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We conducted detailed studies of the Sinian carbonates from the Helan Mountain, Ningxia by both field investigation and labora-
tory analyses of carbon and oxygen isotopes. The carbon isotopic compositions of the Sinian Zhengmuguan Formation shows 
variations with regularity in the five studied sections, the δ13C values all gradually decrease from bottom to top, with a total range 
from −4.51‰ to 0.11‰, and the biggest negative excursion reaches up to −6.88‰. In addition, abundant macro-body fossils were 
also found from the Tuerkeng Formation in this study, similar to those found from the Dengying Formation in the South China 
Block. This observation firmly constrained the age for the Zhengmuguan and Tuerkeng formations to the Sinian period. Here we 
interpreted that the Zhengmuguan Formation formed during a glacial period when the extremely cold climate substantially de-
creased the amount of burial of organic matter in the ocean and thus led to the general negative δ13C excursion. The increasing 
δ13C values in the Tuerkeng Formation dolomites imply the ending of the glacial period in the Zhengmuguan epoch, biological 
recovery and increase of organic matter burial in the ocean occurred during this period. Comparing our obtained carbon and oxy-
gen isotopes of the Zhengmuguan and Tuerkeng formations with those of coeval carbonate successions from other places all over 
the world, the Zhengmuguang-aged glacial deposits might be deposited after the Gaskiers glaciation. This study provides im-
portant information for paleo-ocean, paleogeographic and biological evolution in the North China Block during the Ediacaran 
period and adds new carbon and oxygen isotopes data for the global Sinian carbon-oxygen isotopes dataset. 
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Global-scale glacier events have taken place more than once 
during the whole geological history. These events are inti-
mately related to the atmospheric CO2 concentrations [1,2], 
the global climate changes [3–5], biologic extinctions [6], 
etc. Recently, researches on the Neoproterozoic “snowball 
Earth events” [7,8], Rodinia supercontinent [9] and cap 
carbonates [10–13] have made the Neoproterozoic glacial 
events as new focus around the international geology com-

munity. In China, the Neoproterozoic successions are dom-
inated by carbonates and are mostly distributed in the Tarim 
[14,15], North China [16] and South China [17–19] blocks. 
Previous work mainly focuses in the Quruqtagh area of the 
Tarim Block and the Three Gorges area of the South China 
Block. Because of the limited outcropping of the Neoprote-
rozoic strata in the North Block (only a suit of mountain 
glacial and ocean glacial deposits on the southern margin of 
the Sino-Korean Block), researches on the Neoproterozoic 
glacial events in the North China Block are limited. By re-
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gional geological surveys, we found a suit of Neoprotero-
zoic tillite, with complex conglomerates, chaotic sequence 
and stable output layers in the Helan Mountain, Ningxia,  
North China. This suit of tillite succession has significant 
implications for the Neoproterozoic glacial events in the 
North China Block but so far studies on this tillite succes-
sion are poor. Tillites are possibly deposited in a quiet or 
deep oceanic environment in terms of the micritic structure 
and carbonate cements [20]. Based on systematic studies on 
the tillites of the Helan Mountain, a simple type (drift fur-
rows type) and a complex type (Tuerkeng type) glaciation 
phase models were proposed by Zheng et al. [21]. Zhang et 
al. [22] further suggested that a retreating glacier process 
occurred from south to north in the Ordos Basin, where ice 
sheet in the North China Block gradually shrunk into the 
inner Ordos Basin forming tillites in the terrain sharp transi-
tion zone of the southern margin of the North China Block 
[22]. However, a quantitative and high-resolution study for 
the isotopic compositions within these tillites is required to 
fully understand the evolution of the Neoproterozoic tillites 
in the region. 

Carbon and oxygen isotopes of marine carbonate rocks 
are stable and they have the potential to retain the primary 
isotopic information of the contemporary seawater. On the 
other hand, stable carbon isotope of marine sediments cor-
relates closely with ancient climate changes such as the 
fluctuations in pCO2 and pO2 in the atmosphere [1,3,23]. 
This relation between the surface system evolutions and 
carbon isotopes can provide a particularly useful tool for 
stratigraphic division and comparison at a global-scale. Due 
to the absent detailed zircon-age constraints, the carbon 
isotope composition of marine carbonate rocks have been an 
important tool for the Ediacaran stratigraphic division and 
comparison [1,3,7]. On the basis of detailed field work, in 
this study we provide the first and systematic discussion on 
the carbon and oxygen isotopic composition of the Neopro-
terozoic glacial carbonate cements in the Helan Mountain, 
North China. We also discussed the indications of these data 
on the Neoproterozoic paleogeographic and paleoclimate 
evolution in the Helan Mountain. In addition, no volcanic 
interlayers have been found in the study area before, thus no 
isotopic ages were ever reported, and the depositional age of 
this Neoproterozoic succession is still unknown. We present-
ed the carbon and oxygen isotopic composition of the Sinian 
Zhengmuguan and Tuerkeng formations in the Helan Moun-
tain, along with a comparison on the global-scale for the ob-
served fossils in the Tuerkeng Formation, to confirm the 
depositional ages of these two formations. These studies pro-
vide new constraints on the depositional ages of the Zheng-
muguan and Tuerkeng formations in the North China Block. 

1  Geological setting and the sampling area 

The Helan Mountain is located at the transition zone of be-

tween Tarim-Sino Korean Block and the southern margin of 
the North China Block (Figure 1). It belongs to part of the 
west-east transition zone of the North China Block. The 
tectonic and deformation evolution history is relatively 
complex. Along with the widespread transgression in the 
North China Block during the Meso-Neoproterozoic, stable 
epicontinental deposits were well developed in the Helan 
Mountain, including the Changcheng, Jixian and Sinian 
systems, in an ascending order [24–26]. 

