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Summary 
 

Total Organic Content (TOC) is one of the key and 
important parameters to effectively evaluate the shale gas 
formation production potential. According to geological 
deposition theory, the TOC is the basic key element that 
controls the form of pyrite in the marine sediment under 
deep water strong reducing deposition environment. There 
is a close relationship between the TOC and pyrite in such 
deep water reducing deposition environment. Through the 
laboratory measurement and analysis of the complex 
resistivity on marine shale formation core samples from 
South China, the high TOC shale reservoir core samples 
contain more pyrite, and they show clearly low resistivity 
and high polarization anomaly. In comparison with well log 
data, the laboratory measurements of TOC and pyrite are 
closely related to the results from the log data analysis. We 
concluded that high TOC marine shale formation has the 
characterization of low resistivity and high induced 
polarization (IP) anomaly. Based on the research results, 
the application of the induced polarization or complex 
resistivity method to measure the subsurface resistivity and 
polarization anomaly is a new approach to effectively 
evaluate the TOC content within the shale gas formation, 
and it has high potential value for future shale gas reservoir 
evaluation and characterization. 
 

Introduction 
 

Shale gas is natural gas that is found trapped within shale 
formations. Shale is a fine-grained, clastic sedimentary 
rock composed of mud that is a mix of flakes of clay 
minerals and tiny fragments (silt-sized particles) of other 
minerals, especially quartz and calcite. The ratio of clay to 
other minerals is variable. Shale is characterized by breaks 
along thin laminate or parallel layering or bedding less than 
one centimeter in thickness. Shales are typically composed 
of variable amounts of clay minerals and quartz grains and 
the typical color is gray. Addition of variable amounts of 
minor constituents alters the color of the rock. Black shale 
results from the presence of greater than one percent 
carbonaceous material and indicates a reducing 
environment.  
 

“Black shales” are dark, as a result of being especially rich 
in unoxidized carbon. Common in some Paleozoic and 
Mesozoic strata, black shales were deposited in anoxic, 
reducing environments, such as in stagnant water columns. 
Some black shales contain abundant heavy metals such as 
molybdenum, uranium, vanadium, and zinc. The enriched 
values are of controversial origin, having been alternatively 
attributed to input from hydrothermal fluids during or after 

sedimentation or to slow accumulation from sea water over 
long periods of sedimentation. 
 

Theoretical research and exploration practice show that the 
organic rich shale formation is the main source rock of 
shale oil and gas. The dark mud stone and black shale 
contain organic matter and fine, dispersed pyrite, siderite, 
etc. In strong reducing environment, Fe3+ ion in the 
sediment was reduced to Fe2+ ions. Because the fine-
grained sediments at basin bottom contained a large 
number of bacteria and organic matter, the bacteria 
decomposed to organic matter and produced a large number 
of H2S. The H2S then reacted with the Fe2+ ion in the 
sediment and generated water troilite colloid. The water 
troilite reacted with sulfur and formed greigite. The greigite 
crystallized and dehydrated into pyrite, or in the closed 
condition, water troilite absorbed sulfur from the sulfide 
bacteria and formed pyrite crystalline particles with 
complex structures. These pyrite crystalline particles 
disseminated or scattered in the dark mud shale and black 
shale. Analysis results show that the basic factor 
controlling pyrite formation in normal marine sediments is 
the content of organic matter. In such reducing 
environment, the organic carbon and the sulfur in the pyrite 
have good correlation (Berner, 1985). Analysis of mineral 
composition and microscopic characteristics of organic rich 
shale of the upper Yangtze region of China shows that its 
pyrite content is about 1% ~ 5% and the average content of 
pyrite is about 2%. 
 

