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Abstract 
This study analyzes the variations in trace element contents and ratios, the 
distribution patterns of rare earth elements, and the sedimentary environment 
and its evolution in the Early Ordovician. In particular, the analysis is based 
on measured section of the Qingjiang Village located in Nangao Town, 
Danzhai County, Guizhou Province. The analysis also considers thin sections 
and the characteristics of C, O isotopes. The lower part of the Tongzi Forma-
tion has a simple lithology and mainly consists of light gray to gray thin-me- 
dium bedded muddy dolomite and dolomicrite with a few dolarenites and 
dolorudites. The upper part of this formation includes gray thin-medium 
bedded fine crystalline dolomite and gray massive bioclastic limestone. Only a 
fraction of gray massive fine crystalline limestone, sparry calcarenite, and cal-
cirudite are on top of the upper part. The Honghuayuan Formation is gener-
ally composed of light gray to gray medium-thick bedded or massive bioclas-
tic limestone, reef limestone, and calcarenite with a few sandstones at the 
bottom. The δ18OPDB values of 18 samples are less than −11‰; in addition, the 
Pr/Pr* and Ce/Ce* ratios are greater and less than 1, respectively. These data 
reflect a sedimentary environment. The lower part of the Tongzi Formation 
might have been formed in an evaporite platform, which was then trans-
formed into a restricted one, which featured a dry climate, a shallow water 
depth, and an insufficient amount of oxygen. By contrast, the upper part of 
the formation was deposited in an open platform, which featured a humid 
climate and relatively increased water depth and reducibility. During the se-
dimentary period of the Honghuayuan Formation, the water energy further 
increased, the climate became humid, the water depth increased, and the re-
ducibility increased. Correspondingly, the sedimentary environment, which 
originally comprised littoral facies that slowly developed into an open plat-
form and into a platform marginal bank, gradually evolved into a platform 
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marginal reef. 
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1. Introduction 

The Early Ordovician section in the Qingjiang Village of Nangao Town in Dan- 
zhai County, Guizhou Province shows clear stratigraphic boundaries (Figure 1), 
complete layers, reliable depositional marks, and abundant fossils. This section is 
an excellent carrier of the sedimentary environment evolution in southeast 
Guizhou and partially reflects the Early Ordovician tectonic evolution of South 
China. During the Palaeozoic Era, southeast Guizhou and its peripheral areas 
indicated a strong potential for hydrocarbon [1]-[9]. As an important marine 
stratum, the Lower Ordovician features desirable reservoir properties. In the 
section under study, the outcrop fractures and dissolved pores are filled with bi-
tumen. To gain further insights into reservoir development characteristics and 
strengthen petroleum geology research by exploring the basic issues related to 
reservoir formation and the potential of marine oil and gas exploration in the 
south, we must clarify the characteristics and evolution of the sedimentary envi-
ronment. Biostratigraphy researches, such as trilobites, corals, conodonts and so 
on, are conducted in the Early Ordovician of Guizhou Province [10] [11] [12] 
[13] [14]. The paleogeography of Tongzi Formation and Huanghuayuan Forma-
tin is also reconstructed in Guizhou Province [15] [16]. Little research on pa-
leoenvironment by applying trace elements is done. Therefore, this study dis-
cusses the Early Ordovician paleoenvironment, including paleoclimate, paleosa-
linity, paleowater depth, paleoxygenation facies, and its evolution in the Danzhai 
region of Guizhou on the basis of petrology characteristics and by synthetically 
using C, O isotopes and trace elements. 