The Sinian sequence is separated from the underlying 
Wangquankou Formation of the Jixian system by an angular 
unconformity and disconformably contacted with the over-
lying Cambrian-aged Suyukou Formation, respectively. The 
sequence crops out mainly in the Jingdiquan-Zhenmuguan- 
Suyukou area, Helan Mountain (Figure 1). The Sinian se-
quence comprises two formations from bottom to top: the 
Zhengmuguan Formation that is composed of tillite and the 
Tuerkeng Formation that is composed of grey-green fine 
sandstone and silty-slate. In this study, we focus on five 
sections of the Sinian sequence in the Helan Mountain, in-
cluding (from north to south, Figure 1) Tuerkeng (PM025), 
Suyukou (PM026), Binggou (PM405), Peijianchang 
(PM1201) and Zihuagou (PM803) sections. 

The total thickness of Sinian strata at Tuerkeng section is 
101 m, comprising the Zhengmuguan (91.2 m thick) and 
Tuerkeng formations (the top not seen, 1 m thick). The 
Zhengmuguan Formation consists of grey-whity thick-bed- 
ded morainic diamictites, with each monolayer of 50–140 
cm thicknees, unconformably overlying the Wangquankou 
Formation. The length of gravels of morainic diamictites is 
0.2–40 cm, composed predominantly of dolomites and 
quartz (10%–30%). The dolomites are characteristic by mi-
crocrystal and rhythmical bedding. The Tuerkeng For-
mation conformably overlies the Zhengmuguan Formation, 
consisting of black-grey thin- and medium bedded sandy 
slate. Parts of them are colorated by iron oxides. Besides, 
abundant macro-body fossils are well preserved in this for-
mation. 

The Suyukou section is more than 163 m thick (Figure 
2(a)), including the Zhengmuguan (25 m) and Tuerkeng 
formations (130 m). The lithologies of the Zhengmuguan 
Formation are briefly described as (1) light grey thick-  
bedded moraine diamictites (Figure 2(b)), with mixed grav-
elly sandy dolomicrite (Sample 026-27); (2) moraine dia-
mictites containing gravel microcrystalline structure and 
comprising 5% clasts, 35% sand and 60% cements (basal 
cementation type); (3) the clasts are mainly chert, dolomite 
and quartz, and the cements are composed of dolomicrite 
and little quartz; and (4) the indentation, nick and stria are 
present on some clasts of the moraine diamictites. In partic-
ular, we found a glacial valley at the contact zone between 
the Zhengmuguan and Wangquankou formations. The ero-
sion depth and level of line-sight of the glacial valley are 40 
and 150 m, respectively, and it was filled with Zheng-
muguan diamictites. On the top of the Suyukou section, 
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Figure 1  The Sinian sections in the Helan Mountain, Ningxia, North China. 

the Tuerkeng Formation is conformable with Zhengmuguan 
Formation, containing a suit of light green-grey silty-slate 
(Figure 2(c)). 

The Binggou section is 245 m thick and consists of 
Zhengmuguan (86.2 m) and Tuerkeng formations (121 m). 
The Zhengmuguan Formation is composed of light-colored 
to flesh-reddish complex moraine diamictites, with each 
layer about 60–300 cm thick. The clasts (70% of the total 
contents) have an average gravel size of 3–6 cm and com-
posed predominantly of dolomite, limestone, little quartz 
and chert. Meanwhile, the cements are calcareous and show 
basal cementation. Some coarse to huge conglomerates are 
also observed in this formation and become smaller along 
the succession downward. On the top of the section, the 
Tuerkeng Formation consists of grey-green silty-slate with 
pyrites (which have been ferritization) and a mass of fossils. 

The 37-m-thick Peijianchang section contains the Zheng- 
muguan (11.1 m) and Tuerkeng formations (the top younger 
layers are not seen, 8 m). On the bottom of the section, the 
Wangquankou Formation consists of light-grey thick-  
bedded chert-dolomite and unconformably contacted with 
the overlying Zhengmuguan Formation. The lower part of 

the Zhengmuguan Formation shows similar characteristics 
with those of other sections. Particularly notable for the top 
of the Zhengmuguan Formation, the sixth and seventh lay-
ers of dolomites (Figure 3(a)) have a total thickness of 140 
cm. The dolomite succession contains no conglomerate, 
strongly different from those of other sections. The sixth 
layer dolomicrites are defined as laminated dolomites in the 
field (Figure 3(a)) and fine-grained quartz sandstone dolo-
micrites with sandy crystallite structure (sample 1201-6-1, 
by microscope (Figure 3(b)). The sand grains comprise 
mainly monocrystalline quartz (45%) and dolomite cements 
(55%) with major basal cementation (part with interstice 
cementation). The seventh layer dolomites are named 
thick-bedded dolomite in the field (Figure 3(a)), and are 
defined as dolomicrites by microscope (sample 1201-7-15). 
The dolomicrite, with microcrystalline structure (Figure 
3(c)), contains more than 95% microcrystalline dolomite, 
with little inhomogeneous distribution quartz. 

The Zihuagou section, with a total thickness of 22 m, 
comprises the Zhengmuguang (the base not seen, 3 m) and 
Tuerkeng formations (11 m). The Zhengmuguan Formation 
shows similar petrological characteristics with those of the  
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Figure 2  The field and micro-structure photographs of the Suyukou section. (a) The integral photograph of the Suyukou section; (b) the 
white-grey thick-bedded moraine anagenite of the Zhengmuguan Formation; (c) the black-grey thin-bedded sandy-slate of the Tuerkeng Formation; (d) the 
micro-structure of mixed gravel and sand dolomicrite of the Zhengmuguan Formation. 

