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Abstract: Pyrite is the most common authigenic mineral preserved in many ancient sedimentary
rocks. Pyrite also widely exists in the Longmaxi and Wufeng marine shales in the middle Yangtze
area in South China. The Longmaxi and Wufeng shales were mainly discovered with 3 types of
pyrites: pyrite framboids, euhedral pyrites and infilled framboids. Euhedral pyrites (Py4) and infilled
framboids (Py5) belong to the diagenetic pyrites. Based on the formation mechanism of pyrites, the
pyrites could be divided into syngenetic pyrites, early diagenetic pyrites, and late diagenetic pyrites.
Under a scanning electron microscope (SEM), the syngenetic pyrites are mostly small framboids
composed of small microcrystals, but the diagenetic pyrites are variable in shapes and the diagenetic
framboids are variable in sizes with large microcrystals. Due to the deep burial stage, the pore space
in the sediment was sharply reduced and the diameter of the late diagenetic framboids that formed in
the pore space is similar to the diameter of the syngenetic framboids. However, the diameter of the
syngenetic framboid microcrystals is suggested to range mainly from 0.3 µm to 0.4 µm, and that of the
diagenetic framboid microcrystals is larger than 0.4 µm in the study area. According to the diameter
of the pyrite framboids (D) and the diameter of the framboid microcrystals (d), the pyrite framboids
could be divided into 3 sizes: syngenetic framboids (Py1, D < 5 µm, d ≤ 0.4 µm), early diagenetic
framboids (Py2, D > 5 µm, d > 0.4 µm) and late diagenetic framboids (Py3, D < 5 µm, d > 0.4 µm).
Additionally, the mean size and standard deviation/skewness values of the populations of pyrite
framboids were used to distinguish the paleoredox conditions during the sedimentary stage. In the
study area, most of the pyrite framboids are smaller than 5 µm, indicating the sedimentary water
body was a euxinic environment. However, pyrite framboids larger than 5 µm in the shales indicated
that the sedimentary water body transformed to an oxic-dysoxic environment with relatively low
total organic carbon (TOC: 0.4–0.99%). Furthermore, the size of the framboid microcrystals could
be used to estimate the gas content due to thermochemical sulfate reduction (TSR). The process of
TSR occurs with oxidation of organic matter (OM) and depletes the H bond of the OM, which will
influence the amount of alkane gas produced from the organic matter during the thermal evolution.
Thus, syngenetic pyrites (d ranges from 0.35 µm to 0.37 µm) occupy the main proportion of pyrites in
the Wufeng shales with high gas content (1.30–2.30 m3/t), but the Longmaxi shales (d ranges from 0.35
µm to 0.72 µm) with a relatively low gas content (0.07–0.93 m3/t) contain diagenetic pyrites. Because
of TSR, the increasing size of the microcrystals may result in an increase in the value of δ13C1 and a
decrease in the value of δ13C1-δ13C2. Consequently, the size of pyrite framboids and microcrystals
could be widely used for rapid evaluation of the paleoredox conditions and the gas content in shales.
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1. Introduction

Longmaxi and Wufeng shales were recognized as the most important hydrocarbon generating
shales in the middle Yangtze area in China [1–4]. Many studies have been published on the
sedimentology of the Longmaxi and Wufeng formation, as well as on reservoir structure, the
characteristics of shale gas and the way of gaseous accumulation [5–9], but less attention has been
paid to the discussion of authigenic minerals such as pyrites. The only research on the pyrites in the
Longmaxi and Wufeng shales has been limited to the pore structure of the pyrite framboids [10–12].
However, the pyrite morphology could be used to indicate paleoredox conditions. More recently, the
size distribution of pyrite framboids has been successfully applied as an indicator for an anoxic–euxinic
environment in ancient marine sediments [13–17], and the formation of diagenetic pyrite is related to
hydrocarbon activity which will influence the hydrocarbons generated from the organic matter [18,19].
Thus, pyrites could be used as indicators of the paleoredox conditions in the middle Yangtze area and
as the impact on the hydrocarbon of the Longmaxi and Wufeng shales.

As a widely distributed mineral in marine shales [13,20], pyrite can be divided into syngenetic
pyrite and diagenetic pyrite. Syngenetic pyrites are formed at the oxic-anoxic interface and then drop to
the sediment surface when buoyancy cannot keep them suspended (Figure 1a) [13,21,22]. The framboid
is generally considered to be the unique structural feature of syngenetic pyrite [13,23,24]. Generally,
pyrite framboids are not precipitated as pyrite directly, but are transformed through intermediate
phases of iron sulfides [13,23,24]. The growth of syngenetic pyrite is restricted after burial and the
original framboids are preserved (the diameter of a syngenetic framboid is smaller than 5 µm with
small microcrystals). Therefore, syngenetic pyrite can be used to reflect the redox process of shale
in a sedimentary water environment [13,25,26]. According to the different formation mechanisms of
diagenetic pyrite, early diagenetic pyrites are formed in the sediments’ porewater when the location of
the oxic-anoxic interface falls down to the sediment (the diameter of an early diagenetic framboid is
larger than 5 µm with a broad size distribution) (Figure 1b) [13,22,25,26]. With the burial of sediment,
the microcrystals of the early diagenetic pyrites will over grow by the reaction between Fe and S
from the porewater (Figure 1b). The formation of recrystallized pyrite (late diagenetic pyrite) and the
overgrowth of early diagenetic pyrite are related to thermochemical sulfate reduction (TSR) [18,19].
The overall process of TSR can be summarized as the following simple reaction:

