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Abstract  Methane hydrates constitute the largest 
pool of readily exchangeable carbon at the Earth’s 
sedimentary carapace and may destabilize, in some 
cases catastrophically, during times of global-scale 
warming and/or sea level changes. Given the ex-
treme cold during Neoproterozoic ice ages, the af-
termath of such events is perhaps amongst the most 
likely intervals in Earth history to witness a methane 
hydrate destabilization event. The coincidence of 
localized but widespread methane seep-like struc-
tures and textures, methane-derived isotopic signal, 
low sulfate concentration, marine barites, and a 
prominent, short-lived carbon isotope excursion 
(δ 13C≤−5‰) from the post-Marinoan cap carbonates 
(~635 Ma) provides strong evidence for a methane 
hydrate destabilization event during the late Neopro-
terozoic postglacial warming and transgression. 
Methane release from hydrates could cause a posi-
tive feedback to global warming and oxidation of 
methane could result in ocean anoxia and fluctuation 
of atmospheric oxygen, providing an environmental 
force for the early animal evolution in the latest Neo-
proterozoic. The issues that remain to be clarified for 
this event include the trigger of methane hydrate de-
stabilization, the time of initial methane release, the 
predicted ocean anoxia event and its relationship with 
the biological innovation, additional geochemical 
signals in response to methane release, and the re-
gional and global synchrony of cap carbonate pre-
cipitation. The Doushantuo cap carbonate in South 
China provides one of the best examples of its age 
for a better understanding of these issues. 

Keywords: methane seeps, methane hydrates, Neoproterozoic, global 
glaciation, cap carbonate, carbon isotopes, snowball Earth, ocean 
anoxia, climate change, metazoan evolution. 

Natural gas (methane) hydrates, the crystalline solids 
composed mainly of methane and water, are present in 
marine sediments of the continental margins and polar 
permafrost under a delicate balance of temperature  
(< 7℃) and hydrostatic pressure (> 50×105 Pa)[1―5]. It is 
now estimated that at least 10000 Gt (1 Gt = 1×1015 g) of 
carbon is stored as CH4 in the methane hydrate reser-
voir[6―8], an amount twice as much as the existing re-
serves of all fossil fuels including coal, gas and oil. 
Such a large carbon tool, once destabilized, would add 
a significant amount of CH4 into the ocean seawater 
and atmosphere, resulting in profound perturbations to 
the global carbon cycle and climate that are severe 
enough to cause mass extinctions and adaptive innova-
tions. Evidence from the Quaternary[9], the Paleocene- 

Eocene boundary[6,10―15], the Early Cretaceous[16,17], the 
Early and Late Jurassic[18,19], and the Permian-Triassic 
boundary[20―23] suggested that methane release from 
destabilization of methane hydrates may have driven 
changes in global climate and ocean chemistry, causing 
fatal consequences for the biosphere. 

Methane hydrates are most susceptible to destabili-
zation during times of rapid global-scale warming[11―13] 
and/or sea-level change[24―27]. The late Neoproterozoic 
is of special interest to investigate the methane hydrate 
destabilization events because this time interval is 
characterized by severe ice ages[28―31] during which the 
hydrate stability zone could have been significantly 
shallowed due to the extreme cold climate, and the af-
termath of which would expect to see striking tempera-
ture changes capable of destabilizing the entire methane 
hydrate reservoir that is possibly larger in size than any 
other time in Earth history (Fig. 1). The global occur-
rence of cap carbonates that overlie directly the glacio-
genic rocks in almost all continents[31―45] provides a 
unique stratigraphic archive to investigate both the tex-
tural/structural attributes and the geochemical signature 
that would be expected at methane seeps, as well as the 
changes in ocean seawater chemistry in response to 
methane oxidation and enhanced chemical weathering. 
Because methane oxidation uses oxygen, a large 
amount of methane release to the ocean and atmos-
phere could potentially result in ocean anoxia and 
fluctuations of atmospheric oxygen concentration, 
which have been considered to be critical for the  
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Fig. 1.  The temperature-depth (pressure) relationship for methane hydrate stability (modified from Dickens et al.[6]). In modern marine environment 
with bottom water temperature at −1.5℃, methane hydrate can exist in sediments where water depth exceeds ~250 m. During Paleocene-Eocene Ther-
mal Maximum (PETM), bottom water temperature increased from ~11℃ to ~15℃[6,10―15,99], and methane hydrates stored in sediments from ~ 920 m to 
~1460 m beneath seawater would have been destabilized. During the late Neoproterozoic deglaciation, the striking temperature changes[31] would poten-
tially destabilize a larger methane hydrate inventory, or even lead to “hydrate-free” marine environment in continental margins (assume that all the 
methane hydrates occur in continental margins where water depths are less than 4000 m, a “hydrate-free world” will occur if bottom water temperature 
exceeds 23℃[6]). 

 
metazoan evolution[46―49]. The first appearance of ani-
mals shortly after the Marinoan-age cap carbonates thus 
points to the potential linkage between the methane 
hydrate destabilization and perhaps the largest biologi-
cal innovation event in Earth history. 

Direct evidence for the late Neoproterozoic post-
glacial methane hydrate destabilization has been found 
from the Marinoan-age cap carbonates immediately 
following the glacial interval[36,38]. These include (1) a 
prominent δ 

13C excursion (≤ −5‰) with duration pos-
sibly less than 105 years, (2) distinctive sedimentary 
structures and textures similar to modern methane seeps, 
and (3) extremely negative δ 13C values as low as −41‰ 
indicative of methane influence. Indirect evidence in-
cludes (1) complementary seawater sulfide[50,51] and 
sulfate[52] record consistent with methane oxidation by 
sulfate reduction, (2) widespread barite precipitation 
within cap carbonates globally[31,33,35,38] comparable 
with the cases occurring in modern methane seeps[53] 
and with the PETM event during which excess Ba2+ has 
been linked to methane hydrate destabilization[54], and 
(3) boron and calcium isotopic analyses reveal lower 
seawater pH at the basal cap carbonates but higher pH 
values in the upper level, consistent with initial aerobic 
methane oxidation followed by anaerobic methane 
oxidation through sulfate reduction after free seawater  

oxygen has largely been consumed[55]. However, con-
siderable confusion on this event exists in the literature, 
along with a number of questions remaining to be an-
swered. In this paper, we use the Doushantuo cap car-
bonate overlying the Nantuo Formation in South China 
as an example to clarify some confusions related to this 
methane release event and discuss the potential roles 
that methane may have played in the late Neoprotero-
zoic deglaciation, cap carbonate precipitation and cli-
mate changes. The Doushantuo cap carbonate is one of 
the best-preserved cap carbonates of this age that can 
be traced from multiple platform-to-basin transects. A 
detailed investigation of this cap carbonate would give 
insight into a methane hydrate destabilization event in 
general and for a better understanding of the climate 
and environmental changes that may have profoundly 
changed the history of life. 

