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Abstract. The widespread, terminal Ediacaran Dengying

Formation (∼ 551–∼ 542 Ma) of South China hosts one of

the most prominent negative carbonate carbon isotope ex-

cursions in Earth’s history and thus bears on the corre-

lation of the Precambrian–Cambrian boundary worldwide.

The dominantly carbonate strata of the Dengying Forma-

tion are largely studied for their unique preservation of its

terminal Ediacaran fauna but their geochemical context is

poorly known. This study presents the first high-resolution

stable isotope record (δ13C, δ18O) of calcareous siliciclastic

shallow-water deposits of the Gaojiashan section (Shaanxi

Province). The section includes (in ascending order) the Al-

gal Dolomite Member, the Gaojiashan Member and the Bei-

wan Member of the Dengying Formation. Our data record

a major δ13Ccarb negative excursion to −6 ‰ in the upper-

most Gaojiashan Member which is comparable in shape and

magnitude to the global Precambrian–Cambrian boundary

negative δ13C excursion. Our data set is consistent with a

“shallow-water anoxia” scenario which is thought to con-

tribute to the “Cambrian explosion”. The stratigraphic oc-

currence of Cloudina and a large negative δ13C excursion

suggest that the Precambrian–Cambrian boundary is located

near the top of the Gaojiashan Member and, consequently,

that overlying carbonates and dolomites of the Beiwan Mem-

ber are of earliest Cambrian age. Thus the Gaojiashan sec-

tion may represent a new shallow-water section spanning

the Precambrian–Cambrian boundary. Although bio- and

chemostratigraphic data support this novel interpretation, we

cannot exclude the possibility that the key excursions may

represent a local perturbation indicating a restricted-basin en-

vironment.

1 Introduction

The Ediacaran Period (ca. 635–542 million years before

present (Ma) was a time of major global perturbation in

biogeochemical cycles and the reorganization and evolu-

tion of metazoan life (Fike et al., 2006; Weber et al., 2007;

Wang et al., 2012a). Following the end of the late Cryo-

genian Marinoan glaciation, which ended ∼ 635 Ma (Con-

don et al., 2005), Ediacaran ocean chemistry and ecosys-

tems experienced dramatic changes, climaxing in the “Cam-

brian explosion”. Major steps in the evolution of metazoan

life during this time interval can be linked to global neg-

ative carbonate carbon isotope excursions (δ13C) (Zhu et

al., 2007; Shields-Zhou and Zhu, 2013). During the Edi-

acaran, a progressive oxygenation of the deep ocean asso-

ciated with the rise of aquatic and atmospheric oxygen levels

(Fike et al., 2006; McFadden et al., 2008) culminated in a

subsequent transition from anoxic-ferruginous to oxic “mod-

ern” deep-oceanic conditions in the Cambrian (e.g. Och et

al., 2013). However, intermittent euxinic water conditions

and sporadic anoxic-ferruginous deep waters in continental

margin settings were common until the early Cambrian co-

existing with well-oxygenated waters (Canfield et al., 2008;
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Figure 1. Palaeoenvironmental reconstruction of the Ediacaran Yangtze platform (modified after Guo et al., 2007; Cremonese et al., 2014)

and the isotopic record of the Gaojiashan section. (a) Strata at the northern part of the platform display a coastal to shallow-shelf depositional

environment. The Ediacaran slope faces south-east and grades into a deep-water basinal facies in the provinces Hubei, Hunan and Guizhou

provinces (Vernhet et al., 2007). The Gaojiashan section discussed here (red circle) is located in Ningqiang County of southern Shaanxi

Province. (b) Isotopic records of δ13C and TOC data correlated to the stratigraphical column. Stratigraphic column and fossil assemblages

are modified after Q. Scouflaire (personal communication, 2012). Note the two prominent δ13C excursions (PE, NE2) linked to changes

in corresponding TOC content. Shaanxilithes ningqiangensis, Gaojiashania and Cloudina in the Gaojiashan section occupy distinct zones

which correlate with elevated TOC values. ADM: Algal Dolomite Member.

Li et al., 2010). However, the explicit identification and doc-

umentation of stratigraphic sections recording events across

the Precambrian–Cambrian (Pc-C) boundary with little or no

hiatuses remains challenging. Because numerous lithostrati-

graphic studies worldwide have documented widespread ter-

minal Ediacaran relative sea level fall (Ishikawa et al., 2008),

hiatuses or condensed sections are common; biostratigraphic

positions and quality of index fossils are often controversial;

and the validity of chemostratigraphic data is negatively af-

fected by weathering, early- and burial diagenetic overprint,

and alteration (Derry, 2010). In addition, the required age res-

olution of geochronological data is commonly insufficient.

It is therefore widely accepted that only multi-disciplinary

approaches can overcome the deficiencies of the bio-, litho-

or chemostratigraphic record. Traditionally, the global cor-

relation of the Pc-C boundary interval is based on biostrati-

graphic analyses. Narbonne et al. (1987) proposed the first

occurrence of the ichnotaxon Treptichnus pedum as the index

fossil of the earliest Cambrian. The earliest calcareous meta-

zoans, e.g. Cloudina and Namacalathus have been shown

to be of latest-Ediacaran rocks (Germs, 1972; Grotzinger

et al., 2000; Kontorovich et al., 2008; Wood, 2011). Where

trace fossils are missing or poorly preserved, chemostratig-

raphy has proven to be a powerful tool to complement bios-

tratigraphy in Pc-C strata because terminal Ediacaran rocks

record one of the largest global isotopic excursions in Earth’s

history. Negative δ13C excursions of up to −12‰ (Li et

al., 2013) in magnitude can be correlated worldwide, e.g.

in South China (Jiang et al., 2007; Li et al., 2009), Oman

(Amthor et al., 2003), Mongolia (Brasier et al., 1996), Brazil

(Boggiani et al., 2010) and Siberia (Brasier et al., 1994). Sev-

eral of the best preserved and most continuous successions

across the Pc-C boundary are found on the Yangtze platform

in South China (Zhu et al., 2007).

