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A B S T R A C T

Hydrocarbon micro-seepage can result in vegetation spectral anomalies. Early detection of spectral anomalies in
plants stressed by hydrocarbon micro-seepage could help reveal oil and gas resources. In this study, the origin of
plant spectral anomalies affected by hydrocarbon micro-seepage was measured using indoor simulation ex-
periments. We analyzed wheat samples grown in a simulated hydrocarbon micro-seepage environment in a
laboratory setting. The leaf mesophyll structure (N) values of plants in oil and gas micro-seepage regions were
measured according to the content of measured biochemical parameters and spectra simulated by PROSPECT, a
model for extracting hydrocarbon micro-seepage information from hyper-spectral images based on plant stress
spectra. Spectral reflectance was simulated with N, chlorophyll content (Cab), water content (Cw) and dry matter
content (Cm). Multivariate regression equations were established using varying gasoline volume as the depen-
dent variable and spectral feature parameters exhibiting a high rate of change as the independent variables. We
derived a regression equation with the highest correlation coefficient and applied it to airborne hyper-spectral
data (CASI/SASI) in Qingyang Oilfield, where extracted information regarding hydrocarbon micro-seepage was
matched with known oil-producing wells.

1. Introduction

Subterranean hydrocarbon gases may be traced to their source by
locating natural hydrocarbon seepage (Smith et al., 2004a), gas vents
that escape from underlying gas-bearing rock due to partial failure or
temporary breach of the top seal, resulting in numerous changes in the
rocks and soils through which they pass (Meijde et al., 2013; Asadzadeh
and de Souza, 2017). At the surface, hydrocarbon seepage could be
responsible for subtle differences in minerals or vegetation (Yang et al.,
1998; Yang, 1999; Smith et al., 2005). For instance, vegetation growing
near hydrocarbon micro-seepage has displayed changes to its geobo-
tany, biochemistry, and reflectance in several studies (Lang et al., 1985;
Pysek and Pysek, 1989; Bammel and Birnie, 1994; Yang et al., 1998;
Yang, 1999; Smith et al., 2000). Detection of early gas seepage could
thus help uncover the locations of oil and gas resources (Scafutto and de
Souza, 2016; Scafutto et al., 2018).

Geophysical methods for oil and gas exploration mainly include

seismic exploration (Mayerson et al., 2011; Howard et al., 2014),
magnetotelluric methods (Zhang et al., 2014; Umirova et al., 2016),
and gravitational and magnetic survey (Tucker et al., 1985; Piskarev,
1997). Geochemical exploration extracts hydrocarbon content through
the gathering of soil, rock, water, gas, and samples from other media in
a range of environments with a view to analyzing anomaly information
related to oil and gas (Philp and Crisp, 1982; Whittemore, 1995;
Kotarba et al., 2007; Odigi and Amajor, 2010). Comparisons of geo-
physical and geochemical methods have shown that remote sensing can
help detect a wider range of oil and gas seepage (Lammoglia and de
Souza, 2011, 2012; 2013).

The vegetation anomalies caused by oil and gas seepage, which can
be detected by remote sensing research, have been demonstrated in two
primary ways: through indoor simulation experiments and through
extraction of data from hyperspectral images. Indoor simulation ex-
periments artificially simulating oil and gas micro-seepage environ-
ments were used to research the responses, in vegetation, of
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biochemical parameters and spectral reflectance to oil and gas seepage
(Smith et al., 2004a, b; Noomen et al., 2008). Hyperspectral remote
sensing data are also widely applied to extract surficial information
anomalies linked to oil and gas leakage (Yang et al., 2000; Salati et al.,
2014a, b; Asadzadeh and de Souza, 2016). An experiment conducted on
wheat, soybean, and grass found that the increase of natural gas content
in soil inhibits plant growth and decreases chlorophyll content (Smith
et al., 2004a). Spectral responses consisted of reflectance that increased
in the visible bands and decreased in the near-infrared bands. Deriva-
tive analysis identified features within the red-edge at 720–730 nm and
at 702 nm. The ratio of the magnitude of the derivative at 725 nm to
that at 702 nm, which was less in areas where gas was present, enabled
identification of stress due to gas leakage seven days before visible
indicators were apparent, as well as at the edges of gassed plots where
changes were not visible (Smith et al., 2004a, b). Gas pipeline leaks
detected from the stress response of vegetation spectra using remote
sensing data were verified by rapeseed spectra subjected to oil and gas
and measured by an ASD handheld spectrometer (Smith et al., 2005).
As a result of the stress, the red edge position shifted toward shorter
wavelengths, with the reflectance centered at 670 nm and 560 nm used
to detect increases in red pigmentation in gas-exposed vegetation
(Smith et al., 2005). Further experiments were carried out in which
maize plants were grown in pots, in which the plants were exposed to
gas to test whether natural gas and its two main components, methane
and ethane, affect vegetation reflectance in the chlorophyll and water
absorption regions (Yang et al., 1998). Ethane caused an initial increase
of 10% in spectral reflectance between 560 nm and 590 nm, as in-
dicated by band depth analysis, followed by a decrease during the ex-
periment. Ethane caused a reflectance shift of 1–5 nm toward longer
wavelengths in the visible region, compared to control reflectance as-
sessed by normalized band depth analysis. Methane and ethane also
caused an increase in reflectance in the water absorption bands (Yang,
1999; Noomen et al., 2006).

