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A B S T R A C T   

Lower Cambrian black shales are widely distributed in the Tarim Basin, but those in the Keping area in the west 
have a high total organic carbon (TOC) content different from those in the Kuluketage area in the northeast of the 
basin. The Cambrian Yuertusi Formation in the Shiairike section (Keping) and the Xishanbulake Formation in the 
Yaerdangshan section (Kuluketage) are time-equivalent and can be correlated. Black shales of the Yuertusi 
Formation have lower δ13CKer values (<− 34‰) than the Xishanbulake Formations (δ13CKer values > − 4‰). 
These values suggest that black shales in the Yuertusi Formation were dominated by benthic algae, whereas rocks 
in the Xishanbulake Formation contain substantial amounts of planktonic algae. Analyses of trace elements 
demonstrate an anoxic depositional environment, with high productivity in both the Yuertusi and Xishanbulake 
Formations. The enhanced productivity was promoted by upwelling fluids and hydrothermal events, leading to 
the enrichment of nutrient elements such as barium, cadmium, copper, phosphorus, nickel, vanadium, and zinc. 
More terrigenous inorganic detritus input to the Xishanbulake Formation, which led to less amounts of organic 
matter and degradation of planktonic algae during sedimentation, resulted in a lower TOC content than the 
Yuertusi Formation.   

1. Introduction 

Lower Cambrian black shales are widely distributed in the world. 
These shales have received considerable attention because they can 
provide major petroleum resources and contain many types of ore de-
posits (e.g., Lan et al., 2017; Yang et al., 2017; Li et al., 2018; Wan et al., 
2018; Zhao et al., 2019). Lower Cambrian black shales in South China 
have been used to study the evolution of the Early Cambrian Ocean (e.g., 
Ishikawa et al., 2013; Wang et al., 2015; Jin et al., 2016; Han et al., 
2018; Fang et al., 2019). Studies of the Lower Cambrian strata in the 
Tarim Basin, NW China are relatively few although the Tarim Basin is 
known to have well-preserved Cambrian successions, nevertheless this 
strata has recently drawn more and more attentions from researchers (e. 
g., Yao et al., 2014, 2017; Guo et al., 2017; Liu et al., 2017; C. Zhang 

et al., 2020; Y. Zhang et al., 2020). 
The Tarim Basin is a large superimposed basin and has undergone 

multiple stages of tectonic movements and multiple periods of hydro-
carbon generation, accumulation, and migration (Jia and Wei, 2002; He 
et al., 2005; Zhang et al., 2013; Li et al., 2019). It is one of the most 
important hydrocarbon-bearing basins in China. The Cambrian Yuertusi 
Formation in the Keping region, western Tarim Basin is known to 
contain a high total organic carbon (TOC) content up to 10% (Zhu et al., 
2016). Sedimentary rocks of the Cambrian Yuertusi Formation have a 
high TOC content different remarkably from its equivalent Xishanbulake 
Formation in the northeastern margin of the basin. Besides, the Yuertusi 
Formation source rock thickness is much thinner than that in the Xish-
anbulake Formation. It has been proposed that the eastern part of the 
Tarim Basin developed in deeper water than the carbonate platform in 
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the western part during the Cambrian period (Liu et al., 2011; Pan et al., 
2015). This paleogeographic framework was linked with different 
source rocks in the Lower Cambrian Yuertusi and Xishanbulake For-
mations (Ren et al., 2018). 

Discrepancies in TOC content could be caused by variations in pri-
mary productivity, redox conditions of the bottom water, terrigenous 
detritus input, and sedimentation rate between the western and north-
eastern basin, among other factors. In this study, the geochemical re-
cords, including TOC, carbon isotope compositions of carbonates 
(δ13CCarb) and kerogens (δ13CKer), and major and trace element distri-
butions, were systematically analyzed in the sedimentary rock samples 
collected from the Shiairike and Yaerdangshan sections. The objectives 
are to: (1) identify the differences in geochemical characteristics be-
tween the Cambrian successions from the two sections; (2) reconstruct 
the depositional environment of the Lower Cambrian strata in the Tarim 
Basin; and (3) compare the accumulation mechanisms of organic matter 
in Cambrian successions in the western and northeastern margins of the 
Tarim Basin. 

