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Rock magnetism is used here to investigate the genesis of one of the puzzling negative carbon isotopic

excursions of the Neoproterozoic in the Yangtze platform (South China). A detailed characterization of

the magnetic mineralogy, which includes low-temperature and high-field magnetometry and classical

magnetic measurement (ARM, IRM, susceptibility), was therefore performed along upper Doushantuo

parameters show variations that can be interpreted as variations in magnetic grains size and in oxide

contents. They show that the magnetic content is significantly reduced in samples presenting negative

d13Ccalcite values. We interpret this as a result of magnetite dissolution and secondary carbonate

precipitation during early diagenesis bacterial sulfate reduction.

Combined with C and O isotopic data, paleomagnetic techniques thus show that the upper

Doushantuo–lower Dengying negative excursion of the Yangjiaping section is largely due to diagenesis,

although the preservation of a genuine d13C excursion of lower magnitude from þ7% down to

0%, instead of down to �9% as usually considered, cannot be ruled out. A corrected d13Ccarbonate

chemostratigraphic curve is therefore proposed. The unambiguous identification of a strong diagenetic

component for this excursion casts doubts on the primary nature of other potentially time equivalent

negative excursions of the Yangtze platform and thus to its correlation to negative excursions in other

cratons (i.e. Shuram excursion). More generally, this study illustrates the potential of magnetic

mineralogy characterization, a low cost, time efficient and non-destructive technique, as screening

tool for diagenetic overprints of d13C and d18O.

& 2012 Elsevier B.V. All rights reserved.
1. Introduction

Some puzzling negative Carbon isotopic excursions (reaching
at least �5% and as much as �12%), that dwarf any Phanerozoic
variations, occurred several times at the end of the Precambrian
(Halverson et al., 2010, 2005; Hoffman and Schrag, 2002; Knoll,
2000). By analogy with the Phanerozoic, it has long been sug-
gested that these negative excursions can be used as a global
correlation tool. This assumption was justified by the fact that
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most of the negative excursions are correlated to severe Neopro-
terozoic glaciations that punctuate this unique interval in Earth’s
history (e.g. Halverson et al., 2010, 2005; Knoll, 2000). This is of
great importance for these periods since direct radiometric dating
is generally hampered by the lack of suitable rocks and the fossil
record is parse, rendering biostratigraphy of limited use (Knoll
and Walter, 1992). Moreover, if true, this assumption also implies
that d13C variations are a proxy for global carbon cycle perturba-
tions, which would have been especially strong and frequent at
this period. The causes for these putative carbon cycle perturba-
tions are still under debate. Methane release (Bjerrum and
Canfield, 2011; Jiang et al., 2003; Kennedy et al., 2001), snowball
Earth (Hoffman and Schrag, 2002), overturn of a redox-stratified
ocean (Grotzinger and Knoll, 1995; see also Shields, 2005) or advent
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example Evans and Heller (2003) and Verosub and Roberts
(1995)). Several studies have already shown that the results
obtained by these methods can be used as proxies for past climate
conditions, water/sediments (bio)-geochemistry (Lascu et al.,
2010) and diagenetic conditions (e.g. Garming et al., 2005;
Riedinger et al., 2005; Rowan et al., 2009). Major magnetic
changes are also sometimes related to fluids that were activated
as a result of orogenesis (Weil and Van der Voo, 2002; O’Brien
et al., 2007). So far however, only few studies have specifically
considered the covariations between rock magnetic mineralogy
and d13Ccarbonate (Moreau and Ader, 2000).

Here we test this tracer in the Ediacaran upper Doushantuo and
lower Dengying Formations of the Yangjiaping section (South China)
(Fig. 1A and B). This section presents two d13Ccarbonate negative
excursions (Macouin et al., 2004; Shen et al., 2005; Zhu et al.,
2007). The upper one is usually correlated to the N3 excursion of
the Doushantuo Formation at the Yangtze Gorge locality (Fig. 1C),
itself correlated to the Shuram excursion essentially on the basis of its
extremely negative d13C value (Condon et al., 2005; Jiang et al., 2011;
Kimura et al., 2005; Zhu et al., 2007; Grotzinger et al., 2011). In the
Yangjiaping section, this excursion has been partly attributed to a
diagenetic overprint (Ader et al., 2009), to which a loss of primary
paleomagnetic direction is associated (Macouin et al., 2004). Paleo-
magnetic directions being carried by magnetic Fe-bearing minerals,
this diagenetic event must also have modified the magnetic miner-
alogy. We characterize here these magnetic mineralogy modifications
and compare them to previously reported d13C values as well as d18O
reported here for the first time. We show that rock magnetic
parameters are sensitive tracers of diagenesis events and are promis-
ing tools to characterize their nature.
2. Geological setting

The Yangjiaping section outcrops along a road cut in the
Hunan Province (Fig. 1A). The part of the section studied here
corresponds to the upper Doushantuo Formation and lower
Dengying Formation, which were deposited on the shelf margin
of the large Yangtze platform (South China) (Jiang et al., 2011;
Vernhet and Reijmer, 2010).

The Doushantuo Formation preserves an exceptional paleontolo-
gical record of the Ediacaran fauna such as small bilaterian fossils
(Chen et al., 2004), giant sulfur bacteria (Bailey et al., 2007) and
possible animal embryo fossils (e.g. Hubert et al., 2005; Xiao et al.,
1998, 2004). It records two or three negative d13C excursions (Condon
et al., 2005; Jiang et al., 2003, 2011; Kimura et al., 2005; Lambert
et al., 1987; Li et al., 1999; Macouin et al., 2004; Shen, 2002). The
overlying Dengying Formation is mostly composed of dolomite in the
shelf region and usually presents only positive d13Ccarbonate values.

