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ABSTRACT: Woodchip bioreactors(WBRs) are low-cost,passivesystemsfor
nonpoint source nitrogen removalat terrestrial−aquatic interfaces.The greenhouse
gases nitrous oxide (N2O) and methane (CH4) can be produced within WBRs,and
effortsto reduce N2O and CH4 emissionsfrom WBR systemsrequire improved
understanding ofthe biogeochemicaland physical−chemicalmechanisms regulating
their production,transport,and release.This study evaluates the impact oftrapped
gas-filled void volumesas sinksof dissolved gasesfrom water and assourcesof
episodic fluxes when water levels fall.Dissolved gas tracer experiments in a laboratory
bioreactor were used to parameterizenonequilibrium advection-dispersion-gas
transfer models and quantify trapping of gas-filled voids as a function of antecedent
hydrologicalconditions.Experiments following a water-levelrise revealed that up to
24% of the WBR pore volume wasoccupied by trapped gasphases,which were
primarily located in pore spaces inside woodchips.This finding was confirmed with X-ray-computed microtomography.N2O
(3.3−10%) and CH4 (4.3−14%) injected into the reactor following a water table rise partitioned into gas-filled voids and were
released when water tables fell.In the case of N2O, partitioning into trapped gas phases makes N2O unavailable for enzymatic
reduction,potentially enhancing N2O fluxes under fluctuating water levels.

1. INTRODUCTION
Approximatelyone-quarterof all nitrogen (N) applied to
terrestrial systems crosses the terrestrial−aquatic interface into
surface waters,1 making ecosystems atland-water boundaries
critical buffer zonesfor controlling N release to aquatic
environments.Environmentsat land-waterboundariesare
protected and/orengineered to enhance denitrification,the
biologically mediated reduction of nitrate (NO 3

−) to
dinitrogen (N2) through a seriesof obligate intermediates
including nitrous oxide (N2O).1−3 N2O is an important
greenhouse gasand ozone-depleting substance,so there is
broad interestin limiting N 2O emissionsfrom incomplete
denitrification so as to minimize tradeoffs between improved
water quality and inadvertent greenhousegas (GHG)
emissions.4−7 The production,consumption,and emission of
N2O from subsurface porous media environments is described
by the conceptual“hole-in-the-pipe”model, in which N 2O
“leaks” outfrom “holes” in the denitrification process pipe.8

Understanding of the complex processes that regulate the holes
in the denitrification process pipe,particularly the mechanisms
of water−air gas transfer,remains incomplete.

Woodchip bioreactors (WBRs) are sustainable systems that
promote denitrification atterrestrial−aquatic interfaces using
lignocellulosic woodchipsas slow-release sourcesof carbon
and as the electron donor for denitrifying biofilms colonizing
the woodchip surfaces.9,10 WBRs effectively removeNO3

−

from nonpoint sources including agriculturaldrainage,storm-
water runoff, and septic system effluent,10−13 and the U.S.

Departmentof Agriculture issued aNational Conservation
Practice standard for denitrifying bioreactors in 2015.
Although the complexprocessescontrolling spatiotemporal
variability in N2O emissions from WBRs and other environ-
ments are a topic of major research interest,1,14 the
contribution ofphysicalgas transportprocesses and water−
air mass transfer to variability in N2O emissions have received
relatively little attention.15−17

An important physicalcontrolon dissolved gas behavior in
porous media is the presenceof gas-filledvoids within
otherwise water-saturatedmedia.17−20 Sparingly soluble
dissolvedgasespartition into these trapped gas phases,
retarding their transport through porous media.18,21−23While
these partitioning processes have not,to our knowledge,been
studied in the context of N2O, the environmental implications
of these processesmay be significantbecause they remove
biologically active gases from microbialactivity and may lead
to “hot moments” oftrace gas fluxes when water levels drop
and trapped gases are liberated.Capillary trapping ofresidual
gas phases in porous media during imbibition is a function of
the pore size distribution,22 with smaller pore sizes associated
with greater entrapped gas volumes.20 The overallporosity of
WBRs ranges from 0.7 to 0.9 and consists of an interporosity
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(i.e.,the pore space between woodchips) of ∼0.5−0.6 and an
intraporosity (i.e.,pore spacesinside wood media) of0.2−
0.45.9,24,25The pore radii of wood media range from 50 nm to
500 μm, dependingon the tree species.26 The intrapore
structure ofwoodchips may actas an importantreservoir of
trapped gas phases in otherwise saturated WBRs because of the
smalldiameter of the pores.

