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A B S T R A C T

A large quantity of CO2 produced in the Earth’s interior is emitted to the atmosphere via soil diffusion, especially 
in active tectonic areas. Due to the lack of extensive in situ measurements, however, estimations of soil CO2 
output have been poorly constrained thus far, leading to the perception that soil CO2 seems to be a marginal 
source of global carbon emissions. Here, the contribution of soil CO2 to the atmosphere is discussed based on soil 
degassing rates measured at 187 sites in the Tangshan seismic area, North China. The measured degassing rates 
ranged from 9.04 g m− 2d− 1 to 230.42 g⋅m− 2d− 1, with an average of 87.46 g⋅m− 2d− 1, suggesting that high 
degassing rates are common throughout the region. Carbon isotopic results show that the soil CO2 comes mainly 
from the deep-seated carbonates and shallow biogenetic processes. Using the threshold value of the data pop
ulation (96.20 g⋅m− 2d− 1), the background and anomalous areas are distinguished. We find that anomalous 
degassing areas overlap well with epicenters of earthquakes with magnitudes greater than 5. The total annual 
CO2 output in anomalous areas was estimated to be 38 Mt. This extremely high value can be attributed to the 
enlarged degassing areas and enhanced CO2 emissions induced by regional active faults and frequent seismic 
activities. Our results indicate that the impact of soil CO2 emissions in seismic regions should receive increased 
attention.

1. Introduction

Global climate change has become an important theme and has 
captured the attention of worldwide multidisciplinary scientific com
munities. Carbon dioxide (CO2), as one of the most important green
house gases, affects the temperature of the Earth’s atmosphere and plays 
an important role in the climate (e.g., Brune et al., 2017; Farsang et al., 
2021; Mason et al., 2017). Terrestrial CO2 emissions, which account for 
a substantial quantity of the global carbon budget, have drawn wide
spread attention in recent years (e.g., Bornemann et al., 2022; Buttitta 
et al., 2023; Caracausi and Sulli, 2019; Foley and Fischer, 2017; Lee 
et al., 2016; Tamburello et al., 2018). Earth’s degassing of CO2 occurs 
persistently during geological evolution, especially in active volcanic 
and tectonically active areas (e.g., Brune et al., 2017; Foley and Fischer, 
2017; Tamburello et al., 2018). For a long time, volcanoes have been 
regarded as the most important chimneys of CO2 emissions on Earth; 

thus, their contributions to the atmosphere have been intensely inves
tigated (e.g., Burton et al., 2013; Lopez et al., 2023). However, even in 
volcanic areas, the CO2 flux via soil diffusion can reach nearly one-third 
of the total output (Burton et al., 2013). Within this context, invisible 
CO2 seepage to the atmosphere from soils should be a competitive CO2 
supplier for the global budget. On the other hand, although volcanic 
conduits provide channels for CO2 transport, their number worldwide is 
limited; therefore, the CO2 released from other more widely distributed 
geological structures cannot be ignored (Brune et al., 2017; Camarda 
et al., 2019; Girault et al., 2018; Lee et al., 2016; Mörner and Etiope, 
2002).

Active faults, which are defined as faults that have recently experi
enced dynamic movements, are extensively distributed on the Earth’s 
surface. These faults provide numerous pathways for the migration of 
deep-sourced gases that are emitted from the crust to the atmosphere 
because these regions have increased permeability and porosity (e.g., 
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Caracausi et al., 2023; Chiarabba et al., 2022; Chiodini et al., 2010). Soil 
CO2 fluxes along faults in active volcanic and/or geothermal areas have 
frequently been reported (e.g. Chiodini et al., 2004; Kis et al., 2017). In 
addition, along some large-scale faults – such as the San Andreas Fault – 
cross-fault CO2 flux measurements have also been conducted to assess 
the fault activity (e.g., Lewicki and Brantley, 2000). However, beyond 
these areas, the contribution of soil CO2 to the atmosphere is not un
derstood well due to the absence of systematic in situ measurements and 
quantitative evaluations. This is likely because there are countless active 
faults worldwide that have different initial activity ages. In addition, 
certain pre-existing inactive faults can become reactivated due to dy
namic changes (e.g., Hencz et al., 2023). Therefore, it is difficult to 
ascertain whether some so-called active faults are still active at present, 
as a result of which it is difficult to assess their actual degassing po
tentials. Seismicity is an apparent indicator that faults are very active. 
Many studies have shown that the outgassing of CO2 can be pumped by 
earthquakes because they dynamically affect crust permeability (e.g., 
Chiodini et al., 2020; Girault et al., 2018; Ingebritsen et al., 2016). Given 
that it is still difficult to investigate soil CO2 degassing rates at all active 
faults worldwide, considering the most recently active faults in seismic 
areas as research objects can make it feasible to obtain credible data to 
assess whether such emissions should be focused on when considering 
the present-day CO2 atmospheric budget. Therefore, in the present 
study, in the classical Tangshan seismic area of northern China, where 
the Tangshan MS 7.8 earthquake occurred on 28 July 1976, followed by 
hundreds of aftershocks, the soil CO2 degassing characteristics were 
investigated, and the total CO2 output was assessed.