Thus, a combined interpretation of bio- and chemostrati-

graphic data can greatly contribute to identify the strati-

graphic position of the Pc-C boundary where distinct bio-

and lithostratigraphic marker are absent. We present an in-

tegrated interpretation of carbon isotopic and palaeonto-

logical data from the literature, combined with the first

high-resolution δ13C record from the Gaojiashan section

(Fig. 1), Ningqiang County, southern Shaanxi Province

(South China). We investigate the carbon (δ13C) and oxygen

(δ18O) isotopic compositions as well as total organic carbon

(TOC) contents of interbedded coastal carbonate-siliciclastic

strata from the northern part of the Neoproterozoic–

Devonian Yangtze platform.
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2 Geological setting and regional stratigraphy

The Ediacaran Period of the Yangtze platform is divided

into the basal Doushantuo Formation (∼ 635–551 Ma) and

the overlying Dengying Formation (∼ 551–542 Ma) (Con-

don et al., 2005; Zhu et al., 2007). Strata of the Doushan-

tuo Formation directly cover Cryogenian glacial deposits. In

Shaanxi Province, the thick dolostones and limestones of the

Dengying Formation, representing a prograding platform fa-

cies environment associated with a sea-level regression, are

unconformably overlain by the Cambrian Kuanchuanpu For-

mation (Zhu et al., 2003; Steiner et al., 2004). The Dengy-

ing Formation has received less attention than the under-

lying Doushantuo Formation, which has yielded numerous

palaeontological, geochemical and stratigraphic investiga-

tions (Weber et al., 2007; Meyer et al., 2012; Cai et al.,

2013). In part, this is because the Dengying Formation is

up to 1000 m thick, consists nearly exclusively of variably

dolomitized shallow-water platform carbonates dominated

by monotonous shallow-marine and lagoonal–facies micro-

bial boundstones, and lacks distinctive marker beds. It typi-

cally forms steep and subvertical cliffs and karsted surfaces.

However, the middle to upper Dengying Formation at the

northern margin of the Yangtze platform includes a silici-

clastic interval, the Gaojiashan Member, which opens a rare

preservational window into late Ediacaran evolution and has

been investigated for its significant latest-Ediacaran meta-

zoan fauna (Hua et al., 2001, 2003, 2005, 2007; Weber et

al., 2007; Cai et al., 2010, 2011, 2012, 2013; Meyer et al.,

2012).

The approximately 100 m thick Gaojiashan section

(Fig. 1a) is located ∼ 4 km south of the town of Hujiaba. It

exposes (from base to top) the Algal Dolomite Member, the

Gaojiashan Member and the Beiwan Member of the Dengy-

ing Formation (Fig. 1b), which can be correlated with the

Hamajing, Shibantan and Baimatuo members, respectively,

of the same formation in the Yangtze Gorges-type area (Zhu

et al., 2003; Cai et al., 2010). The interbedded siliciclas-

tic and carbonate units at the Gaojiashan section were de-

posited in a passive-margin setting in a dominating coastal

to shallow-water carbonate environment affected by peri-

odic siliciclastic sedimentation (Zhu et al., 2003; Weber et

al., 2007). The Dengying Formation in Ningqiang County

is thought to have been deposited between 551 and 541 Ma

(Condon et al., 2005; Cai et al., 2010, 2011) and thus records

the latest Ediacaran, immediately prior to the onset of the

base-Cambrian radiation of early animals. The basal Al-

gal Dolomite Member predominantly consists of dolostones

with abundant dissolution features (Zhu et al., 2007; Cai et

al., 2010). It is separated from interbedded fine-grained sili-

ciclastics and carbonates of the overlying Gaojiashan Mem-

ber by an erosional unconformity (Zhu et al., 2007). The

Gaojiashan Member at this locality reaches approximately

60 m thickness and can be subdivided into five mappable

units. The basal unit, approximately 10 m thick, consists of

dolomitic green to red shales. It is gradationally overlain

by a shaly ∼ 8 m thick dolomudstone which is glauconitic

and phosphatic near its base and contains mass accumula-

tions of Shaanxilithes ningqiangensis; it coarsens up into a

dolograinstone of a tidal facies. This unit, in turn, is over-

lain by laminated, shale-clast-bearing green pyritic siltstone

interbedded with some grey nodular dolomudstone approxi-

mately 18 m thick. Its upper part, about 5–8 m thick, contains

the so-called Gaojiashan biota, comprising Gaojiashania and

Conotubus. This unit coarsens upward into an impure, bi-

olaminated, dolomitized calcarenite ∼ 8 m thick which dis-

plays oncoids, reworked microbial laminations and trace

fossil horizons. A distinctive, medium- to coarse-grained,

granule-bearing, well-sorted, channelized and cross-bedded

dolomitic and quartz-rich arkose, coarsening-upward and

approximately 9 m thick, marks the top of the Gaojiashan

Member. Its top is gradationally overlain by silty dolomites

and nodular limestones of the Beiwan Member. Overall, the

lithologies, sedimentary structures and inferred facies suc-

cessions are consistent with a regressive sub- to lower in-

tertidal environment into which a delta prograded. Three

important fossil taxa have been described from the Gaoji-

ashan Member (Hua et al., 2005; Weber et al., 2007; Cai

et al., 2010, 2012, 2013; Meyer et al., 2012): Shaanxilithes

ningqiangensis, Gaojiashania and Cloudina. The latter is

one of the earliest biomineralizing organisms and is used to

correlate late Ediacaran (550–540 Ma) strata (Shields-Zhou

and Zhu, 2013) in, for example, Namibia (Germs, 1972),

Oman (Amthor et al., 2003), Canada (Hofmann and Moun-

tjoy, 2001) and Paraguay (Warren et al., 2011). The Gaoji-

ashan Member is capped by a distinct granular arkose with

carbonate–dolomite cement. Cai et al. (2010) refer to this

lithology as a “sandstone–conglomerate unit” which thins

from west to east in the Gaojiashan outcrop belt, and thus im-

plies a western provenance. The overlying Beiwan Member

consists of thick-bedded dolomitized limestone and varies

widely in thickness (Cai et al., 2014). Cai et al. (2010) re-

port Cloudina from this unit at this section, whereas more re-

cent reports describe Cloudina only in the upper Gaojiashan

Member (Guo et al., 2012; Meyer et al., 2012; Cai et al.,

2014).

