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Abstract 

Organic matter maturity evaluation is an 

important research content in shale gas 

exploration. A comprehensive analysis 

combining various types of indicators may be a 

way to obtain relatively accurate organic matter 

maturity results. The Wangjiawan Upper 

Ordovician Wufeng - Longmaxi Formation shale 

section was selected as research objects in the 

Three Gorges area. 16 samples of various 

graptolite fossils, 5 Longmaxi Formation black 

shale samples, 2 Hernanterbe fossil samples, and 

2 trilobite fossil samples were collected for 

experiments. Graptolites epidermal reflectance, 

bitumen reflectance and Raman spectroscopy 

reflectance were used to calculate the organic 

matter maturity, and then to establish the 

interrelationships between them. The equivalent 

vitrinite reflectance converted from solid 

bitumen reflectance is 1.098-1.110%, the shale 

maturity revealed by graptolite reflectance is 

1.245-1.253%, and the average organic matter 

maturity obtained from calculations based on 

organic matter Raman spectroscopy is 

0.7415~0.9663%.  The correlation between 

solid bitumen reflectance and graptolite 

epidermis reflectance was 0.7663, between solid 

bitumen reflectance and Raman spectroscopy 

reflectance is 0.9748, and between graptolite 

epidermis reflectance and Raman spectroscopy 

reflectance is 0.6203. All are greater than 0.6, 

and these three methods can be used to 

characterize the organic matter maturity. A 

relationship between graptolite reflectance and 

paleotemperature has been established. 

Graptolite reflectance can serve as a temperature 

indicator for the maturity of shale organic matter, 

and it is the best and relatively more accurate 

indicator compared to solid bitumen reflectance 

and Raman spectroscopy reflectance. 
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Introduction  

The widely distributed Upper Ordovician 

Wufeng - Lower Silurian Longmaxi Formation 

marine black shale are high-quality hydrocarbon 

source rocks (Jin et al., 2016; Wang et al., 2019) 

in the Yangtze Block, and also a set of key 

formations for the present shale gas exploration 

and development in China (Guo et al., 2014). 

Black shale organic matter maturity determines 

the stage of hydrocarbon evolution, and also 

closely related to shale pore structure and gas 

content (Hao et al., 2013; Mastalerz et al., 2013; 

Luo et la., 2017, 2020). Therefore, organic 

matter maturity evaluation has been an important 

research content in shale gas exploration.  
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Vitrinite reflectance is currently the only 

internationally comparable indicator of maturity 

(Tissot and Ilte, 1984). However, vitrinites are 

derived from lignin in higher plants after the 

Silurian, so vitrinite reflectance (VRo), the most 

commonly used indicator of organic matter 

maturity cannot be used in the Lower Paleozoic, 

which creates great difficulties in accurately 

evaluating the black shale thermal maturity of 

the Wufeng - Longmaxi Formation (Qiu et al., 

2012; Luo et al., 2019). To address this problem, 

in Lower Paleozoic shales lacking vitrinite 

bodies, the maturity evaluation is usually 

performed by applying bitumen reflectance 

(VRb) as the equivalent vitrinite reflectance 

through converting formulae. However, bitumen 

exists from multiple sources and coexists in 

multiple stages (Peters et al., 2013; Bertrand, 

1990, 1993), the relationship between bitumen 

reflectance and vitrinite reflectance is complex in 

different basins, and bitumen existed in different 

lithologies varies (Bertrand, 1990, 1993), and the 

formulae for converting the different maturity 

stages may be different (Wang et al., 2019). As a 

result, there have also been some controversies 

about bitumen as a maturity parameter, and 

Hackley and Cardott (2016) also noted that 

existing empirical conversion formulas should 

be used with caution. 

 

In recent years, some scholars began to pay 

attention to the graptolites epidermal reflectance, 

e.g., Yang Yunfeng (2016) compared the 

difference between the bitumen reflectance and 

the graptolites reflectance of the Silurian 

Longmaxi Formation shales in southeastern 

Sichuan basin and pointed out that the Longmaxi 

Formation shale are the high – over maturity 

stage. Luo Qingyong et al. (2017) investigated 

the graptolites' organic matter optical 

characteristics and determined thermal maturity 

of the Wufeng - Longmaxi Formation shale in 

southeast Chongqing area through the maximum 

reflectance value of graptolites. Wang et al. 