2. Geologic setting and stratigraphy 

The Tarim Basin in NW China covers an area of 560,000 km2 and is 
tectonically surrounded by the Tianshan orogenic belt to the north, the 
west Kunlun orogenic belt to the southwest, and the Altun orogenic belt 
to the southeast (Fig. 1). The basin is divided into the Kuqa, North, 
Southwest, Southeast, and Tanggu depressions and the Tabei, Bachu, 
Tazhong, and Tadong uplifts (Fig. 1, Pan et al., 2015; Tian et al., 2018). 

The Tarim Basin has a pre-Sinian crystalline basement overlain by 
well-developed post-Sinian sedimentary sequences. It is a typical 
superimposed basin, characterized by Sinian–Paleozoic marine sedi-
mentary sequences overlain by Mesozoic–Cenozoic foreland and intra-
continental sedimentary sequences (Zhang et al., 2013; Zhu et al., 
2019). Most regions of the basin are occupied by desert, but outcrops of 
Precambrian and Paleozoic to Mesozoic rocks are scattered along its 
margins. For instance, in the western marginal Keping area and the 
northeastern marginal Kuluketage area, the Sinian–Cambrian sedimen-
tary sequences are well exposed. 

In the Shiairike section, Keping area, the Lower Cambrian Yuertusi 
Formation rests unconformably on the Sinian Qigebulake Formation and 
underlies the Lower Cambrian Xiaoerbulake Formation. The Qigebulake 

and Xiaoerbulake Formations are dominated by thick dolostones. The 
thickness of the Yuertusi Formation is about 20 m, which begins with a 
thin layer of cherts, followed by black shales and dolostones. Acritarchs, 
algae, and small shelly fossils are common found in the Yuertusi For-
mation (Yao et al., 2005; Dong et al., 2009). 

In the Yaerdangshan section, Kuluketage area, the Xishanbulake 
Formation unconformably overlies on the Sinian Shuiquan Formation 
and underlies the Lower Cambrian Xidashan Formation. The Shuiquan 
Formation is comprised of dolostones. The Xishanbulake Formation is 
composed of siliceous mudstones and black shales, and the Xidashan 
Formation consists of dolostones in the lower part, black shales in the 
middle part, and thick-layered dolostones with interbedded black shales 
and limestones in the upper part. According to previous studies on the 
paleontology and stratigraphy, the Yuertusi and Xishanbulake Forma-
tions are time-equivalent to the Terreneuvian (Table 1and references 
therein). 

3. Samples preparation and analytical methods 

A total of 122 and 42 fresh sedimentary rock samples were collected 
from the Shiairike and Yaerdangshan sections, respectively. Any 
weathered surfaces or post-depositional veins were carefully removed. 
Sample pieces were pulverized (200 mesh) and then TOC, carbonate 
carbon and oxygen isotopes (δ13CCarb and δ18OCarb), δ13CKer, and the 
major and trace elements contents were measured, with the details 
described in the following sections. 

3.1. TOC analysis 

About 80–120 mg of powdered rock was treated with a 15% HCl 
solution for over 24 h to ensure the complete carbonate removal. The 
decalcified solid residue was then washed repeatedly with deionized 
water until the pH value of the solution approached 7. The solid material 
was then dried at 60 ◦C before analysis. TOC analysis was conducted 
with an Eltra CS-800 Carbon Sulfur Determinator at the State Key Lab-
oratory of Organic Geochemistry, Guangzhou Institute of Geochemistry, 
in Guangzhou, China. 

Fig. 1. The distribution of tectonic units in the Tarim Basin and the lithostratigraphic columns of the Shiairike (left) and Yaerdangshan sections (right).  
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3.2. δ13CCarb and δ18OCarb analysis 

Stable carbonate carbon and oxygen isotopes were determined on a 
Gas Bench II carbonate preparation device, which was connected to a 
MAT 253 mass spectrometer at the Key Laboratory of Tectonics and 
Petroleum Resources Ministry of Education, China University of Geo-
sciences (Wuhan, China). Isotopic results were reported in standard 
δ-notion in per mil (‰) relative to the Vienna Pee Dee Belemnite stan-
dard (VPDB). 

