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Abstract: Co-seismic gas leakage usually occurs on the edge of seismic faults in petroliferous basins, and it may have an impact on the
local environment, such as the greenhouse effect, which can cause thermal infrared brightness anomalies. Using wavelet transform and
power spectrum estimation methods, we processed brightness temperature data from the Chinese geostationary meteorological satellite
FY-C/E. We report similarities between the co-seismic thermal infrared brightness (CTIB) anomalies before, during and after earthquakes
that occurred at the edges of the Sichuan, Tarim, Qaidam, and Junggar basins surrounding the North and East of the Qinghai-Tibet
Plateau in western China. Additionally, in each petroliferous basin, the area of a single CTIB anomaly accounted for 50% to 100% of the

basin area, and the spatial distribution similarities in the CTIB anomalies existed before, during and after these earthquakes. To better
interpret the similarities, we developed a basin warming effect model based on geological structures and topography. The model
suggests that in a petroliferous basin with a subsurface gas reservoir, gas leakage could strengthen with the increasing stress before,
during, and even after an earthquake. The accumulation of these gases, such as the greenhouse gases CH4 and CO,, results in the CTIB
anomalies. In addition, we conclude that the CTIB anomalies are strengthened by the high mountains (altitude ~5000 m) around the
basins and the basins’ independent climatic conditions. This work provides a new perspective from which to understand the CTIB
anomalies in petroliferous basins surrounding the North and East of the Qinghai-Tibet Plateau.
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1. Introduction

Co-seismic heat radiation is a common phenomenon that is usu-
ally found in areas with the largest linear structures and fault sys-
tems, such as those in the central Asian active seismic region, Iran,
Italy, and India (Tronin, 1996; Ouzounov and Freund, 2004;
Choudhury et al., 2006; Qin et al., 2012; Piroddi et al., 2014). Previ-
ous studies have shown that co-seismic heat radiation could be
detected before an earthquake (Tronin, 2000a, b). Tronin (2000a)
reported an initial thermal infrared brightness anomaly observed
by satellite prior to earthquakes and discussed co-seismic anom-
alies during several minor earthquakes of M, 3.6-5.5 in northeast-
ern China. Tronin (2000b) and other researchers have also repor-
ted that Japanese land surface temperature (LST) anomalies had
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shorter precursor times (~1 week) and higher amplitudes. These
studies are significant because they further confirmed that LST an-
omalies are associated with lineaments and faults that are integ-
ral parts of Earth’s seismicity. However, the magnitudes of these
earthquakes were much smaller than those in other areas of
China, especially in the area of the Qinghai-Tibet Plateau surroun-
ded by several petroliferous basins.

Previous studies of earthquake series have used a Robust Estimat-
or of Thermal Infrared Anomalies index (Filizzola et al., 2004; Cor-
rado et al., 2005; Aliano et al., 2008; Pergola et al., 2010). Saraf et al.
(2012) focused on ten different M5.8-6.6 earthquakes that oc-
curred from June 2002 to June 2006 in Iran, and Choudhury et al.
(2006) investigated the Bam M6.6 and Zarand M6.4 earthquakes.
They reported 5-10 °C LST anomalies ~6 days before the earth-
quake. The maximum observed amplitude of the LST anomaly
was 13 °C, although it was based on visual features of LST images
rather than on statistical methods. Rawat et al. (2011) presented a
similar analysis of the M5.9 Vrancea (Romania) earthquake and the
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M5.1 Yamnotri (India) earthquake. The anomalies were in the
range of 5-10 °C, appearing ~1 week before these two earth-
quakes. However, the key point of their studies was their use of
outgoing longwave radiation anomalies as a proxy for and in as-
sociation with the LST anomalies. Co-seismic thermal infrared ra-
diation depends on temperature and the greenhouse effect. Thus,
any earthquake-induced co-seismic thermal anomalies may be re-
lated to the greenhouse effect.