The objective of this study was to explore the effects of gas-
filled void volumes on the fate and transport of dissolved gases,
particularly the biogenic GHGs N2O and methane (CH4), in
otherwise water-saturated WBRs.We hypothesize thatrising
waterlevels lead to entrapmentof gas phases inside WBRs,
either in the interporositybetween woodchipsor in the
intrapore structure within woodchips.Partitioning into gas-
filled voids removesgasesfrom microbial activity and can
triggerepisodic high flux eventswhen waterlevels fall,and
trapped gas phases are reconnected to the unsaturated zone.
Dissolved gas tracer experiments in a laboratory modelWBR
were interpreted using an advection-dispersion mass transfer
model to quantify the volume of gas-filled voids and first-order
rate coefficientsfor masstransferinto trapped gasphases.
Model parameters determined using biologically inerttracers
were used to simulateeffectsof bubble partitioning on
transport of N2O and CH4 and thereby separate the effects of
microbial consumption from mass transfer into gas-filled voids.
Complementary modeling and measurement of the recovery of
N2O and CH4 in the reactorheadspace (HS) during water
table drawdowns was used to evaluate the significance of these
partitioning processesfor episodic GHG fluxes.While this
research focuses on processes in WBRs,insights gained here
will be discussed in the broadercontextof biogenic GHG
transport through porous media environmentssubject to
hydrologicalvariability.

2. MATERIALS AND METHODS
2.1. Model Framework. Smallvolumes ofgas-filled void

spacein otherwisewater-saturatedmedia can retard the
transport of, and consequentlyserve as a reservoir for,
sparingly soluble trace gases.19,21 Prior research has demon-
strated the need for kinetically limited advection−dispersion-
masstransfermodels to effectively describedissolved gas
transport through porous media with trapped gas phases.18,27

Assuming the presence ofa single dissolved gas component
and a constantgas phasevolume, one-dimensionalnon-
equilibrium gas transport in the presence of gas-filled voids can
be described with a mobile−immobile interphase mass transfer
kinetic model,18 where the mobile phase describes the aqueous
component,and the entrappedgas phaserepresentsthe
immobile phase
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D is the dispersion coefficient[L2 T−1], v is the mean
porewater velocity [L T−1], cm is the solute concentration in
the mobile water phase [M L−3], and Vg/V w is the ratio of gas-
filled to water-filled pore volume [dimensionless].cg is the
concentration of gas in the immobile gas phase [M L−3], and
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H is the dimensionless air−water partition coefficient,and α
is a first-order mass transfer rate coefficient [T−1] that, in this

case, describes the diffusion-limited transfer of gas between the
mobile water phase to the trapped gas phase.Equation 1 can
be reduced to a dimensionless form (eq S5) used in analytical
modelsolutions.28

Studiesof nitrate reactive transportthrough WBRshave
found that roughly 25−33% of the water in WBRs is held as a
stagnant water volume within woodchips.9,29,30Gas-filled void
spacesmay be in either the mobile domain (i.e., the
interporosity) or stagnant domain (i.e., the intrapore
structure). In order to describe solute exchangebetween
mobile and stagnant domains,as wellas gas partitioning into
trapped gas phases in both domains,we also implement a dual
porosity model31
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θm and θim are the porosities ofthe mobile and stagnant
domains,respectively.cm and cim are solute concentrations in
the mobile and stagnant water phases,respectively,while cg,m
and cg,im are the gas concentrations in gas-filled voids in the
mobile and stagnantdomains,respectively.Vg,m/Vw,m and
Vg,im/Vw,imare the ratio of gas-filled to water-filled void space in
the mobile and stagnant domains,respectively.Equation 3 can
also be rewritten in dimensionlessform and implemented
using analyticalsolutions.28 The dimensionless form ofeqs 1
and 3 (eq S5) includes the retardation factor,R

R H
V

V
1 g

w
= +

(4)

Vg/Vw is a physicalproperty of the reactor and is therefore
independent of the gas,while R values are a function of H and
therefore vary with different gases (see Table S1 for H values
of gases examined in this study). A complete description of the
nonequilibrium models,including detailed description ofthe
dimensionlessvariables,is in the SupportingInformation.
Models are parameterized using dissolved gas tracer tests in a
laboratory WBR.

2.2. Reactor Design.A laboratory reactor (30 cm l× 20
cm h × 5 cm w) was constructed using a poly(vinylchloride)
frame and transparent polycarbonate siding with four inlet and
four outlet ports at the ends ofthe reactor to achieve quasi
one-dimensionalflow through the reactor(FiguresS1−S3).
The reactorface wasfitted with a planar optode (PreSens
GmbH, Regensburg,Germany) for dissolved oxygen (DO)
monitoring.The upper7.5 cm of the reactorwas separated
into three HS compartments fitted with butylstoppers for HS
gas sampling.