1  Methane seeps and methane hydrate destabiliza-
tion 

Modern methane seeps refer to sites where 
low-temperature CH4- and H2S-rich fluids are dis-
charged at the seafloor. Since their first discovery in 
early 1980s[56], numerous active methane seeps have 
been reported from a wide variety of environments and 
geological settings worldwide (Fig. 2)[8,57]. At the seep  
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Fig. 2.  Global distribution of reported modern and ancient cold meth-
ane seeps and hydrothermal vent sites based on the data compiled by 
Campbell et al.[57] and Kvenvolden[8]. 
 
sites, gas bubbles from ascending methane dislocate 
pore space creating cavities of varying sizes from < 1 
millimeter to a few centimeters[58―60]. Vertical move-
ment of gas and fluids is often impeded by imperme-
able fine-grained sedimentary layers or newly precipi-
tated carbonate crusts, leading to lateral gas and fluid 
injections along sedimentary bedding planes and for-
mation of layer-parallel conduits by buoyancy-driven 
forces[61,62]. Cavities and layer-parallel conduits are 
commonly supersaturated with methane gas trapped 
under impermeable layers so that subsequent addition 
of free CH4 gas leads to oversaturation and re- precipi-
tation of globular methane hydrates and layer parallel 
hydrate lens or layers that lie very close to the sedi-
ment surface[58]. In locations of vigorous methane re-
lease, local gas and fluid buildup leads to rise in pres-
sure, resulting in crosscutting fractures and breccia-
tion[58,62―64].  

Several biochemical and chemical processes act at 
the methane seeps. In the presence of oxygen, meth-
ane can be oxidized by aerobic microbes (aerobic 
methane oxidation) to produce CO2 (CH4 + 2O2 → 

CO2 + 2H2O)[2]. Methane-derived CO2 would dissolve 
carbonates (CaCO3+CO2+H2O→ +Ca32HCO− 2+), lead-
ing to localized carbonate dissolution and lower pH

clotted micrite, radial fabric, and isopachous botroyoidal 
cements[58 ― 60,67 ― 70]. Supersaturation of monosulfides 
would also enhance pyrite precipitation, commonly in 
the form of pyrite framboids. Because methane has the 
most negative carbon isotope (δ 13C) values in nature, 
the average of which is about −60‰[2,6,71], the carbon 
dioxide derived from aerobic methane oxidation and 
bicarbonates produced from anaerobic methane oxida-
tion would have unusually negative δ 13C values. Pyri-
tes formed from bacteria sulfate reduction would have 
more depleted sulfur isotope values comparing to co-
existing sulfates due to a 4‰ to 46‰ biofractionation 
between sulfides and sulfates[72―74].  

A particular point that should be paid attention is the 
order of aerobic and anaerobic methane oxidation. Be-
cause anaerobic methane-consuming archaea needs 
much higher energy (up to 300 times) than aerobic 
methanotrophs[75,76], predominant anaerobic methane 
oxidation would not happen in oxygenic environments. 
In the pore space within sediments where free oxygen 
is not available, anaerobic methane oxidation domi-
nates, along with local seawater environments near 
methane seeps where free oxygen may be consumed 
quickly by aerobic methane oxidation. Higher in the 
water column, even with sufficient sulfate supply, pre-
dominant anaerobic methane oxidation would not hap-
pen unless processes such as aerobic methane oxidation 
have consumed the dissolved oxygen in seawater and 
led to an anoxic condition in the ocean.  

At methane seeps, chemosynthetic microbes form 
massive microbial mats, and in some cases, forming 
microbial reefs and mud mounds up to several meters 
high[77―79]. Also occur at methane seeps are macrofau-
nas such as shrimp swarms, mussels, clam bivalves, 
gastropods, and tube worms[56,57,70,80]. These macro- 

organisms use methane (and possibly its oxidation 
products) as energy source and live in great abundance 
but commonly with low diversity of species. Because 
methane hydrates are enriched in Ba2+[54,81], addition of 
dissolved Ba2+ from methane hydrates can lead to pre-
cipitation of barites as cavity fills[53] and as conformable 
beds within sediments near methane seeps[82].  

H

[65], 
enlargement of cavities and fractures, and delayed car-
bonate precipitation. In anoxic conditions, methane is 
oxidized anaerobically through sulfate-reducing bacte-
ria (anaerobic methane oxidation) to produce bicarbon-
ates and monosulfides (CH + → +HS + 
H O)

4
2
4SO −

3HCO− −

2
[66]. Methane-derived bicarbonates lead to local 

supersaturation and enhance carbonate precipitation 
( +Ca  → CaCO  + CO  + H O) in the form of  32HCO− 2+

3 2 2

Increasing knowledge from case studies now pro-
vides a suite of geological and geochemical criteria that 
can be used to identify modern and ancient cold meth-
ane seeps. The most important criteria include (1) local 
seafloor features such as mud volcanoes, mud diapirs, 
microbial mounds and reefs, chimneys, and pockmarks,  
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connecting the methane source to the lenticular, fos-
siliferous cold seep carbonates (Fig. 3(d)); (2) abundant 
cavities and fractures within carbonate associated with 
seafloor features, most notably the millimeter- to cen-
timeter-scale stromatactis-like cavities that commonly 
display flattened roofs and corrugated bottom sur-
faces[91,92]; (3) carbonate crusts (commonly clotted 
micrite) and cavity- and fracture-filling authigenic car-
bonate cements (commonly displaying radial fabric 
and/or isopachous botryoidal textures) that produce 
extreme δ 13C variability with values from < −50‰ to 
+6‰, depending on the involvement of ambient sea-
water carbonate ions, local methanogenesis, and carbon 
sources from post-depositional fluids[57―60,67―70,91,92]; (4) 
framboidal pyrites with depleted δ 34S up to −46‰ lower 
than coexisting sulfates[93] and sudden increase of barite 
deposits[53,82]; (5) chemoautotrophic and sulfide and/  

formed by chemosynthetic microbes, and by methane 
gas and fluid disruption, fracturation and breccia- 
tion[77,83―86]. Because of compaction during burial and 
later diagenetic modifications, seep-related soft- sedi-
ment morphological features like pockmarks and mud 
volcanoes commonly have a low potential of preserva-
tion in the geological examples. As a consequence, lo-
calized carbonate-cemented sediments that contain 
abundant skeletal remains of chemosymbiotic taxa are 
commonly considered as a starting point for searching 
ancient methane seeps in the geological record[57,70]. 
Nonetheless, some well-preserved examples docu-
mented from Cretaceous and Miocene strata provide 
clues for a seep-search strategy (Fig. 3). In the Late 
Cretaceous Pierre Shale, tepee butte mounds form 4 – 8 m 
high, 10 –16 m wide positive relief over laminated 
shale (Fig. 3(a))[87,88]. The cores of these tepee buttes 
contain vuggy pelletoid micrite extending up to 30 m 
high and 5 m wide, with abundant chemosymbiotic 
lucinoid bivalve coquina surrounding the cores. In 
lower Miocene Marmorito limestone of northwest Italy, 
seep carbonates are preserved as patchy cements and fill 
in a network of polyphase veins and fractures (Fig. 
3(b)) [70] . Decimeter- to meter-scale, tubular and 
pipe-like carbonate structures from Miocene Santa 
Cruz Mudstone in coastal cliffs at Santa Cruz, Califor-
nia, record gas and fluid conduits that vary from 
layer-parallel to perpendicular to sedimentary bedding 
(Fig. 3(c))[89]. A spectacular cold seep system was 
found in the Late Cretaceous to Paleocene Moreno 
Formation in Panoche Hills in California, USA[90]. 
There, sand intrusions penetrated upwards for ~700 m, 

or methane-tolerant microbes[66,70,77―79,94]; (6) macro-
faunas such as mussels, clam bivalves, gastropods, and 
tube worms[56,70,95], and (7) lipid biomarkers such as 
archaeal isoprenoids and hopanoids that record signa-
ture of distinctive methane-utilizing taxa[92,96,97].  

