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Abstract: The shale gas exploration of the Longmaxi Formation in the Yangtze Region of China has
made a significant breakthrough. As an important hydrocarbon generation organism, graptolite is
widely distributed in the Longmaxi Formation shales, but its hydrocarbon potential is still unclear.
Taking the Longmaxi Formation shales in the Middle Yangtze Region as an example, this paper
discusses the organic petrological characteristics of graptolite and its contribution to buried organic
carbon. The Longmaxi shales in the study area can be divided into organic-rich shales (TOC > 2.0%)
and organic-bearing shales (TOC < 2.0%). The organic-rich shales have high quartz content and
low clay mineral content, which is opposite in the organic-bearing shales. Organic maceral results
show that graptolite is widely distributed in nearly all the samples, while solid bitumen is relatively
developed in organic-rich shale. The equivalent vitrinite reflectance obtained from the conversion
of graptolite reflectance ranges from 2.46% to 2.76%, indicating that the organic matter maturity
of the Longmaxi Formation shale is overmature. Combining an optical microscope and a field
emission scanning electron microscope, the proportion of graptolite area to organic matter area can be
obtained, the average of which is 32.71%. Solid bitumen mainly contributes to buried organic carbon
of the organic-rich shales in the Longmaxi Formation, while graptolites contribute little to organic
carbon burial. However, solid bitumen in the organic-bearing shales is relatively undeveloped, and
graptolite is an important hydrocarbon generation organism, which is the main contributor to buried
organic carbon.

Keywords: graptolite; hydrocarbon generation organism; buried organic carbon; maceral;
Longmaxi Formation

1. Introduction

Graptolites are types of extinct colonial marine animals, which are widely distributed
in the Ordovician and Silurian marine source rocks [1,2]. There is a set of graptolite-
bearing shales in the Wufeng–Longmaxi Formations (Upper Ordovician-Silurian) with
the maximum total organic carbon (TOC) values 10% [3] and which are the main source
rocks and fossil hydrogen energy productive reservoir in the Yangtze region [4,5]. The
study of the Longmaxi graptolite is mainly focused on biostratigraphy and the sedimentary
environment [6–11]. The organic petrology characteristics of graptolites as well as the
contribution of graptolite organic matter to organic carbon burial are still unclear due to
the limited research on optical characteristics of graptolites and unrecognizable macerals
of graptolite and other organic components in the optical microscope. Liu et al. [12]
believed that the structural evolution of graptolite is mainly finished by deoxygenation,
denitrification, and carburetion, and graptolite can be a significant hydrocarbon generation
material in low maturity. When the maturity is low, the graptolite shows rich carboxyl,
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carbonyl, acyl functional groups, and poor aromatics. With the increase of maturity, the
oxygen-containing functional groups in the graptolite’s structure are reduced, and the cross-
linked structures, such as oxygen bridges, are condensed, which may lead to the generation
and accumulation of hydrocarbons. Luo et al. [2] discussed optical characteristics of
graptolite in the Wufeng–Longmaxi shales and believed that graptolite epidermis have
complex biogenetic structures and fusellar layers and are commonly filled by pyrites. The
TOC values of shales have positive correlations with the diversity and organic matter
abundance of graptolites [13], showing that graptolites have important contributions to
buried organic carbon. A mass of organic pores of graptolite epidermis can be observed
in scanning electron microscope (SEM) images, suggesting that graptolites are of great
significance to hydrocarbon potential and reservoir space of shales [14]. However, there also
exists the opposite view that the abundance of graptolite in the shales has no correlation
with the TOC values, suggesting that graptolites have little contribution to organic matter
enrichment [3].

The research on organic petrology characteristics of graptolites is limited, and the
contribution of graptolite organic matter to organic carbon burial remains controversial.
Thus, this paper discusses the optical characteristics of graptolites and reflectance of
graptolites for organic matter maturity evaluation. The proportion of graptolite area to
organic matter area was calculated by combining the optical microscope with the SEM, and
the relationship between the proportion and the TOC values was discussed to reveal the
contribution of graptolites to organic carbon burial in this paper.

