern Hemisphere (shaded bars) greatly 
exceed those from the Southern Hemisphere (white bars). 
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3.5  Data availability statement 

Rapeseed global annual production data can be accessed through the Food and 
Agriculture Organization Database at http://www.fao.org/faostat/en/#data/QC. The dataset 
of weekly methyl halide fluxes, rapeseed physiological variables, soil halide contents, and 
temperature is available at doi:10.6078/D1WD8H. 
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Chapter 4. Abiotic methyl chloride and methyl bromide 
formation catalyzed by copper amendment and solar radiation 

4.1 Abstract 

Methyl chloride (CH3Cl) and methyl bromide (CH3Br) are major carriers of 
atmospheric bromine and chlorine, respectively, which can catalyze ozone depletion in the 
stratosphere. However, in our current understanding, there are missing sources associated 
with these two species. Here we investigate the effect of Cu(II) on CH3Cl and CH3Br 
production from soil, seawater and model organic compounds: catechol (benzene-1,2-diol) 
and guaiacol (2-methoxyphenol). We show that copper sulfate (CuSO4), in conjunction 
with either hydrogen peroxide (H2O2) or solar radiation, significantly enhances CH3Cl and 
CH3Br production rates from the soil and seawater. This represents a novel abiotic 
production pathway of CH3Cl and CH3Br perturbed by anthropogenic application of 
Cu(II). Hence, we suggest that the widespread application of copper-based pesticides, 
herbicides and fungicides in agricultural fields or water bodies and the discharge of 
anthropogenic Cu to the oceans may increase the regional atmospheric concentrations of 
CH3Cl and CH3Br and account for part of their missing global sources. 

 
4.2 Introduction 

Methyl chloride (CH3Cl) and methyl bromide (CH3Br) are the most abundant 
brominated and chlorinated hydrocarbons in the atmosphere (Carpenter et al., 2014). They 
have average tropospheric lifetimes of 0.9 and 0.8 years (Carpenter et al., 2014), 
respectively, which are longer than the typical time scale of transport across tropical 
tropopause to the stratosphere (Levine et al., 2007). Thus, atmospheric CH3Cl and CH3Br 
can reach up to the lower stratosphere and disassociate chlorine and bromine radicals to 
catalyze stratospheric ozone depletion. At present, the sizes of identified sources of CH3Cl 
and CH3Br are smaller than those of the quantified sinks with a -748 Gg year-1 imbalance 
for CH3Cl and a -39 Gg year-1 imbalance for CH3Br, respectively (Carpenter et al., 2014). 
These significant discrepancies and uncertainties need to be resolved to better understand 
their roles in stratospheric chemistry and to predict ozone recovery in the future. Since the 
implementation of the Montreal Protocol, anthropogenic sources of listed ozone-depleting 
substances (ODSs), including CH3Br, have been largely restricted (Carpenter et al., 2014). 
It is believed that present atmospheric CH3Cl and CH3Br originate from predominantly 
natural sources. Human influences on terrestrial sources, such as biomass burning 
(Andreae, 2019; Mead et al., 2008), global warming (Smythe-Wright et al., 2006; W. 
Zhang et al., 2020), sea level rise (Jiao et al., 2018; Wang et al., 2016), agricultural 
cultivation (Jiao et al., 2020; Mead et al., 2008), land use change (Deventer et al., 2018), 
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are becoming ever larger challenges for the recovery of stratospheric ozone (Fang et al., 
2019; Liang et al., 2017), together with the non-compliant anthropogenic sources (Montzka 
et al., 2018; Rigby et al., 2019). 

Among the known sources and sinks of CH3Cl and CH3Br, soil is believed to be an 
important bi-directional interface with simultaneous abiotic production (Keppler et al., 
2000; Wishkerman et al., 2008) and biotic degradation (Hines et al., 1998; Shorter et al., 
1995). Within the soil, abiotic Fenton-like reactions that involve Fe(III) oxidizing organic 
matter in the presence of halide ions are responsible for the production of methyl halides 
(Keppler et al., 2000; Wishkerman et al., 2008). This pathway is believed to be ubiquitous 
and make a significant contribution to the global methyl halide budgets. It is reasonable to 
postulate that the Fenton-like mechanism may be catalyzed by other transition metal ions, 
such as copper(II). A setting where copper might be present in abundance is in agriculture, 
where copper-based fungicides, such as copper(II) sulfate, are widely used globally, 
especially in the fields of rice, oranges, walnuts, and grapes (Epstein & Bassein, 2001; 
California Department of Pesticide Regulation, 2019). In 2008, copper compounds 
accounted for 17% (the second most) of total fungicides applied in the U.S. agriculture 
(Fernandez-Cornejo et al., 2014). In California in 2017, approximately 3.7 × 106 kg of 
copper-based pesticides were applied to over 1.0 × 104 cumulative km2 of agricultural land 
(California Department of Pesticide Regulation, 2019), while roughly 1.15 × 1011 kg of 
copper (II) sulfate were used as fungicide, herbicide, or pesticide each year worldwide, in 
addition to smaller quantities of other copper compounds. 

In this study, soil, seawater and model compounds of organic carbon were incubated 
with different copper treatments and methyl halide production rates were measured, aiming 
to (1) determine the effect of copper compounds on methyl halide formation; (2) elucidate 
the copper-catalyzed halocarbon production mechanism, and (3) determine if the 
application of copper pesticides and fungicides in agriculture could impact the atmospheric 
methyl halide budgets. 

 
4.3 Materials & Methods 

4.3.1 Experimental procedure 

Three sets of experiments were conducted. The first set involved incubation of soil 
samples either unamended conditions or with chemical reagent supplements, such as 
copper(II) sulfate (CuSO4) or hydrogen peroxide (H2O2) or both, to investigate the impact 
of Cu(II) amendments on the production of methyl halides in soils. The second set of 
measurements involved incubations of solutions with catechol (benzene-1,2-diol) and 
guaiacol (2-methoxyphenol), compounds with (methoxy-) phenolic structures. These 
organic compounds are used as chemical models for natural organic matter in soil (Keppler 
et al., 2000; Krause et al., 2014), and the stepwise addition of reagents to these solutions 
elucidate the conditions required for methyl halide formation. The third set involved 
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incubation of seawater samples under different conditions: Cu(II) vs. no Cu(II) amendment, 
and light vs. dark. All three sets of incubations followed the same experimental set-up, as 
described in 4.3.5.  