2. Seismotectonic setting

The Tangshan region is located in the northern part of China, and 
tectonically, it belongs to the rift-depression basin of North China 
(Fig. 1a). Controlled by far-field tectonic forces owing to the 

northeastward compression of the Tibetan Plateau and the westward 
subduction of the Pacific Plate (Li et al., 2016), the area is the most 
active (Fig. 1b) and earthquake prone areas in North China (Liu et al., 
2020). Due to a prolonged period of thermal subsidence since the early 
Tertiary (Allen et al., 1997), most of the research area was covered by 
fine to coarse sandy sediments with the largest thickness exceeding 2 
km. Pre-Cenozoic rocks can be found sporadically in the northern part of 
the study area (Fig. 1c), which is composed mainly of Precambrian 
metamorphic basement rocks, metasandstones and carbonates; Cam
brian–Ordovician limestone, dolomitic limestone, and argillaceous 
limestone; and middle Carboniferous–Permian sandstone, siltstone, and 
mudstone, with multilayer coal seams. A high-precision deep seismic 
reflection profile (Fig. 1c) has outlined the rough underground strati
graphic boundaries (as shown in Fig. 8, Liu et al., 2011). According to 
the results, the depth of Ordovician strata is about 4–6 km and the depth 
of crystalline basement is about 8–10 km. Thus, carbonate rock is 
abundant underground as it dominates the rock types in this depth 
interval.

Regional faults are well developed in the Tangshan region. Four 
faults with ENE and NNW trends confine the city area of Tangshan into a 
rhombic block (Fig. 1c). The Tangshan fault zone, traversing the block, 
comprises three active faults, from south to north: the Tangshan-Guye 
fault (F1), Weishan-Changshan fault (F2), and Douhe fault (F3). All of 
these faults are NE-trending (25–35◦) normal faults with dextral strike- 
slip components and NW dip angles ranging from 70◦ to 80◦ (Liu et al., 
2011). The Tangshan fault zone is considered a complex fault system 
that developed from the deep crust to the shallow crust (Liu et al., 2022; 
Zhang et al., 2022). The 1976 Tangshan MS 7.8 earthquake struck the 
Tangshan fault zone, causing a 10 km-long rupture zone (Liu et al., 
2022). This earthquake caused more than 240,000 fatalities and 
considerable economic loss and was one of the most destructive natural 
disasters in the modern world (Cai et al., 2023). Afterward, long-lasting 
aftershocks occurred countless times. At present, at least one MS ≥ 3.0 

Fig. 1. (a) Regional setting and location of the study area (red box). (b) Shear rate distribution on the study region and adjacent areas. The data are obtained from 
Wang and Shen (2020). (c) Geological map of the study region (modified from Liu et al., 2022) and the distribution of measurement sites. The location of the seismic 
reflection profile is according to Liu et al. (2011). A-A’ represent the profile range adopted in Fig. 8. (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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earthquake occurs once every two years.