 
Figure 3  Field photographs and microstructure of the dolomites from the 
Peijianchang section. (a) Laminated dolomite of the sixth layer and the 
thick-bedded dolomite of the seventh layer of the Zhengmuguan Formation; 
(b) microstructure of the fine quartz sandstone dolomicrite from the sixth 
layer of the Zhengmuguan Formation, cross-polarized light; (c) micro-
structure of the dolomicrite from the seventh layer of the Zhengmuguan 
Formation, cross-polarized light. 

other sections, consisting of yellow-purple thick-bedded 
conglomerates. The Zhengmuguan Formation is overlain by 
the Tuerkeng Formation which contains purple mud-silty 
dolomites and “vermicule” macro body fossil are preserved 
in the Tuerkeng Formation. 

2  Analysis methods and results 

2.1  Methodology 

A total of 158 fresh limestone and dolomite samples 
(avoiding fractures, calcite veins and post depositional al-
terations) were collected by equal intervals from the meas-
ured five sections of Sinian carbonates in the Helan Moun-
tain. We chose 113 samples among them for carbon and 
oxygen isotopes analyses after microscope identification. 
Based on the petrographic observation, the whole-rock 
samples from the Tuerkeng, Binggou and Zihuagou sections 
are crushed without pollution to less than 200 meshes for 
isotopic analysis. Samples from the Suyukou and Pei- 
jianchang sections were made into thin sections (0.1–0.5 
mm thick) and 200–300 μg cements of the samples were 
used for isotopic analyses.  

The carbon and oxygen isotopic analyses of the Tuerkeng, 
Binggou and Zihuagou sections samples were measured on 
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Finnigan MAT 253 IRMS (isotope ratio mass spectrometer) 
at the State Key Laboratory of Geological Processes and 
Mineral Resources, China University of Geosciences (Wu-
han). The geochemical analysis for the Suyukou and Pei- 
jianchang sections samples were run on the Continuous and 
Stable Isotope Mass Spectrometer CF-IRMS at Guangzhou 
Institute of Geochemistry, Chinese Academy of Sciences. 
The processes of the isotopic analyses are described as fol-
lows: firstly, 0.2 mg samples were taken into round base 
glass bottle and pinned to the bottle, then high purity He 
blown into the bottle; secondly, 5–6 drops of 100% H3PO4 
dropped into the bottle and pinned again to the bottle after 
the balance for more than 6 h at 90°C; finally, the generated 
CO2 was led to the Sample Loop, chromatographic column 
separation (90°C, Poraplot Q, 25 m × 0.32 mm, Varian Ltd, 
Netherlands) and Nafion drying were conducted, then the 
CO2 gas was measured for carbon and oxygen isotopic 
composition analyses on the Mass Spectrometer. National 
standard GBW04405 and international standards IAEA- 
CO-8 and NBS19 were used for correcting the isotope val-
ues. Isotopic composition is reported in standard delta nota-
tion, where δ (in ‰)=[(Rsample–Rstandard) /Rstandard]×1000, rela-
tive to the VPDB (Vienna Pee Dee Belemnite) standard. 
Precisions for the δ13C and δ18O values are better than  
0.1‰. The external accuracy of the carbon and oxygen iso-
topes are <0.15‰ and <0.2‰ [27] relative to the VPDB. 

The post depositional alteration and diagenetic over-
printing of original seawater isotopic signatures are always 
concerns in analyzing the carbon and oxygen isotopes for 
ancient carbonates. The carbon and oxygen isotopic compo-
sition of carbonate rocks is very sensitive to the post-  
depositional alteration. If isotope exchanges have taken 
place among atmosphere, hydrothermal solution and car-
bonates, the δ18O values of the carbonates will deviate from 
the normal values. In general, carbonates have suffered the 
post-depositional alteration if they contain δ18O values low-
er than −5‰ (PDB) but their δ13C composition and content 
are probably not affected. Besides, if δ18O values are lower 
than −10‰, the carbonates must have been eroded strongly 
by the post-depositional alteration, and within weak relia-
bility [1]. On the other hand, a positive correlation between 
δ13C and δ18O for carbonates generally means that the car-
bonates have been affected by diagenesis [1,28]. All the 113 
samples in this study have δ18O values between −10‰ and 
0‰ with an average value of −8.4‰, indicating an original 
δ13C signature of seawater. The correlation coefficients be-
tween δ13C and δ18O data of the Tuerkeng, Suyukou and 
Peijianchang sections are 0.29, 0.27 and 0.1, respectively, 
suggesting that post-depositional fluid flow and associated 
organic diagenesis likely have not taken strong influence on 
the carbon composition of these carbonates. Five samples of 
the Tuerkeng Formation from the Zihuagou section have 
correlation coefficient of 0.78 between δ13C and δ18O, indi-
cating strong alterations by post-depositional diagenesis 
(not discussed in this paper). 

2.2  Results 

A total of 113 carbonate samples were obtained from meas-
ured sections of the Sinian succession for carbon and oxy-
gen isotopes analyses. Carbonates from the Suyukou (50 
samples) and Peijianchang (46 samples) sections were stud-
ied with a high-resolution. The Tuerkeng, Binggou and Zi-
huagou sections were used as comparative sections. The 
carbon and oxygen isotopes data are available in Table 1 
and the δ13C curves are shown in Figure 4. 

At the Tuerkeng section, only one sample was analyzed 
from the Wangquankou Formation, with δ13C value of 
–0.45‰. Samples from the Zhengmuguan Formation show 
a continuous decline in δ13C values from −0.84‰ (base) to 
–2.18‰ (top) (Figure 4). Carbonate samples from the first 
four layers on the bottom of the Zhengmuguan Formation 
show a continuous decline in δ13C values from –0.8‰ (the 
first layer) to the lower cycle minimum δ13C value of 
–1.31‰ (the fourth layer), above this, an anomaly positive 
excursion reaching –0.12‰ (with a slight variation, Figure 
4). On the upper part of the Zhengmuguan Formation,   
the values gradually decline and drop to the minimum  
δ13C value of –2.18‰ of the section. At last, the δ13C values 
keep constant at –2.02‰ after a bigger negative excursion 
occurs on the top of the Zhengmuguan Formation (Figure 4, 
Table 1). 

