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Abstract
Carbonate precipitation is a major process in the global carbon cycle. It was recently proposed that authigenic
carbonate (carbonate precipitated in situ at the sediment–water interface and/or within the sediment) played a
major role in the carbon cycle throughout Earth’s history. The carbon isotopic composition of authigenic
carbonates in ancient oceans have been assumed to be significantly lower than that of dissolved inorganic carbon
(DIC) in seawater, as is observed in the modern oceans. However, the δ13Ccarb values of authigenic carbonates in
the past has not been analyzed in detail. Here, we report authigenic carbonates in the uppermost Guadalupian
(Middle Permian) rocks at Chaotian, Sichuan, South China. Monocrystalline calcite crystals <20 mm long are
common in the black mudstone/chert sequence that was deposited on a relatively deep anoxic slope/basin
along the continental margin. Textures of the crystals indicate in situ precipitation on the seafloor and/or within
the sediments. The calcite precipitation corresponds stratigraphically with denitrification and sulfate reduction in the
anoxic deep-water mass, as indicated by previously reported nitrogen and sulfur isotope records, respectively. Relatively
high δ13Ccarb values of the authigenic carbonates (largely −1 ‰) compared with those of organic matter in the rocks
(ca. −26 ‰) suggest that the main carbon source of the carbonates was DIC in the water column. The calcite crystals
precipitated in an open system with respect to carbonate, possibly near the sediment–water interface rather than deep
within the sediments. The δ13Ccarb values of the carbonates were close to the δ13CDIC value of seawater due to mixing
of 13C-depleted remineralized organic carbon (that was released into the water column by the water-mass
anaerobic respiration) with the large DIC pool in the oceans. Our results imply that δ13Ccarb values of
authigenic carbonates in the anoxic oceans might have been systematically different from the values in the
oxic oceans in Earth’s history, controlled by the depth of the redoxcline in the water column and sediments. If our
model is correct, authigenic carbonates with relatively high δ13Ccarb values in the ancient anoxic oceans may have had
a less substantial influence on the bulk δ13Ccarb values in geologic records than has been previously suggested.
Keywords: Middle Permian, South China, Anoxic deep-water, Authigenic carbonate, Carbon isotopic composition,
Oxic/anoxic oceans, Redoxcline depth, Water-mass anaerobic respiration
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Background
Carbonate precipitation is a major process in the global
carbon cycle and is thought to have been closely related to
climate changes throughout Earth’s history (e.g., Walker
et al. 1981; Kasting 1993; Ridgwell and Zeebe 2005). The
precipitation of carbonate has also been an important
factor in the carbon isotope mass balance in both ancient
and modern oceans. In a general model of the global
carbon cycle, the input of carbon to the oceans is balanced
by its output via two major pathways, normal marine
carbonate precipitation and organic carbon burial
(Shackleton and Hall 1984). Biotic and/or abiotic carbonate precipitation of dissolved inorganic carbon (DIC) in
the oceans exhibits little carbon isotope fractionation,
whereas organic matter generated by biological carbon
fixation is depleted in 13C relative to seawater DIC. The
carbon isotopic composition of seawater DIC (δ13CDIC),
and consequently that of the carbonate mineral (δ13Ccarb),
is interpreted to represent the partitioning of carbon between the two major sinks. On the basis of a compilation
of δ13Ccarb values in geologic records from numerous
previous studies, carbonate precipitation is suggested to
have accounted for up to 80 % of total carbon removal
from the ocean during most of Earth’s history (Hayes et al.
1999; Shields and Veizer 2002).
Recently, Schrag et al. (2013) introduced a new component into a model of the global carbon cycle in the past.
They proposed that authigenic carbonate, inorganically
precipitated in situ at the sediment–water interface and/
or within the sediments associated with anaerobic respiration (sulfate and iron reduction), has played a major role
in Earth’s history. They also suggested that the global
authigenic carbonate sink represented a major component
of the carbon isotope mass balance in the past, particularly
in the anoxic oceans in the Precambrian and Paleozoic,
although this sink may also be significant in the modern
oxic oceans (Sun and Turchyn 2014). According to the
model of Schrag et al. (2013), secular changes in the size
of the global sink of 13C-depleted authigenic carbonate
could change the δ13CDIC value in the oceans without
large fluctuations in atmospheric O2 and CO2 levels. They
assumed that the δ13Ccarb values of authigenic carbonate
have been substantially lower than the δ13CDIC value of
seawater in the past, as observed in the modern oceans.
However, the δ13Ccarb values of authigenic carbonate
throughout Earth’s history have yet to be studied in detail.
We analyzed the Guadalupian–Lopingian (Middle–
Upper Permian) rocks in the Chaotian section in
northern Sichuan, South China, to examine the environmental changes related to the end-Guadalupian extinction (Fig. 1; Isozaki et al. 2004). In our previous studies,
we identified evidence for anoxia and for water-mass
denitrification and sulfate reduction on the relatively
deep slope/basin along the continental margin, prior to
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the extinction (Fig. 1c; Isozaki et al. 2008; Saitoh et al.
2013a, 2013b, 2014a). Here, we report on the occurrence
of anomalous carbonate crystals in a characteristic interval of deep-water facies in the uppermost Guadalupian
at Chaotian. To clarify the origin of these crystals, we
describe the textures and analyze the inorganic carbon
and oxygen isotopic compositions of the carbonates. We
classify the Chaotian carbonates as authigenic carbonate
and discuss their generation mechanisms. Moreover,
based on our results, we argue the influence of authigenic carbonate on the bulk δ13Ccarb values in geologic
records, considering the systematic difference in δ13Ccarb
values between authigenic carbonates in the oxic and
anoxic oceans throughout Earth’s history.

Methods
The Chaotian section is located nearly 20 km north of
the city of Guangyuan in northern Sichuan, South China
(32° 37′ N, 105° 51′ E; Fig. 1a; Isozaki et al. 2004). At
Chaotian, Middle Permian to lowermost Triassic carbonates are continuously exposed along the bank of the
Jialingjiang River in a narrow gorge called Mingyuexia
(Fig. 1c). We mapped the eastern bank of the gorge, particularly focusing on the ~30 m thick Middle–Upper
Permian rocks. Fresh rock samples were collected by
field mapping and by deep drilling to a depth of >150 m.
We described the textures of the rocks based on petrographic observations of polished slabs and thin sections.
To determine the mineral compositions of the carbonate
samples, X-ray diffraction (XRD) analyses were conducted on a new D8 Advance (Bruker) diffractometer
equipped with a graphite monochromator at The
University of Tokyo and operated at 40 kV and 40 mA
using Cu–Kα radiation. Selected samples were powdered
and mounted on plastic holders (ø = 25 mm, depth = 1
mm). The oriented samples were scanned over an interval of 5°–60° (2θ) at a scanning speed of 1.375°/min for
every 0.03° (2θ) step. The divergence, scattering, and
receiving slits were 0.6, 0.6, and 0.10 mm, respectively.
In addition to the lithofacies description and XRD analysis, the inorganic carbon and oxygen isotopic compositions of carbonate samples were analyzed at Tokyo
Institute of Technology. Powdered samples were reacted
with >100 % phosphoric acid at 80 °C for >12 h using a
Thermoquest GasBench II. The extracted CO2 was separated in a chromatography line with a helium flow, and
the carbon and oxygen isotope ratios were measured
with a DELTA Plus XL mass spectrometer, following a
modified version of the method in Revesz and Landwehr
(2002). The carbonate carbon and oxygen isotope compositions (δ13Ccarb and δ18Ocarb) are reported in per mil
notation relative to Vienna Peedee Belemnite (‰
VPDB). The analytical reproducibility of the δ13Ccarb and
δ18Ocarb values, determined by replicate analyses of the
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Fig. 1 Stratigraphy of the Chaotian section. a Location of the Chaotian section. b Paleogeography of South China in the Capitanian (Late Guadalupian)
modified from Wang and Jin (2000). The global paleogeography is shown in the inset. South China is shown in black, and a red star
represents the location of Chaotian. c Stratigraphy across the Guadalupian–Lopingian (Middle–Upper Permian) boundary (G–LB) at Chaotian. The
sedimentary environments and sea-level changes are modified from Saitoh et al. (2013a). carb. carbonates, calc. calcareous, sil. siliceous, c.n. chert
nodule, Word. Wordian, Wuchiap. Wuchiapingian, Ch. Changhsingian, Dal. Dalong, Tr. Triassic, In. Induan, Gr. Griesbachian, Fei. Feixianguan, P–TB
Permian–Triassic boundary