The greenhouse effect is the main component in forming co-seis-
mic thermal infrared brightness (CTIB) anomalies. Greenhouse
gases such as carbon monoxide (CO) and methane (CH4) mixing
into the air could cause the air temperature to rise nearly 3-6 °C
under polarization of the atmospheric electric field (Qiang ZJ et
al., 1999). It has also been confirmed that mixed gases containing
CH, could cause the temperature to rise via solar radiation or tran-
sient electric fields (Qiang ZJ et al., 1994, 1999). Scholars have
studied how the gases, including CO,, CHy4, and CO, strengthen cli-
mate warming and the temperature increase before and after an
earthquake (EQ) occurs (Tronin, 2009; Zhang YS et al., 2010; Lu X
et al,, 2016; Anderson et al., 2017; Jiao ZH et al., 2018). However, it
is not clear where these gases come from and what kind of crustal
structure or basin topography has a greater effect on the CTIBs.
More consideration is needed to establish the presence of CTIB
anomalies with high statistical confidence before their probable
mechanisms can be investigated, as there are points of uncer-
tainty associated with the anomalies themselves (Bhardwaj et al.,
2017a), such as (1) the relationship between these co-seismic an-
omalies and geological characteristics and (2) how confidently
they can be detected via remote sensing. In the following sec-
tions, we attempt to analyze these concerns from the perspective
of similar basins’ CTIBs. We focus on those basins specifically that
are producing oil and gas. The scope of our present model is a
comprehensive overview of CTIB basin anomalies; we discuss
them in terms of how their geographic and geological character-
istics combine to explain the observed phenomena.
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To identify the possible mechanism between gas leakage and
CTIBs, we utilize as examples four petroliferous basins in western
China. Wavelet transform and power spectrum estimation are
used to analyze the CTIB data of the Jiuzhaigou Ms7.3 EQ (JZGE)
and Wenchuan Ms8.0 EQ (WNCE) that occurred at the edge of the
Sichuan basin, the Yutian Ms7.3 EQ (YUTE) and Xinyuan Ms6.6 EQ
(XNYE) that occurred at the edge of the Tarim basin, the Jinghe
Ms6.6 EQ (JNHE) that occurred at the edge of the Junggar basin
edge, and the Haixi Ms6.6 EQ (HAXE) that occurred at the edge of
the Qaidam basin. The results show that there are similar spatial
variation characteristics in the CTIB anomalies during these EQs.
To explain these similarities among the events, we propose a
basin-warming-effect model in which we also take into considera-
tion terrain conditions around these basins’ edges.

2. Data and Methods

The initial data used in this paper were collected by the two satel-
lites FY-2C and FY-2E, downloaded from the National Satellite
Meteorological Center (http://satellite.nsmc.org.cn/portalsite/de-
fault.aspx). The FY-2C satellite was launched on October 19, 2004,
with a fixed point at 105°E above the equator; the FY-2E satellite
was launched in 2008, its orbit also fixed at 105°E above the
equator, with an entire coverage area of 50°N-50°S and
55°W-155°E. The resolution of the infrared brightness temperat-
ure is 5 km. Since November 2009, the FY-2E has provided effect-
ive data service. The observation channels parameter of the FY-2E
satellite can be divided into 5 bands. The most suitable one is the
middle band, that is, the intermediate infrared 6.32-7.55 and
3.59-4.09. Brightness temperature observation is taken once an
hour to obtain successive data. For a certain pixel, the position of
the satellite and propagation path of thermal radiation is almost
fixed. That is why we used data from geostationary meteorologic-
al satellites rather than high-resolution polar orbit satellites.

The spatial coverage of the data used is the three areas shown in
Figure 1. We applied these data in calculating the relative power
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Figure 1. Topographic map of four basins around the Qinghai-Tibet Plateau. The four petroliferous basins are located on the eastern or
northern sides of the Qinghai-Tibet Plateau. The red dots represent the epicentral positions of EQs (Ms > 6.5).
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spectrum (RPS). Brightness temperature time series with a time
resolution of one day were gathered for every pixel. For a certain
pixel, the position of a satellite and the propagation path of the
thermal radiation are almost fixed. Thus, data from a geostation-
ary meteorological satellite rather than a polar-orbiting satellite
are used in this work.

Radiation from the sun in the daytime can cause increases or rel-
atively sharp perturbations in the brightness temperature ob-
served by satellites. To avoid this effect, brightness temperature
data from 00:00 to 04:00 LT are used. We used the mean value of
five chosen brightness temperature data points as the observed
daily values. To extract information from more frequencies and to
analyze anomalies by comparing them to normal states, the
length of the daily brightness temperature series was set to three
years. However, some preprocessing needs to be conducted on
the brightness temperature series before using the wavelet trans-
form method to detect anomalies. When some pixels were
covered by clouds, the brightness temperatures of these areas ac-
tually reflected the temperatures of the cloud tops, which were
much lower than the corresponding LST under the clouds.

Wavelet transform can decompose the time series data into mutu-
ally independent frequency components almost without loss of
information. Each component has a different dominant factor,
making the physical meaning much clearer than is possible using
other methods. The wavelet transform method is used to elimin-
ate low-frequency annual and seasonal components and high-fre-
quency random components such as local meteorological condi-
tions and human activities (Jiao ZH et al., 2018). Continuous long-
wave radiation data should include the basic temperature field of
the Earth as well as annual and daily temperature fields. Temper-
ature changes, however, are also caused by clouds, rain, cold and
hot air flow, topography, and other factors (including EQs) as well
as varying longwave radiation information. Longwave radiation
can be removed by using a wavelet transform, which omits the
low-pass part of the seventh order of the wavelet by subtracting
the low-pass component of the second-order from the low-pass
component of the seventh order of the wavelet. This means that
information on the intermediate band is retained, and informa-
tion on the high and low frequencies is omitted. Besides, the im-
pact of the temperature changes caused by rain clouds and cold
or hot air currents usually lasts only a few hours to several days.
This kind of information can be weakened by the wavelet trans-
form process in which the high-pass part of the second-order of
the wavelet is omitted.