Hydrocarbons + SO2−
4 → alteredhydrocarbons + solidbitumen + H2S(HS−) + HCO−3(CO2) + H2O (1)

The process of TSR occurs with oxidation of organic matter (OM) and depletes the H bond
of the organic matter, which will influence the amount of alkane gas produced from the organic
matter [18,19]. Further, TSR can result in the destruction of hydrocarbons [27,28] and deplete the
content of hydrocarbon [29]. In the process of TSR, the size of late diagenetic pyrite is influenced by
the supply of reactants, pore space and growth time. Therefore, the late diagenetic framboids with
large microcrystals are often small in size [30]. Additionally, the euhedral pyrites or the pyritic masses
may be derived from the overgrowth of diagenetic framboids (Figure 1c) [30,31]. The euhedral pyrites,
pyritic masses, infilled framboids, overgrown framboids, polyframboid aggregates and stratiform
pyrites are formed during the diagenetic stage with more positive δ34S values [32–34].
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from the pyrite of the marine shales is 4.15‰, which is similar to the average value of δ34S measured 
from sulfate (2.19‰) in the south of China [36]. However, the δ34S in pyrites of bulk rock is often 
measured through a mass spectrometer coupled to an elemental analyzer, and the measured sulfur 
isotope is derived from the mixed values of sulfur isotopes from sedimentary pyrite and diagenetic 
pyrite. In addition to the above experimental method, the diagenetic and syngenetic pyrite 
populations are usually distinguished by the smaller mean size of the framboids and standard 
deviation/skewness values of the populations [14,15,37,38]. Because the diagenetic framboids vary in 
size, the standard deviation/skewness values of diagenetic framboids are larger than those of 
syngenetic framboids. This method could be used in an area with apparently variable framboid sizes. 
For example, the diameter of framboids varies broadly, ranging from 3 µm to 25 µm in the Late 
Cretaceous Qingshankou formation, Songliao Basin, Northeast China [22]. The size of the pyrite 
framboids is classified as presenting two populations, framboids < 15 µm and framboids in the range 
60–220 µm in the Toarcian Oceanic Anoxic Event, South Iberian Paleomargin [17]. However, the 
method does not adapt to the pyrites in the Longmaxi and Wufeng shales in the middle Yangtze area, 
South China. Apart from most of the sizes of the diagenetic framboids are similar to the sizes of 
syngenetic framboids, the arithmetic mean and standard deviations to predict a subset of framboids 
is indeed not accurate [39]. The standard deviation/skewness values of diagenetic framboids are 
similar to those of syngenetic framboids. 

Figure 1. (a) Formation mechanism of syngenetic pyrites under the euxinic depositional conditions;
(b) formation mechanism of early diagenetic pyrites under the oxic-dysoxic depositional conditions [22];
(c) formation mechanism of late diagenetic pyrites in the deep burial stage.

In general, the sulfur isotopic composition of pyrite is used to distinguish the diagenetic and
syngenetic pyrite populations. The value of δ34S in syngenetic pyrite is generally negative, while the
value of δ34S in diagenetic pyrite is positive [32,35]. Additionally, the average value of δ34S measured
from the pyrite of the marine shales is 4.15%�, which is similar to the average value of δ34S measured
from sulfate (2.19%�) in the south of China [36]. However, the δ34S in pyrites of bulk rock is often
measured through a mass spectrometer coupled to an elemental analyzer, and the measured sulfur
isotope is derived from the mixed values of sulfur isotopes from sedimentary pyrite and diagenetic
pyrite. In addition to the above experimental method, the diagenetic and syngenetic pyrite populations
are usually distinguished by the smaller mean size of the framboids and standard deviation/skewness
values of the populations [14,15,37,38]. Because the diagenetic framboids vary in size, the standard
deviation/skewness values of diagenetic framboids are larger than those of syngenetic framboids. This
method could be used in an area with apparently variable framboid sizes. For example, the diameter of
framboids varies broadly, ranging from 3 µm to 25 µm in the Late Cretaceous Qingshankou formation,
Songliao Basin, Northeast China [22]. The size of the pyrite framboids is classified as presenting
two populations, framboids < 15 µm and framboids in the range 60–220 µm in the Toarcian Oceanic
Anoxic Event, South Iberian Paleomargin [17]. However, the method does not adapt to the pyrites in
the Longmaxi and Wufeng shales in the middle Yangtze area, South China. Apart from most of the
sizes of the diagenetic framboids are similar to the sizes of syngenetic framboids, the arithmetic mean
and standard deviations to predict a subset of framboids is indeed not accurate [39]. The standard
deviation/skewness values of diagenetic framboids are similar to those of syngenetic framboids.
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In this paper, the size of the framboid microcrystals has been used to distinguish diagenetic and
syngenetic pyrite. Then, the size of the pyrite framboids could be used to analyze the paleoredox
conditions of the water body in the study area. Furthermore, the relationship between pyrite
morphology and shale gas content could be proposed by the size of the framboid microcrystals, which
reflects the degree of pyrite recrystallization. The shale gas content could be influenced by the degree
of pyrite recrystallization. Meanwhile, the carbon isotopes of alkanes will also be affected by the degree
of pyrite recrystallization as a result of the TSR [40–45].