2. Regional Geological Conditions 

The Early Ordovician in South China belongs to the passive continental margin 
stage. A suit of giant carbonate rock wedge develops along the continental mar-
gin [17] [18] [19] [20]. The Lower Ordovician vertically displays an upward- 
deepening transgressive sequence. Danzhai, Guizhou lies in the upper Yangtze 
region on the border between the Qiannan Depression and the Jiangnan Uplift 
(“Qian” is the shortened term for Guizhou Province). The Lower Ordovician is 
well exposed and can be divided into the Tongzi and Honghuayuan Formations 
in the vertical context [21] (Figure 2). This part is in conformable contact with 
the underlying Loushanguan Formation, which belongs to the Upper Cambrian, 
and with the overlying Dawan Formation, which belongs to the Middle Ordovi- 
cian (Figure 2). 
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Figure 1. Geological map of Nangao that shows the location of the study section [22]; *Note: Fm. stands for formation; 1, Wu-
jiaping Fm.; 2, Liangshan Fm., Qixia Fm., Maokou Fm.; 3, Datang Stage, Baizuo Fm.; 4, Wangchengpo Fm., Yaosuo Fm.; 5, Du-
shan Fm.; 6, Shangbangzhai Fm.; 7, Wengxiang Fm.; 8, Honghuayuan Fm., Dawan Fm.; 9, Tongzi Fm.; 10, Second Member, Lu-
shan Fm.; 11, Nangao Fm.; 12, Palang Fm.; 13, Niutitang Fm.; 14, Dengying Fm.; 15, Stratigraphic boundary; 16, Speculative stra-
tigraphic boundary; 17, Reversed fault; 18, Study section; 19, Capital; 20, City. 
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Figure 2. Columnar section of the Lower Ordovician rock characteristics and sedimentary environment in Danzhai, Guizhou. 
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3. Sample Collection, Test, and Data Validity Analysis 

The Lower Ordovician section in the Qingjiang Village of Nangao Town in 
Danzhai County is geographically located at 26˚24'21" north latitude and 
107˚48'55.3" east longitude and has a thickness of 267.53 m. Field survey indi-
cates that the Tongzi Formation is mainly composed of light gray to gray thin- 
medium bedded muddy dolomite, dolomicrite, fine crystalline dolomite, and 
massive bioclastic limestone; it is divided into 23 layers (Figure 2). The Hong-
huayuan Formation principally includes light gray to gray medium-thick bedded 
or massive bioclastic limestone, reef limestone, and calcarenite with a few sand-
stones at the bottom; it is divided into 24 layers (Figure 2). In this study, 10 
samples are collected from the Tongzi Formation, and another 10 samples are 
collected from the Honghuayuan Formation. The thin sections of the samples 
are ground, and the carbon and oxygen isotopes and trace elements are deter-
mined (Table 1). These geochemical samples are processed and tested with an 
ELEMENT XR plasma mass spectrum analyzer in a test research center at the 
Nuclear Industry Geological Institute, Beijing. 

The contents of isotopes and trace elements are related to the sedimentary en-
vironment, lithology, terrigenous clastic content, and diagenesis [23]. The che- 
mical compositions of carbonate rocks are influenced by diagenesis when their 
δ18OPDB values are less than −11‰ [24]. Derry et al. [25] argue that dolomitiza-
tion is not a precondition of carbonate rocks that are unaffected by diagenesis. 
The δ13C values of carbonate rocks represent carbon isotope contents at the 
Proto-Oceanic level when their δ18OPDB values are more than −10‰ [26]. These 
carbon isotope contents are associated with sea level changes and vary between 
−5‰ and 5‰. 

The rock samples in this study are mainly gray thin-medium bedded muddy 
dolomite and dolomicrite and light gray to gray massive bioclastic and reef li-
mestones. The Pr/Pr* ratios of the Lower Ordovician samples are greater than 1, 
whereas the Ce/Ce* ratios are less than 1. As such, the influence of terrigenous 
clasts on the research samples is ruled out. The samples have positive and nega-
tive δ13CPDB values, most of which are negative and range from −1.60‰ to 
0.50‰. The negative δ18OPDB values of the samples only vary between −9.00‰ and 
−2.00‰. This observation indicates that the carbonate rocks may have undergone 
burial diagenesis (Figure 3) and not dolomization. To reflect the sedimentary  

 

  
Figure 3. (a) Carbonate rock C, O isotope distribution chart of the lower ordovician; (b) carbonate rock δ13C, 
Z distribution chart of the lower ordovician. 
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environment characteristics, the values of samples Qing-6 and Qing-14 are dis-
regarded because their δ18OPDB values are −12.8 and −15.1, respectively. The ef-
fect of terrigenous source on Eu being eliminated indicates that such variable is 
influenced by seawater. Consequently, no correlation is observed between Ce/ 
Ce* and Eu/Eu*. This finding implies that diagenesis only slightly influences Eu 
anomaly, which, in turn, represents the original condition of seawater. The re-
maining 18 samples are used to analyze the ancient environment. 

