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A series of laboratory-based incubations using a stable isotope tracer technique was applied to measure
the net and gross fluxes of CH3Cl and CH;Br as well as the net fluxes of CHCl; from surface soils of the
Sacramento-San Joaquin Delta of California. Annually averaged flux measurements show that these
mineral/oxidized peat soils are a net source of CH;Cl (140 4 266 nmol m2 d~') and CHCl; (258 +
288 nmol m~2d™"), and a net sink of CH3Br (—2.3 + 4.5 nmol m—2d™"). Gross CH;Cl and CH3Br fluxes
are strongly influenced by both soil moisture and temperature: gross production rates of CH;Cl and
CH;3Br are linearly correlated with temperature, whereas gross consumption rates exhibit Gaussian
relationships with maximum consumption at soil moisture levels between 20 and 30% volumetric water
content (VWC) and a temperature range of 25 to 35 °C. Although soil moisture and soil temperature
strongly affect consumption rates, the range of gross consumption rates overall is limited (—506 +
176 nmol m—2 d~! for CH3Cl and —12 + 4 nmol m2 d~! for CH3Br) and is similar to rates reported in
previous studies. CHCIl; fluxes are not correlated with methyl halide fluxes, temperature, or soil
moisture. The annual emission rates of CHCI; from the Sacramento-San Joaquin Delta are found to be
a potentially significant local source of this compound.

1. Introduction sources and sinks. Resolving this budget uncertainty is essential
to more accurately determine their atmospheric lifetimes and to
quantify their ozone depletion potentials (ODPs).

The ODP of a halocarbon is determined by the quantity of
halogens that reaches the stratosphere, depending on their
atmospheric transport and chemistry.* The loss of methyl halides
in the troposphere is caused by biological degradation in the
ocean, soil, and/or vegetation surfaces and by oxidation

Halogens (e.g., chlorine and bromine) are minor constituents in
the Earth’s atmosphere but are major participants in the catalytic
destruction of stratospheric ozone.'* Among the naturally
occurring halocarbons (albeit with significant anthropogenic
contributions), methyl chloride (CH;Cl) and methyl bromide
(CH3Br) are the most important, contributing about 16% of the

total st.ratossp heric Cl and 50% O.f the total stratosp heric_: Br, with hydroxyl radicals. Microbial and abiotic consumption
respectively.® Chloroform (CHCl;) is the second largest carrier of -, 541 has the largest uncertainty with an estimated range of 100—
natural Cl in the troposphere after CH;Cl, contributing to the 1600 Gg yr' for CH;CI5¢ and 32-154 Gg yr' for CH;Br.#
reactive chlorine burden in the troposphere and to ozone

destruction in the stratosphere.® The global budgets of atmo-
spheric CH3X (X = Cl and Br) and CHCl; have many uncer-
tainties, especially regarding the magnitude of their natural

Improving the accuracy of atmospheric lifetimes necessitates
better estimates of soil-driven methyl halide consumption.
Methyl halide consumption rates vary for different ecosystems
and depend on soil characteristics.® Four terrestrial biomes
(temperate forests, woodlands, shrublands, and grasslands) are
Department of Geography, University of California at Berkeley, 540 estimated to account for over 70% of the CH;Br soil sink.® All of
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Environmental impact

Flooded peatland is a known source or sink of atmospheric halocarbons. The peatland fluxes for halocarbons are altered following
drainage and subsequent conversion to pasture. Measuring methyl halides and chloroform fluxes from drained peatland soils at the
Sacramento-San Joaquin Delta of California will help to determine the potential shift in halocarbon fluxes that can occur following
this major hydrological shift. The study also identified major controls on the emission or consumption rates.
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process.® Studies of soil microbial activity found that methyl
halides may be degraded in aerobic condition by either meth-
anotrophs'®™'! or non-methanotrophic bacteria.'*** Nitrifying
bacteria also degrade methyl halides via ammonia mono-
oxygenase' and additions of ammonia fertilizers stimulate
consumption by agricultural soils.*®

Dimmer et al.*® found that Irish peatlands were a source of
CHj;Cl, CH;3Br, and CHCIl; under both aerobic and anaerobic
conditions, with global peatland extrapolations of 0.1-151.9 Gg
yr=t, 0.1-3.3 Gg yr!, and 0.9-43.4 Gg yr~!, respectively.
Northern Alaskan tundra studies'’” revealed higher uptake rates
of CH;Cl and CH;Br in the drained tundra and very low uptake
rates in the flooded tundra. High latitude peatland measurements
at Abisko, Sweden'® showed small net uptake of CH;Br and net
emission of CH;Cl. That study, along with another study in New
Hampshire, USA' suggested that the uptake rates of CH3Br in
peatlands (representing wetlands more broadly) are smaller than
those of upland, drier ecosystems. Another study by Zaccone
et al.* suggested that most of the Br present in peat (ca. 40%) was
immobilized by humic acid molecules, i.e., a recalcitrant fraction
of the organic matter that acted as a geochemical sink of this
element. Peatlands are a significant source of CHCI;, but their
emission rates have large spatial and temporal heterogene-
ities.’®*! In sum, these prior studies have demonstrated that the
role of peatlands as a source or sink of CH3Cl, CH3Br, and
CHCI; depends on climate and degree of waterlogging.