Although methane seeps have been found from 
modern continental margins, the marine methane hy-
drate reservoir is currently stabilized in sediments be-
neath seawater. What would happen if enhanced global 
warming, magmatic activities or other mechanisms in 
the future destabilize a significant portion of the meth-
ane hydrate reservoir? 

Methane would release to ocean seawater and at-
mosphere along existing or new seep sites and would 
have three outcomes (Fig. 4(a)): (1) a portion of the 

 

 
Fig. 3.  Examples of the sedimentary structures of ancient methane seeps. (a) Simplified lithofacies distribution of a Late Cretaceous (Campanian) 
Tepee butte mound (modified from Kaufman et al.[87] and Shapiro and Fricke[88]). VL, vuggy limestone facies containing cavities resembling stromatac-
tis; NC, limestone facies containing bivalves Nymphalucina coquinas; TM, thrombolitic microbialite facies[88] or pelletoid micrite facies[87]; SH, dark 
gray shale facies. (b) Methane seep carbonates filling in a network of polyphase veins within the Miocene Marmorito limestones in northwest Italy 
(modified from Cavagna et al.[70]). (c) Tubular and pipe-like carbonate concretions (dark gray) developed in Miocene Santa Cruz Mudstone in coastal 
cliffs at Santa Cruz, California (modified from Aiello et al.[89]). (d) Lenticular, fossiliferous cold seep carbonates (CSC) and the underlying sand intru-
sions (fluid migration pathways) from the Late Cretaceous to Paleocene Moreno Formation in Panoche Hills in California, USA (simplified from 
Schwartz et al.[90]). The spectacular sand intrusions penetrate upwards for ~700 m, providing a rare example of a complete seep system connecting the 
fluid pathways to the overlying seep deposits. 
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Fig. 4.  The hypothesized processes and outcome of a methane hydrate 
destabilization event based on the modern sea floor methane seep occur-
rences. (a) The potential methane oxidation and weathering processes, 
including ① anaerobic methane oxidation at pore space and near meth-
ane seeps, ② aerobic methane oxidation in seawater when oxygen is 
available and subsequent anaerobic methane oxidation if oxygen has 
largely been consumed, ③ aerobic methane oxidation in atmosphere, 
and ④  return of methane-derived CO2 into sedimentary reservoir 
through photosynthesis and siliciclastic weathering. (b) The predicted 
events in a hypothesized stratigraphic profile, including (1) local meth-
ane seeps with extreme δ 13C variability, (2) possible carbonate dissolu-
tion or depositional lag due to aerobic methane oxidation, (3) a 
short-lived (~105 years) negative δ 13C excursion in carbonate and or-
ganic matter, (4) ocean anoxia and potential aragonite crystal fan pre-
cipitation, and (5) a minimum sulfate zone and negative δ 34Ssulfide and 
positive δ 34Ssulfate excursions (not shown). 
 
methane would be oxidized anaerobically near the 
seawater-sediment contact and in pore space of sedi-
ments where limited or no oxygen is available, leading 
to carbonate precipitation surrounding seep sites; (2) 
another portion of the methane would be oxidized 
aerobically in the water column when oxygen is avail-
able, causing carbonate dissolution, and a temporary 
reduction in carbonate saturation and changes in the 
depth of lysocline[71]; Once aerobic methane oxidation 
has consumed the oxygen to cause ocean anoxia, an-
aerobic methane oxidation may become the dominant 
process in the water column, enhancing carbonate  

precipitation; and (3) the third portion of the methane 
would enter the atmosphere causing greenhouse warm-
ing, and be oxidized aerobically to produce CO2 that 
would return to the carbon cycle through photosynthe-
sis and chemical weathering, resulting in a negative 
δ 13C excursion that would be recorded in organic mat-
ter and marine carbonates. Which of the above portions 
would be the dominant portion during a methane hy-
drate destabilization event would be case specific and 
remains largely unknown. In an ideal case, however, 
stratigraphic profiles would potentially record the fol-
lowing features (Fig. 4(b)): (1) localized methane seeps 
that show sedimentary structures and textures similar to 
those described in previous sections and produce  
extreme δ 13C variability; (2) carbonate dissolution  
(depending on the availability of previously deposited  
carbonates) or depositional lag; (3) ocean anoxia and low  
sulfate zone within which a high sulfur isotopic fractiona- 
tion (4‰―46‰ between δ 34Spyrite and δ 34Ssulfate) is  
expected[72―74]; (4) a prominent negative δ 13C excursion  
recorded in carbonates and organic matter that starts  
from the methane-seep level and continues upward  
until methane release has been ended and its effects  
have been recovered through siliciclastic and carbonate  
weathering (commonly within 105 years)[6,71,98]. The  
Neoproterozoic postglacial cap carbonates may be an  
example of this scenario, which will be explored more  
in later sections. 

2  Ancient methane hydrate destabilization events: 
geochemical and geological evidence 

Although the recognition of methane hydrates and 
methane seeps started in early 1980s, search of evi-
dence for geological methane hydrate destabilization 
events did not prevail until the middle 1990s when 
Dickens et al.[6] provided an influential mass-balance 
calculation for the negative δ 13C excursion at the Pa-
leocene-Eocene boundary, which has been noted as the 
Late Paleocene Thermal Maximum (LPTM) or now 
Paleocene-Eocene Thermal Maximum (PETM) at 
~55.5 Ma. At PETM, an abrupt temperature increase  
(> 4℃) was documented from a −2‰ to −3‰ excur-
sion in δ 18O of benthic foraminifera of all oceans and 
planktic foraminifera at high-latitude locations[10,99]. 
Coincident with this thermal event is a rapid decline in 
δ 13C from ~ 0% to –2.5‰ over 104 years followed by a 
return to near initial values in a roughly exponential 
pattern over ~2 × 105 years. Using a steady state model,  
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Dickens et al.[6] demonstrated that the addition of or-
ganic carbon (δ 13C ≈ −25‰) to the system would not 
be sufficient to produce an up to 2.5‰ negative δ 13C 
shift with 104 years, nor does the carbon input from 
volcanic CO2 (δ 13C ≈ −7‰). The only plausible 
mechanism would be the destabilization of methane 
hydrates that sequester a much larger exchangeable 
carbon reservoir in which methane is more depleted in 
13C (average δ 13C ≈ −60‰) than organic matter and 
volcanic CO2. Adding a portion (~14% of the modern 
methane hydrate pool, or ~1.12 × 1018 g of CH4) of 
this carbon reservoir into the ocean and atmosphere 
could easily drive a rapid δ 13C excursion like the one at 
the PETM. This was later demonstrated by numerical 
modeling[12,71,98]. 