2. Geological Setting

The study area is mainly located in the Western Hunan and Hubei fold belt, which is a part of the
middle Yangtze area in South China (Figure 2a) [46–49].
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Figure 2. (a) The location of the study area in China; (b) the tectonic framework in the study area; (c) the
sedimentary environment of the Longmaxi formation in the study area; (d) Simplified stratigraphic
units in the middle Yangtze area and the Upper Ordovician Wufeng and the bottom of the lower
Silurian Longmaxi formations. The wavy lines represent unconformities. Sym. = symbol.

For the tectonic setting, the study area is adjacent to the Sichuan basin in the west and the
Jiangnan-Xuefeng nappe uplift in the east and consists of five tectonic units, namely, the Lichuan
synclinorium, Yidu-Hefeng anticlinorium, Sangzhi-Shimen synclinorium, Huaguoping synclinorium
and central anticlinorium (Figure 2b). Shale gas well LY1 was located at the syncline nucleus in the
Yidu-Hefeng anticlinorium area, and shale gas well YY2 was located at the position of the syncline
wing in the Sangzhi-Shimen synclinorium area. Both of the shale gas wells were located at positions
far from faults (Figure 2b).
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The studied strata in the the middle Yangtze area involve the Lower Silurian Longmaxi formation
and the Upper Ordovician Wufeng formation (Figure 2d). In the Late Ordovician period, the study
area formed a subsiding basin with frequent alternations of carbonate and mudstone. Then, the depth
of the water in the southeastern and northern areas gradually deepened in the early Silurian period. A
large set of black shales was formed laterally in mainly the shallow continental shelf and deep shelf
areas. From the center of deep water shelf to the shallow continental shelf, the thickness of black shales
was reduced. Subsequently, the whole area was uplifted, and the strata were denuded extensively,
which was influenced by Caledonian tectonic movement in the late Silurian [50,51]. The lower sections
of the Longmaxi and Wufeng Formation approximately 50–60 m thick are widely distributed over the
study area [52]. Of the two wells involved in this paper, one well is located in the margin of deep-water
shelf area and the other in the shallow continental shelf area (Figure 2c). As the most important
hydrocarbon generating formations, the Wufeng formation is composed of black siliceous shales and
the lower section of the Longmaxi formation consists of black carbonaceous shales and silty shales
(Figure 2d). Additionally, the middle and upper sections of the Longmaxi formation are composed of
gray-green shales, yellow-green shales and siltstones. The colors change gradually upward, indicating
that the sedimentary environment of the Longmaxi formation varied from the deep shelf to the shallow
shelf [52]. The Upper Ordovician Wufeng formation was in the deep water shelf sedimentary setting.
The thermal maturity of the organic matter is higher than that in the North American shale and has
equivalent vitrinite reflectance values greater than 2% [53–56].

3. Methods
For analysis of the mineralogical composition, 11 core samples were collected from well LY1 and 8

core samples were collected from well YY2. All of samples were ground in an agate mortar with more
than 800-mesh sieve. The mineralogical composition of 17 samples was characterized using the XRD
patterns of randomly oriented powders by using a Bruker D8 Discover X-ray diffractometer (Table 1).
The operation and calculation followed the relevant oil-industry standard of China (SY/T 5163–2010).
The sample with a particle size smaller than 10 µm was used to evaluate the total clay mineral content
and the other nonclay mineral content [57].

Table 1. The mineralogical composition of 17 samples from well LY1 and well YY2 was derived based
on the XRD analysis.