3 Analytical methods and materials

Approximately 200 samples spaced about 0.3 to 1 m apart

were collected along a traverse ca. 100 m long from the

“Gaojiashan section” at 32◦57′29.48′′ N, 106◦27′33.80′′ E.

To recognize and reduce the effects of a diagenetic over-

print, we analysed 23 petrographic thin sections, cathodolu-

minescent images and oxygen isotopic composition of se-

lected samples.

After removing weathered surfaces and macroscopically

visible veins from samples, cleaned samples were ground to

powder using an agate mill and analysed for their bulk δ13C

www.foss-rec.net/18/105/2015/ Foss. Rec., 18, 105–117, 2015
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and δ18O isotope composition. Stable isotope ratio measure-

ments were performed at the Museum für Naturkunde Berlin

using a Thermo Finnigan GasBench II coupled online with

a Thermo Finnigan Delta V isotope ratio mass spectrometer.

Approximately 100–400 µg of sample material was put into

a clean 10 mL Exetainer. After sealing the Exetainer with a

septum cap the remaining air was removed by flushing the

Exetainer with He for 5 min at a flow of 100 mL per minute.

After flushing, approximately 30 µL of anhydrous phospho-

ric acid was injected through the septum into the sealed Ex-

etainer by using a disposable syringe and allowed to react

for approximately 1.5 h. Reference gas was pure CO2 from

a cylinder calibrated against the Vienna Pee Dee Belemnite

(VPDB) standard by using IAEA reference materials (NBS

18, NBS 19). Isotope values are shown in the conventional

delta notation (δ13C and δ18O) in per mil (‰) versus VPDB.

Reproducibility of replicate measurements of lab standards

(Jurassic limestone) is generally better than 0.10 ‰ (1 stan-

dard deviation).

After decalcifying the sample powder with 2 M HCl, total

organic carbon content (TOC) was calculated by elemental

analysis–isotope ratio mass spectrometry (EA-IRMS) using

a Thermo Finnigan MAT V isotope ratio mass spectrometer

coupled to a Thermo Flash EA 1112 elemental analyser via

a Thermo Finnigan Conflo III interface at the Museum für

Naturkunde Berlin. The analytical error is within 3 % of the

material analysed.

Rare earth element and yttrium (REE+Y) concentrations

were analysed by the geochemistry group at Freie Universität

Berlin. Following the method described in Hohl et al. (2015),

20 mg rock powder of three selected samples (Table 2) was

treated with 3 M acetic acid for at least 12 h; the supernatant

was centrifuged and filtered. The supernatant was then dried

down and convert into nitric form by adding 1 mL of 3 M

HNO3. The samples were then redissolved in 0.28 M HNO3,

weighed, diluted 1 : 20 000 and, for instrumental drift correc-

tion, doped with solutions of 2 ppb In and 1 ppb Tl for ele-

ments analysed in low-resolution mode (REE, Y, Rb, Pb, Sr,

Mo, Cd, In, Tl, P, Th, U) and 12.5 ppb Co for elements anal-

ysed in medium-resolution mode (Mg, Al, Ca, Mn, Cr, Fe,

Co, K, V, Zn, Ti). REE+Y analysis was performed in low-

resolution mode on a Thermo Fisher Scientific Element XR

sector-field ICP-MS using a Scott-type quartz spray cham-

ber and a 100 µLmin−1 nebulizer. Sample time was 120 s

with 20 samples per peak and 60 total scans. With this an-

alytical setup tuning generally yielded low oxide rates of 2–

5 % CeO+ and less than 1 % BaO+. Element concentrations

were evaluated by external calibration method to the matrix-

matching CAL-S carbonate standard (Yeghicheyan et al.,

2003). We corrected for instrument drift using internal stan-

dard solutions containing In and Tl. Background corrections

were performed by subtraction of the raw intensities of aspi-

rated 0.28 m HNO3. The analytical precisions were between

2 and 7 % RSD for REE and Y. The detection limit of light

rare earth elements (LREE) was 100–620 pg g−1, and that of

heavy rare earth elements (HREE) was 16–240 pg g−1. Pro-

cedural blanks of REE+Y were negligible (for further de-

tails, see Hohl et al., 2015).

4 Results

Geochemical data are summarized in Tables 1 and 2.

4.1 Isotope and TOC data

The carbon isotope composition of the Gaojiashan section

shows two negative excursions (NE1 and NE2) separated

by one positive excursion (PE; Fig. 1b; for further informa-

tion see Table 3 in the Supplement). The first negative ex-

cursion (NE1) is preceded by relatively uniform δ13C val-

ues (∼ 0.7 ‰) in the basal part of the section with corre-

sponding δ18O values ranging from −2 to 0 ‰ and TOC

data < 0.01 % (Fig. 1b). TOC concentrations reach highest

values (∼ 0.1 %) within the Shaanxilithes ningqiangensis as-

semblage zone. Isotopic values of overlying micritic lime-

stones begin a positive δ13C trend to 4 ‰, whereafter they

are truncated by the short but sharp negative excursion NE1

to values of −2 ‰. Concurrently, TOC increases to > 0.01 %

along with in situ buried and pyritized Gaojiashania-group

fossils reported from beds correlative with NE1 (Cai et al.,

2010). δ18O values do not correspond to the negative trend

of δ13C data (NE1) but steadily decrease to −6 ‰ in overly-

ing strata. In contrast to δ13C data, δ18O values do not corre-

spond to the trend of NE1 but steadily decrease to −6 ‰ in

overlying strata. Following NE1, biolaminated calcarenites

of the middle Gaojiashan Member host a positive excursion

(PE) to 6 ‰ associated with Cloudina and accompanied by

increasing TOC content (∼ 0.1 %). A subsequent large δ13C

negative decrease to −6 ‰ (NE2; drop of ∼ 10 ‰) and the

last repeatedly documented occurrence of Cloudina, along

with decreasing TOC values (∼ 0.01 %), mark the boundary

interval from the Gaojiashan to the Beiwan Member. δ18O

values do not trace NE2 but show a decrease to −9 ‰ at

the onset of NE2 and recover to ∼−3.5 ‰ for the remaining

section prior to the return of δ13C compositions to ∼ 0 ‰.