The Suyukou section received the detailed study herein. 
Within the 24.5-m-thick succession, a total of 50 samples 
were collected by equal intervals for δ13C analyses. The 
δ13C values gradually decline from bottom to top, similar to 
the patterns observed in the Tuerkeng Sinian carbonates 
succession, whereas the Suyukou section samples exhibit 
much bigger excursion amplitudes. The δ13C value of the 
one sample from the Wangquankou Formation is –1.13‰. 
The δ13C values of the Zhengmuguan Formation decline 
sharply from the base (0.11‰) to the top (–6.88‰) (Figure 
4, Table 1), which are arranged in a series of alternating 
positive and negative excursions (such as negative excur-
sion around –2.5‰ on the seventh layer and positive excur-
sion around 0.52‰ on the twenty-first layer) (Figure 4). 
The δ13C values reach its biggest positive values of 0.52‰ 
of this section at the twenty-first layer. After this, δ13C val-
ues gradually decline and the most negative excursion occur 
at the forty-sixth layer of –6.88‰, and then decline with 
smaller oscillation to –3.19‰ on the top of the Zheng-
muguan Formation (Figure 4). 

The variation of carbon isotopic composition of the 
Zhengmuguan Formation, Pejianchang section is similar to 
that observed from the Tuerkeng and Suyukou sections, 
with δ13C values down to –4.72‰ in the top from –1.04‰ 
at the base (Figure 4). One sample from the Wangquankou 
Formation gives δ13C values of –1.10‰. Samples from the 
base of the Zhengmuguan Formation have δ13C values near 
–1.04‰, and then decline to –1.10‰ (Figure 4, Table 1). It 
is similar to the patterns observed from the Suyukou section  
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Table 1  The carbon and oxygen isotopes data of the Sinian carbonates in the Helan Mountain 

Stratigraphya) Sample Thicknessb)(m) Petrology δ13C (‰, VPDB) δ18O (‰, VPDB) 
Tuerkeng section 

Jxw 025-1 3.4 pelsparite −0.45 −6.10 
Z2z 025-2 9.4 micrite −0.84 −6.71 
Z2z 025-3 12.8 micrite −0.94 −5.73 
Z2z 025-4 24.0 micrite −1.31 −5.10 
Z2z 025-5 28.5 micrite −0.12 −7.82 
Z2z 025-7 57.5 dolomicrite −0.79 −7.70 
Z2z 025-8 59.1 micrite −2.18 −6.35 
Z2z 025-9 61.4 micrite −2.02 −6.91 

Suyukou section 
Jxw 026-0 0.0 micrite −1.13 −6.75 
Z2z 026-1 0.5 micrite 0.11 −6.60 
Z2z 026-2 1.0 micrite −0.22  −4.89  
Z2z 026-3 1.5 micrite −0.29  −5.16  
Z2z 026-4 2.0 micrite −0.34  −7.27  
Z2z 026-5 2.5 micrite −0.61  −7.56  
Z2z 026-6 3.0 micrite −0.10  −6.13  
Z2z 026-7 3.5 micrite −2.56  −7.54  
Z2z 026-8 4.0 micrite −0.81  −7.68  
Z2z 026-9 4.5 micrite 0.02  −6.82  
Z2z 026-10 5.0 micrite −0.58  −5.99  
Z2z 026-11 5.5 micrite −1.04  −6.64  
Z2z 026-12 6.0 micrite −0.22  −7.90  
Z2z 026-13 6.5 micrite −0.43  −7.72  
Z2z 026-14 7.0 micrite −0.18  −7.74  
Z2z 026-15 7.5 micrite −0.10  −5.87  
Z2z 026-16 8.0 micrite −0.12  −5.89  
Z2z 026-17 8.5 micrite −0.16  −8.23  
Z2z 026-18 9.0 micrite −0.21  −8.19  
Z2z 026-19 9.5 micrite −0.72  −10.48  
Z2z 026-20 10.0 micrite −0.97  −10.22  
Z2z 026-21 10.5 micrite 0.52  −8.84  
Z2z 026-22 11.0 micrite −0.21  −8.05  
Z2z 026-23 11.5 micrite −0.28  −8.05  
Z2z 026-24 12.0 micrite −0.26  −7.83  
Z2z 026-25 12.5 micrite −0.32  −8.05  
Z2z 026-26 13.0 micrite −0.88  −5.76  
Z2z 026-27 13.5 micrite −0.42  −7.19  
Z2z 026-28 14.0 micrite −1.14  −9.02  
Z2z 026-29 14.5 micrite −0.51  −8.11  
Z2z 026-30 15.0 micrite −0.43  −7.97  
Z2z 026-31 15.5 micrite −0.63  −7.78  
Z2z 026-32 16.0 micrite −0.97  −8.42  
Z2z 026-33 16.5 micrite −0.75 −7.04 
Z2z 026-34 17.0 micrite −1.15 −4.65 
Z2z 026-35 17.5 micrite −2.81  −8.19  
Z2z 026-36 18.0 micrite −1.20  −8.21  
Z2z 026-37 18.5 micrite −2.79  −7.94  
Z2z 026-38 19.0 micrite 0.16  −7.13  
Z2z 026-39 19.5 micrite −0.05  −6.74  
Z2z 026-40 20.0 micrite −1.51  −8.40  
Z2z 026-41 20.5 micrite −2.67  −19.79  
Z2z 026-42 21.0 micrite −1.83  −8.26  
Z2z 026-43 21.5 micrite −1.42  -8.10  
Z2z 026-44 22.0 micrite −1.10  −5.85  
Z2z 026-45 22.5 micrite −2.81  −6.79  
Z2z 026-46 23.0 micrite −6.88  −7.14  
Z2z 026-47 23.5 micrite −1.04  −7.02  
Z2z 026-48 24.0 micrite −3.45 −8.11 
Z2z 026-49 24.5 micrite −3.19 −12.85 