2. Geological Background

The Central Yangtze area formed a stable platform after the Jinning Movement
(1000–800 Ma). It has experienced the Caledonian, Hercynian, Indosinian, Yanshan, and
Himalayan major tectonic movement transformations. The late Ordovician–Devonian de-
veloped foreland basins dominated by clastic deposits. The Middle Yangtze region accepted
the muddy siliceous deposits formed in the anoxic environment. The study area is located
in the Xianning area in the southeast of Hubei Province, Central Yangtze region (Figure 1).
The strata in the Xianning area are well developed, and the Mesoproterozoic–Quaternary
strata are exposed. The Nanhua System is divided into the Liantuo Formation, Gucheng
Formation, Datangpo Formation, and Nantuo Formation from bottom to top. The Liantuo
Formation is deposited by coarse to fine purplish-red clastic rocks from bottom to top. The
Sinian is a stable platform in an epicontinental sea and shallow marine carbonate platform
environment with low-velocity deposits, such as argillaceous limestone and carbonaceous
shale. Later, it was transformed into an open sea platform to limited platform carbon-
ate deposition. Phosphorus-bearing dolomite is often deposited in the slope area of the
platform front. The Cambrian–Silurian system is dominated by dolomite in the restricted
environment, which is partially exposed and subject to weathering and erosion. Longmaxi
shales were deposited as part of a global early Silurian anoxic event [15]. The research area
was a shallow sea shelf environment when the Lower Silurian Longmaxi Formation was
deposited. A set of black and gray-black carbonaceous shale, siliceous shale and gray-green
silty shale were deposited in the Longmaxi Formation, which is rich in graptolite and well
preserved. Continental red clastic rocks were deposited in the Middle and Late Jurassic. A
set of continuously continental red clastic rocks was deposited in the Cretaceous–Neogene.
It is a complex sedimentary rock series with multiple centers, multiple provenances, and
multiple rhythms.
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Figure 1. Sampling sites from the Xikeng section in southeastern Hubei Province, China.

3. Samples and Methods
3.1. Sample Material

The Lower Silurian Longmaxi shale samples were collected from the Xikeng section
in the Xianning area of southeastern Hubei Province, China (Figure 1). The Longmaxi
Formation is characterized by a shelf environment with a thickness of 87.51 m (Figure 2).
The bottom Longmaxi Formation is in conformable contact with the underlying gray–
yellow sandstones of the upper Ordovician Huangnigang Formation. The lower Longmaxi
Formation shale samples are rich in graptolite fossils. Some samples have visible dispersed
pyrite and horizontal bedding. The samples are mainly black and ash black carbonaceous
shale and carbonaceous siliceous shale. The upper section mainly develops silty mudstone
mingled with carbonaceous shale. From bottom to top, the content of graptolite is reduced,
the content of silt is increased, and the color becomes lighter (Figure 2). A total of 27 samples
were collected in this study.
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Figure 2. Stratigraphic columns of the Longmaxi Formation from the Xikeng section in southeastern
Hubei Province, China. AB/AT: absolute values of bitumen area/total horizon area; AGr/AT:
graptolite area/total horizon area; AGr/AOM: graptolite area/organic matter area.
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3.2. TOC, Maceral, and Reflectance of Graptolite

The samples were crushed to 80 mesh size and treated in a sterilized crucible with
12.5% HCl to eliminate carbonates, then washed with distilled water every half an hour
for three days. The oven-dried samples were measured using a Leco CS230 analyzer. The
maceral and graptolite reflectance were performed in State Key Laboratory of Petroleum
Resources and Prospecting, China University of Petroleum (Beijing). Firstly, 22 samples
rich in graptolites were selected and cut into those with both length and width of 2 cm.
Each of the samples was put into the plastic injection mold. The mixture of epoxy resin
and coagulant (volume ratio is 5:2) was poured into the mold to cement at room tempera-
ture. Then, the samples were polished using a Buehler automatic grinding and polishing
machine (EcoMet 250 with AutoMet 250) to obtain a smooth surface for the microscopic
examination [2]. The optical characteristics and reflectance of the sample were performed
using a 10-× eyepiece and a 50-× oil-immersion objective lens under reflected light at
546 nm wavelength (1.518 refractive index oil) using a Leica 4500 P microscope equipped
with a CRAIC microscope photometer. The reflectance of the sample was measured at a
room temperature of 22~24 ◦C with standards of known reflectance (Yttrium Aluminum
Garnet, Ro = 1.72% and cubic zirconia, Ro = 3.08%).

