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Soil oil content hyperspectral model in Gudong Oilfield
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Abstract: The detection of oil content in soil has an important practical significance in oil pollution prevention and control. We

measure the hyperspectral reflectivity and the oil content for soil samples in Gudong Oilfield. Using variable forecast model and

stepwise regression method, we analyze the linear and nonlinear relationships between soil spectral characteristic parameters and

oil content. The experiment shows that there is a significant correlation between the third broken line segment slope of envelope

line analysis and the oil content. The cubic function of this section slope is the best single variate estimation model. The standard

normal variate transformation has the best effect on spectrum pretreatment. When the transformed spectral are used to build mul-
tivariate regression model, the adjusted coefficient of determination R is 0.826, and the total RMSE is 0.531, which is the best

forecast model. The method of using hyperspectral data to detect the oil content will provide an effective new way for detecting

the oil pollution in soil.
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1 INTRODUCTION

Shengli Oilfield is the second largest oilfield in China, which
located in the Yellow River Delta. With the exploitation of oil, the
area of the oil-contaminated soil is of 24 percent of the total area
there. Ground crude oil is the most serious pollutant. In this region,
the mass fraction of oil is 9.2—180.9 mg/kg (He, 2006) and the
mass fraction of PAH in sediments is 0.0108—0.252 mg/kg (Hui,
et al., 2009). After the oil released into the soil, it will damage the
soil structure and permeability. At the same time, it can also change
the composition and structure of soil organic matters and reduce
soil quality (Zhang, et al., 2008). When the oil content reaches
a high level, growth of the plant will be inhibited (Xu & Wang,
2006). Furthermore, certain components of oil hydrocarbons even
accumulate in the food, which will endanger human health through
the food chain (Chen, et al., 2003). We should detect and assess the
oil pollution in soil, so as to minimize and reduce the oil pollution,
which will prevent the ecological environment damage and human
health hazards.

As the result of the oil pollution, hydrocarbons in the soil be-
come abnormal. In other words, the content of oil hydrocarbons
increases. Zhu (1994) points out in his study that the four absorption
bands of oil hydrocarbon spectrum are: 1.69—1.97 pum, 2.27—2.46 pm,
3.33—3.53 um and 6.80—7.48 um. The double absorption peaks
near 1748 nm and 2330 nm are the characteristics to estimate
whether the soil contains oil hydrocarbons or not (Feng, et al.,

2002). Traditional evaluation for oil pollution needs collecting soil
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samples and testing the oil content. After that, evaluate and chart
for the oil pollution in the soil, according to the test result.

This traditional method is time-consuming, laborious and ex-
pensive. In this paper, Gudong Oilfield is chosen as the study area.
After spectrometry and analysis on the samples in this area, we
set the segment slopes of soil reflective spectrum, standard normal
variable transformation, and low differential as independent vari-
ables and set the content of oil as induced variable. We then use
the mathematical statistics to determine the corresponding relation-
ship between oil content and spectral parameters, evaluating the
feasibility of estimating the oil content from the hyperspectral data
directly.

2 OVERVIEW OF THE STUDY AREA AND
DATA PERPARA-TION

2.1 Study area

The study area, Gudong Oilfield, is located in Kenli County,
City of Dongying, Shandong Province, in the north mudflat of the
estuary of The Yellow River in China. Gudong Oilfield is an oil
picking factory whose annual output of crude oil is 2.6 million tons.
According to an analysis through field survey method in the year
of 2001, the value of the oil content in the soil is 61.67 mg/kg and
the average is 236.40 mg/kg (Liu, et al., 2003). Compared with the
general status in Yellow River delta, soil here has higher oil content
and is serious polluted. In some samples, the oil content is even
more than 500 mg/kg, which illustrates the extent of pollution.
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2.2 Collecting soil samples

In order to collect soil samples evenly in the study area,
firstly we referred to the map from Google Earth and the sche-
matic diagram of Gudong Oilfield to make our route. Then our
research group surveyed and sampled in Gudong Oilfield in
2010-05-03. During the time of sampling, the sampling route
was adjusted properly due to the oil well arrangement, leakage
of oil, traffic problems and some other reasons, so the measured
soil samples were slightly different from the predicted ones.
Finally, we acquired 42 samples in total from the soil surface

in the study area. These samples were air-dried indoors and the
dried clods were broken into pieces, then we sifted them through
2 mm screen. After that, we sent these samples to Dongying
Supervision and Examination Center for Agricultural Products
in May 10, and measured the oil content in May 15. There were
two outliers (GDQ-9 and GDQ-20) in these 42 samples, whose
concentrations were much higher than other soil samples’.
Through analysis we found that GDQ-9 and GDQ-20 contained
black solid oil. The remaining 40 sets of data were considered
as experimental data. Its original form and descriptive statistics
were shown in Table 1 and Table 2.