3.3. δ13CKer analysis 

The extraction of kerogen was performed according to the procedure 
proposed by Fu and Qing (1995). About 50 g of powdered rock was 
treated repeatedly with dilute HCl and HF to remove carbonate and 
silicate minerals. The residue (i.e., kerogen) was washed with deionized 
water until a neutral state was attained, and then the residue was dried 
under vacuum. The δ13CKer values were measured using an elemental 
analyzer coupled with a conflow interface that automatically transferred 
carbon dioxide gas into a Finnigan Delta Plus mass spectrometer. The 
standard deviation of the carbon isotopic values was less than ±0.3‰. 

3.4. Major and trace elements analyses 

Quantification of major and trace elements was accomplished at the 
ALS Laboratory Group’s Mineral Division, ALS Chemex, in Guangzhou, 
China. The oxides of major elements were measured by a Philips 
PW2404 X-ray fluorescence spectrometer. The relative deviation was 
smaller than 5%, and the relative error of the elemental concentration 
was smaller than 2%. For trace element content analyses, the powdered 
rock samples were digested using HNO3-HClO4-HF-HCl mixed acids. 
Organic-rich samples were firstly combusted at 750 ◦C to sufficiently 
remove the organics and then subjected to the digestion procedure. 
Trace element concentrations were determined by an Agilent 7700x 
inductively coupled plasma mass spectrometer (ICP-MS) combined with 
an Agilent VISTA inductively coupled plasma atomic emission spec-
trometer (ICP-AES). The relative deviation of the measured elemental 
concentration was smaller than 10%. 

4. Results and discussion 

4.1. Comparison of some basic geochemical results between the two 
sections 

4.1.1. Organic matter content 
For the Shiairike section, the TOC content of dolostones in the Sinian 

Qigebulake and Cambrian Xiaoerbulake Formations was very low 
(usually smaller than 0.1%). Whereas the TOC content of the Yuertusi 
Formation was high, ranging from 0.03% to 11.5% (average: 1.79%), 
indicating a distinct variation. For the Yaerdangshan section, the TOC 
content did not vary significantly with a range from 0.06% to 1.42% 
(average: 0.54%). 

4.1.2. Stable carbon and oxygen isotope composition of the carbonate 
For the Shiairike section, the δ18OCarb values of all the three studied 

strata ranged from − 15.2‰ to − 0.9‰ (average: − 6.8‰). The δ13CCarb 
values for the Qigebulake, Yuertusi, and Xiaoerbulake Formations 
ranged from − 1.46‰ to 7.26‰ (average: 3.25‰), − 11.1‰ to 2.47‰ 
(average: ‰3.11‰), and − 1.25‰ to 3.18‰ (average: 2.36‰), respec-
tively. For the equivalent Yaerdangshan section, the δ18OCarb values 
varied from − 10.7‰ to − 4‰ (average: − 7.8‰). The δ13CCarb values for 
the Shuiquan, Xishanbulake, and Xidashan Formations ranged from 
− 3.75‰ to − 0.77‰ (average: − 2.16‰), − 6.68‰ to 2.36‰ (average: 
− 3.84‰), and − 5.31‰ to − 0.65‰ (average: − 2.98‰), respectively. In 
this study, the δ18OCarb values of most samples exceeded − 10‰, without 
obvious positive correlation between the δ13CCarb and δ18OCarb values 
(Fig. 2). This suggested that the samples were only slightly influenced by 
the diagenetic alteration (Derry, 2010). 