laboratory standard, were better than 0.3 and 0.4 ‰,
respectively.
We conducted simple thermodynamic calculations to
examine changes in chemical compositions (e.g., the
saturation state of carbonate) in hypothetical Permian
seawater associated with anaerobic respiration. We used
a one-box model with the chemical compositions of the
initial seawater based on values taken from previous
studies (Tables 1 and 2). We assumed that the total
Na concentration (∑Na = Na+ + NaCO−3 + NaCl (aq) +
NaHCO3 (aq) + NaOH (aq)) and the total Cl concentration (∑Cl = Cl− + CaCl+ + CaCl2 (aq) + NaCl (aq) +
HCl (aq)) in the initial seawater were 500 mmol/L.
We also assumed that the total S concentration (∑S =
SO42– + HSO4– + CaSO4 (aq) + H2S + HS− + S2−) in the

initial seawater was 20 mmol/L according to a recent reconstruction of the secular changes in seawater sulfate
concentrations in the Phanerozoic based on sulfur isotope records (Algeo et al. 2015). The total Ca concentration (∑Ca = Ca2+ + CaCO3 (aq) + CaCl+ + CaCl2 (aq) +
CaHCO3+ + CaSO4 (aq)) at the initial condition was
assumed to be 15 mmol/L based on secular variations
in the Phanerozoic reconstructed by Stanley and
Hardie (1998). We assumed that the total DIC concentration (∑CO2 = CO2 (aq) + HCO–3 + CO2–
3 + CaCO3 (aq) +
CaHCO3+ + NaCO3– + NaHCO3 (aq)) in the initial seawater was 2 mmol/kg according to an estimation by
Arvidson et al. (2014). Although nitrate concentrations in
the Permian oceans are poorly constrained, we assumed
that the total N concentration (∑N = NO–3 + HNO3 (aq) +
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Ω ¼ γCa2þ • γCO2–
3 =K sp

Table 1 Model input parameters
Value

Units

References

ΣNaa

500

mmol/L

ΣCl

500

mmol/L

ΣS

20

mmol/L

ΣCa

15

mmol/L

Stanley and Hardie (1998)

2

mmol/kg

Arvidson et al. (2014)

μmol/L

Lam et al. (2009)

ΣCO2b
ΣNc

15

pH

7.8

Algeo et al. (2015)

Ridgwell (2005)

Temperature

15

°C

δ13CDIC

+2

‰

δ13Corg

−26

‰
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a
ΣNa = Na+ + NaCO3− + NaCl (aq) + NaHCO3 (aq) + NaOH (aq)
The total elemental concentrations of the other elements are calculated in
a similar way to ΣNa (see the “Methods” section and Table 3)
b
Total dissolved inorganic carbon (DIC)
c
The value at the estimated water depth of the sedimentary environment
(>150 m deep)

N2 (aq)) in the initial seawater was 15 μmol/L based on
the vertical NO−3 profile in the modern oceans (Lam et al.
2009) and on the estimated water depth of the sedimentary environment of the Mudstone Unit at Chaotian
(>150 m deep) (Saitoh et al. 2013a). The pH of the initial
seawater was assumed to be 7.8 on the basis of the model
results by Ridgwell (2005). The temperature of the seawater was assumed to be 15 °C. The δ13CDIC value of
the initial seawater was assumed to be +2 ‰ based
on the previously reported δ13Ccarb records in the
Mudstone Unit (Saitoh et al. 2013b). Model input parameters are listed in Table 1, and the calculated
chemical composition of the initial seawater is listed in
Table 2. We calculated the saturation index of calcite (Ω)
as follows:

where γCa2+ and γCO32– are the activities of Ca2+ and
CO32– in seawater, respectively, and Ksp is the solubility
constant for calcite. The net reaction formulas for
denitrification and sulfate reduction can be written as
NO–3 þ 5=4ðCH2 OÞ þ Hþ →1=2N2 þ 5=4CO2
þ 7=4H2 O

ð2Þ

þ
SO2–
4 þ 2ðCH2 OÞ þ 2H →H2 S þ 2CO2
þ 2H2 O

ð3Þ

The composition of the seawater is modified as these
reactions proceed, which were calculated using the
REACT module in the computer code Geochemist’s
Workbench (Bethke 2008). The reaction path mimics
the incremental addition of organic matter (as the
addition of C and H2O because of the absence of
thermodynamic data for CH2O) into the seawater, in
which the respiration reaction and the resulting compositional modification of the seawater is reevaluated at
each step based on the reactions listed in Table 3.
Minerals (e.g., carbonate and sulfide) were not allowed
Table 3 Reaction formulas for the thermodynamic calculations
in association with sulfate reduction
Aqueous species
CO2 (aq) + H2O = HCO−3 + H+
CO32− + H+ = HCO−3
CaCO3 (aq) + H+ = HCO−3 + Ca2+
CaCl+ = Cl− + Ca2+
CaCl2 (aq) = 2Cl− + Ca2+
CaHCO3+ = HCO−3 + Ca2+
CaSO4 (aq) = Ca2+ + SO42−

Table 2 Chemical compositions of the initial seawater (SWi) for
the thermodynamic calculations
Aqueous species

H2 (aq) + 1/2O2 (aq) = H2O
H2S (aq) + 2O2 (aq) = 2H+ + SO42−

Value

Units

HCl (aq) = H+ + Cl−

495.0

mmol/L

HO2− + H+ = H2O + 1/2O2 (aq)

483.1

mmol/L

HS− + 2O2 (aq) = H+ + SO42−

18.6

mmol/L

HSO4− = H+ + SO42−

Ca

13.1

mmol/L

NaCO3− + H+ = HCO−3 + Na+

DIC

2.0

mmol/L

NaCl (aq) = Cl− + Na+

g/kg

NaHCO3 (aq) = HCO−3 + Na+

g/cm3

NaOH (aq) + H+ = H2O + Na+

Na+
−

Cl

SO42–
2+

Salinity

32.09

Density

1.03

Ionic strength

0.55

Carbonate alkalinity

1.96

Calcite saturation index (Ω)

1.97

Temperature

15

pH

7.8

δ13CDIC

2.0

OH− + H+ = H2O
meq/L

S2− + 2O2 (aq) = SO42−
Solids

°C

C (in CH2O) + H2O + O2 (aq) = HCO−3 + H+
H2O (in CH2O) = H2O

‰

ð1Þ

CaCO3 + H+ = HCO−3 + Ca2+
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°C

activity model (Helgeson 1969; Helgeson and Kirkham
1974), while Na+ was used to compensate for unbalanced charges in the initial seawater. We also calculated
the δ13CDIC value in the seawater at each step assuming
that the δ13C value of the remineralized organic carbon,
added to the box by the anaerobic respiration, was −26
‰ based on the δ13Corg records in the Mudstone Unit
(Saitoh et al. 2014a). In addition, we mixed the initial
seawater (SWi) with the seawaters generated in the box
by anaerobic respiration (SW1, SW2, SW3), assuming
mixing of the deep-water mass with the ambient seawater in the water column. The chemical compositions
of SW1, SW2, and SW3 are shown in Table 4. Mixing
ratios of the generated seawaters to SWi are between 0
and 0.5. We then calculated the δ13CDIC value and
calcite saturation index of the mixed waters.