4. Petrologic Characteristics 

The lower part of the Tongzi Formation of the Qingjiang profile has a simple li-
thology and mainly consists of light gray to gray thin-medium bedded muddy 
dolomite and dolomicrite (Figure 2, Figure 4(a), and Figure 5(a), Figure 5(b)) 
with small amounts of dolarenite and dolorudite (Figure 2 and Figure 4(a)). 
The weathered color of this part is grayish yellow, and it contains various 
amounts of mud and siliceous concretion, motted pyrite, and calcite veins. The 
sedimentary structures of this section include wavy bedding, stratiform stroma-
tolite, and stylolite (Figure 2). Fossils are rarely observed (Figure 2), thus indi-
cating that the section primarily consists of penecontemporaneous dolomite. By 
contrast, the upper part of the Tongzi Formation includes gray thin-medium 
bedded fine crystalline dolomite (Figure 2 and Figure 5(c)) and gray massive 
bioclastic limestone. The top part comprises only a few gray massive fine crystal-
line limestone, sparry calcarenite (Figure 5(d)), and calcirudite. Bioclastics in-
clude crinoids, bivalves, brachiopods, and sinoceras (Figure 2), which are au-
tochthonous deposits. These characteristics indicate increased water depth and 
energy. 

The Tongzi Formation is conformably overlain by the Honghuayuan Forma-
tion. The boundary line between these formations is distinct and consists of gray 
thin-medium bedded sandstones with a thickness of 9 m (belonging to the 
Honghuayuan Formation) (Figure 2 and Figure 4(b)). The rock types in the 
Honghuayuan Formation are mainly light gray to gray medium-thick bedded or 
massive bioclastic limestone (Figure 2, Figure 4(c), Figure 4(d), and Figure 
5(e)), reef limestone (Figure 2, Figure 4(e), and Figure 5(f)), and calcarenite 
(Figure 2 and Figure 5(g), Figure 5(h)) with a few sandstones at the bottom 
(Figure 2 and Figure 4(b)). Bioclasts in situ include calathium, crinoids, bra-
chiopods, algae, ostracods, trilobites, and so on (Figure 2). Horizontal bedding, 
low angle cross bedding, and wavy stromatolite can be observed in the Hong-
huayuan Formation (Figure 2 and Figure 4(f)). These characteristics indicate a 
further increase in water energy and depth. 

5. Distribution Patterns of Rare Earth Elements 

The maximum and minimum values of the total rare earth elements (∑REE) are 
35.51 μg/g and 4.97 μg/g, respectively, with a mean of 21.52 μg/g. This mean 
value is significantly smaller than that of the North American shale (i.e., 173.2 
μg/g) in line with the characteristics of the carbonate rocks of low ∑REE. The 
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light rare earth element (LREE) values of the samples range from 4.33 μg/g to 
31.75 μg/g with a mean of 18.99 μg/g. The heavy rare earth element (HREE) values 
range from 0.64 μg/g to 4.03 μg/g with a mean of 2.53 μg/g. The LREE/HREE ratio  

 

 
Figure 4. Outcrop photos of the Lower Ordovician. (a) Light gray medium bedded dolomicrite in the lower part, gray 
thin-medium bedded dolorudite and dolarenite in the upper part, gravel-sized intraclast as large as 15 mm × 5 mm, long strip 
shape, as small as 2 mm × 2 mm, round or oval, 13th layer, the lower part of the Tongzi Formation; (b) Gray (earthy yellow) 
thin-medium bedded sandstone with parallel and cross bedding, the boundary line between the Tongzi and Honghuayuan Forma-
tions, 24th layer, Honghuayuan Formation; (c) Gray medium-thick bedded bioclastic limestone, high bioclastic content of about 
80% and most are crinoids as large as 5 mm × 5 mm and as small as 1 mm × 1 mm, 27th layer, Honghuayuan Formation; (d) Gray 
massive bioclastic limestone, high bioclastic content of about 80% and most are crinoids, brachiopods, calathium, and so on, 30th 
layer, Honghuayuan Formation; (e) Gray massive reef limestone, high bioclastic content of about 60% and most are calathium, 
37th layer, Honghuayuan Formation; (f) Wavy stromatolite, gray stromatolite limestone, 28th layer, Honghuayuan Formation; 
*Note: coin diameter = 2 cm; GI, Cr, Ca, and Br stand for gravel-sized intraclast, crinoid, calathium, and brachiopod, respectively. 