 
4.3.2 Soil sample reactions 

4.3.2.1 Soil sample preparation  

Surface soil was collected from the Oxford Tract (37°52'34"N 122°16'02"W), an 
agricultural research facility of the University of California, Berkeley. The soil type was a 
Tierra (Fine, montmorillonitic, thermic Molloc Palexerafls) - Urban land complex with a 
clay loam texture. Before incubation, rocks and visible litter were removed, and the soil 
was sieved through a 2 mm standard test sieve (Fisher Scientific Company, New 
Hampshire, U.S.) to homogenize its texture. The soil was sealed and stored at about 5 °C 
and incubated within six months of collection. Part of the soil samples were oven-dried at 
60°C until constant weight to calculate soil water content based on the weight loss.  

 
4.3.2.2 Incubation of soil with chemicals. 

Live soil study. For each live soil experiment, 50 g (dry weight) of soil sample 
(“live”) and 20 ml of deionized water were mixed and incubated following the method as 
described in section 2.5, from which the background production rate was inferred.   

Sterilized soil experiments. To differentiate between microbial and abiotic 
geochemical processes on methyl halide production and degradation (Keppler et al., 2000), 
a parallel set of soil samples was autoclaved at 105º C overnight and then incubated in the 
same way as the live experiment. 

Mineral soil experiments. To prepare mineral soil, organic matter content was 
depleted using the “loss on ignition” method: oven-dried soil samples were sieved through 
a 2 mm mesh and then heated in a furnace at 375 °C for 24 hours to combust the soil organic 
matter. The resulting mineral soil samples (5g of each) were then incubated to determine 
the essential role of natural organic matter in methyl halide formation (Figure 4.1). 

Cu(II) addition experiments. To examine the effect of Cu(II) on methyl halide 
production, 50 g (dry weight) of soil sample was mixed with 10 mL of solution containing 
CuSO4 at 0 mM (water only) or 50 mM, within 30 minutes prior to incubation. 

Hydrogen peroxide (H2O2) addition experiments. In conjunction with the Cu(II) 
addition experiments, an additional 10 mL of solution containing H2O2 at 0 mM (water 
only) or 50 mM was injected into the mixture within 30 minutes prior to the incubation to 
examine the influence of H2O2 on methyl halide production. 

Time series experiments. To examine the response rate, persistence and renewal 
ability of Cu(II) on soil methyl halide production, a time series experiment was conducted 
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as follows: autoclaved soil samples were first incubated under control conditions, and then 
10 ml of copper sulfate (CuSO4) solution at 1.25 mM was added followed by daily 
measurements over an 8-day period. On the 9th day after the initial CuSO4 supplement, 
another dose of CuSO4 (10 ml at 1.25 mM) was added. 

 

 

Figure 4.1 Picture of an exemplary set of mineral soil (left) and autoclaved soil 
(right) samples used in this study. The reddish-brown color of the mineral soil 
indicated the majority organic matters were depleted after the “Loss on Ignition” 
combustion process. 

 

4.3.3 Model substance reactions 

4.3.3.1 Chemicals 

The following chemicals were used in the experiments of model substance of 
organic matter reactions: catechol, C6H4(OH)2 (≥ 99%, Sigma-Aldrich); guaiacol, 
C6H4(OH)(OCH3) (≥ 99%, Sigma-Aldrich); potassium chloride, KCl (≥ 99.0%, Sigma-
Aldrich), potassium bromide, KBr (≥ 99.0%, Sigma-Aldrich); hydrogen peroxide, H2O2 
(35%, Acros Organics - Thermo Fisher Scientific); copper(II) sulfate, CuSO4 (≥ 99.99%, 
Sigma-Aldrich), iron(III) sulfate, Fe2(SO4)3 (97%, Sigma-Aldrich). 

All the chemicals above were prepared as solutions with deionized water (Ultra-
pure type I, ChemWorld) and stored in volumetric flasks. Catechol and guaiacol were 
configured at 10 mM (millimole per liter; same hereafter); KCl and KBr were configured 
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at 20 mM; CuSO4 and H2O2 were configured at 50 mM. Because each Fe2(SO4)3 molecule 
can dissociate into two Fe3+ ions, Fe2(SO4)3 was configured at 25 mM to get the same ion 
concentration as the Cu(II) solution. 

 
4.3.3.2 Incubation of model substances 

Control experiments. control experiments were conducted with a mixture of 10 ml 
of 10 mM catechol, 20 ml water and 10 ml of 20 mM KCl for CH3Cl studies or 20 mM 
KBr for CH3Br studies. 

Concentration of hydrogen peroxide (H2O2). 10ml of 50 mM CuSO4 solution was 
added to the control mixture. In order to investigate the response of methyl halide formation 
to varied oxidizing environments, 10 ml of H2O2 solution at 0 mM, 10 mM, 20 mM, 30 
mM, 40 mM and 50 mM were added into the mixture for incubation. 

Concentration of copper sulfate (CuSO4). 10ml of 50 mM H2O2 was added to the 
control mixture. To examine the response of methyl halide formation to varied Cu(II) 
concentrations, 10 ml of CuSO4 at 0 mM, 10 mM, 20 mM, 30 mM, 40 mM and 50 mM 
were added into the mixture for incubation. 

Effect of solar radiation. UV radiation may facilitate the formation of volatile 
halogenated compounds (Liu et al., 2020; Moore, 2008; Yang et al., 2020) as well as 
naturally originated H2O2 in seawater (Clark et al., 2009). Accordingly, the potential role 
that solar radiation may play was also tested as follows: a sealed transparent glass jar 
containing the control mixture was exposed under sunlight for three hours (12:00 – 15:00, 
10/23/2019, PDT, sunny day, 37°52'26"N 122°15'34"W) and then brought back to the lab. 
Subsequently, 10 ml each of either 50 mM H2O2 or 50 mM CuSO4 was added into the 
incubations. 