Table 1 Original record descriptive statistics for oil content in the soil

o g s
GDQ-1 694.3 GDQ-15 363.1 GDQ-29 659.5
GDQ-2 295.2 GDQ-16 276.7 GDQ-30 2894.7
GDQ-3 166.6 GDQ-17 704.1 GDQ-31 1154.6
GDQ-4 2882.5 GDQ-18 359.4 GDQ-32 769.5
GDQ-5 2252 GDQ-19 489.9 GDQ-33 232.0
GDQ-6 4729 GDQ-20 17434.8 GDQ-34 226.7
GDQ-7 214.8 GDQ-21 191.6 GDQ-35 2854.8
GDQ-8 990.0 GDQ-22 12.7 GDQ-36 22338
GDQ-9 20622.0 GDQ-23 78.9 GDQ-37 127.7
GDQ-10 273.7 GDQ-24 245 GDQ-38 226.6
GDQ-11 279.6 GDQ-25 2473 GDQ-39 3882.4
GDQ-12 618.1 GDQ-26 51292 GDQ-40 785.7
GDQ-13 942 GDQ-27 364.4 GDQ-41 4370.1
GDQ-14 139.0 GDQ-28 1437.0 GDQ-42 824.2

Table 2 Descriptive statistics for oil content in the soil

Quantity of MIN MAX Average Standard de-
samples /(g/kg) /(g/kg) /(g/kg) viation
40 0.0127 5.1292 0.9567 1.2747

2.3 Acquisition of spectral data

We carried through spectral test with the 40 samples. In the
experiment, we used AvaField3 spectroradiometer (Avantes, Neth-
erlands) to collect the spectrum of the soil samples. The spectral
range of the spectrometer was from 1000 nm to 2500 nm with 10
nm resolution and 6 nm spectral sampling interval. The light source
we used during the experiment was 1000 W halogen light. Based
on previous studies, the incident angle of the light, the distance be-
tween light and the soil sample, the angle of the probe, the distance

(C)1994-2021 China Academic Journal Electronic Publishing House. All rights reserved.

between the probe and the soil surface and some other factors can
affect the experimental data in the hyperspectral experiment in lab-
oratory. According to the study result of the indoor geometric test
conditions’ influence on hyperspectral quality and the physical pa-
rameters of the spectrometer (Zhou, 2004), we set the indoor test ge-
ometric test conditions: the incident angle of the light was 15°, the
distance between the light and the soil sample was 30 cm and the
vertical distance between the probe and the soil surface was 10 cm
(Fig. 1).

The experiment was conducted in laboratory at the night of
May 12. In the experiment, the spectral range of the spectrometer
was from 1000 nm to 2500 nm. However, the spectral data at each end
was influenced seriously by the outside noise, so we removed the edge
band, and reserved the data spectral range from 1350 nm to 2400 nm.
Then we used spline interpolation to re-sample with a 5 nm inter-

val. We took the average of three tests of each sample as the spec-
http://www.cnki.net
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Fig. 2 The spectral reflection data of part of soil samples

tral reflection data for the follow-up analysis. Part of the spectral
reflection data was shown in Fig. 2.

3 DATA PREPROCESSING METHODS
3.1 Envelope analysis

Spectral envelope curve is a broken line, which refers to con-
necting similar extreme value points using straight line point by
point, whose peak point’s exterior angle is larger than 180°. In this
analysis, we acquired the envelope by way of connecting linear
maximum point by point (Fig. 3). From the graph, it can be seen
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Fig. 3  Original spectrum curve and the envelope
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directly that the envelope was equivalent to the “shell” of the spec-
trum curve, and the 4-fragment characteristic of soil samples’ spec-
tral reflection curve was obvious.

