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Abstract:
Organic matter and metal elements are commonly co-enriched in marine black shales.
However, the element types vary among different shales and the relevant mechanisms
of organo-metal co-enrichment are still unclear. The super-enrichment of organic matter
and nickel in the ore bed of Early Cambrian marine black shale of southern China
provides an ideal opportunity to investigate this mechanism. Herein, to clarify the co-
enrichment mechanism of organic matter and , the laminated structure of this ore bed
was characterized and the geochemical and mineralogical proxies of different laminae
were analyzed. The results indicated that there are four types of laminae in this ore bed,
namely, siliceous laminae, calcareous laminae, clay minerals laminae, and organic-rich
laminae. Clay minerals laminae and organic-rich laminae were deposited under anoxic
environments, while siliceous laminae were deposited under strong oxidizing to anoxic
environments. Neither organic matter nor are distributed homogeneously in the ore bed;
organic matter is mainly concentrated in organic-rich laminae, while is largely enriched in
clay minerals laminae. Clay minerals and organic matter have strong adsorption capacity
for , and the adsorption capacity of clay minerals (such as illite) for is stronger than that
of organic matter. Hydrothermal events and terrestrial input are key factors affecting the
paleoenvironment and laminated structure during the deposition of the ore bed. Although
organic matter and are co-enriched in the ore bed, their enrichment stages and conditions
vary according to the geochemical differences among laminae.

1. Introduction
Black shales, primarily developed during certain periods of

geological history, not only record the changes in the paleoen-
vironment and paleoclimate, as well as provide paleontological
data but also contain large quantities of metal-rich minerals
and oil/gas resources (Hao et al., 2011, 2013; Shi et al., 2021;
Laranjeira et al., 2023; Li and Cai, 2023; Zhao et al., 2024).
Early Cambrian black shale in the Upper Yangzte Region
is an iconic deposit dating from the Neoproterozoic to the
Early Paleozoic Era in southern China, which corresponds
to the fragmentation and aggregation of the supercontinent,
the turbulent changes in marine chemistry and biochemistry,
and the episodic replacement of life (Hoffman et al., 1998;

Och et al., 2013; Zhang et al., 2014; Guizhou Geological
Survey, 2017; Zhu et al., 2019a; Xia et al., 2022). This
black shale contains 3.55×1012 m3 (125.37 tcf) shale gas in
Guizhou Province alone and is rich in metal elements, such as
nickel (Ni), vanadium (V), molybdenum (Mo), uranium (U),
and those of the platinum group (PGE) (Fan et al., 2004; Mou
et al., 2024).

In Early Cambrian black shale, the spatial distribution of
organic matter and metal elements, especially , is closely
related. For example, the abundance of organic matter in the
ore bed is significantly higher than that in the black shale
outside the ore bed (Han et al., 2015; Ning et al., 2022; Xia
et al., 2022). In this ore bed, occurs as independent minerals,
isomorphic complexes, and in adsorbed state (Pan et al., 2005;
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Fig. 1. Geochemical characteristics of Early Cambrian black shale sections (the geochemical data was partly cited from Pi et
al. (2013); Han et al. (2015); Xia et al. (2022)). (a) Yulongba section, (b) Songlin section, (c) Yonghe section and (d) locations
of these sections.

Han et al., 2012; Cao et al., 2013; Shi et al., 2014; Yu et
al., 2023). The occurrence states of organic matter in the
ore bed include banded, masses, filled, and mutual wrapped
types (Zhang et al., 2017; Yu et al., 2022). The distribution of
and organic matter in the ore bed is heterogeneous and their
relationship is unknown. Fortunately, this ore bed has been
revealed to exhibit laminated structure according to previous
researches and our existing work (Mao et al., 2002; Han et
al., 2015, 2020; Lehmann et al., 2016; Yu et al., 2022). Thus,
based on the differences in geochemical characteristics among
various laminae, the environmental evolution and enrichment
process of Ni and organic matter during the deposition of
this ore bed can be readily investigated. Previous works to
reconstruct paleoenvironment of the Early Cambrian Niutitang
Formation were based on powdered samples of total rock,
and they were limited to reflecting the sedimentary evolution
based on in-situ geochemical data. These powder samples were
obtained from different layers with thickness no less than
0.1 m. The reconstructed models can reflect millennial scale
changes, but they fail to reconstruct decadal scale changes in
the paleoenvironment. In-situ geochemical analysis of laminae
can be employed to indicate the environmental change from
seasonal to decadal (Liang et al., 2018; Xin et al., 2022), which
will contribute to investigating the mechanism of organo-metal
co-enrichment in Early Cambrian marine black shale.

