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Deep Vadose Zone Respiration 
Contributions to Carbon Dioxide  
Fluxes from a Semiarid Floodplain
Tetsu K. Tokunaga,* Yongman Kim, Mark E. Conrad, 
Markus Bill, Chad Hobson, Kenneth H. Williams, Wenming 
Dong, Jiamin Wan, Mark J. Robbins, Philip E. Long, Boris 
Faybishenko, John N. Christensen, Susan S. Hubbard
Although CO2 fluxes from soils are often assumed to originate within shallow 
soil horizons (<1-m depth), relatively little is known about respiration rates 
at greater depths. We compared measured and calculated CO2 fluxes at 
the Rifle floodplain along the Colorado River and measured CO2 produc-
tion rates of floodplain sediments to determine the relative importance of 
deeper vadose zone respiration. Calculations based on measured CO2 
gradients and estimated effective diffusion coefficients yielded fluxes that 
are generally consistent with measurements obtained at the soil surface 
(326 g C m−2 yr−1). Carbon dioxide production from the 2.0- to 3.5-m depth 
interval was calculated to contribute 17% of the total floodplain respiration, 
with rates that were larger than some parts of the shallower vadose zone 
and underlying aquifer. Microbial respiration rates determined from labora-
tory incubation tests of the sediments support this conclusion. The deeper 
unsaturated zone typically maintains intermediate water and air saturations, 
lacks extreme temperatures and salinities, and is annually resupplied with 
organic carbon from snowmelt-driven recharge and by water table decline. 
This combination of favorable conditions supports deeper unsaturated zone 
microbial respiration throughout the year.

Abbreviations: DOC, dissolved organic carbon; OC, organic carbon.

Fluxes of CO2 and other gases from soils are important to quantify to understand 
subsurface feedbacks to the atmosphere and their influences on climate (Pendall et al., 
2013; Schlesinger and Andrews, 2000). Most of the CO2 fluxes leaving the soil surface 
are commonly attributed to autotrophic (root) and heterotrophic (microbial) respiration 
occurring at shallow depths (Andrews et al., 1999; Raich and Tufekcioglu, 2000), whereas 
contributions from below the rhizosphere are less understood. However, the deeper sub-
surface (>1 m) contains a large inventory of organic carbon (OC), globally estimated to 
equal or exceed that occurring within the upper 1 m of soils (Batjes, 1996), and supports 
an abundance of microorganisms (Holden and Fierer, 2005), suggesting that a signifi-
cant fraction of the CO2 flux into the atmosphere may be produced below the root zone. 
Moreover, understanding CO2 and its isotopic composition in the deep vadose zone is 
important for determining the age of underlying groundwaters (Bacon and Keller, 1998; 
Wood et al., 2014).

Unsaturated zone profiles of CO2 concentration can be combined with estimates of effec-
tive gas diffusion coefficients in gradient methods for assessing CO2 fluxes at the surface 
as well as within the subsurface (Maier and Schack-Kirchner, 2014; Pingintha et al., 2010). 
While most studies of subsurface CO2 profiles and applications of CO2 gradient analyses 
are focused on shallow soils, some have investigated considerably deeper systems (Affek 
et al., 1998; Bacon and Keller, 1998; Davidson and Trumbore, 1995; Garcia et al., 2013; 
Lewicki et al., 2013; Loisy et al., 2013; Wood et al., 1993). Several of these previous studies 
have shown the importance of CO2 production well below the rhizosphere (Affek et al., 
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1998; Bacon and Keller, 1998; Wood et al., 1993), even as deep as 
110 m below the surface (Walvoord et al., 2005). Very different 
CO2 profiles were reported for the two locations investigated by 
Wood et al. (1993): one in southeastern Washington State, indic-
ative of respiration rates decreasing with depth, and another at 
Dalmeny (Saskatchewan, Canada), indicative of elevated CO2 pro-
duction rates just above the water table. Similarly, CO2 fluxes from 
the deeper portion of a 29-m unsaturated zone were calculated 
to contribute 6.3 g C m−2 yr−1 and are thought to be sustained 
by an equivalent f lux of dissolved OC supplied through irriga-
tion with sewage effluent (Affek et al., 1998). Recent interest in 
understanding vadose zone CO2 profiles has been motivated by 
the need to detect CO2 leakage from deep subsurface reservoirs 
to be used for geologic carbon sequestration (Garcia et al., 2013; 
Loisy et al., 2013). To our knowledge, longer term measurements 
needed to examine the persistence of deeper CO2 production have 
only been reported for a few sites (Bacon and Keller, 1998; Loisy et 
al., 2013; Wood et al., 1993). Moreover, although gradient-based 
studies indicate that deeper profile CO2 production can be signifi-
cant, confirmation with direct measurements of deeper sediment 
respiration rates has not been previously demonstrated. Thus, 
further investigations of CO2 production profiles from the soil 
surface down to the water table are needed, along with analyses 
of processes responsible for supplying the OC required to sustain 
respiration in the deeper vadose zone.

Although C exports from floodplains into rivers are well recog-
nized (Noe and Hupp, 2009; Robertson et al., 1999; Shen et al., 
2012), transport via groundwater is limited by low flow rates in 
semiarid regions (Flint and Flint, 2007). Indeed, slower ground-
water recharge rates provide more time for microbial degradation 
of OC and CO2 release in the vadose zone. While recent research 
suggests that semiarid region ecosystems exert dominant influ-
ences on global trends in CO2 uptake and interannual variability 
(Ahlstrom et al., 2015), little is known about the contribution of 
subsurface C to these net f luxes to the atmosphere. To under-
stand the fate of f loodplain subsurface C, quantifying exports 
via CO2 fluxes to the atmosphere originating from vadose zone 
respiration versus exports of dissolved C phases discharged into 
adjacent rivers (Hotchkiss et al., 2015) is needed. These consider-
ations motivated monitoring surface CO2 fluxes and vadose zone 
concentrations of CO2 along a transect aligned with the general 
direction of groundwater f low within a semiarid f loodplain 
at Rifle, CO, adjacent to the Colorado River (Fig. 1). Reactive 
transport modeling predictions of the influences of temperature 
and water table fluctuations on redox zonation and carbon fluxes 
through the vadose zone and groundwater of this floodplain were 
recently presented by Arora et al. (2016). Here we present an analy-
sis of unsaturated zone CO2 production rates and fluxes based on 
depth-resolved measurements of CO2 concentrations combined 
with field- and laboratory-based estimates of effective diffusion 
coefficients. These calculated fluxes are compared with surface 
CO2 flux measurements. Supporting laboratory measurements 

included determinations of matric potential-saturation relations 
and respiration rates in depth-resolved sediment samples.