Y. Pei et al. 
 

133 

 



Y. Pei et al. 
 

134 

Figure 5. Microscopic photos of the Lower Ordovician. (a) Dolomicrite, subhedral dolomite as large as 0.1 mm × 0.1 mm 
and as small as 0.02 mm × 0.02 mm, 5th layer, lower part of Tongzi Formation, plane polarized light; (b) Dolomicrite, 
euhedral dolomite as large as 0.05 mm × 0.05 mm and as small as 0.01 mm × 0.01 mm, 14th layer, lower part of Tongzi 
Formation, plane polarized light; (c) Fine crystalline dolomite, subhedral dolomites as large as 0.25 mm × 0.25 mm and 
as small as 0.1 mm × 0.1 mm, 18th layer, upper part of Tongzi Formation, plane polarized light; (d) Sparry calcarenite, 
sand-sized intraclasts as large as 0.15 mm × 0.15 mm and as small as 0.1 mm × 0.1 mm, good sorting and rounding, 23rd 
layer, upper part of Tongzi Formation, plane polarized light; (e) Bioclastic limestone cemented by micrite with calathium, 
30th layer, Honghuayuan Formation, plane polarized light; (f) Reef limestone cemented by sparite with calathium and 
crinoid, 37th layer, Honghuayuan Formation, plane polarized light; (g) Sparry calcarenite, sand-sized intraclasts as large 
as 0.2 mm × 0.2 mm and as small as 0.1 mm × 0.1 mm, poor sorting and rounding, 25th layer, Honghuayuan Formation, 
plane polarized light; (h) Sparry calcarenite, sand-sized intraclasts as large as 0.4 mm × 0.4 mm and as small as 0.1 mm × 
0.1 mm, poor sorting, good rounding, with calathium, 27th layer, Honghuayuan Formation, plane polarized light; *Note: 
SI, Cr, and Ca denote sand-sized intraclast, crinoid, and calathium, respectively. 

 
fluctuates from 6.19 to 8.69 with a mean of 7.49 (Figure 6). This ratio is slightly 
higher than that of the North American shale (i.e., 7.50 μg/g), thus reflecting the 
enrichment in LREE and loss in HREE.  

(La/Yb)N is the slope of the REE distribution curve standardized by the North 
American shale, the ratios of which range from 0.89 to 1.60 with a mean of 1.24. 
This slope depicts the right-dipping curve and the enrichment of LREE. The 
(La/Sm)N and (Gd/Yb)N ratios reflect the degree of fractionation of LREE and 
HREE, respectively. The (La/Sm)N ratios range from 0.89 to 1.24 with a mean of 
1.08, thus indicating that the LREE fractionation is relatively low. The (Gd/Yb)N 
ratios range from 1.00 to 1.54 with a mean of 1.24, thus indicating that the 
HREE fractionation is relatively low (Figure 6) as well. In sum, the ∑REE and 
HREE contents of the carbonate rock samples are low, whereas the LREE con-
tents are relatively high. The above findings also indicate that the LREE and 
HREE fractionations are low (Figure 7). 

6. Sedimentary Environment Analysis 
6.1. Paleoclimate 

The climate of the Early Ordovician covered by this study was mainly arid, and 
the degree of drought from the sedimentary period of the Tongzi Formation to 
that of the Honghuayuan Formation was reduced. These characteristics can be 
explained as follows. The δ18OPDB values of the Lower Ordovician vary between 
−9.00‰ and −2.00‰ with a mean of −5.42‰, thus demonstrating a positive 
anomaly. The values for the Tongzi Formation range from −8.50‰ to −2.00‰ 
with a mean of −5.39‰. The values for the Honghuayuan Formation vary be-
tween −9.00‰ and −3.20‰ with a mean of −5.46‰. The mobility of 16O is 
higher than that of 18O. 16O content decreases because of evaporation, thereby 
relatively increasing 18O content. The Sr/Cu ratios of the Lower Ordovician vary 
between 0.28 and 43.61 with a mean of 12.60. The ratios for the Tongzi Forma-
tion range from 0.28 to 43.61 with a mean of 9.17. The ratios for the Hong-
huayuan Formation vary between 3.55 and 36.35 with a mean of 16.03 (Figure 
8). Generally, when Sr/Cu ratios are between 1.3 and 5.0, the climate is humid. 
By contrast, when these ratios are greater than 5.0, the climate is dry [27]. The 
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dolomites in the lower part of the Tongzi Formation are inferred to be formed 
by penesyndiagenesis, and the sedimentary environment might be under the 
condition of drought. The variations in 18O content and Sr/Cu ratio may reflect a 
periodic climate change vertically. 
 