Through the envelope analysis, we can find that the general
trend of soil spectra curve can be composed by four line seg-
ments. 1350—1695 nm: This segment of curve is gently rising;
1695—2155 nm: This segment is gently falling; 2155—2280 nm: In
this segment, the curve slope downward trend increases; 2280—2400 nm:
This segment curve shows a sharp decline. The trend slope of the
spectral segment is chosen to be the characteristic parameter to
represent the soil curve shape feature. Its calculation can be deter-
mined as:

S=(R-R)/A, - 4) 1)
where S is slope, 1 is wavelength, R is the corresponding reflective
value and the subscript i and j respectively represents the posi-
tion of wavelength. The segment curve slope in 1350—1695 nm,
1695—2155 nm, 2155—2280 nm and 2280—2400 nm, respec-
tively corresponds to S,, S,, Sy and S,.

3.2 Standard normal variable transformation

Standard Normal Variable Transformation (SNV) is mainly
used to eliminate the influence of the solid particle size, the sur-
face scattering, the optical path’s change to NIR diffuse reflec-
tive spectrum (Barnes, et al., 1989). SNV algorithm is aimed at
processing a spectral reflection curve, which is based on spectral

array of line. Its transformation and calculation can be deter-

mined as:
Ri,k B El
R s = " _ 2)
SR, -R)
(m=1)

where E, is the average spectral reflection coefficient, k =1, 2, --- |
m, m is the band number and m=211,i =1, 2, --- , n, n is the sample
number of correction set and n=40, R, is the spectral reflection co-
efficient of the k" band of /" sample.

3.3 Spectrum differential treatment

Researches show that spectrum low-order (first and second) dif-
ferential treatment has less sensitivity to the noise effect (Goodin,
et al., 1993), so it can be used to eliminate parts of background and
noise effects in the measurement environment and is helpful to the
objective analysis of spectral reflection curve’s shape variation. The
positive and negative value of the one-order differential spectrum
curve respectively represents the reflectance spectra curve rise or
fall trend and the maximum and minimum values represented the
position where the reflectance spectra curve changed most promi-
nently. When calculate the one-order differential of reflectance
spectra, we carry the logarithmic operations firstly on the spectral
reflectance data in order to guarantee the normality of the first-
order differential spectral data’s regression residuals. Its calculation
can be determined as:

R'(3,) = {log[R(},,))]~1og[R(4, )]}/ (2A 1)
R"(2)=[R'(A,)-R'(2 )/ (2AL) 3)

In Eq. (3), R'(4,) is the reflectivity logarithm’s one-order differential
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where the wavelength is A, R(4) is the spectral reflectance where
the wavelength is 4, AA=1,,,—4,,=5 nm, 1=1350, 1355, 1360, ...,
2400 nm.

4 ANALYSIS AND DISCUSSION
4.1 Correlation analysis

We conducted the correlation analysis of oil content in soil, re-
spectively with line segment slope, standard normal variable trans-
form data, logarithmic first-order differential data and logarithmic
second-order differential data respectively (Table 3).

Table 3 Maximum correlation coefficient between spectrum char-

acteristic parameters and oil content

Variables Correlation coefficient
S; -0.74
Rs(1735) -0.60
R'(Z775) 0.62
R"(Ay050) 0.59

The result shows that the correlation coefficient is largest
between the oil content and slope S; where the wavelength
is 2155—2280 nm. The largest value is —0.74. In contrast, the
correlation is weak between other segment slopes and the oil
content; Standard normal variable transform data and oil content
mainly presents a negative correlation and the largest correlation
coefficient is —0.60; The correlation between the logarithmic
first-order differential spectrum and the oil content dramatically
changes (Fig. 4). The main reason is that the differential treat-
ment is very sensitive to the high frequency noise and it will
reduce the correlation between the differential spectrum and the
oil content, though it can purify the influence on the target spec-
trum caused by part linear or close linear background and noise
(Hu, et al., 2009).
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Fig. 4 The correlation figure between logarithmic first-order
differential spectrum and oil content

4.2 Simple regression analysis

We conducted regression analysis of the 4 characteristic
parameters which had the highest correlation with the content

(€)1994-2021 China Academic Journal Electronic Publishing House. All rights reserved.

Table 4 Single variable regression analysis result table of 4 char-
acteristic parameters with maximum correlation coefficient and

oil content

Variable Linear fitting R® Best nonlinear fitting R*
Sy 0.548 0.632
Ro\y(1735) 0.357 0.357
R'(Ay775) 0.379 0.416
R"(Z380) 0.352 0.446

of the oil, using linear, conic and cubic curve models (Table 4).
The fitting effect of model was examined by coefficient of deter-
mination R’.

