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Upper Ordovician—Lower Silurian Wufeng-Longmaxi Formation is the most developed strata of shale gas
in southern China. Due to the complex sedimentary environment adjacent to the Kangdian Uplift, the
favorable area for organic-rich shale development is still undetermined. The authors, therefore, focus on
the mechanism of accumulation of organic matter and the characterization of the sedimentary environment
of the Wufeng-Longmaxi Shales to have a more complete understanding and new discovering of organic
matter enrichment and favorable area in the marginal region around Sichuan Basin. Multiple methods were
applied in this study, including thin section identification, scanning electron microscopy (SEM)
observations and X-ray diffraction (XRD), and elemental analysis on outcrop samples. Five lithofacies
have been defined according to the mineralogical and petrological analyses, including mudstone, bioclastic
limestone, silty shale, dolomitic shale, and carbonaceous siliceous shale. The paleo-environments have
been reconstructed and the organic enrichment mechanism has been identified as a reduced environment
and high productivity. The Wufeng period is generally a suboxic environment and the early Longmaxi
period is a reducing environment based on geochemical characterization. High dolomite content in the
study area is accompanied by high TOC, which may potentially indicate the restricted anoxic environment
formed by biological flourishing in shallower water. And for the area close to the Kangdian Uplift, the
shale gas generation capability is comparatively favorable. The geochemical parameters implied that new
favorable areas for shale gas exploration could be targeted, and more shale gas resources in the mountain-
basin transitional zone might be identified in the future.

©2024 China Geology Editorial Office.

1. Introduction

In the last decade,

the main factors influencing organic matter enrichment (Hao
F and Zou HY, 2013; Zou CN et al., 2014, 2015, 2019; Pan

shale of the Upper  SQ et al., 2015; Dai JX et al., 2016; Dong DZ et al., 2016;

Ordovician—Lower Silurian Wufeng-Longmaxi Formation in
the Upper Yangtze Plate of China attracted the most attention
because of its huge exploration and development potential for
shale gas. Several studies have been conducted in many
aspects and have attempted to gain a better understanding of
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Chen XJ et al., 2022; Zhao L et al., 2023; Guo X et al., 2022).
In general, organic matter enrichment is related to many
factors, such as sea level fluctuations, seawater stratification,
biological extinction, and boom (Lalonde K et al., 2012;
Hackley PC, 2016; Nitzer SF et al., 2016; Ma YQ et al., 2016;
Wang S et al., 2016; Knapp LJ et al., 2017; Li YF et al., 2017,
Li SZ et al., 2022; Tang X et al., 2017; Cavelan A et al., 2019;
Tserolas P et al., 2019; Zhao AK et al., 2021; Zou CN et al.,
2019). Key control factors for organic matter enrichment may
vary significantly in different sediment environments. It is
important to examine the indices of the sedimentary
environment such as  paleo-productivity,  hypoxia
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environment, and detrital terrigenous input (Tribovillard N et
al., 2006; Zhou L et al., 2015; Hammes U et al., 2016; Jia AL
et al., 2016). Slow sedimentation rates caused by high sea
levels are favorable for organic matter accumulation. Oxygen-
deficiency environment could have better organic matter
preservation as several studies demonstrated that organic
matter content was prolific in an anoxic environment (Bernard
S and Horsfield B, 2014; Tan JQ et al., 2014; Zou CN et al.,
2014). High paleo-productivity like phytoplankton prosperous
gives a great contribution to the organic matter accumulation,
and the decomposition of the enhanced surface oceanic
organic matter productivity needs higher oxygen
consumption, thus resulting in an oxygen deficiency
environment (Caplan and Marc, 1998; Kuypers et al.,2002).

Recently, with the increasing attention paid by scholars to
the basin-mountains transitional zone around the upper
Yangtze and a number of successful shale gas wells had been
drilled in this area, the exploration potential has been more
and more noticed. However, because of its complex
sedimentary environment around the Yangtze Plate, the
lithology, the sedimentary facies, and the mechanism of
enrichment of organic matter vary considerably. A detailed
study is necessary to conduct to have a better understanding
of organic matter enrichment.