Reactions with another carbon model substance. Guaiacol can be halogenated to 
produce CH3Cl catalyzed by Fe(III), without needing sunlight or microbial mediation 
(Keppler et al., 2000); however, sunlight may replace the role of Fe(III) during this process 
(Yang et al., 2020).  In the proposed mechanism, the aromatic ring remains intact while the 
methoxy group provides methyl radicals to produce methyl halides. To determine if Cu(II) 
behaved similarly to Fe(III) in this well-known pathway, two additional sets of experiments 
were conducted with 10 ml each of 10 mM guaiacol, 20 mM KCl, and either 50 mM CuSO4 
or 25 mM Fe2(SO4)3. 

 
4.3.4 Seawater sample reactions 

4.3.4.1 Seawater sample preparation 

Unfiltered seawater samples (n = 20) were collected from the San Francisco Bay 
(37°51'45"N 122°18'50"W) using glass jars (V ≈ 1.9 L, Ball Corporation, California, 
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USA). The jars were previously acid washed and then rinsed with deionized water, ethanol, 
and acetone to ensure purity of the jars. Samples were stored at about 5 °C after collection, 
prior to the testing. 

 
4.3.4.2 Incubation of seawater with chemicals. 

Seawater incubations consisted of 500 mL samples in glass jars, subjected to the 
following 4 treatments:  dark control (n = 2), daylight control (n = 5), dark Cu(II) addition 
(n = 7), and daylight Cu(II) addition. The dark control experiment entailed storing the 
sample unsealed for 1.5 hours in a dark environment.  The daylight control experiment 
entailed storing the sample unsealed for 1.5 hours under ambient light (noontime, sunny 
day).  The Cu(II) incubations entailed the addition of 0.3 mg CuSO4 to the seawater, which 
were mixed and dissolved in the solution, before situating under dark or light conditions. 
Immediately following the above treatments, the seawater samples were incubated 
following the method described in Section 4.3.5.  

 
4.3.5 Incubations & halocarbon analysis 

For all incubations, the soils, seawater, or chemical mixtures were mixed well in 
glass jars, which were then situated in a thermostatted bath of circulating water and 
ethylene glycol mixture (VWR Model 1180S, Pennsylvania, USA) at 20 °C. The jars were 
connected to a coiled pre-evacuated stainless-steel tube (14.5 mL), which served as a 
sampling volume. Headspace air samples from the jars were drawn at 30 min intervals into 
a cryotrap, followed by desorption, cryofocusing, and injection into a gas chromatograph-
mass spectrometer (Agilent 6890N/5973, Agilent Technologies, California, USA) for 
analysis of methyl halide concentrations.  Emission rates from the samples were calculated 
based on the change in headspace concentration over time. At least two (n ≥ 2) incubations 
were conducted for each treatment of the chemical mixtures or soils. 

Weekly calibration curves were constructed using whole ambient air standards 
collected at Niwot Ridge, Colorado, and calibrated at the Global Monitoring Division 
Laboratory of the National Oceanographic and Atmospheric Administration. Each 
calibration curve was made up of 10-18 data points by trapping various volumes of 
standard gas to capture the full range of chromatogram peak areas observed in the samples. 
The daily drift of instrumental signals was also corrected using multiple daily runs of the 
same standard. 
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4.4 Results & Discussion 

4.4.1 Methyl halide production in soil 

The incubations of live, autoclaved and mineral soil samples showed methyl 
chloride (CH3Cl) fluxes of -1.8 ± 0.8, 3.3 ± 2.8 and 0.3 ± 1.4 nmol kg-1 d-1, respectively; 
and methyl bromide (CH3Br) fluxes of -0.01 ± 0.03; 0.11 ± 0.10; 0.01 ± 0.00 nmol kg-1 d-

1, respectively, switching from methyl halide net sinks to net sources after sterilization and 
then declining to near zero after depletion of organic matter (Figure 4.2). These results are 
consistent with the conventional idea that soils act as a bi-directional interface for methyl 
halides with simultaneous microbial degradation and abiotic production (Jiao et al., 2018; 
Keppler et al., 2005; W. Zhang et al., 2020), and that soil organic matter is an essential 
substrate for the formation of methyl halides. 

Addition of copper(II) sulfate (CuSO4) at different dosages yielded enhancements 
in CH3Cl and CH3Br production rates from both live and autoclaved soil samples, and the 
increments were positively correlated to the amount of CuSO4 added (Figure 1, Spearman’s 
rank correlation, r > 0.91, p < 0.05). No such trend was observed from the organic matter-
depleted mineral soil. Notably, the production of CH3Br was roughly 10 times that of 
CH3Cl, despite Cl- being 100 times more abundant than Br- in the soils. 

 

 

Figure 4.2 (a) Methyl chloride (CH3Cl) and (b) methyl bromide (CH3Br) 
production rates from live, autoclaved and mineral soil samples mixed with 10 ml 
of different concentrations of CuSO4 solution. Each incubation had two replicates 
(n = 2). 
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It has been previously demonstrated that halide ions can be alkylated to produce 
volatile halogenated carbons when soil or sediment organic matter is oxidized by Fe(III) 
(Keppler et al., 2000) without the mediation by sunlight or microbial activities. Therefore, 
it is postulated here that Cu(II), as an electron acceptor, may also oxidize organic matter 
during the halogenation process to produce volatile methyl halides in a similar manner as 
Fe(III). The lack of production in mineral soils demonstrates the need for organic matter in 
the formation of methyl halides and that atmospheric CO2 is not used as the carbon source. 