Well Strata Depth (m) TOC (%)
Mineral Composition Content (%)

Quartz Felspar Carbonate Pyrite Clay Mineral

LY1 S1l 903 0.99 32.7 11.6 9.2 3.2 43.3
LY1 S1l 907 0.4 44.1 22.5 16.2 2.0 15.2
LY1 S1l 908 1.13 34.3 13.8 11.8 3.9 36.2
LY1 S1l 917 0.43 42.3 25.1 15.8 2.2 14.6
LY1 S1l 921 0.92 40.8 17.1 13.4 2.9 25.8
LY1 S1l 925 1.13 39.9 17.0 13.4 2.1 27.6
LY1 S1l 929 1.06 40.5 18.8 11.8 2.5 26.4
LY1 S1l 933 1.15 39.5 18.2 17.4 2.8 22.1
LY1 O3w 943 2.33 44.6 13.2 13 3.8 25.4
LY1 O3w 948 1.83 42.3 13.3 6.5 3.5 34.4
YY2 S1l 1503 0.28 38.7 15.4 8.6 0.2 37.1
YY2 S1l 1510 0.99 42 25 6.0 2.0 25.0
YY2 S1l 1511 1.12 40.4 15.8 7.5 4.5 31.6
YY2 S1l 1512 1.05 35 28 3.0 3.0 31.0
YY2 S1l 1515 1.10 46 21 2.0 4.0 27.0
YY2 S1l 1517 1.22 38.9 23 2.8 4.1 31.2
YY2 O3w 1520 5.39 41 20 2.0 5.0 32.0

Notes: 1. S1l means Longmaxi formation. 2. O3w means Wufeng formation.

For pyrite morphological analyses, the chips of core samples were polished to 0.1 mm thickness
using helium ion beams and cut into chips measuring 0.5 cm ×1 cm × 0.2 mm [58]. Then, the analyses
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were carried out under SU8010 cold field emission scanning electron microscope (SEM) equipped with
low and high secondary-electron (SE) probes, black-scattered electrons (BSE) and an X-ray spectrometer
(EDAX) at China University of Petroleum (Beijing). The pyrite morphological were obtained by
SEM not optical methods. Then, the size of the pyrite framboids and the framboid microcrystals
in the pictures were measured by the JMicroVision software (Version1.2.7, JMicroVision, Geneva,
Switzerland), a software of image analysis similar to imageJ. Optical measurements underestimate
the number of smaller framboids leading to larger arithmetic mean values. It is further interesting to
note that the fit of the log-normal distribution is better for the SEM measurements than for the optical
measurements [39].

The measured size of pyrite framboids are an approximation to within a 10% deviation because of
the polished surface randomly intersecting the framboids [59].

The TOC data of 17 samples were measured by using a Leco CS-230 carbon analyzer in China
University of Petroleum (Beijing, China). All samples were crushed and sieved with an 80-mesh sieve
and then were blended with 10 vol% HCl for one hour to eliminate the inorganic carbon. After that,
all samples were washed with distilled water to remove all traces of HCl. Finally, the TOC analysis
was performed using a Leco CS-230 carbon analyzer with 99.5% oxygen as carrier gas under the
temperature of 24 ◦C and relative humidity of 48% [60].

The gas content data of 17 samples were collected from desorption of the core samples from well
LY1 and well YY2. The gas content was quantified after the core sample was recovered at the drilling
site. The sample was placed as quickly as possible inside a hermetically sealed canister saturated with
salt water, and the volumes of gas released inside the canister were periodically measured using a
graduated cylinder at atmospheric pressure [61,62]. The gas desorption instruments were provided by
the China University of Geosciences (Beijing, China).

The analysis of stable carbon isotopes was carried out at the Nuclear Industry Beijing Geological
Research Analysis and Test Research Centre. Stable carbon isotope values were determined on a
Finnigan Mat Delta Plus mass spectrometer interfaced with an HP 5890II chromato-graph. Individual
hydrocarbon gas components (C1–C4) were separated on a gas chromatograph using a fused silica
capillary column (PLOT Q 30 m × 0.32 mm). The GC oven was ramped from 35 ◦C to 80 ◦C at 8 ◦C/min,
then to 260 ◦C at 5 ◦C/min, and maintained at the final temperature for 10 min. Stable carbon isotopic
values are reported in the δ-notation in per mil (%�) relative to the Vienna Pee Dee Belemnite (VPDB).
The measurement precision was estimated to be ±0.5%� for δ13C [63–65].

4. Results

4.1. Pyrite Morphology in the Wufeng and Longmaxi Shales

As a widely distributed mineral in marine shales [13,20], pyrites appear with various shapes in
Longmaxi and Wufeng shales in the middle Yangtze area, South China.

Core observation shows that the pyrites are not disorderly and irregularly distributed in the
shales. Pyrites in the Longmaxi gray silty shales sometimes appear as stratiform pyrites, which can be
seen as a layered distribution along the bedding surface of the shales (Figure 3a). Occasionally, the
pyrites display a nodular form in the Longmaxi gray silty shales (Figure 3b). However, the pyrites in
the Wufeng black shales are usually distributed in the form of thin strips along the bedding surface of
shales (Figure 3c).