The d13C stratigraphic curve used as a reference for the
Doushantuo and Dengying Formations has been compiled from
various sections of the Yangtze Gorges area (e.g. Jiulongwan
section), which corresponds to the inner platform (Lambert
et al., 1987; Jiang et al., 2011). It contains three negative excur-
sions. Recent U–Pb datings of two ash layers (Condon et al., 2005;
Zhang et al., 2005) in sections of this area provide now well-
bracketed ages for the duration of the Doushantuo Formation
between 621 77 Ma/632.471.3 Ma and 555.276.1 Ma/
551.0770.75 Ma. These datings also provide direct age determi-
nations for its two major C-isotope negative excursions. The first
one (N1, Jiang et al., 2011), at the base of Doushantuo Formation,
is related to the cap carbonates (Jiang et al., 2003; Macouin et al.,
2004; Shen, 2002). It corresponds to the deglaciation of the
Marinoan glaciation at ca. 634 Ma. The upper one (N3, Jiang
et al., 2011) occurs just below the Doushantuo/Dengying bound-
ary, i.e. before or at 551 Ma.
The Yiangjiaping section studied here presents one negative
excursion usually correlated to the N3 excursion (see review in
Jiang et al. (2011)). We previously placed the Doushantuo–Denging
boundary at the top of this negative excursion (Ader et al., 2009;
Macouin et al., 2004), owing to the fact that the Dengying Formation
normally presents only positive d13Ccarbonate values in the shelf region.
However, on the basis of sedimentological and stratigraphic studies,
several authors place this limit just above the onset of the negative
excursion (Jiang et al., 2011; Zhu et al., 2007). Here we adopt this
position for the boundary. Note that this choice bears no consequence
on the conclusions of the present study nor of those of our previous
ones (Macouin et al., 2004; Ader et al., 2009).
3. Previous directional paleomagnetic and d13C results and
new d18O results for the Yiangjiaping section

Since mechanical separation of calcite and dolomite is impos-
sible for most samples, d13C and d18O from calcite or low
magnesian dolomite (d13Ccalcite and d18Ocalcite) and dolomite or
high magnesian calcite (d13Cdolomite and d18Odolomite) were mea-
sured using different dissolution times by H3PO4 (4 h at room
temperature and 2 h at 80 1C, respectively). A perfect chemical
separation of calcite and dolomite being difficult (Al-Aasm et al.,
1990; Yui and Gong, 2003; Baudrand et al., 2012) the so-called
dolomite might be contaminated to some extent by calcite and
vice-versa. The calcite and dolomite contents were roughly
estimated during the isotope composition measurements with a
precision of only 710% of the measured value.

3.1. d13C data

The d13Ccarbonate results for the studied part of the Yiangjiaping
section have been previously described in Macouin et al. (2004)
and Ader et al. (2009). In brief, two stratigraphic zones can be
distinguished. The first part of the section (0 m and 90 m)
corresponds to a positive d13Ccarbonate excursion. Similar d13Ccalcite

and d13Cdolomite values comprised between 4.3% and 7.3%
characterize it. This, together with the high carbonate content
(450%) and the lack of recrystallization observed in thin sections,
was previously taken as an evidence for a primary signature for
the carbon isotopic signal in both calcite and dolomite (Ader et al.,
2009; Macouin et al., 2004).

On the contrary, the upper part of the section (between 90
and 223 m) corresponds to a negative excursion. In this part,
some samples display strong differences between d13Ccalcite and
d13Cdolomite. d13Cdolomite decreases on average to 0% except for one
very negative value of �22.5% obtained from a secondary carbo-
nate vein-filling. d13Ccalcite are similar to or more negative than
d13Cdolomite and show erratic and large variations from þ6.8% to
�15.4%, with two extreme values down to �22.7%. The strongly
negative d13Ccalcite are best interpreted as resulting from secondary
calcite crystallization from 12C-enriched fluids. Although less erratic
and negative, the d13Cdolomite could also have been modified. The
negative excursion ends by a return to positive values (þ5%) of
both d13Ccalcite and d13Cdolomite (d13Ccarbonate).

3.2. d18O data

Because oxygen is a major component of sedimentary fluids,
the likelihood that carbonate d18O values record a primary sea-
water signature is low (see among others Banner and Hanson
(1990) and Kaufman and Knoll (1995)). Instead, they may record
diagenetic events. Correlation arrays between d18O and d13C in
particular, are usually considered as proxies for a diagenetic
overprint of both d18O and d13C (see Derry (2010b) for a review).



Table 1

Summary of rock magnetic parameters and isotopic results. Carbon isotopic values are from Macouin et al. (2004) and Ader et al. (2009). d18O are from this study. Column headings indicate the following: sample number

(sample), stratigraphic position in cm (H), d13Ccalcite, d18Ocalcite, approximate content in calcite or in low magnesian dolomite (%calcite), d13Cdolomite, d18Odolomite, approximate content in dolomite (%dolomite), approximate

content in carbonate (%carbonate), Anhysteretic Remanent Magnetization (ARM), Isothermal Remanent Magnetization (IRM) acquired at 0.15 T (IRM0.15 T), IRM at 1.2 T (IRM1.2 T), rock magnetic parameters ration (ARM/IRM and

IRM1.2 T/IRM0.15 T), d13Corg and Total Organic Content (TOC).

Sample number H d13Ccalcite d18Ocalcite %Calcite
710% rel

d13Cdolomite d18Odolomite %Dolomite
710% rel

%Carbonates
720% rel

ARM IRM 0.15 T IRM 1.2 T ARM/IRM IRM 1.2
T//IRM 0.15 T

d13Corg TOC

(cm) (% PDB) (% PDB) (% PDB) (% PDB) (m2/kg) (m2/kg) (m2/kg) (% PDB)