Above NE2, δ13C values stabilize around 2 ‰ in the upper-

most coarse-grained sandstone beds and stay largely invari-

ant throughout the overlying dolomites.

4.2 Rare earth element and yttrium (REE+Y) data

Three samples (Gj 56.3, 56.6, 57.0) were analysed for

their REE+Y concentration. Data are normalized relative to

post-Archean Australian Shale (PAAS) (McLennan, 1989).

Values for Ce /Ce* and Eu /Eu* were calculated follow-

ing Lawrence and Kamber (2006): Ce /Ce*=CeN / (PrN*

PrN /NdN ) and Eu /Eu*=EuN / (Sm2
N* TbN )

1/3. These

equations avoid using La and Gd to distinguish real anoma-

lies on Ce and Eu and not anomalies caused by an over-

abundance of the directly neighbouring elements (Ling et

Foss. Rec., 18, 105–117, 2015 www.foss-rec.net/18/105/2015/
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Figure 2. PAAS normalized REE+Y distribution patterns of sam-

ples Gj 56.3, 56.6 and 57.0 of the uppermost Gaojiashan Member

at Gaojiashan section. Samples show a characteristic seawater-like

signature with HREE over LREE enrichment and a distinct Y /Ho

anomaly.

al., 2013). However, several publications have shown that Eu

anomalies may be compromised by analytical artifacts of in-

terfering BaO+ molecules on Eu which cannot be completely

resolved by ICP measurements (e.g. Dulski, 1994). There-

fore Eu /Eu* anomalies are not discussed here.

The three analysed sample leachates reveal typical

seawater-like REE+Y patterns with relative enrichment of

HREE over LREE (PrPAAS /YbPAAS between 0.35 and

0.52) and positive normalized Y /HoPAAS anomalies vary-

ing around 1.4 (Table 2, Fig. 2). Furthermore all samples

show constant positive Ce /Ce* anomalies of the order of

1.4, indicating a relative excess of cerium to its neighbouring

LREE.

5 Discussion

5.1 Preservation of primary isotopic signatures

Carbon and oxygen isotopes of sediments are widely used

as sensitive indicators of diagenetic overprint because their

isotopic values change characteristically during progressive

(burial) diagenesis (Knauth and Kennedy, 2009). Thereby

δ18O values <−10 ‰ and a positive correlation between

δ13C and δ18O are usually interpreted as evidence for alter-

ation (Derry, 2010; Li et al., 2013). Knauth and Kennedy

(2009) proposed that numerous Neoproterozoic negative

δ13C anomalies were caused by meteoric alteration pro-

cesses. However, Macouin et al. (2012) pointed out that a

co-variation between the systems due to meteoric alteration

had to involve terrestrial phytomass and organic-rich soils in

which mineralization could occur. For this, no Neoprotero-

zoic evidence exists.

We argue that the obtained isotopic data set at Gaojiashan

section represents a primary marine isotope signature for the

following reasons. δ18O data range from −9 to 0 ‰ (average

Figure 3. Cross plot of δ18O and δ13C of samples from the Gao-

jiashan section to estimate alteration effects. Grey circles represent

values within the range of the negative δ13C excursion NE2. No

significant correlation indicating diagenetic resetting is obvious.

δ18O=−5 ‰; Table 1) and therefore fail to fulfill the diage-

netic criteria stated above. δ18O vs. δ13C (Fig. 3) shows no

correlation. Especially δ13C and δ18O data near the promi-

nent negative δ13C excursion (grey circles, Fig. 3) lack any

correlation which would be expected if alteration had been a

dominant post-depositional process during late open-system

diagenesis. If fluid alteration had been present at all, it was

presumably too weak to re-equilibrate the δ18O isotopic com-

position of the mineral phases and thus too small to signifi-

cantly alter the δ13C composition of the rock (Kaufman and

Knoll, 1995).

Very early closed-system diagenesis could have occurred

but most likely did not affect the isotope values.

Furthermore, strata comprising NE2 for which a diage-

netic overprint could be suspected show a distinct marine

seawater-like REE+Y pattern. There is no indication for

post-depositional alteration effects such as an increase in

LREE or a decrease in the Y /Ho ratio (Northdurft et al.,

2004). Instead obtained REE+Y values are consistent with

open-ocean seawater-like REE signatures showing HREE

enrichment over LREE and MREE and a characteristic posi-

tive Y /Ho anomaly (Fig. 2; e.g. Bau and Dulski, 1996). If it

is accepted that the REE+Y patterns record primary seawa-

ter signatures, it is most likely that the δ13C and δ18O values

represent original marine signals too. Therefore, we argue for

a primary oceanic signal of isotope data.

5.2 Correlation of strata in the Ningqiang area

Lithostratigraphic correlation of late Ediacaran strata in

southern Shaanxi Province remains under debate due to large

www.foss-rec.net/18/105/2015/ Foss. Rec., 18, 105–117, 2015
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Figure 4. Comparison of simplified litho- and biostratigraphic columns of the Lijiaguo section (a, b) and the Gaojiashan section (c–e) in

Ningqiang County. Stratigraphic columns reported in the literature from both sections show significant stratigraphic uncertainties. Blue bars

represent the occurrence of Cloudina used for correlation of columns shown. At Lijiaguo section (ca. 20 km NW of Gaojiashan section)

the assignment of dolostones to either the Beiwan Member (a) or the Gaojiashan Member (b) is unresolved. Note that the marker horizon

(“sandstone–conglomerate unit”) of Cai et al. (2010) is absent at Lijiaguo section. At Gaojiashan section (c–e), the stratigraphical occurrence

of Cloudina is probably limited to the upper Gaojiashan Member (d, e). Chemostratigraphic data (Fig. 12, this study) suggest that the Beiwan

Member is of lower Cambrian age (e). Dashed lines represent assumed contacts.

lateral thickness changes, limited outcrop and structural sep-

aration of the folded and faulted outcrop belts (Weber et al.,

2007; Cai et al., 2010, 2014); in addition, chemostratigraphic

work in Ningqiang County is sparse (Zhu et al., 2007; Guo

et al., 2012).