Now a plethora of geochemical and geological data 
have accumulated to support this methane event, in-
cluding (1) numerous stable isotopic analyses of bulk 
carbonates and planktic/benthic foraminifera from dif-
ferent marine settings[11―15] and from terrestrial organic 
matter[93,100] that show a comparable negative δ 13C ex-
cursion; (2) sedimentary breccias with carbonate disso-
lution right below the negative δ 13C excursion sugges-
tive of slope failure and methane release[12]; (3) mas-
sive sea-floor carbonate dissolution indicative of 
methane oxidation and shoaling of calcite compensa-
tion depth[15]; (4) increased extinction rates of benthic 
foraminiferal taxa at PETM suggesting deep-sea oxy-
gen deficiency and a decrease in seawater carbonate ion 
concentration[101]; and (5) increased marine barite de-
posits at PETM implying a rapid supply of barium from 
Ba-enriched methane hydrates because Ba has a short 
residence time (~8000 years) in the ocean and the con-
ventional sources (hydrothermal waters and rivers) for 
Ba are insufficient for a sudden increase of widespread 
barite accumulation[54]. 

The PETM event has ever become the classic model 
for the methane hydrate destabilization events proposed 
for other geological times. Among the lines of evidence 
found at PETM, a short-lived (≤ 105 years) and 
prominent (≤−2.5‰) δ 13C excursion is the most ef-
fective starting point for other intervals of interests. 
During the Aptian (~117 Ma) of Early Cretaceous, an 
up to −5‰ shift in δ 13C obtained from C3 vascular 
land-plant tissue was proposed to have been formed by 
the oxidation of methane in the atmosphere that may 
have enhanced the angiosperm biogeographic expan-
sion[16]. Similarly, a −2‰ to −3‰ shift in δ 13C of  

marine carbonates and organic matter of Late Jurassic 
(Oxfordian; ~158 Ma) was interpreted as resulting from 
rapid release of isotopically light methane into the 
global carbon cycle[19]. In the Toarcian (~ 183 Ma) of 
Early Jurassic, a negative δ 13C excursion of −4‰ to 
−7‰ from fossil wood, in combination with a compa-
rable excursion (−2‰ to −5‰) from marine carbonates, 
has been proposed to have resulted from the addition of 
methane into the ocean and atmosphere[18]. This is fur-
ther supported by the widespread oceanic anoxia, high 
rates of organic-carbon burial, high paleotemperature 
and significant mass extinction near the δ 13C excur-
sion[18]. 

A more debatable methane release event has been 
proposed to account for the −6‰ to −10‰ depletion in 
13C obtained from marine carbonates, marine and ter-
restrial organic matter, and herbivorous animal teeth at 
the Permian-Triassic boundary (~ 251 Ma), coincident 
with the largest mass extinction in earth history[20―23]. 
In addition to the δ 13C anomaly, other evidence for 
methane influence at the P-T boundary includes (1) 
terrestrial soil profiles display geochemical signature 
for microbial methane oxidation, increased CO2, and 
possibly reduced O2 in the atmosphere[20,22]; (2) disso-
lution features and boundary clay beds at the P-T tran-
sition suggest a simultaneous submarine carbonate dis-
solution event likely caused by aerobic methane oxida-
tion that would have lowered the seawater pH (the ‘acid 
bath” effect)[21]; (3) large (up to 20-cm-long) calcite 
crystal fans overly directly a dissolution surface and 
occur at the same stratigraphic level in Iran, Armenia, 
Turkey, China, and other places, suggesting rapid car-
bonate precipitation from a supersaturated ocean re-
sulting from methane oxidation and enhanced green-
house weathering[21]; (4) widespread oceanic anoxia 
and stagnancy[102,103]; and (5) the presence of fullerenes 
or metallic and glassy microspherules possibly formed 
by methane combustion in the atmosphere[23], though 
the same features have been interpreted as evidence for 
meteorite impact[104]. However, the duration of the δ 13C 
excursion still needs to be better constrained and multi-
ple δ 13C excursions have been found near the P-T tran-
sition[105,106], adding uncertainties to a single event, or 
multiple events of methane influence, or a combination 
of other mechanisms such as the intensive volcanic 
eruptions[107] and prolonged (> 20 Ma) ocean anoxia 
and stratification[108]. 

Isotopic study of the Santa Barbara Basin off the  
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California margin gave new insights into the millen-
nial-scale methane hydrate instability[9]. Large (up to 
5‰) benthic foraminiferal carbon isotopic oscillations 
revealed at least four episodes of brief and massive re-
lease of CH4 from continental margin sediments during 
the last 60000 years. Such brief and catastrophic events 
demonstrate the vulnerability of the methane hydrate 
reservoir and its potential roles in regulating the global 
carbon cycle at scales less than the resident time of 
carbon (~105 years), which is yet to be detected in 
pre-Quaternary time. The match of the negative δ 13C 
excursion with a major peak in atmospheric CH4 con-
centration in late Pleistocene suggests that a methane 
event at ~85 ka may have contributed to the rise of at-
mospheric CH4 and thus to global warming[109]. 

3  The methane hypothesis for cap carbonates 
In the last decade, one of the most intriguing phe-

nomena in Earth sciences is the global occurrence of 
thin “cap carbonates” that directly overlie the late Neo-
proterozoic (mainly Marinoan/Varanger ice age of ~635 
Ma) glacial deposits. These cap carbonates display 
unique attributes that have not been found their coun-
terparts at any subsequent time in Earth history, in-
cluding (1) a near-universal distribution and relatively 
uniform thickness (mostly 1 to 10 m) of carbonates 
(mainly dolomite) in sharp contact with glacial deposits; 
(2) identical fine-grained textures with occasional oc-
currence of graded beddings and hummocky cross- 

stratification suggestive of relatively deep-water depo-
sition, most likely below storm wave base; (3) con-
trasting lithological changes between cap carbonates 
(dolomite) and their overlying strata (limestone or 
fine-grained siliciclastics) in almost every occurrence, 
along with pervasive barite and aragonite fans at or 
slightly above the transition; (4) a comparable negative 
carbon isotopic signature (δ 13C≤ −5‰) at widely 
separated locations; and (5) an unusual suite of sedi-
mentary structures, including tepee-like structures, 
stromatactis-like cavities, sheet cracks, cemented brec-
cias and tube structures that are locally distributed in 
almost all documented cap carbonates[31―45]. 