The primary goal of this study was to determine the char-

acteristics and types of laminae in the Ni ore bed from Early
Cambrian marine black shale. Subsequently, the geochemical
characteristics and environmental evolution were described,
and a mechanistic model of organo-metal co-enrichment were
built. The findings enhance our understanding of the co-
enrichment mechanism of organo-metal in marine black shale,
and serve as a guide to shale gas exploration and development.

2. Materials and methods

2.1 Sample collection and preparation
A total of 32 black shale samples were collected from two

sections for geochemical analyses. Among these, 18 samples
were obtained from the Songlin section and 14 samples were
from the Yonghe section (Fig. 1). First, all the potentially
weathered surfaces, visible pyrite grains, and post-depositional
veins were removed from each sample. Then, the samples were
cut into small pieces. One piece of each sample was selected
to grind into thin slices, and approximately 100 g of fresh
pieces was crushed to powder (> 200 mesh) using a tungsten
carbide crusher.

2.2 Analytical methods
The samples were acidified using 5% HCl to remove the

carbonates and neutralized to pH = 7.0 by adding deionized
water, followed by the measurement of total organic carbon
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Fig. 2. Geological map (a) and field photos of Niutitang black shale (b) and the Ni ore bed (c) in it. Photo (c) represents
the yellow dashed box in photo (b). Pt: Proterozoic; Nh: Nanhua; Z: Edicaran; O: Ordovician; D: Devonian; P: Permian; T:
Triassic; Pem: Emeishan basalt; K: Cretaceous.

(TOC) content and concentration of trace elements in all
sample powders. The TOC content of powder samples was
determined at Guizhou University using a LECO CS-230
sulfur-carbon analyzer. The analysis of trace element con-
centrations in the powdered samples was conducted at China
University of Petroleum using an inductively coupled plasma
mass spectrometer. The data of shale samples from Yulongba
and Songlin sections reported in previous researches were also
cited.

The laminae of thin slice samples were observed and their
composition was determined using a Zeiss optical microscope
at Guizhou University. In total, the trace element concentra-
tions of 55 laminae were measured, and the analyses of in-
situ trace element concentrations were conducted using a laser
ablation inductivity coupled plasma mass spectrometer (LA-
ICP-MS) at the Institute of Geochemistry, Chinese Academy
of Science. During the LA-ICP-MS analyses, the wavelength
and spot size of laser were 193 nm and 4-160 µm, respectively.

3. Results and discussion

3.1 Geochemical differences between ore bed
and its surrounding black shale

The bottom layer of Early Cambrian Niutitang Formation
in Guizhou Province is black shale with a thickness of 20-120
m, characterized by high TOC content (range of 0.7%-14.6%,
with an average of 5.2%), high to over mature organic matter
(vitrinite reflectance, Ro, is 1.4%-4.9%), and the enrichment of
critical metallic elements, including , V, Mo, U, and PGE (Han
et al., 2020; Shi et al., 2021; Mou et al., 2024). Specifically,

is enriched to form an ore bed in Northwest Guizhou (Figs. 1
and 2), with an intra-platform basin during deposition (Dai et
al., 2013; Guizhou Geological Survey, 2017; Xia et al., 2022).
The thickness of the ore bed is generally less than 0.1 m, which
forms only a small portion of the Early Cambrian black shale.
However, the geochemical characteristics of this ore bed are
significantly different from the black shale outside of it (Fig.
1).

As shown in Fig. 1, in contrast to black shale, the ore bed
has much higher TOC content, ranging from 6.94% to 16.10%
with an average value of 9.48%, while the TOC content in
the black shale outside this ore bed is 1.80%-12.60% and the
average value is 4.80%. The concentrations in the ore bed and
black shale are 36,194.0-70,292.0 ppm (averaging 50,504.6
ppm) and 15.6-869.0 ppm (averaging 174.2 ppm), respectively.
These figures imply that element and organic matter are co-
enriched in Early Cambrian black shale.