(To be continued on the next page) 



 Yang J, et al.   Chin Sci Bull   November (2013) Vol.58 No.32 3949 

(Continued) 

Stratigraphya) Sample Thicknessb)(m) Petrology δ13C (‰, VPDB) δ18O (‰, VPDB) 
Binggou section 

Z2z 405-11 88.2 micrite −2.15 −7.92 
Z2z 405-12 63.9 micrite −1.23 −8.62 
Z2z 405-13 47.7 micrite −0.70 −6.57 
Z2z 405-14 24.1 micrite −0.75 −6.07 
Z2z 405-15 12.9 micrite −0.70 −6.43 

Peijianchang section 
Jxw 1201-1 1.26 micrite −1.36 −10.91 
Z2z 1201-2 3.30 micrite −1.04 −8.94 
Z2z 1201-3 4.66 crystalline limestone −1.10 −9.66 
Z2z 1201-4 7.38 crystalline limestone −0.79 −7.73 
Z2z 1201-5 11.00 micrite −1.85 −8.27 
Z2z 1201-6-1 11.04 laminar dolomite −1.94 −10.15 
Z2z 1201-6-2 11.08 laminar dolomite −1.88 −10.77 
Z2z 1201-6-4 11.12 laminar dolomite −2.01 −9.31 
Z2z 1201-6-5 11.16 laminar dolomite −1.77 −8.24 
Z2z 1201-6-6 11.20 laminar dolomite −2.11 −9.15 
Z2z 1201-6-7 11.24 laminar dolomite −1.87 −8.95 
Z2z 1201-6-8 11.28 laminar dolomite −2.07 −9.14 
Z2z 1201-6-9 11.32 laminar dolomite −2.16 −9.25 
Z2z 1201-6-10 11.36 laminar dolomite −2.06 −9.42 
Z2z 1201-6-11 11.40 laminar dolomite −2.07 −9.26 
Z2z 1201-6-12 11.44 laminar dolomite −2.10 −10.01 
Z2z 1201-6-13 11.48 laminar dolomite −2.26 −9.62 
Z2z 1201-6-14 11.52 laminar dolomite −2.08 −8.76 
Z2z 1201-6-15 11.56 laminar dolomite −2.38 −9.18 
Z2z 1201-6-16 11.60 laminar dolomite −2.39 −9.83 
Z2z 1201-6-17 11.64 laminar dolomite −2.31 −9.18 
Z2z 1201-6-18 11.68 laminar dolomite −2.36 −9.60 
Z2z 1201-6-19 11.72 laminar dolomite −2.28 −9.80 
Z2z 1201-6-20 11.76 laminar dolomite −2.55 −9.55 
Z2z 1201-6-21 11.80 laminar dolomite −2.31 −9.80 
Z2z 1201-6-22 11.84 laminar dolomite −2.44 −10.33 
Z2z 1201-6-23 11.88 laminar dolomite −2.37 −9.99 
Z2z 1201-6-24 11.92 laminar dolomite −2.31 −9.92 
Z2z 1201-6-25 11.96 laminar dolomite −2.40 −9.21 
Z2z 1201-7-1 12.00 thick-bedded dolomite −2.83 −9.80 
Z2z 1201-7-2 12.04 thick-bedded dolomite −2.83 −9.41 
Z2z 1201-7-3 12.08 thick-bedded dolomite −3.29 −9.26 
Z2z 1201-7-4 12.12 thick-bedded dolomite −3.27 −9.29 
Z2z 1201-7-5 12.16 thick-bedded dolomite −3.43 −9.87 
Z2z 1201-7-6 12.20 thick-bedded dolomite −3.67 −9.20 
Z2z 1201-7-7 12.24 thick-bedded dolomite −3.78 −9.63 
Z2z 1201-7-8 12.28 thick-bedded dolomite −3.70 −9.08 
Z2z 1201-7-9 12.32 thick-bedded dolomite −3.84 −9.19 
Z2z 1201-7-10 12.36 thick-bedded dolomite −4.51 −9.56 
Z2z 1201-7-11 12.40 thick-bedded dolomite −4.58 −9.59 
Z2z 1201-7-12 12.44 thick-bedded dolomite −4.62 −9.30 
Z2z 1201-7-13 12.48 thick-bedded dolomite −4.71 −9.94 
Z2z 1201-7-14 12.52 thick-bedded dolomite −4.65 −9.44 
Z2z 1201-7-15 12.56 thick-bedded dolomite −4.72 −9.52 
Z2z 1201-7-16 12.60 thick-bedded dolomite −4.67 −9.11 

