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Abstract Deserts may show strong downward CO2 fluxes and thus could be a
significant carbon sink. However, this hypothesis has been strongly challenged
because of the failure to determine both the reliability of flux measurements and
the exact location of fixed carbon. In this study, we added 13c0, to natural
(unsterilized) soil in the Mu Us Desert in northern China and quantified the
partitioning of added 13CO2 into soil solid and vapor phases. Results show that
natural desert soil absorbed 13CO2 at a mean rate of 0.28 gm_2 d_1. Of the
absorbed 13C0O2, 7.1% was released over a 48 h period after 13C0O2 feeding,
72.8% was stored in the soil solid phase, 0.0007% was found in the vapor
phase, while 20.0% of the absorbed 13CO2 was undetected. These results
indicate that undisturbed desert soils can absorb CO2 from the atmosphere,
with the majority of fixed carbon conserved in the soil solid phase.
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Abstract Deserts may show strong downward CO, fluxes and thus could be a significant carbon sink.
However, this hypothesis has been strongly challenged because of the failure to determine both the
reliability of flux measurements and the exact location of fixed carbon. In this study, we added '3CO, to
natural (unsterilized) soil in the Mu Us Desert in northern China and quantified the partitioning of added
13C0, into soil solid and vapor phases. Results show that natural desert soil absorbed '*CO, at a mean rate
0f 0.28gm~2d~". Of the absorbed '3CO,, 7.1% was released over a 48 h period after '>CO, feeding, 72.8%
was stored in the soil solid phase, 0.0007% was found in the vapor phase, while 20.0% of the absorbed
13C0, was undetected. These results indicate that undisturbed desert soils can absorb CO, from the
atmosphere, with the majority of fixed carbon conserved in the soil solid phase.

1. Introduction

Dry lands, including desert and semiarid ecosystems, cover about 41% of Earth’s land surface [Delgado-Baquerizo
et al., 2013; Reynolds et al., 2007]. Desert ecosystems have been considered a possible hidden loop in the
global carbon cycle [Stone, 2008]. Early studies reported that net ecosystem CO, exchange (NEE) in some
deserts in North America was similar to that occurring in temperate forests [Hastings et al., 2005; Jasoni
et al., 2005; Wohlfahrt et al, 2008], but these results have been strongly debated [Schlesinger et al.,
2009]. Carbon accretion in deserts has traditionally been attributed to primary productivity of desert
plants or cryptobiotic crusts [Emmerich, 2003]. However, many reported NEE values are significantly
higher than local net primary production (NPP) typical of deserts [Chew and Chew, 1965; Whittaker and
Niering, 1975]. This discrepancy between NEE and NPP implies that there may be abiotic CO, fixation
processes other than photosynthesis taking place in desert ecosystems.

With respect to abiotic carbon fixation, it has frequently been observed that alkaline soils can absorb CO,
from the atmosphere [Ball et al., 2009; Fa et al., 2015; Liu et al., 2015; Ma et al., 2013; Parsons et al., 2004;
Xie et al., 2009; Yates et al., 2013]; this may be an overlooked process, which could potentially explain the
observed discrepancy. However, this abiotic CO, influx has not been completely accepted as a well-
validated pattern of carbon fixation [Eshel et al., 2007; Schlesinger et al., 2009; Serrano-Ortiz et al., 2010;
Walvoord et al., 2005]. Many of these authors have been asked to reconfirm their flux measurements and
present a logical answer to the question of where the carbon goes [Schlesinger et al., 2009]. When taking
into account the vast areas associated with deserts and semiarid ecosystems, studies of abiotic carbon
absorption have been relatively few, suggesting that net CO, absorption may only happen occasionally.
Furthermore, the downward CO, fluxes have been captured both on natural (undisturbed) soils [Ma et al.,
2014; Parsons et al., 2004; Yates et al., 2013] and sterilized soils [Fa et al., 2015; Liu et al., 2015; Ma et al.,
2013]. These results, indicative of abiotic CO, fluxes, need to be reconfirmed, especially for the results from
sterilized soils, because sterilization with steam may affect the accuracy of net abiotic carbon absorption
[Schlesinger et al., 2009; Stone, 2008]. More importantly, the fate of the absorbed CO, in soil is largely
unknown and needs to be explicitly examined in order to understand the long-term consequence of
abiotic carbon absorption [Ma et al, 2014; Serrano-Ortiz et al, 2010; Stone, 2008]. Whether the absorbed
CO, in soil is released into the atmosphere again or it is preserved in the soil, long term remains unknown.
This information is essential for validating the existence of this abiotic CO, absorption process and
confirming the stability of absorbed CO,. Currently, there is little information on the partitioning of CO, in
desert soil phases.
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Table 1. Soil Properties (0-15 cm Depth) In this study, we added '3CO, to natural