HU109 0 5.2 �7.4 31 5.4 �7.4 29 60 4.15E�05 2.40E�04 3.18E�04 0.17 1.33
HU110 10 5.4 62 5.5 43 105 �25.1 0.75
HU113 139 4.9 �7.8 72 5.3 �7.5 18 90 6.32E�05 4.37E�04 5.54E�04 0.14 1.27
HU115 367 5.2 �7.4 13 5.9 �7.1 69 82
DO0501 496 5.4 �6 15 5.5 �6.1 29 44 4.84E�05 2.25E�04 2.75E�04 0.22 1.22
Do0505 498 2.56E�05 1.26E�04 1.63E�04 0.2 1.3
DO0506 1191 4.8 �8 38 4.7 �8.2 22 60 4.87E�05 2.95E�04 3.82E�04 0.16 1.29 �25.1 0.53
DO0510 1875 2.8 �7.2 29 4.3 �7.9 14 43 8.93E�05 5.20E�04 7.22E�04 0.17 1.39
DO0603 2601 7 �8.1 73 7.7 �8.5 19 92 �23.4 0.17
HU119 3093 6.6 �7.8 105 7.1 �7.4 o0,5 105 5.32E�06 2.73E�05 3.24E�05 0.19 1.19
HU120 3393 6.8 �7.5 102 7.3 �8 13 115
HU122 4171 6.7 �7.6 76 6.4 �8.3 29 105 1.11E�05 5.75E�05 7.05E�05 0.19 1.23
DO0615 4750 6.7 �7.1 69 6.9 �7.9 21 90 8.62E�06 5.07E�05 6.10E�05 0.17 1.2
HU124 4930 6.5 �7.6 82 6.2 �8 2 84 5.52E�06 2.80E�05 3.41E�05 0.2 1.22
HU125 5230 6.9 �7.8 69 6.4 �8.3 31 100 1.19E�05 6.78E�05 8.15E�05 0.18 1.2 �21.1 0.16
HU126 5506 6.6 �8 67 6.6 �7.6 28 95 7.66E�06 3.92E�05 4.92E�05 0.2 1.26
DO0625n 5544 7 85 7.2 �7.4 5 90 �22.4 0.24
HU128 5675 6.5 �6.5 30 6.5 �6.5 47 77
HU131 6889 7.3 �7.2 100 o0.5 100 7.43E-07 3.43E�06 3.99E�06 0.22 1.16
DO0635n 7389 6.8 75 7.3 25 100 �20.9 0.28
HU133n 7509 3.22E�06 1.74E�05 1.99E�05 0.19 1.15
HU135 8228 7.5 �7.7 88 7.1 �8.8 11 99

DO0301 9386 5.5 45 5.7 47 92 �25.3 0.61
DO0305 9720 3.7 �7 40 2.5 �7.2 30 70
DO0309 11,531 �2.9 43 4.1 72 115 �28.1 0.02
DO0311 11,680 �5.1 �8.6 20 2 �7 80 100 �24.8 0.03
DO0319 13,047 1.1 �6.2 15 1.8 �5 39 54 �26.9 0.9
DO0323 13,625 0.2 �5 12 0.6 �5.1 52 64 3.74E�06 2.41E�05 7.56E�05 0.16 3.13
DO0327 14,068 �1.1 �6.4 16 0.2 �5.5 69 85 7.34E�06 3.65E�05 8.12E�05 0.2 2.22
DO0327a 14,068 3.43E�06 1.80E�05 5.15E�05 0.19 2.85
DO0327b 14,068 2.50E�07 7.30E�06 1.84E�05 0.03 2.52
DO0329 15,151 0.8 12 2.2 �4.6 50 62 -26.5 0.44
DO0337 16,259 �1 �7 47 0.4 �4.8 47 94 �27.3 0.38
DO0337 n 16,459 1.33E�07 2.47E�06 2.86E�06 0.05 1.16
DO0337 16,459 3.03E�07 8.74E�06 9.52E�06 0.03 1.09
DO0343 17,008 �7.2 �9.3 24 2.5 �7.7 67 91 1.67E�07 1.99E�06 2.13E�06 0.08 1.07
DO0347 17,637 �1.2 �10.1 22 �0.4 �9.6 68 90 8.07E�06 4.65E�05 5.12E�05 0.17 1.1
DO0349 17,638 8.54E�08 1.48E�06 6.27E�06 0.06 4.25
DO0351 n 18,274 �15.4 �10.3 63 3 �8.2 24 87 �24 0.02
DO0353 18,437 �3.2 �11.5 6 o0.5 6 7.80E�08 3.23E�06 3.64E�06 0.02 1.13
HU172 18,657 �6.4 �9.5 33 2.5 �8.5 74 107
HU174 18,847 �14.1 �9.3 32 o0.5 32
HU175 18,929 �11.7 �10 21 3.6 �7.5 90 111
HU176 19,037 �7.2 �8.5 49 �0.5 �7.1 45 94 �25.9 0.02
HU177 19,092 �4.9 �8.2 27 3.6 �7 61 88 8.15E�08 1.71E�06 1.87E�06 0.05 1.09
HU180 19,545 �2.8 �7 45 �1.4 �5.7 58 103 1.04E�05 6.03E�05 6.49E�05 0.17 1.08 �29.5 0.83
HU181 19,626 �0.5 �7.6 15 0.2 �7.7 86 101
HU182 19,627 �2.5 �5.7 10 �0.8 70 80 5.08E�07 1.72E�05 1.73E�05 0.03 1.01
HU183 19,907 2.6 �6.9 27 3.5 �7.2 54 81
HU185 20,437 4.6 �6.5 48 6.3 �5.9 44 92 8.81E�06 5.74E�05 8.68E�05 0.15 1.51
HU186 20,586 4.9 �6 25 6.6 �6 61 86
DO1101 20,659 �22.7 �10.6 65 �11.3 26 91 1.04E�08 2.53E�07 3.05E�07 0.04 1.2
DO1105 21,547 �14.2 �10.1 70 5.9 �6.9 41 111 5.01E�07 3.92E�06 4.32E�06 0.13 1.1 �27.3 0.06
HU192 22,234 6 �6.7 15 6.8 �7.4 64 79 4.89E�08 1.81E�06 1.91E�06 0.03 1.06
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We report here the available d18O values obtained simulta-
neously to the previously published d13C values (Table 1) but not
reported so far. They are comprised between �12% and �4%
and are typical for Neoproterozoic sedimentary rocks (Knauth and
Kennedy, 2009; Jacobsen and Kaufman, 1999).