Zihuagou section 
Z2t 803-2 2.5 mud dolomite 0.14 −8.76 
Z2t 803-3 4.3 silty dolomite 0.04 −7.37 
Z2t 803-4 6.4 sand dolomite −0.77 −8.65 
Z2t 803-5 8.4 silty dolomite −1.26 −9.07 
Z2t 803-6 9.8 mud dolomite −1.51 −10.49 

a) Jxw is abbreviation of the Wangquankou Formation in the Jixian system, Z2z the Sinian Zhengmuguan Formation and Z2t the Sinian Tuerkeng Formation. b) 
Strata thickness. The sample number was sequenced from base to top of the section. Samples from the Tuerkeng, Binggou and Zihuagou sections are measured on a 
Finnigan MAT 253 IRMS at the State Key Laboratory of Geological Processes and Mineral Resources, China University of Geosciences (Wuhan). The geochemical 
analysis for the Suyukou and Peijianchang sections samples are measured on the Continuous and Stable Isotope Mass Spectrometer CF-IRMS at the Guangzhou Insti-
tute of Geochemistry, Chinese Academy of Sciences. National standard GBW04405 and international standards IAEA-CO-8 and NBS19 are used for correcting the 
isotopes. The external accuracy of the carbon and oxygen isotopes are <0.15‰ and <0.2‰ [27] relative to the VPDB. 
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Figure 4  Secular variations in δ13C values versus stratigraphic depth (m) for the Sinian carbonates in the Helan Mountain. The dotted lines represent 
comparable different sections, the sixth and seventh layers dolomites of the Peijianchang section have different plotting scales from other sections (marked 
on the diagram). Isotope data of the Zihuagou section have not been discussed. 

as they both have a smaller positive excursion and then the 
δ13C values gradually drop to the lowest value of –4.72‰ 
(Figure 4). Notably, two layers dominated by breccia lime-
stones from the top of the Zhengmuguan Formation turn 
into lamellar and thick-bedded dolomites. We performed a 
higher resolution carbon and oxygen isotopes analyses for 
these two layers of dolomites with a higher sampling densi-
ty. The 41 samples from the 1.4-m-thick layer were col-
lected and they had a consistent variation of δ13C values 
from base (–0.79‰) to top (–4.72‰) with no significant 

oscillation (Figure 4). 
Setting the Binggou section as a comparison basis, we 

selected five carbonate samples from the Zhengmuguan 
Formation to compare with other sections. The carbon iso-
tope values of this section record the lowest degree of δ13C 
values, which vary from –0.70‰ at the base of this for-
mation to –2.15‰ on the top with an average value of 
–1.11‰. This value lies within the same range as that of the 
other sections. 

The mud and silty dolomites from the Tuerkeng For-
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mation of the Zihuagou section have higher δ13C and δ18O 
correlation coefficients than those from other samples, 
which might have suffered stronger post-depositional and 
diagenesis processes. Therefore, these samples are not dis-
cussed in this study. 

In summary, the δ13C values of the four sections exhibit a 
total range from –6.88‰ to 0.52‰, with obviously negative 
excursions concentrating between –4.5‰ and –0.5‰ in the 
middle-upper part of sections. All the δ13C values of the 
Zhengmuguan Formation samples from the four sections 
show a gradual decline from the base to top with the maxi-
mum and minimum δ13C values appear at the base and top, 
respectively. Although small anomaly positive and negative 
excursions occur within these values, they do not signifi-
cantly affect the whole trend of δ13C curve. 

3  Fossils from the Tuerkeng Formation and 
implications for the age of the Sinian succession 
in the Helan Mountain 

A lot of “vermicular” macroscopic fossils were found in the 
silty-slates and dolomites of the Tuerkeng Formation from 
the Tuerkeng, Suyukou, Binggou and Zihuagou sections. 
The “vermicular” fossils are long ribbon-shaped, bilateral 
symmetry, with a width of ~1–5 mm and some even up to 
~8 mm. The length of the fossils is ~10–80 mm, with clear 
minuteness banding groove and rill (Figure 5). The fossils 
are distributed along the layers by circuitous distorted level. 
The fossils are widespread, stable output horizon and not 
restricted by lithofacies zones. They are mainly distributed 
at the upper part of the Tuerkeng Formation in the region. 
Besides the four sections in this study, the “vermicular” 
fossils are also found in the Zhengmuguangou, Alxa Left 
Banner, Inner Mongolia and Jingdiquan, Yinchuan City 
[21,24,26]. Zheng et al. [21] reported this kind of fossil 
from the Banyan Part of the Zhengmuguan Formation (pre-
sent as Tuerkeng Formation) in the Helan Mountain as trace 
fossils Taenioichnus zhengmuguanensis, Helanoichnus 
helanensi, Parascalarituba ningxiaensis, Ningxiaichnus 
suykouensis, etc. and speculated that these fossils were 
formed by some bilaterally symmetrical floppy body ver-
mes or other animals sporting or foraging along the layer 
surface. Futhermore, the “vermicular” body fossils Sabel-
lidites found in the Sinian strata were proven to be such 
banding trace fossils [29]. Besides, Li et al. [30] showed 
that the Taenioichnus in the Sinian slates of the Helan 
Mountain should be classified into Shaanxilithes. The 
banding-liked Shaanxilithes structures are as well wide-
spread in Huaning Huote, Xiangjiagou and Jingning 
Wangjiawan in eastern Yunnan [31], Zhoujieshan For-
mation, Quanji group of the northern margin of the Qaidam 
Basin [32–34], and Gaojiashan biogroup of the middle-  
upper Gaojiashan section of the Dengying Formation in 
southern Shanxi [35,36]. By intensive study on the Shaanx-