In this study, the Wufeng-Longmaxi shale in the
Yangtze Plate has been studied through
petrological, mineralogical and a combination of independent
geochemical proxies data examination from the Jiaodingshan
Outcrop (JDP), east of Kangdian Uplift, south China.
Multiple techniques have been applied including thin section
identification, scanning electron microscope (SEM)
observations, X-ray diffraction (XRD), and elemental
analysis. The integrated analysis mentioned above would be
useful for quantitatively characterizing the detrital influx,
redox conditions, and paleo-productivity, summarizing the
lithofacies, reconstructing the paleo-environments of the
Upper Yangtze Plate, and supporting the global comparison
by using graptolite zone as an isochronal stratigraphic
framework.

southwest

(a) Late Ordovician (453—445 Ma)

AN
30°N Panthalassic Ocean S
W) Siberia
Seo
Laurentia Y
________________________ A
<& j@altica *
30°S
&S
\ o ==

Study area

] Uplift

Deep-water shelf

2. Geological setting

The study area is located in the basin-mountain
transitional zone of the southwest margin of the Yangtze
Plate. During the Late Ordovician—Early Silurian period,
influenced by the Caledonian movement, the study area was
surrounded by Chengdu Uplift, Kangdian Uplift, and
Qianzhong Uplift (Fig. 1). The sedimentary environment was
mainly restricted to the marine shelf (Zou CN et al., 2019; Li
SZ et. al., 2022; Yuan K et al., 2023).

The Wufeng Formation was deposited in a shallow-water
platform environment with a thickness of 2-5 m (Ge XY et
al., 2019). The lithology of the Wufeng Formation is
dominated by manganiferous bioclastic limestone, mixed with
black carbonaceous shale, rich in fossils, such as graptolite,
brachiopods, conodon spines, Chitinozoa and so on (Fan JX
and Chen X, 2007).

The stratigraphic contact relationship between Wufeng
and Longmaxi Formations is still controversial. Some
scholars believe that the strata are unconformable contacts
with evidence of basal erosion(Tang JQ et al., 2017).
However, no direct evidence of sedimentary discontinuity was
found in the outcrop in this study. The strata of the Longmaxi
Formation are shelf facies (Ge XY et al., 2019; Zhao AK et
al., 2022). The lithology of its lower part is mainly siliceous
and carbonaceous mudstone interlayered with pyrite beddings.
Fossils like graptolite and radiolarians developed. The
lithology in the upper part is dominated by carbonaceous
calcareous mudstone and calcareous silty mudstone. The
content of siliceous and carbonaceous mudstone gradually
decreases from the bottom up, while the content of calcareous
sand gradually increases upwards.

3. Samples and experiments
3.1. Samples

All 34 outcrop samples were collected from Wufeng-
Longmaxi shale in the southwest of the Sichuan Basin,
including 34 samples for thin section identification and SEM,
27 samples for geochemical analysis, 16 samples for organic
carbon isotope tests, and 18 samples for graptolite zonation

Shallow-water shelf

Fig. 1. a-Latest Ordovician paleogeographic maps of the world (base map after Torsvik T and Cocks L, 2016). a— paleogeographic map of the
Yangtze Plate during the Late Ordovician (after Chen X et al., 2004; Liu ZH et al., 2017).
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(Fig. 2). All rock samples collected are fresh and free of
alteration to minimize contamination to ensure the test
accuracy.

3.2. Experiments

The experiments were carried out by the Key Laboratory
for Sedimentary Basin and Oil & Gas Resources of the
Chengdu Center of China Geological Survey, and the Sichuan
Institute of Coal Geological Engineering Design & Research,
China. The following experiments and trials were conducted
by the research team during the study.

The thin section identification was conducted by polished
rock samples with Zeiss Scope, Almicroscope. SEM Samples
were prepared with a GATAN-685 argon ion mill and imaged
using a QuantaTM 250 SEM.

The mineralogy of the 27 samples was studied by
Bruker®X-ray Diffractometer with the shale grounded to less
than 200 mesh, and the data were obtained with 0.02° per step
in 3° per minute. And the TOC contents were measured with a
Leco® CS-230CH Carbon/Sulfur analyzer. All the samples
have been crushed and grounded to less than 100 mesh, and
the carbonates in the shale were removed by hydrochloric acid
digestion. After drying in an oven, 0.1 g of each sample was
combusted and tested in the analyzer.
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X-ray fluorescence spectrometer with fresh sample grounded
less than 200 mesh. The analysis error is less than 1 %. The
test process includes weighting 0.7000 g of the sample
accurately and adding a mixture of 5.2 g anhydrous lithium
borate, 0.400 g lithium fluoride, 0.3 g ammonium nitrate, and
I mL of lithium bromide. After melting samples at 1150°C,
the samples were measured on the machine after casting at a
temperature of 800°C.