−10.1

‰

Results

492.8

mmol/L

Geologic setting and stratigraphy

483.0

mmol/L

14.0

mmol/L

Table 4 Chemical compositions of the seawaters used in the
mixing calculations
SW1

Aqueous species

Value

Units

Na+

494.7

mmol/L

Cl−

483.1

mmol/L

SO42−

17.9

mmol/L

Ca2+

13.1

mmol/L

3.5

mmol/L

DIC
Salinity

32.13

Density

1.03

Ionic strength

0.55

Carbonate alkalinity
Calcite saturation index

2.98
(Ω)

SW2

15

pH

7.0

Aqueous species

Na+
Cl

−

SO42−
Ca

2+

DIC

1.03

Ionic strength

0.55

Carbonate alkalinity

9.15

Na

+

Cl−

°C
‰

485.7

mmol/L

482.6

mmol/L

SO42−

0.0

mmol/L

Ca2+

13.6

mmol/L

42.0

mmol/L

DIC

33.28

Density

1.03

Ionic strength

0.53

Carbonate alkalinity

31.89
(Ω)

g/kg
g/cm3

meq/L

3.32

Temperature

15

pH

6.8

δ13CDIC

meq/L

−21.2

Salinity

Calcite saturation index

g/cm3

6.8

δ13CDIC
Aqueous species

g/kg

1.00
15

pH

SW3

mmol/L
mmol/L

32.38

(Ω)

meq/L

13.2

Density

Temperature

g/cm3

11.8

Salinity

Calcite saturation index

g/kg

0.49

Temperature
δ13CDIC
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−24.7

°C
‰

to precipitate in calculations of the calcite saturation
state and alkalinity during the reaction process. In the
calculations, we used a default thermodynamic dataset
(thermo.com.V8.R6.full) (Bethke 2008) with the B-dot

During the Permian, South China was located at low latitudes on the eastern side of Pangaea, where shallowmarine carbonates and terrigenous clastics with diverse
fossils accumulated extensively on the continental shelves
(Fig. 1b; Zhao et al. 1981; Scotese and Langford 1995; Jin
et al. 1998). In northern Sichuan, along the northwestern
edge of South China, carbonates and mudstones of relatively deep-water facies were thickly accumulated in a
slope/basin environment (Fig. 1b; Wang and Jin 2000). At
Chaotian, the Permo-Triassic rocks (>300 m thick in total)
include the Guadalupian Maokou Formation, the Lopingian Wujiaping and Dalong formations, and the lowermost Triassic Feixianguan Formation, in ascending order
(Fig. 1c; Isozaki et al. 2004, 2008; Saitoh et al. 2013a,
2013b, 2014b). The Maokou Formation, >150 m thick,
consists mainly of massive dark gray bioclastic limestone
with abundant shallow-marine fossils such as calcareous
algae, brachiopods, and fusulines. The uppermost part
(~11 m thick) of the Maokou Formation is composed of
thinly bedded black mudstone and chert containing radiolarians and conodonts. The Wujiaping Formation, ~70 m
thick, is composed mainly of massive dark gray bioclastic
limestone containing shallow-marine fossils such as fusulines, calcareous algae, and brachiopods. The Dalong
Formation, ~25 m thick, is composed mainly of thinly
bedded black mudstone and siliceous mudstone with
abundant radiolarians. The Feixianguan Formation, >30 m
thick, is dominated by thinly bedded light gray micritic
limestone containing few conodonts and ammonoids.
The Guadalupian–Lopingian boundary (G–LB) interval
(~30 m thick) analyzed here consists of three stratigraphic
units: (1) the early Capitanian (Late Guadalupian)
Limestone Unit of the Maokou Formation, (2) the
early–late Capitanian Mudstone Unit of the Maokou Formation, and (3) the lower part of the early Wuchiapingian
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(Early Lopingian) Wujiaping Formation, in ascending
order (Fig. 1c; Isozaki et al. 2008; Saitoh et al. 2013a). The
Limestone Unit of the Maokou Formation, ~11 m thick, is
composed of bioclastic limestone with abundant shallowmarine fossils (e.g., calcareous algae, fusulines, and corals)
deposited on a euphotic and oxic shelf. In contrast, the
overlying Mudstone Unit, ~11 m thick, is composed
mainly of black calcareous mudstone, black chert/siliceous
mudstone, and dark gray carbonates containing abundant
radiolarians, conodonts, and ammonoids. This unit was
deposited on a relatively deep disphotic slope/basin under
anoxic conditions. The lower Wujiaping Formation, ~
11.5 m thick, is mainly bioclastic limestone with shallowmarine fossils including calcareous algae deposited on a
euphotic and oxic shelf. A ~2 m thick tuffaceous Wangpo
bed occurs at the base of the Wujiaping Formation. The
end-Guadalupian extinction horizon is assigned to the top
of the Mudstone Unit, while the biostratigraphically defined G–LB is placed at the base of the lower Wujiaping
bioclastic limestones based on index fossils such as conodonts, fusulines, radiolarians, and ammonoids.
Petrology of the carbonate

Characteristic carbonate crystals occur frequently in the
Mudstone Unit of the Maokou Formation at Chaotian
(Figs. 1c and 2). Their occurrence is limited to the unit
of deep-water facies, and no similar crystals are observed
in the underlying and overlying shallow-marine bioclastic limestones. The carbonate crystals form severalcentimeter-thick beds (5 cm on average) in multiple
horizons in the Mudstone Unit (Fig. 2a, b). There are
two major types of calcite crystal textures: “randomly
oriented” and “bundled.” In the first texture, monocrystalline calcite crystals (~200–300 μm long) occur in a
randomly oriented manner within a bed (Fig. 2c). The
aspect ratios (the ratio of the lengths of the long and
short axes of a crystal) of these “randomly oriented”
calcite crystals are largely <5, with no remarkable size
variation. Each calcite crystal is consistently elongate
along the c-axis of the trigonal system (Fig. 2c–e), yet
the c-axes themselves are randomly, and therefore isotropically, oriented in a bed. However, in certain beds,
the long axes of the crystals are generally perpendicular
to the bedding (Fig. 2f, g). The matrix of the crystal beds
is composed of very fine clay-sized silicate particles,
recognized as dark areas on photomicrographs. In the
second crystal texture type, 0.2–20 mm long monocrystalline calcite crystals are bundled together within a bed
(Fig. 2h–k). These “bundled” calcite crystals are consistently elongate along the c-axis, and their aspect ratios
are largely >6. The bundled crystals mainly grow upward
and are consistently perpendicular to the bedding. Certain crystals originate from brachiopod shells contained
in the bed and grow both upward and downward.
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Inclusions of 1–2 μm in size are aligned along grain
boundaries in the bundled monocrystalline crystals.
The bundled calcite crystals generally do not coexist
with the randomly oriented crystals, although in
some beds, the randomly oriented crystals gradually
transition upward to bundled crystals (Fig. 2a). A
small number of a third type of calcite crystal also
occurs in the Mudstone Unit (Fig. 2b, k). Calcite
crystals <200 μm long are densely packed in certain
beds. These “packed” calcite crystals are also elongate along the c-axis, though their aspect ratios are
low (primarily <3). The bedding of the packed crystal beds is wavy, and few bioclasts are contained
within the beds. The results of XRD analyses show
that the Chaotian carbonates are composed solely of
calcite (Fig. 3).
Isotopic composition of the carbonate