SEM analysis shows that the pyrites in the Wufeng and Longmaxi shales are mainly exhibits 3
types of pyrites: pyrite framboids, euhedral pyrites and infilled framboids. The pyrite framboids could
be divided into 3 sizes: syngenetic framboids (Py1, D < 5 µm, d ≤ 0.4 µm) distributed in the organic
matter enrichment zone (Figure 4a,c,e,f), early diagenetic framboids (Py2, D > 5 µm, d > 0.4 µm)
(Figure 4c,e) and late diagenetic framboids (Py3, D < 5 µm, d > 0.4 µm) (Figure 4b). Euhedral pyrites
(Py4) occurring in the pores between clay minerals and organic matter (Figure 4a,c,d) and infilled
framboids (Py5) keeping the shape of sphericity or sub-sphericity (Figure 4f) belong to the diagenetic
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pyrites. Further, the pyrites in the Wufeng and Longmaxi shales are enriched in syngenetic framboids
(Py1, D < 5 µm, d ≤ 0.4 µm) and diagenetic euhedral pyrites (Py4). However, the early diagenetic
framboids (Py2, D > 5 µm, d > 0.4 µm), late diagenetic framboids (Py3, D < 5 µm, d > 0.4 µm) and
diagenetic infilled framboids only exist in the Longmaxi shales.
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Figure 4. Pyrite micromorphology in the Longmaxi and Wufeng formations. (a) Syngenetic framboids
(Py1) and small diagenetic euhedral pyrites (Py4) in the Wufeng black shale, 1520 m, well YY2; (b)
pyrite framboids of similar size with different sized microcrystals between the syngenetic framboids
(Py1) and late diagenetic framboids (Py3) in the Longmaxi black shale, 1510 m, well YY2; (c) in addition
to Py1 and Py4, the early diagenetic framboid pyrites (Py2) are observed in the Longmaxi black-gray
shale, 903 m, well LY1; (d) clay minerals and organic matter with euhedral pyrites in Lomgmaxi black
shale, 925 m, well LY1; (e) early diagenetic framboid pyrites (Py2) in the Lomgmaxi shale, 921 m, well
LY1; (f) infilled framboid (Py5) in the Longmaxi black shale, 1517 m, well YY2.
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4.2. The size Distribution of Framboids and Microcrystals

As shown in Figure 5, the main peak of the diameter of the microcrystals ranges from 0.3 µm to
0.4 µm. Thus, the size of the syngenetic framboid microcrystals is suggested to range mainly from
0.3 µm to 0.4 µm, and the diagenetic framboid microcrystals are larger than 0.4 µm. The interval from
0.4 µm to 1.0 µm includes the diagenetic framboid microcrystals.Minerals 2018, 8, x FOR PEER REVIEW  9 of 19 
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Figure 5. Distribution of the diameter of the framboid microcrystals in the Wufeng and
Longmaxi formations.

According to the morphological characteristics of pyrite in the Wufeng and Longmaxi shales
(Table 2), the statistics of the size distribution, such as standard deviation and skewness, have been
calculated for 16 samples in the Wufeng and Longmaxi formations. The variation in standard deviation
and skewness ranges from 0.62 to 2.94 and 0.03 to 3.86, respectively, with an average of 1.71 and 1.19,
respectively. The average values of standard deviation and skewness of the Longmaxi framboids
(1.73 and 1.35) are higher than those of the Wufeng framboids (1.62 and 0.51), which indicates that
the pyrite framboids of the Longmaxi shales are more diverse and are larger than those of the
Wufeng shales. Based on standard deviation and skewness, the pyrite framboids from euxinic and
oxic-dysoxic environments have been plotted (Figure 6a,b). Most of the spots drop in the area of euxinic
environments, except some spots from well LY1 that occur in oxic-dysoxic environments (Figure 6a,b).
Meanwhile, the mean diameters of the framboids (Mean, D) range from 3.00 µm to 5.59 µm, with an
average of 4.23 µm, and more than 70% of the pyrite framboids in black shales or black siliceous shales
are smaller than 5.0 µm in mean size. Only a small number of the pyrite framboids have a mean size
larger than 5.0 µm in the Longmaxi black-gray shales, black-gray silty shales and gray silty shales
(Figures 7 and 8). The mean diameters of the microcrystals of the framboids (Mean, d) range from
0.35 µm to 0.72 µm, with an average of 0.45 µm, and the value of the Mean, d in the Wufeng black
shales is lower than 0.4 µm.
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Table 2. Morphological characteristics of pyrite in the Wufeng and Longmaxi shales.

Well Strata Depth
(m)

Mean,
D (µm)

Mean, d
(µm)

Standard
Deviation Skewness Framboids

Measured
TOC
(%)

Desorbed Gas
Content (m3/t)