3. Methods

An extensive soil gas CO2 flux survey was conducted throughout the 
Tangshan region, covering the three active faults of the Tangshan fault 
zone. In total, 187 field points (Fig. 1) were measured within 20 days in 
August 2021 during which the weather remained clear and the surface 
meteorological factors were mostly consistent. We conducted the mea
surements from 9:30 to 16:00 each day to minimize the difference in the 
biological activity. When sampling, a hemispherical chamber with a 
radius of 0.2 m was used and connected to the inlet and outlet of the gas 
detector through rubber tubes (Fig. 2). An inlet filter and desiccant were 
used to protect the detector from dust and soil moisture (>10 %). The 
CO2 was pumped continuously for 30 min by a GXH-3010E portable 
infrared CO2 analyzer at a sampling interval of 15 s. The soil tempera
ture, air temperature and atmospheric pressure were also recorded at 
each measurement point.

The calculation of soil gas CO2 flux (FluxCO2) was performed using 
the following equation (Chiodini et al., 1998, 2010): 

FluxCO2 =
Δc

AcΔt
=

ρstd × Vstd

Ac
•

dc
dt

=
ρstd

Ac
•

VcPcTstd

PstdTc
•

dc
dt 

where ρstd represents the density of CO2 at normal pressure and tem
perature (1.977 kg⋅m− 3); Δc represents the CO2 concentration (Bq⋅m− 3) 
variations with time in the chamber during the measuring period Δt 
(min); Pstd and Tstd represent the standard barometric pressure 
(101.325 kPa) and temperature (273.15 K) respectively; VC represents 
the volume of the chamber (m3); AC represents the surface area of the 
chamber base (m2); PC represents the atmospheric pressure (Pa); TC 
represents the measured soil temperature (K); and dc/dt represents the 
rate of CO2 concentration increase in the chamber.

Three soil gas samples were collected using conventional water 
displacement methods for carbon isotope analysis, the detailed analyt
ical methodology is presented in (Liu et al., 2024). The δ13CCO2 values 
were analyzed at the Lanzhou Center for Oil and Gas Resources, Chinese 
Academy of Sciences, using an Agilent 6890 gas chromatograph coupled 
to Thermo Fisher Scientific Delta Plus-XP stable. The δ13C-CO2 values 
were expressed using traditional delta numeration, with a measurement 
error of ±0.2 ‰ per milliliter (‰) against the reference standard of Pee 
Dee Belemnite (PDB).

4. Results

The obtained CO2 fluxes ranged from 9.04 g⋅m− 2d− 1 to 230.42 
g⋅m− 2d− 1, with a mean value of 87.46 g⋅m− 2d− 1 (Appendix 1 and 
Table 1). The soil temperature, air temperature (Fig. 3) and atmospheric 
pressure (within a very narrow range) are analyzed and their effects on 
the flux values are excluded. Considering the large variability in the flux 
values, statistical methods can be used to calculate the threshold values 
of anomalies. The quantile–quantile plot (Q–Q plot) is a widely used 

method for estimating the threshold of a dataset (e.g., Ciotoli et al., 
2014; Fu et al., 2017; Yuce et al., 2017); the data under and above the 
threshold represent background and anomalous value populations, 
respectively. As shown in Fig. 4, where the horizontal axis represents the 
actual measured values and the vertical axis represents the theoretical 
values based on the normal distribution, the CO2 flux data were 
distributed along two straight lines with different slopes. The abscissa 
value of the intersection of the two lines, which is also the inflection 
point of the dataset, is 96.20 g⋅m− 2d− 1, which is the threshold value of 
the anomalous CO2 fluxes.

The δ13C-CO2 values of the samples exhibit a narrow range, from 
− 18.8 to − 19.9 (Table 2). This result is similar to the data obtained in 
previous research (Chen et al., 2019). However, it is important to note 
that these δ13C-CO2 values are obtained from samples collected in sum
mer, when the biological activity is relatively intense.

5. Discussion

5.1. Origins of the soil CO2

Generally, soil CO2 is primarily generated by organic matter 
decomposition and microbial and root respiration during biological 
processes. According to previous studies on various ecosystems (Raich 
and Schlesinger, 1992; Raich and Tufekcioglu, 2000), the organic soil 
CO2 flux can reach 21 g⋅m− 2d− 1. However, in tectonically active areas, 
the soil CO2 flux can exceed this value via deep supply through highly 
permeable areas like faults and associated fissures (Chiodini et al., 2010, 
2020; Chiarabba et al., 2022; Caracausi et al., 2023). In this study, the 
mean flux (87.46 g⋅m− 2d− 1) far exceeds this value and is much greater 
than the reported global average soil flux based on extrapolations from 
biome land areas (4.90 g⋅m− 2d− 1, Raich and Schlesinger, 1992) and the 
highest value (63.00 g⋅m− 2d− 1

, Lewicki and Brantley, 2000) measured in 
the San Andreas Faults in the United States, indicating the excess 
geological CO2 supplies.