In the context of land use change, an important unknown is
how peatland fluxes for these halomethanes are affected
following drainage and subsequent conversion to pasture.
Surface soils will become drier and more aerobic, and this top
layer may dominate the surface-atmosphere exchange of halo-
methanes.? In the San Joaquin-Sacramento River Delta, most of
the peatland area (2978 km?) was drained by 1930 and converted
for agricultural use,* resulting in land surface subsidence of peat
soils. Measuring methyl halides and CHCI; fluxes from these
lands will help determine the potential shift in halocarbon fluxes
that can occur following this major hydrological shift. Because
subsiding islands in the San Joaquin-Sacramento River Delta
may be converted back into wetlands as a means of restoring lost
carbon and subsiding land mass,? it is also important to estab-
lish flux measurements in its current non-flooded state. To
address this, we conducted a one year study of methyl halide
(CH;Cl and CH3Br) and CHCI; fluxes from surface soils at
a drained temperate peatland pasture in California to charac-
terize the spatial and temporal variability of the major natural
fluxes of volatile halomethanes. Net fluxes (of CH;Cl, CH;Br,
and CHCl;) and gross fluxes (of CH3;Cl and CH3Br) were
measured using laboratory-based incubations of soil cores
collected monthly from the site. When conducted at field mois-
ture and temperature, intact soil core incubations can represent
in situ soil behavior for halomethane fluxes, both in terms of
magnitude of fluxes as well as relationship to soil moisture.?**

2. Materials and methods
2.1 Field site

The study site is located on the southern part of Sherman Island
(38°02'13""N, 121°45'15”"W), a peatland pasture on the west side

of the Sacramento-San Joaquin River Delta and near the city of
Antioch, California. The Delta surface was drained in the mid-
1800s,>>*¢ forming an agricultural area including over 100
islands and tracts surrounded by 2250 km of man-made levees
and 1130 km of waterways.?” Sherman Island (42.5 km?) is one
of these islands and is currently below mean sea level (elevation
—7 m),?® surrounded by levees, and sectioned with drainage
channels.

The regional climate is characterized as Mediterranean, with
cool, wet winters and hot, dry summers.?® Mean annual
precipitation and surface temperature is approximately 325 mm
and 15.6 °C, respectively.?® Over 80% of the average annual
precipitation occurs from November through March.?? The
surface soils are dry during the warm months of the year but
can be muddy during the cool winter months. At Sherman
Island, the top 0.3 to 0.9 m of soil is a highly compacted,
oxidized, and decomposed peat layer, which overlies a 1.5 to
2.9 m thick unoxidized peat layer.** Sherman Island is partially
comprised of some marsh deposits from San Francisco Bay, and
the peats were derived from decaying marsh vegetation.?' Peat
accumulation at this site started about 7000 years ago at a rate
just sufficient to keep up with the average postglacial sea-level
rise of about 0.2 cm per year.?® However, currently only an
estimated 34 to 41% of the original peat column remains after
drainage led to primary subsidence (settling and compaction of
peat) and decades of secondary subsidence (microbial oxidation
of peat).’® The upper layer of soil at the part of Sherman Island
where this work was conducted is now largely mineral soil,
classified as clay loam according to gravimetric hydrometer
methods. -3

The field site is relatively flat and predominantly covered
(~85-90%) by perennial pepperweed (Lepidium latifolium L.)
with a small portion of C; grass (mouse barley; Hordeum
murinum L.). The remaining part (~10-15%) was characterized
by bare soil surface. New shoots of pepperweed generally
appear in mid-March and persist until the end of October.** The
abundance and phenology of pepperweed is important in
regulating net ecosystem exchange of carbon dioxide at this
site.?® It is assumed that the sunlight is attenuated under the
pepperweed canopy, causing soil moisture to be higher beneath
plants relative to bare patches of soil. Recently large areas of
Sherman Island have been used for irrigated pasture land for
grazing cattle.

2.2 Soil core collection

At sites dominated by L. latifolium, three soil cores (17.81 cm?
surface area, 116.6 mL volume, 0 to 5 cm depth) spaced ~100 m
apart on a rough north-south transect were collected each month
from June 2009 to May 2010 immediately after surface vegeta-
tion was removed. In each outing, the first core (Core 1) was
taken at the north end of the transect, which was more sparsely
vegetated than the middle (Core 2) and south (Core 3) end of the
transect. Surface soil cores were collected using a soil corer (AMS
Inc., American Falls, ID), placed in aluminum sleeves with
a fitted metal base and then stored at 1 °C for 5-15 days until
further experiments could be performed. The average Sherman
island soil temperature (at 5 cm depth) during collection was
194 + 7.3 °C.
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2.3 Soil core incubation

To prepare for the flux measurements, the collected surface soil
cores were individually placed in glass Mason jars (1.9 L)
partially submerged in a temperature controlled water/ethylene
glycol bath at 20 °C (Model 1180S, VWR International, West
Chester, PA, USA) at least 24 h prior to the first incubation.
Three sets of incubations were conducted on each of the three soil
cores collected per outing over the course of several days. To
investigate temperature effects on gross production and
consumption rates, additional studies were conducted on the
three soil cores collected in August 2009. The volumetric water
contents (VWCs) of these soils were 14%, 21%, and 23%. These
cores were incubated through an increasing range of tempera-
tures (10 °C, 15°C, 20 °C, 25°C, 30 °C, and 35 °C) while holding
their moisture levels constant.