Apart from TOC content and Ni concentration, the paleo-
environmental proxies of Ni ore bed are also different from
those of black shale. Redox-sensitive elements (such as U,
Ni, Mo, V, Co and Cr) and their ratios (mainly including
U/Th, U/Mo, V/(V+), V/Cr, and /Co) can indicate paleoredox
conditions. It is noteworthy that and Mo are abnormally
enriched in the ore bed, so U/Th and V/Cr were calculated,
indicating paleoredox conditions. The U/Th and V/Cr ratios
of black shale are in the range of 1.23-190.16 and 0.41-70.00,
respectively. In contrast to black shale, Ni ore samples have
higher U/Th value (33.94-124.71) and lower V/Cr value (0.97-
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8.50) (Fig. 3), indicating that the Ni ore bed deposited un-
der oxic and suboxic conditions. This result is inconsistent
with previous researches, which indicate euxinic-close to
paleoredox-conditions of the Niutitang black shale (Xia et
al., 2020a, 2022; Fu et al., 2021). One of the most significant
reasons for this finding is the abnormal enrichment of some
metal elements in this ore bed, which were possibly brought
by thermal fluids (Han et al., 2017). The paleo environment
assessment comparing Ni ore bed and black shale is easily
misjudged based on these metal elements, while the com-
parison among laminae in the Ni ore bed could indicate the
environmental changes during the sedimentation of this ore
bed.

The Fe isotope of pyrite in the Niutitang black shale and
Ni ore bed was analyzed in our earlier research (Yang et
al., 2022), and the Fe isotopic values of the Ni ore bed (δ 57Fe
values range from 0.88‰ to 0.90‰) is obviously higher than

that of black shale (δ 57Fe values ranging from -0.83‰ to -
0.34‰) (Fig. 4). One possible reason is that the effects of
deep hydrothermal fluids are different on black shale and
Ni ore bed. Another explanation is the redox environmental
difference during the deposition of these two sedimentary
layers. Thus, changes in the geochemical characteristics and
environmental conditions during the deposition of the Ni ore
bed are significant for the co-enrichment mechanism of organic
matter and Ni. Fortunately, the laminated structure of Ni ore
bed and the geochemical variation among different laminae
provide a feasible approach to study these changes.

3.2 Characteristics of laminae in Ni ore bed
Some scholars studied the composition of laminae and

described the laminae types of Early Cambrian black shale,
which mainly include siliceous laminae, calcareous laminae,
clay minerals laminae, and organic-rich laminae (Zhu et
al., 2019b; Gu et al., 2020). Han et al. (2020) indicated that
the Ni ore bed in Early Cambrian black shale consists of
Mo mineral laminae, Ni-Mo-Zn sulfides laminae, and Ni-Zn
mineral laminae. However, this division did not consider the
main components such as quartz, feldspar, calcite, clay, and
organic matter. In this study, not only laminae in this Ni
ore bed were recognized but also the mineral compositions
and element concentrations among different laminae were
compared.

The two structures of Ni ore bed is laminated (Figs. 5(a)
and 5(b)) and massive (Figs. 5(c) and 5(d)). The former is
the research object of this study, with four types of laminae
recognized in this ore bed. These are siliceous laminae,
calcareous laminae, clay minerals laminae, and organic-rich
laminae. Siliceous laminae are mainly composed of quartz
and feldspar, and shaped as plate, strip or microwave (Fig.
5). Carbonate minerals such as calcite and dolomite are the
dominating components in calcareous laminae, which have
smaller amounts in contrast to the others three types of
laminae. These are controlled by diagenetic evolution and
were not discussed herein. Clay minerals laminae show strip
and lens shapes, with illite and montmorillonite being the
main components. Organic-rich laminae are black in color and
usually interbedded with siliceous laminae or clay minerals
laminae.

