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ARTICLE INFO ABSTRACT

Keywords: Degassing of carbon monoxide (CO), which plays a significant role in the contribution of deep carbon to
Carbon monoxide the atmosphere, commonly occurs within active fault zones. CO degassing from soil to the atmosphere in
Degassing the Basin and Range province, west of Beijing (BRPB), China, was investigated by in-situ field measure-
Flu’.‘ ments in the active fault zones. The measured concentrations of CO in soil gas in the BRPB ranged from
g;\t;\];e fault zone 0.29 X 107°to 1.1 x 10~ ° with a mean value of 0.6 x 10~ °, which is approximately twice as large as

that in the atmosphere. Net fluxes of CO degassing ranged from —48.6 mgm 2d ™' t012.03mgm~2d "%
The diffusion of CO from soil to the atmosphere in the BRPB was estimated to be at least 7.6 x 10° ton/a,
which is comparable to the corresponding result of about 1.2 x 10* ton/a for CO,. CO concentrations were
spatially heterogeneous with clearly higher concentrations along the NE-SW trending in the BRPB. These
elevated values of CO concentrations were also coincident with the region with low-velocity and high
conductivity in deep mantle, and high Poisson’s ratio in the crust, thereby suggesting that CO degassing
from the soil might be linked to upwelling of the asthenospheric mantle. Other sources of CO in the soil gas
are suggested to be dominated by chemical reactions between deep fluids and carbonate minerals (e.g.,
dolomite, limestone, and siderite) in country rocks. Biogenic processes may also contribute to the CO in
soil gas. The spatial distribution patterns of CO concentrations are coincident with the stress field, sug-
gesting that the concentrations of CO could be a potential indicator for crustal stress field and, hence is
potential useful for earthquake monitoring in the BRPB.

1. Introduction

Carbon monoxide (CO), an important gaseous component of the
troposphere, plays a significant role in the Earth’s carbon cycle (Crutzen
and Zimmermann, 1991; Novelli et al., 1992; Badr and Probert, 1994;
Kasischke et al., 2005). As a consequence of its warming potential,
which is approximately 1.4 times greater than that of CO5 (Lashof and
Ahuja, 1990), CO has been taken as a precursor and an indirect source
of the greenhouse effect by the Intergovernmental Panel on Climate
Change (IPCC) (Prather et al., 2001; Gillenwater et al., 2006). Anom-
alous concentrations of CO in the atmosphere are generally related to
earthquake activity, as revealed by high spectral resolution remote

sensing satellite data (e.g., Singh et al., 2010; Cui et al., 2013; Sun et al.,
2014). However, the origin, concentration and flux of CO degassing
from soil along the active fault zones remain poorly understood.

Many active faults have been identified in the Basin and Range
province in the west of Beijing (BRPB), which is an area characterized
by strong Neotectonic activity and with a high potential for earthquakes
(Fig. 1b, Xu and Ma, 1992). It has been selected by the Chinese
Earthquake Administration as a prime seismic monitoring area in
China. In this paper we discuss output of CO degassing diffusion from
the active fault zones in the BRPB and a possible link between CO
emission and fault activity.
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Fig. 1. Topographic map showing active faults and measuring sites in the BRPB. (a) Location of the studied area. Rectangles of black solid lines show the regions in Figs. 1(b) and 4,
respectively. (b) Distributions of active faults and measuring sites. Solid thick blue arrows showing stress field (Zhang et al., 2009a). Regions outlined by blue dashed lines are the Shanxi
and Zhangjiakou-Bohai seismic zones, which are labelled as A and B, respectively (modified after Zhang et al., 2009a and Gao et al., 2011). Basins and active faults are labelled by the
following letters: I, Yuguang Basin; II, Yangyuan Basin; III, Datong Basin; IV, Yanggao-Tianzhen Basin; V, Huaian Basin; VI, Huaizhuo Basin; VII, Yanfan Basin; F1, Yuguang Basin south-
margin fault; F2, Liulengshan fault; F3, Yangyuan Basin north-margin fault; F4, Datong volcano fault; F5, Kouquan fault; F6, Yanggao-Tianzhen fault; F7, Huaian Basin north-margin fault;
F8, Zhangjiakou fault; F9, Huaizhuo Basin north-margin fault; F10, Xinbaoan-Shacheng fault; F11, Yanfan Basin north-margin fault. Numbers and abbreviations of the measuring sites are
as follows: 1, Beikou (BKC); 2, Yixingzhuang (YXZ); 3, Yanjiayao (YJY); 4, Donghouzi (DHZ); 5, Nankoucun (NKC); 6, Datong volcano (DTV); 7, Shijingcun (SJC); 8, Shanghuangzhuang
(SHZ); 9, Yulinkou (YLK); 10, Zhangzhongkou (ZZK); 11, Yangjiaogou (YJG); 12, Niujiayao (NJY); 13, Wanquanxian (WQX); 14, Qingbiankou (QBK); 15, Xihongzhan (XHZ); 16, Haojiapo
(HJP); 17, Dongyuanzi (DYZ); 18, Liangtiantun (LTT); 19, Bayingcun (BYC); 20, Canfangying (CFY); 21, Yuhuangmiao (YHM). (For interpretation of the references to colour in this figure