The trace and rare earth elements were tested by ICP-MS
ICAP-RQ. 100 mg samples were taken and dissolved in acid
solution( mL HF+ 0.5 mL HCL +6 mL HNO;) in a
microwave digestion container. The temperature was set
above 200°C, then the sample was evaporated and the residual
samples were dissolved into the chloroazotic acid for the test.

Organic carbon isotope analysis was conducted by MS
EA-Isolink-Delta V Plus. The sample (about 250-800 g) was
fully combusted in the reaction tube at 960°C to generate CO,
gas for testing. The carrier gas was helium with gas flow rates
of 100 mL/min.

4. Results
4.1. Mineralogy

The mineral content of Wufeng-Longmaxi shale in the
study area is significantly different vertically (Fig. 3).
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Fig. 2. Stratigraphic profile of the Wufeng-Longmaxi succession exposed in the JDP outcrop showing lithology, sample location, and strati-

graphic distributions of graptolites (after Zhao AK et. al., 2022).
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Stratigraphic profiles manifest the mineral content of the
Wufeng Formation is mainly carbonate while the lithology of
Longmaxi Formation is quartz and feldspar prevailing, with a
small fraction of carbonate rocks and clay minerals.
According to the mineral content, the Wufeng Formation
could be subdivided into two members from the bottom up.

@® JDP (typel)
® JDP (typeI)
© IDP (type I1I)
® JDP (typelV)

@® JDP (type V)

The lower member mainly consists of manganese shale and
siliceous mudstone, the upper member mainly consists of
bioclastic limestone. The Longmaxi Formation could be
subdivided into three parts, which are siliceous shale and
dolomitic shale at the bottom, carbonaceous siliceous shale in
the middle, and silty mudstone at the upper part (Fig. 4; Table 1).

Clay/%

Carbonate/% 10 25

Quartz
+feldspar/%

50 75 90

Fig. 3. Ternary diagram of the mineralogic composition of five major lithofacies from Wufeng to Longmaxi Formations in the study area

(modified from Ma YQ et al., 2016).
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Fig. 4. Stratigraphic profile of the Wufeng-Longmaxi succession exposed in the JDP outcrop showing mineral content. The legend of the litho-

logy is as same as Fig. 2.
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Table 1. Main mineral content of the Wufeng-Longmaxi
Formation in the JDP profile.

Sample Quartz/  Feldspar/ Calcite/ Dolomite/ Pyrite/ Clay/
No. % % % % % %
JDP-27 35 2 12 12 2 37
JDP-26 48 12 0 0 0 37
JDP-25 36 4 3 22 2 21
JDP-24 24 4 1 47 1 23
JDP-23 63 5 0 0 0 32
JDP-22 56 5 0 0 0 39
JDP-21 63 7 0 0 0 30
JDP-20 54 6 0 0 0 40
JDP-19 67 6 0 0 0 27
JDP-18 58 9 0 0 0 33
JDP-17 50 13 0 0 0 37
JDP-16 70 5 0 0 0 25
JDP-15 60 11 0 2 0 27
JDP-14 74 4 0 0 0 21
JDP-13 68 5 0 0 0 27
JDP-12 78 7 0 0 0 15
JDP-11 72 8 0 0 0 20
JDP-10 42 5 3 28 2 20
JDP-9 37 3 2 33 3 22
JDP-8 31 1 0 47 4 17
JDP-7 68 8 2 0 1 21
JDP-6 40 0 0 44 2 14
JDP-5 60 7 9 7 3 14
JDP-4 10 0 84 0 3 0
JDP-3 7 0 90 0 3 0
JDP-2 6 0 70 0 9 15
JDP-1 14 11 0 0 4 67

According to the lithofacies classification by outcrop and
thin section observations, and mineral and TOC content (Han
C et al.,, 2016), Wufeng-Longmaxi shale in the study area had
been divided into five lithofacies (Fig. 4). Type I : Mudstone
(clay content over 50%); Type II:
(carbonate content over 50%); Type III: Silty shale (silt
content over 25%); Type IV: Dolomitic shale (siliceous over

Bioclastic limestone

B

Bentonite

Calcareous

nodule

Graptolite

50%, carbonate between 25% and 50%); Type V:
Carbonaceous siliceous shale (siliceous over 50%, the TOC
over 2%).