Ash (genus Fraxinus)woodchipswere obtained from a
lumber mill in Cayuta, NY and sorted to a maximum size of 2.5
cm × 2.5 cm × 1 cm.Woodchips were conditioned in a flow-
through reactorwith 0.32 mM NO 3

− for 9 months at a
hydraulicresidencetime of 24 h to promote denitrifying
biofilm formation on woodchips.The total porosity of the
bioreactorwas determined through thesummation of the
drainable porosity and the specific retention.9 The drainable
porosity, equivalent to the interporosity (θm), was calculated as
the volume ofwater drained from the reactor divided by the
total woodchip-packed reactor volume.The specific retention,
equivalent to the intraporosity (θim), was determined using the
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mass difference between wet and dry woodchips after 48 h at
105 °C.9

2.3. Dissolved Gas Tracer Tests. Tracer tests with
dissolved gasesas partitioning tracerswere performed to
estimate the volume of trapped gas phases in the bioreactor as
a function of antecedenthydraulic conditions,through the
parameterization of gas transport models.Recovery of gases in
the reactor HS after reactor drainage was used to evaluate the
contribution of gas partitioning into trapped gas phases to flux
events following water-leveldrawdowns.Abiotic experiments
were performed by inhibiting microbialactivity with 50 mM
sodium azide,32 with the purpose of quantifying the effects of
gas transfer processeson tracer mass balanceswithout
confounding microbial influences.Antecedent hydraulic
conditionsin the reactorwere classified as“transient”or
“static” (Table 1). Transient conditions involved reactor

drainage 36 h prior to the experimentalstart, and then a
water table rise of 12 cm/h immediately prior to the
experimentalstart.Static conditions were characterized by a
slower water table rise of1.7 cm/h at least 12 h prior to the
experimentalstart,with no flow untilthe tracer injection.

Tracer tests with three levels of complexity were performed.
The first and simplest case involved a set of abiotic,transient
experimentsin 1 mm glass bead media.These experiments
probed entrapment of gas-filled voids in a uniform media and
permitted comparison ofgas tracer-based Vg/Vw estimates to
existingmeasurementsof trapped gas volumesvia X-ray
microtomography.20 Second, transient and static abiotic
experimentswere performed in a woodchip-filled reactor.
These experiments quantified gas entrapmentin WBRs as a
function of antecedentconditions and allowed for the
validation oftechniques for simulating transport ofN2O and
CH4 based on parametersestimated from conservative gas
tracers.The third set of experiments(“biotic” experiments)
was conducted in microbially active woodchip media and was
used to separate the contribution ofmicrobialconsumption/
production ofgases from partitioning into trapped gas-filled
voids as sinks for CH4 and N2O in WBRs. Experimental
conditionsare summarized in Table 1.All conditionswere
tested in duplicate.

Step inputgas tracertests were performed by injecting a
tracer solution into the four inlet ports using a peristaltic pump
to achievesteady-stateflow with a calculatedhydraulic
retention time of 1.75 h. The tracer solution contained
dissolved N2O, CH4, C2H6, He, and SF6 as gas tracers and
bromide (Br−) as a nonvolatile,nonsorbing tracer (Table S1).
At the end of the experiments,the water table was lowered by
draining the reactor over a period ofapproximately 20 min.
Experimentswere conducted at 24 °C in a temperature-
controlled room.

2.4. Sampling and Chemical Analysis.Effluent samples
were collected to develop tracer breakthrough curves.Water
sampleswere collected with glasssyringes,transferred to
crimp-sealed vials,and analyzed via gas chromatography (GC)
(Shimadzu GC-2014 with AOC-5000 autosampler).Water
from the GC vials was analyzed for Br− on an ion
chromatograph (Thermo ICS-2100).

HS gas sampleswere collected using plastic gas-tight
syringes by injecting a known volume ofN2 into the sealed
HS through butylsepta,mixing the HS via syringe pumping,
and withdrawing the same volume of HS gas for GC analysis.
HS samples were collected during steady-state flow and for 3 h
after the reactor drainage.