The element concentrations of siliceous laminae, clay
minerals laminae, and organic-rich laminae were measured,
and the results can be seen in Table 1. The data indicate that
the element concentrations show significant differences among
different laminae. Compared with clay minerals laminae and
organic-rich laminae, most elements are depleted in siliceous
laminae, such as Mg, Al, K, Ca, Ti, V, Cr, Mn, Ni, Sr, Zr,
Mo, and Ba. One of the most likely reasons is that clay
minerals and organic matter have much stronger adsorption
capacity than quartz and feldspar (Fan et al., 2004; Xia et
al., 2020b; Ghasemi et al., 2023) and they adsorb a large
quantity of elements during the sedimentary and diagenetic
stages. Another possible reason is the varied sedimentary
conditions of different types of laminae.



14 Xia, P., et al. Advances in Geo-Energy Research, 2024, 13(1): 10-21

(a) (b)

(c) (d)

Quartz
Organic matter

Quartz
Carbonate 

mineral

Organic matter

Organic-rich laminae

Clay minerals laminae

Siliceous laminae

Calcareous laminae

Clay minerals laminae

Organic-rich laminae

0.2 mm 0.2 mm

0.2 mm 0.2 mm

Fig. 5. Characteristics of Late Cambrian organic-rich shale laminae under microscope in the North Guizhou Area. (a) and (b)
are laminated structure in shale samples, (c) and (d) are massive structure in shale samples.

3.3 Environmental evolution during laminae
generation

The evolution of paleoredox condition, paleoproductivity,
and hydrothermal influences during the deposition of the Ni
ore bed was analyzed based on the geochemical data of various
laminae.

Notably, U and V are redox-sensitive elements that are
generally enriched under anoxic and euxinic conditions (Tri-
bovillard et al., 2006; Xia et al., 2022). Unlike U and V, Cr and
Th are not redox-sensitive elements and remain insoluble in the
marine environment (Ross and Bustin, 2009). The U/Th and
V/Cr ratios can indicate oceanic redox conditions. In general,
U/Th > 1.25 represents anoxic conditions, and ratios as low
as 0.75 represent strongly oxidizing conditions (Wignall and
Twitchett, 1996). For V/Cr, > 4.25 indicates anoxic conditions,
4.25-2.00 indicates suboxic conditions, and < 2.00 indicates
oxic conditions (Jones and Manning, 1994). The ranges of
these ratios for different laminae in the Ni ore bed are shown
in Figs. 6 and 7.

The U/Th ratios of clay minerals laminae, organic-rich
laminae, and siliceous laminae are in the range of 7.1-833.0
(with an average of 154.9), 1.5-611.9 (with an average of
84.6), and 0.1-87.5 (with an average of 15.5), respectively.
These results imply that

1) the study area was dominated by anoxic environments
during the sedimentation of clay minerals laminae and
organic-rich laminae;

2) during the sedimentation of siliceous laminae, the study
area experienced environments ranging from strong oxi-
dizing to anoxic.

These two conclusions are also supported by the V/Cr
ratios. The V/Cr ratios of siliceous laminae are 0.9-9.4, in-
dicating laminae depositions under oxic to anoxic conditions.

Biogenic Babio (Ba) and biogenic Sibio (Si) are effective

proxies used to reconstruct paleoproductivity (Tribovillard et
al., 2006; Schoepfer et al., 2015; Moore and Fu, 2018), which
can be calculated using the following formulae (Dymond et
al., 1992; Ross and Bustin, 2009):

Babio = Batotal −
[
Altotal × (Ba/Al)terrigenous

]
(1)

Sibio = Sitotal −
[
Altotal × (Si/Al)terrigenous

]
(2)

where Batotal represents the total amount of barium in the
sample, ppm; Altotal represents the total amount of aluminum
in the sample, ppm; Sitotal represents the total amount of silica
in the sample, ppm; (Ba/Al)terrigenous represents the average
Ba/Al ratio of the upper crust; and (Si/Al)terrigenous represents
the average Si/Al ratio of the upper crust.