The δ13CCarb profile of the Shiairike section (Fig. 3A) indicated a 
positive δ13CCarb value for the Qigebulake Formation, and then a grad-
ually decreasing pattern at the upper part of the formation. At the lower 
part of the Yuertusi Formation, the δ13CCarb value decreased to a mini-
mum of − 11.1‰ and then changed to a positive value at the upper 
Yuertusi Formation, followed by an almost invariable positive value in 
the overlain Xiaoerbulake Formation. There was an obvious δ13CCarb 
excursion at the base of the Cambrian in the Shiairike section. Likewise, 
a negative shift was observed from − 2.3‰ to − 5.6‰ at the lower part of 
the Xishanbulake Formation in the Yaerdangshan section (Fig. 3B). 
Rapid climate warming and a large-scale rise in sea level may have 
influenced the observed δ13CCarb changes in the Tarim Basin (Zhang 
et al., 2006). Extensive studies on the carbon isotopic record during the 
Ediacaran-Cambrian (E-C) transition suggested that the negative δ13C 
anomaly occurred worldwide at the Precambrian-Cambrian boundary 
corresponded to the widespread development of an oxygen-deficient 
marine environment during transgression events (Kimura and Wata-
nabe, 2001). Besides, some publications reported that the extreme 
negative δ13C values most likely resulted from the oxidation of a large 
dissolved organic carbon pool in the deep ocean (Jiang et al., 2007; Och 
and Shields-Zhou, 2012; Ishikawa et al., 2013). During the early 
Cambrian, a transgressive event took place across the Tarim Basin. The 
episodic upwelling transported the 13C-depleted basinal anoxic bottom 
seawater to the continental shelf, and then resulted in a regional nega-
tive 13C anomaly in the Tarim Basin (Yao et al., 2014; Guo et al., 2017). 

4.1.3. Stable carbon isotopic distribution of kerogens 
The distribution of δ13CKer values in the samples from the two studied 

sections is illustrated in Fig. 4. The carbon isotope ratios of 11 kerogens 
from the Yuertusi Formation ranged from − 36.34‰ to − 34.33‰ 
(average: − 34.89‰). While the δ13CKer values of the Xishanbulake and 
Xidashan Formations ranged from − 34.64‰ to − 31.59‰ (average: 
− 32.65‰). 

Some previous studies suggested that the composition of organic 
carbon isotopes is likely constrained from the original organism as-
semblages (Liu et al., 2016; Hu et al., 2018). For example, in the Tarim 
Basin the δ13CKer values of the Lower Paleozoic source rocks dominated 
by benthic algae are usually smaller than − 34‰, whereas those from the 
source rocks dominated by planktonic algae greater than − 30‰ (Liu 

Table 1 
The Lower Cambrian stratigraphic correlation in the Tarim Basin (after Jia et al., 2004; Qian et al., 2009; Cohen et al., 2013; Zhang et al., 2015).  

Chronostratigraphy Numerical age (Ma) Lithostratigraphy 

International China  Keping-Aksu Kuluketage 

Paleozoic Cambrian Series 2 Stage 4 Duyunian 514 Wusonger Fm. Xidashan Fm.    
Stage 3 Nangaoian 521 Xiaoerbulake Fm.    

Terreneuvian Stage 2 Meishucunian 529 Yuertusi Fm. Xishanbulake Fm.    
Fortunian Jinningian 541.0 ± 1.0   

Neoproterizoic Ediacaran   Sinian  Qigebulake Fm. Hangeerqiaoke Fm.        
Shuiquan Fm.  
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et al., 2016; Hu et al., 2018). Researchers have argued that species living 
at deep water with small growth rates have a much lower δ13C value 
than faster-growing algae from the surface water (Wiencke and Fischer, 
1990). Moreover, the high growth rate and small cell size of phyto-
plankton could result in a smaller degree of carbon isotope fractionation 
during photosynthesis (Laws et al., 1995; Close et al., 2011). Thus, the 
carbon isotopic ratio of the micro-planktonic algae is heavier than that 
of the macro-benthic algae. 

A post-depositional alternation, such as bio- and/or thermal degra-
dation, could also leave an influence on the δ13CKer results. Considering 
the similar high thermal mature level of both Lower Cambrian strata 
studied in this work (Wang et al., 2003; Qiu et al., 2012; Yang et al., 
2020), we inferred that different organism assemblages were 

responsible for the difference in δ13CKer values between the Yuertusi 
Formation in the Shiairike and the Xishanbulake and Xidashan Forma-
tions in the Yaerdangshan section. So the Yuertusi Formation with 
δ13CKer values smaller than − 34‰ was dominated by benthic algae, 
while the Xishanbulake and Xidashan Formations dominated by benthic 
and planktonic algae. The Shiairike section was deposited at a shallow 
water with abundant sunlight conducive to the development of benthic 
algae compared to the deep water of the Yaerdangshan section. On the 
other hand, more input from the terrestrial detritus in the Kuluketage 
area (see the discussion in Section 4.1.4) would allow more planktonic 
algae to flourish. Therefore, there were different algae assemblages 
developed in the Shiairike and Yaerdangshan sections during the early 
Cambrian, which was supposed as the main reason for the different 

Fig. 2. Crossplots of δ13CCarb-δ18OCarb for the (A) Shiairike and (B) Yaerdangshan sections.  