Soil Property Value soil and quantified the partitioning of

Bulk density (g cm ™) 1.54+0.02 added '3CO, into soil solid and vapor

Total porosity (%) 42+3 phases in the Mu Us Desert, northwest
q o —1

23l SUERIE CRrien (g le) ) 11254+126  China. Our objectives were to test

Soil inorganic carbon (mgkg™ ') 37756£142  \\hether natural alkaline desert soils

pH 8.60+0.06 o, f N

Electrical conductivity (dS m ) 4.84+0.42 can sequester 2> from the atmo-

€032 (cmolkg™ ") 0.04+001 sphere and reveal the exact location

HCO3 ™ (cmol kg™ ") 0.45+0.03 of absorbed carbon.

CI” (cmol kg”)1 0.22+0.03

Mg”" (cmolkg ™) 0.48 +0.04 .

Ca?* (cmolkg) 5214018 2. Materials and Methods

K* (cmol kg™ ") 0.58+0.05 2.1. Site Description

Nat (cmol kg_1) 41.23+3.12

The study site is located at the Yanchi
Research Station, Ningxia Province,
China (37°48'N, 107°22'E), on the southwest edge of the Mu Us Desert. The research site has a temperate
continental monsoon climate with 275 mm (1954-2013) mean annual precipitation and 7°C mean annual
temperature. Elevation is 1550 m above sea level. Average relative humidity is 51%, and the frost-free
period lasts 128 days [Liu et al., 2015]. The soil type is aripsamment; soil properties are given in Table 1.
The vegetation at the site is dominated by Artemisia ordosica, Astragalus mongolicum, Salix psammophila,
and Tamarix chinensis (canopy coverage <30%).

2.2. 30, Addition and Detection Experiment

2.2.1. '*C0, Addition

In the study site, a sample plot (100 m x 100 m) was randomly selected to conduct '>CO, experiments. Six
square collars (25 cm long, 25 cm wide, and 20 cm high; no top and bottom) constructed with steel sheets
(0.5cm thick) were inserted into the soil, with 2cm exposed above the soil surface. The collars were
excavated with intact soil; the bottoms were sealed immediately with steel sheets to avoid gas leakage,
and the sealed collars with intact soil were backfilled in the original positions to equilibrate them with the
surroundings. For the six placed collars, three collars were prepared to be covered with steel boxes and to
be added '3CO,. The remaining three collars were not covered with boxes and left untreated; they were
used as the control for measuring soil '*CO, flux and analyzing 3'>C of soil solid and vapor phases.

Three steel boxes (25 cm long, 25 cm wide, and 70 cm high) with no bottoms were prepared, with each box
having a 5 mm diameter hole on its lateral side. One side of a steel square backsplash (24.8 cm long and
24.8 cm wide) was set on the internal side of the box (50 cm away from the top) using a hinge. One side of
the backsplash was connected with one end of a soft wire (1 m long), and the other end of the line
crossed the hole of the box and was held outside to control the backsplash. The three boxes were
immersed in NaOH liquor (5molL™") up to 2cm to eliminate CO,, when the backsplashes were pulled up
(Figure 1a). Two hours later, the backsplashes were slowly put back down (Figure 1b). The space above the
boxes was closed to avoid atmospheric CO, invasion during transfer of the boxes to the square collars.
After the boxes were placed on three random square collars and pushed 15cm deep into the soil, the
backsplashes were slowly pulled up to allow for the CO, exchange between the soil and the head space of
the box (Figure 1c). A 150 mL syringe was used to extract 140 mL of gas, which was injected into a carbon
dioxide isotope analyzer Model CCIA-EP (912-0003; Los Gatos Research, Mountain View, CA, USA) to
measure initial '>CO, concentration. A quantity (10mL) of '3CO, (concentration: >99.99%) was injected
into each box (Figure 1d), and the initial '3CO, concentration in the box was 295.34 umol mol™". The hole
was immediately sealed with glass cement, when '3CO, injection was completed. After 24 h, 140 mL mixed
gas from each box was injected into the Model CCIA-EP to analyze final '>CO, and *CO, concentrations.
2.2.2. Soil '3CO, Flux Measurements