Before the start of each incubation, the headspace was flushed
with ambient air for approximately 30 s. The jar was then sealed
with a Teflon wrapped Viton o-ring and a stainless steel lid.
Within a few seconds of sealing, a 40-50 mL mix of 70 ppb
BCH;CI, 7 ppb *CH;Br, and 65 ppb CFC-113 in nitrogen was
injected into the headspace through a septa in the lid using a gas
tight syringe (Hamilton Company, Reno, NV, USA), resulting in
respective headspace concentrations of roughly 2800-3500 ppt,
300-350 ppt, and 2800-3500 ppt. 10-15 mL air samples were
withdrawn from the headspace at three different incubation
times (3, 33, and 63 min) and were analyzed immediately by
quadrupole GC-MS (gas chromatograph/mass spectrometer).
Further descriptions of the soil core incubation technique can be
found in Teh et al **

After the incubations, the soil cores were oven dried at 105 °C
overnight to determine gravimetric water content and soil bulk
density (measured as weight of the soil/corresponding volume of
the core size). Using these parameters, volumetric soil moisture
was then calculated for each core. A portion of each dried soil
core sample was homogenized, separated the coarse particles
with 40 mesh sieve, and then total carbon and total nitrogen
contents of 20 mg of fine particle soil were determined using
a Carbon-Nitrogen analyzer (NC2100, Carlo Erba Instruments,
Milan, Italy). The total carbon measured in soils from Sacra-
mento-San Joaquin islands accurately approximates the organic
carbon content, as the peat and underlying mineral soils both
consist of less than 0.4% carbonate on average.** All 36 soil
samples were analyzed in duplicate to assess the precision of the
method. Atropine was used as the calibration standard, with
known amounts analyzed every 10 samples to monitor instru-
ment drift.

2.4 Air sample analyses

The concentrations of the analytes were quantified using GC-MS
(Agilent 6890N/5973). The custom built inlet system utilized dual
cryotrapping: the first trap was a 1/8" stainless steel U-tube
packed with HayesepD cooled with an ethanol-liquid N, mixture
(=70 °C), and the second trap was a narrow bore 1/16” stainless
steel U-tube cooled with liquid N, (—196 °C). Analytes were
desorbed from the second trap at 100 °C under helium flow
(1.4 ml min~") and then transferred to the GC, which separated
the compounds with a 60 m long, 1.4 pm thickness film DB-VRX

capillary column (J&W Scientific Inc., Folsom, CA, USA). The
GC oven temperature was held at 30 °C for 348 s, then was
ramped up at a rate of 25 °C min~! to 180 °C over 6 min and held
at 180 °C for 8.2 min. Details of the custom inlet system and air
analyses can be found in Rhew ez al.”

Four isotopologues of CH3;Br (*CH;™Br, "“CH;*Br,
BCH3"Br, and CH3* Br; m/z = 94, 96, 95 and 97, respectively)
and of CH;Cl (*CH;3*Cl, ?CH;*'Cl, “CH3*Cl, and *CH;"Cl,
miz = 50, 52, 51 and 53, respectively) were quantified using
selective ion monitoring mode. To correct for peak enhance-
ments due to ion fragmentation, separate runs of a ppb-level
BCH;Br and "“CH;Cl gas mixture were conducted to charac-
terize the ion fragmentation ratios.> A whole air working stan-
dard (SIO-2005 scale) was used for calibration curves and for
monitoring instrumental drift. For this study, instrumental
precision (1o) based on daily standards after applying drift
corrections were 3% for both CH3;Cl and CH3;Br and 5%
for CHCls.

2.5 Flux calculation

Net fluxes were calculated by applying a linear least squares fit of
the measured mole fraction of analytes versus time, and then
multiplying the slope by the number of moles of air in the
incubation jar. The soil surface area was also included in the
calculation for measuring the flux per unit area. Net flux errors
were calculated by propagating the standard error on the slope
with the measurement uncertainty of sample volume, tempera-
ture, and pressure. Gross fluxes were calculated using a stable
isotope tracer technique in which the concentration of *CH;X
and “CH;X were both plotted against time and subjected to an
iterative procedure to determine the best fit of concentration
changes to a gross production and gross consumption box
model.3 Loss rates of "“CH3X represented biological and
chemical consumption as well as any physical loss of the
compounds from the incubation chamber. The physical loss was
quantified using the inert tracer CFC-113. Gross consumption
rates were calculated by multiplying the first order rate constants
with seasonally averaged background concentrations in
Northern Hemisphere air between 1998-2001 (10.4 ppt for
CH;Br and 535.7 ppt for CH3Clref.37 and the number of moles
of air in the jar. These background concentrations were chosen to
compare results with prior studies,?35:36:38 although it should be
noted that the uptake rates can be applied to different time
periods by scaling the fluxes to recent tropospheric concentra-
tions. Gross and net fluxes are reported as negative for uptake,
positive for production. Unless otherwise specified, fluxes are
reported in units of nanomoles per square meter per day
(nmol m~2d~"). For each monthly set of measurements, the fluxes
are reported as the average + 1 s.d. (1 o) of nine separate flux
values (three surface soil core experiments x three replicate flux
measurements).