Site Description
The Rifle floodplain is situated along the Colorado River in west-
ern Colorado. The 8.8 ha site was used from 1924 to 1958 for 
milling of vanadium and uranium ores and disposal of their mill 
tailings. Removal of the mill tailings and some of the underlying 
contaminated sediments occurred in 1994 and 1995, and the site 
was covered with locally derived, uncontaminated, cobbly loam 
floodplain soil and vegetated with drought-tolerant perennial 
grasses (primarily tall wheatgrass, Elymus elongatum, and west-
ern wheatgrass, Pascopyrum smithii) by 1996 (U.S. Department 
of Energy, 1997, 1999). The surficial soil (1.5 to 2.0 m thick at 
locations instrumented for this study) is underlain by sandy to 
cobbly Colorado River f loodplain alluvium (Shroba and Scott, 
1997) interspersed with finer grained and locally organic-rich 
sediments (Arora et al., 2016; Campbell et al., 2012; Yabusaki et 
al., 2011). This generally coarse alluvium extends to depths of 6 
to 7 m and includes the upper aquifer, with depths to the water 
table typically ranging from 3.2 to 4 m. The lower boundary of the 
unconfined upper aquifer consists of relatively low permeability 
Tertiary Wasatch Formation siltstone.

On average, this semiarid site receives 292 mm of precipitation 
annually (WRCC, 2014), but monthly average potential evapora-
tion ranges from 0 (December through February) up to 135 mm 
in July (U.S. Department of Energy, 1999). Monthly precipita-
tion (rain and snow) exceeds potential evapotranspiration from 
November through March, indicating that the increases in vadose 
zone water storage commonly occur during these months. While 
additional infiltration commonly occurs in April and May from 
precipitation and snowmelt, evapotranspiration from late spring 
through early fall limits net recharge from the vadose zone into the 
alluvial aquifer. The combined effects of annually varying weather 
conditions and microtopographically driven runoff and local 
ponding have been calculated to limit annual recharge to a range 
from 0 to at most about 0.1 m yr−1, with an average of only about 
0.03 m yr−1 (Christensen et al., 2014; Long et al., 2015; Tokunaga 
et al., 2014). Groundwater flows with reported pore water veloci-
ties ranging from 0.1 to 0.8 m d−1, generally south-southwest to the 
adjacent Colorado River (Anderson et al., 2003; U.S. Department 
of Energy, 1999; Williams et al., 2011). With goals of under-
standing water and chemical fluxes through the vadose zone and 
interactions with underlying groundwater, monitoring and sam-
pling instruments were installed along a 230-m transect aligned 
with the general groundwater flow direction (Fig. 1).

Numerous borehole-based approaches have been developed for 
monitoring a variety of properties and processes over widely rang-
ing depths in soils and consolidated rocks (Dahan et al., 2009; 
Faybishenko, 2000; Hubbell et al., 2004; Levitt et al., 2005; 
Rimon et al., 2007; Salve, 2011; Sisson et al., 2002; Tokunaga, 
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1992). However, floodplains in mountainous regions commonly 
contain cobbles that make borehole instrumentation difficult. To 
overcome this difficulty, a novel method of borehole instrumenta-
tion in sediments containing large cobbles was developed.

66Materials and Methods
Borehole Instrumentation
Within the f loodplain, five locations were selected for instru-
mentation along a transect aligned with the general groundwater 
flow direction (Fig. 1). Three sets of instruments were installed in 
boreholes in March 2013, with the TT01 instrument suite located 
furthest north (up-gradient), TT02 within the central floodplain 
and adjacent to groundwater wells used in studies of microbial 
communities (Hug et al., 2015), and TT03 further down-gradient 
and adjacent to well P103 used to investigate naturally reducing 
zones (Campbell et al., 2012; Janot et al., 2016). The up-gradient 
TT04 and furthest down-gradient TT05 sites were installed in 
August 2014. Moderately large diameter access boreholes were 
drilled through the soil and cobbly alluvium to depths of about 3.5 
m by waterless sonic drilling (ASTM, 2004). This method allowed 
drilling through the coarse sediment that contained some cobbles 
approaching the 10-inch (0.254 m) diameter of the drill bit and 

installation of a large number of instruments (Fig. 2). The drill bit 
was advanced in about 0.6-m increments to recover progressively 
deeper sediments, typically down to the water table where loss 
of cohesion prevented deeper drilling and sample recovery. The 
open, uncased borehole was then accessible for instrumentation. 
The installations of instruments in 2013 and 2014 were similar, 
and only the configuration of the more recent installations will 
be described here. Instrument installation progressed from the 
deepest interval up to the soil surface. Instrument sets at each 
depth included a tensiometer (Soil Measurement Systems), matric 
potential sensor with thermistor (MPS-2, Decagon), soil water 
sampler (Soilmoisture Equipment Corp. 1900L06, fitted with a 
no. 10 2-hole rubber stopper connected to a sample extraction tube 
and another tube for both vacuum application and venting), and 
gas sampler (constructed from 1-in Schedule 40 PVC pipe, with 

~0.08-m sampling length of slotted pipe wrapped with a 30-µm 
nylon filter cloth). The deepest instrumented depth at each site 
was 3.50 m beneath the soil surface, with progressively shallower 
sets of instruments installed at 0.50-m vertical separation distances. 
Gas samplers were not included at the 3.50-m depths because the 
water table was often at or above this level.