Fig. 3. TOC, δ13CCarb, and δ18OCarb profiles for the (A) Shiairike and (B) Yaerdangshan sections. The data represented by the hollow dots were chosen from the 
equivalent sequence of the northern Kuluketage area (Liu et al., 2017). 
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δ13CKer results between these two sections. 

4.1.4. Distribution of major and trace elements in the two sections 
The distribution of trace element concentrations in the two sections 

is displayed in Fig. 5. Cherts and black shales of the Yuertusi Formation 
in the Shiairike section were extremely enriched in barium (Ba), cad-
mium (Cd), chromium (Cr), copper (Cu), molybdenum (Mo), nickel (Ni), 
phosphorus (P), vanadium (V), and zinc (Zn) (Fig. 5A), with varying 
concentrations of 126.5 to 10,000 ppm (average: 4476.89 ppm), 0.16 to 
3.9 ppm (average: 1.4 ppm), 128 to 1384 ppm (average: 520.41 ppm), 
28.8 to 129.5 ppm (average: 68.84 ppm), 1.11 to 39.5 ppm (average: 
13.76 ppm), 30 to 65.6 ppm (average: 46.55 ppm), 60 to 5240 ppm 
(average: 1541.18 ppm), 31 to 1240 ppm (average: 344.15 ppm), and 8 
to 244 ppm (average: 82.12 ppm), respectively. In the Yaerdangshan 
section, these elements were mostly concentrated in the Xishanbulake 
Formation (Fig. 5B), especially for the Ba (max. > 10,000 ppm), V (152 

to 1935 ppm, average: 600.56 ppm), and Mo (18.2 to 79 ppm, average: 
41.32 ppm). The average contents of Cd, Cu, Ni, and Zn in the Xishan-
bulake Formation from the northeastern part were either smaller than or 
similar to those in the Yuertusi Formation from the western part. 
However, the abundance of phosphorus was low in the Xishanbulake 
Formation varing from 120 to 790 ppm (average: 278 ppm). 

During the E–C transition, the Tarim block evolved gradually from a 
rift basin to a passive continental margin basin (Turner 2010; Lin et al., 
2012). Extensional tectonic movements along with large-scale volcanic 
and hydrothermal activities occurred during the E–C period (Yun et al., 
2014; Zhou et al., 2014). For instance, volcanism was reported in the 
northeastern flank (Kuluketage) of the Tarim block (Jiang et al., 2000). 
Geochemical evidence of hydrothermal fluids was reported by some 
previous studies in the Lower Cambrian strata of the Tarim Basin (e.g., 
Sun et al., 2004; Yu et al., 2009; He et al., 2020). In such a tectonic- 
sedimentary setting, the extreme enrichment of Ba, Cd, Cu, Ni, V, and 

Fig. 4. The distribution profile of δ13CKer in the (A) Yuertusi Formation and (B) Xishanbulake and Xidashan Formations (Data from Liu et al., 2017).  
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Zn in the Lower Cambrian Yuertusi and Xishanbulake Formations is 
likely related to the widespread hydrothermal activities. 

The Al/(Al + Mn + Fe) ratio can be applied to determine the origin of 
siliceous materials (Boström and Perterson, 1969; Adachi et al., 1986; 
Yamamoto, 1987). Typical hydrothermal deposits are characterized by 
Al/(Al + Mn + Fe) less than 0.6. In the Yuertusi Formation, the Al/(Al +
Mn + Fe) ratios ranged from 0.07 to 0.62 reflecting a hydrothermal 
origin. This point was also strengthened in the Al-Fe-Mn ternary dia-
gram for the Yuertusi Formation (Fig. 6A). However, neither the Al/(Al 
+ Mn + Fe) ratios (ranging from 0.56 to 0.86) nor the Al-Fe-Mn diagram 
(Fig. 6B) for the Xishanbulake Formation demonstrated a hydrothermal 
event. This was probably due to a substantial continental debris input 
and a large sedimentation rate in the northeastern Tarim Basin. 