4.2. Petrological characteristics

According to the petrographic classification mentioned
above, the petrological characteristics of the five lithofacies
were observed in detail in macroscopic, hand specimens, and
under the microscope. Type I thin layer shale at the bottom of
the Wufeng Formation is rich in clay minerals, and the clay
mineral content is more than 70%. Type Il manganese-bearing
bioclastic limestone is located in the middle and upper part of
the Wufeng Formation. The bioclasts are mainly crustaceans,
and some of the body cavities were filled with calcite. A large
number of pyrite nodules (Fig. 5¢) can be seen in the layer.
Macroscopically, the hand specimen was found to be rich in
bioclasts, and the organism burrows (Fig. 5f) were seen on the
outcrop level. The bottom and middle-lower part of the
Longmaxi Formation are mainly Type V siliceous
carbonaceous shale (Fig. 5d, g), rich in graptolite (Fig. 5a),
intercalated with several layers of porphyry, and calcareous
nucleation (Fig. 5b) is seen in the layer. Microscopically
siliceous fossils such as radiolaria (Fig. 6f), spongy bone
needles, and strawberry-like pyrite (Fig. 6¢) are visible. The
type IV dolomitic shale (Fig. 6d) is sandwiched between
them, and the crystalline form of dolomite particles is better
under the microscope (Fig. 6e). Type III silty mudstone
developed in the upper part of the Longmaxi Formation and is
not fully outcropped.

4.3. Geochemical characteristics

The content of the paleo-productivity index Ba changed
greatly, the value was 0.038%—1.80%, and the average value
was 0.40%; P content was 0.017%-0.36 %, and the average
value was 0.054%. The P content in Wufeng Formation
showed a high value, but the P content in Longmaxi
Formation did not change much. The biogenic silica content

Fig. 5. Outcrop of Wufeng-Longmaxi Formation in the JDP. a—abundant graptolite fossils; b—calcareous nodules and bentonite intercalation in
the shale; c—bioclasts in Wufeng Formation; d—macroscopic characteristics of Wufeng and Longmaxi Formations; e—pyrite nodules in Wufeng
Formation; f-bio remains in the top of Wufeng Formation; g—sampling location of siliceous shale.
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(Si0y,;,) value was 0%—-10% in Wufeng Formation, while
was 20%-70.7% in Longmaxi Formation, and the average
value was 36.5%, showing a low value in Wufeng Formation
(Fig. 7). While the siliceous biological content in the lower
part of the Longmaxi Formation was higher, showing a trend
of slow decrease. However, Mn content was 0.01%—13.95%,

and the average value was 1.08% (Table 2). The Wufeng
Formation showed an extremely high value of Mn, which
corresponded to the manganite deposit in the Wufeng period
of this area. The manganese content in the lower part of the
Longmaxi Formation was relatively high, and the manganese
content in the upper part of the Longmaxi Formation changed
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Fig. 6. Microscope and SEM images of Wufeng-Longmaxi Formation in the JDP. a—crustaceans bioclasts were replaced by calcite filling;
b—micrite with micritic structure, calcite about 70%; c—SEM strawberry pyrite particles; d—dolomitic mudstone, dolomite d distribution in
bands; e-SEM dolomite particles; f-bioclasts are mainly radiolarian, circular or elliptical distribution, replaced by carbonate components; g—ra-

diolarians and sponge spicule; h, i—-dolomite grain and radiolarians.
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Fig. 7. Stratigraphic profile of the Wufeng-Longmaxi succession exposed in the JDP outcrop of paleo-productivity (TOC and Mn data from

Zhao AK et. al., 2022).
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Table 2. Geochemical proxies of the Wufeng-Longmaxi Formation in the JDP profile.