legend, the reader is referred to the web version of this article.)

2. Geological setting

The BRPB (39.0°-41.0°N, 113.0°-116.5°E) is tectonically situated on the
north end of the Shanxi rift system (Fig. 1a, Xu and Ma, 1992; Huang and
Zhao, 2004; Lu et al., 2008; Gao et al., 2011), which is one of the most
significant Pliocene-Quaternary continental rift systems in China. A series of
active faults in the rift system are oriented parallel to the continental margin
of the Trans-North China Block (Fig. 1a). It is seismically highly active and
subject to strong earthquakes (Xu et al., 2002; Li et al., 2015). The Shanxi
and Zhangjiakou-Bohai seismic zones are located in the west and northeast
of the BRPB, respectively (Fig. 1b). The active faults in the BRPB can be
classified into two groups based on their strikes: one group trends NNE to
NE and the other NNW to NW (Fig. 1b). The first group includes the Yu-
guang Basin south-margin fault (F1), the Liulengshan fault (F2), the Yan-
gyuan Basin north-margin fault (F3), the Kouquan fault (F5), the Yanggao-
Tianzhen fault (F6), the Huaian Basin north-margin fault (F7), the Huaizhuo
Basin north-margin fault (F9) and the Yanfan Basin north-margin fault
(F11). The second group mainly includes the Datong volcano fault (F4), the
Zhangjiakou fault (F8) and the Xinbaoan-Shacheng fault (F10) (Fig. 1b,
Zhang et al., 2009a). The BRPB hosts numerous hot springs on the alluvial
fans and in the fault zones (Fig. 1b, Zhang et al., 2016). Those hot springs
furnish abundant degassing sites, many of which may degas continuously.

The BRPB has an Archean to Paleoproterozoic metamorphosed
basement, with an unmetamorphosed cover of Mesoproterozoic to
Phanerozoic sedimentary rocks (Lu et al., 2008; Zhang et al., 2009b).
The basement is mainly composed of Neoarchean tonalite-trondhje-
mitic-granodioritic (TTG) gneisses, mafic dikes and syn- or post-syn-
tectonic granites (Lu et al., 2008). Following the final amalgamation of
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the Eastern and Western Blocks along the trans-North China Orogen at
approximately 1.8 Ga, the North China Craton was covered by thick
sequences of Meso-Neoproterozic rocks of the unmetamorphosed
Changcheng, Jixian and Qingbaikou Systems and by Cambrian-Ordo-
vician marine clastic and carbonate platformal sediments (Lu et al.,
2008; Zhang et al., 2009b). Detailed information and geological char-
acteristics of the strata have been described in Lu et al. (2008) and
Zhang et al. (2009b). The surface lithology in the BRPB is dominated by
limestones and sandstones, which are the source rocks of the Qua-
ternary unsolidified sediments in the basins (Zhang et al., 2016).