We adopt the same approaches to processing data as those in Xie
et al. (Xie T et al., 2013; Xie T and Ma WY, 2015) and Lu X et al.
(2016). The process is divided into the following three steps.

First, we used the wavelet transforms to separate the initial bright-
ness anomaly. The db8 wavelet basis wavelet transform method
that we selected from Daubecheies was determined to be optim-
al after many experiments. Based on db8, the wavelet basis was
divided along a seven-order long-period wavelet scale. We extrac-
ted a trend component with a period of about years or more in
the brightness temperature of every pixel, and these results
showed an obvious annual cycle.

Second, we obtained the power spectrum estimate by using
brightness temperature waveform data to calculate the power
spectrum with the Fast Fourier Transform method. In the trans-
formation, a short time period anomaly was considered with a
window length of 64 days, and then with a step length of 1 day;
six frequencies were obtained: 64, 32, 21, 16, 13, and 11 days, re-
spectively.

To determine the difference between the EQ times and other peri-

ods, we calculated the RPS value of each pixel (0.05° x 0.05°) us-
ing the following formulas:

1 !
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In Formulas (1) and (2), m is the total number of pixels, and n is the
number of frequency points. i, j, and k represent the pixel, day,
and frequency, respectively. The Wiy is the power spectrum of
each pixel per day per frequency; Aj is the average of every pixel
per frequency for 1 day, and Rji is the everyday RPS of every pixel
per frequency.

Finally, we calculated the background value and standard devi-
ation. The background value was the average of the RPS on the
same day of each year, and the standard deviation calculation was
based on the background value. The calculation process was as
follows:

TS Ru .
Aj=T‘,N=121O, (1<j<365), (3)
k=10 Zi:]Z‘I (R“k _ Z)2
k=1 i=1 Ul ! .
B; = N ,N=1210, (1<j<365) (4)

In these formulas, j and k represent days and years, respectively. K/
represents the everyday average of RPS for ten years, and B; rep-
resents the everyday standard deviation. Ten years of data are
used, and every year is presumed to be 365 days. Every 0.5° x 0.5°
range has 121 pixels (a matrix of 11 X 11), so the time range of 10
years has 1210 pixels.

Taking the data series of 2014-2017 as an example, Figure 2
shows the process detail about the original brightness temperat-
ure (BT in Figure 2) data. The wavelet transforms of the four years
from the epicenter (33.2°N, 103.8°E) as well as the seventh-order
wavelet scale (Figure 2a2) annual variations are shown. The Earth's
annual temperature field influence is eliminated by removing the
seventh-order long-period component of the wavelet scale. Simil-
arly, since the cloud duration/rainy periods and temperature
change caused by the cold/hot airflow are relatively short and
usually last for a few hours to a few days, their influence should be
significantly reduced or eliminated by removing the seven-order
wavelet component (Figure 2b1).

Wavelet transform is widely used in geophysics, seismic prospect-
ing, etc. The conflict between time resolution and frequency resol-
ution can be well resolved by changing the shape of the time-fre-
quency window. Thus, the wavelet transform is localized both in
time and in the frequency domain. The high power caused by
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Figure 2. The result of the wavelet transformation of the brightness temperature (BT). The Y-axis represents BT. Figures b1-b3 represent original

BT data, and 7-order and 2-order results after wavelet decomposition, respectively. Figures c1-c3 represent the product of wavelet process, and

1-scale and 7-scale of wavelet residuals signal, respectively. The red line represents the result of the relative difference between the separation
results, which would be abandoned. The black line represents the result that was separated from the original data.

sharp variations of low cloud-top temperature in power spectrum
analysis is removed after cloud elimination. Temperature increase
before earthquakes often lasts longer than short-time fluctu-
ations. Thus, their power could possibly be presented at different
frequencies. To reflect the difference between the power spec-
trum of the long-wave radiation before and after the earthquake
and that of other periods, we processed the relative amplitude of
the power spectrum of each pixel at all frequencies and obtained
the spatial distribution of the time-frequency relative changes in
the power spectrum.

In this study, RPS reflects the distribution of the energy of the ran-
dom signal; it reveals useful information such as the hidden peri-
odicity and the near-spectral peaks in the signal. The dominant
frequency and amplitude can be obtained by power spectrum es-
timation. The rising of the RPS curve means that the satellite has
detected an increase of thermal radiation. The purpose of this
work is to seek the similarities and differences in the power spec-
tra of sub-longwave radiation variations before and after EQs in
basins. The mathematical calculation method used in this paper is
both sophisticated and general, and its process is simple. The cal-
culated time/frequency spatial data are scanned in full
space-time and full frequency bands to find the corresponding
frequency (i.e., typical period), time, and regional position with
which the larger amplitude changes.