The Al contents in sediment were predominantly sourced from 
aluminosilicate clay minerals and rarely affected by weathering or 
diagenesis, thereby providing a robust proxy for terrigenous flux 
assessment (Tribovillard et al., 2006; Calvert and Pedersen, 2007). The 
Al content in rocks from the Xishanbulake and Xidashan Formations 
(0.80–7.35%, average: 2.3%) was much larger than those from the 
Yuertusi Formation (0.06–2.33%, average: 0.58%), indicating more 
detritus input in the Xishanbulake and Xidashan Formations. This was 
also noticeable by the rather flat post-Archean Australia average shale 
(PAAS) normalized rare earth element (REE) patterns in the Xishanbu-
lake Formation (Fig. 7B), which suggested a significant input of terrig-
enous detritus (Kamber and Webb, 2001; Nothdurft et al., 2004; 
Frimmel, 2009; Zhao et al., 2018). In contrast to the Xishanbulake 
Formation, the REE patterns of the Yuertusi Formation (Fig. 7A) were 
characterized by negative cerium (Ce) anomalies, negative europium 
(Eu) anomalies, and a slight depletion of light REEs, similar to the REE 

distribution patterns of seawater below the mixed layer (Elderfield and 
Greaves, 1982). 

4.2. Depositional environment analysis 

4.2.1. Evaluation of paleo-redox conditions 
Trace elements are commonly utilized to infer the paleoenvir-

onmental depositional conditions of sedimentary rocks (Algeo and 
Lyons, 2006; Algeo and Rowe, 2012; Tribovillard et al., 2006; Robbins 
et al., 2016). Redox-sensitive trace elements, such as Mo, U, V, etc., tend 
to be less soluble under reducing conditions, leading to their enrichment 
in oxygen-depleted sedimentary facies. This behavior allows their ratios 
and degree of enrichment in sedimentary rocks to serve as important 
representatives for paleo-redox conditions (Tribovillard et al., 2006). 
For example, U/Th > 1.25, V/(V + Ni) > 0.6, V/Cr > 4.25, and Ni/Co >
7 indicate anoxic conditions. These ratios tend to decrease with 
increasing oxidation level in the depositional environment (Jones and 
Manning, 1994; Kimura and Watanabe, 2001; Rimmer, 2004). The 
enrichment factor (EF) relative to PAAS was calculated by the equation 
XEF = (X/Al) sample/(X/Al) PAAS (Tribovillard et al., 2006), where XEF 
represents the enrichment factor of element X, (X/Al) sample denotes the 
ratio of element X to Al in the sample, and (X/Al) PAAS stands for the ratio 
of element X to Al in PAAS. PAAS data for the normalization were taken 
from Taylor and McLennan (1985). EFs > 1 indicate an elemental 
enrichment relative to the PAAS concentrations; otherwise, they indi-
cate a depletion of the elements. 

A comprehensive description of paleo-redox conditions of the stud-
ied sections based on U/Th, V/(V +Ni), V/Cr, Ni/Co, and MoEF, UEF, and 
VEF is exhibited in Fig. 8. Although slight variations existed in the 

Fig. 5. Trace element profiles (ppm) in the (A) Shiairke and (B) Yaerdangshan sections.  

Fig. 6. Al-Fe-Mn ternary diagrams for the (A) Yuertusi and (B) Xishanbulake Formations.  
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absolute redox conditions based on the various proxies, the trend in all 
employed redox index indicated significant changes in the redox con-
ditions. Generally, in the Shiairike section, dolostones of the Qigebulake, 
Xiaoerbulake, and the upper part of the Yuertusi Formations (TOC <
0.1%) were deposited in a suboxic-oxic condition. However, black shales 
and cherts from the lower part of the Yuertusi Formation extremely 
enriched in Mo, U, V (MoEF, UEF, and VEF > 100) and organic matter 
(maximum TOC content was 11.1%) were deposited in an anoxic set-
tings. In the Yaerdangshan section, paleo-redox conditions in the ocean 
maintained an oxygen-deficiency state during the early Cambrian, 
accompanied by a TOC content less than 1.5%. The Xishanbulake and 
the lower part of the Xidashan Formation were deposited in anoxic 
conditions, while the upper part of the Xidashan Formation was 
deposited under suboxic-anoxic settings. These results indicated that the 
organic-rich rocks of the Lower Cambrian strata in the Tarim Basin were 
generally formed in a reducing environment. 