Each box was removed from the square collar after gas extraction. A PVC collar (20.3 cm diameter and 20 cm
high) was inserted 2 cm into the soil in each of the six square collars. The Model CCIA-EP was connected with
a LI-8100-103 chamber (LI-COR Environmental), and the chamber was fitted with a PVC collar to measure the
130, flux for soil with added '3CO, and for the control soil. The '3CO, flux was measured for 5 min every 2 h
over 48 h.
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Figure 1. Schematic diagram of 13C02 addition ((a) the original CO, in the box was eliminating by NaOH liquor; (b) backsplash
was put back down to avoid atmospheric CO, invasion during the boxes being transferred; (c) the backsplash was pulled
up to keep the inside space of the box through up and down, after the box was placed on collar; and (d) 13COZ was
injected into the box placed on collar).

2.2.3. 5"3C Analyses of Soil Solid and Vapor Phases

After measurement of the soil '>CO, flux, a 250 mL gas sample was collected from each of the six square
collars using a soil gas sampler (DIK-5520-13; Daiki Rika Kogyo, Saitama, Japan); samples were placed in
aluminum foil bags. From each aluminum foil bag, 140 mL of gas was extracted using a syringe, with these
injected into the Model CCIA-EP to measure 5'3C for the vapor phase. A 50 g soil sample from each of the
six square collars was collected to determine 8'3C for the solid phase after soil gas sample collection. All
the soil samples (both deriving from '3CO, treated soils and control soils) were treated with 5.25% sodium
hypochlorite for 15 days to remove organic matter [Landi et al., 2003] and then dried at 72°C for 8 h. All the
soil samples were ground and sieved to <0.075mm for analysis of '3C abundance. The method for
determining §'C in the soil solid phase is described in Nordt et al. [1998]. The process of adding '*CO,,
measuring soil 13CO, flux measurements, and soil sampling was repeated 7 times in October 2012, for a
total of 21 data sets.

2.3. Data Processing and Analysis

The absorbed 'CO, within the square collar was calculated as follows:

(Cfinal - Cinitial) X Vbox xS

M=
Rex 1000

M

where M is total absorbed '3CO, (mg), Cenar is final 13CO, concentration (umol mol™"), Ginitiar is initial >CO5
concentration (umol mol™"), Vi is the volume of the box exposing above the soil surface (L), S is relative
molecular mass of '2CO, (g mol™"), and R, is the molar volume of gas (L mol").s
Soil '3CO, flux was calculated as follows:

~d®co, PV 1 L"co, 13 g C 3600 s

X ——X X X
dt " ART " 10° uL'3CO, ~ mol'CO, h

Flux (2)
where d'3CO,/dt is the slope of change in '3CO, concentration over time (uLCO,Lair 's™"), P is
atmospheric pressure (atm), V is chamber volume, T is air temperature (K), A is the collar surface area
(0.03245m?), and R is the universal gas constant (0.08206 L atm mol™'K™"). The flux is in units of
mgCm~2h~". The chamber volume is the sum of the collar volume and the chamber cap volume [Savage
et al., 2008].
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The 3CO, emitted from soil following addition of '*CO, was calculated as follows:

Z Fadded_z Fcontrol %48 h 3)
24 h

Memitted =

where Memited is total '>CO, emitted from the soil following addition of '*CO, (MQ), Fagded is the '>CO, flux
for soil with added '3CO, (Cm™2h™"), and Feontror is the ">CO, flux for the control soil (Cm™2h™").

The '3C0O, absorbed into the soil solid phase within the square collar was calculated as follows:

(1000 + 813Cadded) X Rt . (1000 + 613Ccontrol) X Rt
1000 + (1000 + 8" Cadded) XRst 1000 + (1000 + 8" Ceontrol ) X Rst

Msolig = CsicXBx VX

} x1000 (4)

where Mg is total '3CO, stored in the soil solid phase, Csic is the SIC content (gkg™"), B is bulk density
(gecm™3), Vis the volume of soil in the square collar (cm?), 8"3Caggeq is the 8'3C value for the soil solid phase
with added "3CO,, and 8"3Cconeror is the 8'3C value for the soil solid phase in the control. R;= 13¢/"2C and Ry
correspond to the stable isotope ratio in the reference standard [Friedman and O’Neil, 1977].