(2019) explored maturity distribution 

characteristics of the Wufeng - Longmaxi 

Formation shale by using the stochastic 

reflectance of graptolites epithermal bodies on 

the vertical laminar sections in the Sichuan Basin 

and its periphery area. Luo Qingyong et al. (2020) 

conducted a systematic review of the current 

research status on graptolites as 

geothermometers. And more and more studies 

have been conducted on the application of the 

reflectance of graptolites' epidermal bodies to 

determine shale organic matter maturity. 

However, there are no clear and unified 

understandings of the conversion relationship 

between graptolites' epidermal reflectance and 

equivalent vitrinite reflectance, and it is difficult 

to accurately convert graptolites' epidermal 

reflectance to equivalent vitrinite reflectance 

with the existing formulas (Meng et al., 2022). 

There are also more scholars evaluating matter 

maturity based on Raman spectroscopy (Guede 

et al., 2010; Liu et al. 2013; Wilkins et al. 2014, 

2015; Wang and Li, 2016; Wang et al. 2021). Liu 

et al. (2013) and Wilkins et al. (2014, 2015) 

established two quantitative characterization 

formulas using solid organic matter Raman 

spectroscopic parameters to evaluate the organic 

matter maturity degree. However, the 

applicability of Raman spectroscopic parameters 

is correlated with thermal maturity stage of the 

samples (Meng et al., 2022), and low-maturity 

samples may have fluorescence interferences 

that make the experimental data more dispersed 

(Quirico, 2005; Henry, 2018), whereas the 

precision of Raman spectroscopic parameters of 

highly-over mature samples is very high (Liu et 

al., 2013). 

 

In summary, in order to evaluate the organic-rich 

marine black shale maturity of the Upper 

Ordovician Wufeng - Lower Silurian Longmaxi 

http://www.joyr.org/
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Formation, a comprehensive analysis combining 

various types of indicators may be a way to 

obtain relatively accurate results. In this work, 

the Wangjiawan Upper Ordovician Wufeng - 

Longmaxi Formation shale section will be 

selected as research objects in the Three Gorges 

area. To study the special optical properties of 

graptolites epidermal body, systematically 

analyze the optical reflectivity characteristics of 

shale organic matter micro-components, bitumen 

reflectance and Raman spectroscopy reflectance, 

to establish the interrelationships between them, 

and to explore the method of equivalent vitrinite 

reflectance conversion, so as to more objectively, 

accurately, and comprehensively determine the 

thermal maturity degree of the Wufeng - 

Longmaxi Formation shale of the Wangjiawan 

section in Three Gorges area. This study would 

provide the important information about organic 

matter maturity for exploration and evaluation of 

shale gas. 

 

Literature review 

What is Graptolite? 

Graptolite sounds “Bishi” in Chinese which will 

make us wonder if the name has anything to do 

with pens. In fact, the naming of graptolite does 

have something to do with pens. Graptolite refers 

to the fossils of graptolites, due to its state of 

preservation, it is flattened into a carbonaceous 

film, and its appearance resembles the traces of 

pencil writing or scribbling on the rock surface 

(Fig. 1, Fig. 2), and the shape of the graptolite is 

similar to Western feather pens. Therefore, 

scientists have named these types of fossils 

"graptolites" (Bishi). Graptolite fossils are a 

group of animals that lived in the ancient oceans, 

called graptolites, and their name was first 

evolved from the genus Graptolithus, which was 

created by the Swedish taxonomist Linnaeus in 

1735, and means "traces of pens writing in rocks" 

(Chen Xu et al., 2006; Gong et al., 2020). 

Graptolites are small filter feeders, with 

individuals as small as 1-2 mm or less, which live 

in groups and gather together to build a common 

exoskeleton. The length of the secreted gracilite 

bodies can generally reach several centimeters to 

tens of centimeters, and larger ones can reach 

70cm or longer. The largest rhabdosome 

reported was 1.45 m in length. 