ilithes from the Taozichong Formation in Qinzhen, Guizhou 
Province, Hua et al. [31] proposed that the Shaanxilithes 
should be classified as algae fossil fragments but not trace 
fossil or vermes. Compared with the stable distributed 
Shaanxilithes in South Australian, South Shanxi  and 
Yangtze Craton, the Shaanxilithes are now established as an 
important fossil remark in comparing the South China Sini-
an and the global Vendian successions [31]. Helanoichnus, 
Palaeopascichnus，Shaanxilithes and Horodyskia are also 
recognized in the Banyan Part of the Zhengmuguan For-
mation (present as Tuerkeng Formation), and Zhoujieshan 
Formation, Quanji group of the Qaidam Basin, Shen et al. 
[32,33] considered them as series genetic body fossils but 
not trace fossils. Carbon and oxygen isotopic composition 
of carbonates from the Hongtiegou Formation (underlying 
the Zhoujieshan Formation) indicated that this formation 
deposited after the Gaskiers glaciation. As the Palaeopas-
cichnus and Shaanxilithes were found in the middle 
Dengying Formation and the Late Ediacaran in southern 
China, the depositional age of the Zhengmuguan (present as 
Tuerleng Formation) and Zhoujieshan formations in the 
Qaidam Basin were constrained to be deposited in the Edi-
acaran period (Sinian). We have had an oral discussion with 
Dr. Zhu S M about this issue and suggest here that the 
so-called “vermicular” fossils in the Tuerkeng Formation in 
the Helan Mountain belong to Shaanxilithes, which are the 
same species with the fossils of the Dengying Formation of 
the Late Sinian in the Yangtze Craton. Through detailed 
microstructural and microchemical investigation for 
Shaanxilithes ningqiangensis by using paleontology and 
modern analytical techniques, Mike et al. [37] indicated that 
the individual fossil of Shaanxilithes ningqiangensis is un-
branched, bent ribbons, incompletely ribbon edge, concen-
tric stripe likeness stromatolites structure, individual over-
lapping each other but not crosscutting. These pieces are 
similar to primitive organisms and preserved like clay 
molds. All the morphological characteristics indicate that  
 
 

 

Figure 5  Fossils in the top layers of Tuerkeng Formation, Helan 
Mountain. (a)–(c) Marco-body fossils in the Suyukou slate; (d) marco-body 
fossils in the Zihuagou section dolomites. The white line stand for plotting 
scale of 2 mm, and the photographs were taken in the Helan Mountain. 
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these “vermicular” fossils are body fossils but not trace fos-
sils [37]. Therefore, the “vermicular” marco-body fossils in 
the Tuerkeng Formation are similar to those observed from 
the Dengying Formation in South China, thus paleontology 
fossil evidence indicates that the depositional age for the 
Zhengmuguan and Tuerkeng formations is in the Sinian. 

4  Discussion 

On the basis of stratigraphic age, petrological and isotopic 
geochemical composition, the Neoproterozoic-aged glacial 
events are divided into four glacial epochs: Kaigas glacia-
tion (751–741 Ma), Sturtian glaciation (718–660 Ma), 
Marinoan glaciation (651–635 Ma) and Gaskiers glaciation 
(583.7–582.1 Ma) [1,7,10,17,38,39]. Glacial deposits of 
Sturtian and Marinoan ages occur as global-scale and are 
widespread all over the world whereas the Kaigas and 
Gaskiers glaciations-aged glacial deposits are only distrib-
uted in limited regions [11,38]. Although the glacial deposit 
of Gaskiers age is a regional glacial event in the Neoprote-
rozoic, it has significant impacts on the global climate 
changes and biological evolution during this period. The 
Gaskiers glaciation mainly occurred as moumtain glacier, 
which might have formed as ice sheet in some small basins 
with limited spatial distribution [6,7,38]. The typical Gaski-
ers glaciations-aged deposits are preserved in the eastern 
Newfoundland [12], northern Norway [13], and southern 
Oman [40]. Three remarkable δ13C negative excursions oc-
curred in the Ediacaran (Sinian) period. They occurred after 
the Marinoan glaciation, after the Gaskiers glaciation, and 
the boundary of the Ediacaran and Cambrian, respectively 
[38]. The carbonates δ13C values of the upper part of the 
four sections in the Helan Mountain all exhibit a remarkably 
negative excursion from –4.5‰ to –0.5‰, with the maxi-
mum negative excursion dropping to –6.88‰. These fea-
tures of the negative excursions are consistent with those of 
the carbon isotope negative excursions of the post-Gaskiers 
glaciation deposits in the word [14,16,47–49,54]. Combined 
with the petrological characteristics and regional compari-
sons, we propose that the glacial deposits in the Helan 
Mountain might represent a glacial deposit after Gaskiers 
glaciation in the North China Block.  

Due to poor U-Pb age constraints available for the post- 
Marinoam glaciation, a comparison among global-scale 
glacial deposits for the post-Marinoam glaciation event is 
very difficult. The carbon and oxygen isotopes for car-
bonates are generally used to restrict the time of glaciations 
and  compare glaciation events at a global-scale. In this 
study, the isotopes age data for the Zhengmuguan For-
mation glacial deposits are also absent. We therefore took 
δ13C and δ18O values to compare with those reported from 
coeval post-Gaskiers glaciations sedimentary strata in the 
world (Figure 6). The SHRIMP U-Pb zircon age of the 
Hankalchough Formation in the Quruqtagh area, Tarim 

Block are 615±6 Ma–542 Ma [14,41,42]. The 615 Ma age is 
derived from the top of the Zhamoketi Formation, which is 
separated from the Hankalchough Formation by the 
Kenggou and Shuiquan formations [14,41,42]. Because of 
the conformable contact between the Hankalchough For-
mation and the overlying Cambrian Xishanbulake For-
mation, the Hankalchough Formation must be deposited 
prior to 615 Ma and probably close to 542 Ma. Moreover, 
Zhu and Wang [43] also proposed that the depositional age 
of this glacial deposit is after Gaskiers glaciation and prob-
ably earlier than 551 Ma [44]. The δ13C values for car-
bonates of the Hankalchough Formation range from −0.2‰ 
to −17.1‰ and mainly concentrate within −1.2‰ to 
−12.3‰ [14,45], which are similar to the carbon isotopic 
composition patterns found in our result (Figure 6). Moreo-
ver, the Luoquan Formation of the Luoquan glaciation on 
the southern margin of North China Block has previously 
been studied and proved that it could be comparable with 
the Zhengmuguan, Hankalchough and Hongtiegou for-
mations in age [16,21,24,33,46]. The carbon and oxygen 
isotopic composition of the Sinian dolomites in the Ruzhou 
and Lushan area, Henan Province range from −4.97‰ to 
−0.95‰ [16] and the data-point distribution is close to our 
data (Figure 6). 