3. Results and Discussion

3.1 CTIB Temporal and Spatial Variations

Analyzing the daily CTIB data before the JZGE, we found that the
CTIB increased significantly along the Longmenshan fault in July
2017 (Figure 3). Combined with the specific tectonic distribution,
our conclusion is that the epicenter of JZGE was located on the
edge of the Sichuan basin, which is also on the edge of the CTIB
anomaly area. In the time series, the CTIB anomaly gradually re-
duced to a minimum in early August and then slightly increased

on August 8™, when the JZGE occurred. Afterwards, the CTIB an-
omaly lasted until August 14t but with a weakening trend. Finally,
the CTIB anomaly contracted in the southern Longmenshan fault
and disappeared completely in the middle of September.

Similar to JZGE, the WNCE also occurred in the western Sichuan
basin in 2008, and its CTIB anomaly lasted two months before and
after the EQ and was distributed mainly in the Sichuan basin. Also,
the CTIB's strength and coverage increased to its maximum level
in late May, after the WNCE occurred (Figure 4). The main CTIBs of
both WNCE and JZGE were distributed in the central Sichuan
basin, which is full of oil and gas.

Both of these CTIBs experienced extension from the northern
Longmenshan fault to the Sichuan basin and eventually contrac-
ted to the southern Longmenshan fault. On the one hand, the CTIB
anomaly of JZGE was distributed along the Longmenshan fault.
Similarly, the main part of the JZGE’s CTIB was distributed primar-
ily along the northwestern edge of the Sichuan basin (Figure 5b).
The maximum areas of the two CTIBs reached 12 x 10* km2 and 8
x 10* km?, respectively, for WNCE and JZGE, and their CTIB pro-
portions of the basins reached 66% and 50% (Figure 5a and 5b).
On the other hand, the CTIB anomaly of WNCE was bounded by
the Longmenshan fault but was mainly distributed in the north-
ern part of the Sichuan basin. Geographically, WNCE occurred on
the most extreme western corner of the CTIB anomaly (Figure 5a),
and the spatial distribution of the CTIB anomalies in these two EQs
depended on the spatial position of the Longmenshan fault. We
observe that the WNCE’s anomaly would be almost the same as
the JGZE's CTIB anomaly if it were moved westward until its
boundary passed through the Longmenshan fault.

Earthquake-associated CTIB anomalies have appeared not only on
the periphery of the Sichuan basin; they have also been detected
in the Tarim basin as well as in other petroliferous basins after
large EQs. Like the CTIB anomaly associated with JZGE, the CTIB
anomalies associated with YUTE, XNYE, JNHE, and HAXE also ap-
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Figure 3. Spatiotemporal evolution of the CTIB anomaly before and after the JZGE, from July to September 2017. The hexagon represents the
epicentral location of the JZGE, and the black line represents active faults in the area.
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Figure 4. Spatiotemporal evolution of the CTIB anomaly before and after the WECE in 2008. The hexagon represents the epicentral location of
the WECE, and the black line represents active faults in the area.
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peared, migrated, and developed in the same way (Figure 5). In
Table 1 we list several similar EQs with their CTIB anomalies. The
spatial distribution of the CTIB anomaly that follows that of YUTE
on March 21st, 2008 is shown in Figure 5¢; the spatial distribution
of the CTIB anomaly that follows that of XNYE on June 30th, 2012
is shown in Figure 5d. For the two EQs YUTE and XNYE, the max-
imum areas of their CTIBs reached 55 x 10* km2 and 60 x 10* km2,
respectively, and the CTIB proportions of the basin reached 100%
and 83%. The two CTIB anomalies throughout the Tarim basin
also had different seismogenic structures. This phenomenon re-
veals that different EQ seismogenic structures may have similar

CTIB anomalies, which is similar to what was observed in the two
EQs occurring in the Sichuan basin (Figure 5a, Figure 5b).

JNHE (Figure 5e) occurred at the edge of the Junggar basin, fol-
lowing a CTIB anomaly. As shown in Table 1 and Figure 5e, the
maximum area of the CTIB reached 25 x 10* kmZ, and the CTIB
proportion of the basin reached 100%. Similarly, HAXE occurred at
the eastern edge of the Qaidam basin. As shown in Figure 4f, the
CTIB anomaly associated with HAXE occupied 65% of the entire
basin. We note that the temporal and spatial characteristics of the
CTIB anomaly evolution process associated with JNHE and HAXE
are similar to those of the anomalies associated with WNCE and
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Table 1. The features of the time series curves and CTIBs associated with the basins for six earthquakes.