YY2 S1l 1503 3.57 0.7 - - 1 0.28 0.07
YY2 S1l 1510 4.33 0.42 2.05 1.17 57 0.99 0.55
YY2 S1l 1511 4.08 0.35 1.56 0.64 72 1.12 1.04
YY2 S1l 1512 3.36 0.37 1.01 0.03 56 1.05 0.69
YY2 S1l 1515 3.00 0.38 0.92 0.14 60 1.1 0.93
YY2 S1l 1517 4.00 0.4 1.35 0.95 70 1.22 0.44
YY2 O3w 1520 4.46 0.35 1.47 0.72 90 5.39 2.30
LY1 S1l 903 5.12 0.48 2.69 3.86 79 0.99 0.46
LY1 S1l 907 5.32 0.72 2.94 2.71 64 0.4 0.15
LY1 S1l 908 3.82 0.38 1.3 0.2 69 1.13 0.57
LY1 S1l 917 5.45 0.43 2.53 2.51 69 0.43 0.42
LY1 S1l 921 5.59 0.68 2.18 2.09 55 0.92 0.34
LY1 S1l 925 3.34 0.49 1.43 1.34 43 1.13 0.45
LY1 S1l 929 4.11 0.39 1.97 1.78 60 1.06 0.64
LY1 S1l 933 3.65 0.41 0.62 0.13 56 1.15 0.61
LY1 O3w 943 4.61 0.37 1.84 0.28 92 2.33 1.30
LY1 O3w 948 4.14 0.37 1.56 0.53 75 1.83 1.65

Notes: 1. Mean, D means the mean diameter of framboids. 2. Mean, d means the mean diameter of microcrystals
composing the framboids. 3. The measurement precision was estimated to be 0.45% of measured value for TOC and
3% of measured value for gas content.
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Figure 6. (a) Plot of the mean versus the standard deviation of the framboid size distribution of three
wells. The dashed lines at the euxinic boundary and the oxic-dysoxic boundary are from Wei et al.
(2016); (b) plot of the mean versus the skewness of the framboid size distribution of three wells. The
dashed line is from Wei et al. (2016).
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Additionally, only one framboid could be observed in the Longmaxi gray-green shales at the
depth of 1503 m with a low Mean, D and a relatively high Mean, d in well YY2 (Figure 7).
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4.3. Characteristic of Shale Gas in the Wufeng and Longmaxi Shales

As shown in Table 2, the gas content tends to increase with increasing depth. Compared to the
gas content in the Longmaxi shales (the gas content ranges from 0.07–1.04 m3/t with an average of
0.53 m3/t), relatively high gas content was discovered in the Wufeng shales (the gas content ranges
from 1.30–2.30 m3/t with an average of 1.75 m3/t) in the middle Yangtze area. Though the plot of
TOC to gas content shows a relatively positive correlation (Figure 9a), the plot of pyrite content to
gas content shows an unobvious correlation (Figure 9b). According to Table 2 and Figure 10, the gas
content of the area with Mean,d > 0.4 µm is lower than that of the area with Mean,d < 0.4 µm.
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Figure 10. Different microcrystal diameters of pyrite framboids as indicators of the desorbed gas content.

For 10 gas samples from well YY2 and Well LY1, the δ13C1 values range from −38.4%� to −30.2%�,
while the δ13C2 values range from −41.5%� to −35.5%� (Table 3). Additionally, the δ13C1(%�)-δ13C2(%�)
values range from 2.90%� to 5.50%�. As the microcrystals continue to grow larger than 0.4 µm, the
value of δ13C1 and δ13C2 increases, while the value of δ13C1-δ13C2 decreases (Table 3, Figure 11).
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Table 3. Characteristics of microcrystalline mean diameters and the value of δ13C.

Well Depth Mean,d δ13C1(%�)VPDB δ13C2(%�)VPDB δ13C1(%�)-δ13C2(%�)

YY2 1511 0.35 −38.0 −41.0 3.00
YY2 1512 0.37 −38.2 −41.1 2.90
YY2 1515 0.38 −38.3 −41.2 2.90
YY2 1520 0.35 −38.4 −41.3 2.90
LY1 907 0.72 −30.8 −35.8 5.00
LY1 917 0.43 −32.9 −38.4 5.50
LY1 921 0.68 −30.2 −35.5 5.30
LY1 925 0.49 −32.4 −37.7 5.30
LY1 933 0.41 −32.7 −38.1 5.40
LY1 943 0.37 −36.3 −41.5 5.20

Notes: 1. The measurement precision was estimated to be ±0.5%� for δ13C.

Minerals 2018, 8, x FOR PEER REVIEW  13 of 19 

 

Table 3. Characteristics of microcrystalline mean diameters and the value of δ13C. 

Well Depth Mean,d δ13C1(‰)VPDB δ13C2(‰)VPDB δ13C1(‰)-δ13C2(‰) 
YY2 1511 0.35 −38.0  −41.0  3.00  
YY2 1512 0.37 −38.2  −41.1  2.90  
YY2 1515 0.38 −38.3  −41.2  2.90  
YY2 1520 0.35 −38.4  −41.3  2.90  
LY1 907 0.72 −30.8  −35.8  5.00  
LY1 917 0.43 −32.9  −38.4  5.50  
LY1 921 0.68 −30.2  −35.5  5.30  
LY1 925 0.49 −32.4  −37.7  5.30  
LY1 933 0.41 −32.7  −38.1  5.40  
LY1 943 0.37 −36.3  −41.5  5.20  

Notes: 1. The measurement precision was estimated to be ±0.5‰ for δ13C. 