Electromagnetic (EM) prospecting is one of the traditional 
EM techniques for oil, gas and mineral exploration, plays 
an important role in oil and gas exploration, regional 
geological study, basin basement structure detection of 
complex areas. Through nearly thirty years research and 
development, electromagnetic imaging accuracy and the 
resolution capabilities to the electric anomaly continue to 
improve, their applications are gradually from regional 
exploration towards the target exploration and reservoir 
prediction and evaluation, and have achieved effective and 
positive results (He, et al., 2010). The electromagnetic 
exploration technique for shale gas reservoir exploration 
and evaluation is a new application. The organic rich shale 
containing micro size pyrite particles provides the physical 
basis for the application of electromagnetic method to shale 
gas reservoir exploration and evaluation. Through drilling, 
logging, petrophysical study and core sample analysis, the 
shale formation generally showed low resistivity and low 
polarization characteristics. But for organic carbon rich 
shale formation, its electrical property showed high 
polarization characteristics due to the containing of pyrite 
particles. Electromagnetic method has high sensitivity to 
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low resistivity formation and we can easily identify the 
high polarization zone from the low resistivity layer. The 
complex resistivity (CR) method in the controlled source 
electromagnetic (CSEM) technique can not only obtain the 
subsurface formation resistivity including low resistivity 
shaly rock distribution, but also their polarization 
characteristics. Through the integrated interpretation of 
complex resistivity anomaly and other geophysical data, we 
can reliably map, characterize and evaluate high total 
organic carbon (TOC) shale reservoir distribution within 
the shale formation. 
 

This study focused on the measurement of physical 
characteristics of marine shale core samples from South 
China, and analyzed the relationship between TOC of 
organic rich shale and its broadband electromagnetic 
parameters (complex resistivity), and established the shale 
formation complex resistivity model. It is an important 
foundation for the application of controlled source 
electromagnetic technique to explore and evaluate shale gas 
reservoir. 
 

Shale core sample complex resistivity lab measurement 
 

In order to use geophysical data effectively evaluating 
reservoir parameters, we need to establish the relationship 
between the geophysical response of shale gas reservoir 
and rock physics parameters from laboratory measurement. 
Based on characteristics of shale gas reservoir prominent 
resistivity anisotropy, strong induced polarization effect 
and total organic carbon (TOC) content variation, through 
the complex resistivity measurement and analysis of shale 
care samples, we can optimize the field EM data 
acquisition parameters, conduct rock physics modeling, 
adopt high accuracy resistivity anisotropic processing and 
integrated interpretation, and predict the spatial distribution 
of shale reservoir and TOC variation within the shale 
reservoir. This workflow will help us to locate the relative 
"sweet" spot within shale formation, evaluate the shale gas 
reservoir, select well location, and design the horizontal 
well trajectory. 
 

In this laboratory study, we measured and analyzed the 
complex resistivity of 18 shale core samples (Table 1 and 
Figure 1) from Silurian Longmaxi and Wufeng Group in a 
marine shale gas exploration well from South China. 
Before laboratory measurement of the complex resistivity, 
all the shale core samples were vacuumed and then 
saturated with the same resistivity water as that of the 
borehole fluid. The broadband complex resistivity of cores 
was measured using Solartron-1260A impedance analyzer. 
Four-electrode configuration was used to measure the core 
samples, and all the electrodes were made of platinum 
mesh to minimize the electrode polarization effect. The 
1260A Impedance/Gain-Phase Analyzer is an accurate and 
flexible Frequency Response Analyzer. Spanning 10μHz to 
32MHz with 0.015ppm resolution, 1260 provides coverage 

for all chemical and molecular mechanisms in a single 
instrument. The frequency range from 0.01 Hz to 10,000 
Hz with 61 scanning frequencies was used during our core 
sample measurement to reflect the frequency range used in 
the field EM data acquisition. 
 