Event Date Basin Location Earthquake Peak value Longerthan Maximum Proportion of ~ Abnormal position
magnitude (times) 2nd (day) area (km? the basin (%) of the basin
. 30.95°N " Western and
WNCE  2008/5/12 Sichuan 103.4°F Ms7.3 74 81 12 x 10 66 outside
. 33.2°N " Northwestern and
JZGE 2017/8/8  Sichuan 103 8°F Ms8.0 115 73 8 x 10 50 outside
. 35.6°N
YUTE 2008/3/21 Tarim 816° Ms7.0 9.8 105 55 x 104 100 Inner and edge
) 43.4°N " Eastern and
XNYE 2012/6/30 Tarim 84 8°F Ms6.6 16 75 60 x 10 83 outside
44.27°N
JNHE 2017/8/9  Junggar 82 89°F Ms6.6 135 52 25 x 10% 100 Inner and edge
. 37.6°N
HAXE 2009/8/28 Qaidam 95 8°F Ms6.6 9.7 ~40 - 65 Inner and edge

JZGE in the Sichuan basin. We also note that the seismogenic
structures of XNYE and JNHE are between the Junggar and Tarim
basins (Figure 1 and Figure 5), while the CTIB anomaly of XNYE is
distributed in the Tarim basin near high mountains. Therefore, we
conclude, based on the parallel features of these thermal radi-
ation source anomalies that have been observed before and after
EQs in these petroliferous basins, that these anomalies have a sig-
nificance that cannot be ignored.

3.2 RPS Time Series Curves

The RPS value of the 0.5° x 0.5° area of anomalous significance
(the black square shown in Figure 5) was extracted, and then the
time series curve was calculated (Figure 6). There are two major
principles for selecting the black square: (a) the area must be near
the seismogenic fault and (b) it must be in the high-value area of
the CTIB. The background value refers to the average RPS value in
the past 10 years (or longer, if more data were available); the
standard deviation is calculated by the method in Formulas (3)
and (4), shown with green line in Figure 6. In the RPS series curve,
values exceeding 6 times the background value are indicated by
the red line and the yellow area; we interpret this figure as
strongly suggesting that the peak periods are likely to be related
to EQs or other great geotectonic activity events.

Comparing the relationship between CTIB occurrence and the
time of EQ occurrence, we conclude that petroliferous basins and
seismological structures may cause gas leakages that lead to CTIB
anomalies. We take the RPS of JZGE as an example; it exhibits sev-
en peaks before and after the EQ (Figure 6e). The occurrence
closest to the event is six days before the EQ (on August 2"9) and
has an amplitude that is 11.5 times higher than the background
value, as well as RPS = 6. During the entire process, the duration
time of the anomalous magnitude is almost 40 days, 8 times
longer than the background value. The RPS amplitude peak value
is at its minimum at the time when JZGE is occurring, but it is un-
clear whether it would change with the large amplitudes of the
other times of the EQs in Table 1. We, therefore, estimate it by cal-
culating two sets of background values and the standard devi-
ation of the data.

Considering the relationship between the process of CTIB and the

time of JZGE occurrence, it is found that, before July, the two sets
of background and standard deviation curves almost coincide
with each other, indicating that the data had a trivial effect on the
background value between January and July, 2017. Besides, com-
pared with the rise in the data observed from July to August, the
increase from May to June was relatively low, which indicates that
the amplitudes of the past data do not change much when the
JZGE was occurring. By the beginning of September, the RPS vari-
ation caused by the JZGE had disappeared.

RPS curves of these six EQs are shown in Figure 6. The RPS of XNYE
is similar to that of JZGE, with the high value of the RPS lasting for
a period after the EQ. The reason may be that the major distribu-
tion area of the CTIB is far away from the EQ’s epicenter on the
edge of the basin. Characteristics of the RPS series evolution show
that the EQ onset times are 4-8 days apart from (before or after)
the maximum wave peaks. To explain the relationships between
EQs and CTIBs in petroliferous basins, we have proposed a basin
warming effect model.

3.3 Basin Warming Effect Model

3.3.1 Relationship between basin type and CTIB characteristics
The CTIBs analyzed here were related to six EQs that occurred
around four petroliferous basins (Table 1). The western Sichuan
basin is rich in oil and gas, which indicates the possibility of a CTIB
or warming effect if leaking occurs during seismic stress loading.
The CTIB anomalies show many similarities, as shown in Figure 5a
and 5b. The coincidence of anomaly and earthquake in such a set-
ting may be related to the basin’s warming effect. Before the two
western Sichuan EQs, the basin was loading by stress coming
from a geological block of the Qinghai-Tibet Plateau. Such stress
increases micro-cracks in the crust, providing channels for gas
leakage. The outflow and accumulation of greenhouse gases such
as CH, and CO; above the surface of the earth in such settings can
have a significant radiation warming effect (Anderson et al., 2017),
resulting in characteristic earth surface thermal radiation anom-
alies before earthquake events (Lombardo et al., 2009; Jiao ZH et
al., 2018).