Fig. 1. Rifle floodplain site. (a) Aerial view (Google Earth) of Rifle floodplain, local catchment boundary, and subsurface flow lines estimated from 
topography. (b) Closer view of the floodplain showing locations of instrumented sites. (c) Cross-section along instrumented sites. (d) Representative 
vertical profile within which CO2 fluxes need to be determined. (e) Floodplain soil profile along Colorado River bank, showing gradation to high 
volumetric fraction of gravels and cobbles at ~1.5-m depth.
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Sonic drilling allowed recovery of borehole sediments in nearly 
intact profiles, such that some of this material from each 
instrumented depth was used for backfilling around instruments. 
This backfill sediment (excluding larger cobbles) was mixed 
with 90:100 (150-µm characteristic grain size) silica sand (sand 
moistened with distilled water to ~0.10 volumetric moisture 
content prior to mixing with native sediment). The additional 
silica sand volume fraction within backfill material ranged from 

~0.1 to ~0.5 and was needed to compensate for the volume of 
removed cobbles and sediment retained for laboratory analyses. 
Each monitoring depth had 0.20 m of native sediment/silica 
mix backfill below and above the sensor midplane. The 0.10-m 
intervals between the sediment/silica backfilled zones were filled 
with 3/8¢¢ .bentonite chips prewet to a volumetric moisture content 
of 0.10 with distilled water. All backfill material was tamped down 
carefully with a length of 1.5-in PVC pipe fit with a rubber stopper 
on the bottom end to avoid damaging instruments.

At each monitoring site, a second borehole was drilled down to 
the contact between the alluvial aquifer and Wasatch Formation 
siltstone aquitard to allow groundwater sampling. The multilevel 
groundwater sampling wells (Solinst CMT, 3-Channel 

System) were assembled to permit sampling at three distinct levels: 
the deepest region within the aquifer, a zone about 1 m below 
the typical annual minimum water table depth, and an upper 
zone that usually remains unsaturated but yields water during 
the annual peak height of the water table. Depth-distributed 
thermistors (Campbell Scientific, Model 109SS-L) were installed 
with the multilevel groundwater sampling wells at sites TT03–
05. Although a neutron probe access tube was included in these 
installations, neutron probe measurements of volumetric water 
contents were discontinued because of variable influences from 
backfill material and cobbles.

Tensiometer Measurements
Tensiometer and piezometer measurements were obtained approx-
imately once every 2 wk to determine matric head profiles and 
to track infiltration fronts and the water table depth. Together 
with laboratory-determined moisture-characteristic curves, these 
measurements permitted calculations of air-filled porosity pro-
files needed for estimating effective diffusion coefficients for 
CO2. Calibration of the portable pressure transducer (Tensimeter, 
Soil Measurement Systems) used to obtain tensiometer readings 
was initially done in the field with hydrostatic water columns 

Fig. 2. Installation of borehole instruments. (a) Schematic cross-section of vadose zone instrumentation borehole and multilevel groundwater sampling 
wells. (b) Plan view of vadose zone instrument distributions along borehole wall. (c) Side view of vadose zone instruments within a given depth. (d) 
Instruments to be installed in a single borehole (the green pipe was only used to deliver backfill sediments and bentonite to depths greater than 2.5 m). 
(e) View down partially completed borehole. (f ) Near-surface bentonite layer (0.3- to 0.2-m depth). (g) Completed instrumentation, showing tops of 
tensiometers, soil water samplers, gas samplers, Tensimeter, and several collars for soil surface CO2 flux measurements.
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and reconfirmed annually. Water column head corrections were 
applied to all field tensiometers readings by using either the height 
of the visible water surface within the tensiometer top or the water 
surface calculated from the measured volume of water required to 
bring the tensiometer water column back up to the viewing region. 
The tensiometer head correction is referenced to the water level 
coinciding with the local soil surface, taken as the elevation datum 
(where the gravitational head z = 0). Thus, adding these head cor-
rections (typically within the range of ±0.07 m) to the Tensimeter 
reading gives the hydraulic head (H), and adding the depth to the 
tensiometer tip to H gives the matric head (hm).

Laboratory Analyses for Soil  
Volumetric Water and Air Contents
Calculations of effective gas diffusion coefficients require estimates 
of air-fill porosity of the soils and sediments. Because measurements 
of water retention curves are very time consuming, these were only 
done for the complete profile at site TT03 and a few selected sam-
ples from the other sites within the transect. However, particle-size 
analyses (Gee and Bauder, 1979) were done for all sites and depths, 
and similarities in sand–silt–clay fractions were used to assign 
water retention parameters to the samples lacking measured drain-
age curves. The pressure plate method (Dane and Hopmans, 2002) 
was used to determine volumetric water and air contents of soils and 
sediments down to matric potentials of −100 kPa. The <4.75-mm 
particle-size fraction of samples (typically at 0.30-m depth intervals) 
of soils and sediments recovered from borehole drilling were packed 
inside 5.5-cm-inner-diameter stainless steel rings to a thicknesses of 
2.0 cm and presaturated with 20 mM CaSO4 solution. Bulk densi-
ties ranged from 1.43 to 1.74 g cm−3 for finer to coarser textured 
samples, respectively. Samples were step-wise drained from −0.1 to 

−100 kPa on a 1 bar high-flow pressure plate in a 5 bar extractor 
(Soilmoisture Equipment). To determine saturation-potential rela-
tions under drier conditions (beyond the tensiometer range), matric 
potentials were obtained on some soils by the filter paper method 
(Scanlon et al., 2002). These results were combined to obtain depth-
dependent van Genuchten parameters (van Genuchten, 1980) for 
the matrix soil and sediment. While the moisture retention rela-
tions were determined on the <4.75-mm particle-size fraction, the 
>4.75-mm grain-size fraction increases with depth in the field site 
and needs to be considered. Based on field observations (borehole 
sediment sampling), the volume occupied by the coarse (>4.75 mm) 
gravels and cobbles was approximated as linearly increasing with 
depth, from 5% at the soil surface down to 67% of the bulk volume 
at depths greater than about 1.5 m, and these relative volumes were 
subtracted from the available porosity.