Sample Formation Depth (m) Lithology TOC (%) Pyrite (%) Orientation

4020A Longmaxi 693.32 Black shale 0.64 0.0 Vertical

401A Longmaxi 1687.22 Black shale 0.61 0.0 Vertical

402A Longmaxi 1688.67 Black shale 0.62 0.0 Vertical

402B Longmaxi 1688.67 Black shale 0.62 0.0 Horizontal

406B Longmaxi 1875.21 Black shale
0.77

0.0 Horizontal

407A Longmaxi 1878.33 Black shale
0.88

0.0 Vertical

408A Longmaxi 1881.42 Black shale
0.93

0.05 Vertical

412B Longmaxi 1914.16 Black shale 0.7 0.0 Horizontal

413A Longmaxi 1917.22 Black shale 0.56 0.8 Vertical

414B Longmaxi 1920.83 Black shale 0.49 0.0 Horizontal

416A Longmaxi 1926.64 Black shale
1.68

0.0 Vertical

417A Longmaxi 1929.46 Black shale
1.18

0.0 Vertical

417B Longmaxi 1929.46 Black shale 1.18 0.0 Horizontal

419A Longmaxi 1935.24 Black shale
0.41

0.0 Vertical

423A Longmaxi 1940.34 Black shale
4.59

0.9 Vertical

426B Longmaxi 2036.55 Black shale
2.2

1.4 Horizontal

428A Longmaxi 2042.28 Black shale 2.11 4.4 Vertical

434A Wufeng 2058.60 Black shale 0.26 0.0 Vertical  
 

Table1：Core sample formation, depth, lithology and orientation. 
 

Shale core samples
 

 

Figure 1: Picture of shale core samples used in the study. 
 

The Solartron-1260A impedance analyzer uses its function 
signal generator as a constant current output with certain 
frequencies to the AB power supply electrodes placed in 2 
core saturation fluid reservoirs, the measurement electrodes 
MN placed next to the ends of the core samples read core 
specimen impedance and phase values. Based on the 
measured impedance and phase values and core sample 
diameter and length, the core sample complex resistivity 
can be easily calculated.  
 

Invert core sample induced polarization parameters 
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Pelton (1977) proved that the characteristics of the Cole - 
Cole model can be used to describe rock resistivity 
variation with frequency, which laid the theoretical 
foundation to study the IP effect of rock. Vinegar-Waxman 
(1984) model was established for shaly sands by the 
authors. The CEMI research group at the University of 
Utah has also studied the IP effect of organic rich shale, 
obtained core sample dispersion curve, and fitted the 
laboratory measured data using Cole-Cole model and 
generalized effective-medium model (Zhdanov, 2008, 
Zhdanov, et al., 2012). 
 

Over the years, there were about 12 complex resistivity 
models (Dias, 2000) established based on the composition 
and distribution of rocks and minerals as well as pore fluid 
electrodynamics and chemical reaction process. Shale 
reservoir sample is a multiphase and heterogeneous 
polarized media with mainly solids (rock and mineral 
particles) and pore fluid (water). According to the 
characteristics of complex resistivity feature combination, 
we chose dual Cole-Cole model to characterize the 
complex resistivity of shale core samples. The dual Cole-
Cole model expression is as follows: 
 

ω 0 1 1 1
1

1 1 1 2 1
1

1 2 2
 
     

Where ρ0 is sample’s DC resistivity, m1, τ1, c1 and m2, τ2, c2 
are the IP parameters of two polarized media respectively. 
Using the model to fit the measured core sample complex 
resistivity data, we can obtain the IP parameters of the two 
media, such as chargeability or polarization, time constant 
and frequency correlation coefficient. Through the time 
constant value, we can evaluate the polarized medium 
property of shale core samples. After verification, the 
inverted IP parameters from the dual Cole-Cole model fit 
the measured complex resistivity data very well. 
 

Laboratory results and analysis 
 

This study measured and analyzed the broadband complex 
resistivity of 18 shale core samples from Silurian Longmaxi 
and Wufeng Group. The core depth ranges from 693.32 
meters to 2058.60 meters. Table 1 summarized the core 
sample formation type, depth, lithology and orientation. 
The table also listed the laboratory analyzed TOC and 
pyrite content of each core sample.  
Usually, the logging tool measures the vertical resistivity of 
the formation while surface CSEM method measures the 
horizontal resistivity of subsurface. In order to obtain the 
resistivity anisotropy of core samples, we need to measure 
the complex resistivity of core samples with different 
orientation, so that the resistivity from the logging curve 
can match the surface CSEM measured resistivity. 
 

According to the sample analysis results, only shale core 
samples of 423, 426 and 428 have measured TOC>2%, and 
they were located at the bottom of the Longmaxi formation. 