2.6 Modeling soil consumption fluxes versus soil moisture and
temperature

To model the effect of soil moisture or temperature on
consumption rates, we apply a Gaussian distribution model, as
used in Varner et al.®
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(T, VWC) = aexp<_0.5 y <<VWfb>2+<Tgf)z)>

()

where C is the modeled consumption rate, VW is volumetric
water content, 7 is the soil temperature in °C and a, b, ¢, f, and g
are the constants to determine iteratively by least squares
regression. When either 7 or VW C were held constant, the term
representing that parameter in the regression fit model becomes
a constant. Thus, for analyses performed for different VIWC at

_f

T
the same temperature, the | ——= | term was fitted as a constant
g

d for all VWC:

c(vwe) = aexp<—0.5>< ((VWS_b)2> +d>, 2)

and the constants [a b ¢ d] are iteratively solved. Similarly, at
constant VW, the fitted curves represented Gaussian distribu-
tions in the form:

a(T) = aexp<—0.5 X <h+ (TT_f)z>) (3)

and the constants [a h f g] are determined.

3. Results

Sherman Island soils acted as an overall net source for CH;Cl
and CHCI; with annually averaged fluxes of 140 4 266 nmol m~2
d~!and 258 + 288 nmol m~ d~', respectively. At the same time,
soil samples were a net sink for CH;Br with averaged fluxes of
—2.3 +4.5nmol m~2d~". The monthly net flux measurements of
CH;Cl, CH;Br, and CHCIj; for the soil core incubations are
shown in Table 1, along with temperature, total carbon, total
nitrogen, and soil moisture.

Temporal variability in fluxes only partially accounts for the
large standard deviations around the annually averaged net
fluxes of CH3Cl, CH;Br, and CHCl;. Spatial variability of fluxes
was also large among the three regions where the cores were
taken. For example, the annual averaged net fluxes of CH3Cl for
cores 1, 2, and 3 were 369 + 430, 37.1 £ 154, and 12.4 4+ 286 nmol
m~2 d7', respectively. For CH;3Br, the observed average fluxes
were 1.8 + 4.8, —3.7 £+ 4.6, and —5.1 £ 3.8 nmol m2 d!,
respectively. For CHCls, the observed average fluxes were 123 +
134, 499 + 834, and 159 + 247 nmol m~2d ', respectively. There
are significant differences of CH3Cl and CH;Br fluxes between
cores 1 and 2 (t-test, t = 2.52, p=0.0196 for CH3Cland t = 2.87,
p = 0.009 for CH;Br) and between cores 1 and 3 (t = 2.39, p =
0.0257 for CH5Cl and t = 3.88, p = 0.0008 for CH3Br). However,
there is no significant difference between core 2 and core 3 flux

Table 1 Net fluxes of CH3Cl, CH;Br and CHCI; for annual (from June 2009 to May 2010) soil core experiments