Compared to the western Sichuan basin, the Tarim basin is also a
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petroliferous basin that has strong tectonic deformation in its
periphery. Under regional stress loading, the structure system
along the edge of the basin becomes a good channel for the up-
welling of underground gas. Especially following these strong
EQs, the response of the basin to the stress changes is active for its
underground gas storage, capable of causing the oil and gas to
escape and then causing a warming phenomenon in the low-alti-
tude atmosphere. This phenomenon may explain the CTIB anom-
alies observed in a large area of the basin so far. Similarly, the
Junggar basin and Qaidam basin also have abundant petroleum

resources. Thus, changes in the mechanical environment related
to the JNHE and HAXE could lead to CTIB anomalies also in those
basins.

Considering the results of previous studies (Tronin, 2009; Zhang
YS et al., 2010; Xie T and Ma WY, 2015; Cui Y et al., 2017; Jiao ZH et
al,, 2018), we conclude that the evolution of CTIB anomalies with
time may be related to the process of stress accumulation. First,
the areas of thermal radiation anomalies co-seismic with these
earthquakes were all observed to reach more than 50% of the
areas of the basin (Table 1), among which those of YUTE and JNHE
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rose up to 100%. It seems that the larger the abnormal area, the
higher the areal ratio of a co-seismic anomaly in the basin. This
phenomenon may show that a large amount of oil and gas in the
underground region of a petroliferous basin is more sensitive to
the stress change following an EQ. Second, when seismic stress is
accumulated to a certain extent, active tectonic belts and some
micro-fissures on the periphery of the basin are all creating up-
welling channels of gas, resulting in effects of CH4, CO,, and other
greenhouse gases on radiative warming. Finally, after the EQ, en-
ergy-release and stress adjustment appear to change slowly to a
new equilibrium state. The abnormality of the thermal radiation
after the EQ continues for a period, reflecting this process of
gradual stress adjustment to the new state. In these petroliferous
basins, the continuous increase under stress leads to an increase
in escaping gases and CTIBs. The CTIB anomalies observed in dif-
ferent basins show some similarities: in area proportions, in area
size, and in location of the whole basin.

Thermal infrared anomalies were not observed during every
earthquake in the study area. In particular, no thermal anomaly
was observed in the cases of two of the eight earthquakes of Ms >
6.5 that have been recorded in the Tarim, Junggar, and Sichuan
basins. If we select Ms6.5 to be the threshold above which a co-
seismic thermal infrared anomaly can be expected, that threshold
appears generally reasonable. However, it cannot be expected to
predict a one-to-one match. Not every large earthquake in such
settings will be associated with a CTIB. We suggest that the major
reason is that the basins are large and not all of these EQs occur
near the basins’ oil/gas reservoirs. Besides, the catalogs of earlier
earthquakes are not complete, making it difficult to estimate ac-

curately their magnitudes and distances from hydrocarbon de-
posits. That is to say, we can't predict at this time exactly how big
an earthquake must be in these basins to produce thermal in-
frared anomalies.

3.3.2 Modeling the basin warming effect

Given the discussion above, we propose a model of the basin
warming effect (Figure 7). The gas releasing channels in this mod-
el include the fault systems and micro-fissures. We suggest that
the accumulation of released gas above a basin is bound to be af-
fected by the surrounding terrain, especially mountains, and that
the amount of such resistance to dispersion is conducive to the
occurrence of the warming process.

These basins are all located around the Qinghai-Tibet Plateau
(Figure 7). One of the greatest responses to the uplift of the Qing-
hai-Tibet Plateau is the increasing altitude of mountains to the
east and north, as well as the altitude difference between the
mountain and the basin. As shown in Figure 6a, the Tarim basin is
located on the northern side of the Qinghai-Tibet Plateau, the
Junggar basin is on the northern side of Tarim basin, and in the
middle are the Tianshan Mountains (Figure 1b). Besides, the
Sichuan basin is located on its eastern side (Figure 1, 7b), and the
Qaidam basin is in the southern Qinghai-Tibet Plateau. Similarly,
the spatial distribution of the CTIB anomaly in the WNCE is a refer-
ence point, and the fact that the anomaly of the Longmenshan
fault is at the front of the JZGE may be related to future large EQ
development.