3.3. SEM Observation of Graptolite

Samples were separately subjected to mechanical cutting, sandpaper polishing, and
argon ion polishing with a voltage of 5.5 kV and a current of 2.1 mA (switching voltage
and the current to 5.0 kV and 2.0 mA, respectively, every 30 min) to finish SEM sample
preparation. In view of the fact that it is hard to observe graptolite organic matter in SEM
images, the prepared polished SEM samples were observed under an optical microscope
with a 10-× eyepiece and 50-× dry objective lens to investigate organic maceral (graptolite
and solid bitumen). Graptolites are calibrated using the objective lens with a carving knife
so that graptolite organic matter can be quickly and accurately observed under the SEM.
The SEM sample preparation and observation were carried out in the Institute of Geology
and Geophysics, Chinese Academy of Sciences, Beijing, China.

4. Results and Discussion
4.1. Total Organic Carbon Contents and Mineralogy of Graptolite-Bearing Shales

The TOC values of the shales from the Longmaxi Formation range from 0.40% to
3.62% with an average of 2.02%. The TOC values of the shale samples from XK1 to XK13
are below 2.0%, while the samples from XK14 to XK27 have higher TOC values over 2.0%
(Table 1). Thus, organic-rich shales (TOC > 2.0%, XH14~XH27) and organic-bearing shales
(TOC < 2.0%, XH1~XH13) can be divided according to the TOC value of 2.0%. Organic-rich
shales have high contents of quartz and low contents of clay mineral, ranging from 48.3%
to 79.4% and 16.2% to 32.9% (Table 1), respectively, with an average of 65.7% and 22.9%,
respectively. The content of solid bitumen rather than graptolite is dominant in these shales
(Table 1, Figure 2). However, organic-bearing shales have the opposite characteristics,
with quartz and clay contents ranging from 34.7% to 61.5% and 25.2% to 51.7% (Table 1),
respectively, with a mean value of 45.9% and 39.9% (Table 1), respectively. The content
of graptolite dominates in these shales (Table 1, Figure 2). The high content of quartz
in the organic-rich shales may be associated with high marine productivity [16]. All the
samples have low contents of feldspar, ranging from 2.3% to 8.1% (Table 1). Pyrite is
present in most organic-rich shale samples, while only six shale samples contain pyrite in
the organic-bearing shales (Table 1).
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Table 1. TOC values and mineralogical composition of the shales in the Longmaxi Formation.

Sample
No.

Depth
(m)

TOC
(%)

Mineral Composition
AB/AT

(%)
AGr/AT

(%)
AGr/AOM

(%)Quartz
(wt%)

Feldspar
(wt%)

Carbonate
Minerals

(wt%)

Pyrite
(wt%)

Clay
(wt%)

Other
Minerals

(wt%)

XK1 3.69 1.49 42.3 7.0 0 0 42.5 8.2 15.20 15.99 51.27
XK2 6.46 0.40 43.3 6.8 0 0 46.4 3.4 / / /
XK3 11.08 0.55 39.3 7.9 0 0 43.0 9.8 / / /
XK4 14.78 1.73 39.6 7.0 0 0 41.3 12.2 / / /
XK5 19.40 1.09 41.4 7.7 0 0 48.3 2.7 12.70 11.37 47.24
XK6 22.17 1.37 58.6 8.1 0 0 33.4 0 / / /
XK7 25.87 0.65 38.2 7.1 0 0 51.7 3.1 / / /
XK8 29.57 0.78 40.5 7.5 0 1.0 41.2 9.8 / / /
XK9 32.34 0.91 47.9 6.7 0 1.0 36.6 7.8 26.26 15.11 36.52