Table 5 lists all the measured δ13Ccarb and δ18Ocarb
values of the carbonates. Figure 4 shows stratigraphic
profiles of the δ13Ccarb values, and Fig. 5 shows a
cross-plot of the δ13Ccarb and δ18Ocarb values of the
analyzed samples. The δ13Ccarb values of the randomly oriented calcite crystals range from −6.6 to +
1.6 ‰, with an average value of approximately −0.8
‰. The δ13Ccarb values of the bundled calcite crystals
range from −6.7 to +2.6 ‰, with an average value of
approximately −0.6 ‰. The δ13Ccarb values of the
packed calcite crystals range from −11.7 to −5.1 ‰,
with an average value of approximately −8.7 ‰. The
δ18Ocarb values of the randomly oriented calcite crystals range from −13.8 to −3.5 ‰, with an average
value of approximately −6.7 ‰. The δ18Ocarb values
of the bundled calcite crystals range from −14.2 to −
3.3 ‰, with an average value of approximately −7.1
‰. The δ18Ocarb values of the packed calcite crystals
range from −10.4 to −4.9 ‰, with an average value of
approximately −7.3 ‰. No linear correlation is observed between the δ13Ccarb and δ18Ocarb values of
each calcite type, suggesting that any diagenetic
overprinting is not significant (Fig. 5; Knauth and
Kennedy 2009), although some of the δ18Ocarb values
are considerably low and imply some diagenetic isotopic alteration. As described above, the analyzed
carbonate crystals are monocrystalline calcite elongate along the c-axis. This mineralogical characteristic
indicates that the carbonate crystals were not affected by dissolution/remineralization during diagenesis (as discussed in detail in the next section) and
that secondary isotopic alteration of the carbonates
by these processes was not significant. In each type
of carbonate, most of the δ13Ccarb values are relatively high in the lower part and relatively low in the
upper part of the Mudstone Unit.
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Fig. 2 Authigenic carbonates at Chaotian. a, b Drill core samples of a calcite crystal bed. In a, the lower and upper parts of the carbonate bed
are composed of “randomly oriented” and “bundled” calcite crystals, respectively, and the bed is parallel to the overlying and underlying black
mudstone beds. In b, “packed” calcite crystals form a wavy bed. c Photomicrograph of randomly oriented monocrystalline calcite crystals (crossed nicols).
The horizontal direction corresponds to the bedding. Note that the interference colors of the elongate crystals (circled in red) are consistently high order
(typical of calcite), whereas those of circular crystals (circled in yellow) are low order. d Enlarged photomicrograph of a crystal rotated 45° relative to the
bedding (crossed nicols). e Normal velocity curve of an optically negative uniaxial calcite. The optical characteristics of monocrystalline crystals in C show
that the crystals are elongate along the c-axis because the interference color of calcite is determined by the angle between the c-axis and the cross
section. When the angle is low (e.g., the cross section represented by the red dashed line in e), the apparent shape of the crystals in thin section is elongate
and the crystals’ interference colors are high order (the crystals circled in red in c). The opposite is true for high-angle cross sections (the yellow dashed line
in e and the circular crystals circled in yellow in c). f, g Photomicrographs of the same sample from a calcite bed. The horizontal direction corresponds to
the bedding. The crossed polarizer and analyzer in f and g are parallel/perpendicular to and rotated 45° relative to the bedding, respectively. Note the
contrast in brightness between the photos. This difference indicates that the crystals are largely perpendicular to the bedding because calcite exhibits
straight extinction. h–j Photomicrographs of the bundled calcites. h (opened nicols) and i (crossed nicols) show the same field of view.
The horizontal direction corresponds to the bedding in each photo. Some bundled crystals grow from brachiopod shells (arrows) upward
and partly downward. k Photomicrograph of packed calcite crystals (opened nicols). Up to 200 μm long calcite crystals are densely packed
in the bed
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gradually increases with increasing mixing ratios of SW2
to SWi but does not reach 1.0 even when the mixing ratio is 0.5. When SW3 is mixed with SWi, the Ω value
also abruptly decreases to ~0.5 and then increases to
>1.0 according to the increase in the mixing ratio. This
is probably because of the high carbonate alkalinity of
SW3 (>30 meq/L) although the pH of the water is ~6.8.
The Ω value reaches >3.0 when the mixing ratio is 0.5.

Discussion
Authigenic carbonate precipitation at Chaotian
Fig. 3 Representative XRD pattern of the authigenic carbonates
at Chaotian. The pattern shows that the carbonate is composed
solely of calcite (Cc)

Thermodynamic and mixing calculations

Figure 6 shows calculated changes in the concentrations
of inorganic carbon and sulfur chemical species, pH,
carbonate alkalinity, saturation index of calcite (Ω), and
the δ13CDIC value in response to sulfate reduction in the
hypothetical Permian seawater. The pH value decreases
abruptly from the initial value 7.8 to 6.9 in the early
stage of the reaction, in association with dissociation of
hydrogen sulfide generated by sulfate reduction and an
addition of CO2 species derived from decomposition of
organic matter. It then remains nearly consistent, with
values around 6.8, due to carbonate buffering in the
middle to late stages. Carbonate alkalinity monotonously
increases in response to sulfate reduction. Calcite is supersaturated under the initial conditions. In the early
stage, calcite becomes undersaturated mainly due to the
pH decrease, despite carbonate alkalinity increasing.
Calcite is again supersaturated as alkalinity increases
substantially in the late stage of the reaction. The
δ13CDIC value in the seawater monotonously decreases
to −25 ‰ in response to sulfate reduction. The results of
this study are generally consistent with those of Meister
(2013), who examined carbonate saturation states as a
result of sulfate reduction. The pH, alkalinity, and Ω do
not change significantly in response to denitrification,
owing to the relatively low nitrate concentration
(15 μmol/L) (results not shown).
We mixed the initial seawater (SWi) with the seawaters generated by sulfate reduction (SW1, SW2, SW3)
(Fig. 6). Figure 7 shows the relationships between the
δ13CDIC value and Ω of the mixed waters. When SW1 is
mixed with SWi, the Ω value gradually and monotonously decreases from ~2.0 to 0.5 according to an increase of the mixing ratio of SW1 to SWi (from 0 to 0.5).
When a small amount of SW2 is mixed with SWi, the
mixed water becomes undersaturated with respect to
calcite, possibly due to a pH decrease. The Ω value then

The elongate morphology along the c-axis of the calcite
crystals from Chaotian is an important feature that
allows us to clarify their origin (Fig. 2c–k). This mineralogical characteristic suggests that the calcites were precipitated directly from oversaturated seawater, causing
the calcite to grow along the c-axis. The Chaotian calcite
crystals are neither bioclasts nor clastic grains, as it is
unlikely that this remarkable mineralogical characteristic
was generated by normal sedimentary processes. The
possibility that the crystals were originally precipitated
as other minerals, such as aragonite and gypsum, is also
excluded because secondary calcite with a replacement
origin usually exhibits a mosaic texture (e.g., Porter 2007),
which is not the case for the monocrystalline calcites at
Chaotian. Although apparently inconsistent with the general view that aragonite was preferentially precipitated
(relative to calcite) in the Permian oceans (Sandberg 1983;
Stanley and Hardie 1998), the calcite precipitation in the
Chaotian section may have been caused by local “calcitic”
conditions in the ocean of northwestern South China. No
evidence for microbially induced precipitation of the
crystals, such as “micropores” (Bosak et al. 2004), is recognized in the Chaotian carbonates.
Several lines of evidence suggest that the carbonate
crystals at Chaotian were authigenically precipitated on
the seafloor and/or within the soft sediments. The randomly oriented texture of the calcite crystals indicates
that they were generated primarily on the seafloor and/
or within the soft sediments below the seafloor in the
early diagenetic stage (Fig. 2c). In either case, the crystals
were generated in situ and are not allochthonous. If the
crystals were originally precipitated in shallower environments and secondarily transported to the deeper
slope/basin by gravity flow, the long axis of each crystal
should be aligned parallel to the bedding, which clearly
differs from the observed randomly oriented texture of
the Chaotian crystals. Similarly, it is unlikely that the
crystals were originally generated in the water column
and subsequently sank to the slope/basin. The texture of
the bundled crystals clearly indicates that they were generated in situ (Fig. 2h–j). Moreover, certain bundled
crystals were generated from brachiopod shells in a bed
and grew both upward and downward. This texture,
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Table 5 Results of carbon and oxygen isotope analyses
Thickness (m)