Cai et al. (2010) correlate seven sections of the Dengying

Formation across the Ningqiang area showing significant re-

gional variations in the thickness of the Gaojiashan Member.

Cai et al. (2010) based their correlation on the occurrence of

Shaanxilithes ningqiangensis in the lower Gaojiashan Mem-

ber and on the presence of a sandstone–conglomerate unit

at its top. However, because the marker horizon is absent in

three of these seven measured sections, its value is less than

perfect, and thus the regional correlation of the upper Gaoji-

ashan Member remains ambiguous.

Large thickness variations in the Beiwan Member dolo-

stones from > 300 m (Hua et al., 2007; Weber et al., 2007;

Zhu et al., 2007) to zero (Hua et al., 2003, 2005; Cai et al.,

2014) also demonstrate the inadequacy of lithostratigraphy

as a reliable correlation tool. Thick dolostones were variably

and inconsistently assigned either to the Beiwan Member or

the Gaojiashan Member in the literature (Hua et al., 2007;

Weber et al., 2007; Guo et al., 2012; Cai et al., 2010, 2013,

2014). As a case in point, the Lijiaguo and the Gaojiashan

sections (Fig. 4) graphically illustrate the stratigraphic un-

certainties of the Precambrian–Cambrian boundary intervals

in the Ningqiang area.

At Lijiaguo section, the sandstone–conglomerate unit is

absent (Cai et al., 2010) and the dolostone overlying the mid-

dle part of the Gaojiashan Member is assigned to either the

Beiwan Member (Hua et al., 2007; Weber et al., 2007; Cai

et al., 2010) (Fig. 4a) or to the upper part of the Gaojiashan

Member (Cai et al., 2013, 2014; Fig. 4b).

Discrepancies concerning the biostratigraphic occurrence

of Cloudina complicate the stratigraphic framework at Gao-

jiashan section as well (Fig. 4c–e). While Cai et al. (2010) re-

ported the occurrence of Cloudina in both the Gaojiashan and

Beiwan Members (Fig. 4c), Cloudina is confirmed in more

recent publications only for the Gaojiashan Member (Guo et

al., 2012; Cai et al., 2013, 2014) (Fig. 4d); this is consistent

with our own observations (Fig. 4e).

Lastly, the lithological nature of the contact between the

Dengying Formation and the overlying Kuanchuanpu For-

mation is highly variable among sections. Whereas at the Li-

jiaguo section Dengying dolostones are overlain by cherts

(Fig. 4a, b), Dengying dolostones at the Shizhonggou sec-

tion are overlain by limestones containing small shelly fos-

sils, both assigned to the Kuanchuanpu Formation (Steiner et

al., 2004). Because of the lack of distinct lithological marker

horizons, radiometric age data and detailed chemostrati-

graphical analyses, the age of Beiwan dolostones overlying

the Cloudina assemblage at Gaojiashan section and its up-

permost unit, the sandstone–conglomerate unit, is hence un-

certain.
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Thus, the highly variable stratigraphy between and within

the outcrop belts demonstrates that biostratigraphic and litho-

logical description alone is insufficient to reliably assign

strata stratigraphically, and thus prerequisites for regional

and supra-regional correlation require the integration of

chemostratigraphy and geochronological data.

5.3 Chemostratigraphic correlation of the Gaojiashan

section

Carbon isotope data of the Gaojiashan section show two

prominent features: first, a positive δ13C excursion (PE) as-

sociated with the appearance of Cloudina fossils in the upper

Gaojiashan Member; second, a large negative δ13C excursion

(NE2) in the uppermost Gaojiashan Member. We suggest that

the Gaojiashan section represents the Pc-C boundary interval

and that NE2 correlates with the global negative δ13C excur-

sion associated with the approximate beginning of the lower

Cambrian (Brasier et al., 1994, 1996; Narbonne et al., 1994;

Amthor et al., 2003; Kaufman et al., 2006; Ishikawa et al.,

2013; Li et al., 2013).

This hypothesis is supported by the following evidence:

1. δ13C values of the lower Gaojiashan Member are in

agreement with previously reported data from Guo et

al. (2012) and other Dengying Formation shallow-water

settings of South China (Jiang et al., 2007; Wang et

al., 2012b). Additionally, δ18O values near−5 ‰ match

late Ediacaran δ18O data from the Yangtze platform

(Yang et al., 1999; Jiang et al., 2007).

2. The presence of Cloudina fossils in the upper Gaoji-

ashan Member is a global marker for terminal Ediacaran

strata because Cloudina is known to become extinct

just prior to the Pc-C boundary event (Amthor et al.,

2003). Their association with a positive δ13C interval

preceding the prominent Pc-C negative δ13C isotopic

excursion is widely documented at late Ediacaran sec-

tions on the Yangtze platform (Zhu et al., 2003, 2007;

Zhou and Xiao, 2007) as well as in Oman (Amthor

et al., 2003). Additionally, 87Sr / 86Sr ratios between

∼ 0.708 and ∼ 0.709 reported from this part of the sec-

tion (Ohnemueller et al., 2013) suggest open-ocean con-

ditions and agree with global late Ediacaran sections

(Halverson et al., 2007; Sawaki et al., 2014).

3. The positive excursion PE is followed by a decrease in

carbon isotope values with a minimum at −6 ‰ (NE2).

Magnitude and shape of NE2 find significant equiva-

lents in other Pc-C boundary sections (e.g. Amthor et

al., 2003; Zhu et al., 2007; Ishikawa et al., 2008; Li et

al., 2013; Fig. 5). Nevertheless, several small late Edi-

acaran carbon isotope excursions preceding the Pc-C

boundary excursion exist, e.g. in the Stirling Quartzite,

SW Laurentia (Corsetti and Kaufman, 2003; Kaufman

et al., 2007; Verdel et al., 2011), and the Krol D Forma-

tion of the Lesser Himalaya, northern India (Kaufman

et al., 2006); however they are smaller in magnitude and

maybe of local extent. No other negative δ13C excursion

of an offset of∼ 10 ‰ is known from the Dengying For-

mation; thus, NE2 at Gaojiashan section likely records

global perturbations of the carbon cycle during the Pc-C

boundary transition.