On the edge of the basin, the area near the fault is an active re-

(a Qinghai-Tibet

Plateau

Tarim Basin

E——Gas layer

Tianshan &
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unggar Basin

(b) |Qinghai-Tibet
Plateau
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Qinghai-Tibet Plateau
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Figure 7. Basin warming effect model. (a) The gas layers are below both of the basins and are not far from the piedmont fault where the EQ
occurred. (b—c) The Sichuan basin is located in the eastern Qinghai-Tibet Plateau, in which the phenomenon of a gas layer is similar to that of (a).
The difference is the famous Longmenshan fault, which is specifically and accurately distributed in the illustrations (c).
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gion of tectonic activity and gas release. Gases are blocked by the
high mountains on one side when the seismic stress causes gases
to escape, and it stays in the basin range and accumulates, caus-
ing a greenhouse warming effect. The effects of the fluid in fault
zones may result in induced seismicity and gas leakage; even the
injecting of fluid (to produce oil by “fracking”) in a fault zone
could cause overpressure and trigger strong EQs (Rinaldi et al.,
2014; Lei XL et al,, 2019). Typically this kind of EQ occurs in the
south of the Sichuan basin (Lei XL et al., 2019). Besides, the re-
search on EQ precursors shows that the underground electric field
and the atmospheric electric field will be abnormal (sometimes in-
creasing) before an EQ. Here, we conclude that a holistic and reas-
onable model is needed to establish a workflow to interpret the
leakage of gas.

In this model, the topography between mountains and basin is
not conducive to gas emission. According to the simulation result
(Gao FL et al,, 2012), the thermal infrared wavelength domain in
7.7 um is the advantage absorption range of CH,. In this range, an-
omalous CTIB at the earth’s surface is possible due to the high
concentration of CH4 and CO; in the atmosphere. However, in the
thermal infrared wavelength domain, typical absorption bands
are induced rapidly if CH4 is mixed at high concentration, such as
3CH4 and 6CH,4 as shown in the inset figure of Figure 8. Moun-
tains around the basins obstruct the spread of gases escaping
from underground, enhancing the greenhouse effect. For the
Sichuan basin, the western part is near the Longmenshan moun-
tains and the Qinghai-Tibet Plateau, and the northern side is the
Qinling Mountains (Figure 1). The altitudes of these mountains are
all so great (more than 3000 m) that they are not conducive to gas
emission. Besides, other basins with similar features have been
observed to exhibit similar CTIBs. For instance, on the south side
of the Tarim basin are the Kunlun Mountains and the Altun Moun-
tains, with average altitudes more than 3000 m. The Junggar
basin is located between the Tianshan and Altay Mountains (Fig-
ure 1). The Tianshan Mountains located at the southern edge of
the basin are at an altitude of over 4000 m. The mountains of both
basins block dispersion of gases emitted from underground hy-
drocarbons released by seismic processes.
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An EQ always occurs at the edge of a basin, particularly at the
junction of a basin and plateau (Figure 8), such as the Lonmeng-
shan and Altyn Tagh faults, respectively, located at the junctions
of the Qinghai-Tibet Plateau to the Sichuan and the Tarim basins. In
Figure 8, a case model reflects a greenhouse gas (CHy4) leaking in-
to a full petroliferous basin, leading to a CTIB anomaly observed
above the basin. For instance, the Tarim basin is very petrolifer-
ous, full of gas and oil. However, on the southern edge of the Tar-
im basin, the Qinghai-Tibet Plateau continues to extrude north-
ward. Once an EQ begins developing or is occurring at any ran-
dom point in time, CH,4 or other greenhouse gases can escape and
form CTIB anomalies along the fault pathway of the basin. The to-
pographic effect of the basin, however, cannot be ignored. The
basins are surrounded by very high mountains on three sides, in-
dicating that a large amount of gas accumulation can lead to an
enhanceds greenhouse effect and CTIB anomalies, such as in the
Tarim basin and Sichuan basin after big EQs. As was reported by
Lu X et al. (2016), variations in the 8-day CO total column show
that the values of CO measured before and after the 2010 Yushu
Ms7.1 EQ were higher than the previous two-year average. In the
petroliferous basins considered herein, the leakage of CH4 and
CO, will be larger when an earthquake occurs than during normal
times (Cui Y et al.,, 2017). In the active fault of the basin’s edge, the
leakage of CH4 and CO, is consistent with the intensity of regional
tectonic activity (Chen Z et al,, 20193, b).

Satellites remotely focus on heat emissions and can sense the
greenhouse effect in the basins. Sand and desert covering the
basin areas surrounded by high mountains make it possible to de-
tect surface thermal anomalies in remotely sensed observations.
Gas leakage can explain a strong CTIB anomaly. However, satellite
remote sensing covers giant areas, including cloudy areas as well
as the land surface. Thus, only in ideal conditions (very low cloud
cover) will be possible to detect the strongest CTIB anomalous sig-
nals that we suggest will accompany earthquakes.