In the d13Cdolomite versus d18Odolomite diagram (Fig. 2A), sam-
ples from the positive and negative excursions plot in two distinct
zones. No correlation array can be identified for dolomite within
and between each sample group. In the d13Ccalcite versus d18Ocalcite

diagram (Fig. 2B), samples from the positive excursion plot in the
same area as in the Fig. 2A without correlation array. Samples
from the negative excursion either plot with samples from the
positive excursion or define a negative d13Ccalcite and d18Ocalcite

array. This array can also be suspected but is much less obvious
in the data obtained on bulk carbonates by Zhu et al. (2007)
(Fig. 2C). It suggests a diagenetic overprint, in agreement with
the strong differences between d13Ccalcite and d13Cdolomite and
with thin sections and the SEM observations (Fig. 3A) showing
secondary carbonate crystallizations.
3.3. Directional paleomagnetic data

Macouin et al. (2004) had obtained directional paleomagnetic
results from the upper Doushantuo Formation in the Yangjiaping
δ13
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(B) Cubic pyrite in dolomitic matrix. (C) Phosphatized (P) spherical microfossil (Embry

(D) Pyritized (Py) possible fossil membrane.
section that probably indicated a low latitude position of South
China at these times. They had also highlighted a relationship
between C-isotope, directional data and natural remanent mag-
netization (NRM) intensity (see Fig. 4 of Macouin et al. (2004)).
Samples from the negative excursion are associated with remag-
netization, have the weakest NRMs or have unstable magnetiza-
tions (Fig. 1B). Mechanisms explaining the acquisition of low
d13Ccalcite and a contemporaneous loss of magnetization require
new data to be further understood, in particular to determine
which magnetic mineralogy is associated.

We further explore this diagenetic event, with the objective to
characterize how it is recorded by rock magnetic parameters.
4. Magnetic study

4.1. Acquisition of rock magnetic properties

Magnetic susceptibility (w) was measured with a kappabridge
KLY3-CS3 (Agico&) magnetic susceptibility meter at the IPGP
paleomagnetic laboratory (France). The anhysteretic remanent
magnetization (ARM) and the isothermal remanent magnetization
(IRM) have been obtained in same laboratory with a 2G cryogenic
magnetometer. The ARM was determined using a continuous field
-15 -10 -5 0
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ite (in light gray) and dolomite (gray) with pyrite (white) at the fringe of calcite.

o or acritarch?) in the dolomitic matrix. Pyrites (Py) are visible inside the fossil.
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of 0.1 mT and application of a parallel alternating field (AF) with
peak field of 90 mT. Hysteresis cycles at room temperature up to
maximum field of 1 T were measured with a Princeton Vibrating
Sample Magnetometer (VSM) at both the IPGP paleomagnetic
laboratory (Paris, France) and the IRM laboratory (Minneapolis,
USA) to determine the hysteresis parameters, coercivity of rema-
nence (Hcr), coercive force (Hc), saturation remanence (Mrs), and
saturation magnetization (Ms).

Measurements of the remanence at low temperatures have
been obtained at the IRM laboratory (Minneapolis, USA) using the
Magnetic Properties Measurement system (Quantum Design&).
The loss of remanence on warming from 10 K to 300 K was
measured for two different initial states: zero field cooled (ZFC),
where the sample is cooled to 10 K in the absence of magnetic
field prior to the application of a 2.5 T field and field cooled (FC),
where the sample is cooled to 10 K in a 2.5 T magnetic field.
Saturation isothermal remanent magnetization (SIRM) experi-
ments have been obtained by applying a 2.5 T field at room
temperature (RT-SIRM) and then cooling the sample to low
temperature and reheating to room temperature in a zero field.
Finally, scanning electron microscope observations were per-
formed with a JEOL instrument (JSM-6360LV) at the GET labora-
tory (Toulouse, France) operating at 15 kV with an Electron
Dispersive System (EDS) that allows a punctual qualitative char-
acterization of the chemical composition.

4.2. Identification of magnetic minerals

Applying these various magnetic measurements to a selection
of samples we can identify the different magnetic phases present
in the upper Doushantuo and lower Dengying carbonates.

4.2.1. Magnetic susceptibility as a function of temperature: w–T

curves

The w–T curves (magnetic susceptibility as a function of the
temperature) obtained for 13 samples show Curie points between
500 and 600 1C (Fig. 4A, B, and D). This indicates that the main
Fe-oxides is a ferrimagnetic phase that can be magnetite, oxidized
magnetite or maghemite. A Hopkinson peak for the magnetite
-50
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Fig. 4. Susceptibility as a function of temperature (w–T). (A, B) Reversible curves deno

(D) curve obtained under Argon; the mineralogical modifications occur later during co
(Fig. 4B) appears sometimes both in non-altered (DO0635:
d13Ccalcite¼6,8%) and in altered samples (sample DO0351:
d13Ccalcite¼�15,4%). The Hopkinson effect is best detected in
samples with single-domain (SD) pure magnetite grains present-
ing a narrow size grain range.

Some curves are almost reversible (Fig. 4A and B) but others
(Fig. 4C and D) are not. The latter reveal important mineralogical
transformations above 400 or 600 1C, which prevent the identifi-
cation of the magnetic phases. Heating under an inert atmosphere
(argon) to avoid oxidation reduced the changes (Fig. 4C) but did
not completely prevent them.
4.2.2. Low-temperature experiments

Goethite is revealed in the sample DO0319B by a large
difference between the ZFC and FC curves (Fig. 5B) and a large
increase in SIRM (factor�3) on cooling (Fig. 5E). Goethite seems
to be absent in the samples DO0351 and DO0635, since the
increase in the RT-SIRM curves is weak.