The increases in methyl halide production rates from the copper-supplemented 
autoclaved soil samples were much larger than those in live soil samples. For example, 
CH3Cl fluxes from live soil samples gradually switched from -1.8 ± 0.8 to 1.0 ± 0.8 nmol 
kg-1 d-1, while emissions from autoclaved soils increased from 3.3 ± 2.8 to 12.0 ± 4.0 nmol 
kg-1 d-1 as the Cu(II) addition increased from 0 mM to 10 mM.  For CH3Br fluxes, they 
shifted from -0.01 ± 0.03 to 0.17 ± 0.14 nmol kg-1 d-1, and from 0.11 ± 0.10 to 146.07 ± 
19.69 nmol kg-1 d-1, respectively. These results are consistent with the deactivation of 
methyl halide-consuming microorganisms following heat treatment (Rhew et al., 2003), 
such that the autoclaved soil creates a one-way interface of CH3Cl and CH3Br emissions. 
Alternatively, it is possible that thermal treatment promoted the fracture of humic 
substances in soil (Fang et al., 2005; Furutani et al., 2017; Lomnicki et al., 2008; Ormond 
et al., 2018), making the organic carbon more readily available for the formation of volatile 
halogenated compounds. 

 

 

Figure 4.3 (a) Methyl chloride (CH3Cl) and (b) methyl bromide (CH3Br) 
production rates over time from autoclaved soil samples. On day 0, soils are 
incubated under control conditions and then 10 ml of CuSO4 solution at 1.25 mM 
are added on day 1. Daily incubations are conducted for 8 days, and on the 9th day 
after the initial CuSO4 supplement, another 10 ml of CuSO4 at 1.25 mM was added. 
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The time series experiments showed that the production rates of CH3Cl and CH3Br 

were highest immediately following the addition of CuSO4, and then declined to negligible 
levels over the following week (Figure 4.3). Net CH3Cl fluxes turned negative by day 7, 
indicating net consumption.  Studies have shown some soil microorganisms can form 
dormant spores to survive thermal sterilization and begin to germinate for proliferation as 
fast as within ten days after the initial thermal perturbation (Bárcenas-Moreno et al., 2011; 
Jurburg et al., 2017). Therefore, the phenomenon that the soil samples switched from 
CH3Cl sources to sinks on the 7th day after Cu(II) application might be attributable to the 
re-habitation of methyl halide-consuming microbial communities which consume CH3Cl 
more readily than CH3Br given ambient concentrations (Zhang et al., 2012). On the other 
hand, the depletion of Cu(II) may also contribute to the decline of CH3Cl and CH3Br 
production. Hence, CH3Cl and CH3Br were produced again when another 10 ml of CuSO4 
was added on the 9th day, although the CH3Cl production rate increased by only about 17 
± 6% of the day 1 emission rate. 

 

 

Figure 4.4 (a) Methyl chloride (CH3Cl) and (b) methyl bromide (CH3Br) 
production rates from live and autoclaved soil samples under different 
amendments: (a) 10 ml of deionized water was added; (ii) 10 ml of 50 mM H2O2 
was added; (iii) 10 ml of 50 mM CuSO4 was added; (iv) 5 ml each of 50 mM H2O2 
and 50 mM CuSO4 at were added. Each incubation had two replicates (n = 2). 

 
The addition of H2O2 to soils also enhanced methyl halide production in both live 

and autoclaved soils (Figure 4.4). However, the observed enhancements in emissions were 
not as large as those caused by the addition of Cu(II) to soils. The addition of H2O2 
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amplified the effect of Cu(II) on CH3Cl and CH3Br production in both live and autoclaved 
soil samples (Figure 4.4). Compared to experiments with Cu(II) addition only, the 
amendment of both H2O2 and Cu(II) increased the production rates of CH3Cl and CH3Br 
(despite only half of the copper addition) by 8.1 folds and 94.9 folds, respectively, in live 
soils; and by 4.9 folds and 1.2 folds, respectively, in autoclaved soils. The effect on methyl 
halide production enhancements from the combination of H2O2 and Cu(II) was also much 
larger than H2O2 only despite having only half of the H2O2 addition. It is postulated that 
the combination of Cu(II) and H2O2 produced hydroxyl radicals (•OH) (Perez-Benito, 
2001), which is a powerful, nonspecific oxidant agent. Subsequently, the •OH radicals react 
with both organic compounds and/or halide ions to enhance the copper-mediated reaction 
to form volatile organochlorine compounds, such as CH3Cl and CH3Br. 

 

Figure 4.5 Methyl chloride (CH3Cl) and methyl bromide (CH3Br) production over 
time from different chemical mixtures: (a) 10 ml each of 10 mM catechol, 20 mM 
KCl, 50 mM H2O2, and CuSO4 at concentrations of 0 mM, 10 mM, 20 mM, 30 mM, 
40 mM and 50 mM; (b) 10 ml each of 10 mM catechol, 20 mM KBr, 50 mM H2O2, 
and CuSO4 at concentrations of 0 mM, 10 mM, 20 mM, 30 mM, 40 mM and 50 
mM; (c) 10 ml each of 10 mM catechol, 20 mM KCl, 50 mM CuSO4, and H2O2 at 
concentrations of 0 mM, 10 mM, 20 mM, 30 mM, 40 mM and 50 mM; (d)  10 ml 
each of 10 mM catechol, 20 mM KBr, 50 mM CuSO4, and H2O2 at concentrations 
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of 0 mM, 10 mM, 20 mM, 30 mM, 40 mM and 50 mM. Each incubation had two 
replicates (n = 2). 

 
4.4.2 Model reactions with catechol 

Catechol (benzene-1,2-diol) is often used as a model substance of monomeric 
phenols that are commonly formed during the microbial degradation of many naturally 
occurring and anthropogenic aromatic substances, and it is regarded as a precursor of soil 
humic substances (Butenschoen et al., 2009). Hence, catechol was used to elucidate abiotic 
chemical reactions, in the absence of soil microbes, or complex soil organic matter in soils 
that may be chemically altered during the autoclaving process. 

Water solutions containing only catechol (10 mM), KCl or KBr (20 mM), CuSO4 
(50 mM) and H2O2 (50 mM) produced large amounts of CH3Cl and CH3Br (Figure 4.5) 
associated with abrupt color change from clear to brownish. Emission rates increase with 
increasing concentrations of CuSO4 (Figure 4.5a and 4.5b) and H2O2 (Figure 4.5c and 
4.5d). However, the omission of any one of these four species prevented significant 
formation of CH3Cl or CH3Br (Figure 4.5). The solutions change color to a dark brown 
with the addition of both CuSO4 and H2O2 to the catechol/halide mixture, with visible 
precipitates (Figure 4.7). A range of organic and inorganic compounds are detected in this 
mixture (Table 4.2).   