2.5. Curve Fitting and Parameter Estimation. Ana-
lytical solutions28 for nonequilibrium transport models (eqs S3
and S8) were implemented in MATLAB to fitbreakthrough
curves in order to estimate reactor hydrodynamic properties
(v; D) and gas exchange parameters (Vg/Vw; α). The mobile−
immobile interphase mass transfer kinetic modelwas used to
fit breakthrough curves in the glass bead media,18,33while the
dualporosity modelwas used to modeltransport through the
woodchip mediabecauseof the significantvolume of the
stagnant water domain in the internalwoodchip pores.30 φm,
the mobile aqueous fraction,was fixed based on measurements
of θm and θim (see Section 2.2) and calculated as θm/(θ m +
θim). Bromide curveswere used to estimatev and D by
minimizing the sum ofsquared residuals (SSR) between the
data and modelfit. With v and D fixed,dissolved gas tracer
curves were fit by systematically iterating through values of α,
R, and Rm and identifying the parameter set that minimized the
SSR.R and Rm are the overallretardation factor because of
bubble partitioning and the retardation factorbecauseof
bubble partitioning in the mobile domain,respectively.Values
of R and Rm were utilized to determine Vg/V w and Vg,m/Vw,m
using eqs 4 or S10 and H for each gas (Table S1).

In biotic experiments, overall Vg/Vw values were taken as the
averageof the Vg/V w values estimated from the three
conservative gas tracers (He,SF6, and C2H6). Vg,m/Vw,m values
determined with C2H6 and SF6 were averaged to obtain an
estimate of Vg,m/Vw,m for nonconservative tracer gases.Helium
was excluded from this average ofVg,m/Vw,m as its diffusion
coefficient significantly varies from the diffusivities of N2O and
CH4. Gas-specific α values were taken as an average of α from
replicate abiotic experiments subjected to identicalantecedent
hydrologicconditions.The suitability of this approach for
modeling breakthrough curves was evaluated by using He and
SF6 breakthrough curves for modelparameterization and then
testing the simulated C2H6 breakthroughcurve against
measured C2H6 data.Helium and SF6 data from transient
biotic experiments were used to estimate overall Vg/Vw. In the
case of Vg,m/Vw,m, the parameter obtained for SF6 was used as
the estimatefor C2H6. C2H6 data from transient abiotic
experimentswere used to estimate α.The simulated C2H6
curve was in good agreement with C2H6 measurements (Figure
S4).

2.6. X-ray-Computed Microtomography. High-resolu-
tion X-ray-computed microtomography (μCT) wasused to
probe the internal pore structure of woodchip mediaand
quantify ratios ofwater-filled to gas-filled void space in the
woodchip intraporosity.Xradia Zeiss VersaXRM-520 was used
to capture three-dimensionalimagesof dry woodchipsand
woodchips that had been immersed in a 3% iodine solution for
either 8 h or one week.The dimensionsof the scanned

Table 1.ExperimentalDescriptions

media hydrology
water table rise

rate (cm/h) additionaldescription
glass beads transient 12.0 drained 36 h prior to

experiment
abiotic

woodchips
static 1.65 pore space flushed with CO2

prior to experiment
transient 12.0 drained 36 h prior to

experiment
biotic

woodchips
transient 12.0 drained 36 h prior to

experiment
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woodchips were approximately 3.5 × 2 × 5 mm,and iodine
was used to enhance phase contrast between the solution and
wood material. Projectionswere reconstructedto three-
dimensionalvolumes using Avizo Lite (version 9.7.0).Phase
segmentation was used to quantify ratios of gas-filled to water-
filled pore space by classifying voxels as air-filled pores,iodine-
filled pores,wood, or bulk iodine solution,using voxel(3-
dimensionalpixel) intensities in Avizo Lite.

3. RESULTS
3.1. Tracer Breakthrough Curves in Abiotic Con-

ditions. Tracer breakthrough curves in transientglass bead,
static woodchip,and transient woodchip experiments indicate
that dissolved gas breakthrough was retarded relative to the
bromide tracerbecause ofpartitioning into gas-filled voids
(Figure 1) (Table 2). Gases eluted in the order N2O, CH4,

C2H6, SF6, and He in the glassbead experiments,while in
woodchip experiments,gaseseluted in the order N2O, SF6,
CH4, C2H6, and He. Gas tracers were retarded to a greater
extent in the transient woodchip case (Figure 1C) compared to
the transientglassbead and static woodchip cases(Figure
1A,B).In transient glass bead and static woodchip cases,the
N2O breakthrough curve is nearly concurrentwith bromide,

while in the transientwoodchip case,N2O and bromide
breakthrough curves are clearly separated.Although SF6 has
the greatestH value and would experiencethe greatest
retardationunder equilibrium conditions (eq 4), helium
demonstrated the greatest retardation.