The Babio contents of clay minerals laminae, organic-rich
laminae, and siliceous laminae are in the range of 4,007.1-
54,096.5 ppm (average of 20,181.1 ppm), 1,559.3-37,805.9
ppm (average of 14,561.9 ppm), and 222.2-43,658.0 ppm (av-
erage of 7,677.0 ppm), respectively. These results indicate that
paleoproductivity during the sedimentation of clay minerals
laminae and organic-rich laminae is significantly higher than
the sedimentary stage of siliceous laminae. However, the Sibio
contents increase from clay minerals laminae (2.3%-39.2%,
with an average of 19.4%), through organic-rich laminae
(2.3%-91.2%, with an average of 32.5%), to siliceous laminae
(1.9%-99.4%, with an average of 41.9%), indicating that
siliceous laminae correspond to the highest paleoproductivity
among the three types of laminae. The underlying reason will
be discussed in the next paragraph.

The lower the Sr/Ba ratios in sediments, the stronger the
hydrothermal action is. In general, the Sr/Ba ratios are greater
than 1 in normal marine sedimentary rocks, while those lower
than 1 indicate the hot water sediment of modern seafloor
environments (Jia et al., 2016; Xia et al., 2020a). The Sr/Ba
ratios of all samples in the Ni ore bed range from 0.0013
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Table 1. Element concentrations of different kinds of laminae in the Ni ore bed.

Laminae types
Clay minerals laminae Organic-rich laminae Siliceous laminae

Scale Average Scale Average Scale Average

Na (ppm) 1,160-28,381 7,343 731-21,385 9,528 100-50,214 9,049

Mg (ppm) 2,808-22,218 9,185 1,141-107,596 16,227 38-31,606 4,502

Al (ppm) 4,515-101,737 55,036 10,858-110,504 70,066 881-86,699 34,641

SiO2 (%) 13.15-66.05 38.14 6.04-95.36 56.35 3.66-99.66 53.66

P (ppm) 1-94,685 14,072 1-28,437 1,651 1-128,616 5,885

K (ppm) 10,085-41,505 25,276 4,530-48,714 29,424 170-41,648 12,374

Ca (ppm) 710-367,177 60,190 196-170,999 19,977 101-49,162 4,353

Ti (ppm) 835-62,346 7,414 351-37,245 6110 10-16,508 3,513

V (ppm) 330-14,502 2,135 69-1,639 714 3-499 183

Cr (ppm) 55-427 135 18-275 131 2-109 41

Mn (ppm) 9-1,626 254 6-1,943 276 1-1,045 122

Fe (ppm) 8,407-591,276 210,330 5,987-684,095 125,779 242-721,513 243,742

Co (ppm) 3-777 202 2-411 72 1-290 73

Ni (ppm) 313-36,680 5,703 20-1,880 448 1-686 251

Cu (ppm) 11-580 233 9-512 131 2-
1,112

149

Zn (ppm) 18-58,047 4,900 12-727 83 1-12,252 686

Sr (ppm) 39-11,648 2,080 23-2,449 469 5-3,122 279

Zr (ppm) 6-909 126 14-239 91 1-93 33

Mo (ppm) 101-25,575 2,594 58-456 205 17-1,815 165

Ba (ppm) 4,147-54,585 20,522 1,627-38,412 14,996 1,946-87,401 11,492

U (ppm) 14-267 70 5-564 93 1-1,272 96

to 1.8922 (Fig. 8). Considering different types of laminae,
these ratios of clay minerals laminae, organic-rich laminae, and
siliceous laminae are in the range of 0.0023-1.8922 (averaging
0.2584), 0.0035-0.2399 (averaging of 0.0340), and 0.0013-
0.1146 (averaging 0.0241), respectively. These results show
that

1) hydrothermal activities occurred in study area during the
deposition of the Ni ore bed;

2) siliceous laminae experienced much stronger hydrother-
mal activities than clay minerals laminae and organic-rich
laminae.

As shown in Fig. 9, the relationships between the element
sets Si+Fe+Mn+P versus Al+Ti+Mg also confirm these results.
Moreover, because the effects of hydrothermal activities, Si
was partly brought by hydrothermal fluids, a possible reason
for the abnormally high Sibio contents in siliceous laminae
discussed in the previous paragraph (Jia et al., 2016; Yeasmin
et al., 2017).

Moreover, the distribution of laminae in this ore bed
follows a somewhat regular pattern. As shown in Figs. 6
and 7, from down to up, the laminae mainly follow two

sequences: One of them is from siliceous laminae, through
clay minerals laminae, to organic-rich laminae, referred as
SCO sets, and the other is from siliceous laminae, through
organic-rich laminae, to clay minerals laminae, named as SOC
sets. Different sequences/sets imply different environmental
evolution histories and will be discussed in the next section.