Their corresponding pyrite content is also relatively high. 
The remaining shale core samples have lower TOC value 
(<2%) with low pyrite content. Their relationship between 
the TOC and the pyrite is not obvious. 
 

Figure 2 shows the measured amplitude values of the 
complex resistivity for shale core samples 402, 413 and 428 
in laboratory. Phase values of the complex resistivity for 
shale core samples 402, 413 and 428 are showing in Figure 
3. According to the analysis results, pyrite content of shale 
core sample 402 is 0%, 0.8% for 413, and 4.4% for 428. 

 

Figure 2: Amplitude values of the complex resistivity for shale 
core samples 402, 413 and 428. 

 

Figure 3: Phase values of the complex resistivity for shale core 
samples 402, 413 and 428. 
 

As shown in Figure 2, the overall complex resistivity 
amplitude of shale core samples has higher value at low 
frequency than that at high frequency. For core sample with 
very small amount of minerals (such as 402), its resistivity 
amplitude changes very little from low frequency to high 
frequency. But the phase curve change is more complex 
and prominent. In the high frequency range (>500Hz), the 
phase anomaly increases rapidly with the increasing 
frequency due to the influence of dielectric constant at high 
frequency. The influence of dielectric constant on high 
resistivity core samples happens much earlier and has more 
prominent effect. At low frequencies, the phase curve 
variation is proportional to the content of polarized mineral 
(Figure 3). When the shale core sample has high content of 
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polarized mineral, such as in core sample 423, it has largest 
phase change. Therefore, the phase curve can well reflect 
the core sample’s polarization parameters. 
 
 

 

Figure 4: Comparison of logging data and IP parameters of some 
shale core samples. 
 

Figure 4 shows the comparison of logging data and IP 
parameters of some shale core samples, and the graph has 
divided into 3 columns. The 1st column is the deep 
resistivity curve from logging tool, which mainly reflects 
the true resistivity of the formation. The red dots in 1st 
column are the shale core sample resistivity values 
measured in the laboratory. The 2nd column shows the 
formation pyrite content calculated from the logging data. 
The red color data points in the 2nd column are the inverted 
IP parameter from the complex resistivity measurement of 
the shale core samples. The chart in the 2nd column shows 
that the inverted polarization trend from core samples and 
the pyrite content values have good correlation. The 3rd 
column in Figure 3 has the TOC curve calculated from the 
logging data and laboratory measured TOC values (read 
dots) from core samples. 
 

Among the geophysical exploration methods, the induced 
polarization method (or complex resistivity method) 
measures the induced EM field response of subsurface from 
the inject current of the controlled EM source, and then 
obtains the subsurface formation resistivity and IP anomaly 
distribution. Based on the above laboratory shale core 
sample measurements and analyzing results, the surface 
induced polarization method can be used to map the target 
shale formation resistivity and polarization distribution, and 
then evaluate the pyrite and TOC of the targeted shale gas 
reservoir. For shale formation under the deep-water 
sedimentary environment, if it has a relatively low 

resistivity and high polarization anomaly, it may be a 
potential zone for shale gas exploration (high TOC layer). 
The induced polarization method can provide a new 
approach for the exploration and evaluation of shale gas 
exploration. 
 

Conclusions 
 
Based on the laboratory measurement and analysis of 
complex resistivity of organic rich shale core samples, we 
can conclude following: (1) In deep sea marine deposition 
environment, the TOC is the control element of pyrite 
existence and shale core sample analysis results support 
such conclusion; (2) Pyrite particles in high TOC shale 
samples cause strong frequency dispersion and IP anomaly; 
(3) Shale formation samples from lower Longmaxi and 
Wufeng formation have low resistivity, high IP, low 
density & low magnetic susceptibility. By using induced 
polarization method, we can extract resistivity (ρ) and IP 
anomaly from shale gas formation. Based on rock physics 
and petrophysics study, along with integrated interpretation 
of logging, surface or borehole EM and seismic data, we 
can predict and evaluate high TOC zone (Sweet Spot) 
within shale formation. 
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