δ13CVPDB

δ18OVPDB

bundled calcite

10.54

−2.5

−9.2

E83-40

bundled calcite

10.54

−2.4

−4.5

E83-39

bundled calcite

10.54

−3.0

−8.9

Mudstone Unit of the Maokou Fm

E83-38

bundled calcite

10.54

−2.1

−4.6

Mudstone Unit of the Maokou Fm

E83-37

bundled calcite

10.53

−1.7

−9.3

Mudstone Unit of the Maokou Fm

E83-36

bundled calcite

10.53

−2.4

−5.7

Mudstone Unit of the Maokou Fm

E83-35

bundled calcite

10.53

−1.6

−10.7

Mudstone Unit of the Maokou Fm

E83-34

bundled calcite

10.53

−2.1

−10.6

Mudstone Unit of the Maokou Fm

E83-33

bundled calcite

10.53

−2.0

−7.8

Mudstone Unit of the Maokou Fm

E83-32

bundled calcite

10.52

−2.1

−4.1

Mudstone Unit of the Maokou Fm

E83-31

bundled calcite

10.52

−1.8

−9.3

Mudstone Unit of the Maokou Fm

E83-30

bundled calcite

10.52

−1.8

−10.3

Mudstone Unit of the Maokou Fm

E83-29

bundled calcite

10.52

−0.8

−5.4

Mudstone Unit of the Maokou Fm

E83-28

bundled calcite

10.52

−0.4

−7.9

Mudstone Unit of the Maokou Fm

E83-27

bundled calcite

10.51

0.0

−5.5

Mudstone Unit of the Maokou Fm

E83-26

bundled calcite

10.51

−0.5

−7.2

Mudstone Unit of the Maokou Fm

E83-25

bundled calcite

10.51

−0.6

−8.1

Mudstone Unit of the Maokou Fm

E83-24

bundled calcite

10.51

−0.3

−4.4

Mudstone Unit of the Maokou Fm

E83-23

bundled calcite

10.51

−0.6

−5.9

Mudstone Unit of the Maokou Fm

E83-22

bundled calcite

10.50

−0.6

−6.2

Mudstone Unit of the Maokou Fm

E83-21

bundled calcite

10.50

−0.9

−5.3

Mudstone Unit of the Maokou Fm

E83-20

bundled calcite

10.50

−0.7

−10.0

Mudstone Unit of the Maokou Fm

E83-19

bundled calcite

10.50

−0.9

−10.3

Mudstone Unit of the Maokou Fm

E83-18

bundled calcite

10.50

−0.7

−5.9

Mudstone Unit of the Maokou Fm

E83-17

bundled calcite

10.49

−0.7

−5.4

Mudstone Unit of the Maokou Fm

E83-16

packed calcite

10.49

−8.7

−8.4

Mudstone Unit of the Maokou Fm

E83-15

packed calcite

10.49

−9.5

−7.9

Mudstone Unit of the Maokou Fm

E83-14

packed calcite

10.49

−9.1

−6.9

Mudstone Unit of the Maokou Fm

E83-13

packed calcite

10.49

−10.6

−8.3

Mudstone Unit of the Maokou Fm

E83-12

packed calcite

10.48

−7.5

−8.5

Mudstone Unit of the Maokou Fm

E83-11

packed calcite

10.48

−11.7

−10.4

Mudstone Unit of the Maokou Fm

E83-10

packed calcite

10.48

−10.2

−9.4

Mudstone Unit of the Maokou Fm

E83-9

bundled calcite

10.48

−0.1

−6.8

Mudstone Unit of the Maokou Fm

E83-8

bundled calcite

10.48

−0.7

−5.7

Mudstone Unit of the Maokou Fm

E83-7

bundled calcite

10.47

−0.4

−4.4

Mudstone Unit of the Maokou Fm

E83-6

bundled calcite

10.47

−0.1

−4.5

Mudstone Unit of the Maokou Fm

E83-5

bundled calcite

10.47

−0.1

−7.0

Mudstone Unit of the Maokou Fm

E83-4

bundled calcite

10.47

−0.4

−4.1

Mudstone Unit of the Maokou Fm

E83-3

bundled calcite

10.47

−0.3

−4.2

Mudstone Unit of the Maokou Fm

E83-2

bundled calcite

10.46

−0.2

−5.3

Mudstone Unit of the Maokou Fm

E83-1

bundled calcite

10.46

−1.4

−7.4

Mudstone Unit of the Maokou Fm

E65-7

bundled calcite

10.11

−0.9

−3.3

Mudstone Unit of the Maokou Fm

E65-6

bundled calcite

10.11

−1.0

−3.7

Mudstone Unit of the Maokou Fm

E65-5

bundled calcite

10.11

−1.1

−3.9

Unit/Fm

Sample ID

Type

Mudstone Unit of the Maokou Fm

E83-41

Mudstone Unit of the Maokou Fm
Mudstone Unit of the Maokou Fm
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Table 5 Results of carbon and oxygen isotope analyses (Continued)
Mudstone Unit of the Maokou Fm