An aspect missing from previous research on this topic (Blackett
et al,, 2011; Saradjian and Akhoondzadeh, 2011; Qin K et al., 2012;
Akhoondzadeh, 2012, 2014) is a statement on the less obvious re-
lationship between the different geological settings and their cor-
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Figure 8. Greenhouse gas leaking in the petroliferous basin under the extrusion of the Qinghai-Tibet Plateau.
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responding CTIB anomalies. Another highlight of the current
study is that the magnitudes and distributions of the co-seismic
heat radiation anomalies reported were different from those that
were possibly influenced by the Kuroshio Sea’s current fluctu-
ations, gas emissions, or increasing snow surface temperatures. In
this study, we have attempted to explore a pattern between the
CTIB anomalies and geological settings based on observing a def-
inite correlation between basins and CTIBs. However, the anom-
alies show similar values in similar petroliferous basins’ settings,
and they can display similar distributions in different EQ structure
settings. Thus, we suggest that a basin effect model can explain
the detection of co-seismic anomalous geophysical signals dur-
ing six EQs, after considering CTIB anomalies in the basins of west-
ern China.

An important aspect of this discussion is the basin warming effect,
which may be a new interpretation of seismic relative thermal ra-
diation anomalies on petroliferous basins. Previous studies have
shown that the abnormality of thermal radiation during EQs is re-
lated to basins with abundant geothermal resources, which is an
active point in seeking the true cause and mechanism of the CTIB
anomalies. The research of Qiang ZJ et al. (1994, 1999), for ex-
ample, showed that there was a good correspondence between
the oil and gas accumulation zone and the CTIB anomalous re-
gion during the EQ; Colacino and Conte (1993) suggested that the
concentration of CH, was more than two times higher than the
average value in the low-altitude atmosphere before the EQ,
where the concentration of CO; was 2.6 times higher than the av-
erage value. Through a long period of observation, using the
same approaches to the processing of long-term data, research-
ers arrived at similar results around the Qinghai-Tibet Plateau (Lu
ZQ et al., 2005; Guo WY et al., 2006; Zhang YS et al.,, 2010; Xiong P
et al, 2015; Xie T et al,, 2013; Xie T and Ma WY, 2015; Bhardwaj et
al., 2017b). They also suggested that the warming effect might be
related to seismogenic mechanisms; however, this is relevant only
if the geological conditions and basin topography allow the gases
to gather, which results in the gases being released to form a CTIB
anomaly. Besides, with the absence of greenhouse gases escap-
ing in the Junggar basin’s faults and the west Sichuan basin (Cui Y
et al, 2017; Chen Z et al,, 20193, b), fewer gases are escaping be-
fore EQs in other basins if these basins are without gas reservoirs.

On the one hand, the model interprets the CTIB anomaly spatial
distribution as similar to the distribution in basins with substan-
tial oil and gas resources. On the other hand, the proportion of ab-
normal areas of thermal radiation is concentrated on the edge of
similar basins, such that basin terrain factors must be taken into
consideration. The evolution of the topographic effect of basins
on other physical processes is widely studied (Choudhury et al.,
2006; Branski, 2009), including the greenhouse effect of the basin.
Guo WY et al. (2006) concluded that a CTIB anomaly appeared in
the northwestern margin of the Tarim basin before the Bachu
Ms6.8 EQ in 2003. Ma WJ et al. (2015), also, reported a CTIB anom-
aly before the Lushan Ms7.0 EQ in 2010, in which the epicenter of
the Lushan EQ was located along the western edge of the Sichuan
basin. They found that the spatiotemporal evolution of the air
temperature anomaly increased in the Sichuan basin, owing to
the air temperature anomaly of a periodic tidal force. We intro-

duce a basin model that we have developed to explain the occur-
rence of CTIB anomalies. To some extent, it is possible to suggest
that undetected CTIB anomalies may have occurred before and
after some large EQs. Overall, the research can be summarized as
follows: two conditions necessary for the occurrence of a CTIB an-
omaly associated with an earthquake are (1) abundant oil and gas
resources near the seismogenic structure and (2) terrain condi-
tions that are favorable for the accumulation of greenhouse gases.

4. Conclusion

In this work, we studied the similarities among the co-seismic
thermal infrared brightness anomalies (CTIB) around earthquakes
in petroleum basins surrounding the Qinghai-Tibet Plateau.
Through analysis of six cases, we found that the observed bright-
ness anomalies were present before, during and after earth-
quakes (Ms > 6.5) and could cover from 50% to 100% of the basin
area. To explain the identified similarities, a basin warming effect
model was developed, based on geography and the petroliferous
nature of the basins. The basin effect model posits that, before
and during earthquakes, greenhouse gases leak from reservoirs
beneath these petroleum basins through faults and microcracks.
However, it remains to be studied further how the gas leakage
could result in CTIB anomalies only in the basin's particular terrain
conditions. We suggest that remote sensing is a good monitoring
method to allow further study of the CTIB anomalies caused by
gas leakage in petroleum basins and non-petroleum basins.
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