The origin of these features remains controversial, 
with several competing hypotheses including (1) the 
snowball Earth hypothesis, in which the cap carbonate 
represents the transfer of CO2 from the atmospheric to 
the sedimentary reservoirs via silicate and carbonate 
weathering[30,31]; (2) the upwelling model, in which 
physical stratification produces a strong surface-to-deep 

carbon isotopic gradient in the ocean, and postglacial 
upwelling or flooding delivers alkalinity-rich deep wa-
ter to continental shelves and interior basins, resulting 
in carbonate precipitation[110―112]; (3) the methane hy-
pothesis, in which the cap carbonates and associated 
isotopic anomaly are due to methane oxidation in a 
carbonate-supersaturated ocean following a time of 
extreme cold[36,38]; and (4) the “plumeworld” hypothe-
sis that combines the above processes to interpret cap 
carbonates as microbially mediated carbonate precipi-
tation from low salinity meltwaters, followed by the 
mixing of buoyant freshwater with more saline and an-
oxic seawater[45]. 

The positive and negative responses to these hy-
potheses have been thoroughly reviewed by Hoffman 
and Schrag[31] and Shields[45]. For the purpose of clarity 
relevant to topics in later sections, a summary of the 
major criticisms to these hypotheses is provided in Ta-
ble 1, with emphasis on the aspects relevant to the ori-
gin of cap carbonates. Notice that except the hard 
snowball Earth (with a frozen ocean) that may be diffi-
cult to maintain, all the hypotheses listed in Table 1 still 
find support from one or more lines of evidence, and 
continued tests are needed. Here we focus on the 
methane hypothesis because (1) both of the original 
publications[36,38] on this hypothesis are in short formats, 
and the lack of explicit explanations on numerous ques-
tions has caused considerable confusion in the literature; 
(2) although the methane hypothesis provides better 
interpretations and testable predictions for many geo-
logical and geochemical attributes of cap carbonates, 
few efforts have been made so far to test the validity of 
the predicted outcomes; and (3) testing the hypothesis 
in a cap carbonate like the one in South China is direct 
and easy to conduct. 

In the methane hypothesis, the extreme cold during  
late Neoproterozoic ice ages would have stabilized a  
methane hydrate reservoir larger than that of the modern  
ocean (Fig. 1). At the end of the ice age, enhanced  
magmatic activities (e.g., energy exchange between  
mantle and crust[124]) or other mechanisms (e.g., car- 
bonate oversaturation[112]) triggered the destabilization of  
methane hydrates. Portion of the methane would release  
to the atmosphere, causing a positive feedback to global  
warming that facilitated deglaciation and further  
methane hydrate destabilization (Fig. 5(a)). Methane  
releasing to the water column may have first oxidized  
aerobically during deglaciation, partially dissolving  
carbonate particles in seawater and a delay 
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Table 1  Competing hypotheses on the origin of cap carbonates 
Hypothesis Interpretation Criticisms and questions 

Snowball Earth  
hypothesis[30―31]

the transfer of CO2 from 
the atmospheric to the 
sedimentary reservoir via 
silicate and carbonate 
weathering 

(1) GCM simulation[113], sedimentological studies from glacial successions[41,114―116], 
microfossils and biomarker analysis from glacial deposits[117―118] all conflicts with 
a frozen ocean, raising difficulties to accumulate the required high CO2 level in the 
atmosphere (~350 times of present day level, or 0.12 × 105 Pa) to trigger the 
deglaciation and the required carbon source for cap carbonate precipitation and 
isotope anomaly; 

(2) Large temporal and lateral δ 13C variations from +1‰ to −9‰[33―45], with a few 
examples from −10‰ to −41‰[38,40,43], inconsistent with a more homogenized δ 13C 
requirement by Rayleigh distillation of atmospheric CO2 via. siliciclastic 
weathering[30―31]; 

(3) Strong acidic seawater resulting from the uptake of atmospheric CO2 would buffer the 
carbonate alkalinity and cause the delay of carbonate precipitation of uncertain 
duration[45]. 

Upwelling model[110―111]

postglacial transgression 
and upwelling deliver 
alkalinity-rich deep 
water to continental 
shelves and interior 
basins, resulting in 
carbonate precipitation 

(1) Physical stratification of the ocean is difficult to sustain for a time period longer than 
103 years[119], inconsistent with the existing estimation of the Marinoan glaciation that 
may have lasted for millions of years[29,31,45]; 

(2) A strongly stratified and anoxic ocean would shut down organic matter 
supply[29,43,102,119] that is the required carbon source for cap carbonate precipitation; 

(3) Deglaciation would enhance ocean stratification rather than ocean mixing[31]; 
(4) Upwelling of anoxic deep-ocean seawater would be associated with transgression, 

resulting in much more localized cap carbonate precipitation and the occurrence of 
mixed glacial diamictite and carbonates, which is inconsistent with the sharp contact 
between cap carbonates and glacial diamictite and the uniform distribution of cap 
carbonates in almost all continents[45]. 

Methane hypothesis[36,38]

methane oxidation in a 
carbonate supersaturated 
ocean following a time 
of extreme cold 

(1) The sizes, distribution and δ 13C values of sedimentary structures and textures differ 
from those of modern methane seeps[31,45,120―123]; 

(2) Low TOC content of cap carbonates and underlying diamictite limits the source of 
methane[120―121]; 

(3) Aerobic methane oxidation would cause carbonate dissolution rather than 
precipitatio [31,120]n ; 

(4) Carbonate alkalinity from point source (e.g., methane seeps) is difficult to distribute 
homogeneously across the globe during deglaciation[45]; 

(5) Seawater sulfate δ 34S values are globally variable in the lower portion of carbonates, 
but are consistently higher in overlying strata, suggesting anaerobic methane oxidation 
after cap carbonate deposition[45]. 

Plumeword hypothesis[45]

Microbially mediated 
carbonate precipitation 
from low salinity 
meltwaters, followed by 
the mixing of buoyant 
freshwater with more 
saline, anoxic seawater 

(1) Unclear origin for the δ 13C anomaly and the trigger of deglaciation; 
(2) Although mentioned in the abstract, no interpretation on how early diagenetic 

dolomitization and cementation could led to the formation of the sedimentary 
structures and textures, especially the localized but widespread cavities, tepee-like 
structures, and breccias; 

(3) No evidence for an algal bloom in the basal cap carbonates; Microbial laminae and 
stromatolites are much more abundant in the upper cap dolostones and their overlying 
strata; 

(4) Boron and calcium isotopes did suggest low PH during the basal cap carbonate 
precipitation[55]; 

(5) Platform-to-basin δ 13C profiles (Fig. 9) suggest post-cap carbonate ocean anoxia 
rather than mixing. 

 
of carbonate precipitation (Fig. 4). However, because  
each mole of methane consumes two moles of free  
oxygen (CH4 + 2O2

 → CO2 + 2H2O) and the rise of  
temperature reduces oxygen solubility in seawater, at  
the end of deglaciation, an anoxic seawater condition  
could have been approached and anaerobic methane  
oxidation dominated in the water column (Fig. 5(b)).  
The high concentration of carbonate ions accumulated  
during glaciation [112] , along with the addition of  
carbonate ions through methane oxidation and the rapid  
rise of surface temperature that reduces the solubility of  
carbonates in seawater, led to cap carbonate precipitation.  