4.2.2. Paleo-productivity appraisal 
TOC, nutrient elements (e.g., P), and bioessential trace metals (e.g., 

Ba, Cu, Ni, and Zn) are good representatives for reconstructing paleo- 
productivity (Tribovillard et al., 2006; Calvert and Pedersen, 2007; 
Schoepfer et al., 2015). Organic carbon content provides the most direct 
representative for the paleo-productivity assessment (Shen et al., 2015). 
Phosphorus concentrations often showed a positive correlation with 
marine productivity. Its distribution in sediments or sedimentary rocks 
is often linked to the supply of organic matter. However, in an entirely 
reducing environment, there is a possibility of P sequestration from the 
sediment into the water column, leading to a low P concentration even 
in high productivity areas (Algeo and Ingall, 2007; Kraal, 2010). Ba, Cu, 
Ni, and Zn behave as micronutrients in biochemical cycles. They are 
usually delivered into the sediments along with organic matter sedi-
mentation, and thus they are effective representatives for paleo- 
productivity. In the assessment of paleo-productivity with Ba, Cu, Ni, 
and Zn abundances, the detrital fraction should be estimated and sub-
tracted. Al or Ti, typically detrital origin and immobile during diagen-
esis, are commonly used to estimate the detrital contribution 
(Tribovillard et al., 2006). The non-detrital fraction or the part above the 
average shale abundance (excess fraction) of Ba, Cu, Ni, and Zn should 
be calculated as follows: Xxs = Xtotal − Ti × (X/Ti) PAAS, where Xxs, Xtotal, 
Ti, and (X/Ti) PAAS represent the excess element X, the total X, titanium 
concentrations, and the ratio of element X to Ti in PAAS, respectively 
(Timothy and Calvert, 1998). Since no single representative is inher-
ently more reliable than others, paleo-productivity assessments should 
be evaluated based on multiple representatives (Averyt and Paytan, 
2004). Consequently, TOC, phosphorus concentration, Baxs, Cuxs, Nixs, 
and Znxs were employed in this work to appraise the paleo-productivity 
variations in the Lower Cambrian strata in the Tarim Basin (Fig. 9). 

In the Shiairike section, high concentrations of TOC (>10%), P 
(>1000 µg/g), Baxs (>1000 µg/g), Cuxs (>1000 µg/g), and Znxs (>100 
µg/g) were observed in the cherts and black shales of the Yuertusi For-
mation, indicating a high paleo-productivity. Abundant phosphorus was 
transported by the upwelling currents to the Yuertusi Formation (Zhang 
et al., 2007; Yu et al., 2009; Yang et al., 2014). In the Yaerdangshan 
section, the maximum values of Baxs, Cuxs, Znxs, and Nixs were found in 

the Xishanbulake Formation, while the Xidashan Formation showed a 
moderate paleo-productivity. However, generally a low concentration of 
phosphorus less than 500 ppm in the Xishanbulake and Xidashan For-
mations might be due to the dilution from large quantities of terrigenous 
detritus. 

4.3. Factors constraining the organic matter accumulation 

Organic matter accumulation is generally controlled by multiple 
factors, including primary productivity, redox conditions, detritus 
influx, sedimentary rate, and hydrothermal activities (Pedersen and 
Calvert, 1990; Lanza-Espino and Soto, 1999; Sageman et al., 2003). 
Many studies have focused on the sedimentary lithofacies, paleogeog-
raphy, and development model of the Lower Cambrian source rocks in 
the Tarim Basin. For instance, the thermal fluid activity, upwelling 
currents, and anoxic event model (Zhang et al., 2007) was developed for 
the craton marginal depression basin and platform-basin transition 
zone; and the gentle slope model was proposed developed in the middle- 
lower gentle slope and deep-water shelf facies belts, where source rocks 
formed (Pan et al., 2015; Chen et al., 2015; Tian et al., 2018). Zhu et al. 
(2016) modified the development model of the Yuertusi source rocks 
and proposed that they were developed in a middle-lower gentle slope 
sedimentary environment, controlled by multiple factors including up-
welling, hydrothermal activity, sea-level eustacy and organic matter 
preservation conditions. Some other scholars believed that the organic- 
rich fine sediment of the Yuertusi Formation was deposited in an anoxic- 
suboxic restricted gulf lagoon environment, jointly controlled by high 
paleo-productivity and advantageous preservation conditions (Jin et al., 
2020). Moreover, Zhang et al. (2020) suggested that the organic matter 
accumulation in the lower Yuertusi shale was controlled principally by 
high level of marine primary productivity and favorable conditions for 
organic matter preservation from a combination of silica-rich hydro-
thermal fluids and upwelling, while that in the upper shale might have 
been controlled predominantly by anoxic bottom water. 