Soil Temp at Soil Total Soil Total Volumetric water CH;Cl CH;Br CHCl;
Date Core Scm (°C) C (%) N (%) content(%) nmol m~ d~! nmol m~> d~! nmol m~— d™!
23 June 09 1 38.8 +2.1 6.4+04 0.48 £+ 0.02 9.5 572 £ 82 55+22 19.9 £ 8.1
2 26.8 + 1.7 155+03 1.34 £ 0.02 234 —62.4 + 346.9 3.6 +34 18.2 £ 6.7
3 332+0.3 17.8 + 0.6 1.34 + 0.04 13.8 —-5.1+73.7 —62+5.5 853 + 493
23 July 09 1 27.5+04 9.7+0.3 0.75 £ 0.02 7.0 408 + 74.0 5.0+0.6 329 + 156
2 232 +0.7 164+ 1.3 1.39 £ 0.11 16.6 71.0 + 89.0 22+40 150 +£97.3
3 29.3+4.5 9.8 +£0.03 0.69 + 0.00 20.4 —280 + 29.8 -7.5+5.1 57.9 + 36.7
22 Aug 09 1 28.1 £0.3 7.1 £0.1 0.53 £+ 0.01 13.8 1203 + 132 7.1+£26 51.2 +49.5
2 26.8 +£0.9 9.6 +£0.04 0.75 £+ 0.00 21.0 —141 +£ 67.9 —134+25 162 + 147
3 272 £ 1.1 9.1+0.2 0.66 £ 0.01 22.7 —62 + 98.7 —5.0+£4.0 224 + 120
25 Sep 09 1 25.5+0.7 5.7+ 0.01 0.43 £ 0.00 18.1 296 + 72.7 52+23 94+ 1.6
2 246+ 14 8.0+0.3 0.60 + 0.03 20.4 —258 + 51.9 —-52+38 342+ 229
3 240 £0.8 120+ 0.3 0.90 £+ 0.02 24.4 —201 £+ 44.8 -3.0+£0.2 67.2 +40.8
23 Oct 09 1 20.6 £ 1.0 11.7 £ 0.06 0.90 + 0.00 40.5 721 £+ 145 1.5+ 1.1 146 + 36.8
2 19.6 £ 0.4 19.2 £ 0.6 1.74 + 0.05 34.7 63.1 +42.3 —48+1.9 634 + 141
3 20.3 £0.8 13.8 £ 0.1 1.06 £ 0.02 42.8 503 £ 137.6 -51+19 58.6 +12.9
22 Nov 09 1 123+0.2 93+0.2 0.71 £ 0.02 28.0 1050 + 569 99+59 103 £+ 109
2 12.7 £ 0.1 8.3 +£0.01 0.60 + 0.01 339 185 +90.6 -9.3+0.6 833 4+ 226
3 128 £0.5 11.2 £ 0.01 0.85 £ 0.00 327 617 + 182 —51+£22 116 + 83.2
19 Dec 09 1 10.8 £ 0.1 6.0 + 0.1 0.46 + 0.01 47.1 58 +42.8 —0.1 £0.7 279 + 8.9
2 11.3£0.3 9.6 £0.1 0.72 £ 0.00 46.0 49.9 £+ 56.3 —-0.8 £0.9 145.2 £ 39.7
3 11.3 +£0.1 9.0 £0.2 0.67 £ 0.01 38.2 106 £+ 27.1 —0.8 £ 1.7 401 + 210
24 Jan 10 1 83+0.2 6.0 +£0.03 0.44 + 0.00 41.5 —-34+314 -22+14 431 + 344
2 8.6+0.3 15.8 £ 0.01 1.29 £ 0.00 53.8 —-794 £ 124 -28+1.8 3004 + 1198
3 85+03 16.3 £ 0.2 1.32 £ 0.02 53.8 —749 + 84 —09+12 82+50
28 Feb 10 1 13.0 £ 0.8 12.8 £ 0.1 1.03 £+ 0.01 52.1 —16.1 £934 —2.0 +£4.6 588 +5.6
2 142 £0.8 13.4 £ 0.1 1.08 + 0.01 49.1 3.8 +45.1 -26+14 32.6 £ 15.5
3 143+ 1.8 133 +£0.3 1.06 + 0.02 55.3 —81.0 £ 24.1 —-25+1.7 29 +8.6
27 Mar 10 1 15.0 £ 0.2 10.6 £ 0.04 0.82 £ 0.00 25.6 958 £44.3 -73+£24 193 + 88.5
2 159 +£0.3 251+04 2.33 £0.03 29.0 203 +£ 115 —-53+£29 288 + 72.7
3 178 £ 09 7.7+0.2 0.53 £+ 0.01 28.3 —339 + 72.8 —147+14 144 +28.2
25 April 10 1 17.1 £0.2 7.1 +£0.1 0.54 + 0.01 329 1.7 + 35.1 0.6 +1.3 11.2 + 4.6
2 193 +£0.7 14.3 £ 0.1 1.13 £ 0.01 31.0 140 £+ 53.5 —4.6 £3.8 925+ 194
3 204 + 1.7 128 £0.2 1.00 £ 0.00 324 27.7 £23.1 -7.7+0.5 86.1 + 61.9
24 May 10 1 19.7 £ 0.4 58+0.1 0.41 £ 0.01 16.6 95.9 £ 339 —-14+£20 91.9 £ 51.8
2 19.0 £ 0.7 124 £ 0.2 0.96 + 0.02 18.0 269 + 45.1 —1.9+£20 593 +£59.8
3 19.5+0.5 109 £ 0.2 0.79 + 0.02 21.7 —61.8 +£19.7 —-2.7+0.2 33.0 + 39.8
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values (t = 0.262, p = 0.7943 for CH;Cl and t = 0.794, p = 0.436
for CH3Br). The t test also shows that there are no significant
differences of CHCI; fluxes between the cores (t = 1.54, p =
0.1372 for core 1 and core 2, t = 0.443, p = 0.6612 for core 1 and
core 3, and t = 1.35, p = 0.1893 for core 2 and core 3).

To explore the seasonal variability, net flux averages were
determined for three seasonal periods: the dry season (May to
August), the wet season (December to February), and the
intermediate moist season (March to April and September to
November). Soil moisture averaged 48.6 & 4.3% VWC in the wet
season, 16.8 + 2.6% in the dry season, and 30.3 + 6.7% in the
intermediate moist season. Total carbon and nitrogen contents
of the soil were very similar in magnitude for three different
seasons (%C: 10.9 £ 2.1, 11.4 + 2.8, and 11.8 £ 2.8, respectively
and %N: 0.84 £+ 0.19, 0.89 £ 0.24, and 0.94 £ 0.28 respectively).

Net CH;Cl fluxes were dominated by emission in the dry
season (167.1 4 118.4 nmol m—2 d~') and intermediate moist
season (207.2 £ 299.1 nmol m—2 d '), and by consumption in the
wet season (—9.9 + 56.4 nmol m~2 d~'). In contrast, net CH;Br
fluxes were dominated by consumption in all seasons: —1.7 4 1.6,
—1.6 £ 1.0, and —3.7 £+ 3.2 nmol m~? d~! for dry, wet, and
intermediate moist seasons, respectively. Unlike CH;Br, net
CHCI; fluxes were dominated by emissions in all three seasons,
with average emission rates in the dry season (214.8 + 65.9 nmol
m~2 d') and in the intermediate moist season (179.1 + 135.4
nmol m~2 d™') roughly half compared to the wet season (444.2 +
582.1 nmol m~2d"). Despite the seasonal variability, positive net
fluxes of CHCl; and negative net fluxes for CH3;Br were observed
throughout the year.