XK10 36.04 1.96 34.7 7.4 0 3.7 48.2 6.0 13.64 14.69 51.85
XK11 39.67 1.98 61.5 6.4 3.3 3.6 25.2 0 / / /
XK12 42.25 1.09 54.7 7.1 0 5.1 28.5 4.6 / / /
XK13 46.56 1.91 55.2 5.5 0 3.6 31.8 3.9 / / /
XK14 49.14 2.17 61.1 5.9 0 5.2 24.3 3.5 12.63 11.95 48.63
XK15 52.61 2.29 60.5 6.1 0 6.1 24.1 3.2 36.79 12.51 25.38
XK16 55.29 2.34 61.4 6.3 4.5 5.6 22.2 0 / / /
XK17 57.96 2.53 48.3 5.2 5.1 5.6 32.9 2.9 / / /
XK18 60.64 2.79 70.8 5.3 0 2.8 17.7 3.5 45.65 8.62 15.88
XK19 65.27 2.75 59.4 7.1 0 2.0 26.8 4.7 / / /
XK20 68.05 2.58 73.1 4.9 0 3.5 18.5 0 30.05 10.95 26.71
XK21 70.83 3.06 71.9 2.8 3.7 0 16.2 3.3 / / /
XK22 73.33 2.75 61.4 7.1 0 2.6 24.3 4.7 23.83 10.17 29.91
XK23 74.12 2.82 71.7 5.6 4.3 0 18.4 0 24.23 7.86 24.49
XK24 75.70 3.02 65.3 6.1 0 3.2 25.4 0 / / /
XK25 78.06 3.34 60.4 4.3 0 0 30.0 5.2 / / /
XK26 80.42 3.62 75.0 2.3 0 0 22.7 0 43.23 8.04 15.68
XK27 82.78 2.49 79.4 3.1 0 0 17.5 0 26.95 6.29 18.93

4.2. Maceral Characteristics of Graptolite-Derived Organic Matter

The organic matter of the Longmaxi shales is mainly from algae, bacteria, zooclast
(graptolite, chitinozoans, sponge spicule), and acritarch [13]. Among the zooclast, graptolite
is a significant source of organic matter in the Lower Paleozoic source rocks [17]. There is
a positive relationship between TOC and the content of graptolite, which is significant to
shale gas accumulation [18].

The graptolites and solid bitumen are the predominant macerals in the shales of
the Longmaxi Formation in this study area. The solid bitumen shows sphericity or
an ellipse with flattening or jagged edge, the surface of which is smooth under an oil-
immersion objective using reflected light, and solid bitumen can be filled by siliceous
minerals (Figure 3a,b,d). The graptolite epidermis in the Lower Paleozoic sediments shows
two types of morphology under reflected light: granular and non-granular [2,19]. The
graptolites of the Longmaxi shales in the study area exhibit non-granular characteristics.
The well-preserved graptolite epidermis can be observed under reflected light showing
tabular and laminar, which is intermittent and articulatory. The presence of fusellar layers
of graptolites under polarized light can be observed in some samples. Graptolite epidermis
shows anisotropic due to high organic matter maturity and is commonly filled by pyrites
(Figure 3b,c,e,f). Graptolites are rich both in organic-bearing shales and organic-rich shales,
while solid bitumen dominates in organic-rich shales.
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Figure 3. Photomicrographs showing the organic components of the Longmaxi shales. (a), XH-27,
solid bitumen; (b) XH-25, solid bitumen and non-granular graptolites; (c) XH-25, non-granular
graptolites; (d) XH-27, solid bitumen; (e) XH-13, non-granular graptolites; (f) XH-9, non-granular
graptolites.

4.3. The Reflectance of Graptolite

It is hard to evaluate the organic matter maturity of the Lower Paleozoic source rocks
due to the lack of vitrinite. Some scholars found that some vitrinite-like macerals, such
as graptolite, chitinozoans, and solid bitumen, could be used to evaluate organic matter
maturity of the Lower Paleozoic marine source rocks [20–29]. The reflectance of graptolites
has been widely investigated [2,28,30,31], showing that graptolite has anisotropy and the
reflectance of graptolite changes regularly with the increase of the organic matter maturity,
which can be an indicator of organic matter maturity of the Ordovician and Silurian
source rocks.