 

Figure 1. Graptolite: (A) Wangjiawan section; (B) and 

(C graptolite recovery) from the internet 

 

Figure 2. Various forms of fossilized graptolites 

Graptolites first appeared in the middle Cambrian of the 

Paleozoic and lived in groups in marine environments. 

During the Cambrian period, Graptolite was dominated 

by benthic arboreal pennofauna, and the evolutionary 

rate was relatively slow. From the Ordovician onwards, 

the main body of the graptolites fauna consisted of 

floating-living orthopelagic pennithischians, and a 

change in survival strategy led to a rapidly evolving life 

history from then on. During the Ordovician Great 

Biological Radiation, the graptolites fauna reached its 

heyday. Five biological extinction events existed in 

http://www.joyr.org/
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geological history. The first biological extinction event 

occurred at the end of the Ordovician, causing 

extinction of about 50% of genera and 80% of species 

of marine animals (Chen et al., 2006). However, 

numerous fossil evidence suggest that this biological 

mass extinction did not interrupt the flourishing of 

graptolite animals, which still flourished widely in the 

Silurian oceans. In the mid Devonian period, due to the 

impact of global temperature reduction and sea level 

decline, graptolites rapidly declined, and most of the 

orthograptolites became extinct, leaving only a small 

number of single graptolites and tree graptolites as 

representatives. At the turn of the Late Devonian to 

Early Carboniferous, a second biological extinction 

event occurred on Earth, resulting in the tragic 

extinction of about 70% of the species of marine fauna 

(Chen et al., 2006), in which graptolite animals was hard 

hit. After suffering from events such as lower 

temperatures, declining sea levels, volcanic eruptions, 

and severe oxygen deprivation of the Earth, graptolites 

animal groups died out in large numbers, and eventually 

became completely extinct in the Carboniferous Period, 

200-300 million years ago (Gong et al., 2020). After 

more than 200 million years, graptolites eventually 

became extinct. The impact of extinction events on 

organisms during geologic history is enormous, and the 

evolution of organisms is irreversible, so I need to 

protect biodiversity and its ecological environment. 

The Uses of Graptolites 

What is the role of graptolites? Small graptolites can 

play an important role in determining the strata age, 

geological environments and energy resources 

exploration.  

First of all, it is a golden caliper for stratigraphic 

comparisons and stratigraphic dating. Graptolites are 

known as the standard fossils in comparative studies of 

Ordovician, Silurian, and Early Devonian stratigraphy 

(Gong et al., 2020). During the 4.6 billion years of the 

Earth's formation, geologists usually use millions of 

years as the basic unit to distinguish between different 

periods of geologic history, but the accuracy of inferring 

stratigraphy from graptolites fossils is much higher than 

the million-year precision. Paleontologists have found 

that the evolution of graptolites was very rapid, 

especially in the Ordovician and Silurian periods, when 

a large number of new species arose every hundreds of 

thousands of years, with new evolution occurring at 

intervals of as little as 100,000 years, thus leaving 

behind a rich and colorful collection of graptolites 

fossils. For this reason, graptolites can be used as a 

golden caliper to determine the stratigraphy age. At 

present, the international stratigraphic division of the 
Ordovician and Silurian is mainly based on the 

graptolites biostratigraphy. 

Secondly, the use of graptolites can determine the 

geological environment at that time. There are two 

kinds of life style of graptolites: one is fixed on the 

bottom of the sea, that is, benthic. This type of 

graptolites animals generally live in shallow water 

environment, because it is more or less still need some 

oxygen, the water is too deep cannot survive; another is 

in the sea water floating life, this part of the graptolites 

animals can live in more open sea water, can also be in 

the deep water environment to survive. With the help of 

these survival characteristics of graptolites animals, 

paleontologists can speculate and reconstruct the 

ancient environment where the graptolites are located, 

such as the depth of seawater, ecological communities 

and so on. The distribution pattern of graptolites is 

correlated with the depositional environment, and the 

transformation of the depositional environment leads to 

changes in the graptolites basic survival conditions and 

the preservation conditions. For example, if all the 

graptolites found in a place are planktonic and not 

benthic, then it can be inferred that its paleoenvironment 

was deep water. Nowadays, this identification can be 

done so finely that five or six depth bands can be 

delineated based on the type of graptolites fauna, from 

the surface of the sea water to a depth of a few hundred 

meters, with a specific assemblage of graptolites fauna 

in each depth band. 