3. Method and data processing
3.1. Measurement method

The concentration and flux of CO in soil gas were measured in the
BRPB in May 2014. CO concentrations in soil gas were measured at 269
points on 21 sites crossing 11 major faults (Fig. 1b and Table 1). Survey
lines with 10 measuring points at 20 m intervals were laid out at each
site. Closer spacing, with 4 survey lines at 5 m intervals, was laid out at
the Liangtiantun (LTT) and Dongyuanzi (DYZ) sites on the Xinbaoan-
Shacheng fault (F10) (Fig. 1b), which has been regularly active
throughout the Holocene (Xu et al., 2002).

Concentrations of CO in soil gas were measured using the method of
Zhou et al. (2015) and Li et al. (2013) (Fig. 2a). Flux of CO degassing
was measured with a closed-chamber (Fig. 2b) as described by Chiodini
et al. (1998), Nakano et al. (2004), and Zhou et al. (2015). Con-
centration and flux of CO in soil gas were both measured using the GXH
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Table 1
CO degassing fluxes along the fault in the BRPB.
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Seismic zone Fault n N Cr(x 1079 Cintax (X1079) C value Degassing flux (mg m-2d7hH Tsoi (°C)

A F1 20 2 0.55 2.40 4.36 18.05 30.2
F2 20 2 0.60 1.30 2.18 6.80 28.8
F3 10 1 0.82 2.40 2.93 10.62 32.0
F4 10 1 0.57 0.70 1.22 6.71 22.0
F5 20 2 0.29 0.70 2.46 4.81 23.6
F6 20 2 0.50 1.10 2.20 0.80 23.1

B F7 20 2 0.43 0.80 1.86 30.59 29.0
F8 20 2 0.37 1.00 2.74 3.05 28.5
F9 20 2 1.10 9.80 8.95 7.16 27.0
F10 80 2 0.69 2.40 3.48 n.p. 27.3
F11 29 3 0.38 2.30 6.05 8.35 27.8

A and B represent the Shanxi seismic zone and Zhangjiakou-Bohai seismic zone, respectively. Abbreviation of each fault (from F1 to F11) corresponds to that in Fig. 1(b). Letters of “n”
and “N” are the numbers of measuring points and measuring sites at each fault, respectively. Cfand Cipa, are the mean and maximum values of CO concentrations in soil gas at each fault,

respectively. C value = Ciya/Cy. n.p. = no positive value.

3011-A CO Analyzer with a measuring range of 0-50 x 10~ °, resolu-
tion of 0.1 x 10~ %, and accuracy of 4% of the reading. The analytical
principle of the apparatus is Non-Dispersive Infrared (NDIR), based on
gas filter correlation. Initial energy transmitted from the infrared source
(Io) is absorbed by the CO gas when it passes through the multi-re-
flection gas chamber of length L. The ultimate energy (I) is then mea-
sured by the infrared detector (Fig. 2c). CO concentration is calculated
in accordance with the Lambert-Beer’s Law with the equation
I = Iye XCL, where K and C are the infrared absorption coefficient and
CO concentration, respectively (Xu and Chen, 2012).

3.2. Data processing

The mean value of CO concentration in each fault (Cp) was de-
termined by the mean value of the CO concentration at all measuring

points (C;) along the fault. The intensity of CO concentration of each
fault was described using the contrast value (C), expressed by Eq. (1).

C = Cimax/Cy (€))

where Ciyqyx is the maximum value of C; at each site.

The background value of CO concentration in soil gas of the BRPB
was the mean value of CO concentrations of all measuring points after
eliminating anomalous values. Anomalous values were determined by
the anomalous threshold, which was calculated using the Quantile-
Quantile plot (Q-Q plot) method (Sinclair, 1991; Zhou et al., 2010).
This method can distinguish the anomalous values with an objective
approach to statistical anomaly threshold estimation (Sinclair, 1991;
Zhou et al., 2010; Voltattorni et al., 2014). The anomalous values of CO
concentrations in soil gas were those that were less than the lower
anomalous threshold and higher than the upper anomalous threshold.
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Fig. 2. Sketches of measurement methods for CO concentration (a) and flux (b) and analytical principle of the apparatus (c) (see text for details).
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Flux of CO in soil gas was calculated based on the accumulation of
CO concentration in the closed-chamber with time (Chiodini et al.,
1998; Nakano et al., 2004), which was represented by Eq. (2).