3.2. Model Parameters. From measured θm and θim values
of 0.59 and 0.31, respectively,φm was calculated as0.65,
similar to previously reported values.9,29,30Although there was
some variation in Vg/V w estimated by different gases in each
experimentalcondition,there was overallgood agreement for
Vg/V w. Consistent with visual observations of negligible bubble
entrapment in the reactor interporosity,Vg,m/Vw,m values were
an order of magnitude lower than overall Vg/Vw values (Table
S3),suggesting that most gas-filled voids were located in the
woodchip intraporosity and not in the interporosity.Transient
woodchip Vg/Vw estimates ranged from 0.15 to 0.28 and were
approximately twice the values in static woodchip experiments
and an orderof magnitude largerthan those in glassbead
experiments (Tables S2 and S3).

3.3. Mass Balances of Gases in Reactor Compart-
ments Inferred from Breakthrough Curve Analysis. Mass
balancesof N2O and CH 4 in abiotic static and transient
experimentswere generated based on breakthrough curve
analysis (Figure 3),with underlying calculations available in
the Supporting Information.In static woodchip experiments,
97−98% of injected N2O and 86−89% of injected CH4 are
exported from the reactor dissolved in the effluent. In transient
experiments,these valuesdecrease to approximately 92 and
80−81% for N2O and CH4, respectively.The balance ofthe
N2O and CH4 masseswas retained inside the reactor,
presumably in gas-filled voids.This approach does notallow
for disaggregation ofthe reactor-retained massinto specific
reactorcompartments(i.e., flux to the reactorHS during
steady-state flow conditions vs partitioning into trapped gas-
filled voids in the otherwise water-saturated zone).

3.4. Mass Balances of Gases in Reactor Compart-
ments through Direct HS Measurements. Direct measure-
ments of gas concentrations in the reactor HS before and after
the water table drawdown were used to determine the role of
different reactor compartments in gas retention. Gas
concentrationsin the HS before the watertable drawdown
were used to quantify the contribution ofdiffusive water−air
flux during steady-state flow. Fluxes to the HS during and after
the water leveldrawdown were assumed to represent gas that
had partitioned into gas-filled voids trapped below the water
level, which was then released when voids were reconnected to
the HS by the water table drawdown. The allocation of reactor-
retained gasesinto the HS and trapped gas-filled voidsis
summarized in Figure 3 (rightbar of each condition).The
tracer mass exported in the effluentwas estimated from the
breakthrough curve analysis.

Figure 1. Bromide and dissolved gas concentrations in the reactor
effluent (symbols) and modelfits (lines) for (A) a glass bead-packed
reactor; (B) an abiotic woodchip reactor with a static water table; and
(C) an abiotic woodchip reactor with a transient water table.Model
fits for (A) are generated using a mobile−immobile interphase mass
transfer kinetic model,and fits in (B,C) are generated using the dual
porosity nonequilibrium model. Duplicate experimentsin the
Supporting Information.

Table 2.Duplicate Experiment Physical Parameters

experiment v ×10−5 (m/s) D × 10−6 (m2/s) peclet #
glass beads 1 7.45 0.18 413.9
glass beads 2 7.67 0.22 348.6
abiotic,static 1 7.13 2.75 25.91
abiotic,static 2 6.40 3.80 16.84
abiotic,transient 1 7.88 2.19 36.00
abiotic,transient 2 7.06 4.81 14.67
biotic,transient 1 3.63 1.03 35.37
biotic,transient 2 3.84 1.01 38.18
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In static cases, gas transfer to the HS prior to the water table
drawdown represents 6.5−8.4 and 4.6−5.9% ofthe injected
N2O and CH4 mass,respectively.For transientcases,these
values decrease to 2.9−4.1% for N2O and 1.5−1.6% for CH4.
Partitioning into gas-filled voids accounts for 8.7−9.7% of N2O
and 7.2−7.9% ofCH4 mass in static cases.These values are

3.3−10 and 4.3−14% for N2O and CH 4, respectively,in
transientcases.Estimates ofretained mass based on effluent
breakthrough curves (gray componentof stacked bars) were
generally consistent with gas recovery in the reactor HS (sum
of the yellow and red components of stacked bars).Estimates
of retained N2O based on breakthrough curvestypically

Figure 2. Overall Vg/Vw estimated with dissolved gas tracer experiments in different media and antecedent hydrological conditions.The bar color
indicates the Vg/Vw estimation determined for each gas.Numbering indicates replicate experiments.