A total of 17 graptolite-bearing shale samples were collected for random reflectance of
graptolite examination. The equivalent vitrinite reflectance can be obtained according to
the formula proposed by Cao et al. [23]. The random reflectance of graptolites ranges from
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4.43% to 5.43% (Table 2), and the calculated equivalent vitrinite reflectance is in the range
from 2.46% to 2.76% (Table 2) with the average of 2.68%. It suggests that organic matter
maturity of the Longmaxi shales in the study area is overmature.

Table 2. Distribution characteristics of the reflectance of graptolites and equivalent vitrinite of the
Longmaxi shales.

Sample No. GRran, % EqVRo, %

XH-27 4.43 2.46
XH-26 5.53 2.73
XH-25 5.43 2.76
XH-23 5.35 2.74
XH-21 5.20 2.70
XH-20 5.22 2.70
XH-19 5.07 2.66
XH-18 5.09 2.66
XH-17 5.36 2.74
XH-15 5.35 2.74
XH-13 5.37 2.75
XH-10 5.08 2.66
XH-9 5.06 2.65
XH-6 5.28 2.72
XH-4 5.12 2.67
XH-1 4.85 2.59

4.4. Contribution of Graptolites to Buried Organic Carbon

The components of organic matter, such as graptolite and solid bitumen, are hard
to distinguish under the SEM. To overcome the above problem, the prepared polished
SEM samples were observed under an optical microscope to distinguish organic maceral.
Graptolites were calibrated using the objective lens with a carving knife so that graptolite
organic matter can be quickly and accurately observed under the SEM (Figure 4a–f). The
SEM images of 12 samples were chosen to discuss the contribution of graptolites to buried
organic carbon. The area of graptolites and organic matter can be extracted through
threshold segmentation using Image J software, and the results can be calculated (Figure 5,
Table 3). We chose many images of each sample to ensure the reliability of the results
(Table 3 only exhibits one image processing result in each sample). Thus, the average ratio
of the areal contribution rate of graptolite (proportion of graptolite area to organic matter
area) in each sample can be obtained, ranging from 15.68% to 51.85% (Figure 6), and the
average ratio of AGR/AOM is up to 32.71%.

There is a negative correlation between the TOC value of the organic-rich shales and
the areal contribution rate of graptolite (Figure 6), suggesting that solid bitumen rather
than graptolite mainly contributes to buried organic carbon of the organic-rich shales
in the Longmaxi Formation. However, the TOC value of organic-bearing shales has a
positive correlation with the areal contribution rate of graptolites (Figure 6), indicating
that graptolites are the main contributor to buried organic carbon. The solid bitumen in
the organic-bearing shales is relatively undeveloped, and the contribution of graptolites to
buried organic carbon is highlighted.
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length = 113.6 µm; (f), XH-1, length = 120.9 µm.
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Figure 5. Graptolite area extraction steps by SEM images. (a), primary SEM image; (b), binary image;
(c) graptolite area extraction.

Table 3. Distribution characteristics of the area of graptolite and organic matter in the Long-
maxi shales.

Sample No. AGr AOM

XK-27 251.77 1329.83
XK-26 88.44 563.96
XK-23 121.8 497.34
XK-22 160.68 537.25
XK-20 186.18 697.08
XK-18 189.58 1193.80
XK-15 45.04 177.49
XK-14 179.31 368.71
XK-10 367.19 708.22
XK-9 90.65 248.22
XK-5 54.59 115.55
XK-1 95.94 187.13
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5. Conclusions

Shales in the Longmaxi Formation can be divided into organic-rich shales (TOC > 2.0%)
and organic-bearing shales (TOC < 2.0%). The organic-rich shales have high quartz content
and low clay mineral content, while that in the organic-bearing shales is opposite.

Solid bitumen and graptolites are the main organic components in the Longmaxi
shales, and graptolite is widely distributed both in the organic-rich and organic-bearing
shales, while the former commonly exists in the organic-rich shales. The equivalent vitrinite
reflectance calculated by the reflectance of graptolite ranges from 2.46% to 2.76%, suggesting
overmaturity of the organic matter of the shales.

The proportion of graptolite area to organic matter area is relatively large. Solid
bitumen mainly contributes to buried organic carbon of the organic-rich shales in the
Longmaxi Formation, while the graptolites are the dominant contributor to buried organic
carbon of the organic-bearing shales.
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