Frey = Pco” Venamber Fenamber Tstandard  dc
o= fhah

dt (2)

where Fqg is the CO flux (gm~2d™ 1), and pco is the density of CO
(1.25 kg/m®) at standard temperature and pressure (STP). V (m®) and A
(m?) are the volume and bottom area of the closed-chamber, respec-
tively. Pcnamber a0d Tepamper are the atmospheric pressure and tempera-
ture measured in the field, respectively. Pyqndara and Tsiandara T€present
the atmospheric pressure and temperature at STP, respectively. % is the
initial slope of curve of CO concentration with respect to time in the
closed-chamber.

Pyandard: Tenamber 'Achamber

4. Results
4.1. Concentration of CO in soil gas

Concentration of CO in soil gas at each fault (Cp) varied between
0.29 x 107° and 1.1 x 10~ ° (Table 1). The maximum value of CO
concentration (Cipgx = 9.8 X 107°) and the maximum contrast value
(C = 8.95) were on F9 in the eastern part of the research region
(Table 1 and Fig. 4). The upper and lower anomalous thresholds of CO
concentrations in soil gas were 1.2 X 10~ ° and 0.3 x 10~, respec-
tively (Fig. 3). After ruling out the anomalous values, the background
value of CO concentration in soil gas in the BRPB was 0.6 x 1075,
which is approximately twice as large as the CO concentration in the
atmosphere (0.3 x 10~°, Novelli et al., 1992).

High values of CO concentrations in soil gas were appeared along
the NE-SW trending in the BRPB (Fig. 4). The most significant CO
concentration anomalies occurred at F9, F10, and F11 in the north-
eastern part of the study area; significant anomalies occurred at F1, F2,
and F3 in the central part (Table 1). CO concentrations along survey
lines 1, 3, and 4 at LTT site showed a bimodal pattern across the fault
(Fig. 5a), while those along survey line 2 at LTT site (Fig. 5a) and
survey lines 1-4 at DYZ site (Fig. 5b) showed unimodal pattern. Such
spatial distributions of CO concentrations in soil gas across the fault can
be attributed to variations of permeability structures in the fault, which
is composed of a coarse-grained breccia zone. It functions as a conduit
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Fig. 3. Quantile-Quantile plot (Q-Q plot) showing the upper and lower boundary
anomalous thresholds of CO concentrations in soil gas. Figures beside each red dot re-
present statistical number of the measuring points with the same CO concentration. (For
interpretation of the references to colour in this figure legend, the reader is referred to the
web version of this article.)
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for fluid flow and a fine granular fault core that acts as a seal (Agosta
et al., 2007). The strata in the LTT site are composed of a clay loam and
sand-gravel layer. The clay loam in the core of the fault has low per-
meability (Ran, 1997), which obstructs gas migration. While at the DYZ
site, by contrast, the core of the fault is sand-gravel (Ran, 1997), which
facilitates the migration of gas.

4.2. Flux of CO diffusion

The measured fluxes and the estimated output of CO in the BRPB are
shown in Table 2. Positive values of CO fluxes (‘degassing flux’) re-
present the diffusion of CO from soil into the atmosphere, while ne-
gative values (‘uptake flux’) represent CO uptake from atmosphere into
soil. The degassing and uptake fluxes of CO in the BRPB varied in the
ranges of 0.80-18.05mgm 2d~! and -52.18mgm~2d~! to
—6.02mgm~2d ™, respectively (Table 2). Considering synthetic ac-
tions of degassing and uptake of CO from the soil, net fluxes of CO in the
BRPB ranged from —48.6 mgm~>d ™' t0 12.03 mgm~>d ™' (Table 2).
The total output of CO in the active fault zones was 7.6 x 10°ton/a
(Table 2). According to the IPCC Guidelines for Greenhouse Gas In-
ventories for CO gas (Eq. (3), Gillenwater et al., 2006), the diffusion of
CO from the fault zones in the BRPB could therefore be estimated as
equivalent to that of about 1.2 X 10* ton/a of CO,.