Figure 3.Mass balances ofN2O (A) and CH4 (B) in abiotic static and transient experiments.Masses are normalized to the totalmass (MT)
injected into the reactor. For each case, the left bar shows the mass balance inferred from breakthrough curve analysis, and the right bar represents
the mass balance based on headspace (HS) measurement before and after reactor drainage.Blue shading indicates effluent,gray shading indicates
retention in the reactor,red shading indicates mass in the HS before drainage,and yellow shading indicates mass released during reactor drainage.
Numbering indicates replicate experiments.

Environmental Science & Technology Article

DOI: 10.1021/acs.est.9b04829
Environ.Sci.Technol.2019,53, 14348−14356

14352



underestimated the massof N2O recovered by up to 16%,
while breakthrough curve-based estimatesfor CH4 typically
overestimated the massrecovered up to 13%.After reactor
drainage,gas masses in the reactor HS stabilized faster in the
glass bead case than in the woodchip cases (Figures S11 and
S12).

3.5. Tracer Breakthrough Curves in Biotic Conditions.
Comparison of simulated N2O and CH4 breakthrough curves
with observed N2O and CH4 breakthrough curves allows for
the contribution of microbial N2O and CH 4 production/
consumptionto be separatedfrom gas partitioning into
trapped gas-filled voidsas trace gassinks(Figure 4). The

measured N2O curve accounted for 51% ofthe totaleffluent
mass estimated by the simulated N2O breakthrough curve. The
divergence of these curves, beginning when DO concentrations
were ∼1 mg/L, illustrates the effect of microbial N2O
reduction on the hypoxic reactor.For CH4, measured mass
was 25% greater than effluent mass estimated by the simulated
CH4 breakthrough curve, indicating a microbial source of CH4.

3.6. Estimates of Woodchip Intraporosity and V g/Vt
with μCT. μCT was used to probe the internalpore structure
of woodchips immersed in 3% iodine solution for either 8 h or
one week (Figure 5).Phase segmentation analysis quantified
the gas-filled pore volume inside woodchips (Vg) normalized
by the totalwoodchip volume (Vt). Vg/V t was approximately
0.32 for a woodchip that had been immersed in solution for 8 h
and decreased to 0.09 for a woodchip that had been immersed
in solution for one week.Analysis of a dry woodchip yielded a
Vg/V t value of0.75,at the upper end ofpreviously reported
wood porosities.26

Vg/Vw estimates from transient tracer experiments,coupled
with measurementsof reactor θm and θim, correspond to
woodchip Vg/V t valuesduring experimentsof 0.34−0.57
(detailed calculations are available in Supporting Information).
Although the Vg/V t values inferred from gas tracer experiments
differ somewhatfrom the value determined with μCT,they
both support the interpretation that a significant fraction of the
woodchip intraporosity is gas-filled after approximately 8 h of
immersion in water.

4. DISCUSSION
4.1. Partitioning into Gas-Filled Voids in Glass Bead

Media. Transport ofdissolved gases through the glass bead-
packed reactor was retarded relative to the nonvolatile bromide
tracer because ofthe transfer ofgases from the mobile water
phase to trapped gas phases (Figure 1A).Fitting the mobile−
immobile interphase masstransferkinetic model to break-
through curves yielded Vg/Vw estimates of0.01−0.07,similar
to findings in Mohammadian et al.(2015),who used μCT to
determine Vg/V w values of 0.026−0.064 in a 1 mm glass bead
media.20 Geistlingeret al. reported Vg/Vw ratios of 0.013−
0.027 in glass bead media based on μCT analysis.22 Vulava et
al. (2002) used SF6 and krypton in a gas tracer approach to
estimate bubble entrapmentin sand columns.They found α
valuesfor SF6 of 9.31 × 10−5 to 7.19 × 10 −4 s−1 at pore
velocitiesof 0.01−0.04 cm/h18, similar to SF6 α values
determined here of 1.2 × 10−4 to 2.45 × 10−4 s−1 with a pore
velocity of 0.007 cm/h.While these and other studies19,21,33,34

have explored the role of residual gas-filled voids in
partitioning of inert tracersor oxygen,the presentstudy is
the first to our knowledge to address the effects of partitioning
processes for the transport ofN2O and CH4 and explore the
implicationsfor episodic fluxeswhen waterlevelsfluctuate.
Assumptions abouta single dissolved gas componentand a
constantgas phase volume may notnecessarily hold true in
these experimentalconditions.The use ofmultiple dissolved
gas tracersleads to a multicomponentsystem,and mass
transfer of these gases into entrapped bubbles with concurrent

Figure 4.Effluentconcentrations ofN2O (A) and CH4 (B) in the
effluent from biotic experiment measurements (symbols) and models
based on gaspartitioning (solid lines).DO concentrations(stars)
were measured with the planaroptode and indicate the average
concentration in the final third of the reactor. Blue shading represents
mass released from the system in the effluent.Green shading in (A)
representsmassconsumedby microbial activity. Beige shading
indicates mass partitioned into trapped gas-filled voids.