Hematite seems to be rarely present in the samples, a clear
Morin transition of hematite (see Ozdemir et al., 2008) being
detected only in the SIRM curves of the sample DO0301. A weak
evidence of a Morin transition can also be detected in the FC curve
of sample DO0319 (Fig. 5B). But, if it was related to the presence
of hematite, one would have also expected a clear Morin transi-
tion on the RT-SIRM curve, which is not the case (Fig. 5E), ruling
out the likelihood that hematite is present in this sample.

The characterization of the ferrimagnetic phase revealed by the
w–T experiments is not trivial here, mainly because of the weak
magnetization of these carbonates. A Verwey transition of magnetite
at around 120 K (see Ozdemir et al., 2002) can be suspected in the
ZFC–FC curves of the sample DO0319 (Fig. 5B) that could indicate the
presence of a small amount of magnetite in this sample. In the sample
DO0635, the grain size distribution of the ferrimagnetic phase
extends down to the superparamagnetic size range as indicated by
the 1/T like dependence in FC and ZFC curves (Fig. 5A). The associated
RT-SIRM curve is noisy. The hump-shaped SIRM cooling curve
between 300 K and Tv (temperature of the Verwey transition) and
the matching humped curve during warming in the same tempera-
ture range are, according to Ozdemir and Dunlop (2010), a hallmark
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of maghemitization. Since both the very weak Verwey transition in
the ZFC–FC curves (Fig. 5A) and the Hopkinson peak in w–T experi-
ments indicate the presence of magnetite in this sample, it is likely
that magnetite presents a superficial layer of maghemite due to grain
surface oxidation or that both maghemite and magnetite coexist
(Channell and Xuan, 2009; Ozdemir and Dunlop, 2010). Finally, low-
temperature experiments for the sample DO0351 seem to reflect a
small size for the ferrimagnetic phase, in the single domain to pseudo
single-domain range. This ferrimagnetic phase is likely also composed
of oxidized magnetite since neither the ZFC/FC nor the RT-SIRM
curves display the signature of the Verwey transition of pure
magnetite and the SIRM curves present a hump shape.

In conclusion, these temperature-dependant experiments at
low temperature have revealed the presence of a ferrimagnetic
phase composed of magnetite more or less oxidized and some-
times also of goethite and hematite.
4.2.3. Other experiments

ARM and IRM acquisition curves on eleven samples (Fig. 6A–D)
also display the presence of a ferrimagnetic phase since 60–95% of
the IRM acquisition have been obtained before 150 mT. In some
samples, they also exhibit (Fig. 6B and D) the presence of a high
coercivity phase. This phase probably corresponds to goethite or
to hematite as shown by the low-temperature measurements
(Fig. 5B and E).

SEM observations and energy-dispersive spectroscopic (EDS)
spectrum analysis of iron-bearing minerals were made on fresh
fractures of whole rocks and on thin-sections. Both dolomitic and
calcitic zones were observed (Fig. 3A). Pyrites (Fig. 3A–D) are
present in both zones. Greigite has also been recognized. The
largest pyrites are sometimes visible at the fringe of large calcitic
zones (Fig. 3A). The main magnetic phases (magnetite and
goethite) identified here by the magnetic method, have not been
observed and are therefore probably too small to be visible, i.e.
smaller than 1 mm.

To conclude, the different magnetic measurements presented
and the SEM observations have allowed the identification of
magnetite (probably oxidized), maghemite, goethite, hematite,
pyrite and probably a small amount of other types of iron sulfides,
such a greigite.

However, in order to relate changes in the ferrimagnetic phase
composition to carbon or oxygen isotope evidence for a diagenetic
event a more systematic investigation is necessary.
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5. Correspondence between rock magnetic parameters
and d13Ccarb

The positive excursion is characterized by relatively stable
rock magnetic parameters (e.g. IRM and ARM and their ratio)
(Fig. 2B) as well as isotopic parameters, while the negative
excursion displays very large and erratic variations for both types
of signals (Fig. 2B).

Within the positive excursion, an abrupt d13Ccarb increase from
3–5% to 7% occurs at 320 m. It is synchronous with a carbonate
content increase from values lower than 60% to values higher
than 60% (Table 1) and with a diminution of one order of
magnitude of ARM and IRM(1.2 T and 0.15 T) (Fig. 8). This reflects a
decrease of magnetic content. ARM/IRM ratio remains unchanged
indicating that grain size probably remains similar.

Within the negative excursion, erratic and large variations of
the IRM and ARM/IRM values and of d13Ccalcite are observed while
d13Cdolomite remains relatively constant (Fig. 1B). When plotting
d13Ccalcite as a function of the ratio ARM/IRM (Fig. 9), two groups
can be clearly distinguished. The first group of samples displays
ARM/IRM40.12 and mostly positive d13Ccalcite while the second
one displays ARM/IRMo0.12 and mostly negative d13Ccalcite. The
contrasted ARM/IRM between the two groups indicates significant
grain-size differences. ARM/IRM values o0.12 correspond to large
(multidomain) or very small (superparamagnetic) grains. They are
associated to lower IRM values (Fig. 1B), which reflect a lower content
in magnetic oxides (i.e. in magnetite, see Section 4.3). ARM/IRM
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values 40.12 correspond to a different grain size range. The two
groups cannot be distinguished by their hysteretic parameters.

These two groups do not present differences in carbonate
content but in organic carbon contents (TOC). Samples with the
lowest TOC content (o0.1%) correspond to the most negative
d13Ccalcite and to ARM/IRMo0.12 (Table 1).
6. Discussion

6.1. Detecting a diagenetic event using the magnetic record

The magnetic mineralogy is initially controlled by depositional
features (terrigenic input or authigenesis) and may afterward be
modified by the different phases of diagenesis. For the positive
excursion, the magnetite is probably primary because magnetite
grains carry a primary magnetization (Macouin et al., 2004) and
present no significant grain-size changes. The sharp magnetic
content decrease and carbonate content increase at 25 m suggests
changes in the relative contribution of detrital input to the
sediment. The sharp d13Ccarbonate increase from 5% to 7% asso-
ciated with these changes, therefore, most probably reflects the
variability of the surface water inorganic carbon isotope composi-
tion (d13CDIC) at the platform scale (Patterson and Walter, 1994;
Panchuk et al., 2005; Swart and Eberli, 2005; Swart, 2008). Both
types of variations (magnetite content and d13C) could therefore
simply result from a sea level change.