Inputs.q, = Diffusions,-44/28 3)

5. Discussion
5.1. Potential sources of CO in soil gas

Possible processes accounting for formation of CO in soil gas might
include biogenic processes (Conrad and Seiler, 1980, 1982; Conrad and
Thauer, 1983; Khalil et al., 1990; Funk et al., 1994; Elio et al., 2016),
degassing from the inner Earth (Trump and Miller, 1973; Elio et al.,
2016) and chemical reactions involving degassed CH4, Hy, CO,, etc.
(Schlesinger, 1999; Godde et al., 2000; Etiope and Lollar, 2013; Elio
et al., 2016). The emission of CO in soil by disintegration of organic
matter depends on soil temperature (Conrad and Seiler, 1982;
Yonemura et al., 2000). Data from the BRPB (Table 1) showed presence
of the positive correlation between soil temperature and CO degassing
fluxes (r = 0.48), which indicated a biogenic contribution to the soil
gas most probably produced by microbial oxidation of soil-derived
carbon (Conrad and Seiler, 1980, 1982). In the BRPB, the CO fluxes
from soil to atmosphere ranged from 0.8mgm 2d”! to
18.05mg m~2d ™! (Table 2), which were much larger than those from
the biogenetic CO fluxes in soil (e.g, 1.1mgm >d~' and
3-4mg m~2d~?, Funk et al., 1994; Constant et al., 2008). It can thus
be deduced that the abiotic processes may contribute to the CO in soil
gas in the BRPB.

The C-H-O fluids (e.g., Hy, CH4, CO, CO,, H,0) are considered as
critical C-bearing fluids in the crust and mantle (Taylor and Green,
1988; McCammon and Kopylova, 2004; Frost and McCammon, 2008;
Zhang and Duan, 2009). The mantle and lower crust can be one of the
important sources of CO (Bergman and Dubessy, 1984). Geophysical
data have demonstrated prominent low-velocity anomalies and high-
conductivity layers occur beneath the Zhangjiakou-Bohai seismic zone
in the northeast and Shanxi seismic zone in the west (Fig. 1b), sug-
gesting an upwelling of high temperature fluids from the local upper
mantle (Huang and Zhao, 2004, 2006, 2009; Lei, 2012). P-wave velo-
city tomography indicates a prominent low-velocity anomaly origi-
nating from the mantle transition zone and attaining the bottom of the
crust in the BRPB (Tian et al., 2009; Santosh et al., 2010). The regions
with high Poisson’s ratios correspond to those with low-velocity
anomalies and high conductivities thereby indicating an existence of
fluids in the mantle-crust system (Wang et al., 2009). Spatial distribu-
tions of the high CO concentrations (Fig. 4) were found in the areas
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Fig. 4. Distribution of CO concentrations in soil gas. Cyan triangles and red solid lines are as in Fig. 1(b). (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)