SampleNo.  ALOy%  Ti% V/Cr  Ni/Co Mn/% Zn/10° Cd10°  Ba/% P/% Si%  ThU 6" Corgv.ppp/%o
JDP-27 11.20 029 228 490 0.10 25.70 0.09 501438 48028 2441 198  —29.56
JDP-26 13.05 037 181 4.13 0.03 190.80  0.49 15759.48 43662 3565 198  —28.53
JDP-25 9.33 039 181 5.07 0.09 41.30 0.07 7449935 34930 2557 206  —29.02
JDP-24 9.24 023 218 534 0.30 21.60 0.07 1432.68 30563 2258 195 -
JDP-23 11.03 026 177 471 0.02 23.00 0.06 1969.93 305.63 4679  2.04 -
JDP-22 10.78 026 187 683 0.02 29.00 0.10 1701.31 305.63 4953 197  —28.9
JDP-21 12.33 030 193 721 0.01 26.60 0.07 2507.19  305.63  41.69 184
JDP-20 12.84 029 1.68 590 0.02 26.80 0.07 2507.19 34930  40.00 247 2875
JDP-19 11.35 028 185 626 0.02 68.00 0.18 268627 34930 4544 182 -
JDP-18 11.85 029 184 517 0.02 25.40 0.10 5909.80 39296 4325 126  —28.75
JDP-17 15.21 043 184 661 0.33 62.50 0.39 922288 52394 2721 183  —28.16
JDP-16 12.69 035 195  6.66 0.33 58.60 0.56 2328.10 39296 4073 153 -
JDP-15 8.67 025 198 488 0.01 26.00 0.14 18266.67 34930 5179 139 -
JDP-14 8.34 023 2.11 5.25 0.01 23.70 0.10 15938.56 26197 5663 131  —29.28
JDP-13 7.85 020 364 476 0.19 48.00 0.31 1164.05 39296 5944 040  —29.43
JDP-12 521 0.14 296 672 0.02 43.70 0.11 1701.31 305.63 7142 040 -
JDP-11 6.97 020 343 8.29 0.05 21540  0.58 492484 48028  60.54 020 -
JDP-10 6.61 0.19 345 8.84 0.45 627.90  3.29 2417.65 48028 4359 033 -
JDP-9 5.96 0.18 390 596 0.57 941.80  6.55 1969.93 34930 3289 031  -29.94
JDP-8 437 0.12 383  5.60 0.82 24.55 626.80 305.63  29.19 040 -
JDP-7 5.10 0.12 331 7.44 0.42 93.50 0.66 179085  305.63 5263 028  —30.11
JDP-6 3.51 0.10 550  9.03 0.72 22780  0.92 1522.22 174.65 4404 027  —30.28
JDP-5 5.28 0.16 1606 1246  0.16 4.54 3402.61 39296 5577 023  —30.44
JDP-4 3.05 0.12 492 085 3.22 25.40 0.07 2596.73 3623.94 445 052 —29.41
JDP-3 1.91 0.06 3.76 1.15 3.70 14.60 0.06 447.71 183380 7.38 017 -
JDP-2 3.00 0.10 3.05 0.0 3.56 36.90 0.05 3313.07 61127  3.56 110 —29.24
JDP-1 13.40 035 442 0.65 13.95  71.00 0.14 734248 48028 432 164  —2887
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Fig. 8. Stratigraphic profile of the Wufeng-Longmaxi succession exposed in the JDP outcrop showing terrigenous influx and redox environ-
ment (V/Cr and Al,O5 data from Zhao AK et. al., 2022).

greatly and showed a good correlation. Generally speaking,
the manganese content of Wufeng was lower, and the bottom
of the Longmaxi Formation showed a high value.

The terrestrial detrital indices of Al,O; and Ti had a good

correlation in the study area. Al,O3 content was 3%—15.21%,
and the average value was 8.52 % (Table 2). The overall Ti
content changed little and the value was 6.6%—0.43 %, and
the average value was 0.23%. The Al,O; content showed a
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low value in Wufeng Formation, indicating that the amount of
terrestrial detrital input in the Wufeng period was less, and the
value increased at first and then decreased during the
Guanyinqiao period, indicating that the terrestrial detrital
input was larger during the Guanyinqgiao period. The whole
Longmaxi Formation shows a trend of increasing gradually,
then decreasing and increasing again, with less terrestrial
detrital input at the bottom and a high value of terrestrial
detrital input in the middle part, with an average of about
14%. The whole terrestrial debris in the Longmaxi period
increases gradually.

The redox index parameters V/Cr and Ni/Co have a good
correlation. The Wufeng Formation is in the sub-oxygen
environment as a whole, and the bottom of the Longmaxi
formation shows the highest value, showing a transient strong
reduction environment, and then rapidly becomes a sub-
oxidation environment. The overall trend of oxidation
increases gradually, indicating that the water body gradually
becomes shallower, and the redox index Th/U shows a similar
trend, indicating that the Wufeng Formation is in the sub-
oxidation environment. The Longmaxi period is an
environment in which the oxidization is gradually enhanced.