Unlike volcanic or geothermal areas, which have abundant CO2 
supplies from underground magmas and thus extremely high deeply- 
derived CO2 fluxes are frequently detected (Parks et al., 2013; Cardel
lini et al., 2017), the Tangshan region is underlined by thick sediments 
where no fumaroles or thermal springs occur; additionally, soil diffusion 
is the only way for CO2 emissions to increase. In fact, it is difficult to 
accurately determine the origins of CO2 by simply using the δ13C values, 
as there are some overlaps in carbon isotopic compositions from 
different sources. In some cases, when combined with helium isotopes, 
the quantities of deeply-derived CO2 can be inferred (Sano and Wakita, 
1985). However, in the Tangshan region, deeply-derived 3He cannot be 
determined accurately (Chen et al., 2019) owing to the ‘atmospheric 
imprint’. Thus, it is not suitable to use the carbon and helium isotopes to 
determine the involvement of the deep-seated CO2. However, in the 
graph of δ13C vs. the CO2 concentration (Fig. 5), it can still be found that 
soil CO2 in the Tangshan region comes from the mixing of the 
deeply-derived CO2 and biogenic CO2, though the proportions cannot be 
determined due to large value spans of each source. Deeply-derived CO2 
usually includes CO2 generated by mantle degassing, magmatic activity 
and/or decarbonation of carbonate rocks. The former two show δ13C 
values of − 4 to − 8 (Sano and Wakita, 1985; Macpherson and Mattey, 
1994); the latter one, according to the analytical results of carbonate 
rocks in the Tangshan region, ranges from − 7.11 to 0.76 (Yang et al., 
2013). Degassed CO2 from the lithospheric mantle, even in the presence 
of deep-cutting faults, would be minor when reaching the earth’s surface 
after long-distance migration (e.g. Wang et al., 2023). In addition, the 
lack of current subsurface magmatism in the area makes the magmatic 
origin of CO2 in the region unlikely. Therefore, the abundant carbonate 
rocks, as mentioned earlier, should be the major source for the 
deeply-derived CO2 in the region. In conclusion, the soil CO2 in the 
Tangshan region is generated mainly by the decomposition of organic 
matter (biogenic source) and the decarbonation of carbonate rocks. The Fig. 2. Schematic diagram of soil gas CO2 flux measurement.
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biogenic source is probably Carboniferous-Permian coal seams and 
Cenozoic organic material-bearing sediments, while the 
carbonate-derived CO2 is generated mainly from the carbonate strata 

deposited during geological time.

5.2. Spatial variation and its controlling factors

According to previous research, the soil gas degassing rate is closely 
related to the distance from the fault: it usually reaches its highest value 
in or near the fault core, and then decays rapidly (Ciotoli et al., 2005; 
Bond et al., 2017). This phenomenon also occurs on many active fault 
zones in north China (Wang et al., 2017). This is because the fault cores 
are characterized by high permeability, which is a key factor influencing 
gas emissions (Fu et al., 2017; Yuce et al., 2017; Chiarabba et al., 2022; 
Caracausi et al., 2023). However, in the Tangshan region, based on the 
measured average data, most of the area exhibits high degassing rates, 
indicating that the permeability of rocks and soils is significantly 
elevated, which is probably caused by crustal movements, as evidenced 
by the frequent seismic events and high shear rates in the region (Fig. 1
b, c).