The theory of radiative transfer was the basis of vegetation remote
sensing (Yang et al., 1998; Verhoef, 1998). Leaf reflectance and trans-
mittance features in the 400–2500 nm range were simulated by ad-
justing three input variables: leaf mesophyll structure, chlorophyll
content, and water content (Jacquemoud and Baret, 1990). The PRO-
SPECT model was used to estimate leaf biochemical compound specific
absorption coefficients and to predict chlorophyll and water content
(Fourty et al., 1996). To investigate the PROSPECT model’s potential
for allowing estimation of leaf biochemistry from space, the reflectance
spectra, transmittance spectra, and biochemical and biophysical para-
meters of 63 fresh leaves and 58 dry leaves were measured. Predictive
power changed depending on plant chemistry, with the accuracy of
water content inversion found to be 95% on fresh leaves and 54% on
dry leaf samples (Jacquemoud et al., 1996, 2000), indicating that
PROSPECT was influenced by dry matter content. The experiment
concluded that the inversion of water and dry matter contents with
transmittance is better than that with reflectance (Fourty and Baret,
1998).

Much recent study has been assessed the utility of high spectral
remote sensing technology to detect abnormal vegetation information
as a tool for finding underground oil pipeline leaks. To detect potential
vegetation stress caused by pipeline leaks, two AVIRIS data sets from oil
spill areas were analyzed and the reliability of polynomial fitting,
Lagrangian interpolation, and spectral mixture analysis examined (Li
et al., 2005). Vegetation under the influence of gas seepage showed a
red edge “blue shift” that signaled a spill site around a leaking pipeline
in a HyMap hyper-spectral image (Van der Werff et al., 2007). Red side
position (REP) and the Lichtenthaler index (R440/R740) were both
used to detect the long-term effects of oil and gas seepage on vegeta-
tion. The Lichtenthaler index distinguished between bare soil and ve-
getation and allowed mapping of all four seeps in the area from a Probe-
1 image (Noomen et al., 2012).

Oil and gas pipeline leaks are usually large and visible; an abnormal

halo diameter is usually tens of meters and accompanied by visual
phenomena, such as yellowing of vegetation (Bayramov et al., 2012).
But the distribution of micro-seepage is much less obvious. It may be
necessary to detect micro-seepage information from radiative transfer
models based on the biochemical parameters of vegetation rather than
on visible spectral shifts. Previous research on plants influenced by oil
and gas has found certain abnormal phenomena, such as slow growth,
decreased chlorophyll content, and red edge “blue shifts”, but previous
studies focused on spectral changes and changes to biochemical para-
meters independently, without considering both jointly for analysis
applying spectroscopic principles regarding spectral changes (Yang
et al., 1998; Smith et al., 2004a; Li et al., 2005; Smith et al., 2005). That
biochemical changes in plants responding to environmental stress can
be detected using spectral signatures suggests that it should be possible
to locate hydrocarbon micro-seepage sites that are affecting plant bio-
chemistry in their zone of influence.

In this paper, we describe the building of a model based on the
stressed vegetation spectra associated with conditions of hydrocarbon
micro-seepage that thus allows detection of the locations of oil and gas
through analysis of spectral anomalies. This model provided a method
for the exploration of oil and gas resources. We used the PROSPECT
model to measure wheat spectral anomalies affected by hydrocarbon
micro-seepage under laboratory conditions. Plant leaf mesophyll
structure and Cab, Cw, and Cm content during simulated oil and gas
micro-seepage were key biochemical responses, providing spectral
signals as predicted by PROSPECT. This is able to construct a model to
extract hydrocarbon micro-seepage information from hyper-spectral
images based on plant spectral responses to stress. The regression
equation with the highest correlation coefficient between spectral
characteristic parameters and the volume of gasoline was applied to
extract hydrocarbon micro-seepage data at oil-producing wells in
Qingyang Oilfield, China.

2. Theory

2.1. Hydrocarbon micro-seepage theory

Hydrocarbon micro-seepage is a phenomenon whereby gaseous
light hydrocarbons, such as methane, ethane, propane, and butane, are
generated and migrate almost vertically from subsurface oil/gas re-
servoirs to the surface (Rasheed et al., 2012; Wu et al., 2014). Long-
term hydrocarbon micro-seepage can cause a diverse array of miner-
alogical and chemical changes, including conversion of mixed-layer
clays and feldspars to clay minerals, ferric reduction, and an increase in
carbonate content (Fig. 1; Chen et al., 2017).

Vegetation can be affected by natural gas in many ways. When gas is
taken up by a plant via its root system, for example, it may be meta-
bolized or passed through the plant in the transpiration stream.
Alternatively, it may alter the soil environment so that plant stress is a
secondary effect of the leaking gas (Smith et al., 2004b). An increase of
natural gas content in the soil would inhibit the growth of plants and
decrease their chlorophyll content (Smith et al., 2004a).

2.2. The model

PROSPECT model is based on generalized “plate model”, which was
proposed by Allen (Allen et al., 1969). It is assumed that scattering is
described by a spectral refractive index (n) and a parameter char-
acterizing leaf mesophyll structure (N). Absorption is modeled using
chlorophyll content (Cab), water content (Cw), dry matter content (Cm),
and the corresponding specific spectral absorption coefficients (K)
(Jacquemoud and Baret, 1990; Fourty and Baret, 1998). If a leaf is
modeled as a rough surface plate, light will scatter isotropically on it.
Hemispherical reflectance and transmittance are inverted with a solid
angle Ω( ) rather than isotropic parallel light (Schaepman-Strub et al.,
2006). Ω is determined by the maximum incidence angle α( ) relative to
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