5. Discussion
5.1. Sedimentary environment of Wufeng-Longmaxi shale

The sedimentary environment plays an important role in
the organic matter accumulation, which influences the
organic-rich shale quality. In general, the influence of the
sedimentary environment on the formation of organic-rich
shale is discussed by the input of terrigenous detrital, the
redox environment of a water body, and the paleo-
productivity index. Thus, a combination of independent
geochemical proxies is used to determine the redox state of
the bottom water. The clastic input is evaluated based on the

Fm, Graptolite Depth 1 iy 1
zone m

System

Al,0O5 (%) and titanium (Ti) contents. The SiO,;,, Ba, P, Mn,
Zn, and Cd proxies are used for primary productivity
evaluation.

5.1.1. Terrigenous influx

Generally, the content of Al,O; and TiO, increases with
the continuous input of terrestrial materials, and the content is
relatively stable, rarely affected by diagenesis or
metamorphism even later, so it could be used to discuss the
influence index of detrital material input on organic matter
enrichment (Murray et al., 1990). The column of Al,O; and
TiO, exhibits similarly an increasing trend of terrigenous
input from the bottom up (Fig. 8). From the stratigraphic
profile, the terrigenous influx gradually increases upwards.
Mudstone (Type I) and silty mudstone (Type III) have the
highest terrigenous influx, while dolomitic mudstone (Type
IV) have less terrigenous influx and siliceous shale (Type V)
has a minimum value. For limestone (Type II), there is little
terrigenous material input as the sedimentary facies for it is
carbonate platforms deposits.

5.1.2. Redox environment

The redox environment of the water column is one of the
main controlling factors for the preservation of organic
matter. Numerous studies manifested that V, Cr, Th, Co, Ni,
Mo, and U are enriched in reducing sedimentations, and could
be used as indicators of redox conditions (Ma YQ et. Al,
2016). Vanadium may be bound to organic matter by the
incorporation of V** into porphyrins , thus, high content of
element V in sediments usually indicates reduction
environment, and V/Cr could be used as an indicator of an
anoxic environment. The Ni would form sulfide precipitates
with H,S in a reducing environment while it exists in an ionic
form in an oxidizing environment. Co would be dissolved in
water as Co”" in an oxidizing environment or trapped in the
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Fig. 9. Comprehensive profile of the Wufeng-Longmaxi succession exposed in the JDP outcrop showing total organic matter, and geochemic-

al data of redox conditions, productivity, and detrital input.
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authigenic pyrite in an anoxic environment. Thus, Ni/Co can
indicate the oxygen content of the environment. A higher Ni /
Co value indicates a stronger reduction environment.

From the correlation diagram (Fig. 9), the correlation
between V/Cr and TOC is good, same trends showed in Ni/Co
and TOC correlation (Fig. 10). The results imply that the
Wufeng period is a suboxic environment and the early
Longmaxi period is a reducing environment. For siliceous
shale (Type V), the sedimentary environment is highly
reducible and presents a strong reducing sulfidation
environment at the bottom of the Longmaxi Formation and
turned to be oxidative and shallower upwards. For the
dolomitic mudstone (Type IV), the reducing environment is
weakened. For the mudstone (Type I), silty mudstone (Type
IT), and bioclastic limestone (Type II), the sub-oxidized
environment indicated the water column is shallower. The Mo
and U elements in sediments originated in ocean water. In the
anoxic environment, U and Mo were reduced to low U™ and
Mo™, which were easily precipitated and enriched in
sediments (Algeo TJ and Tribovillard N et al, 2009;
Tribovillard N et al., 2012). The Mo-U covariation diagram
also manifests the same trend. According to the enrichment
factors diagram of Mo vs. U (Fig. 11), siliceous rocks and
dolomitic mudstones basically deposited in the reduction-
sulfurization reduction zone while the limestone and siltstone
basically deposited in the sub-oxidation zone.

5.1.3. Paleo-productivity
Palaco-productivity is a key factor control the organic
matter enrichment in marine sediments. The elements Mn, Zn,
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Cd, Si, and Ba could be used to indicate the paleo-
productivity.

The Longmaxi shale in the study area generally shows
high silicon characteristics. As the study area is located in a
restricted environment and does not influence rising ocean
currents. And according to the silicogenous Al-Fe-Mn ternary
diagram (Fig. 12), the siliceous is not hydrothermally
generated. Meanwhile, prolific radiolarians, siliceous bio-
fossils, and detrital quartz had been found in the thin section
identification indicating the siliceous content may be biogenic
and detrital generated. Using the excess silicon calculation
formula to eliminate debris interference could obtain bio-
generated silicon content which can be used as an indicator of
paleo-productivity. In addition, according to previous
literature studies, Mn enrichment in the study area is mainly
affected by biological activities in the carbonate platform area
(Tang X et al, 2017). Thus, Mn indicated the paleo-
productivity of the limestone in the study area.