Using the kriging interpolation method, a contour map of the CO2 
flux in the Tangshan region was constructed, where anomalous and 
background areas were distinguished using the threshold value (96.20 
g⋅m− 2d− 1) as the boundary of the colour bar (Fig. 6). Because this study 
was designed and conducted in a localized area, the background rock 
types and soil compositions at each measurement point can be consid
ered consistent. Thus, the permeability of rocks and soils is the gov
erning factor controlling regional CO2 emissions. Conventionally, active 
faults are considered gas migration pathways due to their enhanced 
permeability. However, as shown in Fig. 6, the anomalous areas of CO2 
flux are not entirely concordant with the surface traces of faults in the 
area. This could be partly caused by the complex structure of the 
Tangshan fault zone. The results of deep seismic reflection profiles 
across the area indicate that the fault systems are characterized by 
typically positive flower structures comprising multiple branch faults in 
the upper crust and an upright strike-slip main fault cutting the lower 
crust (Liu et al., 2011). These branch faults all converge downward to 
the main faults and exhibit different occurrences, activities and features 
due to the stress field during different geological periods. In addition, 
some branch faults have their own branches distributed in the Cenozoic 
sedimentary layers, as revealed by shallow seismic and drilling explo
rations (Liu et al., 2022). Therefore, beyond the faults that have been 
previously mapped out (Fig. 1c), other high-permeability areas for un
derground gas migration could also exist.

In addition to the movement of active faults, the permeability within 
a local region is also affected by earthquakes, which can damage rocks, 
create new pathways, and connect deep rocks to the Earth’s surface 
(Chiodini et al., 2020; Girault et al., 2018; Ingebritsen et al., 2016). In 
Fig. 6, the rupture zone of the Tangshan MS 7.8 earthquake is marked by 
a high CO2 flux distribution. This implies that CO2 degassing through 
newly damaged zones resulting from recent earthquakes can be more 
efficient than degassing through pre-existing active faults. Thus, the 
occurrence of earthquakes in the region probably had an important in
fluence on the emission of CO2. To investigate this, earthquake data 
starting from the Tangshan MS 7.8 earthquake were extracted from the 
catalogue (https://data.earthquake.cn/), and magnitudes greater than 
2, 3, 4 and 5 were distinguished for plotting on the contour map of the 
CO2 flux. It can be seen that earthquakes with magnitudes greater than 2 

Table 1 
Statistics of the soil gas flux and environmental parameters measured in the Tangshan region.

Min Max Mean Median Lower Quartile Upper Quartile

Altitude (m/sea level) − 23.14 73.90 19.35 14.30 3.70 32.88
Atmospheric pressure (Pa) 99,812 101,626 100,831 100,928 100,460 101,152

Air temperature (◦C) 24.0 37.8 30.4 30.1 28.6 32.2
Soil temperature (◦C) 22.1 33.8 27.1 26.8 25.5 28.4

CO2 flux 
(g⋅m− 2d− 1) 9.04 230.42 87.46 81.31 56.32 108.69

Fig. 3. CO2 flux vs. air temperatures and soil temperatures. The red and blue 
dashed lines are Pearson correlation fitting lines, and r represents the correla
tion coefficient. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.)

Fig. 4. Quantile–quantile plots of calculated soil CO2 fluxes indicating that the 
soil gas data are separated into two different populations recognizable by the 
inflection point on the curve. The horizontal axis and vertical axis represent the 
measured value and the theoretical values based on a normal distribution, 
respectively.
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and 3 cover both background and anomalous areas, and exhibit no 
correlations with CO2 flux distributions (Fig. 7a, b). However, as the 
magnitude increases to 4, the epicenters become prominently concen
trated in the anomalous areas (Fig. 7c), and when the magnitude reaches 
5, the epicenters of earthquakes overlap well with the areas where 
anomalous CO2 fluxes are distributed (Fig. 7d). The occurrence of an 
earthquake involves a process of energy transmission and consumption. 
As most earthquakes have occurred within the middle crustal depth in 
the Tangshan region, the energy generated by earthquakes can easily be 
transferred to the overlying strata. According to the empirical equation 
‘LogE = 11.8 + 1.5 M’ between magnitude (M) and energy (E) proposed 
by Gutenberg and Richter (1956), a magnitude 5 earthquake can pro
duce almost 1000 times more energy than a magnitude 3 earthquake. 
Further, large earthquakes can produce enough energy to damage 
overlying rocks and enhance vertical permeability, even to the near- 
surface; this phenomenon has also been indicated by the regional 3-D 
velocity model, which exhibits a decrease in Vp values from the 

shallow to the deep crust (Zhang et al., 2022). Relatively small earth
quakes, which create less energy, affect only limited areas around the 
epicentre but can still facilitate gas emission through the passage of 
seismic waves (Gresse et al., 2016).