 

Figure 3. Scheme for delineation of graptolite zones in 

Wufeng Formation (WF), Longmaxi Formation (LM) 

and Nanjiang Formation (N) in the Yangtze block 

(Chen Xu et al., 2015, 2017) 

http://www.joyr.org/
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Third, it can be used to guide the shale gas 

exploration and development. Shale gas is 

mainly produced in the Ordovician to Silurian 

strata in China, and the Ordovician to Silurian 

black shale contains a large number of 

graptolites. The graptolites shale section of the 

bottom of Wufeng - Longmaxi Formation is a 

shale gas-rich section, which contains a lot of 

graptolites fossils. The graptolites calibration 

can provide a key basis for searching for high-

quality shale reservoir segments and clarifying 

the best target location and objectives, thus better 

guiding shale gas exploration and development. 

Based on the basic principles and methods of 

graptolites biostratigraphy, Chen Xu et al.(2015, 

2017, 2018) established a graptolites bibelot 

delineation scheme for the Wufeng Formation 

(WF), Longmaxi Formation (LM), and Nanjiang 

Formation (N) through extensive comparative 

analysis of the iconic graptolites fossils in the 

Yangtze block (Figure 3), and proposed that 

WF2 to WF3 of the Wufeng Formation and LM1 

to LM5/LM6 of the Longmaxi Formation are the 

main hydrocarbon source rock layers and 

reservoirs for shale gas production. This scheme 

has been used as a "time scale" for fine 

stratigraphic delineation and regional 

comparison of the Wufeng Formation and 

Longmaxi Formation in drilling wells and 

outcrop areas, which is an important guide to the 

selection of favorable shale gas layers and 

favorable zones (Figure 4, Gong et al., 2020). 

 

Figure 4. Graptolite biostratigraphy and reservoir 

characteristics of the Wufeng-Longmaxi Shale in 
South China. The sweet-spot interval for shale gas 

exploration corresponds to graptolite zones WF2-LM5. 

Litho = lithology; GZ = graptolite zone; WF = Wufeng 

Formation; JCG = Jiancaogou Formation (Gong et al., 

2020). 

Geological setting of the Wangjiawan section 

The Wangjiawan section is located in 

Wangjiawan Village, Fenxiang Town, 42 km 

northern of Yichang City, Hubei Province, China 

(Fig. 5), with latitude and longitude of N 

30°58′28.66″, E 111°25′24.80″. It is the global 

standard stratigraphic section and point (GSSP) 

of the Ordovician Hernantian Stage "Golden 

Spike" (445.2 ± 1.4 Ma). 

“Hernantian stage” is the seventh order of the 

Ordovician, that is, the top of a "golden spike", 

although its time limit is short, only 1.8 million 

years, but the establishment of the "Hernantian 

stage" has an important significance. The 

establishment of the "Hernantian stage" is of 

great significance. It records the second largest 

biological extinction (85% of species extinctions) 

since the Phanerozoic, the expansion of the 

Antarctic Ice Sheet leading to climate cooling, 

and the global sea level drop (Chen et al., 2006; 

Sheehan, 2001), which provides a unified time 

standard for the precise comparison of global 

stratigraphy and for the study of global 

biological and environmental events. 

The Wufeng Formation and Longmaxi 

Formation are exposed in the northern section of 

Wangjiawan Village. The Wufeng Formation 

mainly consists of dark grey and grey-black 

thinly bedded siliciclastic rocks and siliciclastic 

shale rhyolitic interbedded with a lot of 

graptolites. The top Wufeng Formation is 

Guanyinqiao section, which is greyish-yellow 

medium-layered tuffs, tuffaceous mudstones, 

and powdery-fine sandstone, with a large 

number of brachiopod and other mesocoelous 

fossils and trilobite fossils, which is only 20 cm 

thick in the Wangjiawan section. The Longmaxi 

Formation is a thin layer of silica-bearing 

carbonaceous mudstone, with a thickness of 

more than 2 meters; at the bottom is a gray-black 

carbonaceous shale, with a thickness of about 50 

meters in this region. Only the Longmaxi 

Formation bottom is exposed in the Wangjiawan 

section, which contains a lot of graptolites fossils 

http://www.joyr.org/
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(Fig. 3, Fig. 6). The "Hernantian stage" gold 

spike section is established 0.39 m below the 

bottom boundary of the Guanyinqiao Formation 

(Chen Xu et al. 2006), consistent with first 

occurrence of Normal graptolites extraordinarius. 