3.4 Analysis of organo-metal co-enrichment
mechanism

The Ni concentrations differ among the three types of lami-
nae in the Ni ore bed. As documented in Table 1, clay minerals
laminae have much higher Ni concentration than the other two
laminae, with the Ni concentration in the three types ranging
from 313 to 36,680 ppm, averaging 5,703 ppm. The upper
crustal abundance of Ni is about 44 ppm (McLennan, 2001),
so the enrichment factors of Ni in clay minerals laminae can
reach 833.64. In contrast to clay minerals laminae, siliceous
laminae have much lower Ni concentration, ranging 1-686 ppm
(average of 251 ppm). The Ni concentration (from 20 to 1,880
ppm, with an average of 448 ppm) of organic-rich laminae is
higher than that of siliceous laminae but lower than that of
clay minerals laminae. These results imply that Ni is not ho-
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mogeneously distributed in the Ni ore bed, while it is mainly
enriched in clay minerals laminae.

The occurrence of Ni is mainly as independent minerals
(such as millerite and mechernichite), isomorphic complexes,
and adsorption state (such as adsorbed by clay minerals and
organic matter) (Pan et al., 2005; Han et al., 2012; Cao et
al., 2013; Shi et al., 2014; Yu et al., 2023). Millerite and
mechenichite are of hydrothermal origin (Wu et al., 2007).
According to the paleoenvironmental conditions of different
types of laminae, clay minerals laminae experienced relatively
weak hydrothermal activities but have the highest Ni concen-
tration, implying that independent minerals is not the main
occurrence state of Ni in this Ni ore bed. Clay minerals and
organic matter have strong Ni adsorption capacity (Zhang et
al., 2011; Lehmann et al., 2016; Han et al., 2017), and the
adsorption of organic matter to Ni is mainly controlled by
aliphatic carbon (Yu et al., 2023).

Adsorption experiments were conducted to reflect the ad-
sorption capacity of clay minerals (such as illite) and organic
matter (such as humin), with the results shown in Fig. 10.
These data indicate that both illite and organic matter have
strong adsorption capacity for Ni, and the adsorption capacity
of illite is notably stronger than humin. When illite enters in a
standard solution of Ni, it adsorbs more than 80 percent of Ni
during the initial 60 minutes. This abnormally strong adsorp-
tion capacity of clay minerals for Ni is due to their special
structures and compositions; they can adsorb Ni following the

0.2 mm

V/Cr
0 10 20 30 40 50

0 200 400 600 800 1000

U/Th

Ba      (ppm)
10 410 1 10 2 10 3 10 610 5

Si       (%)
0 20 40 60 80 100

bio

bio

ORL

ORL

CML

CML

SML

SML

CML

ORL

SML

ORL

CML

SML

ORL

ORL

SML

SML

SML

ORL

SML

SML

ORL

ORL

SML

CML

S
C

O
 s

et
s

S
O

C
 s

et
s

S
C

O
 s

et
s

S
O

C
 s

et
s

Fig. 7. Variations in paleoproductivity and paleoredox proxies
of laminae section 2 of the Ni ore sample.
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principles of ion exchange adsorption and coordination ad-
sorption (Zhang et al., 2017; Liu et al., 2022). Numerous
spectroscopic experiments have demonstrated that when sil-
icon is present in the solution at a certain concentration, Ni2+