Carbon Dioxide Flux Measurements
Surface soil CO2 flux measurements were obtained throughout 
the year (22 Oct. 2014 to 23 Sept. 2015) with a LI-8100A analyzer 
(Li-Cor, Lincoln, NE). Most of these measurements were obtained 
with a 0.10-m-diameter survey chamber (8100–102) cycled 
through four locations radially distributed around each site (~0.25 

m outward from the instrumented borehole), to obtain a morning 
and a late afternoon–evening CO2 flux from each quadrant. Given 
strong temperature dependence of respiration rates, the common 
localization of higher respiration rates near the soil surface, and 
daytime heating of the soil surface that is damped within shallow 
depths, these flux rates exceed those averaged over 24 h. To esti-
mate adjustments needed to represent daily average rates, a separate 
set of measurements was obtained at several of the sites, with CO2 
fluxes determined at hourly intervals for three consecutive days. 
These measurements were collected with a 0.20-m-diameter long-
term chamber (8100–104, Li-Cor) during the spring (25 Mar. 2015 
to 14 Apr. 2015), summer (13 Aug. 2015 to 2 Sept. 2015), and fall 
(5 Nov. 2015 to 26 Nov. 2015).

Vadose Zone Gas Sampling and Analyses
Soil gas samples were collected at each of the five monitoring sites 
from October 2014 to September 2015, with greater frequency 
during summer months because of anticipated higher respiration 
rates from all ports that were above the water table. In brief, samples 
were collected with a peristaltic pump connected to the sampling 
port directly into a 60-mL syringe. After purging one syringe 
volume, the samples were injected into 60-mL evacuated serum 
bottles capped with thick blue chlorobutyl septa (Bellco Glass). Gas 
concentrations were measured with a 2014 Shimadzu gas chromato-
graph. Using a gas tight syringe, we loaded a sample aliquot of 4.5 mL 
into a 1-mL stainless steel loop mounted on a 10-port valve (Valco). 
Carbon dioxide was eluted on a packed HayeSep-D column (4 m by 
1/8 in). Carbon dioxide was reduced to CH4 in a methanizer and 
quantified with a flame ionization detector.

Carbon Dioxide Diffusion Calculations
Diffusive fluxes were calculated from the product of the effective 
diffusion coefficient times the measured vertical gradients in 
CO2. For this purpose, the water-induced linear reduction model 
developed by Moldrup et al. (2000) was applied to Marshall’s 
effective diffusion coefficient:

De = Doe
2.5F−1 	 [1]

where e is the air-filled porosity, F is the total porosity, and Do is 
the diffusion coefficient for CO2 in the bulk air phase. Recall that 
F is treated as a decreasing depth function (gravel–cobble frac-
tion correction), and e is calculated from coarse fraction–corrected 
moisture characteristics and field matric potential measurements. 
Uncertainties in De can become large because of the need to esti-
mate F and e, with the latter variable calculated by approximating 
the volumetric water content dependence on matric potential as 
being nonhysteretic. However, by applying best independent esti-
mates of parameters, the general variation of De with changes in 
field moisture regimes is obtainable. The temperature and total 
pressure dependence of the bulk air phase diffusion coefficient for 
CO2 was calculated based on Massman’s recommended relation 
(Massman, 1998):
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Do =  
(1.381 ´ 10−5 m2 s−1)(101.325 kPa/P)[T(z,t)/273.15K]1.81  [2]

where P is the average local atmospheric pressure of 83.7 kPa, and 
T(z,t) is the time-dependent temperature at a specific depth z 
(obtained from thermistors at sites TT03 and TT04). It should 
be noted that at any specific time De generally varied with depth, 
so that values used in calculating Fickian diffusion are harmonic 
averages of values calculated at adjacent depths. Calculation of 
CO2 efflux at the soil surface therefore entailed using harmonic 
averages of De for soil at the 0.50-m depth and at the soil surface 
(using suitable values of matric head, hm, at each depth) multi-
plied by the CO2 concentration differences (concentration at the 
0.50-m depth minus the atmospheric concentration of 0.04 mol %). 
Lacking measurements of hm at the soil surface, values of −10 and 

−100 m were assigned to the soil surface on days associated with 
moist and dry conditions, respectively. As shown later, calculated 
De are fairly insensitive to reasonable variations of these assumed 
surface values because water saturations only change gradually 
with respect to hm at lower potentials. Much greater uncertainty is 
encountered when the soil surface is wet. Given the relatively deep 
position (0.50 m) of the shallowest gas samplers, diffusion-based 
calculations of CO2 fluxes are unreliable on days immediately fol-
lowing significant precipitation because steep gradients in water 
saturation prevent reliable estimates of surface soil De. In addi-
tion, pulses of highly enhanced respiration rates are commonly 
observed following precipitation on relatively dry soils (Fierer and 
Schimel, 2002; Kieft et al., 1987). Thus, on weeks when regional 
precipitation recorded by the local Rifle weather station (WRCC, 
2014) exceeded ASCE evapotranspiration (ASCE-EWRI, 2005), 
gas sample data were excluded from diffusion calculations.