 

Figure 5 Location of Wangjiawan profile: (A) 

transportation location map;  

(B) photographs of field work; (C) geologic sketch 

map 

 

Figure 6. Stratigraphic distribution and biofossils in the 

Wangjiawan section 

 

Figure 7. Graptolites, Hernanterbe and trilobites 

Fossils samples collected from the Wangjiawan section 

in Three Gorges. 

Methodology and Investigation  

On July 21, 2023, I traveled to the Wangjiawan 

section to conduct field investigation, on-site 

profile measurement and sample collection (Figs. 

5, 7). 16 samples of various graptolite fossils, 5 

Longmaxi Formation black shale samples, 2 

Hernanterbe fossil samples, and 2 trilobite fossil 

samples were collected. 

At present, organic matter maturity studies 

mainly use Raman spectroscopy, vitrinite 

reflectance and microfluorescence techniques. 

The reflectance of solid bitumen, Raman 

spectroscopy, and random reflectance of 

graptolite body on the collected samples will 

analyzed for the organic matter maturity of the 

Wangjiawan section in the Three Gorges area. 

These methods are briefly described in the 

following texts. 

Solid Bitumen Reflectance Method 

The vitrinite reflectance is the most reliable 

organic matter maturity parameter of 

hydrocarbon source rocks since the Late 

Paleozoic. The main sources of sedimentary 

organic matter in the Lower Paleozoic marine 

source rocks are algae and bacteria, followed by 

bioclastic organic fractions. Solid bitumen is the 

most important secondary microcomponent after 

the source rock maturity stage. In the marine 

hydrocarbon source rock that lacks vitrinite of 

higher plant origin, solid bitumen reflectance is 

http://www.joyr.org/
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usually used to convert to equivalent vitrinite 

reflectance for the evaluation of the source rock 

maturity. 

Solid bitumen, as secondary organic matter, is a 

product of the subsequent transport of oil 

generated and excreted by casein, filling the 

pores and fractures, angular and bounded by 

carbonate minerals. The factors controlling the 

origin of solid bitumen depend primarily on type 

and content of organic microcomponent 

precursors and, to a lesser extent, on the 

geological factors controlling its generation 

(temperature, pressure, microbial activity) and 

destruction (cracking, deasphalting, 

biodegradation). Due to the diversity of bitumen 

genesis and the complexity of its characteristics, 

the identification and recognition of microscopic 

components is the key to the determination of 

bitumen reflectance. In the kerogen optical 

section, solid bitumen shares many similar 

reflective characteristics with other vitrinite 

components, but their shape, structure, and 

orientation differ in whole rock optical section. 

Correctly distinguishing the characteristics of 

solid bitumen is a prerequisite for measurement 

bitumen reflectance. 

Raman Spectroscopy Method 

Raman spectroscopy is a technique based on 

Raman scattering phenomenon, which can 

directly obtain the molecular vibration 

information of each material group in the sample. 

Raman spectrum has rich and sharp 

characteristic peaks, based on the number; 

position and intensity of the peaks can be 

qualitatively and quantitatively analyzed for the 

test samples when the experimental conditions 

such as incident light frequency and intensity are 

determined. 

Raman spectroscopy is a type of scattering 

spectroscopy. By characterizing the parameters 

of the first order vibration peaks of solid 

carbonaceous materials Raman spectra in 

sedimentary/metamorphic rocks, it can be used 

to study molecular structure of carbonaceous 

materials and paleogeological 

temperatures/maturity. Raman spectroscopy can 

play an important role in the field of fluid 

inclusions, sedimentary organic matter, rock and 

mineral identification, because of the advantages 

of simple sample preparation, convenient and 

fast testing and short cycle time. 

4.3 Graptolite Epidermis Reflectance Method 

Graptolites’ epidermal bodies are characterized 

by two morphologies: non-granular and granular. 