For the negative excursion, samples were separated into two
groups (independent of the stratigraphy), which present striking
differences in terms of magnetite grain-size, magnetite content,
d13Ccalcite and probably TOC, but neither in carbonates content nor
in d13Cdolomite. Samples presenting high ARM/IRM (40.12) do not
show any sign of d13C and d18O diagenetic overprint (they present
similar d13Ccalcite and d13Cdolomite and no d13C/d18O array). They
also preserved the primary paleomagnetic direction (Macouin
et al., 2004), and present similar amount and grain size of
magnetite as samples from the positive excursion. There are no
clear differences in hysteretic parameters between altered sam-
ples and non-altered samples. These samples therefore do not
show any obvious evidence for a diagenetic alteration of the
magnetic mineralogy nor of the isotope signals.

In contrast, samples presenting ARM/IRMo0.12 mostly pre-
sent different d13Ccalcite and d13Cdolomite and/or low d18Ocalcite,
indicating a diagenetic overprint. The Ediacaran paleomagnetic
direction is erased in these samples, pointing towards primary
magnetite dissolution. This is corroborated by the low magnetite
content and its specific grain-size distribution (multidomain
and/or superparamagnetic grains) deduced from our rock mag-
netic study. Because these diagenetically altered samples present
the most negative d13Ccalcite, the present study demonstrates that,
at the Yangjiaping section, the negative excursion is largely due to
some diagenesis process.

However, the absence of significant differences in d13Cdolomite

between the two groups suggests that even in the samples
strongly altered by diagenesis, the dolomitic phase may have
preserved its original isotopic composition, although a minor
diagenetic overprint cannot be completely ruled out. We there-
fore propose a corrected chemostratigraphic curve based on
d13Cdolomite data (Fig. 10), keeping in mind that it might still
overestimate the amplitude of the negative excursion if dolomite
underwent a still unidentified diagenetic overprint. This curve is
very similar to that of the other sections from the shelf margin
(Zongling and Tianping) (Fig. 10) and should replace in ulterior
chemostratigraphic reconstructions the one established on bulk
carbonates by Zhu et al. (2007) and reproduced in Jiang et al.
(2011). It is not possible to unambiguously identify such a diagenetic
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overprint (and therefore correct for it) in d13C chemostratigraphic
curves established using bulk carbonate d13C and for which neither
separate calcite and dolomite d13C analyses nor rock magnetic data
are available. It is worth noting that some geochemical diagenetic
indicators (Mn/Sro1 and H/Co2), recently reported by Kunimitsu
et al. (2011), for the part of the Yianjiaping section studied here, have
failed to identify this diagenetic event.
However, as shown by the chemostratigraphic curve estab-
lished on bulk carbonate d13C analyses for the same section by
Zhu et al. (2007), this diagenetic alteration produces a typical
noisy pattern. It is therefore tempting to imagine that the
noisy d13C patterns documented in several other sections of the
Doushantuo Formation throughout the Yangtze platform
(Weng’an, Zonglin, Jiulongwan see review in Jiang et al. (2011))
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reflect similar diagenetic events. Some of the inconsistencies
identified between chemostratigraphic curves across the Yangtze
platform (Fig. 10 and Ader et al., 2009; Jiang et al., 2011) could be
explained by diagenetic overprints. In particular, if the N3 excur-
sion, which is clearly identified only in the reference locality of
the Yangtze Gorges was also largely diagenetic, its correlation to
the Shuram/Wonoka excursion would be very questionable.

6.2. Nature of diagenetic event

The diagenetic event identified above leads to (i) magnetite
dissolution and loss of primary magnetization; (ii) modification of
d13C and d18O of calcite at least, and perhaps to a lesser extent of
dolomite; and (iii) a noisy d13C and d18O pattern. In order to
constrain the mechanism for this diagenetic event, we discuss
below the likelihood that the three types of diagenetic events
known to decrease the d13C and d18O of carbonates (meteoric
diagenesis, burial diagenesis and organic diagenesis) might also
dissolve magnetite while irregularly overprinting the sedimentary
sequences thus leaving behind a noisy pattern.

6.2.1. Meteoric diagenesis

Meteoric diagenesis of carbonates occurs when they are infiltrated
by and reequilibrated with meteoric water. This invariably leads to
d18Ocarb modifications. Significant d13Ccarb modifications can also
occur in regions proximal to vadose water recharge (da Silva and
Boulvain, 2008; Armstrong-Altrin et al., 2009), provided that the
meteoric water was enriched in low-d13C dissolved inorganic carbon
by interaction with soils where active mineralization of organic
matter takes place. Meteoric diagenesis may thus result in a positive
correlation between bulk d13Ccarb and d18Ocarb. This led Knauth and
Kennedy (2009) to interpret most Neoproterozoic negative d13Ccarb

excursions as resulting from meteoric alteration. This interpretation
requires the presence of terrestrial phytomass and organic-rich soils
in the Neoproterozoic, for which no definitive evidence has been
found so far in the fossil record. Regardless, the hypothesis of
meteoric alteration can be tested by the d13Ccarb variations along
onshore offshore transects. As the meteoric water flow becomes more
distal, d13Ccarb should increase reflecting the progressive meteoric
fluid DIC buffering by C isotope exchange with the carbonates in
proximal areas (e.g. Fouke et al.; 2005; da Silva and Boulvain, 2008).
In the case of Doushantuo Formation, d13Ccarb values vary widely
along the platform with a mixture of both positive and negative
values for the inner-shelf section, dominantly positive values for the
shelf-margin sections and dominantly negative values for the basin
sections (Fig. 10 and see also Fig. 4 of Jiang et al. (2007) and Ader et al.
(2009) for a complete discussion). Even if the negative d13Ccarb values
in the inner-shelf and shelf-margin sections present some degree
of d18Ocarb and d13Ccarb covariations, which could be individually
explained by meteoric alteration, the whole platform pattern cannot
be explained solely by meteoric alteration, in the absence of an
identifiable increasing d13Ccarb trend towards the basin.