Laboratory Measurements of Soil–
Sediment Respiration Rates
As described below, diffusion-based calculations indicated that sig-
nificant fractions of CO2 leaving the soil surface originated from 
below the root zone (deeper than ~1.5 m). To directly assess the 
relative importance of deeper subsurface CO2 production rates 
and determine the extent to which microbial respiration was 
responsible, respiration rates (CO2 production) were measured on 
sediments collected from different depths at several sites. A com-
prehensive incubation study is ongoing and will be the focus of a 
future paper, but a representative subset of results will be described 
here. Samples were collected from near TT02 and TT04 at depth 
intervals of 0.0 to 0.3, 0.3 to 1.0, 1.0 to 1.9, 1.9 to 2.6, and 2.6 to 
3.5 m below soil surface and immediately sealed in plastic buckets, 
sieved (4.75 mm), and homogenized in the laboratory. Duplicate 
50.00-g samples were placed into 237-mL incubation jars equipped 
with septum sampling ports (Fierer and Schimel, 2002; Howard 
and Howard, 1993). After air in the jars was purged with CO2–
free air, the sealed jars were placed in incubators at 25, 21, 21, 17, 
and 17°C, the approximate depth-dependent average summer 
subsurface temperatures at the site; field water contents of these 

samples were 0.10, 0.10, 0.12, 0.13, and 0.15 g g−1, respectively. 
Incubations were performed on untreated and sterilized (g-irra-
diated) soils. Headspace gas samples (3.00 mL) were collected 
periodically, and CO2 concentrations were determined with a 
laboratory infrared gas analyzer (Li-Cor LI-840A). After each 
sampling event, 3.00 mL of CO2–free air was replenished into 
the jar, and measurements continued for 30 d to determine steady 
state respiration rates.

66Results and Discussion
Water Retention Relations
The particle-size fractions and van Genuchten parameters 
for profiles from the five sites are summarized in Table 1. The 
field-measured matric head values were used with their site- and 
depth-specific moisture-characteristic parameters to calculate vol-
umetric water contents, air-filled porosities, and De. Representative 
water retention curves for soils and sediments from TT02 and 
TT03 are shown in Fig. 3. The data for a typical surface soil from 
TT02 (Fig. 3a) illustrates the fact that water saturations change 
gradually over a very wide range of hm < −3 m. Thus, assumed 
soil surface hm values of −10 and −100 m for the moist and dry 
conditions impart relatively small uncertainties in calculated De. 
The large contrast in moisture characteristics of loamy surface soils 
and deeper coarse alluvium is shown in Fig. 3b.

Hydraulic Head, Matric Head,  
Volumetric Air Contents, and Gas  
Diffusion Coefficients
Field-measured hydraulic head (H) values combined with labo-
ratory-measured water retention curves permitted calculation 
of air-filled porosity profiles and effective diffusion coefficients 
needed for determining CO2 fluxes. These measurements and cal-
culations were done for each of the five monitoring sites, but for 
brevity only results from TT03 will be presented. The H profiles 
measured at or near times of soil gas sampling (Fig. 4a–4c) are 
plotted with the local soil surface as the datum for gravitational 
head (z = 0.00 m). Note that the tensiometers in deeper regions of 
the profile often yield very similar values of H, indicative of near 
equilibrium with the water table. On each of the H profiles, the 
tensiometer-inferred water table depth corresponds to its intersec-
tion with the dashed diagonal line representing the gravitational 
head z and was always within ±0.02 m of the measured water table. 
Despite roughly uniform hydrostatic hydraulic head measured 
in the deeper portion of the profile, periods of upward flow in 
response to water table rise, and downward flow in response to 
water table decline are evident. The H profiles in the upper 2 m 
clearly show wide variation and reversals of gradients in response 
to infiltration and evapotranspiration. It should be noted that the 
uppermost tensiometers were at z = −0.50 m, and that values at 
the soil surface are based on estimates of surface hm described ear-
lier. The hm profiles presented in Fig. 4d–4f show wide variations 
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Table 1. Depth-variation of particle-size fractions, bulk densities, and van Genuchten parameters at the five monitoring sites (excluding estimated 
volumes of gravel and cobbles).†

Site Depth

Texture (USDA)

g + cb rb

van Genuchten parameters (m = 1 − 1/n)