For both CH3Cl and CH;Br, the gross production and gross
consumption fluxes were of similar magnitude, demonstrating
how in each case the net fluxes are the sum of these two
competing processes. Averaged gross production and consump-
tion fluxes of CH;Cl were 779 4+ 507 and —506 £ 176 nmol
m~2 d-!, respectively. Averaged gross production and
consumption fluxes of CH3Br were 6.9 + 3.7 and —12.1 +
4.0 nmol m~2 d™', respectively (Fig. 1). This near balance of
opposing gross fluxes produced variable net fluxes and was the
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Fig.1 Annual gross and net fluxes of CH;Cl and CH;Br of soil samples
collected from Sherman Island from June 2009 to May 2010. Here Month
1 is January and Month 12 is December. White circles (O) represent
gross consumption rates, black circles (@) represent gross production
rates, and gray triangles (A) represent net fluxes. Each point represents
the average + 1 s.d. (1 o) of 9 separate flux values (3 surface soil core
experiments x 3 replicate flux measurements).

reason why evaluating environmental controls on net fluxes
proved to be challenging. In this case, seasonality affected both
gross production and consumption fluxes in a similar way. Both
production and consumption rates of CH3Cl and CH;Br were
relatively high during the intermediate moist season (CH;Cl:
1084 4 637 versus —636 & 116 nmol m~2 d~', CH3Br: 7.9 £ 5.2
versus —15.1 &+ 2.5 nmol m~2 d~'); moderate during dry season
(CH;CI: 748 + 158 versus —513 4+ 115 nmol m~2 d-!, CH;3Br:
7.3 + 2.8 versus —11.8 £ 3.1 nmol m > d'); and relatively small
during the wet season (CH3Cl: 312 £ 54 versus —280 4+ 69 nmol
m~2d~!, CH3Br: 4.8 £ 0.5 versus —7.3 + 2.2 nmol m~2d"). These
shifts in gross fluxes by season were presumably driven by soil
temperature and water content, which will be discussed shortly.
Gross production and consumption rates of CH;Cl and CH;3Br
showed no statistically significant correlations to soil total
carbon and total nitrogen contents.

Flux correlations between CH;Cl and CH3Br were relatively
weak for net flux (r* = 0.4), moderate for gross production
flux (r> = 0.51), and strong for gross consumption flux (r* = 0.97,
p < 0.0001) (Fig. 2). The molar ratio of the gross consumption
rates of CH;Cl and CH;Br was 44 : 1. The net fluxes of CHCl;
(for which gross fluxes were not measured) did not correlate with
the net fluxes of either CH3Cl or CH;Br.

The gross production of CH3Cl and CH;Br did not show any
correlation to soil moisture (data not shown), but the gross
consumption rates of CH3Cl and CH3Br did appear to be
influenced by soil moisture (Fig. 3). The gross consumption rates
increased sharply at soil moistures from air dry to 20% VWC,
with maximum rates observed between 20% and 30% VWC, and
gradually decreased rates higher than 30% VWC. The constant
temperature Gaussian models with the best goodness of fit had [a
b c d] values of [1.3 27.8 13.7 0.2] for CH3Cl and [1.6 28.7
14.1 0.1] for CH;3Br. The Gaussian models, however, showed
a poor fit (r> = 0.39 for both CH;Cl and CH;Br) owing to 8
instances of unusually high uptake rates at low soil moistures.

Gross production rates of CH3;Cl and CH;Br showed a posi-
tive linear correlation with temperature in the temperature
manipulation experiment (Fig. 4). Among the three cores
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Fig.2 Gross and net fluxes of CH;Cl versus CH3Br. Black outline circles
(O) represent gross production rates, gray outline circles (O) represent
gross consumption rates and gray filled triangles (A) represent net fluxes.
The dotted line and equations are for the linear regression between gross
consumption of CH3;Cl and CH;Br only.
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where shown. White circles represent dry season, gray circles represent
intermediate moist season, black circles represent wet season. The solid
line is the Gaussian curve.

studied, the driest (14% VWC) showed the highest production
rates of CH5Cl (1345 + 837 nmol m~2 d~") and CH;Br (13.8 +
8.9 nmol m~2 d'), with good correlations with temperature
(r* = 0.79, p = 0.003 for CH3Cl and r* = 0.68, p = 0.01 for
CH;Br). Lower production rates were observed in the two wetter
(21-23% VWC) cores (averaged 659 + 418 nmol m—2 d~! CH;Cl
and 4.0 + 2.1 nmol m2 d~' CH;Br). Because of the poor gas
diffusivity through water-filled pore spaces, it is not unusual for
moist soil to have smaller emissions of soil produced gases to the
atmosphere than dry soil.

In contrast to the production rates, the effect of temperature
on gross consumption rates was more pronounced on the wetter
cores than the drier core. In fact, gross consumption rates were
relatively small for the drier soil core and exhibited no obvious
trend (Fig. 4).