 
Figure 6. REE contents and paleoenvironmental characteristics of the carbonate rocks in the Lower Ordovician. 
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Figure 7. North American shale normalized REE patterns of carbonate rocks in the Lower Ordovician. 

6.2. Paleosalinity 

The sedimentary environment of the Early Ordovician was generally a marine 
environment. Moreover, the salinity from the sedimentary period of the Tongzi 
Formation to that of the Honghuayuan Formation slightly decreased. The samples 
in this study have positive and negative δ13CPDB values ranging from −1.60‰ to 
0.50‰, but most values are negative; the mean value is −0.56‰. By contrast, the 
δ18OPDB values of the samples are only negative and vary between −9.00‰ and 
−2.00‰ with a mean of −5.42‰. The δ13CPDB and δ18OPDB values are high. Eps-
tein and Mayeda [28] determine that with an increase in salinity, O18/O16 and 
13C/12C increase. The Z values of all the samples, except for one (i.e., 119.79), are 
greater than 120. These values vary between 119.79 and 126.03 (Figure 8) with a 
mean of 123.46, thus indicating a marine environment. The empirical formula 
proposed by Keith et al. [29] is commonly adopted to quantitatively determine 
the salinity of paleowater.  

( ) ( )13 18
PDB PDB2.048 C 50 0.498 O 50Z δ δ= × + + × +  
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Figure 8. Trace element contents and paleoenvironmental characteristics of the carbonate rocks in the lower ordovician. 
 

If the Z value is more than 120, it represents marine limestone; otherwise, it 
depicts freshwater limestone. 

The B contents of the Lower Ordovician vary between 1.25 and 35.20 μg/g 
with a mean of 12.46 μg/g. In particular, the B contents of the Tongzi Formation 
range from 3.44 μg/g to 35.20 μg/g with a mean of 16.51 μg/g, and those of the 
Honghuayuan Formation range from 1.25 μg/g to 13.60 μg/g with a mean of 8.40 
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μg/g (Figure 8). Although the B contents of the samples are lower than those of 
the marine sediment, the B contents of the Tongzi Formation are higher than 
those of the Honghuayuan Formation. The B content of the sediment is corre-
lated with that of the water. Moreover, the B content has a positive linear rela-
tionship with water salinity [30]. As such, the B content of the marine sediment 
is higher than that of the freshwater sediment. Specifically, the B content of the 
marine sediment mostly ranges from 80 μg/g to 125 μg/g [31]. 

The B/Ga ratios of the Lower Ordovician range from 5.63 to 20.21 with a 
mean of 8.97, which is greater than 5.0. In particular, the B/Ga ratios of the 
Tongzi and Honghuayuan Formations vary between 6.19 and 20.21 with a mean 
of 10.28 and between 5.63 and 9.78 with a mean of 7.65, respectively (Figure 8). 
The B/Ga mean ratio of the Tongzi Formation is higher than that of the Hong-
huayuan Formation. B is common in marine sediments, whereas Ga generally 
exists in freshwater sediments. Thus, the B/Ga ratio is high in marine sediments. 
Wang Yiyou et al. [32] consider that the B/Ga ratios of terrestrial sediments, 
marine sediments, and transitional facies sediments are generally less than 3.0 to 
3.3, more than 4.5 to 5.0, and between the first two ranges, respectively. 

The brachiopods and crinoids in the Lower Ordovician also indicate a marine 
environment. 

6.3. Paleowater Depth 

During the Early Ordovician, the water depth ranged from 10 m to 200 m and 
increased. The δ13CPDB values of the Tongzi Formation range from −1.60‰ to 
0.50‰ with a mean of −0.70‰, and those of the Honghuayuan Formation range 
from −1.00‰ to 0.10‰ with a mean of −0.41‰ (Figure 8). The δ13CPDB values 
have a tendency to increase in the vertical context. The Sr/Ba ratios of the Lower 
Ordovician vary between 0.38 and 17.16 with a mean ratio of 4.93. The Sr/Ba ra-
tios of the Tongzi Formation range from 0.38 to 17.16 with a mean ratio of 4.17, 
and those of the Honghuayuan Formation range from 0.70 to 16.01 with a mean 
of 5.70 (Figure 8). The mean ratio of the Honghuayuan Formation is higher 
than that of the Tongzi Formation. When fresh water mixes with sea water, Ba2+ 
in the fresh water and 2