In this present study, high paleo-productivity and reducing condi-
tions were found in both the Yuertusi and Xishanbulake Formations. 
Hence, the observed discrepancies in their TOC content might have 
originated from some other controlling factors, e.g. the different 
terrestrial detritus inputs and/or sedimentation rate, and distinguishing 
organism assemblages (Fig. 10). 

The Yuertusi Formation in the Shiairike section of the western Tarim 
Basin was deposited in the middle-lower gentle slope and shallow shelf. 
A transgression, rapid regional rise in sea level occurred in the Tarim 
Basin during the early Cambrian. Phosphorus-rich upwelling and hy-
drothermal fluids brought plentiful nutrients (such as Ba, Cu, Ni, V, and 
Zn) having boosted the benthic algae. Providing that the benthic algae 
are more resistant to decomposition during the organic matter sedi-
mentation, this can account for a higher TOC observed in the Yuertusi 
Formation compared with the Xishanbulake and Xidashan Formations, 
where more planktonic algae developed. 

The Xishanbulake and Xidashan Formations in the Yaerdangshan 
section were deposited in an undercompensated deep water settings, 
with abundant nutrients from the volcanic and magmatic fluids, the 
primary biomass was dominated by planktonic algae, and their 

Fig. 7. PAAS-normalized REE patterns in cherts for the (A) Yuertusi and (B) Xishanbulake Formations.  
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remnants settled down to the anoxic seafloor as “sea snow” and incor-
porated into sediments. However, the high sedimentation rate and 
plenty detrital input might have diluted the organic matter flux into the 
sediments, resulting in a low TOC content of the Xishanbulake and 
Xidashan Formations compared to the western Yuertusi Formation. 

5. Conclusions 

In this study, the organic matter accumulation mechanisms of the 
Lower Cambrian successions in the western and northeastern margin of 
the Tarim Basin are discussed, particularly regarding the different 

Fig. 8. Reconstruction of redox conditions for the (A) Shiairike and (B) Yaerdangshan sections.  
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constraints of TOC accumulation in the two regions. By comparing 
geochemical records such as TOC, δ13CCarb, δ13CKer, and major and trace 
elements in the sedimentary rocks of the Shiairike from the western and 
Yaerdangshan from the northeastern sections, the following conclusions 
were drawn:  

(1) A negative δ13CCarb excursion at the base of the Cambrian in the 
Tarim Basin was observed, reflecting a widespread transgression 
event during the early Cambrian.  

(2) Biomass development from different organism assemblages 
might have caused the distinguishing δ13CKer results between the 
Yuertusi Formation and the Xishanbulake-Xidashan Formations, 
as the Yuertusi Formation was dominated by benthic algae while 
the Xishanbulake-Xidashan Formations dominated by a mixture 
of benthic and planktonic algae.  

(3) Both the Yuertusi and Xishanbulake Formations were deposited 
in an anoxic environment, with high productivity enriched in Ba, 
Cu, Mo, Ni, V, and Zn from the active upwelling and hydrother-
mal fluids.  

(4) Different organism assemblages and terrigenous detritus inputs 
might have brought about the different TOC content preserved in 
the Yuertusi Formation from western part and the Xishanbulake 
Formation from northeastern part. Higher biomass proportion 
from planktonic algae, more detritus input and faster sedimen-
tation in the Xishanbulake Formation led to its lower TOC content 
in comparison to the Yuertusi Formation. 
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