The consumption responses for moist soil cores with VWC
21% and 23% were greatly influenced by temperature changes;
the maximum consumption rates of CH3;Cl and CH;Br were
observed at 30 °C for both cores, declining at higher tempera-
tures (Fig. 4). Thus the mechanism by which methyl halides are
consumed in dry soil required a minimum level of soil moisture,
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Fig. 4 Gross production and consumption rates of CH;Cl and CH;Br
versus soil temperature for 3 soil core studies from the August outing.
Squares (1, m) represent core 1 (VWC 14%), Circles (O, @) represent
core 2 (VWC 21%) and triangles (A, A) represent core 3 (VWC 23%). All
black symbols represent production and white symbols represent
consumption. The dashed lines are for linear regression between CH;Cl/
CH;Br production flux and soil temperature and the solid lines are for the
Gaussian curve between CH;ClI/CH;Br consumption flux and soil
temperature.

consistent with the observed relationship for gross consumption
versus VWC (Fig. 3).

The Gaussian models with the best goodness of fit for gross
CHj;CI consumption as a function of temperature (eqn (3)) had
[a h f g] constants of [2.3 32.5 18.4 6.4] and [2.0 34.5 16.0 5.8]
for VWC 21% (r> = 0.94, p < 0.0001) and 23% (1> = 0.93,
p = 0.0001), respectively. The best fits for gross CH;Br
consumption versus temperature were [6.2 29.3 15.4 1.5] and
[4.132.8 14.2 1.5], for VWC 21% (r* = 0.94, p < 0.0001) and 23%
(r* = 0.83, p < 0.002), respectively.

4. Discussion

The surface (0—5 c¢cm) soil core incubations in the current study
represent the fluxes of methyl halides and chloroform expected
between the top of the oxidized peat layer/mineral soils and the
atmosphere, excluding the vegetation. An important uncertainty
is the role of the deeper unoxidized peat layer in terms of halo-
methane gas production or consumption. However, a study
conducted on a nearby drained peatland in the Sacramento-San
Joaquin Delta showed that laboratory based incubations of
surface soil cores yield similar magnitudes of CHCI; fluxes as
field flux chamber measurements conducted at the same sites
where the cores were collected.®® If the underlying unoxidized
peat layer played a significant role in ecosystem emissions, the
field measurements of CHCl; should yield very different results
from the laboratory based incubations. For the current study, we
assume that the top compacted layer of the peatland pasture
dominates the surface-atmosphere exchange of methyl halides
and chloroform whereas the deep underlying peat layer has
minimal effect on their emission/consumption. This assumption
will be further explored in a separate study of flux chamber
measurements conducted on Sherman Island; however, that
study, which focused on the role of vegetation, is beyond the
scope of the present work.

The consumption of CH3Cl and CH;3Br apparently occurs
through a mutual mechanism, as illustrated by the strong
correlation in gross uptake rates. In addition, the molar ratio of
gross consumption rates (44 : 1 for CH5Cl : CH3Br) is similar to
a variety of nearby ecosystems in California, including annual
grassland,*® oak-savanna woodland,”® and a rice field also
located in the Sacramento-San Joaquin Delta.’® The lack of
correlation between net CHCI; fluxes with either CH;Cl or
CH;Br suggests that CHCI; was not produced or consumed
through the same mechanisms as CH;Cl and CH3Br.

Since the consumption of CH3Cl and CH;Br in soils normally
occurs through oxidation by soil bacteria,®*° the consumption
response to temperature and soil moisture change should be
significant when outside an optimum range. The results of the
soil moisture and temperature manipulation experiments shows
that both temperature and soil moisture are interdependent in
their effects on the consumption rates of CH3Cl and CH;Br, with
maximum consumption occurring between 20-30% VWC and
25-35 °C soil temperature. A previous study*! using agricultural
soils also showed a maximum consumption of CH3Br at 25%
VWC. Previous studies®**' also showed variation of CH;Br
consumption with temperature, with maximum uptake rates
between 25 and 40 °C and much lower uptake rates between 5
and 15 °C. It is unclear whether temperature or soil moisture play
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a larger role in regulating gross uptake rates, although it should
be noted that the range of uptake rates in specific soil cores
between 10 and 35 °C is much smaller than the range of uptake
rates observed between cores with different soil moistures. Soil
moisture appears to be a much more dominant environmental
factor than soil temperature in controlling biological uptake
rates in an oak savannah in California,> which also experiences
a Mediterranean climate.

The production of CH3Cl and CH;3Br in soils could be the
result of biotic (e.g., through biosynthesis of halogenated
metabolites by bacteria** and through fungal processes*® asso-
ciated with litter and/or plant roots*) or abiotic (e.g., oxidation
of organic matter in the presence of iron and halide ions can
produce methyl halides*’). In this study, the source of emissions
remains as yet undetermined. The higher emissions of both
CH;Cl and CH;3Br at the end of the dry season (October-
November) may be a result of increased amounts of decompos-
ing plant material providing more substrate for fungal growth.
However, the linear increase of gross production in relation to
temperature may be more consistent with abiotic production
mechanisms.*®

The emission of CHCI; from drained pasture in the Sacra-
mento-San Joaquin Delta of California was found higher in the
wet season compared to dry season. This finding supports the
Simmonds et al?' observation of higher CHCI; emission in
saturated peatland soil and is consistent with a recent study of
drained peatland soil at nearby Twitchell Island rice field*® which
also showed that these soils can act as a source of CH;CL.