E65-4

packed calcite

10.10

−9.6

−6.1

Mudstone Unit of the Maokou Fm

E65-3

packed calcite

10.10

−8.7

−4.9

Mudstone Unit of the Maokou Fm

E65-2

packed calcite

10.10

−9.1

−5.6

Mudstone Unit of the Maokou Fm

E65-1

packed calcite

10.10

−9.6

−6.1

Mudstone Unit of the Maokou Fm

E54

bundled calcite

9.73

-6.7

−8.8

Mudstone Unit of the Maokou Fm

E31-7

randomly oriented calcite

9.02

−0.3

−7.7

Mudstone Unit of the Maokou Fm

E31-6

randomly oriented calcite

9.01

−0.5

−6.4

Mudstone Unit of the Maokou Fm

E31-5

randomly oriented calcite

9.00

−0.6

−4.7

Mudstone Unit of the Maokou Fm

E31-4

randomly oriented calcite

8.99

−0.7

−8.1

Mudstone Unit of the Maokou Fm

E31-3

randomly oriented calcite

8.98

−0.7

−4.7

Mudstone Unit of the Maokou Fm

E31-2

randomly oriented calcite

8.97

−0.7

−4.9

Mudstone Unit of the Maokou Fm

E31-1

randomly oriented calcite

8.96

−0.6

−5.4

Mudstone Unit of the Maokou Fm

E23R14

bundled calcite

8.75

−1.4

−8.8

Mudstone Unit of the Maokou Fm

E23R13

bundled calcite

8.75

−1.2

−8.4

Mudstone Unit of the Maokou Fm

E23R12

bundled calcite

8.75

−0.4

−7.7

Mudstone Unit of the Maokou Fm

E23R11

bundled calcite

8.74

−0.9

−10.5

Mudstone Unit of the Maokou Fm

E23R10

bundled calcite

8.74

−1.3

−11.4

Mudstone Unit of the Maokou Fm

E23R9

bundled calcite

8.74

−0.3

−14.2

Mudstone Unit of the Maokou Fm

E23R8

bundled calcite

8.74

−0.1

−10.1

Mudstone Unit of the Maokou Fm

E23R7

bundled calcite

8.74

−0.6

−12.3

Mudstone Unit of the Maokou Fm

E23R6

bundled calcite

8.73

−0.8

−7.3

Mudstone Unit of the Maokou Fm

E23R5

randomly oriented calcite

8.73

−1.4

−7.9

Mudstone Unit of the Maokou Fm

E23R4

randomly oriented calcite

8.73

−0.7

−5.6

Mudstone Unit of the Maokou Fm

E23R3

randomly oriented calcite

8.73

−1.0

−5.7

Mudstone Unit of the Maokou Fm

E23R2

randomly oriented calcite

8.73

−0.8

−8.8

Mudstone Unit of the Maokou Fm

E23R1

randomly oriented calcite

8.72

−0.7

−7.3

Mudstone Unit of the Maokou Fm

E1-10

randomly oriented calcite

8.32

−1.7

−4.5

Mudstone Unit of the Maokou Fm

E1-9

randomly oriented calcite

8.31

−1.3

−4.9

Mudstone Unit of the Maokou Fm

E1-8

randomly oriented calcite

8.31

−1.4

−9.3

Mudstone Unit of the Maokou Fm

E1-7

randomly oriented calcite

8.31

−1.3

−7.7

Mudstone Unit of the Maokou Fm

E1-6

randomly oriented calcite

8.31

−0.8

−4.9

Mudstone Unit of the Maokou Fm

E1-5

randomly oriented calcite

8.30

−0.6

−13.8

Mudstone Unit of the Maokou Fm

E1-4

randomly oriented calcite

8.30

−0.6

−6.1

Mudstone Unit of the Maokou Fm

E1-3

randomly oriented calcite

8.30

−0.9

−6.3

Mudstone Unit of the Maokou Fm

E1-2

randomly oriented calcite

8.29

−1.2

−8.3

Mudstone Unit of the Maokou Fm

E1-1

randomly oriented calcite

8.29

−1.4

−8.3

Mudstone Unit of the Maokou Fm

D120-4

packed calcite

8.17

−6.3

−6.4

Mudstone Unit of the Maokou Fm

D120-3

packed calcite

8.17

−5.9

−6.4

Mudstone Unit of the Maokou Fm

D120-2

packed calcite

8.16

−5.1

−7.1

Mudstone Unit of the Maokou Fm

D120-1

randomly oriented calcite

8.16

−0.6

−4.9

Mudstone Unit of the Maokou Fm

D98

randomly oriented calcite

7.41

0.7

−4.8

Mudstone Unit of the Maokou Fm

D84.5

randomly oriented calcite

6.95

0.3

−10.0

Mudstone Unit of the Maokou Fm

D70.6

bundled calcite

6.39

0.0

−6.6

Mudstone Unit of the Maokou Fm

D70.5

randomly oriented calcite

6.38

0.8

−3.5

Mudstone Unit of the Maokou Fm

D60-4

randomly oriented calcite

6.14

0.0

−6.0

Saitoh et al. Progress in Earth and Planetary Science (2015) 2:41

Page 11 of 19

Table 5 Results of carbon and oxygen isotope analyses (Continued)
Mudstone Unit of the Maokou Fm

D60-3

randomly oriented calcite

6.13

0.6

−9.9

Mudstone Unit of the Maokou Fm

D60-2

randomly oriented calcite

6.13

0.8

−7.7

Mudstone Unit of the Maokou Fm

D60-1

randomly oriented calcite

6.12

0.2

−8.0

Mudstone Unit of the Maokou Fm

D22-2

randomly oriented calcite

4.50

−6.6

−6.8

Mudstone Unit of the Maokou Fm

D22-1

randomly oriented calcite

4.49

−6.6

–5.7

Mudstone Unit of the Maokou Fm

C54-4

bundled calcite

2.95

1.7

−10.3

Mudstone Unit of the Maokou Fm

C54-3

bundled calcite

2.94

2.3

−4.2

Mudstone Unit of the Maokou Fm

C54-2

bundled calcite

2.94

2.4

−4.6

Mudstone Unit of the Maokou Fm

C54-1

bundled calcite

2.94

2.6

−3.5

Mudstone Unit of the Maokou Fm

C43

bundled calcite

2.62

1.3

−11.6

Mudstone Unit of the Maokou Fm

C28-5

bundled calcite

2.09

1.4

−10.5

Mudstone Unit of the Maokou Fm

C28-4

bundled calcite

2.09

1.6

−4.8

Mudstone Unit of the Maokou Fm

C28-3

bundled calcite

2.09

1.9

−4.8

Mudstone Unit of the Maokou Fm

C28-2

bundled calcite

2.09

2.3

−3.5

Mudstone Unit of the Maokou Fm

C28-1

bundled calcite

2.09

1.8

−4.2

Mudstone Unit of the Maokou Fm

C9-4

randomly oriented calcite

1.64

−5.8

−8.6

Mudstone Unit of the Maokou Fm

C9-3

randomly oriented calcite

1.63

−4.3

−6.4

Mudstone Unit of the Maokou Fm

C9-2

randomly oriented calcite

1.62

−6.2

−6.2

Mudstone Unit of the Maokou Fm

C9-1

randomly oriented calcite

1.61

−6.3

−6.2

Mudstone Unit of the Maokou Fm

B27

randomly oriented calcite

1.37

0.3

−4.3

Mudstone Unit of the Maokou Fm

B18-5

randomly oriented calcite

1.07

1.6

−4.4

Mudstone Unit of the Maokou Fm

B18-4

randomly oriented calcite

1.07

1.5

−9.9

Mudstone Unit of the Maokou Fm

B18-3

randomly oriented calcite

1.07

1.6

−9.1

Mudstone Unit of the Maokou Fm

B18-2

randomly oriented calcite

1.07

1.3

−6.2

Mudstone Unit of the Maokou Fm

B18-1

randomly oriented calcite

1.07

1.4

−6.5

Mudstone Unit of the Maokou Fm

B16-8

randomly oriented calcite

1.06

1.0

−4.5

Mudstone Unit of the Maokou Fm

B16-7

randomly oriented calcite

1.06

1.0

−4.7

Mudstone Unit of the Maokou Fm

B16-6

randomly oriented calcite

1.05

1.0

−4.5

Mudstone Unit of the Maokou Fm

B16-5

randomly oriented calcite

1.05

0.8

−4.6

Mudstone Unit of the Maokou Fm

B16-4

randomly oriented calcite

1.04

0.7

−4.7

Mudstone Unit of the Maokou Fm

B16-3

randomly oriented calcite

1.04

0.7

−8.0

Mudstone Unit of the Maokou Fm

B16-2

randomly oriented calcite

1.03

0.6

−9.0

Mudstone Unit of the Maokou Fm

B16-1

randomly oriented calcite

1.03

0.6

−8.2

particularly the downward growth, strongly suggests that
the bundled crystals grew from the shells within the
sediments. The packed calcite crystal beds contain few
bioclasts, and it is unlikely that they are allochthonous
carbonate debris flow deposits (Fig. 2k). The wavy bedding of the packed crystal beds may imply that they
were generated below the seafloor, pushing the upper
and lower sediments up and down, respectively, in an
early diagenetic stage (Fig. 2b). The consistent c-axis
elongation of all the Chaotian calcite crystals suggests
that no solid obstacle prevented growth during
crystallization; the crystals likely precipitated in a free
space and/or soft sediments.

The occurrence of the carbonate crystals in the
Mudstone Unit at Chaotian corresponds stratigraphically
to anoxic conditions and water-mass anaerobic respiration in the unit (Fig. 1c). Saitoh et al. (2013a) suggested
that the Mudstone Unit was deposited under anoxic
conditions based on the absence of bioturbation, high
total organic carbon contents (up to 16 %), and abundant
pyrite framboids. An anoxic water mass likely developed
in the deep part of the water column, although the surface
ocean may have remained oxic. Moreover, Saitoh et al.
(2014a) reported the nitrogen and sulfur isotope records
of the Mudstone Unit. The substantially high δ15N values
(up to +14 ‰) and consistently low δ34S values
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Fig. 4 Chemostratigraphic profile of the δ13Ccarb values of the authigenic carbonates at Chaotian. The δ13Ccarb values of the bioclastic limestone
and black calcareous mudstone (open circles) were reported in Saitoh et al. (2013b). Except for some samples with lower values, the δ13Ccarb values of
the carbonates are similar to or slightly lower than those of the black mudstone. U.P. upper part

(approximately −37 ‰) in the unit indicate denitrification
and sulfate reduction, respectively, in the anoxic deep waters. The clear stratigraphic correspondence implies that
the authigenic carbonates at Chaotian may have precipitated in association with the water-mass anaerobic
respiration.
Carbon isotopic composition of the carbonate

Fig. 5 Relationship between the δ18Ocarb and δ13Ccarb values of the
authigenic carbonates at Chaotian