Sand Silt Clay Qsat Qres a n

m % % % g/cm3 1/m

TT-01 0.00–0.50 48 30 22 0.26 1.51 0.43 0.11 2.84 1.42

TT-01 0.50–1.00 34 41 24 0.46 1.47 0.44 0.10 2.35 1.54

TT-01 1.00–1.50 51 34 15 0.67 1.51 0.43 0.13 2.61 1.84

TT-01 1.50–2.00 52 31 18 0.67 1.51 0.43 0.11 2.84 1.42

TT-01 2.00–2.50 46 39 15 0.67 1.51 0.43 0.13 2.61 1.84

TT-01 2.50–3.00 65 26 8 0.67 1.72 0.35 0.09 4.66 1.98

TT02 0.00–0.50 35 42 23 0.26 1.47 0.44 0.10 2.50 1.56

TT02 0.50–1.00 46 36 19 0.46 1.43 0.46 0.05 2.76 1.40

TT02 1.00–1.50 46 33 21 0.67 1.51 0.43 0.11 2.84 1.42

TT02 1.50–2.00 71 20 9 0.67 1.74 0.34 0.13 3.64 2.56

TT02 2.00–2.50 72 17 11 0.67 1.74 0.34 0.13 3.64 2.56

TT02 2.50–3.00 72 17 10 0.67 1.74 0.34 0.13 3.64 2.56

TT03 0.00–0.50 45 33 22 0.26 1.51 0.43 0.11 2.84 1.42

TT03 0.50–1.00 44 44 12 0.46 1.47 0.44 0.10 2.35 1.54

TT03 1.00–1.50 48 34 18 0.67 1.43 0.46 0.05 2.76 1.40

TT03 1.50–2.00 52 32 16 0.67 1.51 0.43 0.13 2.61 1.84

TT03 2.00–2.50 88 10 2 0.67 1.70 0.36 0.11 4.17 2.29

TT03 2.50–3.00 84 9 7 0.67 1.71 0.35 0.10 2.99 2.56

TT04 0.00–0.50 36 39 25 0.26 1.51 0.43 0.11 2.84 1.42

TT04 0.50–1.00 38 42 19 0.46 1.43 0.46 0.05 2.76 1.40

TT04 1.00–1.50 46 39 15 0.67 1.51 0.43 0.13 2.61 1.84

TT04 1.50–2.00 68 22 11 0.67 1.71 0.35 0.10 2.99 2.56

TT04 2.00–2.50 64 23 13 0.67 1.47 0.44 0.10 2.35 1.54

TT04 2.50–3.00 64 23 13 0.67 1.47 0.44 0.10 2.35 1.54

TT05 0.00–0.50 42 49 9 0.26 1.47 0.44 0.10 2.35 1.54

TT05 0.50–1.00 42 49 9 0.46 1.47 0.44 0.10 2.35 1.54

TT05 1.00–1.50 73 20 7 0.67 1.72 0.35 0.09 4.66 1.98

TT05 1.50–2.00 73 20 7 0.67 1.72 0.35 0.09 4.66 1.98

TT05 2.00–2.50 72 21 7 0.67 1.72 0.35 0.09 4.66 1.98

TT05 2.50–3.00 59 17 24 0.67 1.51 0.43 0.11 2.84 1.42

† The depth-dependent estimated volume fractions of gravels and cobbles are noted in the g + cb column.

Fig. 3. Representative water retention curves. (a) 
Drainage (drying) measurements on surface soil 
from TT02 illustrate the very gradual change in 
saturation after matric head (hm) drops below 
about −3 m H2O. (b) Contrasting drainage 
curves representative of loamy surface soils and 
underlying coarser alluvium.



VZJ | Advancing Critical Zone Science� p. 8 of 14

and usually more negative values in the upper profile and generally 
higher values with depth, indicative of prevailing wetter conditions. 
The hm profiles were combined with laboratory-measured mois-
ture characteristics to obtain profiles of volumetric air fractions e, 
shown in Fig. 4g–4i. In this analysis, e is set to zero for hm ³ 0 and 
excluded from diffusion calculations. Although capillary-trapped 
gas exists below the water table, lack of gas phase continuity with 
the vadose zone gas phase results in extremely low De controlled by 
the aqueous phase (~10−4 that of gas phase diffusion coefficients). 
The hm-dependent e were combined with the depth-dependent 
estimated total porosities F (corrected for gravels and cobbles) and 

temperature profiles (Fig. 4j–4l) in Eq. [1] and [2] to obtain time-
dependent profiles of De shown in Fig. 4m–4o.

Carbon Dioxide Flux Measurements
Variation over the monitoring year for measured daytime CO2 
fluxes (averages of morning and afternoon measurements at four 
locations from each of the five sites), average soil temperature 
(0.20-m depth), and relative water table elevation are shown in Fig. 
5a. While considerable variability exists, the CO2 fluxes exhibit a 
clear seasonal pattern: lowest during winter and highest during 
late spring into summer, ref lecting the expected temperature 

Fig. 4. Seasonal variations 
in hydraulic and thermal 
influences on effective CO2 
diffusion coefficient profiles; 
example from TT03 profile. 
Hydraulic head (H) profiles 
(a–c) are used to calculate 
matric head (hm) profiles 
(d–e), which combined with 
gravels–cobbles-corrected 
water retention curves 
yield calculated profiles of 
volumetric air fractions e 
(g–i). Combining profiles 
of subsurface porosities and 
temperatures (j–l) yielded 
depth- and time-dependent De 
(m–o).
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dependence (Davidson et al., 1998; Raich and Schlesinger, 1992). 
The impact of temperature on CO2 f luxes is further evident 
in the hourly measurements. The example presented in Fig. 5b 
includes hourly shallow soil temperatures, showing the daily lag 
in soil warming at the 0.20-m depth relative to initial morning 
increases in respiration rates in response to earlier warming at 
the surface (Loisy et al., 2013). It is clear from these continuous 
measurements that daytime CO2 fluxes are generally higher than 
f luxes averaged over 24-h cycles. Based on 11 different sets of 
multiday measurements from spring through fall, the CO2 fluxes 
collected during the daytime require scaling by a factor of 0.693 
(standard deviation of 0.18) to obtain rates suitable for representing 
a 24-h period. Thus, daytime measured seasonal trends for each 
site (Fig. 5a) were fit to a third-order polynomial, integrated over 
365 d, and multiplied by 0.693, to obtain an average flux of 326 g 
C m−2 yr−1 (standard deviation of 87 g C m−2 yr−1). This annual 
flux is within the range of previously reported values for sites in 
semiarid regions (Table 2).

In addition to the well-known seasonal temperature dependence 
of CO2 fluxes, correlation with the yearly rise and fall of the water 
table at this floodplain site is suggested (Fig. 5a). Because soil gas 
advection from water table rise and fall must influence CO2 fluxes, 
a calculation of its maximum likely contribution was done to assess 
its significance. Assuming a CO2 concentration of 1% within 
the uppermost 0.10-m soil gas phase amounts to 7.2 mmol 
CO2 per m2 of bulk surface soil (84 kPa, 10°C, air porosity 
of 0.2). Multiplying this near-surface CO2 concentration by 
the maximum rate of water table rise of 0.05 m d−1 yields a 
maximum advective flux of 0.04 g C m−2 d−1, much smaller 
than most of the measured surface fluxes. The Peclet number, 
Pe = vl/De, where v is the pore gas velocity (at most, 0.05 m 
d−1) and l is a characteristic length for gas transport at the soil 
surface (~0.1 m), can also be used to assess the relative impor-
tance of advective versus diffusive CO2 efflux. As seen in Fig. 
4, a value of 10−6 m2 s−1 provides a reasonable lower limit esti-
mate for De, keeping in mind that a lower value confers more 
importance to advection. Combining these three parameters 
leads to Pe ~ 0.06 <  < 1, indicative of only minor advective 
influence. Thus, we conclude that even during periods with 

maximum rates of water table rise and fall, CO2 fluxes at this 
floodplain site are predominantly diffusive.