The non-granular graptolites are usually 

distributed in strips and bands along the layers, 

and are often segmented and interrupted; they 

have smooth surfaces, high reflectivity, and 

obvious anisotropy; some of them have residual 

biological structures such as body walls and cell 

tubes,which are often filled with strawberry 

shaped pyrite. It is easy to observe the spindle 

layered biological layer structure on parallel 

bedding planes with good polishing effect, and 

the higher the maturity, the more obvious this 

phenomenon becomes. The surface of granular 

graptolites is mostly elliptical in shape, with a 

long axis direction usually consistent with the 

bedding direction. The surface is rough, with a 

clear graininess, low reflectivity, and weak 

anisotropy. 

Implications and Discussions  

Graptolite reflectance and equivalent vitrinite 

reflectance 

The shale organic matter is mainly composed of 

solid bitumen and graptolite fragments, with a 

small amount of vitrinite and chitin (Figure 8). 

The shale samples were ground into rock chips 

small enough to pass through a 20-mesh sieve. 

These chips were then formed into whole-rock 

pellets using procedures typical of standard coal 

petrography. The petrographic features of the 

macerals were documented using a Leica 

DM2700 P microscope, employing a 50× oil 

immersion objective and observed under either 

white or blue light. Semi-quantitative maceral 

composition was determined based on visual 

estimate at an increment of 5%. Vitrinite 

reflectance (Ro) was measured using the Leica 

DM2700 P microscope and the computer 

program DISKUS-FOSSIL from Hilgers 

Technisches Buero. Reflectance standards 

yttrium-aluminum-garnet (YAG) (reflectance  

http://www.joyr.org/
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0.891%) and gadolinium-gallium-garnet (GGG) 

(reflectance 1.713%) were used for reflectance 

calibration. 

 

Figure 8. Microscopic photographs of shale organic 

matter composition. 

The main focus is on reflectance testing for solid 

bitumen and graptolite fragments. The graptolite 

reflectance (GRo) is generally converted into 

equivalent vitrinite reflectance (EqRo) using the 

formula EqRo = 0.99×GRo+0.08 (Luo et al., 

2020). For bitumen reflectance (BRo), it is 

typically converted into EqRo using the formula 

EqRo = 0.6569×BRo +0.3364 (according to 

Feng Guoxiu et al., 1988). The relationship 

between rock pyrolysis temperature Tmax and 

EqRo is converted using the formula EqRo = 

0.018 ×Tmax-7.16 (Jarvie et al., 2001). In this 

experiment, the reflectance of solid bitumen for 

3 samples and the reflectance of graptolites for 3 

samples were measured (Figure 9), and the 

results are shown in Table 1. From the results, 

the EqRo converted from solid bitumen 

reflectance indicates a lower shale maturity 

(1.098-1.110%), while the shale maturity 

revealed by graptolite reflectance is relatively 

higher (1.245-1.253%). 

 

Table 1. The reflectance (Ref.) experiments results 

EqRo = 0.99×GRo+0.08 (Luo et al., 2020)；EqRo = 

0.6569×BRo +0.3364（Feng Guoxiu et al.，1988）；
EqRo = 0.018 ×Tmax-7.16 (Jarvie et al., 2001) 

Sam

ple 

No. 
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cts 
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r 
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f. 

Ma

x 

Ref. 

Min 

Me

an 

S.

D

. 

E

q

R

o 

Tm

ax 

(℃

)  

LM

X1 

bitu

men 
165 

1.5

79 

0.70

9 

1.1

78 

0.

2

1

7 

1.

1

1

0 

459

.44 

LM

X2 

bitu

men 
101 

1.6

69 

0.68

4 

1.1

59 

0.

2

5

1 

1.

0

9

8 

458

.78 

LM

X3 

bitu

men 
121 

1.6

59 

0.71

8 

1.1

71 

0.

2

2

5 

1.

1

0

5 

459

.20 

BS1 
grapt

olite 
85 

1.6

06 

0.84

2 

1.1

85 

0.

1

7

1 

1.

2

5

3 

467

.39 

BS2 
grapt

olite 
106 

1.6

84 

0.79

6 

1.1

77 

0.

1

5

2 

1.