Figure 5. μCT images of woodchips soaked in 3% iodine solution for
8 h (A,B) and one week (C).(A) Shows the originalimage,and (B)
shows the false color image generated by phase segmentation.In false
color images (B,C),blue is the iodine solution,red is the gas-filled
voids,yellow is the wet woodchip,and green is the dry woodchip.
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dissolution of entrapped oxygen into the mobile aqueous phase
could lead to a variablegas phasevolume.Although the
simpler modeling approachemployed here appropriately
describesmeasured breakthrough curvesand haspreviously
been applied to similar multicomponent systems,27 there may
be detailed features of the data that are better described by a
multicomponent model that accounts for variable gas
volumes.35

4.2. Partitioning into Gas-Filled Voids in WBRs:
Significance of Woodchip Intraporosity. Both static and
transientconditionsin the woodchip media led to greater
entrapment of gas-filled voids than transient conditions in the
glass bead media, indicating that there are characteristics of the
woodchip media that are more conducive for gas entrapment.
Transienthydrologicalconditions led to a larger trapped
bubble volume (Vg/Vw from 0.19−0.28) than static conditions
(Vg/Vw from 0.09−0.14).These values are higher than those
reported for glass bead or sand media,though larger values of
0.28−0.41 have been observed in sandstone.36

Three linesof evidence pointto entrapmentof gas-filled
voids in the woodchip intraporestructureas the primary
reservoir oftrapped gas phases.First,visualinspection ofthe
woodchip media through the reactor transparentface during
tracer experiments showed the negligible presence of bubbles.
Second,parametersestimated from tracerdata showed that
Vg/Vw in the mobile domain (i.e.,Vg,m/Vw,m) was very small
relative to overallVg/Vw, indicating a significantvolume of
trapped gasvolume in the stagnantdomain (i.e., in the
woodchip internal porosity) (Table S3). Finally, μCT
confirmed that a significant fraction of the woodchip
intraporosity remainsgas-filled after8 h (Figure 5). Vg/Vw
values determined by inert gas tracers were even higher under
transientmicrobially active conditions,reachingvaluesof
0.33−0.36 which correspond to 24% ofthe bioreactorpore
volume being occupied by trapped gasphases(Figure 2).
Although the reasonsfor this are not clear,one plausible
explanationis that biogenic gas formation increasedthe
volume of trapped gas phases.

A key distinction between the glassbead and woodchip
media is that the woodchips trap a larger volume of gas-filled
voids (Figure 2),and these trapped gas phases are primarily
located in the reactor intraporosity (i.e.,the internal woodchip
pore structure).This has implications for the magnitude and
timing of trace gas flux to the atmosphere when water tables
fall. For example,fluxes ofN2O and CH4 to the reactor HS
after bioreactor drainage were greater in woodchip than glass
bead experiments because ofthe greater trapping of gas-filled
voids and partitioning of dissolved gasesinto these voids
(Figures S11 and S12). Moreover, HS masses of N2O and CH4
stabilize after approximately 75 min in glass bead experiments,
while in woodchip experiments,masses continue to increase
through 150 min.The time lag between drainage and flux to
HS in woodchip experiments could be because of rate-limited
transfer out ofthe woodchip intraporosity,while in the glass
bead media,gaseswere released to the HS assoon asthe
falling water table reconnectedbubbles trapped in the
interporosity with the reactor HS.

4.3. Separating Effects of Gas Partitioning from
Microbial Consumption/Production on N 2O and CH 4
Dynamics. In biotic woodchip experiments,parameters
estimated from breakthrough curvesof inert tracerswere
used to simulateN2O and CH4 behaviorcontrolled by
physical−chemicalprocesses (e.g.,advection,dispersion,and

bubble partitioning) without the influence of microbial activity.
Comparison of simulated breakthrough curves with measured
N2O and CH4 curves provides insights into the contribution of
physical−chemicalversusmicrobialprocessesin controlling
the fate of N2O and CH4. Microbial consumption is the largest
N2O sink in the reactor,with the rates ofN2O consumption
accelerating at approximately 1.5 PV,corresponding to DO ≤
1 mg/L (Figure 4a).1 mg/L is the approximate DO threshold
below which microbialN2O reduction is initiated in pure
culture studies.37 Although the microbial N2O sink is
importantonce the reactoris hypoxic,we estimate thatin
biotic experiments,16% of injected N2O partitions into gas
phases and is unavailable for microbial consumption. This may
overestimate the true extent of N2O partitioning because it is
based on the transportof an inert gas,while in microbially
active media,some N2O will be consumed before contacting
gas-filled voids.Nonetheless,this finding highlightsthe fact
that in media with trapped gas-filled voids,a portion of the
N2O in the system will be retained in a biologically unavailable
form as long as the dissolved N2O concentration is constant.If
dissolved N2O concentrations decrease,the trapped gas-filled
voids will be a source ofN2O transferback into the water
phase.