The inorganic carbon isotopic compositions of the authigenic carbonates at Chaotian are useful for identifying the
carbon source of the carbonates. Generally, there are three
potential carbon sources for authigenic carbonate: (1)
seawater DIC, (2) remineralized organic carbon, and (3)
remineralized methane carbon. The δ13CDIC value of the
seawater is estimated to be approximately +2 ‰ based on
the δ13Ccarb records of black mudstone in the Mudstone
Unit in which carbonates are exclusively fragmented bioclasts of shallow-marine fossils (Fig. 4; Saitoh et al. 2013b).
The δ13C values of the organic carbon in the Mudstone
Unit are approximately −26 ‰ (Saitoh et al. 2014a). The
δ13C value of biogenic methane is generally extremely low
(less than −40 ‰; Whiticar 1999). The δ13Ccarb values of
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the authigenic carbonates at Chaotian were most likely
determined by a degree of mixing of these three carbon
sources. In the lower part of the Mudstone Unit, the
δ13Ccarb values of the randomly oriented and bundled
calcite crystals are largely +1 to +2 ‰ and are almost the
same as or slightly lower than those of the black mudstone
(Fig. 4). These observations indicate that almost all the
carbon in these calcites was derived from the seawater
DIC. In the upper part of the Mudstone Unit, the δ13Ccarb
values of the randomly oriented and bundled calcites are
largely about −1 ‰ (Figs. 4 and 5). These δ13Ccarb values
suggest that >80 % of the carbon in these calcites was also
derived from the seawater DIC. The main carbon source
of the randomly oriented and bundled calcites in the
Mudstone Unit is likely the seawater DIC. Although the
textures of the randomly oriented and bundled calcite
crystals suggest that the crystals may have grown within
the sediments, these carbonates precipitated primarily
in an open system with respect to carbonate, likely
on the seafloor and/or immediately below the sediment–water interface.
The δ13Ccarb values of the packed calcites are clearly
lower (ranging from −12 to −4 ‰) than those of the
randomly oriented and bundled calcites (Figs. 4 and 5).
The low δ13Ccarb values are attributed to greater contributions of 13C-depleted remineralized carbon from decomposed organic matter and/or methane. The packed calcite
crystals may have grown within the deep part of the sediments in a relatively closed system with respect to carbonate. The wavy bedding of the packed crystal beds suggests
that the carbonates were generated within the sediments,
which is consistent with their relatively low δ13Ccarb values
(Fig. 2b). In ancient and modern oceans, the δ13Ccarb values
of certain authigenic carbonates are relatively high due to
methanogenesis in the sediments (e.g., Naehr et al. 2007;
Heindel et al. 2015; Li et al. 2015). Microbial methanogenesis enriches the residual pore water within the sediments
in 13C, representing another potential mechanism for the
relatively high δ13Ccarb values of the randomly oriented and
bundled calcites at Chaotian. However, when authigenic
carbonates are precipitated in sediments in which methanogenesis occurs, the δ13Ccarb values vary widely (up to 80
‰) due to methane production and its subsequent anaerobic oxidation, as is observed in modern oceans (e.g., Meister et al. 2007; Naehr et al. 2007). In marked contrast, the
δ13Ccarb values of the randomly oriented and bundled calcites at Chaotian largely fall within the relatively narrow
range of −2 to +2 ‰ (Figs. 4 and 5). Only certain carbonates, including the packed calcites, exhibit relatively low
δ13Ccarb values (less than −4 ‰). It is therefore unlikely
that the observed carbon isotopic variations at Chaotian
were caused by methanogenesis in the sediments.
The water-mass anaerobic respiration in the Mudstone
Unit at Chaotian, as suggested by the nitrogen and sulfur
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isotope records, implies that remineralized carbon with
a relatively low δ13C value was released from suspended
organic matter into the water column by the respiration.
This 13C-depleted carbon would have markedly decreased
the δ13CDIC value in the deep-water mass in the water
column (Fig. 6). However, the δ13Ccarb records of the
authigenic carbonates imply that the δ13CDIC values in the
deep-water mass at Chaotian were likely +1 to +2 ‰ in
the lower part and approximately −1 ‰ in the upper part
of the Mudstone Unit (Fig. 4). The vertical δ13CDIC gradients in the water column between the surface oceans and
the deep-water mass were likely <1 and <3 ‰ in the lower
and upper parts of the unit, respectively. The upper part
of the Mudstone Unit was probably deposited on the
deeper slope/basin than the lower part of the unit due to a
relative deepening (Fig. 1c; Saitoh et al. 2013a). The
δ13CDIC value of the anoxic deep water in the upper part
of the Mudstone Unit was lower than the value in the
lower part of the unit. The estimated vertical δ13CDIC gradients in the water column at Chaotian (<3 ‰) are similar
to those in the modern and ancient oceans in the
Phanerozoic (e.g., Kroopnick 1985; Kennett and Stott
1991; Huber et al. 1995; D’Hondt 2005). Although the
δ13CDIC value in the deep water is lower than the value of
the surface oceans as previously suggested at Chaotian
(Saitoh et al. 2013b), our results demonstrate that the
δ13CDIC value in the deep-water mass was not decreased
remarkably by the addition of remineralized carbon
released from the suspended organic matter by the watermass anaerobic respiration. The relatively high δ13Ccarb
values of the Chaotian authigenic carbonates suggest that
the 13C-depleted carbon released from the organic matter
into the water column was quickly mixed with and diluted
by a large DIC pool in the ocean. The addition of the
remineralized organic carbon with low δ13C values may
have had only a small influence on the carbon isotopic
composition of the large DIC pool.
The mixing of seawaters in the water column,
suggested by the relatively high δ13Ccarb values of the
Chaotian carbonates, is in concordance with our calculated results (Figs. 6 and 7). The thermodynamic calculations show that, although a deep-water mass would have
become undersaturated locally with respect to carbonate
in the early stage of the reaction, the successive sulfate
reduction elevates alkalinity and Ω values, driving
carbonate precipitation (Fig. 6). Moreover, the mixing
calculations demonstrate that all of the δ13Ccarb values
of the Chaotian carbonates can be explained by the mixing of the hypothetical Permian seawater (SWi) with the
deep-water masses where sulfate reduction had occurred
(SW1 and SW3) (Fig. 7). The deep-water mass undersaturated with carbonate locally generated by the watermass sulfate reduction could be diluted by the ambient
seawater that is supersaturated with respect to carbonate,
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Fig. 6 Changes in the concentrations of inorganic carbon and sulfur chemical species, pH, carbonate alkalinity, calcite saturation index, and the δ13CDIC
values in response to sulfate reduction in the hypothetical Permian seawater

stimulating the precipitation of the randomly oriented and
bundled calcites at Chaotian. The mixing calculation results are also consistent with the greater contributions of
13
C-depleted remineralized organic carbon to certain carbonates with relatively low δ13Ccarb values, including the
packed calcites, that were possibly generated within the

sediments (Fig. 7). The relatively deep disphotic slope setting at Chaotian on the northwestern edge of South China
at low latitudes might have been favorable to the seawater
mixing by deep-water upwelling along the continental margin (Van der Kooij et al. 2010; Saitoh et al. 2013b). Moreover, Higgins et al. (2009) suggested that, in the ancient
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Fig. 7 Relationship between the δ13CDIC value and calcite saturation
index (Ω) of the waters generated by mixing of the initial seawater (SWi)
with the seawaters in which sulfate reduction occurred (SW1, SW2, SW3)
(Fig. 6). The mixing ratios of SWx to SWi (x = 1, 2, 3) are 0 to 0.5, and the
tick marks on each curve represent the ratios; 0.1, 0.2, 0.3, 0.4, and 0.5
from right to left on each curve. The arrows represent the main ranges
of δ13Ccarb values of randomly oriented and bundled calcites (right) and
of packed calcites (left)

anoxic oceans, a gradient in carbonate saturation in the
water column and sediments might have been small, thus
promoting seafloor carbonate precipitation. The small Ω
gradient in the Permian anoxic water column may also
have contributed to the Chaotian carbonate precipitation
near the sediment–water interface.
Authigenic carbonate precipitation in the anoxic oceans