forms new silicate precipitates on the surface of clay minerals
at high pH, namely, layered silicates with Ni2+ as octahedral
cations (Ford et al., 1999; Scheckel and Sparks, 2001; Tan et
al., 2017) (Fig. 11). During the deposition stage of laminae,
clay adsorbed a large amount of Ni from seawater and pore
water than organic matter and the other minerals, and as a
result, Ni concentration in clay minerals laminae is higher than
in other types of laminae.
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Based on the previous discussion, the enrichment mecha-
nisms of Ni and organic matter in the Ni ore bed were shown
in Fig. 12. Hydrothermal fluids transported nutrient elements,
such as Si, Fe, Mn, P, and Ni, from depth to seawater, resulting
in phytoplankton flourishing in the seawater (Yeasmin et
al., 2017; Xia et al., 2020a). In addition, organisms such
as worms, sponges and bacteria thrived around hydrothermal
centers (Jia et al., 2016; Xia et al., 2020a). During this stage,
the sedimentary conditions altered from oxic to anoxic, and
adequate oxygen in seawater was helpful for the growth of
these organisms. Consequently, the paleoproductivity of sea-
water was increased, and a large amount of organic matter was
generated. The generated organic matter was partly oxidized,
along with the consumption of oxygen and the reduction of
variable valence elements (such as Ni3+ was reduced to Ni2+,
and S6+ and S4+ were reduced to S2−) in seawater. Residual
organic matter was deposited and preserved in the sediments,
associated with sulfide minerals (such as pyrite framboids in
Figs. 13(a) and 13(b)). Meanwhile, the conditions of seawater
gradually changed from oxic to anoxic or even sulphate
environments, and this can be proved by the large amounts
of pyrite framboids in organic-rich laminae and clay minerals
laminae (Fig. 13). Terrestrial input brought clay minerals into
seawater, which adsorbed Ni2+ from seawater to generate ni-

(a) (b)

2.21
2.01

Proton transfer
between silicic acids Silicic acid desorption

Intermediate product Intermediate product

Silicic acid dimer Nickel layered silicate

Fig. 11. Forming process of nickel silicate mineral (Dähn et
al., 2003; Tan et al., 2017; Zhang et al., 2017). (a) Heavy metal
hydroxides first appear as epitaxial growth on the octahedron,
and then the hydroxides react with silicic acid to convert into
silicates and (b) heavy metals and silicon grow simultaneously
on the end faces of clay minerals, directly forming heavy metal
layered silicates. Notes: The green dash line means hydrogen
bonding; white means H; red means O; green means Mg;
yellow means Si; and dark blue means Ni.

ckel layered silicate and silicic acid dimers (Fig. 11). Thus,
Ni is mainly enriched in clay minerals laminae, and Ni and
organic matter are not enriched at the same time. Moreover,
clay minerals are closely associated with pyrite framboids
in clay minerals laminae (Figs. 13(c) and 13(d)) because of
the anoxic to sulphate environments. Following this model,
SOC sets would be developed (Fig. 12(a)). In addition, if the
terrestrial input occurred earlier than or simultaneously with
the hydrothermal event, both would bring nutrients to seawater
and then trigger the bloom of phytoplankton. The oxidation of
some of the organic matter consumed oxygen, and the residual
organic matter was deposited and preserved in sediments under
anoxic to euxinic conditions. SCO sets would be generated
according to this model (Fig. 12(b)).

The results of this study indicate that the distribution areas
of Ni ore bed are more promising for Early Cambrian shale gas
exploration and development in the Upper Yangzte Region.

4. Conclusions
1) The Ni ore bed in the Early Cambrian black shale of

the Upper Yangzte Region has much higher contents of
organic matter and Ni than black shale outside this ore
bed. There are four types of laminae in this Ni ore bed,
namely, siliceous laminae, calcareous laminae, clay min-
erals laminae, and organic-rich laminae. Clay minerals
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Fig. 12. Schematic model of the enrichment of Ni and organic matter in the study area, where SWI means sediment-water
interface. (a) Model for SOC sets and (b) model for SCO sets.

laminae and organic-rich laminae were deposited under
anoxic or even euxinic environments, while siliceous
laminae were deposited under strong oxidizing to anoxic
environments.

2) Both organic matter and Ni has inhomogeneous dis-
tribution in the Ni ore bed. Organic matter is mainly
distributed in organic-rich laminae, and Ni is mainly
enriched in clay minerals laminae. Clay minerals and
organic matter have strong adsorption capacity for Ni.
Specifically, in contrast to organic matter, clay minerals
such as illite have notably stronger adsorption ability for
Ni.

3) Even though organic matter and Ni are co-enriched in the
Ni ore bed, organic matter and Ni are not enriched at the
same time from the perspective of laminae. Hydrothermal
events and terrestrial input are key factors affecting the
paleoenvironment and laminated structures during the
deposition of Ni ore bed.
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