It turns out that R* of characteristic parameter S, cubic curve
function model whose slope is between 2155 nm and 2280 nm,
has a maximum of 0.632, which can predict the content of the
oil reasonably (Fig. 5). The regressions of other parameters are
undesirable.

Quadratic curve model:

y=A+bx+cx’ “
Cubic curve model:

y=A+bx+cx+dx’ %)

(=2
(=}
T

w
(=
T

Y=682.870+235.645x+17.628x*—3.672x
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Fig.5 The correlation figure between the slope S; of 2155—2280 nm
and oil content

4.3 Multivariate regression analysis

Using the oil content in the soil as the dependent variable, and
using various spectral absorption parameters as independent vari-
able, we carried out multiple linear stepwise regression analysis.
In the analysis, we took the F significant level as the criteria of
stepwise regression analysis and set the probable values of entry
and removal values of independent variable respectively as (0.05
and 0.10). We divided the 40 samples into two groups randomly:
A group of 28 soil samples were used to establish regression fore-
casting model, and another group of 12 soil samples were used as
inspection samples to verify the established model. The logistic
model can be tested in two aspects, goodness of fit and predictive
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ability. The model of goodness-of-fit was tested by the size of
the adjusted coefficient of determination R? (from modeling
samples). When R? is closer to 1, the model’s degree of fitting
is higher. The model prediction ability can be tested by the size

of total Root Mean Square Error (RMSE, from modelling and
inspection samples). The selected variables and evaluation of
above four feature parameters through stepwise regression anal-
ysis were shown in Table 5.

Table 5 Results of oil content’s multiple stepwise regression analysis

Model Selected feature variables Model (R?) RMSE
N S5, S, 0.639 0.766
Ry Rewy(1735), Rexy(2335), Rey(2230), Ry (1615), Reny(1400) 0.826 0.531
R’ R'(A1735), R'Caso)s R'Caaig)s R (Ginags)s R (i) R (iges)s R (Pxsao) 0.819 0.525
R" R"(2350)s R"(A1420)s R"(Z3140)s R"(A1ag5) 0.530 0.874

From Table 5, the accuracy of multiple regression model is
superior to the single factor of regression analysis model. The
slope of the spectral segment due to the characteristic variables
involved in modelling section is less, and except for the slope of
third segment which has a good correlation with oil content. The
correlations of other three variables are not significant, indicates
the multiple regression model is not ideal. After the second-order
differential treatment of logarithm, though it deducts the origi-
nal spectrum’s background spectrum and raises the relativity of
some spectral bands and oil content, the noise level increases
and the signal to noise ratio decreases, which causes the worst
regression effect. The regression effect about Standard Normal
Variable Transformation and one-order differential regression of
logarithm is the best. The first selected bands of model we chose
are 1735 nm and 1775 nm respectively, and they have maximum
correlation with oil content, respectively (Table 3). These two
bands are located in the first oil hydrocarbon’s characteristics ab-
sorption interval range of 1690—1790 nm, which confirms that the
interval is diagnostic characteristic bands of oil hydrocarbons
(Hu, et al., 2009). Although regression effects of these two mod-
els are quite close, logarithm’s first-order differential needs to
introduce 7 variables under the same precision basis while the
Standard Normal Variable Transformation only needs 5 vari-
ables. Based on the principle of high stability, good prediction
ability and less selected band, we take the multiple regression
model of Standard Normal Variable Transformation as the op-
timal model. Model formula is as follows.

Y pevatoun = ~8:627 — 41,046 % Ry, (1735) -
27.962x Ry, (2335)+26.677x
Ry (2230)+38.540% Ry (1615)—
9.520 Ry, (1400) 6)

The modelling samples and inspection samples of this model
are concentrated near the line y =x. The adjusted coefficient of
determination R? of modeling samples is 0.826, and the ad-
justed coefficient of determination R? of inspection samples
is 0.848 (Fig. 6).