Methane release ended during the later stage of cap  
carbonate precipitation, as evidenced by the termination  
of seep-like structures within the basal cap carbonates[38].  
Carbonate precipitation continued until atmospheric  
methane effects (higher CH4-CO2 concentration and  
enhanced chemical weathering) exponentially  
recovered to normal condition[71] and the seawater  
supersaturation state was released through precipitation  
and weathering input (Fig. 5(c)).  

The methane hypothesis finds support from most of  
the cap carbonate attributes listed earlier. The combined  
effects of decreased shelf areas due to low sea level and  
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Fig. 5.  The methane hypothesis for the late Neoproterozoic cap car-
bonates. (a) In the end of the ice age, magmatic activities or other 
mechanisms initialized the methane hydrate destabilization. Methane 
release created a positive feedback to global warming and triggered 
pervasive deglaciation and further methane hydrate destabilization. (b) 
Aerobic methane oxidation led to ocean anoxia in the end of deglaciation. 
Anaerobic methane oxidation and rise of temperature triggered cap car-
bonate precipitation in a carbonate-supersaturated ocean. Methane dis-
ruption of newly precipitated cap carbonates formed the distinctive suite 
of sedimentary structures and textures seen in cap carbonates and meth-
ane release ended by the end of the basal cap carbonate deposition. (c) 
Carbonate precipitation continued until the carbonate ion concentration 
was diluted through precipitation and weathering input. 

 
low temperature in preventing carbonate precipitation  
would have led to high Ca2+/Mg2+ and carbonate ion  
concentration during glaciation[45,112]. The rapid tem- 
perature rise resulting from strong greenhouse effects  
of methane at the end of deglaciation would trigger  
carbonate precipitation. The sharp contact between cap  
carbonates and diamictites worldwide indeed suggests a  
delay of carbonate precipitation, which did not happen  
until the end of deglaciation. This is consistent with the  
time period needed for the temperature buildup and for  
aerobic methane oxidation in seawater that potentially  
caused carbonate dissolution. Although additional study  
is needed on the time of initial methane release (see  
later section), cap carbonates most likely record signa- 
tures of the late stage of methane release and oxidation  

when seawater oxygen has largely been consumed. The  
required carbonate alkalinity for cap carbonates is not  
merely from methane oxidation because most of it had  
been stored in ocean seawater during glaciation. An  
intuitive judgment from the carbon isotope values indi- 
cates that adding ~10% of methane-derived carbon  
(δ 13C ≈ −60‰) to the existing alkalinity in seawater  
would drive a −6‰ shift in δ 13C (of course, the equi- 
librium effects need to be considered). It is therefore  
invalid to argue that the alkalinity excess required for  
cap carbonate precipitation was from the point sources  
(e.g., methane seeps)[45]. Further, numeric modeling and  
geochemical data from the PETM event have demon- 
strated that changes in seawater chemistry resulting  
from a methane event homogenize in global oceans  
within 104 years[71,98,125], a time period possibly as short  
as that required for homogenizing the glacial melt- 
waters[45]. 

As seen in many modern and ancient methane seeps  
described in earlier sections, methane gas and fluid  
from hydrates would physically disrupt sediments  
along their pathway to cause fracturation, brecciation,  
and creation of cavities, and anaerobic methane oxida- 
tion at methane seeps results in alkalinity access and  
carbonate cement precipitation. This is so far the most  
reasonable interpretation for the suite of sedimentary  
structures and textures preserved in the basal cap car- 
bonates. The creation of cavities (later filled by  
cements) and brecciated matrix within the cores of  
tepee-like structures, in combination with their seafloor  
expression, requires a force capable of buckling and  
splitting sedimentary bedding at a very shallow depth.  
This is inconsistent with the interpretation of a growth  
fault or giant wave ripple origin[44,122], although we do  
not preclude the existence of such structures as a dif- 
ferent group of features in the upper level of some cap  
carbonates. Shields[45] mentioned that the sedimentary  
structures and textures could be formed by early  
diagenetic dolomitization and cementation, but no fur- 
ther explanation was provided on how these processes  
could led to the formation of such structures, especially  
the creation of cavities because dolomitization involves  
a 9% reduction in crystal volume[126]. In addition,  
freshwater carbonates in modern environments are ex- 
tremely localized but the distribution of “tufa-like”  
structures is much more uniform within those freshwa- 
ter carbonates[127], inconsistent with the widespread but  
localized distribution of the structures and textures in  
cap carbonates.  
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The occurrence of barite and aragonite fans in the 
upper part of some cap carbonates commonly  
coincides with the transition from dolomite to  
limestone[31,33,35,44,45]. Geochemically, their appearance  
coincides with the horizon of low sulfate concentra- 
tion[52] and the transition from low to high pH values[55].  
Even with high calcium concentration, aragonite su- 
persaturation requires neutral to alkaline pH values[128].  
During cap carbonate precipitation, due to relatively  
high pCO2 and aerobic methane oxidation, seawater pH  
may not have favored aragonite supersaturation. How- 
ever, in the end of or shortly after the methane release,  
ocean anoxia and high atmospheric methane concentra- 
tion would have led to conditions favorable for perva- 
sive aragonite precipitation. Increased chemical weath- 
ering would have also enhanced sulfate, magnesium,  
and organic supply to the post-cap carbonate ocean.  
Increase of , Mg2

4SO − 2+, and organics can significantly  
slow the rate of abiotic and microbial carbonate pre- 
cipitation[129], consistent with the reduced carbonate  
ratio immediately above the cap carbonates. Wide- 
spread barite precipitation requires a sudden supply of  
barium (Ba), which has been linked to methane hydrate  
destabilization[54]. Because Ba has a short resident time  
in ocean (~8000 years), a normal riverine or hydro- 
thermal supply would not be sufficient to drive wide- 
spread barite supersaturation. Instead, evidence has  
shown that methane hydrates are enriched in Ba2+, and  
expelling of Ba2+ from a methane hydrate destabiliza- 
tion event can easily explain the required barite supply  
as seen in the PETM and cap carbonates. Because sul- 
fate is an important inhibitor for dolomitization[130], the  
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predicted ocean anoxia and low sulfate concentration in  
cap carbonates created a favorable condition for dolo- 
mitization during early diagenesis. Primary dolomite  
precipitation is permitted but needs to be fairly demon- 
strated. By contrast, sulfate supply through weathering  
and reduced sulfate consumption after methane release  
would replenish the sulfate level in seawater, prevent- 
ing dolomitization. This is in remarkable consistence  
with the two contrasting lithologies in cap carbonates:  
cap dolostone overlain by limestone[45]. 