Partitioning of CH4 into trapped gas phasesis more
significantthan partitioning ofN2O, due to the larger H for
CH4. Approximately,58% of the injected CH4 is estimated to
partition into trapped gas-filled voids in biotic woodchip
experiments.The divergence between simulated and measured
CH4 curvesincreasesafter 1.5 PVs, corresponding to the
transition to hypoxic conditions and consistent with net CH4
production occurring under hypoxic to anoxic conditions.The
estimateof CH4 in trapped gas-filledvoids may be an
underestimatebecausedissolvedCH4 concentrationsin
contact with bubbles are greaterthan those predicted by
inert tracers.

4.4. Environmental Implications. Drying−rewetting
cyclesin a laboratory WBR lead to greaterentrapmentof
gas-filled voids within the bioreactor compared to a static water
level. Recentresearch hassuggested thatdrying−rewetting
cyclesincreasenitrate removalrates in WBRs,38 and the
USDA’s ConservationPractice Standard for denitrifying
bioreactors recommends draining bioreactors during no-flow
conditions.39 The findings presentedhere suggestthat
hydraulicmanagementof WBRs involving dry−wet cycles
will enhance entrapment of trapped gas phases, primarily in the
woodchip intraporosity.Dissolved gasesin the bioreactor
influent,or produced via microbialactivity in the bioreactor,
will partition into these trapped gas phases. In the case of N2O,
partitioning into gas-filled voidsmakesN2O unavailable for
N2O-reducing microbes and can reduce the extent of microbial
N2O reduction in the reactor. These partitioning processes will
also lead to episodic fluxes ofN2O and CH4 emissions when
water levels fallbecause N2O and CH4 that had partitioned
into trapped gas phases will be released when trapped bubbles
are liberated. The role of these bubble-mediated“hot
moments”40 of GHG flux will likely be more significantfor
CH4 than for N2O because CH4 partitions into bubbles to a
greaterextent than N 2O because of its higher H value.
Although the significanceof bubble-mediatedfluxes, or
ebullition,of CH4 from wetlands and aquatic sediments are
well-known,41,42 the role of bubble-mediated N2O fluxes has
received less attention.Although some studies have found that
bubble-mediated fluxes play a minorrole in N 2O emissions
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from streams,43 the presentstudy shows thata falling water
table triggered a release ofN2O accounting for up to 10% of
the total mass ofN2O injected into the WBR,and that this
bubble-mediated flux was more importantthan diffusive flux
across the water−air interface.This study demonstrates that
N2O transfer from water into gas-filled voidsin otherwise
water-saturated media may be an important,though largely
overlooked,controlon N2O transport and fate in denitrifying
subsurface environments.

There are a number ofenvironmentalvariables and design
considerationsbeyond hydraulic managementthat may
influence trapping ofresidualgas phases and their impact on
fate and transportof dissolved gases in WBRs.For example,
there is growing interestin the performance ofWBRsand
other passivebiofiltration systemsin cold weather con-
ditions.44,45Although the greatest impact of low temperatures
is expected to involve rates of microbial activity, partitioning of
biogenic gases into trapped bubbles will likely decrease because
of the greaterwater solubility of N2O and CH 4 at low
temperatures.46 A notable modification to WBR design with
potentialrelevance forgas-trapping processes is the amend-
ment of biochar to bioreactor media to enhance removalof
nutrients and trace organic pollutants.47−49 Biochar is
characterized by a high porosity,50 and an increase in the
internalpore volume ofbioreactor media willlikely increase
retention of residual gas phases,particularly if pore throats are
narrow. Recentobservationsof entrapmentof N2O in a
biochar-amended soil16 may potentially be explained by gas
partitioning between soilwater and trapped gas phases in the
biochar pore structure.There is also evidencethat the
intraporosity ofwoodchip media increaseswith age.51 This
could increase trapping ofresidualgasphasesinside WBRs
and,consequently,the episodic flux of N2O when water levels
within bioreactors fall.
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