(C)1994-2021 China Academic Journal Electronic Publishing House. All rights reserved.
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Fig. 6 The scatter diagram of the predictive value and the actual value of
the Standard Normal Variable transformed multiple regression models

5 CONCLUSIONS

We analyze the relation between oil content in soil and spectral
characteristic parameters quantitatively through indoor spectral
experiments. The results show the potential to relate high spectral
prediction model with soil oil content. Major points are:

(1) The band range of 1690—1790 nm is main spectral response
area to oil content in soil. The wave band with maximum correla-
tion of oil content and spectral logarithm’s first-order differential is
1775 nm, and the largest correlation coefficient is —0.60;

(2) Through simple regressing analysis by linear model, quad-
ratic curve model and cubic curve model, it turns out that charac-
teristic parameter S; which slope is between 2155 nm and 2280 nm,
has a maximum R” of 0.632;

(3) The coefficient of determination R? is adjusted by stand-
ard normal variable transform modelling samples, the coefficient
of determination R? adjusted by inspection samples is 0.848
(RMSE=0.531), with fewer independent variables, which is indi-
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cated as the best model.
We provide a new effective idea about the detection of the soil
polluted by oil using hyperspectral data.
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JEIRAS 15 JEURER B AERTI30 em, kTR E
FTHEEREERE10 cm(81).

SR HREPEAE2010-05- 129 R E P SE AL, R
AR SR R 22 o 3 RS U G
FElJ21000—2500 nm, {H 2 ik B 52 S b Sk
MRS, Fr LR BRih G Be O B 1350—2400 nm%L
e, B R R SRS 71, FRAE RS nm&F
T o (] —FEAR (4 3 U 30 K BT 34 Je A Dl Je 24
PG SR . o i R S s L IE12.

F1 TEEARHESELNRBERRUARERESRITE

9 £ it (mg/kg) 9 £ it (mg/kg) G A i (mg/kg)
GDQ-1 694.3 GDQ-15 363.1 GDQ-29 659.5
GDQ-2 295.2 GDQ-16 276.7 GDQ-30 2894.7
GDQ-3 166.6 GDQ-17 704.1 GDQ-31 1154.6
GDQ-4 2882.5 GDQ-18 359.4 GDQ-32 769.5
GDQ-5 225.2 GDQ-19 489.9 GDQ-33 232.0
GDQ-6 472.9 GDQ-20 17434.8 GDQ-34 226.7
GDQ-7 214.8 GDQ-21 191.6 GDQ-35 2854.8
GDQ-8 990.0 GDQ-22 12.7 GDQ-36 2233.8
GDQ-9 20622.0 GDQ-23 78.9 GDQ-37 127.7
GDQ-10 273.7 GDQ-24 24.5 GDQ-38 226.6
GDQ-11 279.6 GDQ-25 247.3 GDQ-39 3882.4
GDQ-12 618.1 GDQ-26 5129.2 GDQ-40 785.7
GDQ-13 94.2 GDQ-27 364.4 GDQ-41 4370.1
GDQ-14 139.0 GDQ-28 1437.0 GDQ-42 824.2
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R'(%,) = {log[R(},,))]-log[R(2, )]}/ (2A2)

R'(A)=[R'(A,)-R'(A_ )]/ (2AL) 3)
K, R'(A) R BB B WA A AL — B o, A,
FWE, RAYHBER A GE R Ad=hy, - 4=
5nm, A=1350, 1355, 1360, ---, 2400 nm,

4 SHTHIR
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TR BURER | PR ISR AR . XPE— By
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R3 HRIEFESHERBELIENRAEXRER
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Hofth Az it 5 A e & AR DC R BUROR, 1A% - 0.74;
PR I S A i AR Bl 5 A T o SR B OG
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55, 2005), FEASCH I 50 AR HI SPS S B
TEL

Y=682.870+235.645x+17.628x*-3.672x
R*=0.632

o0

o o o2

0.0 L .
120  -100  -8.0 -6.0 -4.0 -2.0
2155—2280 nm B Rb%

K5 2155—2280 nm BrRPRS, SIS N R A

4.3 ZLL&MEEIFSHT

XTI RRIE S — A S i T 2
TCMB A AT . LA B MK AR &AL [l
SYBTRIUER, BEA RSB AR A AR A 0 4
}10.05F10.10. K5 i A 40N EEAREBL AT LM 4L . —
2284 - HEREA T S A T A AL, 5 —212

http://www.cnki.net



388 Journal of Remote Sensing # & 54k 2012, 16(2)
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Y, = ~8.627 —41.046x Roy, (1735) -
27.962x Ryyy (2335)+ 26.677 X
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BRI 1 1) 2 REURH0.826, K TG FEA I
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” Ny e — SR 2
1] AR ﬂ 2 w
FEEFY N GEAFEAS I FiAL(R?) (RMSE)
S S, S, 0.639 0.766
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(3) s 4 T 25 728 728 i A5 TR 2 ABE AR A )R] 2 17
SERBIRH0.826, K BEA 4L (1 152 RBR N
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