Moreover, although few studies have specifically focused on the
effect of meteoric diagenesis on the preservation of the magnetic
signal in carbonated platform, they have shown either almost no
effect on the primary magnetization (Lu et al., 1996), or an enhanced
preservation potential in the case of dolomitization (McNeill and
Kirschvink, 1993). The diagenetic event identified in this study is
therefore very unlikely to be of the meteoric alteration type.

6.2.2. Burial diagenesis with high pCO2 fluids

Fluid–rock interactions during burial diagenesis are known to
lead to secondary chemical remanant magnetization (CRM) via
magnetite neoformation (e.g. Elmore et al., 2006; Aubourg and
Pozzi, 2010). The mechanism responsible for these magnetite
neoformation are still debated, circulation of orogenic fluids
(see among others Jackson (1990), McCabe and Channell (1994)
and O’Brien et al. (2007)) or temperature increasing during burial
without external supply of long-range fluid flow (Elmore et al.,
2006; Moreau et al., 2005; Aubourg et al., 2008). The lack of
secondary magnetite and marked secondary CRM in the present
section excludes this type of remagnetization.

Moreover this type of secondary chemical remagnetization is
not known to be associated with carbon isotope changes. One
study even demonstrates the opposite (Evans and Battles, 1999).
Changes in d13Ccarb would require circulation of high-pCO2 fluids
generated during burial diagenesis. This has been proposed by
Derry (2010b) to explain the late Neoproterozoic negative d13C
anomalies (as low as �12%) with correlation arrays between d18O
and d13C found in Oman (Shuram), Australia (Wonoka), SE Siberia
and South China (N3 anomaly of Doushantuo Formation).

In such a scenario, iron oxides (including magnetite) would
have reacted with the high pCO2 fluids to form siderite as
predicted by the stability diagram of minerals in the Fe–S–C–O
system (Rosing et al., 2010; Sverjensky and Lee, 2010) and by
experimental hematite–CO2 reactions (Murphy et al., 2011). Side-
rite is a paramagnetic mineral at room temperature. In the frame
of this study both MEB observations and MPMS measurements at
low temperature should have allowed its detection at least in the
diagenetically altered samples, which is not the case. The typical
low-temperature FC and ZFC curves for siderite show a large
difference in induced magnetization (SIRM) below 35 K and a
sharp drop at 35 K that is not observed in any of our samples.

In addition, the diagenetic alteration shows a very irregular
stratigraphic distribution at the meter scale as opposed to what
would be expected for basin scale fluid migration. Fluid–rock
interaction with a high-pCO2 fluid is thus unlikely to be respon-
sible for pattern of isotopic and paleomagnetic diagenetic over-
print in the Yangjiaping section.

6.2.3. Thermochemical sulfate reduction

Thermochemical sulfate reduction (TSR) takes place during
burial diagenesis between hydrocarbon and dissolved sulfate
when they are buried to depths that correspond to temperatures
of about 100–140 1C (Machel et al., 1995). It liberates hydrogen
sulfide in the interstitial porosity, which might lead to magnetite
dissolution and formation of pyrite. This would be compatible
with the magnetite dissolution identified here in the diageneti-
cally altered samples.

TSR was reported in several hydrocarbon reservoir settings
spatially associated with anhydrite (see reviews by Machel et al.
(1995) and Machel (2001)). However, no anhydrite and hydro-
carbon have been identified so far in the Doushantuo and
Dengying Formations and the sulfate content of seawater at the
time was probably low (McFadden et al., 2008) and insufficient to
allow anhydrite deposition. Moreover, the diagenetic overprint
identified here does not affect homogeneously thick portions of
the sedimentary column (at least 10 m) as expected in the case of
TSR (Machel et al., 1995; Machel, 2001).

6.2.4. Bacterial sulfate reduction

Bacterial sulfate reduction (BSR) is a common anaerobic respira-
tory process during early diagenesis (see review by Canfield and
Berner (1987)). It occurs when oxygen, nitrate, Mn and Fe oxi-
hydroxides have been used up, leaving sulfate as the sole electron
acceptor (Canfield, 2009). Sulfate reducing bacteria then oxidize
either sedimentary labile organic matter or methane by reducing
pore-water sulfate, (Eqs. (1) and (2)), liberating hydrogen sulfide in
the pore water.

2CHOHþSO4
2�-2HCO3

�
þHS�þHþ (1)



CH4þSO4
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�
þH2OþHS� (2)

HS� first reacts with the Fe2þ previously produced by dissim-
ilatory iron reduction of iron oxi-hydroxides to produce meta-
stable iron monosulphides or greigite (Eq. (4)) that readily
transform to pyrite (see review in Rickard and Luther (2007))
(Eq. (5)).

Fe2þ
þHS�-FeS(s)þHþ (4)

FeS(s)þHS�þHþ-FeS2þH2 (5)

If BSR keeps going, HS� after having titrated the available Fe2þ

will build up in the pore-water resulting in the dissolution of
magnetite (see Eq. (3)) (Haese et al., 1998; Canfield and Berner,
1987; Froelich et al., 1979).

Fe3O4þHS�þHþ-3Fe2þ
þS0
þ4H2O (3)

This leads to important modifications in magnetite grain size
distribution, a decrease in magnetite content and thus a potential
loss of the primary magnetization (Garming et al., 2005; Riedinger
et al., 2005; Moreau and Ader, 2000; Housen and Musgrave, 1996),
as observed here. Hysteretic parameters obtained here are in the
same area as the one corresponding to magnetite dissolution due to
gas hydrates (Musgrave et al., 2006; Fig. 7).