A series of trace-addition experiments was designed to further test the essentiality 
of Cu(II) and H2O2 in the formation of CH3Cl and CH3Br. As shown in Figure 4.6, a 
mixture of catechol, KCl/KBr, and either CuSO4 or H2O2 was incubated for 90 minutes, 
and at the 91st minute, 1 ml of either 50mM CuSO4 or 50mM H2O2 was injected into the 
mixture, which was further incubated for another 90 minutes. Before the 92nd minute, the 
clear solution became yellowish. A rapid accumulation of CH3Cl or CH3Br was also 
observed after the injection of the fourth compound, further proving that both Cu(II) and 
H2O2 were involved in this mechanism of methyl halide production. 
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Figure 4.6 Methyl chloride (CH3Cl) and methyl bromide (CH3Br) production over 
time from (a) a mixture of 10 ml each of catechol at 10 mM, KCl at 20 mM, and 
CuSO4 at 50 mM; (b) a mixture of 10 ml each of catechol at 10 mM, KCl at 20 mM, 
and H2O2 at 50 mM; (c) a mixture of 10 ml each of catechol at 10 mM, KBr at 20 
mM, and CuSO4 at 50 mM; (d) a mixture of 10 ml each of catechol at 10 mM, KBr 
at 20 mM, and H2O2 at 50 mM. As indicated in the plot, 1 ml of H2O2 or CuSO4 at 
50 mM was injected into the mixture at the 91st minute. Each incubation had two 
replicates (n = 2). The brownish background color also represents the color change 
of the chemical mixtures. 



 71  

 

Figure 4.7 Pictures of the chemical mixtures after 2 hours of reaction at room 
temperature (~20° C). The configurations of the chemical mixtures were: (A1) 10 
ml 10 mM catechol (benzene-1,2-diol), 10 ml 20 mM KCl, 20 ml H2O; (A2) 10 ml 
10 mM catechol, 10 ml 20 mM KCl, 10 ml 50 mM H2O2, 10 ml H2O; (A3) 10 ml 
10 mM catechol, 10 ml 20 mM KCl, 10 ml 50 mM CuSO4, 10 ml H2O; (A4) 10 ml 
10 mM catechol, 10 ml 20 mM KCl, 10 ml 50 mM H2O2, 10 ml 50 mM CuSO4; 
(B1) 10 ml 10 mM catechol, 10 ml 20 mM KBr, 20 ml H2O; (B2) 10 ml 10 mM 
catechol, 10 ml 20 mM KBr, 10 ml 50 mM H2O2, 10 ml H2O; (B3) 10 ml 10 mM 
catechol, 10 ml 20 mM KBr, 10 ml 50 mM CuSO4, 10 ml H2O; (B4) 10 ml 10 mM 
catechol, 10 ml 20 mM KBr, 10 ml 50 mM H2O2, 10 ml 50 mM CuSO4. 

 

4.4.3 Sunlight effect 

The experiments described so far showed that the addition of CuSO4 invokes a 
positive methyl halide flux from the soil to the air, indicating possible production of methyl 
halides from the reaction with CuSO4. However, CuSO4 alone does not drive this reaction 
forward significantly; rather, Cu(II) works in conjunction with other oxidizing agents, such 
as H2O2, to increase the rate of methyl halide production.  

In natural ecosystems, the formation of H2O2 in the water or soil results principally 
from exciting humic substances by UV radiation of sunlight (Clark et al., 2009; Zhang et 
al., 2012). Therefore, light experiments were conducted with both catechol and guaiacol to 
test a potential photochemical pathway involving ambient sunlight. Results showed rapid 
production rates of CH3Cl and CH3Br occurred when the chemical solutions with Cu(II) 
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were exposed to sunlight (Figure 4.8). The omission of either Cu(II) or sunlight exposure 
yielded little to no production of CH3Cl and CH3Br, indicating a likely photochemical 
production pathway.  

 

 

Figure 4.8 Methyl chloride (CH3Cl) production over time from mixtures of 10 ml 
each of (a) catechol or (b) guaiacol at 10 mM and KCl at 20 mM. For subsample 
(i), 10 ml of CuSO4 at 50 mM was added; subsample (ii) was exposed to sunlight 
for three hours before the start of the incubation; and subsample (iii) was both 
exposed under sunlight as (ii) and 10 ml of CuSO4 at 50 mM was added. In order 
to compare the effect between Cu (II) and Fe (III), another subsample of guaiacol 
had 10 ml of Fe2(SO4)3 at 50 mM added. The inset plot in (b) shows the comparison 
between the effect of Cu (II) on catechol and guaiacol on an enlarged scale. Each 
incubation had two replicates (n = 2). 

 

4.4.4 Methyl halide production in seawater 

Seawater produced relatively small amounts of CH3Cl or CH3Br under dark or light 
conditions, in comparison to the copper addition treatment. The treatment, with both copper 
sulfate amendment and exposure to ambient sunlight showed the greatest positive average 
flux for both CH3Cl and CH3Br (Figure 4.9), while samples undergoing other treatments 
displayed relatively smaller fluxes. Similar to the results of model compound incubations, 
CH3Cl and CH3Br productions were contingent upon the presence of both Cu(II) and 
sunlight. 



 73  

 

Figure 4.9 (a) Methyl chloride (CH3Cl) and (b) methyl bromide (CH3Br) 
production rates from the ocean water under different treatments: (T1, n = 2) 
seawater incubated under ambient sunlight; (T2, n = 5) seawater incubated under 
dark condition; (T3, n= 7) seawater with Cu (II) amendment incubated under dark 
condition; (T4, n = 4) seawater with Cu (II) amendment incubated under ambient 
sunlight. 