4. The regression (Gaojiashan Member)–transgression

(Beiwan Member) cycle related to the negative δ13C

excursion (NE2) at Gaojiashan section is in agree-

ment with the globally observed major late Ediacaran

regression–early Cambrian transgression character at

the Pc-C boundary (Ishikawa et al., 2008).

Thus, we propose a correlation of the Gaojiashan section

to worldwide Pc-C boundary sections. To illustrate our hy-

pothesis, we compare the chemostratigraphy of the Gaoji-

ashan section to global data sets (Amthor et al., 2003; Zhu

et al., 2003; Shields-Zhou and Zhu, 2013) based on the two

aforementioned δ13C excursions (PE, NE2) and the known

range of the Cloudina assemblage (Fig. 5).

5.4 Causes of isotopic variations at Gaojiashan section

and their palaeoenvironmental implications

Two alternative scenarios may have caused isotopic varia-

tions at Gaojiashan section. The creation of a negative car-

bon isotopic trend to −6 ‰ (NE2) requires the formation of

a strongly 13C-depleted pool of dissolved inorganic carbon

(DIC). High (surface-water) bioproductivity, suggested by

two prominent fossil assemblages (Gaojiashania and Cloud-

ina), contributed to the evolution of PE. Resulting increasing

organic matter export to depth thus provoked high remineral-

ization rates and oxygen depletion in bottom waters. Anoxic

conditions in deep waters and in the sediment enabled the ox-

idation of organic matter via, for instance, sulfate-reducing

bacteria, which contributed to a 13C-depleted deep-water

DIC pool, a scenario similarly postulated for the Ediacaran

Shuram–Wonoka anomaly (Jiang et al., 2007; McFadden et

al., 2008). A subsequent shoaling of the chemocline and

its chemical consequences likely strengthened water column

stratification and led to vertical isotopic gradients (Jiang

et al., 2007) and to a decrease in sedimentary δ13C val-

ues. A subsequent rise in anoxic bottom waters to shallow-

water depths provoked a decrease in δ13C values to −6 ‰

(NE2) as it is enriched in 13C-depleted DIC as a conse-

quence of elevated organic matter remineralization (Jiang

et al., 2007). Moreover, the inferred extensive remineraliza-

tion of organic carbon is supported by a dramatic decrease

from high TOC values during the uppermost occurrence of

Cloudina to low TOC concentrations at the onset of NE2.

The nutrient-driven eutrophication of surface waters (due to

high weathering rates) associated with an anoxic overturn is

supported by 87Sr / 86Sr analyses of other Neoproterozoic–

Cambrian sections (Shields, 2007). Furthermore the positive

Ce /Ce* anomaly indicative of suboxic to euxinic water con-
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Figure 5. Proposed chemo- and biostratigraphical correlation of δ13C profiles from Precambrian–Cambrian boundary intervals at different

scales. (a) Global-scale composite (Shields-Zhou and Zhu, 2013), (b) South China composite – Yangtze platform (Zhu et al., 2003), (c) South

China (Shaanxi Province), Gaojiashan section (this study), and (d) Oman – South Oman Salt Basin (Amthor et al., 2003). The stratigraphic

occurrence of Cloudina below the negative δ13C Pc-C boundary excursion and its association with a positive δ13C interval (grey shaded bar)

supports the correlation and indicates a high degree of similarity between the isotopic data sets. We suggest the prominent excursion NE2 at

the Gaojiashan section to be a likely equivalent in shape and magnitude to the worldwide negative excursion in δ13C at the Pc-C boundary.

Following Zhu et al. (2003) and Amthor et al. (2003), we place the Precambrian–Cambrian boundary shortly above the negative δ13C peak.

Note that the scale at Gaojiashan section is not equal in all columns and strata thicknesses are not time-equivalent. Columns are graphically

slightly modified. DBM: Daibu Member; ZGM: Zhangyicun Member; ADM: Algal Dolomite Member; AMG: Abu Mahara Group; CCF:

Cap Carbonate Formation; MBF: Masirah Bay Formation.

ditions (German et al., 1991) is consistent with Pc-C REE

data of India (Mazumdar et al., 1999) and strengthens an

oceanic anoxia scenario. Upwelling of possibly euxinic wa-

ter masses from greater depths near the platform margin to

near-surface environments occurred at least episodically dur-

ing the Pc-C boundary interval in transitional platform set-

tings (Goldberg et al., 2007; Wille et al., 2008; Och et al.,

2013), a situation which agrees well with the data set at Gao-

jiashan.

A temporal and local change in the carbon turnover cy-

cle proposed by Guo et al. (2012) causing the negative δ13C

excursion at the Gaojiashan section cannot entirely be ex-

cluded. The rapid shift of the negative δ13C peak near a litho-

logical contact may indicate a semi-restricted basin setting

with intermittent water exchange for which the Black Sea

and the Baltic Sea serve as modern analogues. Restricted ac-

cess to the open ocean would have limited water circulation

within the isolated basin. The consequent emerging stratifi-

cation of water masses would have generated anoxic water

masses similar to those described above and resulted in simi-

lar isotopic patterns. Nevertheless, the approximately simul-

taneous evolution, distribution and extinction of the global

genus Cloudina argue against a restricted environment at

least during the positive δ13C excursion. Whether the neg-

ative δ13C excursion documented in the arkose of the upper

part of the Gaojiashan Member is associated with a termi-

nal Ediacaran interval of increased erosion or even a glacia-

tion (the so-called Baykonurian glaciation; Chumakov, 2009,

2011) is speculative. We consider the first theory (global

anoxia model) most plausible.

The Gaojiashan section is the first section in Shaanxi

Province to record high-resolution stable isotope analyses di-

rectly associated with well-documented terminal Ediacaran

fossil assemblages. Pending confirmation, this is the first iso-

topic data set reporting the Pc-C boundary interval in south-

ern Shaanxi Province.