2

4

5 

466

.94 

BS3 
grapt

olite 
122 

1.6

19 

0.76

5 

1.1

78 

0.

1

6

1 

1.

2

4

6 

467

.00 
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Figure 9. Microscopic photographs of shale graptolite 

reflectance measurement points. 

Raman spectroscopy and equivalent vitrinite 

reflectance 

The morphologies of the laser Raman 

analysis spectra of various types of solid organic 

matter, along with the displacement and peak 

height ratio parameters of the D and G peaks, 

fully reflect various pieces of information such 

as molecular vibrations of carbonaceous material 

during thermal evolution, and can be used as a 

basis for evaluating the thermal evolution degree 

of samples or the temperature conditions of 

experimental samples. Liu Dehan et al. (2013), 

Wilkins et al. (2014, 2015), Baludikay et al. 

(2018) established two quantitative 

characterization formulas of solid organic matter 

Raman spectroscopy parameters with thermal 

evolution degree at different organic matter 

maturity stages. Among them, the model 

calculation formula established by the 

relationship between peak interval d(G-D) and 

vitrinite reflectance from mature to highly 

mature stage is as follows: 

Rmc Ro% = 0.0537 × d(G-D) - 11.21 

Where RmcRo% is the reflectance 

calculated by Raman analysis parameters, d(G-D) 

is the peak interval of Raman displacement. The 

calculation formula for calculating the maximum 

burial temperature from RmcRo% is as follows: 

Tpeak burial (°C) = (ln (RmcRo%) + 

1.68)/0.0124 

For over-mature samples, regression of the 

peak height ratio parameters (Dh/Gh) in Raman 

spectroscopy analysis with vitrinite reflectance 

data (Figure 4) yields the match relationship 

between the peak height ratio and vitrinite 

reflectance. 

RmcRo% = 1.1659 × h(Dh/Gh) + 2.7588 

Where RmcRo% is the reflectance 

calculated by Raman analysis parameters, 

h(Dh/Gh) is the peak height ratio (Dh is the 

height of the D peak, Gh is the height of the G 

peak). The calculation formula for calculating 

the maximum burial temperature from RmcRo% 

is as follows: 

Tpeak burial (°C) = (ln (RmcRo%) + 

1.19)/0.00782 

In this experiment, Raman spectroscopy of the 

organic matter in three shale samples was 

measured (Figure 10), with the spectral peaks 

being the D peak and G peak. The peak intensity 

results are shown in Table 2. For sample BS1, six 

measurement points yielded Raman reflectance 

values calculated based on the peak interval of D 

and G peaks Raman shifts, ranging from 

0.626554 to 0.894517%, with an average of 

0.7415%, and the corresponding temperatures 

calculated were between 97.78°C and 126.49°C. 

For sample BS2, eight measurement points 

resulted in Raman reflectance values from 

0.790339 to 1.106095%, with an average of 

0.9057%, and the calculated temperatures were 

between 116.51°C and 143.62°C. For sample 

BS3, four measurement points yielded Raman 

reflectance values from 0.932107 to 1.009453%, 

with an average of 0.9663%, and the 

temperatures calculated were between 129.81°C 

and 136.24°C. Compared to the equivalent 

vitrinite reflectance converted from solid 

bitumen reflectance (1.098-1.110%) and the 

shale maturity indicated by graptolite reflectance 

(1.245-1.253%), the organic matter maturity 

(Raman RmcRo%) obtained from the organic 

matter Raman spectroscopy of the shale samples 

in this experiment is lower, averaging 

0.7415~0.9663%. Lower maturity samples may 

have fluorescence interference causing the 

experimental data to be more dispersed (Quirico, 

2005; Henry, 2018). 
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Figure 10. Raman spectroscopy results of shale 
organic matter 

(spectral peaks are D peak and G peak). 

 

Regionally, the organic matter maturity of the 
Wufeng-Longmaxi shale previously tested in 
the Yichang Three Gorges area generally 
exceeds 1.4%. For instance, the organic 
matter maturity of the Wufeng-Longmaxi 
shale in Badong Jianyangping was tested to be 
1.4%, and in Yichang Zhicheng, it was 1.9%. In 
the Sichuan Basin and its periphery areas, the 
organic matter maturity of the Wufeng-
Longmaxi shale generally ranges from 2.0 to 
4.0% (Xie Xinong et al., 2019), reaching the 
over-mature stage. The results of this test are 
generally low, which is speculated to be 
related to the Early Silurian "Yichang Uplift" 
(Chen Xu et al., 2018). Due to the uplift and the 
missing strata, the burial is shallow; the 
paleo-temperature is not high, resulting in 
lower maturity. 