Considering the greater CH3Cl and CH3Br flux measurements in samples with 
copper sulfate and sunlight, the implication of sunlight as a driver for the reaction is highly 
plausible. Many anthropogenic pathways for copper discharge to the oceans exist, with 
copper leaching from boat antifouling paint and aquaculture nets, copper residue from 
automobile brake pads in urban runoff being the primary routes, atmospheric aerosol 
deposition (Davis et al., 2001; Mahowald et al., 2018). Therefore, this study revealed a 
previously unaccounted for, primarily anthropogenic driven methyl halide source from the 
interaction of copper, sunlight and dissolved organic matter. 

A few studies have proven the importance of UV irradiation in the production of 
methyl halides (Liu et al., 2020; Moore, 2008; Richter & Wallace, 2004; Yang et al., 2020). 
For example, it is reported that UV irradiation can catalyze the reaction between dissolved 
organic carbon and chlorine in seawater to generate CH3Cl (Moore, 2008; Yang et al., 
2020), based on experiments using artificial ultraviolet irradiation (λ = 254 nm). However, 
it is noted that solar UV radiation with such a short wavelength would have been absorbed 
by stratospheric ozone before it can reach ecosystems on earth’s surface. Therefore, the 
pathway proposed in the previous study (Yang et al., 2020) would be plausible in sewage 
treatment industries only, instead of natural environments. In our sunlight experiments, the 
UVB (280 < λ < 315 nm), UVA (315 < λ < 400 nm), and photosynthetic active radiation 
(PAR) were attenuated by about 75%, <1%, and 23%, respectively (Table 4.1) by the glass 
container, suggesting that emissions may be even higher under natural conditions.  
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Table 4.1 Temperature, UVA (315 < λ < 400 nm), UVB (280 < λ < 315 nm) and 
photosynthetic active radiation (PAR) intensities inside and outside the Manson jar 
during the light treatment experiments (n = 10). 

Attribute Outside Inside Unit Ratio 
[in/out] 

Temperature 23.14 ± 2.29 27.05 ± 1.33 [°C] 1.17 
Ultraviolet A 19393.2 ± 2.0 19393 ± 1.8 [mW m-2] 1.00 
Ultraviolet B 126.6 ± 18.52 31.0 ± 5.8 [mW m-2] 0.24 
PAR 1273.0 ± 114.2 985.0 ± 139.3 [μmol m-2 s-1] 0.77 

 

4.4.5 Reaction with guaiacol and Fe (III) 

It has been established that Fe(III) (Keppler et al., 2000) or UV254 irradiation (Yang 
et al., 2020) can foster the reaction between guaiacol and chloride ions to produce CH3Cl, 
and the only byproduct of this reaction was 1,2-benzoquinone. The aromatic ring remained 
intact in this process (Scheme 4.1).  

 

 

Scheme 4.1 Presumed reaction pathway of guaiacol and halide ions to form methyl 
halides (Keppler et al., 2000; Yang et al., 2020). 

 
To compare halogenation rates between this study with catechol and Cu (II) and 

previous studies with guaiacol and Fe (III), parallel experiments were conducted with 
guaiacol and Fe (III) as well. As shown in the inset plot of Figure 6B, the mixture of 
guaiacol, KCl, and Cu (II) showed a higher production rate of CH3Cl than catechol, which 
may be attributed to the cleavage of ×CH3 radical from the methoxy group of guaiacol. The 
bond dissociation energy (BDE) required to cleave the ×CH3 radical from the methoxy 
group of guaiacol is approximately 247 kJ/mol, the least within the structure. In 
comparison, the carbon bonds within the aromatic ring could possess up to 611 kJ/mol of 
BDE. Accordingly, the ×CH3 radical from the methoxy group of guaiacol, rather than other 
aromatic humic substances without methoxy structures, such as catechol, is more readily 
available to the formation of volatile halogenated compounds through nucleophilic attack 
of Cl-.  
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Scheme 4.2 Presumed degradation pathway of catechol in the conditions of Fenton-
like or Photo-Fenton reactions to form carbon dioxide (Pracht et al., 2001), carbon 
suboxide (Huber et al., 2007), trihalomethanes (Huber et al., 2009), methyl halides, 
chloroethene and other chloroalkanes (Keppler et al., 2002, 2006), chloroethene, 
chloroethyne (Keppler et al., 2006),  chlorinated acetic acid (Althoff et al., 2014; 
Fahimi et al., 2003), furan (Huber et al., 2010; Krause et al., 2014), and muconic, 
formic, acetic, oxalic, malonic, fumaric and maleic acids (M’hemdi et al., 2012; 
Pracht et al., 2001; Studenroth et al., 2013; Zazo et al., 2005). X represent Cl, Br 
and I (assumed). 

 
To compare halogenation rates between this study with catechol and Cu(II) and 

previous studies with guaiacol and Fe(III), parallel experiments were conducted with 
guaiacol and/or Fe(III) as well. As shown in the inset plot of Figure 6B, the mixture of 
guaiacol, KCl, and Cu(II) actually showed a higher CH3Cl production rate in comparison 
to the mixture of guaiacol, KCl, and Fe(III). The mixture of guaiacol, KCl, and Cu(II) also 
showed a higher production rate of CH3Cl than the mixture with catechol, which may be 
attributed to the cleavage of ×CH3 radical from the methoxy group of guaiacol. The bond 
dissociation energy (BDE) required to cleave the ×CH3 radical from the methoxy group of 
guaiacol is approximately 247 kJ/mol (Nowakowska et al., 2018; Yang et al., 2017), the 
least within the structure. In comparison, the carbon bonds within the aromatic ring could 
possess up to 611 kJ/mol of BDE. Accordingly, the ×CH3 radical from the methoxy group 
of guaiacol, rather than other aromatic humic substances without methoxy structures, such 
as catechol, is more readily available to the formation of volatile halogenated compounds 
through nucleophilic attack of Cl-.  
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The mechanism involved in the production of methyl halides from catechol, which 
has no such methoxy group, must follow a different pathway, whereby the aromatic ring is 
fractured to provide carbon radicals. Studies have found furans (Huber et al., 2010; Krause 
et al., 2014), oxalic acid (Studenroth et al., 2013), chloroethyne (Keppler et al., 2006), and 
other organic acids (M’hemdi et al., 2012) (such as formic acid, muconic acid, maleic acid, 
malonic acid and acetic acid) as byproducts of the Fenton-like reactions of catechol.  