The HCO3
� released by organic matter or methane oxidation

during BSR is characterized by a d13C of about �26% for organic
matter oxidation (Peterson and Fry, 1989) and comprised between
�110% and �20% for methane oxidation (Barker and Fritz, 1981;
Kvenvolden, 2000; see also summary in Pierre and Rouchy (2004)).
Its crystallization as authigenic carbonates results in lower bulk
carbonate d13C and most of the time lower d18O as well (e.g. Ader
and Javoy, 1998; Coleman and Raiswell, 1981; Irwin et al., 1977;
Pierre and Rouchy, 2004; Sass et al., 1991).

Both H2S and 12C-rich DIC build up are restricted to the
bacterial sulfate reduction zone. When this zone is located within
the sediment, it is restricted to a relatively narrow zone limited
upward by onset of BSR and downward by the exhaustion of
either sulfate or available labile organic matter. This results
in local alterations of the rocks magnetic and d13Ccarb signals,
inducing diagnostic irregularities in their stratigraphic patterns.

This scenario has already been proposed to account for the
combined d13Ccarb negative values and loss of primary magneti-
zation occurring irregularly in a Jurassic claystone–limestone
succession of the Paris basin (Moreau and Ader, 2000). We
propose here that it also best explains the erratic isotopic and
rock magnetic signals as well as the occasional very negative
d13Ccalcite (o�15%) observed in the Yiangjiaping section. The
not so negative d13C values by themselves do not permit to
distinguish between methane and organic matter oxidation by
BSR. However, given the very low TOC in altered samples, AOM is
probably more likely to have generated sufficient amount of HS�

to dissolve most of the magnetic carriers (Rowan et al., 2009;
Garming et al., 2005; Riedinger et al., 2005; Housen and
Musgrave, 1996) and sufficient amount of 13C depleted CO2 to
induce such negative d13Ccalcite values (Irwin et al., 1977; Pierre
and Rouchy, 2004). Methane could have been produced by
bacterial methanogenesis in the black shales levels present either
above the cap carbonate or at the top of the Doushantuo
Formation in most shelf, slope and basinal sections.

The timing of this alteration depends on the depth of AOM
zones within the sediment itself controlled by downward sulfate
and upward methane diffusion rates. The availability of methane
depends on the biogenic or thermogenic source of methane. The
sulfate diffusion rate is limited by its content in the overlying
waters and by the thickness and permeability of the sediment
through which it must diffuse before reaching the BSR zone. The
rate of sulfate diffusion is thus greatly enhanced when the
seawater is sulfate-rich and the BSR zone is located close to the
water/sediment interface. The combination of these factors yield
highly variable depth for the AOM, ranging from a few centi-
meters to hundreds of meters (see review in Regnier et al. (2011)).

This type of early diagenesis may also explain the noisy
d13Ccarb signal documented in several other carbonate-rich inter-
vals (e.g. Weng’an; Zonglin, Jiulongwan) and the pronounced
d13Ccarb negative excursions recorded in the carbonate beds of
organic-rich shale dominated intervals of the Doushantuo Forma-
tion throughout the Yangtze platform (Jiang et al., 2011). In these
intervals, anomalously low D13Ccarb�org mirror the low d13Ccarb

(Ader et al., 2009 and references therein), which constitutes an
additional feature compatible with (although not diagnostic of)
this type of diagenesis.

All Ediacaran negative excursions may not result from this
type of diagenesis. If it was to prove the case however, it is
legitimate to investigate the reasons why this type of diagenesis
would have been more frequent in the Neoproterozoic than in
other time periods. For such a diagenetic process to occur, the
seawater sulfate content must have been high enough to sustain a
H2S production locally exceeding the iron oxide content in the
sediment, while underlying sediments generated enough methane
via methanogenesis. This second condition requires that enough
labile organic matter has escaped aerobic and anaerobic (including
BSR) organic matter degradation, i.e. either that the organic matter
primary productivity was extremely high, or that the water column
was oxygen and possibly sulfate-poor (McFadden et al., 2008;
Li et al., 2010) at the time of these underlying sediments deposition.
If this diagenetic process proved to be responsible for most of the
negative d13C excursions in the Ediacaran, it may thus simply reflect
the transition from sulfate-poor to sulfate-rich oceans.
7. Conclusion

The new rock magnetic data presented here (ARM, IRM, low
temperature magnetometry) and combined with C and O isotopic
data demonstrate that the Upper Doushantuo–lower Dengying nega-
tive excursion of the Yangjiaping section is largely due to diagenesis.
A new chemostratigraphic d13C-curve is proposed by discarding the
unambiguously identified diagenetic data. In the present state of
knowledge, our data do not rule out a possible primary d13C
excursion of low magnitude (down to �0.5%) as recorded by
d13Cdolomite. Based on the rock magnetic mineralogy, we interpret
the diagenetic event to have dissolved magnetite grains. Given the
erratic occurrence of the diagenetically altered samples, we suggest
that magnetite dissolution resulted from the build up of hydrogen
sulfide during early diagenetic bacterial sulfate reduction probably by
methane rather than by organic matter oxidation. This identification
of a diagenetic event questions the primary nature of other poten-
tially time equivalent negative excursions in other cratons (i.e.
Shuram and Wonoka excursions). Further rock magnetism investiga-
tions of existing C-isotopic profiles associated with precise dating are
required to identify if such a diagenetic overprint is also present in
negative excursions from other sections before interpreting them in
terms of primary environmental signatures.

In this case study, paleomagnetism techniques (paleodirec-
tions and magnetic mineralogy) and the difference in d13Ccalcite

and d13Cdolomite
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constraints on the type of diagenetic event from the point of view of
iron redistribution among diagenetic phases. This could be very
useful in identifying and characterizing diagenetic overprints not
only on carbonate d13C and d18O but also on iron speciation data,
which are increasingly used to reconstruct ocean redox stratification
in the Neoproterozoic. Moreover, measurements allowing magnetic
mineralogy characterization (as opposed to paleodirections deter-
mination) are low cost, time efficient and non-destructive, and thus
ideal screening tools to use.
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