Table 2. The Laser Raman spectroscopy 
experiments results of shale organic matter 

 

The correlation of reflectance calculated by 
three methods 

The correlation regression of equivalent 
vitrinite reflectance data obtained by three 
methods was performed (Figure 11). As 
shown in Figure 11, the correlation between 
solid bitumen reflectance and graptolite 
epidermis reflectance is 0.7663, between 
solid bitumen reflectance and Raman 
spectroscopy reflectance is 0.9748, and 
between graptolite epidermis reflectance and 
Raman spectroscopy reflectance is 0.6203. 
The best correlation is observed between 
solid bitumen reflectance and Raman 
spectroscopy reflectance, followed by the 
correlation between solid bitumen 
reflectance and graptolite epidermis 
reflectance, with the weakest being the 
correlation between graptolite epidermis 
reflectance and Raman spectroscopy 
reflectance. However, overall, all correlations 
are greater than 0.6, which indicates that they 
can be used to characterize the maturity of 
organic matter. 

 

Figure 11. The correlation regression of equivalent 

vitrinite reflectance data obtained by three methods 

 

As shown in Figure 11, the relationship 

between Raman reflectance and graptolite 

reflectance is expressed as: 

RmcRo% = 20.653GRo – 24.902 
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The formula previously mentioned for 

calculating the maximum burial temperature 

from RmcRo% is: 

Tpeak burial (°C) = (ln (RmcRo%) + 

1.68)/0.0124 

From these two formulas, the calculation 

formula for the relationship between graptolite 

reflectance and maximum burial temperature is 

derived as: 

Tpeak burial (°C) = (ln (20.653GRo – 

24.902) + 1.68)/0.0124 

Where RmcRo% is the reflectance 

calculated by Raman analysis parameters, GRo is 

the graptolite epidermis reflectance, and Tpeak 

burial (°C) is the maximum burial 

paleotemperature. 

Therefore, based on the analysis in this study, a 

relationship between graptolite reflectance and 

paleotemperature has been established. 

Graptolite reflectance can serve as a temperature 

indicator for the maturity of shale organic matter, 

and it is the best and relatively more accurate 

indicator compared to solid bitumen reflectance 

and Raman spectroscopy reflectance. 

Conclusion 

（ 1 ） The Wufeng-Longmaxi Formation of 

Wangjiawan section in the Three Gorges is the 

global standard stratigraphic section and point 

(GSSP) for the Ordovician Hernantian Stage. 

The top Wufeng Formation is the Guanyinqiao 

Member, characterized by greyish-yellow 

medium-bedded tuffaceous mudstone and fine to 

very fine sandstone, containing abundant 

brachiopod and trilobite fossils. The Longmaxi 

Formation is composed of greyish-black thin-

layered siliceous carbonaceous mudstone and 

carbonaceous shale, rich in graptolite fossils. 

（2）The organic matter maturity was calculated 

using three methods. The equivalent vitrinite 

reflectance converted from solid bitumen 

reflectance is 1.098-1.110%, the shale maturity 

revealed by graptolite reflectance is 1.245-

1.253%, and the average organic matter maturity 

obtained from calculations based on organic 

matter Raman spectroscopy is 0.7415~0.9663%. 

（3）The correlation regression was performed 

on the equivalent vitrinite reflectance data 

obtained by three methods. The correlation 

between solid bitumen reflectance and graptolite 

epidermis reflectance was 0.7663, between solid 

bitumen reflectance and Raman spectroscopy 

reflectance is 0.9748, and between graptolite 

epidermis reflectance and Raman spectroscopy 

reflectance is 0.6203. All are greater than 0.6, 

and these three methods can be used to 

characterize the organic matter maturity. The 

study established the relationship between the 

graptolite epidermis reflectance and 

paleotemperature.  
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