The methane hypothesis provides the best interpreta- 
tion for the temporal and spatial δ 13C variability of cap  
carbonates. Adding ~2.5 to ~4.3 ×1017 moles of CH4  
(~28% to 53% of the estimated modern gas hydrate  
reservoir)[36,38] to seawater and atmosphere, a −4‰ to  
−7‰ drop in seawater δ 13C would occur within 104  

years and recover exponentially to normal values  
within 105 years[6,71,98]. This has been well demon- 
strated by the temporal δ 13C trends of many cap car- 
bonates, in which δ 13C values start from about −2‰,  
drop to ≤−5‰ upsection, and recover to positive val- 
ues in strata overlying cap carbonates[34―36,38,39]. The  
upsection depletion of δ 13C, however, is inconsistent  
with the prediction of the snowball Earth hypothesis[30]  
in which Rayleigh distillation of atmospheric CO2  
would generate a more uniform δ 13C for the basal cap  
carbonates. This led to the modification of the model in  
which carbonate rather than siliciclastic weathering has  
to be the dominated process during initial cap carbonate  
precipitation[131]. The spatial δ 13C variations in basal  
cap carbonates, especially at mm- to cm-scales[38],  
cannot be explained by any other competing hypothesis  
in which carbonate particles from surface precipitation  
would reflect seawater signature. Instead, diagenetic  
homogenization between methane-derived cements and  
background precipitates (micritic matrix) provides a  
plausible explanation for such δ 13C variability and has  
been demonstrated with exceptionally well-preserved  
examples[38]. 

The methane hypothesis also provides a potential 
triggering mechanism for the late Neoproterozoic 
deglaciation. CH4 is a strong greenhouse gas and its 
global warming potential is at least 20 times greater 
than the equivalent weight of CO2

[2,132]. CH4 release to 
the atmosphere in the end of the ice ages would trigger 
pervasive deglaciation and rapid temperature rise that 
in turn would facilitate further methane release. 
However, the mechanism and time of initial methane 
release remain to be studied. 

The methane release event at the end of the 
Marinoan glaciation has important implications for the 
biological innovation during the latest Neoproterozoic 
time. As mentioned earlier, to drive a −4‰ to −7‰  
δ 13C excursion recorded by carbonates, an addition of  
~2.5 to ~ 4.3 ×1017 moles of CH4 into the ocean and  
atmosphere is needed[36,38]. Aerobic oxidization (CH4 +  
2O2 → CO2 + 2H2O) of this amount of methane would  
require ~ 5.0 to ~ 8.6 × 1017 moles of O2, which is  
twice to four times the total amount of free oxygen  
stored in modern seawater (~ 2.0×1017 moles of O2).  
We recognize the uncertainties inherent in such esti- 
mates, related in part to uncertainties in the partial  
pressure of oxygen in the Neoproterozoic atmosphere  
and the sulfate concentration of seawater. However, it is  
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homogeneously across the globe during deglaciation[45]; 
and (4) inconsistent δ 34S of trace sulfate suggesting 
that anaerobic methane oxidation did not happen until 
post-cap carbonate time[45].  

conceivable that pervasive methane release could have  
driven the oceans towards anoxia, forcing syn-glacial  
oxygenic organisms either to die or to move towards  
lands. The hot climate would cause devastation of land  
organisms such as lichens, which have recently been  Questions on the sedimentary structures include: (1)  
reported from strata overlying the Doushantuo cap  the size of tepees and sheet cracks differ from modern  
carbonate in South China[133]. Increase of land organ- methane seeps[121,122]; (2) lack of brecciation and cavi- 
isms, in combination with thriving photosynthetic or- ties associated with tepees questioning a methane seep  

origin[122]; (3) the ubiquitous distribution of sedimentary  ganisms such as cyanobacteria in the post-cap carbonate  
ocean, would greatly facilitate organic production and  structures and textures across huge expanses are differ- 

ent from the distribution of modern methane seeps[45]; (4)  burial, resulting in rise of oxygen. Notice that the con- 
sumption of oxygen by organic matter oxidation is a  the tube structures from cap carbonates in Namibia,  
major control of oxygen fluctuations during Phanero- Brazil, and Death Valley are not gas and fluid escape  
zoic time[134]. The rise of oxygen has been considered  features but a specific type of stromatolite[120,123]; and  
to be crucial for the metazoan evolution[46―48]. (5) larger δ 13C variability is expected at methane  

seeps[31,120,121]. Most of these questions have been ad- 
4  Questioning the methane hypothesis dressed in Kennedy et al.[135,136] and Jiang et al.[38], and  

some of them, such as the lack of brecciation and cavi- Criticisms to the methane hypothesis came from two  
ties in cap carbonates[122] and the distribution of sedi- aspects: one relates to the conceptual model of the hy- 
mentary structures[45], are not the fact but due to insuf- pothesis and the other focuses on the methane origin of  
ficient observations. To clarify such confusion in the  the sedimentary structures and textures (Table 1).  
literature and help the readers to judge whether the above  Questions related to the first aspect include: (1) the  
questions are valid, we have a brief overview of the  source of organic carbon (methane) because most  

diamictite and cap carbonates contain low TOC[120,121];  Doushantuo cap carbonate in south China. 
The 3 to 5 m thick Doushantuo cap carbonate over- (2) the source of carbonate alkalinity because aerobic  

methane oxidation causes carbonate dissolution rather  lies the glacial deposits of Nantuo Formation and con- 
than precipitation[31,120]; (3) carbonate alkalinity from  tains identical sedimentary features across the plat- 

form-to-basin transects (Figs. 6 and 7)[38,137], including  point source (methane seeps) incapable of distributing  
 

 
Fig. 6.  (a) Simplified geological map showing exposures of Neoproterozoic strata in the Yangtze platform of South China and position of the late 
Neoproterozoic platform margin (coarse dotted line). (b) Two platform-to-basin transects showing the stratigraphic occurrence of the Doushantuo cap 
carbonate, measured sections, and the types of sedimentary structures in the basal cap carbonate (Fig. 7). The thickness of the cap (< 5 m) is enlarged 
for the purpose of clarity. 1, Miaohe; 1A, Sixi; 2, Liantuo; 3, Jiuqunao; 4, Huajipo; 5, Changyang; 6, Hefeng; 7A, Zhonglin; 7, Yangjiaping; 8, Tianping; 
9, Siduping; 10, Longbizui; 11, Fengtan; 12, Yuanjia; 13, Sonling; 14, Weng’an; 15, Duoding; 16, Wuhe; 17, Changji. 
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Fig. 7.  The four types of sedimentary sequences of the Doushantuo cap carbonate. Types A―C contain disrupted features including tepee-like struc-
tures, stromatactis-like cavities, sheet cracks, fractures and cemented breccias in the basal portion of the cap carbonates, while type D is composed of 
laminated carbonates without disruption. These types change from one to another within a few meters to hundreds of meters. See Fig. 6 for locations. 1, 
Glacial diamictite; 2, Siltstone/sandstone with conglomerate; 3, Massive or diffusely laminated microcrystalline dolomite/dolomicrite; 4, 
Thinly-laminated dolomite; 5, Thinly-laminated silty limestone and dolomite; 6, Muddy/silty limestone; 7, Black shale; 8, Shaly dolomite; 9, Massive 
dolomite with intensive ‘stromatactis-like’ cavities (> 10% by volume); 10, Massive or diffusely laminated dolomite with ‘stromatactis-like’ cavities (< 
10% by volume); 11, ‘Tepee-like’ structures with breccias and ‘stromatactis-like’ cavities in the cores; 12, ‘Tepee-like’ structures with breccias and 
cavities in the cores and sheet cracks on the flanks; 13, ‘Tepee-like’ structures with fractured cores; 14, Cemented breccias; 15, Layer-parallel sheet 
cracks; 16, Barite fans filling in ‘stromatactis-like’ cavities; 17, Aragonite crystal fans; 18, Normal graded bedding expressed by faint clots/peloids or 
silt grains; 19, Parallel lamination; 20, Small-scale cross laminae; 21, Pyrites along bedding planes; 22, Phosphorite-chert nodules. 