This study found this process also produced chloroform (CHCl3) and CO2 (Table 
4.2), the same as a previous study (Pracht et al., 2001; Huber et al., 2009). The formation 
of volatile methyl halides suggested this reaction produced ×CH3 radicals. While the nature 
of the intermediates is unknown, it was suggested that Fenton-like or photo-Fenton 
reactions resulted in multiple ring-opening reactions of catechol (Scheme 4.2), which 
facilitated the formation of multiple volatile compounds and halogenated organic carbon 
when halide ions were present. 

 
Table 4.2 Other products detected from the mixture of 10 ml each of 10 mM 
catechol (benzene-1,2-diol), 20 mM KCl, 50 mM CuSO4 and 50 mM H2O2 after 2 
hours of reaction, by TOF-MS-ES-, and magnet EI+. The soluble phase was first 
extracted by CH2Cl2. 

Method products phase 
laser absorption CO2 gaseous  
GC/MS Chloroform (CHCl3) gaseous 
magnet EI+  furan soluble  
magnet EI+  tetrahydrofuran soluble  
magnet EI+  dibutyl phthalate soluble  
magnet EI+  2-ethyl-1-hexanol soluble  
magnet EI+  2,4-bis(1,1-dimethylethyl)-phenol soluble  
magnet EI+  1-(2-hydroxy-6-methoxyphenyl)-ethanone soluble  
magnet EI+  4’-hydroxy-2,2-dimethylpropiophenone soluble  
magnet EI+  2,2’-methylenebis[6-(1,1-dimethylethyl)4-ethyl-phenol soluble  
magnet EI+  7,9-dit-ert-butyl-1-oxaspiro (4,5) deca-6,9-diene-2,8-dione soluble  
TOF MS ES- CuKS2 precipitate 
TOF MS ES- Cu2S2 precipitate 
TOF MS ES- CuKS2O8 precipitate 
TOF MS ES- Cu2S2O8 precipitate 
TOF MS ES- C7H6Cu3K2S3 precipitate 
TOF MS ES- C6H2O5Cu3K2S1 precipitate 

 
This could also potentially help explain the phenomenon observed from the 

experiments of live and autoclaved soil that the same amount of Cu(II) addition would 
trigger a higher production rates of methyl halides from the autoclaved soil. The 
degradation of labile and resistant organic matter respond similarly to increasing 
temperature (Fang et al., 2005). Thermal decomposition of catechol and other aromatic 
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compounds also produces a range of C1–C6 products, suggesting the existence of thermal-
facilitated ring-opening reactions (Furutani et al., 2017; Lomnicki et al., 2008; Ormond et 
al., 2018). Hence, it is speculated that autoclaved soil had more non-aromatic carbon 
fragments, which reacted more readily in the production of halogenated volatile 
compounds. 

 
4.4.6 Implications 

This study presents a novel mechanism of methyl halide formation, especially in 
agricultural fields or water bodies where large amounts of copper pesticides and fungicides 
were presented. This suggests a strong anthropogenic influence on the abiotic production 
of methyl halides. Copper sulfate and other copper-based pesticides have been used widely 
for algal management in rice fields as well as to manage aquatic products in both 
conventional and organic agriculture (Flemming & Trevors, 1989).  

This report suggests that the impact of anthropogenic copper-based applications on 
atmospheric CH3Cl, CH3Br depends on several factors, including sunlight intensity, 
temperature, soil properties, including organic matter content and structure, and halide 
content.  However, a rough quantification using the molar ratio between Cu(II) amendment 
and CH3Cl and CH3Br produced in the live soil experiments suggests that the global 
agricultural usage of copper(II) sulfate may yield emissions of CH3Cl and CH3Br more 
than 22.6 ± 6.3 Gg year-1 and 6.9 ± 6.2 Gg year-1, respectively. Therefore, the distribution 
of copper compounds on agricultural fields or copper-containing runoff in coastal or 
marine systems may have large potential to emit methyl halides. It may alter the local 
atmospheric composition of methyl halides and account for an important part of the missing 
global sources of atmospheric methyl halides. 
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Chapter 5. Conclusion and suggestions for future research 

This dissertation presents three case studies investigating and quantifying the 
emission of halogenated volatile organic compounds (HVOCs) from some natural 
ecosystems impacted by human activities. Despite the reduced anthropogenic production 
and emission of the ODS included in the Montreal Protocol, some natural ODS sources, 
especially those involving ecosystems increased by climate change or anthropogenic 
activities, may offset some of the achievements on atmospheric halogen load reductions 
and delay the recovery of stratospheric ozone. 
 
5.1 Major findings of this dissertation 

 

Figure 5.1 A conceptual drawing of chloroform (CHCl3) and methyl chloride 
(CH3Cl) fluxes from the gradient of the coastal ecosystems subject to seawater 
intrusion induced by storm surge and sea level rise.  

 
In the coastal southeastern United States, large areas of tidal freshwater forested 

wetlands (over 200,000 hectare) represent an intriguing and understudied type of 
ecosystem. Their position occupying low-lying, coastal areas makes them susceptible to 
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global climate change phenomena, such as storm surges, sea level rise and associated 
saltwater intrusion. As a consequence, acute and chronic exposure to different levels of 
salinity has readily converted some tidal freshwater forested wetlands to degraded forested 
wetlands, and to salt marshes eventually. Chapter two described a series of HVOC flux 
measurements along a salinity gradient across the transect of coastal ecosystems in South 
Carolina: freshwater forested wetland, oligohaline degraded forested wetland and 
mesohaline salt marshes. The degraded forested wetland showed significant CHCl3 
emission rates and remained a net CH3Cl sink and a negligible CH3Br source/sink, unlike 
the saltmarsh which was a significant source for both. Assuming the annually averaged 
fluxes of CHCl3 (146 ± 129 nmol m–2 d–1) and CH3Cl (−90 ± 61 nmol m–2 d–1) observed in 
this study are representative of coastal degraded forested wetland for the continental United 
States (1.7 × 1011 m2), it is estimated that −0.46 ± 0.05 Gg CH3Cl and 1.06 ± 0.15 Gg 
CHCl3 are breathed in and out of these ecosystems each year. Sea level rise and frequent 
storm surges derived from global climate change, in the long term, may increase CHCl3 
emissions from coastal degraded forested wetlands and of methyl halides if salt marshes 
expand, with potential impacts for stratospheric ozone depletion. 