Schrag et al. (2013) proposed that authigenic carbonate
played a major role in the ancient carbon cycle. According to their model, authigenic carbonates are generally
generated within the sediments by the decomposition of
sedimentary organic matter via anaerobic respiration
(such as sulfate and iron reduction) (e.g., Irwin et al.
1977; Meister et al. 2007; Dela Pierre et al. 2012). The
anaerobic respiration in the sediments increases the alkalinity in the pore waters and remineralized organic
carbon with low δ13C values is released, promoting the
in situ carbonate precipitation. The waxing and waning
of the global sink of 13C-depleted authigenic carbonate
may have changed the δ13CDIC value in the ancient
oceans without large fluctuations in atmospheric O2 and
CO2 levels. Schrag et al. (2013) suggested two mechanisms
for δ13Ccarb excursion in geologic records associated with
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authigenic carbonate precipitation. The change in δ13CDIC
values due to a change in the size of the global authigenic
carbonate sink would be recorded as a δ13Ccarb excursion
in geologic records (“type 1 excursion” according to
Macdonald et al. 2013). Moreover, a local addition of
13
C-depleted authigenic carbonate to normal marine
carbonate would have declined the bulk δ13Ccarb value
in rock samples (“type 2 excursion” according to
Macdonald et al. 2013).
Schrag et al. (2013) assumed that, in general, the
δ13Ccarb values of authigenic carbonates have been substantially lower than the δ13CDIC value of seawater in
Earth’s history. However, our results from Chaotian imply
that the δ13Ccarb values of the authigenic carbonates in the
oxic and anoxic oceans in the past may have been systematically different (Fig. 8). We propose that the depth of the
redoxcline in the oceans has controlled the generation
depth and δ13Ccarb values of the authigenic carbonate. In
the oxic oceans, anaerobic respiration is largely restricted
within the sediments because the redoxcline is below the
seafloor. The authigenic carbonate precipitation due to increased alkalinity caused by respiration is also restricted
within the sediments, as is observed in the modern
oceans. The upward diffusive transport of remineralized
carbon released from sedimentary organic matter and the
downward diffusive transport of seawater DIC within the
sediments are low, and vertical mixing of these two inorganic carbon pools is suppressed. As a result, the δ13Ccarb
values of authigenic carbonate generated within the sediments are relatively low compared with that of the DIC in
the water column. In marked contrast, the redoxcline in
the anoxic oceans is generally within the water column
and water-mass anaerobic respiration is enhanced. When
the water-mass anaerobic respiration occurs, it is likely
that remineralized carbon from suspended organic matter
is released into the water column and mixed with the large
oceanic DIC pool. The low δ13C values of remineralized
organic carbon are likely diluted by the large DIC pool. In
other words, the water-mass anaerobic respiration promotes the recycling of fixed organic carbon back to the
large oceanic DIC pool. In the anoxic oceans, authigenic
carbonate is mainly generated near the sediment–water
interface rather than deep within the sediments (Higgins
et al. 2009; Bergmann et al. 2013). As a result, the δ13Ccarb
values of the authigenic carbonate precipitated near the
sediment–water interface are close to the δ13CDIC value of
seawater, although a minor amount of 13C-depleted carbonate may also have been generated within the sediments (Fig. 8).
Carbonates precipitated abundantly on the seafloor in
the Archean (e.g., Sumner and Grotzinger 2000), while
the occurrence of carbonate seafloor precipitates and cements declined during the Proterozoic (e.g., Grotzinger
and James 2000), except for a brief revival in the late
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Fig. 8 Schematic diagram representing differences in the form of authigenic carbonate precipitation between the oxic and anoxic oceans,
proposed in this study. In the oxic oceans, the redoxcline is generally below the sediment–water interface and a small amount of authigenic carbonate is
generated within the sediments. The δ13Ccarb value of the carbonate is relatively low as a result of weak mixing between the remineralized carbon
released from sedimentary organic matter and seawater DIC. In contrast, in the anoxic oceans, the redoxcline is above the sediment–water interface
and large amounts of authigenic carbonate precipitate near the seafloor. The δ13Ccarb value of the carbonate is relatively high due to the
strong mixing of remineralized organic carbon and the large DIC pool in the water column. Ω the carbonate saturation index

Neoproterozoic (e.g., Grotzinger and Knoll 1995; James
et al. 2001; Pruss et al. 2008). In the Phanerozoic,
carbonate seafloor precipitates are rare although they
were widespread in the Paleozoic–Mesozoic transition
interval where their precipitations are often associated
with oceanic anoxia (e.g., Grotzinger and Knoll 1995;
Woods et al. 1999, 2007, 2014; Heydari et al. 2003; Pruss
et al. 2006; Baud et al. 2007). This secular trend in carbonate seafloor precipitation in Earth’s history suggests
that the carbonate precipitation has been generally related to oceanic anoxia (e.g., Grotzinger and Knoll 1995;
Higgins et al. 2009). However, other factors may have
also influenced the authigenic carbonate precipitation
because oceanic anoxic events (OAEs) in the Phanerozoic were not always associated with the widespread occurrence of authigenic carbonates (e.g., Bergmann et al.
2013). Nonetheless, our results from Chaotian imply that
when the authigenic carbonates precipitate near the
sediment–water interface in anoxic oceans, their δ13Ccarb

values are close to the δ13CDIC value of seawater. The
systematic δ13Ccarb differences in authigenic carbonate
due to its generation depth have also been recognized in
some Phanerozoic geologic records; the δ13Ccarb values of
Lower Triassic carbonate cements precipitated on the
anoxic seafloor in California are relatively high (+2.8 to +
4.2 ‰) (Woods et al. 1999), whereas those of early
diagenetic subseafloor carbonates around the Triassic–Jurassic boundary in British Columbia are relatively low (−7.6
to −3.7 ‰) (Greene et al. 2012). Certain authigenic carbonates have been generated by anaerobic oxidation of
methane in the ancient and modern oceans (e.g., Ritger
et al. 1987; Michaelis et al. 2002; Allison et al. 2008; Bayon
et al. 2013), although a detailed discussion of methanederived carbonates is beyond the scope of this study.
Our model for authigenic carbonate precipitation in the
oxic and anoxic oceans does not exclude the significance
of the authigenic carbonate sink over the course of Earth’s
history (Schrag et al. 2013). However, when the δ13Ccarb
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value of authigenic carbonate was relatively high and close
to the δ13CDIC value in the oceans, the influence of a local
addition of authigenic carbonate to normal marine
carbonate on the bulk δ13Ccarb value, causing a type 2
excursion in geologic records (Macdonald et al. 2013),
would have been small. In the Precambrian anoxic oceans,
diagenetic carbonates with relatively high δ13Ccarb values
may have been extensively generated within the methane
zone in the sediments (Li et al. 2015). Low sulfate and
high DIC concentrations in the Precambrian oceans may
also have suppressed 13C depletion in authigenic carbonates (Bristow and Grotzinger 2013). Our model implies
that, in the ancient anoxic oceans, the type 2 excursions
may be less significant in geologic records than previously
suggested (Schrag et al. 2013). In other words, the type 2
excursions might be limited to geologic records from oxic
intervals in Earth’s history because these excursions are
caused by authigenic carbonates with substantially low
δ13Ccarb values. The existence of type 2 excursions, such
as the Shuram anomaly in the Ediacaran (e.g., Grotzinger
et al. 2011; Macdonald et al. 2013; Schrag et al. 2013), may
therefore suggest oxic conditions in the oceans.

Conclusions
Authigenic carbonates are common in the anoxic interval
of the upper Guadalupian Maokou Formation at Chaotian,
Sichuan, China. Calcite crystals precipitated in situ mainly
near the sediment–water interface, possibly associated
with the water-mass anaerobic respiration. The relatively
high δ13Ccarb values of the carbonates (largely about −1
‰) indicate that their main carbon source was seawater
DIC. Our results suggest that the forms of authigenic
carbonate precipitation in the oxic and anoxic oceans in
the past may have been substantially different. In the anoxic oceans, authigenic carbonates likely precipitated near
the seafloor with δ13Ccarb values close to that of seawater
DIC. The influence of authigenic carbonate on the bulk
δ13Ccarb values in geologic records from ancient anoxic
oceans might have been overestimated in previous studies.
A large negative δ13Ccarb excursion caused by the local
addition of 13C-depleted authigenic carbonate to normal
marine carbonate (type 2 excursion in Macdonald et al.
2013) may have been limited to oxic intervals in Earth’s
history and thus might be a useful indicator of the
oxic conditions in the ancient oceans.
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