with low-velocity anomalies (Huang and Zhao, 2004, 2006, 2009; Lei,
2012) and high Poisson’s ratios (Wang et al., 2009). Thermochemical
calculations indicate that CH, production is most favored at 500 °C
and < 7 GPa (Scott et al., 2004). Molecular dynamic simulations pre-
dict that the C-H-O fluids could be CH,-rich at greater depth. When the
ascending fluids cross the boundary between lithosphere and astheno-
sphere, the reduced fluids enriched in H,O-CH,4-H, will be oxidized into
H50-CO5-CO fluids (Zhang and Duan, 2009). The presence of mantle-
derived volatiles in the BRPB has been geochemically demonstrated by
Zhang et al. (2016). Thus it might be inferred that degassing of the CO
generation is associated with the upwelling of asthenospheric mantle.
Crustal seismic velocity structure shows a presence of the deep faults in
the BRPB, such as the Huailai-Lingqiu, Tianzhen, and Zhuolu-Yangyuan
faults (Xu et al., 2002). These deep faults could penetrate to the up-
permost mantle (Xu et al.,, 2002). There is a positive correlation
(r = 0.50) between fault slip rate and SHe/*He ratio in the BRPB
(Table 3). The 3He/*He ratio, as representative of overall fault-slip
activity, is thought to be also related to fault permeability and to the
transport of mantle volatiles (Zhang et al., 2016). The deep faults in the
BRPB act as conduits for the migration of mantle-derived volatiles (e.g.,
H,, CH4, CO, CO,, H,0) (Fig. 6a, Hilton, 2007; Zhang et al., 2016).
CO is expected to be a stable species in C-H-O system at high tem-
perature and pressure conditions (Bergman and Dubessy, 1984; Zhang
and Duan, 2009; Scott et al., 2004). The 3He/*He ratios in the crust and
mantle are 0.02 R, and 8 R,, respectively (where R, is the SHe/*He ratio
in air, Lupton, 1983; Hilton et al., 2002). There is a negative correlation
(r = —0.54) between CO concentration and >He/*He ratio in the BRPB
(Table 3), suggesting the upwelling of the asthenospheric mantle as

other source of CO in the BRPB.

The North China Craton is composed of Archean and
Paleoproterozoic metamorphic basement overlain by approximately
9000 m of unmetamorphosed Mesoproterozoic sedimentary cover with
prominent thick-layered dolomites and limestone (Lu et al., 2008;
Zhang et al., 2009b). Siderite was also deposited in the Xiamaling
Formation in the Neoproterozoic times (Zhang and Duan, 2009; Fan,
2015). The thermobarometry of Cenozoic basalt-borne peridotites re-
veals that the temperatures at lower crustal depth and in the sub-Moho
mantle beneath the North China Craton are 750-1200°C and
1200-1280 °C, respectively (Menzies et al., 2007). Heat input from the
upwelling of the asthenospheric mantle and its interactions with over-
lying carbonates would lead to release of the CO5-rich fluids when the
temperature attains at 500 °C (Fig. 6a, Sulem and Famin, 2009; Santosh
et al., 2010). Thermal decomposition of the carbonate rocks (CaCO3)
and siderite (FeCO3) might generate CO, and CO by Egs. (4) and (5)
(Fig. 6a, Gao, 1997; Treiman, 2003; McCollom, 2003; Etiope and Lollar,
2013).

(Mg,Ca)CO3; — CaCO; + MgO + CO, 4
3FeCO; + wH, O— Fe;04 + xCO, + yCO + zH, O
+ organic compounds (5)

where w, x, y and z are undetermined stoichiometric coefficients
(Treiman, 2003; McCollom, 2003; Etiope and Lollar, 2013). CO might
be generated by the chemical reactions among the CO,-CH4-H,-H,0
fluids and carbonate rocks (Eq. (6), Fig. 6a) and by the chemical re-
actions among the degassed volatiles (Egs. (7)-(10), Fig. 6a and b,

25} (@) 25
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Fig. 5. Plots of CO concentration versus distance from F10
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and DYZ, see more details in the text.
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Table 2
CO degassing fluxes of the basins in the BRPB.
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Basin Faults in the Basin length Basin width CO degassing CO uptake Net CO degassing
basin (km) (km)
Flux (mgm™ 24~  Amounts Flux (mgm™ 24~ Amounts Flux (mg m™ 24~ Amounts
(% 10° ton/a) (% 10° ton/a) (x10° ton/a)
I F1 96 30 18.05 19.0 —6.02 -6.3 12.03 12.7
I F3 78 20 10.62 6.0 n.n. n.n. 10.62 6.0
11 F2, F4, F5 100 30 6.11 6.7 —4.09 —-4.5 2.01 2.2
v Fé6 26 16 0.80 0.1 —23.80 -3.6 —-229 -35
A F7, F8 50 10 16.82 3.1 —24.37 -4.4 —7.55 -1.4
VI F9, F10 50 15 3.58 1.0 —52.18 -14.3 —48.6 -13.3
viI F11 100 16 8.35 4.9 n.n. n.n. 8.35 4.9

Abbreviations of each basin (from I to VII) and fault (from F1 to F11) correspond to those in Fig. 1(b). Length and width data of each basin are taken from Xu et al. (2002). n.n. = no

negative values.