Tomographic results revealed significant velocity anomalies in the 
lower crust, which were interpreted as the result of the underplating of 
mantle magma (Liu et al., 2011; Zhang et al., 2022). If this process 
actually occurs, even in the absence of any Cenozoic volcanism in the 
Tangshan region, such hot melt and its derived fluids could help extract 
CO2 from the overlying rocks by heating and through fluid–rock inter
action processes, as the case occurred in many volcanic areas such as 
Santorini, Greece (Parks et al., 2013) and Campi Flegrei, Italy (Buono 
et al., 2023). In addition, earthquakes can directly facilitate thermal 
decarbonation in carbonate layers triggered by frictional heating due to 
relative sliding between two sides of a fault (Italiano et al., 2015; Violay 
et al., 2013). Therefore, in the study area, frequent earthquakes can help 
both produce CO2 and generate pathways for CO2 migration. The 
anomalous fluxes are likely to have more carbonate-derived CO2 sup
plies (Fig. 8).

5.3. Total annual CO2 emission

CO2 entering the atmosphere, regardless of its origin, generates a 
‘greenhouse effect’ (e.g., Schneider, 1989; Anderson et al., 2016). Since 
the anomalous CO2 flux areas and the background areas can be distin
guished from each other (Fig. 6), the squared paper method was applied 
for the calculation in the area. Then, using the average values of the 
anomalous populations (135.72 g⋅m− 2d− 1) and the area (775 km2), the 
total annual anomalous CO2 output was found to be 38 Mt.⋅yr− 1. 
However, consistent with the defects in previous studies, it should be 
noted that this annual value is a rough estimate, as seasonal factors were 
not considered.

Fig. 9 shows the comparison of the annual total CO2 output in the 
study area with that in other active volcano-geothermal or tectonic re
gions at different scales. The CO2 output in the study area is greater than 
the total amount of CO2 generated from volcano-geothermal regions in 
China, comparable to that from geothermal systems along the Pacific 
rim, and accounts for nearly 7 % of the global subaerial volcanic CO2 

Table 2 
Carbon isotope ratio values of soil gas CO2 in the Tangshan region. L1 ~ L9 refers to data from literature (Chen et al., 2019).

S1 S2 S3 L1 L2 L3 L4 L5 L6

CO2 concentrations (%) 4.02 2.05 10.78 8.96 11.24 2.42 6.76 2.46 3.27
δ13C-CO2 − 19.3 − 18.8 − 19.9 − 18.4 − 19.7 − 17.3 − 19.8 − 18.2 − 20.6

Fig. 5. δ13C-CO2 vs. CO2 concentration plot of the analyzed gas samples 
(modified from Parks et al., 2013).

Fig. 6. Contour map of soil CO2 fluxes in the study area.

L. Hu et al.                                                                                                                                                                                                                                       



Global and Planetary Change 249 (2025) 104778

6

flux. Although these values are probably underestimated because they 
originate from extrapolations based on small numbers of direct mea
surements, there is no doubt that a considerable amount of CO2 is 
emitted to the atmosphere from the study region.

Soil diffusion is an important pathway for terrestrial CO2 emissions 
(Camarda et al., 2019 and reference therein). Although the emission rate 
of CO2 via soil diffusion may be lower than that via volcanic conduits, 
the total soil CO2 output can be significant due to the large areal extent 

Fig. 7. Spatial distribution of earthquakes according to magnitude categories >2 (a), >3 (b), >4 (c), >5 (d), respectively, recorded in the study region since 1976 on 
the background of the measured soil CO2 fluxes. Earthquake data are from China Earthquake Networks Center (http://www.cenc.ac.cn).