The '3CO, absorbed into the soil vapor phase in the square collar was calculated as per equation (5) below:

(1 000 + 813'Cadded) xRt _ (1 000 + 613Ccontrol) xRt
1000 + (1000 + 8" Cadded) XRst 1000 + (1000 + 8" Ceontrol ) X Rst

Mvapor = CC02 ><'Dsoil xVx

]x1000 (5)

where My p0r Is total 13€0, stored in the soil vapor phase, P is soil porosity, Vis the volume of soil within the
square collar (cm?), 8"3Cogged is the 8'3C value for soil with added '3CO,, and 8"3*Ceontror is the 8'3C value for
the control soil.

One-way analysis of variance was used to test for differences in 5'3C for soil solid and vapor phases between
soil with added '3CO, and the control soil. Descriptive statistics were used to calculate averages and standard
deviations of data for each set of replicates. All of the above statistical analyses were conducted in MATLAB
7.11.0 (R2010b; The Mathworks Inc., Natick, MA, USA).

3. Results
3.1. "3C0O, Absorption Rate

After 3CO, was injected into the box, the initial 120, and '3CO, concentrations in the box were
156.19 umol mol™" and 295.34 pmol mol™", respectively, and total CO, concentration (*2CO, + '>CO,) was
454,53 pmol mol . After 24 h, the final '2CO, and '3CO, concentrations in the box were 499.67 umol mol ™’
and 44.75 pmol mol ™", respectively, and '>CO, had reduced by 250.59 pmol mol™". Natural soil with an area
of 625 cm? absorbed 17.3 mg '3C0, d ™", corresponding to a '3CO, absorption rate of 0.28gm~2d~".

3.2. Emission of Absorbed '3CO,

The emission rate of added '3CO, decreased from 1.0183mgm™2h~" after 1hto 0.2mgm~2h™" after 36 h
and further to 0.1 mgm™—>h™" after 48 h (Figure 2). Over 48 h, 1*CO, emitted from the square collar totaled
1.2308 mg, accounting for 7.1% of absorbed 3CO, (17.3 mg).

3.3. Partitioning of Absorbed 3CO, Into Soil Vapor and Solid Phases

8'3C for the soil solid phase with added '>CO, was —1.9%o (Figure 3a), significantly greater than for the
control soil (=21, p < 0.05). The percentage of 3Cin soil inorganic carbon (SIC) was 1.1091% for soil with
added '3CO, and 1.1036% for control soil. SIC content was 3775.6 mgkg™"; '>C in the square collar totaled
0.7349 g for soil with added '3CO, and 0.7313 g for control soil. Added "3C stored in the soil solid phase in
the square collar was therefore 3.6411 mg (12.6038 mg 3CO,), accounting for 72.8% (Figure 4) of absorbed
13

CO5 (17.3 mg).

The 5'3C for the soil vapor phase with added '3CO, was —7.8%o (Figure 3b), significantly greater than for the
control soil (1=21, p < 0.05). The percentage of '3C of total CO, (*2CO, + '3C0O,) was 1.1027% for soil with
added '3CO, and 1.0998% for the control soil. The total CO, ('>CO,+'3CO,) concentration was
473 umol mol™", and "3C in the square collar was 48.4072 g for soil with added 'CO, and 48.2817 pg for
the control soil. Added '3CO, stored in the soil vapor phase was therefore 0.1254ug, accounting for

LIU ET AL.

ABIOTIC CO, ABSORPTION 5782



@AG U Geophysical Research Letters 10.1002/2015GL064689

0 —=— Soil with added °CO, 0.0007% (Figure 4) of absorbed '>CO,
—&—Nafural soil (17.3mg). It should be noted that
254 —A— Added °CO, emission 13
N 20.0% of the absorbed “CO, was not
f 204 nighttime detected in our study.
o
§ 154 4. Discussion
»—?N 4.1. Abiotic CO, Absorption by
g 104 Natural Desert Soil
% Natural soil from our study site seques-
» 057 tered CO, at a rate of 0.28gm 2d ™.
00 Similar negative net CO, exchange rates
' were found in northern China [Xie et al.,
0 " 50 2009] and North America [Yates et al.,

Time (h) 2013] between sterilized alkaline soils
. a3 o 13 and the atmosphere. Net CO, absorption
Figure 2. Tem.por.aI Yanatlons in soil . .COZ ﬂﬁJ;(es of soil with added ~CO, was detected both on natural and steri-
and natural soil within 48 h after addition of “CO, (mean + standard
deviation (SD), n=21). Added 13COZ emission is the difference between soil
with added '3C0, and natural soil. The shadow and white areas in the is an actual function of alkaline soils. The
figure represented the nighttime and the daytime, respectively. 13C02 absorption rate in this study was
lower than those reported previously
[Xie et al., 2009; Yates et al., 2013], likely as a result of differences in soil property (i.e., pH and electrical con-
ductivity) among study sites. Additionally, the box used in this study was closed and not large enough to sup-
ply sufficient '>CO,, which may have also decreased the carbon absorption rate. A higher box was not used in
this study, because '*CO, may accumulate at the bottom of the box and elevate the '3CO, concentration on
surface soils. Future research may be able to include a design with a height allowing a sufficient supply of
13C0, without increasing '3CO, concentration at the bottom.