 

(a) 

 
(b) 

Figure 11. (a) Relationship between microcrystalline mean diameters and the value of the δ13C1; (b) 
relationship between microcrystalline mean diameters and the value of the δ13C1-δ13C2. 

5. Discussion  

5.1. Pyrite Morphology as an Indicator of Paleoredox Conditions 

Based on the formation mechanism of pyrite framboids, the pyrite framboids can be used as an 
indicator of paleoredox conditions [13–17,38,60]. Syngenetic framboids will not grow after pyrites are 
precipitated from the water and deposited in the sediments [13,66]. Nevertheless, the early diagenetic 

Figure 11. (a) Relationship between microcrystalline mean diameters and the value of the δ13C1;
(b) relationship between microcrystalline mean diameters and the value of the δ13C1-δ13C2.

5. Discussion

5.1. Pyrite Morphology as an Indicator of Paleoredox Conditions

Based on the formation mechanism of pyrite framboids, the pyrite framboids can be used as an
indicator of paleoredox conditions [13–17,38,60]. Syngenetic framboids will not grow after pyrites
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are precipitated from the water and deposited in the sediments [13,66]. Nevertheless, the early
diagenetic framboids that form under oxic-dysoxic conditions [13,22] have a longer growth time than
the syngenetic framboids. This process results in the size of the early diagenetic framboids being
large and variable. Hence, the framboids’ mean size and standard deviation/skewness values of the
populations can be used to estimate the paleoredox conditions in the water body [13–15,37,38].

The framboids’ mean size and standard deviation/skewness values of the populations from the
well LY1 and well YY2 are given in Table 2. As shown in Figure 6a,b, most of the spots drop in the
area of euxinic environments. In the area of euxinic environments, pyrites are mainly syngenetic
framboids with a narrow size distribution. However, some spots from well LY1 occur in oxic-dysoxic
environments due to the samples of the spots include the early diagenetic framboids with a variable
size. Meanwhile, most of the Mean, D values of the pyrite framboids in the two wells are smaller than
5 µm and reflect a euxinic environment with strongly reduction conditions in the study area (Figures 7
and 8) [25,26,67]. In addition, black-gray shales, black-gray silty shales and gray silty shales, all with
relatively low TOC (0.4%–0.99%), reflect relatively weak reduction conditions in the sedimentary
water body in well LY1. The shales with a Mean, D larger than 5 µm also indicate oxic-dysoxic
conditions during the sedimentary process (Figure 7). In well YY2, the upper sections of the Longmaxi
formation are composed of gray-green shales with low TOC (0.28%), which may suggest a sedimentary
environment with oxidation conditions (Figure 8). During oxidation, it is difficult to form pyrites in
the sediments [25,67], and only one pyrite framboid had been found under the SEM.

Although the Longmaxi and Wufeng formations are located in the deep-water shelf area and
shallow continental shelf area, the redox environment of the sedimentary water is still different.
According to the pyrite morphology, the Longmaxi and Wufeng formations with black shales are
suggested to have formed under a euxinic environment, but the Longmaxi formation with black-gray
shales, black-gray silty shales and gray silty shales is suggested to have formed under an oxic-dysoxic
environment. The gray-green shales of the Longmaxi formation with only one or no pyrite framboids
reflect an oxidizing environment. When a euxinic environment is transformed into an oxic-dysoxic
environment, the sediment pore water is probably provided with more materials (e.g., Fe3+, SO2−

4 and
O2) which benefits the process of TSR in the Longmaxi shales. However, the Wufeng formation is
suggested to have formed under a euxinic environment with insufficient material supply (e.g., Fe3+,
SO2−

4 and O2). The pore waters are short of Fe3+, SO2−
4 and O2, result in the lack of late diagenetic

framboids in the Wufeng shales. The process of TSR during the diagenesis period is not obvious in the
Wufeng formation.

5.2. Relationship between Pyrite Morphology and Gas Content

According to the observation of core samples and the corresponding data of the gas content, we
found that the shales with diverse gas contents are accompanied by different pyrite morphologies in
the middle Yangtze area, South China. A large amount of syngenetic framboids indicates a strongly
reduction environment in the water column [15,22,25,68–72], which benefits the preservation of organic
matter in the sediment. Thus, the shale that contains a number of syngenetic pyrites is usually the
organic-rich shale. However, the relationship between TOC and pyrite content is not very good in the
study area (Table 1) and the plot of pyrite content to gas content shows an unobvious correlation due
to the existence of the late diagenetic pyrite (Figure 9b).

Redox reactions involving sulfate (SO2−
4 ) and OM may occur during diagenetic processes [18,73,74].