The regional post-Gaskiers glaciation deposits are also 
reported in other places of the world. Prave et al. [47–49] 
conducted mass geochemistry study on the Neoproterozoic 
Aalradian group in Scotland and Ireland, and detailedly 
analyzed three depositional events of them which related to  

 

 
Figure 6  Carbon and oxygen isotopic composition comparison among 
global coeval deposits and Zhengmuguan Formation in the Helan Moun-
tain. The Zhengmuguan Formation data are from this study, Hankalchough 
Formation data are from Xu et al. [14], Luoquan Formation data are from 
Zhang et al. [16], Shetland of Scotland data are from Prave [47–49], Nafun 
Formation data of Oman are from Guerrou et al. [39], Polanco limestones 
data of Uruguay are from Natlie et al. [54]. 
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the great environment change. The post-Gaskiers glaciation 
deposits (600–551Ma) among of the  Prave et al.’s  studies 
[47–49] are consistent with that of the Suyukou section as 
the δ13C values for carbonates range from −2.9‰ to −0.5‰ 
(Suyukou, −2.79‰ to −0.1‰) and similar point distribution 
as shown in Figure 6. The δ13C values for carbonates of the 
top Sharan, Hugf subgroup, Nafun group (U-Pb age of 
574±5 Ma [40]) at southern Oman range from −7.73‰ to 
4.5‰ [39], which have a larger value range than that ob-
served in this study, whereas the proportion of both ends of 
the Sharan data is not high and mostly centralizes from 
−4.16‰ to −0.71‰. We chose part of their data for com-
paring with ours. The results show a similar distribution 
pattern with that of the Peijianchang section (Figure 6). 
Moreover, the highest-degree research of the Ediacaran 
Polcanco limestones in Uruguay was reported within the 
age of 590–560 Ma [50–53], which deposited after the 
Gaskiers glaciation. Natilie et al. [54] did detailed chemical 
analysis for the carbonates in Uruguay and observed that the 
dolomites δ13C values vary from −2.7‰ to 0.2‰ and δ13C 
values for limestones in this region vary from −3.1‰ to 
0.4‰. These results are highly consistent with the δ13C val-
ues for the carbonates in the Suyukou section (Figure 6). 

Based on the above analyses, we propose that the deposi-
tional time of the Zhengmuguan Formation is probably after 
the Gaskiers glaciation. Although the Tarim-Qaidam Block 
might have been separated from the Sino-Korean Block by 
the Qilian Aulacogen at that time [55,56], the coincident 
records of analogical glacio-marine deposits, paleo-envi- 
ronmental and fossils in both Tarim-Qaidam and Si-
no-Korean blocks together demonstrated that these two 
blocks were not far away from each other. Thus, we suggest 
that the Alxa Block (Helan Mountain) might be linked with 
the Tarim-Qaidam Block during the Sinian period [57]. 

At early Sinian, the western margin of the Ordos Basin 
began to receive deposits, formed a north-south marginal 
geotectogene and transgression took place along the geo-
tectogene, extending from south to north. The Peijianchang 
area was located at the margin of the basin and thus the 
deposition thickness is smaller (11.1 m). The Tuerkeng area 
was located near the center of the basin, the deposition 
thickness is bigger (100 m). At the primary stage of the ba-
sin formation, a suit of glacial deposits occurred in the basin 
and this glaciation was adverse to biological reproduction. 
The organic matter burial in the ocean declined during this 
time, leading to the relative increase in the 12C content in 
the deposits and the decrease in the inorganic carbon δ13C 
values [58]. The δ13C values of the Zhengmuguan Formation 
dolomites gradually decrease from bottom (old) to top 
(young) of the study sections, just consistent with the ex-
tremely cold climate during this period in the region. 

In late Sinian, the glacier began to melt and the climate 
warmed up, the strata of the Tuerkeng Formation recorded 
deposits formed in a peritidal lagoon environment. The high 
CO2 concentration of the atmosphere during this time has 

caused stronger continental chemical weathering, resulting 
in prominent increase of trace elements as Fe, Mo, and the 
entrance of the nutrient element as P into the ocean. At the 
same time, the warm environment promoted complication 
of the eukaryotic cells [59,60]. Fortunately, the base layers 
of the Tuerkeng Formation contain abundant carbons, mac-
ro-body fossils, micro plant fossils and pyrite crystals and 
bandings, thus reflecting the warm environment in this pe-
riod. All these characteristics show an increase of organic 
matter burial in the ocean during the late Sinian. 

5  Conclusions 

Detailed field work and carbon and oxygen isotopic anal-
yses for the Sinian carbonates in the Helan Mountain, 
Ningxia  show that the δ13C values for the Zhengmuguan 
Formation gradually decline from the bottom to up strata. 
The δ13C values vary from −4.5‰ to −0.5‰, with a highly 
negative excursion  around −6.88‰. This is consistent 
with the δ13C negative excursion of global post-Gaskiers 
glaciation deposits. The observed δ13C variation patterns of 
the Sinian carbonates in the Helan Mountain suggest that 
the Sinian glacial deposits have developed in northern Chi-
na, leading to sea level declining and an extremely cold 
climate. Marco-body fossils are abundant in the Tuerkeng 
Formation, implying that the climate has been warmed up 
during that time, along with the increasing organic matter 
burial in the seawater. According to the equivalent distribu-
tion of macro-body fossils in the Zhoujieshan Formation, 
Quanji system in the Qaidam Block and Dengying For-
mation in the South China Block, the depositional age of the 
Zhengmuguan and Tuerkeng formations are constrained to 
the Sinian period. 
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