4SO −  in the sea water combine to form BaSO4. More- 
over, Sr2+ and 2

4SO −  combine to form SrSO4. Compared with that of BaSO4, the 
solubility of SrSO4 is higher; thus, the latter can migrate seaward. Furthermore, 
because the radius of Ba2+ is smaller than that of Sr2+, the ion electric potential of 
Ba2+ is small, and it can be easily absorbed by clay minerals, gels, and organic 
materials. The Sr content from land to sea has a tendency to increase, whereas 
the Ba content may decrease [33] [34] [35] [36] [37]. The abundance of crinoids 
demonstrates that water depth might be great. Penecontemporaneous dolomite 
signifies a shallower water depth. 

6.4. Paleoxygenation Facies 

The sedimentary environment during the Early Ordovician was generally oxy-
gen-deficient. Nonetheless, the reducibility of the sedimentary environment was 
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enhanced from the sedimentary period of the Tongzi Formation to that of the 
Honghuayuan Formation. The V/(V + Ni) ratios of the Lower Ordovician vary 
between 0.51 and 0.83 with a mean of 0.68. In particular, the V/(V + Ni) ratios of 
the Tongzi Formation range from 0.59 to 0.83 with a mean of 0.71, and those of 
the Honghuayuan Formation range from 0.51 to 0.79 with a mean of 0.65 
(Figure 8). Hatch et al. [38] investigate the Upper Pennsylvanian black shale in 
Kansas, North America and conclude that V/(V + Ni) ratios larger than 0.89 in-
dicate a reductive environment. Similarly, V/(V + Ni) ratios ranging from 0.54 
to 0.82 indicate a reductive environment in which the water column stratifica-
tion is not obvious. However, V/(V + Ni) ratios smaller than 0.46 indicate an 
oxygen-deficient environment in which stratification is weak. The U/Th ratios of 
the Lower Ordovician vary between 0.39 and 2.93 with a mean of 1.07. In partic-
ular, the U/Th ratios of the Tongzi Formation range from 0.39 to 2.93 with a 
mean of 1.10, and those of the Honghuayuan Formation range from 0.51 to 2.10 
with a mean of 1.04 (Figure 8). The V/Cr ratios of the Lower Ordovician are 
between 0.96 and 3.65 with a mean ratio of 1.50. For the Tongzi and Hong-
huayuan Formations, the V/Cr ratios vary between 0.96 and 2.23 with a mean of 
1.41 and between 0.99 and 3.65 with a mean ratio of 1.59, respectively (Figure 
8). The Ni/Co ratios of the Lower Ordovician range from 0.12 to 1.43 with a 
mean of 0.60. The Ni/Co ratios of the Tongzi and Honghuayuan Formations 
range from 0.31 to 1.43 with a mean of 0.71 and from 0.12 to 0.67 with a mean of 
0.49, respectively (Figure 8). The U/Th, V/Cr, and Ni/Co ratios are reliable dis-
criminant indexes for identifying an oxidative environment from a reductive one 
[39]. In a reductive environment, the U/Th, V/Cr, and Ni/Co ratios are greater 
than 1.125, 4.125, and 7, respectively. In an oxygen-deficient environment, the 
U/Th, V/Cr, and Ni/Co ratios vary between 0.175 and 1.125, between 2.1 and 
4.125, and between 5 and 7, respectively. In an oxidative environment, the U/Th, 
V/Cr, and Ni/Co ratios are less than 0.175, 2, and 5 respectively. Yan Jiaxin et al. 
[40], on the basis of their research into the Qixia Formation in Shuibuya (Hu-
bei), and Shi Chunhua et al. [41], on the basis of their work on the Qixia Forma-
tion in Laibin (Guangxi), point out that V/(V + Ni) and U/Th ratios can be used 
to judge the redox conditions of the paleoenvironment and that the reliability of 
V/Cr and Ni/Co ratios is questionable. The fact that the V/Cr and Ni/Co ratios 
of the samples in the present work correspond to an oxidative environment in-
dicates that such ratios require further research, with regard to their use in de-
termining the redox conditions of the ancient environment. 