lized soil, indicating that CO, absorption

4.2. Location of the Absorbed Carbon

After 13COZ was added, the majority of 13CO, was observed in the soil solid phase (Figure 4). Even if some of the
added '3CO, may initially adhere to soil particle surfaces, this was cleared prior to measurement of §'>C. Soil
was immersed in sodium hypochlorite liquor to eliminate organic carbon, and this alkaline liquor can
sequester 'CO, on the soil particle surface. In addition, the higher 5'C observed in soil with added "3CO,
could not have been due to carbonate recrystallization, because recrystallization of carbonates is a very slow
process (occurring over centuries or millennia) [Ryskov et al., 2008]. On a short time scale, the quantity of
recrystallized carbonate would be very small and could only be detected with *C labeling [Gocke et al,
2010, 2011; Gocke and Kuzyakov, 2011]. Ruling out surface adhesion of CO, onto soil minerals and carbonate

0
(a) Soil solid phase | |(b) Soil vapor phase
a
24 % 4
4 _
(&) -6 b T
p . 2
|1
b
10 . }

T T T T
Soil with added *CO,  Natural soil Soil with added “CO, Natural soil

Figure 3. (a and b) 13¢ abundance (%o) in soil with added 13C02 and natural soil (mean +SD, n=21, p < 0.05).
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0.0007% recrystallization, we speculate that the

absorbed carbon may become part of
newly formed matter and be conserved
in certain minerals (quartz, calcite, plagi-
oclase, and potash feldspar) of the solid
phase. This could be the subject of future
studies. The '3CO, stored in the solid
phase should be relatively stable. Since
added '3CO, was still preserved in the
soil solid phase after immersion in
sodium hypochlorite liquor and drying,
this implies that it could not be easily
removed with variations in soil water or
temperature. The results of soil '>CO,
fluxes following ">CO, addition also sug-
gest that the '3CO, conserved in the solid phase may be stable (Figure 4). Although the intensity of '>CO, emis-
sions was initially large, it decreased to 0.1 mg m~2h ™" after 48 h and subsequently declined further (Figure 2).
Within the initial 48 h after '>CO, addition, emitted CO, only accounted for 7.1% of absorbed '3CO,. After 48 h,
the 3CO, emission rate was too low to induce substantial erosion of added '>CO, over a long period. The par-
titioning of absorbed CO, into soil solid and vapor phases in our study therefore indicated that the exact loca-
tion of absorbed carbon should be in the soil solid phase and that abiotic carbon sequestration is a nontrivial
process within the carbon cycle of desert ecosystems.

O3CO, emitted

W!3CO, in soil vapor phase
BE13CO, in soil solid phase
OoOther

72.8%

Figure 4. Distribution of adsorbed 13C02 in the soil phases. (Other
represents added 13C02 that was not accounted for in our study.)

The result that the majority of absorbed '*CO, was fixed in the soil solid phase may help to improve
understanding of the mechanism of abiotic CO, absorption. Most previous studies found that soil
absorbed a substantial amount of atmospheric CO, at night, while acting as a weak CO, source during the
day [Liu et al, 2015; Ma et al., 2013; Parsons et al., 2004; Xie et al., 2009; Yates et al, 2013]. The
phenomenon can be interpreted as dissolution and exsolution of CO,, modified by temperature [Liu et al.,
2015; Ma et al., 2013; Shanhun et al., 2012]. Synthesizing our results and the literatures, the mechanism of
abiotic CO, absorption can be inferred and described as follows: Atmospheric CO, enters the soil and
dissolves in soil water, and most of the dissolved CO, returns to the atmosphere when the temperature
increases. The remaining dissolved CO, reacts with some matters in the soil and is stored in the soil solid
phase. Even though it remains unknown how CO, is sequestered in the solid phase, our finding that the
majority of dissolved CO, was fixed in the solid phase at least verifies that such a process indeed occurs.
We further estimate that the 20.0% of absorbed 13COz that remained undetected (Figure 4) was conserved
in soil water, which may be confirmed in future studies.
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