Pore Gas Carbon Dioxide Concentrations 
and Calculated Carbon Dioxide Fluxes
Vadose zone CO2 concentration profiles at all sites vary season-
ally and generally exhibited increases with depth (Fig. 6). Only 
data from samplers located above the seasonally varying water 
table (water table depths indicated by horizontal line segments on 
depth axes) are shown in these plots. Decreases in O2 concentra-
tions (supplemental  material) in close proportion to increases in 
CO2 concentrations demonstrated that microbial respiration was 
far more important than abiotic CO2 production (Dilly, 2001). 
Interestingly, CO2 concentration profiles often exhibit clear 
maxima in the deeper unsaturated zone, indicating that respira-
tion rates in this zone are high enough to be supplying CO2 not 
only to the atmosphere but also into groundwater.

Diffusion of CO2 from the soil surface into the atmosphere was 
calculated from each of the concentration profiles by using the 
gradient method and yielded seasonal variation similar to that 
of surface flux measurements (Fig. 7a). The average of calculated 
annual soil surface CO2 fluxes from the five sites was 317 g C 
m−2 (standard deviation of 117 g C m−2). The linear regression 

Fig. 5. (a) Time trends in daytime 
soil surface CO2 fluxes, near-surface 
(0.20-m depth) soil temperature, and 
water table elevation at TT03 relative 
to its lowest level (3.41 m below soil 
surface on 13 Mar. 2015). (b) Hourly 
soil surface CO2 fluxes (solid black 
segments of curve indicate daytime 
9 AM to 7 PM measurements, and 
dotted line regions represent overnight 
measurements) and 0.20-m depth soil 
temperatures (summer 2015).

Table 2. Comparisons among semiarid region annual soil respiration rates.

Environment, location
Mean annual 
precipitation CO2 flux Source

mm g C m−2 yr−1

Cold desert scrub, Utah 244 184 Caldwell et al. (1977)

Cold desert scrub, Utah 244 187 Caldwell et al. (1977)

Creosote desert, New Mexico 211 300 Parker et al. (1983)

Savannah, Australia 850 340 Holt (1987)

Desert scrub, Arizona 310 249 Conant et al. (1998)

Desert scrub transition, Arizona 350 294 Conant et al. (1998)

Steppe, Great Plains, Colorado 320 491 Mosier et al. (2002)

Steppe, natural, Spain 220 416 Rey et al. (2011)

Steppe, degraded, Spain 220 303 Rey et al. (2011)

Semiarid floodplain, Colorado 292 326 this study
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between diffusion-based predictions and 
surface f lux measurements (Fig. 7b) yielded 
a low correlation coefficient (0.542) that was 
nevertheless highly significant (P = 0.001), and 
the regression slope of about 1.07 (line forced 
through the origin) indicates general consistency 
between CO2 fluxes determined from these two 
different approached. It should be noted that 
photodegradation of organic carbon litter at the 
soil surface can be an important source of CO2 
released to the atmosphere (Cleverly et al., 2013; 
Rey, 2015; Rutledge et al., 2010). Such releases 
of CO2 are not accounted for in the diffusion-
based calculated fluxes and are largely missed in 
the flux chamber measurements.

Although CO2 concentrations in the deeper soil 
profiles sometimes exhibited gradients driving 
fluxes toward groundwater, gradients were pre-
dominantly directed upward. For these profiles, 
the gradient method was also used to calculate 
upward diffusive CO2 fluxes originating in the 
deeper unsaturated zone (below 2.00-m depth at 
each site), with time trends summarized in Fig. 
7c. Despite considerable variability, calculated 
diffusive f luxes from below 2.00 m averaged 
56 g m−2 yr−1, amounting to 17% of the mea-
sured annual surface flux. Note that the relative 
importance of deeper unsaturated zone CO2 
f luxes is generally greater during fall–winter 
(Fig. 7d), when deeper profile is well aerated and 
temperatures are higher than surface tempera-
tures (Fig. 4j).

Before considering the OC flux required to sus-
tain CO2 production in the deeper vadose zone, 
it should be mentioned that calcite precipita-
tion releases CO2 as well. This abiotic reaction 
explains low rates of CO2 production (~1 g m2 
yr−1) in the deep vadose zone of the Armagosa 
Desert (Walvoord et al., 2005). However, the 
measured decreased O2 concentrations in 
slightly greater proportion (1.36 mol mol−1) to 
increased CO2 concentrations of vadose zone 
gases (Supplement) points to the dominance of microbial deg-
radation of OC in the Rifle floodplain. Because roots were not 
observed below depths of 1.5 m, sustainability of respiration rates 
in the deeper vadose zone (taken here as the 2.0- to 3.5-m depth 
interval) requires periodic supply of OC from the overlying surface 
soil or from groundwater. The latter source was considered minor 
because of the low dissolved organic carbon (DOC) concentra-
tion of about 0.3 mM. On the other hand, DOC concentrations 
recovered from shallower soil water samplers at depths of 0.5, 1.0, 

and 1.5 m are typically ~5 ± 2 mM, indicating that the rhizo-
sphere sustains high concentrations of mobile organic carbon (W. 
Dong et al., unpublished data, 2016). Tensiometer and piezom-
eter measurements indicate that spring infiltration combined with 
summer water table decline are effective in displacing shallow pore 
waters into the deeper vadose zone. Infiltration during spring due 
to increased precipitation and snowmelt during a period with low 
evapotranspiration drives shallower pore water down to depths 
between 1.5 and 2.0 m below the soil surface (Fig. 4b). The rapid 

Fig. 6. Depth profiles of unsaturated zone CO2 concentrations. Seasonal changes in profiles 
are displayed in left, middle, and right graphs for each of the five sites (sampling dates for all 
sites are indicated in panels d–f ). Horizontal lines along the left axes indicate water table 
depths at the time of gas sampling.
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variation in water table elevation of about 1.8 m closely tracks the 
annual spring to early summer variation in the Colorado River 
stage caused by snowmelt and runoff from the Rocky Mountains. 
Downward water displacement is stalled by the sharp annual water 
table rise (May), and then resumed with decline of the water table 
(June–August) (Fig. 4b–4c). Thus, shallow rhizosphere pore 
waters drain into the deeper vadose zone on an annual cycle, yet 
net groundwater recharge is limited by summer evapotranspiration 
and the seasonal rise in the water table. The amount of OC trans-
ported downward was estimated as the product of a representative 
rhizosphere DOC concentration of 5 mM, average spring season 
volumetric water content of 0.29, and 1.8-m water table decline, 
yielding 31 g C m−2 yr−1. This estimated advective DOC flux into 
the deeper vadose zone accounts for 55% of the calculated annual 
deeper profile respiration.