Mn, Zn, and Cd showed high productivity in dolomitic
mudstones (Type IV, purple belt in Fig. 12) and
comparatively high paleo-productivity in mudstone (Type I,
yellow belt in Fig. 12) and silty mudstone (Type III, light
brown in Fig. 12). For siliceous shale (Type V, blue belt in
Fig. 12), SiOy,;, shows high paleo-productivity, while for
limestone (Type II, grey belt in Fig. 12), Mn showed high
paleo-productivity in the study area.

5.2. Organic matter accumulation mechanism

The organic matter enrichment mechanism in black shale
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remains controversial. The discussion focuses on the main matter preservation condition which is reducing the

determinant of organic matter enrichment. Whether it is sedimentary environment. The organic matter enrichment
mainly controlled by the primary producer or by the organic pattern can be described by using the cross-plot map between
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Fig. 11. Enrichment factors (EFs) of Mo vs. U. The lines exhibit Mo/U ratios equal to seawater (SW). The patterns of U-EF and Mo-EF are
compared to the model of Algeo TJ and Tribovillard N et al., (2009).
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the TOC and the terrigenous influx (Al,O3), or the paleo-
productivity index (Mn, Zn, Ba, SiO,), or the redox
conditions (Ni/Co, Th/U, V/Cr).

As shown in Fig. 9, in the study area, the TOC content is
positively correlated with the Ni/Co, and V/Cr ratio, and
negatively correlated with the Th/U ratio, indicating that
reduction conditions are the controlling factors of organic
matter enrichment. And the TOC content is negatively
correlated with the detrital proxy (Al,03), which indicates that
terrigenous input has a negative influence on organic matter
enrichment.

For the relationship between TOC and Paleo-productivity,
the SiO, and Zn content is positively correlated with TOC,
while the Mn or Ba content has no clear relationship with
TOC. The results indicated that siliceous organisms are the
main contributor to organic enrichment (Fig. 13). This was
consistent with prior reports (Wang S et al., 2016; Li YF et
al., 2017). Its paleontological flourishing may be related to the
abundance of nutrients that are transported by frequent
volcanic activities during that period, thus promoting Paleo-
productivity.

The Wufeng Formation is in a high-productivity
environment, and a large number of organic matter was
produced, some of which decompose and deplete oxygen in
the water (Wang S et al., 2016), resulting in a hypoxia
reduction environment, which makes the remaining organic
matter well preserved. The typical lithofacies in the Wufeng
Formation is dolomite mudstone (Type IV). It is mainly

16

144 @

124

y=—38.736x+20.927
R>=0.8603

Mn/%
[oe]

3=-0.0192x+0.249
R*=0.0081

2 4 6 8
TOC/%

S N B

80

701 ° y=3.3431x+42.482
R*>=0.1901
60 ° °

50
401

Si0,/%

30
y==19.3164x+11.89

20+ R>=0.6444

101

(c)

0 2 4 6 8
TOC/%

Ba/10°°

757

characterized by high TOC and high calcium, and the calcium
component mainly comes from dolomite. The sedimentary
environment is a shallower, weak-reducing environment, and
has high paleo-productivity.

In the early stage of the Longmaxi Formation, due to the
rise of sea level, the water was deep and the bottom water
body had an anoxic reduction environment, which was
conducive to the preservation of organic matter. The typical
lithofacies in the lower Longmaxi Formation is siliceous
mudstone (Type V). It is mainly characterized by high SiO,
content and high TOC. Its sedimentary water body is a deep-
water shelf environment, and the sedimentary environment is
a strong reduction-reduction environment with high paleo-
productivity.

Therefore, the organic matter enrichment mechanism in
Wufeng Formation is dominated by high productivity, while
the bottom of the Longmaxi Formation is dominated by
hypoxic reduction environment and high Paleo-productivity.
The organic-rich lithofacies mainly consists of siliceous shale
(type V) and dolomitic mudstone.

5.3. Organic-rich shale development model

Many scholars have noted that both Wufeng Formation
and Longmaxi Formation have high productivity and hypoxic
reduction conditions, but their development models are
different.