Fig. 8. Generic two-dimensional sketch showing CO2 migration via both faults and earthquake-induced pathways. Fault configuration and strata boundaries ac
cording to interpretation of seismic reflection profiles (Liu et al., 2011).
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(Burton et al., 2013). For this reason, even in volcanic regions, the soil 
CO2 flux accounts for a significant proportion of the total output. CO2 
emissions to the atmosphere, regardless of the form, are controlled 
mainly by sources and emission channels. Globally, high-CO2 emission 
areas are distributed around active continental margins (Tamburello 
et al., 2018), where deep-cutting faults and frequent seismic activity 
occurs; the magmatic degassing and metamorphism of marine sediments 
can produce significant amounts of CO2. Locally, as found in this study, 
enhanced emissions can be attributed to regional active faults, contin
uous seismic activity, and abundant CO2-bearing rocks.

Crustal carbonates are one of the most important sources of global 
carbon (Mason et al., 2017). Numerous studies have focused on the 
recycling process of these compounds during subduction (Mason et al., 
2017; Plank and Manning, 2019). However, it has been estimated that 
the subducted crustal carbon flux into the mantle exceeds the flux 
emitted by volcanoes by an order of magnitude (Hazen and Schiffries, 
2013). This implies that deep-stored carbon is relatively difficult to 
transport to the earth’s surface and emit into the atmosphere. In 
contrast, crustal carbon is more easily affected by variations in stress and 
release to the atmosphere due to a shorter path of migration. The Ti
betan Plateau is one of the most tectonically active places in the world 
and is characterized by intense crust–mantle interactions; for example, 
degassing CO2 from most thermal springs or soils along active faults has 
been proven to originate mainly from the crust (Wang et al., 2023; 
Zhang et al., 2021). Thus, awareness should be raised that crustal car
bonate and carbonate-bearing rocks deposited at different geological 
times can also act as direct sources of CO2 (Parks et al., 2013; Violay 
et al., 2013; Buono et al., 2023).

Carbonate strata are widely distributed worldwide. If the CO2 
generated by the metamorphism of carbonates in active tectonic struc
tures is released into the atmosphere, as has occurred in the Tangshan 
region, an unexpectedly high flux can occur. Nevertheless, quantifying 
this value is difficult because many degassing sites are present 
throughout the world, and extensive in situ measurements are seldom 
performed (Burton et al., 2013). Additionally, extrapolation cannot be 
used due to differences in the geological background, fault activity and 
earthquake occurrence at each site. Therefore, a more detailed regional 
division in combination with CO2 emission mapping of typical regions is 
required in future research. However, based on the CO2 outputs 

calculated at a local scale in this study, we suggest that the total amount 
of CO2 emissions, at least in seismic areas, is highly underestimated and 
needs to be reconsidered.

6. Conclusions

In this study, we conducted high-density measurements of the soil 
CO2 degassing rate in the whole Tangshan seismic region. Our results 
show that the high-flux area does not completely coincide with the 
trajectory of the fault lines on the surface, suggesting that the high- 
permeability areas in active fault zones are not distributed only 
around the traces of faults on the surface. Due to the structural 
complexity of faults from deep to shallow, the morphological charac
teristics of faults should also be considered when investigating the soil 
CO2 degassing rate. Our results also indicate that seismic activity can 
generate new migration pathways beyond faults which enhance surface 
emission of CO2. These factors have an important impact on the total 
CO2 output calculated, as there would be great changes in the degassing 
areas.

Due to the various degassing conditions and different geological 
backgrounds, it is difficult to accurately estimate the total amount of 
geogenic CO2 without sufficient quantifiable data. However, new in
sights will constantly emerge as additional measurements of CO2 flux 
are conducted. For example, global volcanic CO2 concentrations have 
increased substantially since CO2 was measured and addressed in vol
canic lakes (Burton et al., 2013). The output obtained in this study also 
suggested that CO2 from soil is a promising candidate for global CO2 
emissions. Given that ~38 Mt.⋅yr− 1 is produced within a small but 
seismic area, it is highly possible that the global amount of CO2 
degassing is significantly higher than the current estimated quantity, 
which is necessary to understand in future investigations.
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Fig. 9. Comparison of the annual CO2 output range of the study region with 
those of volcanic or geothermal regions worldwide. The data for global sub
aerial volcanoes, global mid-ocean ridges, the East African Rift, geothermal 
systems along Pacific rims, and volcano-geothermal regions in China are from 
Burton et al. (2013), Le Voyer et al. (2019), Lee et al. (2016), Seward and 
Kerrick (1996), and Zhao et al. (2018), respectively.
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