Smaller sources of OC for respiration in the deeper vadose zone 
include advection of colloidal OC excluded from sampling through 

~1-mm pores of soil water samplers (Toosi et al., 2014; Zsolnay, 
2003), diffusive supply of DOC from overlying sediments, and 
adsorbed and solid phase OC in the sediments. Although the total 

organic carbon concentrations in the deeper 
vadose zone of about 3 g kg−1 likely contrib-
ute to some of the deeper profile respiration, 
resupply of OC is clearly needed to sustain 
respiration in deeper sediments. While bal-
ance between transport of OC from the 
soil surface and its oxidation at depth has 
been invoked in previous studies (Affek et 
al., 1998; Wood et al., 1993), the dynam-
ics of such replenishment for supporting 
deeper profile respiration rates are complex. 
In addition to uncertainties in recharge rates 
(especially in semiarid regions), the deeper 
OC is generally less bioavailable (Kaiser and 
Kalbitz, 2012; Schwesig et al., 2003). Thus, 
improvements are needed in understand-
ing deeper profile respiration rates, their 
associated required DOC influxes, and C 
transport across the capillary fringe and 
groundwater.

Laboratory Measurements 
of Depth-Dependent 
Carbon Dioxide Production 
Rates
Trends in gas analyses from the incubated 
soils exhibited initial rapid increases in CO2 
concentrations that persisted for only a few 
days, followed by slower but nearly con-
stant and depth-specific production rates 
in unsterilized samples (Fig. 8). Sterilized 
samples also exhibited the short initial 

rapid increases in CO2 concentrations attributable to recovery 
of residual unpurged CO2 and degassing from the aqueous phase, 
followed by prolonged steady levels showing no further produc-
tion. Thus, the steady rates of CO2 production measured in all of 
the unsterilized samples demonstrate the importance of microbial 
respiration throughout the unsaturated zone. Moreover, the higher 
respiration rate measured on the 1.9- to 2.6-m depth interval rela-
tive to adjacent shallower and deeper sediments is consistent with 
calculations based on measured CO2 concentration profiles and 
estimated De. The lower (more negative) matric and solute poten-
tials associated with the adjacent shallower sediment and lower 
available organic C in the deeper sediments are factors favoring 
locally elevated respiration rates in the 1.9- to 2.6-m depth interval. 
After scaling down respiration rates to account for coarse fraction 
gravels and cobbles (assumed to have negligible respiration) as 
described earlier, a profile-integrated respiration rate of 0.96 g C 
m−2 d−1 was obtained. Although this value is only about half the 
typical summer respiration rate measured at the Rifle floodplain, it 
should be noted that the laboratory measurements do not include 
root respiration. The contribution of root respiration to total soil 
respiration has been reported to range from at least 24% (Raich 

Fig. 7. Diffusive CO2 fluxes estimated from concentration gradients. (a) Calculated variations in 
fluxes at the soil surface over a 1-yr time interval. (b) Comparisons between diffusion-based CO2 
fluxes and surface measurements. (c) Calculated CO2 fluxes at 2.0 m depth over time. Very low flux 
values within the blue frame at 1 July 2015 are from seasonally submerged deeper profiles where 
the water table recently receded. (d) Ratios of calculated diffusive CO2 fluxes originating from 
below 2.00 m depth relative to the soil surface.
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and Schlesinger, 1992) to as much as 55% (Andrews et al., 1999). 
More pertinent to our study, the respiration rates obtained on the 
deeper sediments (1.9 to 3.5 m) are equivalent to 0.23 g C m−2 
d−1, a value within the range obtained by the gradient method 
calculations at the 2.0-m depth for summer conditions at the field 
sites. Thus, the incubation results demonstrate the importance of 
subrhizosphere CO2 production.

66Conclusions
Microbial respiration in the deeper vadose zone (below 2.0 m) was 
found to contribute a significant fraction of the annual CO2 flux 
to the atmosphere from a semiarid region floodplain at Rifle, CO. 
Year-long measurements of soil surface CO2 fluxes and diffusion 
calculations based on soil CO2 concentration gradients at five 
monitoring sites yielded similar rates of 326 and 317 g C m−2 yr−1, 
respectively, and similar seasonal variations. The annual respira-
tion contribution from vadose zone sediments deeper than 2 m was 
about 17% of the total soil surface flux. A laboratory incubation 
study conducted under summer conditions provided independent 
support for elevated respiration rates in the deeper vadose zone. 
The unexpectedly large and relatively steady release of CO2 in the 
deeper vadose zone is attributed to nearly year-round favorable 
moisture, temperature, and oxygen levels, and an annual supply of 
soil organic carbon transported through snowmelt-driven recharge 
and water table decline. Moreover, efficient oxidative depletion of 
OC in the deeper vadose zone substantially limits OC transport 
from its rhizosphere origin into groundwater, thereby amplifying 
the role of soil surface CO2 fluxes as the dominant C export path-
way in this semiarid floodplain.

Supplementary Material
Oxygen concentrations were measured on two sets of samples, 3 
and 24 Sept. 2015 (5 sites each). Plots of O2 concentrations with 
respect to their associated CO2 concentrations show that oxygen 
depletion largely accounts for increases in CO2 concentrations.
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