Table 3
Concentrations of CO degassing from soil in the BRPB.

Seismic zone Measuring site  Fault slip rate R./R,  CO concentration
(mm/a) (x107%)

A 1 0.46 1.95 0.53
2 0.46 1.95 0.56
3 0.32 0.56 0.7
4 0.43 0.56 0.49
5 0.02 n.d. 0.82
6 n.d. n.d. 0.57
7 0.40 n.d. 0.23
8 0.17 n.d. 0.34
9 0.34 1.10 0.33
10 0.24 1.10 0.67

B 11 0.22 n.d. 0.46
12 0.22 n.d. 0.40
13 0.20 n.d. 0.44
14 0.30 n.d. 0.29
15 0.55 n.d. 1.90
16 0.47 n.d. 0.29
17 0.20 0.66 0.76
18 0.20 0.66 0.62
19 0.38 2.08 0.24
20 0.32 2.08 0.33
21 0.34 2.08 0.58

A and B represent the Shanxi seismic zone and Zhangjiakou-Bohai seismic zone, respec-
tively. The number of each measuring site (from 1 to 21) corresponds to that in Fig. 1(b).
Re/R,, the air-corrected *He/*He ratio, are taken from Zhang et al. (2016). n.d. = no
data. Data sources of the fault slip rates are as follows: Xu et al. (2002), Zhang et al.
(2016), and Fang et al. (1994).

Fiebig et al., 2007; Liu et al., 2010).

CaCO; + 4H, = CH4 + H, O+ Ca(OH), 6)
CH,4 + 2CO, = 2H, O+ C+ 2CO @
CH, + H, O= 3H, + CO (8
CH, + CO, = 2H, + 2CO 9
CO, + H, = CO + H,0 (10)

5.2. A possible link of CO concentration to the tectonic stress field

Emission of gases from active fault zones, especially from structu-
rally weak zones, can be enhanced by the action of tectonic stress (Du
et al., 2008; Toutain and Baubron, 1999). The tectonic stress field is
heterogeneous in the BRPB (Zhang et al., 2009a). The local NNW-SSE
extensional stress is more distinct in the Shanxi seismic zone in the west
of the BRPB (Fig. 1b, Zhang et al., 2009a). The tectonic stress is
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characterized by ENE-WSW compressional stress in the Zhangjiakou-
Bohai seismic zone (Fig. 1b, Zhang et al., 2009a). A positive correlation
(r = 0.48) between CO concentration in soil gas and fault slip rate
exists in the Zhangjiakou-Bohai seismic zone in the east of the BRPB,
whereas the correlation in the Shanxi seismic zone in the west of the
BRPB is negative (r = —0.43) (Table 3). Deformation in the vicinity of
faults suggests that the effective porosity of the normal faults tends to
increase through the opening of cracks during interseismic extension
(Muir-Wood and King, 1993). The negative correlation between CO
concentration in soil gas and fault slip rate in the Shanxi seismic zone
might indicate the opening of the normal fault increases the oxygen
fugacity in the fault (Fig. 7a) and change characteristics of fluids in the
fault from a CH4-H,-CO system to a CO»-CO system (Zhang and Duan,
2009; Liu et al., 2010).