6 Conclusions

Chemostratigraphy is a powerful correlation tool to address

the uncertain and highly variable litho- and biostratigraphi-

cal correlation of late Ediacaran strata at the northern mar-

gin of the South China platform. New high-resolution C- and

O-isotopic data as well as TOC concentrations of shallow-

water deposits at Gaojiashan section in combination with the

detailed palaeontological record (Weber et al., 2007; Guo et

Foss. Rec., 18, 105–117, 2015 www.foss-rec.net/18/105/2015/



A. Gamper et al.: Chemo- and biostratigraphy of the Gaojiashan section 113

Table 1. Results of carbonate carbon (δ13C) and oxygen (δ18O)

isotopic compositions as well as total organic carbon (TOC) con-

centration of samples from the Gaojiashan section (Gj).

Sample Distance δ13C [‰] δ18O [‰] TOC

[m] vs. VPDB vs. VPDB [%]

Gaojiashan section

Gj −3.6 0.9 −2.5

Gj −3.3 0.8 −0.1

Gj −3.0 1.0 −0.8 0.003

Gj −2.6 1.1 −1.8 0.003

Gj −2.0 0.8 −2.7

Gj −1.6 0.6 −3.5

Gj −1.3 0.6 −1.4 0.004

Gj −1.0 0.6 −3.1 0.013

Gj −0.6 0.5 −1.6

Gj −0.3 0.3 −3.0 0.015

Gj 2.3 0.8 −2.0 0.004

Gj 7.0 0.089

Gj 8.0 0.089

Gj 8.6 0.3 −0.2 0.004

Gj 9.5 0.1 −0.4 0.002

Gj 10.3 0.7 −0.7 0.003

Gj 10.6 0.7 −0.9 0.002

Gj 11.0 0.9 0.006

Gj 12.6 −0.8 −3.7 0.049

Gj 13.0 −0.1 −5.3 0.019

Gj 13.3 0.8 −4.5

Gj 13.6 0.6 −4.0 0.009

Gj 14.3 0.9

Gj 14.6 0.5

Gj 15.6 0.3 0.103

Gj 16.3 1.2 −4.8 0.021

Gj 17.6 0.7

Gj 18.0 −0.1

Gj 18.3 0.0 0.013

Gj 18.6 −0.1 −8.6

Gj 19.0 0.2 −6.2 0.005

Gj 19.3 −0.3 0.012

Gj 19.6 0.6 0.007

Gj 20.0 1.2 −6.6 0.006

Gj 20.3 −0.9 0.008

Gj 20.6 1.2 0.017

Gj 21.0 0.9 0.011

Gj 21.3 0.4

Gj 21.6 −1.9 −7.5 0.033

Gj 22.0 0.7 −6.0

Gj 22.3 0.8

Gj 22.6 1.0 0.011

Gj 23.3 1.7 0.015

Gj 24.0 1.5 0.009

Gj 24.3 1.3

Gj 24.6 0.6 0.009

Gj 25.0 1.3 0.012

Gj 25.3 1.0 −6.6 0.017

Gj 25.5 0.8 −7.1

Gj 26.0 1.8 0.012

Gj 26.3 1.0 0.012

Gj 26.6 −0.4 −7.5

Gj 27.0 1.3 −6.5 0.017

Table 1. Continued.

Sample Distance δ13C [‰] δ18O [‰] TOC

[m] vs. VPDB vs. VPDB [%]

Gaojiashan section

Gj 27.3 1.3 0.017

Gj 27.6 2.3 0.015

Gj 28.3 2.0 0.009

Gj 28.6 −0.7 0.025

Gj 29.0 1.0 −6.6 0.015

Gj 30.0 2.0 0.015

Gj 31.3 2.6 −5.5 0.020

Gj 31.6 3.0 −5.7 0.014

Gj 32.0 4.1 0.014

Gj 32.3 3.2 0.012

Gj 32.6 2.7 −6.0 0.014

Gj 33.0 −1.7 0.059

Gj 33.6 0.2 −7.3 0.041

Gj 34.6 −1.2 0.070

Gj 35.0 −0.8 −7.8 0.028

Gj 35.3 0.9

Gj 35.6 4.3 −4.9

Gj 36.0 4.3 −5.8 0.021

Gj 36.3 4.3

Gj 37.0 2.3

Gj 37.3 4.5

Gj 37.6 1.6 −7.3 0.046

Gj 37.7 0.6 −5.2

Gj 38.0 3.8 −5.5 0.020

Gj 38.3 3.0 −7.6

Gj 38.6 0.9 −7.8 0.058

Gj 39.0 4.6 −5.5 0.016

Gj 39.3 5.7 −5.6 0.074

Gj 39.6 5.2 −5.0

Gj 40.0 3.8 −8.8 0.046

Gj 40.3 5.1 −5.3

Gj 40.6 5.7 −6.5

Gj 41.0 4.6 0.045

Gj 41.3 5.3 −5.6

Gj 42.0 5.4 −5.3 0.029

Gj 42.3 5.1 0.025

Gj 42.6 5.6 −5.6

Gj 43.0 5.5 −6.3 0.057

Gj 43.3 5.3 −7.0

Gj 43.6 5.6 −6.0

Gj 44.0 5.3 0.051

Gj 44.3 4.4 −6.1

Gj 45.0 6.2 0.088

Gj 45.3 6.2 −6.1

Gj 45.5 5.6 −6.0

Gj 46.0 6.0 −5.7 0.012

Gj 46.3 5.9 −6.2

Gj 46.6 5.3 −5.4

Gj 47.3 5.5 −5.3

Gj 47.6 5.6 −5.5

Gj 48.0 4.5 −5.7

Gj 48.3 5.4 −5.2

Gj 48.6 4.9 −5.1

Gj 49.0 5.3 −5.8 0.011

Gj 49.3 5.3 −5.5

Gj 49.6 4.6 −5.5
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Table 1. Continued.