The (Ce/La)N ratios of the Lower Ordovician range from 0.77 to 0.98 with a 
mean of 0.85. For the Tongzi and Honghuayuan Formations, the (Ce/La)N ratios 
vary between 0.77 and 0.98 with a mean of 0.84 and between 0.81 and 0.91 with a 
mean of 0.86, respectively (Figure 6). The (Ce/La)N mean ratio of the Tongzi 
Formation is lower than that of the Honghuayuan Formation, thus indicating a 
reducibility enhancement. Bai Daoyuan et al. [42] assert that the (Ce/La)N ratio 
denotes an oxidative, an oxygen-deficient, and a reductive environment when it 
is less than 1.5, when it ranges from 1.5 to 1.8, and when it is more than 2.0, re-
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spectively. 
The Ce/Ce* ratios of the Lower Ordovician vary between 0.83 and 0.96 with a 

mean of 0.89. The Ce/Ce* ratios of the Tongzi and Honghuayuan Formations 
vary between 0.83 and 0.96 with a mean of 0.88 and between 0.88 and 0.96 with a 
mean of 0.91, respectively (Figure 6). The Ce/Ce* ratios of the Honghuayuan 
Formation are higher than those of the Tongzi Formation, thus indicating that 
the oxidability of the sedimentary environment might abate. Ce/Ce* ratios that 
are greater than 1 indicate positive anomalies, which reflect a reductive envi-
ronment. By contrast, Ce/Ce* ratios that are less than 0.95 indicate negative 
anomalies, which reflect an oxidative environment. 

The Eu/Eu* ratios of the Lower Ordovician range from 0.85 to 1.17 with a 
mean of 0.93, which indicates a weak oxidative environment. In particular, the 
Eu/Eu* ratios of the Tongzi Formation range from 0.87 to 0.99 with a mean of 
0.92, and those of the Honghuayuan Formation range from 0.85 to 1.17 with a 
mean of 0.95 (Figure 6). Several samples have positive Eu anomalies, which may 
be related to transgression. This process forces some of the bottom water to 
evolve from an oxidative environment to a reductive one. When the Eu/Eu* ra-
tio is greater than 1, Eu generally shows a positive anomaly, which indicates a 
reductive environment; otherwise, it shows a negative anomaly, which indicates 
an oxidative environment. 

The Ceanom values of the Lower Ordovician vary between −0.072 and 0.005 
with a mean of −0.039. For the Tongzi and Honghuayuan Formations, the Ceanom 
values vary between −0.072 and 0.005 with a mean of −0.044 and between 
−0.054 and −0.014 with a mean of –0.034, respectively (Figure 6). Given that the 
Ceanom values of the Honghuayuan Formation are higher than those of the Tong-
zi Formation, the oxidability of the sedimentary environment weakened. Ce3+ is 
the main existence form of Ce in seawater and sediment. If the water has an 
oxidative environment, then Ce3+ is easily converted into Ce4+, thus producing 
precipitation and displaying Ce negative anomaly [43]. Elderfield and Greaves 
[44] use Ceanom to reflect the enrichment and loss of Ce and the redox conditions 
of the environment. 

( )anom 10 n n nCe log 3Ce 2La Nd= +    (n representing north American shale 
standardization) 

When Ceanom is greater than −0.1, Ce increases and indicates a reductive envi-
ronment. Contrarily, when Ceanom is less than −0.1, Ce decreases and indicates an 
oxidative environment. 

7. Conclusion 

As indicated by the combination of its petrologic and geochemical characteris-
tics, the lower part of the Tongzi Formation might have been formed from an 
evaporite platform into a restricted one, where the climate was dry, the water 
depth was shallow, and the oxygen was deficient. The upper part of this forma-
tion was assumed to be deposited in an open platform, which featured a humid 
climate and increased water depth and reducibility. During the sedimentary pe-
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riod of the Honghuayuan Formation, the water energy further increased, the 
climate became humid, the water depth was great, and the reducibility increased. 
The sedimentary environment, which originally comprised littoral facies that 
slowly developed into an open platform and into a platform marginal bank, 
gradually evolved into a platform marginal reef. Petrologic features are the 
foundation. Compared with them, some geochemical indicators may be more 
precisely. Though influenced by provenance, diagenesis and so on, some indica-
tors are more reliable and are suggested to be emphasized. 
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