Study on the Basin and Range province of the United States in-
dicates that shearing might twist the regional strain and generate ver-
tical faults that link the brittle upper crust with the ductile lower crust
(Hilton, 2007). Fluid pressure, which favors the upward migration of
gases along fault zones, is greater in strike-slip faults than in normal
faults (Sibson, 1996). There are many strike-slip faults (e.g., F7, F8, and
F11) in the Zhangjiakou-Bohai seismic zone in the eastern part of the
BRPB (Zhang et al., 2009a; Xu et al., 2002). The high slip rate might
enhance the compressional stress whereas the low oxygen fugacity fa-
vors the generation of CO (Fig. 7b).

CO concentration in soil gas along the active fault zones might be an
indicator of the stress field, as suggested by the relationship between
CO concentration in soil gas and stress field in the BRPB (Fig. 7). The
relationship of CO anomalies and certain earthquakes might be the
response to stress variations before, during or after earthquakes (Singh
et al., 2010; Cui et al., 2013; Sun et al., 2014).

6. Conclusions

(1) Concentrations of CO degassing from soil in the BRPB varied be-
tween 0.29 X 107% and 1.1 x 10~°. The background value of
0.6 x 107 ° in fault zones was twice the CO concentration in the
atmosphere. Net CO fluxes from soil to atmosphere ranged from
—48.6mgm~2d ' to12.03mgm~2d ™. The total amount of CO
diffusion in the BRPB was estimated to be as high as 7.6 x 10° ton/
a, which is comparable to the output of 1.2 x 10* ton/a for CO,.

(2) CO concentrations of soil gas in the BRPB varied in spatial. High
values of CO concentrations occurred along NE-SW trending, which
coincided with low-velocity anomalies and high conductivity in the
mantle and high Poisson’s ratios in the crust. This indicated that CO
in soil gas is partially mantle-derived fluids. Other sources of CO in
the soil gas are mainly from chemical reactions among the deep
fluids (e.g., oxidization of CH4 and reduction of CO, in CH4-CO»-
H,O fluids) and carbonate minerals (dolomite, limestone, and
siderite) in country rocks. Biogenic process may also be a con-
tributor to the CO in soil gas in the BRPB.
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Fig. 6. Illustrations showing generation processes of CO by chemical reactions in the BRPB. (a) Upwelling of asthenospheric mantle releases fluids and volatiles (CH,, H,, H>0, CO, etc.) as
well as heat from the deep sources. Deep faults (e.g., the Huailai-Lingqiu, Tianzhen, and Zhuolu-Yangyuan faults, Xu et al., 2002) can act as conduits for migration of the mantle-derived
volatiles. Heat from the mantle favors release of CO5-rich fluids from the carbonates at temperatures above 500 °C (Sulem and Famin, 2009; Santosh et al., 2010). Thermal decomposition
of the carbonate rocks [(Mg, Ca)COs] and carbon-containing mineral siderite (FeCO3) may generate CO, and CO by Egs. (4) and (5) in the text (Gao, 1997; Treiman, 2003; McCollom,
2003; Etiope and Lollar, 2013). The volatiles from the upwelling of asthenosphere can react with the carbonate rock (CaCO3) by Eq. (6) in the text. (b) CO could be generated by chemical
reactions among the CO,-CHy4-H»-H,O fluids and by the reactions between the fluids and carbonate country rock by Egs. (7)-(10) in the text. The fluids can migrate between the fault and

the country rock (I and II in Fig. 6b).

_________ CO concentration 7
insoilgas

(b) )

L CO concentration

Fig. 7. Schematic model showing stress field related to CO
degassing in a normal fault (a) and in a strike slip fault (b).
(a) Activities of the normal faults under tectonic stress
might increase oxygen fugacity within the fault. CO con-
centrations across the normal fault are lower than those
across the strike slip fault. (b) The fluid pressure in the
strike slip fault is greater than that in the normal fault
(Sibson, 1996), which favors upward migration of gases
along the fault zones. The low oxygen fugacity favors the
generation of CO.

insoilgas

(3) CO concentrations in soil gas were influenced by the permeability
of fault zones. The spatial variations of CO concentrations in soil gas
were related to the changes in the crustal stress field in the BRPB. It
can be inferred that CO in soil gas may be an indicator of the crust
stress field and seismic activity.
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