In addition to sulfate reduction driven by bacterial sulfate reduction (BSR) at low temperatures during
early diagenesis (i.e., 0 < T < 60–80 ◦C), sulfate reduction can also occur chemically (thermochemical
sulfate reduction: TSR) at higher temperatures [18,73,74]. Thermochemical sulfate reduction (TSR)
accompanied with the formation of diagenetic pyrite results in the oxidation of organic matter (OM)
and the loss of functional groups [18,19], while H2S produced from the TSR process in the source rock
was depleted by iron in the shales [18,65,75]. Further, there is a significant negative correlation between
the TOC content and δ34S values of pyrite supporting the depletion of OM in the sections affected by
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TSR [19]. The process of TSR could lead to the destruction of hydrocarbons [18,27,28] and the depletion
of hydrocarbon content [29]. Meanwhile, TSR could give rise to highly aromatic, insoluble residues.
These types of insoluble residues are usually pyrobitumens [18,27], and the pyrobitumens that are the
final product of the organic thermal evolution cannot product alkanes again [76]. Additionally, the
process of thermochemical sulfate reduction could result in depletion of the H bond of organic matter,
which will influence the amount of alkane gas produced from the organic matter during the thermal
evolution. Thus, with the increasing growth of late diagenetic pyrite and the overgrowth of the early
diagenetic pyrites, the content of alkanes produced from OM became increasingly lower.

As shown in Figures 7 and 8, the sections of the Longmaxi formation with a Mean, d larger than
0.4 µm is coupled with relatively low shale gas contents. The plot of microcrystalline mean diameters to
gas content reflects the negative relationship between the formation of diagenetic pyrites and the shale
gas content in the Wufeng and Longmaxi shales (Figure 10). In contrast to the shales with diagenetic
pyrites (d > 0.4 µm with a gas content range from 0.07 m3/t to 0.61 m3/t), shales with syngenetic
framboids (d ≤ 0.4 µm) feature relatively high gas content (0.44–2.30 m3/t) (Figure 10). Thus, syngenetic
framboids (d ranges from 0.35 µm to 0.37 µm) occupy the main proportion of pyrites in the Wufeng
shales with high gas content (1.30–2.30 m3/t). However, the Longmaxi shales (d ranges from 0.35 µm
to 0.72 µm) contain some diagenetic pyrites that occur with relatively low gas content (0.07–0.93 m3/t)
(Table 2, Figure 10). Consequently, the more diagenetic pyrite that develops as overgrowths of the
framboid microcrystals, the lower the shale gas content is in the Longmaxi and Wufeng shales.

The process of thermochemical sulfate reduction companied with the formation of diagenetic
pyrite could also influence the carbon isotope of alkanes [40–45]. As shown in Figure 11a, as the
microcrystals continue to grow greater than 0.4 µm, the value of δ13C1 increases. The thermochemical
sulfate reduction (TSR) between sulfate and methane may result in the heavier carbon isotope of
methane [40,41,44,45]. Furthermore, TSR could occur between sulfate and heavy hydrocarbon, which
would result in the carbon isotope value of heavy hydrocarbon gas becoming heavier during the
process [18,42,43]. δ13C2 is more susceptible to TSR than δ13C1, which leads to an increase in size of
the microcrystals with a decreasing value of δ13C1-δ13C2 (Table 3, Figure 11b).

6. Conclusions

(1) In the middle Yangtze area, the size of the pyrite framboid microcrystals is used to distinguish
syngenetic pyrite and diagenetic pyrite due to their different formation mechanisms. The size of the
syngenetic framboid microcrystals is suggested to range mainly from 0.3 µm to 0.4 µm, and that of the
diagenetic framboid microcrystals is larger than 0.4 µm. Pyrite framboids in the study area are divided
into syngenetic framboids (Py1, D < 5 µm, d ≤ 0.4 µm), early diagenetic framboids (Py2, D > 5 µm,
d > 0.4 µm) and late diagenetic framboids (Py3, D < 5 µm, d > 0.4 µm).

(2) The sedimentary environment of the Longmaxi and Wufeng shales is mainly a euxinic
environment with good reduction conditions. However, some part of the Longmaxi formation reflects
an oxic-dysoxic environment with a lithology of black-gray shales, black-gray silty shales and gray
silty shales. The gray-green shales of the Longmaxi formation with only one or no pyrite framboids
reflect an oxidizing environment.

(3) The process of TSR accompanied with the formation of diagenetic pyrite results in oxidation of
organic matter (OM) and depletion of the H bond of OM, which will influence the amount of alkane gas
produced from the organic matter during the thermal evolution. The size of the framboid microcrystals
could be used to estimate the shale gas content. Syngenetic pyrites (d ranges from 0.35 µm to 0.37 µm)
occupy the main proportion of pyrites in the Wufeng shales with high gas content (1.30–2.30 m3/t), but
the Longmaxi shales (d ranges from 0.35 µm to 0.72 µm) with relatively low gas content (0.07–0.93 m3/t)
contain diagenetic pyrites in the middle Yangtze area, South China. Due to thermochemical sulfate
reduction (TSR), the increasing size of the microcrystals may result in an increase in the value of δ13C1

and a decrease in the value of δ13C1-δ13C2.
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