Sample Distance δ13C [‰] δ18O [‰] TOC

[m] vs. VPDB vs. VPDB [%]

Gaojiashan section

Gj 50.0 4.1 0.060

Gj 50.3 4.3 −4.6

Gj 50.6 2.8 −6.9

Gj 51.0 4.0 −5.8 0.076

Gj 51.3 2.4 −6.5

Gj 51.6 3.9 −3.3

Gj 52.0 3.6 −4.1

Gj 52.3 3.5 −2.7

Gj 52.6 3.0 −4.7

Gj 53.0 −4.9 −6.8 0.012

Gj 53.3 0.4 −7.7

Gj 53.6 1.4 −3.6

Gj 54.0 −0.8 −6.1 0.008

Gj 54.6 1.6 −7.7

Gj 55.0 0.8 −7.1 0.001

Gj 55.3 0.3 −7.0

Gj 56.0 −3.9 −7.4 0.020

Gj 56.3 −3.8 −9.7

Gj 56.6 −3.3 −8.9

Gj 57.0 −6.0 −8.0 0.006

Gj 58.0 −0.8 −7.2 0.003

Gj 58.6 1.4 −5.1 0.012

Gj 59.0 0.006

Gj 60.0 0.007

Gj 61.6 1.7 0.010

Gj 62.3 1.2 0.016

Gj 63.3 1.3 0.004

Gj 64.0 1.6 0.012

Gj 64.6 2.0 −2.0

Gj 65.0 1.9 −2.8

Gj 65.3 2.0 −2.6

Gj 65.6 1.8 −2.5

Gj 66.3 −0.4 −2.6

Gj 67.0 0.3 −2.3 0.006

Gj 67.3 1.6 −2.3

Gj 67.6 1.9 −2.5

Gj 68.0 1.9 −2.4 0.005

Gj 68.3 2.1 −2.1

Gj 68.6 2.4 −1.6

Gj 69.0 −0.4 −4.6 0.008

Gj 69.3 1.9 −2.1

Gj 69.6 2.2 −2.5

Gj 70.3 2.6 −2.1

Gj 70.6 2.3 −2.4

Gj 71.0 1.5 0.010

Gj 71.3 1.1 −2.9

Gj 72.0 2.3 −4.4

Gj 72.3 2.0 −4.0

Gj 72.6 1.3 −4.0

Gj 73.0 1.5 −3.2

Gj 73.3 0.0 −4.1

Gj 73.6 1.6 −3.4

Gj 74.0 1.5 −3.2

Gj 74.3 1.4 −3.1

Gj 74.6 1.2 −3.3

Gj 75.0 1.4 −2.7

Table 1. Continued.

Sample Distance δ13C [‰] δ18O [‰] TOC

[m] vs. VPDB vs. VPDB [%]

Gaojiashan section

Gj 75.3 0.8 −4.4

Gj 75.6 1.1 −2.8

Gj 76.0 0.6 −8.0

Gj 76.3 0.6 −8.7

Gj 76.6 0.7 −7.8

Gj 77.0 1.7 −7.7

Gj 77.3 1.7 −3.7

Gj 79.0 1.8 −1.5

Gj 79.6 1.8 −5.7

Gj 80.3 2.0 −2.6

Gj 81.3 2.2 −5.5

Gj 81.6 2.1 −5.7

Gj 83.0 2.3 −4.4

Gj 83.3 1.9

Gj 83.6 1.3 −2.6

Gj 84.3 2.3 −4.0

Gj 84.6 2.2 −4.8

Gj 85.3 1.4 −1.8

Gj 85.6 2.0 −4.5

Gj 87.0 1.6 −2.1

Gj 87.3 2.3 −2.6

Gj 87.6 2.0 −2.7

Gj 88.0 1.8 −2.8

Gj 88.6 1.4 −3.6

Gj 89.0 1.1 −3.8

Gj 89.3 0.8 −5.8

Gj 89.6 1.3 −5.6

Gj 90.0 1.1 −5.6

Gj 90.3 0.9 −4.9

Gj 90.6 2.4

Gj 91.0 1.4 −2.4

Gj 91.6 0.5 −3.2

Gj 92.0 0.7 −1.6

Gj 92.3 2.1 −6.0

Gj 92.6 1.4

Gj 93.0 1.3

Gj 93.3 1.6 −6.2

al., 2012; Meyer et al., 2012; Cai et al., 2013) allowed us to

correlate and reconstruct late Ediacaran palaeoenvironmental

conditions of the northern Yangtze platform. The identifica-

tion of a large negative δ13C excursion (NE2 to−6 ‰) in the

upper Gaojiashan Member (Dengying Formation) together

with the directly preceding extinction of Cloudina strongly

argues for the Pc-C boundary near the top of the Gaojiashan

Member. The overlying Beiwan Member of the Dengying

Formation would thus be of earliest Cambrian age. Gaoji-

ashan data can be readily and globally correlated to other

Pc-C boundary sections on the Yangtze platform and also

globally. Palaeoenvironmental implications agree favourably

with a global anoxia model suggesting upwelling of anoxic

water masses to have dramatically affected the biosphere dur-

ing the Pc-C transition interval (Cremonese et al., 2014).
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Table 2. REE+Y concentrations [µgg−1] of acetic acid leachates from selected samples of the Gaojiashan Member at the Gaojiashan section

analysed by ICP-MS. Ce /Ce*, Eu /Eu*, Y /Ho and Pr /Yb ratios are post-Archean Australian Shale (PAAS)-normalized – for calculation

of Ce and Eu anomalies see Sect. 4.2.

Sample Distance [m] Y La Ce Pr Nd Sm Eu Gd

Gj 56.3 56.3 6.358 2.133 6.207 0.638 3.193 0.644 0.196 0.649

Gj 56.6 56.6 5.425 2.351 6.018 0.63 3.189 0.606 0.182 0.599

Gj 57.0 57.0 3.242 1.558 3.459 0.352 1.748 0.343 0.119 0.343

Sample Tb Dy Ho Er Tm Yb Lu

Gj 56.3 56.3 0.109 0.72 0.161 0.526 0.08 0.578 0.096

Gj 56.6 56.6 0.099 0.572 0.143 0.427 0.059 0.384 0.072

Gj 57.0 57.0 0.057 0.387 0.086 0.286 0.041 0.296 0.059

Sample CeN /CeN* EuN /EuN* YN /HoN PrN /YbN

Gj 56.3 56.3 1.405 1.382 1.449 0.353

Gj 56.6 56.6 1.398 1.395 1.397 0.524

Gj 57.0 57.0 1.414 1.536 1.391 0.379

The Supplement related to this article is available online

at doi:10.5194/fr-18-105-2015-supplement.
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