During the Early Ordovician Wufeng period, active
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volcanic events enriched the nutrients in seawater and resulted
in a large amount of organic matter accumulated under the
background of high Paleo-productivity. Partial organic matter
experienced decomposition and consumed the oxygen in
water bodies, depleted the negative effects on the organic
matter preservation of the oxidic environment in a shallower
water environment, and formed the dolomitic shale with
higher organic carbon content. If the paleo-productivity is
reduced or the water depth decreased further, resulting in an
oxidative environment, the oxygen cannot be fully consumed
by organic matter. As a result, the oxidation environment
developed, and the carbonate rocks with high calcium content
and low carbon content were deposited (type 1) (Fig. 14a).

In the Early Silurian Longmaxi period, the restricted
environment and the paleo-sea level fluctuation caused the
water body stratification and led to the sulfide of the bottom
water. While the paleo-productivity level was also high

lO Microbial- mduced

Oxic Suboxic Oxic

(Fig. 14b), hence, a set of high-carbon and high-silicon
mudstone (Type V) was deposited at the bottom of the
Longmaxi Formation. Later with the relative decline of
global sea level, and gradual transition to the reducing
carboxylation environment, a set of high carbon content
dolomite and siliceous mudstone (Type V) was deposited.
Finally, as the sea level continues to fall and large quantities
of terrigenous input stop the organic matter enrichment. The
sedimentary environment converted to the oxic shallow
water environment, and no longer be suitable for organic
matter enrichment.

Thus, the most important factor for the enrichment of
organic matter in the study area is the reduced environment
caused by sea level rise and high paleo-productivity. When
the sea level is high, the water body stratification caused by
oxygen inefficiency is beneficial for organic matter
accumulation. When the sea level is relatively lower, a higher
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paleo-productivity could support extra organic matter
generated for decomposition, and keep the rest organic matter
preserved.

5.4. Shale gas potential assessment

By studying the sedimentary environment and other basic
geological conditions of in Wufeng-Longmaxi Formation, the
results show that the organic carbon content is relatively high,
generally more than 1.0%, and the highest organic carbon
content can exceeds 6.0%, and the average content between
1.5 % and 2.5 %. The thickness of organic-rich shale is over
20 m. And the hydrocarbon generation intensity is relatively
high. The maturity is moderate, and the Ro is basically greater
than 1.8 %, in the high-over-matured stage of organic matter
thermal evolution, indicating that Longmaxi Formation has
good resource potential and good exploration prospects in the
region.

Meanwhile, the Longmaxi Formation is distributed stable
in the area, the dip is relatively gentle. The target shale is
covered by the Triassic and Jurassic strata mostly and is only
exposed locally around the syncline. The burial depth is
generally less than 3000 m according to upper layer thickness
calculation. Generally, the organic-rich shale of the Wufeng
Formation-Longmaxi Formation is vastly developed in the
east of Kangdian Uplift, which is favorable for shale gas
accumulation. Hanyuan, Meigu-Mabian area may be a
potentially favorable area for shale gas. Thus, the east
KangDian Uplift is an important research area for the future
exploration of shale gas, and further in-depth research is
needed in the future.

6. Conclusions

The key findings of this study are:

(i) Through testing and analysis of outlying shale samples
from the Wufeng-Longmaxi Formation in the Hanyuan
section on the east KangDian Uplift. Five lithofacies have
been defined including mudstone, bioclastic limestone, silty
shale, dolomitic shale, and carbonaceous siliceous shale.

(i1) Based on the geochemical characteristics, the detrital
influx, redox conditions, and paleo-productivity have been
studied as follows: The Wufeng period is a suboxic
environment and the early Longmaxi period is a reducing
environment. The terrigenous influx gradually increases while
the paleo-productivity generally decreases upwards.

(ii1) The paleo-environments have been reconstructed and
the organic enrichment mechanism has been analyzed. For the
area close to the Kangdian Uplift, a restricted area with a
water body stratified, bottom water body vulcanized, and the
nutrient elements in the seawater were enriched to support a
high paleo-productivity due to the volcanic activities, and
environment reduction is beneficial to deposit organic-rich
shale.

(iv) The high carbonaceous and high siliceous content
mudstone (Type V) deposited with high productivity and
anoxic environment in the study area is most favorable, and

dolomitic and siliceous mudstone (Type IV) deposited in a
reductive sub-oxidation environment with high productivity is
sub-favorable for organic matter accumulation.

(v) The geological condition and the gas generation
capability is favorable in the study area. The TOC is over
2.0% and the thickness is more than 20 m, and Ro is good,
mostly over 1.8 %, and the burial depth is less than 3000 m.
These results implied that the east Kangdian Uplift has great
potential for shale gas exploration.
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