The high humic substances content in peat soils*” may stimu-
late positive net fluxes of chloroform. The chloroform produc-
tion may be mediated by chloroperoxidase enzymes that can
catalyze the oxidation of inorganic chlorine in the presence of
humic substances and hydrogen peroxide.*® Microorganisms
producing halide-oxidizing exo-enzymes can produce HOCI
which can react with soil organic matter to produce CHCl;.*
Also natural abiotic formation of CHCI; in soils has been
demonstrated in laboratory incubations of organic rich soils and

organic substances believed to be constituents of humic
substances.*

At the best of our knowledge, there are no previous flux
measurements of halocarbons from peatlands that have been
artificially drained. Nevertheless, we can compare the Sherman
Island fluxes with other non-drained peatland studies (Table-2)
such as the rice field on Twitchell Island,*® temperate peatlands at
Mace Head, Ireland,'®*! temperate peatlands in New Hampshire,
USA, " sub-arctic wetland near Abisko, Sweden,'® and the Arctic
tundra in Alaska, USA' for a better understanding of the effect
that draining peatlands has on trace gas fluxes. The flooded
peatland studies at Mace Head Ireland showed higher net CH5Cl
and CH;Br emission rates than the wet peatland studies in
Sherman Island. The sub-arctic wetland at Abisko, Sweden also
showed higher net CH;Cl emission rates with higher emissions
observed at damp and dry condition.’® Because the Mace Head
and Abisko measurements were performed in a peatland with
vegetation, the plant species may have influenced the net emis-
sion of halocarbons from the ecosystem.

A comparative study of the fluxes with and without vegetation
in New Hampshire peatlands'® showed higher consumption of
CH;3Br in soil when there was no vegetation. In this study, the
competing production and consumption rates of CH3Cl and
CH;Br observed in temperate peatland soils are clarified through
the measurement of gross fluxes. In Sherman Island, gross
consumption of both compounds occurs throughout the year,
but gross CH3Cl uptake is often times outweighed by gross
production.

The annual CHCI; emission rate in this study is higher than
Arctic tundra and the Twitchell Island rice field, but lower than
Irish peatlands. The annual average CHCl; emission rate in the
study (258 nmol m~2 d™') is about half the rate observed by
Simmonds et al?' (585 nmol m—2 d!), perhaps because their
study measured fluxes from April to September, and fluxes were
averaged only over the active season.

In addition, these results give an indication of how net fluxes of
these halomethanes can be altered after temperate peatland

Table 2 Comparison of Sherman Island halocarbon net fluxes with other peatland soils. All fluxes are in nmol m=2 d~'

Site Season CH;Cl CH;Br CHCl; Reference
Sherman Island soil core, California, USA Dry 167 £ 118 —-1.7+t1.6 215 + 66 This study
Intermediate moist 207 + 299 —-37+32 179 + 135
Wet —9.9 + 564 —-1.6 £ 1.0 444 + 582
Twitchell Island rice field soil core, Wet —11.8 +20.8 0.5+ 0.7 10.0 £ 0.8 38
California, USA
Temperate peatlands, Mace Head, Ireland Flooded 287.5¢ 26.0¢ 105.6° 16
na na 88-2601 21
na na 458-687 51
Temperate peatlands, New Hampshire, Flooded na —40 to (+50) na 19
USA
Sub-arctic wetland, Abisko, Sweden Wet 76.0 na na 18
Damp 618 na na
Dry 295 na na
Overall 190 + 760 —63+5.1 na
Arctic wet coastal tundra, Alaska Drained —617 £ 43 —-9.84+09 245+ 4.6 17,24
Moist —483 + 77 —-86+13 74.3 £ 14.0
Wet —195 + 57 —2.1+1.6 51.2+10.4
Flooded —139+£39 1.1 £03 42+173

na = Data not available. “ Median values reported only.
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ecosystems are drained. The aerobic environment created in
a drained peatland pasture (Sherman Island) appears to promote
higher consumption rates of both CH3;Cl and CH3;Br which
would yield the observed differences in net fluxes compared to
undrained peatland ecosystems studies in New Hampshire,
USA" and Mace Head, Ireland.'®

5. Conclusion

The surface oxidized peat/mineral soils of the drained pasture in
the Sacramento-San Joaquin Delta are found to be net sources of
CH;Cl and CHCl; and a net sink of CH;3Br. Gross consumption
dominates over gross production for CH3Br in these soils. The
uptake rates of CH3Cl are not reflected in the net fluxes of CH3Cl
because gross production predominates over gross consumption
in these soils. Both gross production and consumption rates of
CH;Cl and CH;3Br during ‘shoulder seasons’ of intermediate
moisture were much larger than those observed during either the
dry or the wet months, presumably because dry conditions
inhibit biological activity while flooded conditions inhibit gas
diffusion in the soils. This is demonstrated by a Gaussian rela-
tionship between gross consumption rates of CH;Cl or CH3Br
versus soil moisture, with maximum uptake rates between
20-30%. Gross production and gross consumption rates gener-
ally increase with temperature between 25 and 35 °C, although
the effect of temperature on gross consumption is negligible
under relatively dry (i.e., 14% VWC) soil moisture conditions.
High net emission rates of CHCl; were observed, averaging
258 + 288 nmol m 2 d'. These rates were larger than most other
terrestrial ecosystems studied (e.g., temperate forests, shrub-
lands, saltmarshes and tundra) but were less than other peatland
ecosystems.
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