Rapeseed (Brassica napus) is quantified as the second largest natural terrestrial 
source of CH3Br, following salt marshes. In addition, CH3Cl and CH3I production rates, 
two ODS species with shared biogenic production pathways as CH3Br, had not been 
measured prior to this work. Increasing demand for canola oil has led to increased 
cultivation area and harvest mass of B. napus globally since 1961. Chapter three describes 
measured life-cycle fluxes of CH3Cl, CH3Br and CH3I from B. napus (cultivar: Empire) 
with static-chamber enclosures. The results suggested that B. napus emitted 5.3 ± 1.3 Gg 
CH3Cl year−1, 2.8 ± 0.7 Gg CH3Br year−1, and 4.0 ± 0.8 Gg CH3I year−1 as of 2018, which 
constitute a significant biogenic source of methyl halides to the atmosphere. The 
geographic distribution of B. napus production is mainly in mid-latitudes in the Northern 
Hemisphere; thus, it represents an important CH3Br source which probably contributes to 
the skewed latitudinal profile of atmospheric CH3Br. Assuming the future global 
production of B. napus follows the same rate of increase as the past 60 years, the 
atmospheric sources of CH3Cl, CH3Br and CH3I may increase to 13.1 Gg year-1, 7.0 Gg 
year-1, and 9.8 Gg year-1, respectively by 2050, becoming an ever-larger global source.  

In both modern conventional and organic agriculture, copper(II) sulfate is widely 
used as an active ingredient in fungicides, herbicides and algaecides. Roughly 2.3 × 1011 
kg of copper(II) sulfate were used as fungicide, herbicide, or pesticide in 2020 worldwide, 
in addition to smaller quantities of other copper compounds. Chapter four explored the 
effect of Cu (II) on CH3Cl and CH3Br production from organic matter in soil, ocean water 
and model organic compounds. The CuSO4, in conjunction with either hydrogen peroxide 
(H2O2) or solar radiation, significantly enhanced CH3Cl and CH3Br production rates from 
the soil or ocean. Thus, this study identifies a new pathway of abiotic methyl halide 
production occurring in agricultural fields and water bodies that can result from the 
widespread application of Cu(II)-based pesticides, herbicides and fungicides. A rough 
quantification suggests this mechanism may yield CH3Cl and CH3Br emissions of 22.6 ± 
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6.3 Gg year-1 and 6.9 ± 6.2 Gg year-1, respectively, and account for a significant part of 
their missing sources. It also suggests that what is currently considered organic produce 
may have significant atmospheric impacts. 
 

 

Figure 5.2 A conceptual drawing of potentially ubiquitous production of methyl 
halide from agricultural soils catalyzed by ambient sunlight and human applied 
copper-based pesticides, fungicide, and herbicides (photo credit: Yingying Cai, 
Wanying Zhang). 

 
5.2 Problems unsolved and suggestions for future work 

The conclusion of chapter two suffers from the limited number of measurements 
conducted in coastal forested ecosystems subject to seawater intrusion induced by storm 
surges and sea level rise. Therefore, a long-term and spatially extended measurement 
network would better quantify the extent of spiked halocarbon productions and evaluate its 
impact on atmospheric compositions of halocarbons. Chapter two also proposed an abiotic 
pathway of CHCl3 production in soil based upon experiments autoclaving soil samples. It 
is noted that this method may also alter the biogeochemical properties of soil, such as 
organic matter content and structure, moisture, when deactivating enzymatic and microbial 
activities. Other sterilization techniques, such as γ-irradiation, NaN3 addition, should be 
utilized to completely rule out the microorganisms’ roles in CHCl3 production in soil. 
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In chapter three, life-cycle emissions of methyl halide with respect to B. napus was 
quantified using static-chamber measurements and soil incubations. It captured the 
variations of methyl halide emission rates associated with the life cycle of B. napus and 
quantified CH3Cl and CH3I fluxes for the first time. However, static-chamber enclosures 
introduce perturbations on microenvironments, such as temperature, sunlight, wind 
velocity and ambient gases concentration, which may influence biogenic methyl halides 
emission rates. Relaxed eddy accumulation (REA) or eddy covariance (EC), would provide 
direct in situ methods of flux measurement at ecosystem scales, and would be ideal to 
reduce these potential uncertainties. In addition to B. napus, Brassica genus plants in 
general showed the potential to emit high amounts of methyl halides as suggested by 
previous in vitro studies. Therefore, more measurements of methyl halides flux could be 
conducted with other Brassica species, such as cabbage (B. rapa), broccoli and cauliflower 
(B. oleracea), mustard (B. juncea), and different cultivars. These vegetables are also under 
growing demands and may potentially become ever-larger sources of methyl halides. 

Chapter four identified a novel and ubiquitous copper(II)-mediated production 
pathway of methyl halides from organic matter in soil or seawater, which could account 
for a significant part of their sources. Though the chemicals used in the laboratory 
incubations (e.g. copper (II) sulfate) are identical to commercially used copper(II) sulfate, 
this study still lacks field-based measurements to quantify the influence of copper(II) 
catalyst at actual dosage level and frequency. Field-based long-term measurements of 
methyl halide emission should be conducted to determine the differences between 
copper(II) and non-copper(II) amended agricultural fields or water bodies in the future to 
evaluate its global impact on atmospheric composition of methyl halides. The mechanism 
at the molecular level for ring-opening of aromatic carbon catalyzed by copper(II) to 
produce methyl halides is still unknown. It may be unveiled by tracing carbon flows with 
isotopic labelling studies.  
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