 
(1) a sharp contact with the underlying diamictite, (2) 
fine-grained microcrystalline dolomite/dolomicrite with 
parallel laminations and graded bedding suggestive of 
relatively deep water deposition likely below storm- 

wave base, and (3) localized but widespread tepee- 

structures, stromatactis-like cavities, sheet cracks, and 
cemented breccias (Figs. 7 and 8) within the basal 1.0 
to 1.9 m (C1 in Fig. 7). 

Tepee-like structures, stromatactis-like cavities,  
sheet cracks, and cemented breccias are closely associ- 
ated. Tepees occur exclusively at locations where stro- 
matactis-like cavities and sheet cracks are sufficiently 
well developed to cause brecciation (Fig. 8(a) and (b)). 
Stratigraphically they appear in some sections at multi-
ple horizons intercalated with stromatactis-like cav-
ity-bearing micritic laminae. Stromatactis-like cavities 
vary in sizes from < 0.5 cm to 5 cm and are lined with 
pyrite-rich isopachous botryoidal or columnar cements, 
some of which are now replaced by dolomite and silica 
(Fig. 8(c) and (d)). Sheet cracks lined with dolomite, 
calcite, and quartz divide dolomicrite matrix into  

centimeter-scale units. Individual sheet cracks vary in 
thickness from 0.5 to 3 cm, occur on the flanks of te-
pee-like structures, and pass laterally into cores of te-
pees or cemented breccias (Fig. 8(a) and (b)). They are 
also present as laterally persistent layers not directly 
associated with tepees, at least as far as they can be 
determined in available outcrop. 

The abundance of these sedimentary structures in the 
basal cap carbonate is spatially variable. Measured sec-
tions so far reveal four types of structure combinations 
(Fig. 7), including (1) strongly disrupted and brecci-
ated carbonate, with stacked stromatactis-like cavities, 
tepee-like structures, and sheet cracks. Cements in this 
type account for up to 30% of the bulk rock (Type A); 
(2) less disrupted carbonate with < 10% cements fill-
ing fractures and stromatactis-like cavities, without 
tepees but with local occurrence of cemented breccias 
(Type B); (3) the association of stromatactis-like cavi-
ties and sheet cracks with cements up to 30% but ab-
sence of tepees (Type C); and (4) undisrupted, lami-
nated basal carbonate (Type D). These types change  
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Fig. 8.  Examples of the sedimentary structures from the basal Doushantuo cap carbonate. (a) A low-relief tepee-like structures with sheet cracks on 
flanks and brecciation at the tepee core. The tepees are overlain by laminated carbonate separated by sheet cracks that pass laterally through the core of 
other tepees. (b) A tepee-like structure with brecciated cores. (c) Connected stromatactis-like cavities. (d) A stromatactis-like cavity filled with isopa-
chous columnar fibrous calcites, overlain by internal sediment and equant calcite spar in the center. Fractures filled with black and partially certified 
calcite connect the cavities with others. (a) and (d) are from section 4; (b) from section 8; and (c) from section 2 (see Fig. 6 for locations). 

 
laterally from one to another over a few meters to hun-
dreds of meters. 

Two points on the isotopic analysis require a 
re-emphasis. The first is the millimeter-scale δ 13C 
variability surrounding these sedimentary structures in 
the basal cap carbonate, with up to 40‰ difference 
between clotted limestone and dolomite in well- pre-
served examples, and up to 5‰ between dolomitic 
components in pervasively dolomitized sections[38]. 
Such isotopic variability, along with the δ 13C-δ 18O 
relationship, indicates considerable diagenetic homog-
enization of δ 13C between matrix and cements of the 
basal cap carbonate. The second is the difference in 
temporal δ 13C trends between platform and slope/ bas-
inal sections (Fig. 9). Assuming that the cap carbonate 
represents precipitation from a synchronous event and 
the δ 13C values are not strongly affected by diagenesis 
of local processes, the different δ 13C trends from plat-
form to basin may record a strong (up to 10‰) δ 13C 
gradient in the late stage of and after cap carbonate 
precipitation. This is in direct conflict with the 
“plumeworld” hypothesis in which a stratified ocean is 
immediately followed by ocean mixing[45]. A post-  

glacial anoxic and stratified ocean is permitted[138] but 
needs to be verified by other geochemical criteria such 
as biomarkers, sulfur isotopes, rare earth elements 
(REE), and iron isotopes. 

Features of the Doushantuo cap carbonate provide 
direct answers to most of the questions related to the 
origin of the sedimentary structures. The sizes of te-
pee-like structures, stromatactis-like cavities, and brec-
cias are identical to those found in modern and ancient 
methane seeps[57―60,67―70,77,83―86,91,92]. Fracturation, bre- 
cciation, and cavities are common phenomena in the 
Doushantuo cap carbonate, and in other cap carbonates 
globally [33,36] , not the case described by Gammon  
et al.[122]. While widespread, the sedimentary structures 
are localized, laterally passing into undisrupted and 
laminated carbonates (Figs. 6 and 7). The millimeter- 

scale δ 13C heterogeneity within the sedimentary struc-
tures even in pervasively dolomitized sections requires 
localized, pore-scale processes similar to those occur-
ring at methane seeps. In addition, cavity-lining ce-
ments with abundant pyrites are consistent with an-
aerobic methane oxidation and carbonate precipitation 
within pores and cavities at methane seeps. 

However, the occurrence of seep-like structures and 
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Fig. 9.  Platform to basin carbon isotopic trends of the Doushantuo cap carbonate. Notice that the negative to positive δ C shift occurs within the cap 
carbonate in platform sections but not occurs until higher in the overlying strata (interval D) in the outer shelf to slope sections (modified from Jiang et 
al.

 13

[38], except section 4B (new data)). 
 

textures across the entire basin in South China and the 
sharp cap carbonate-diamictite contact globally require 
revision of the original methane hypothesis in which 
permafrost methane hydrates were considered as the 
major methane source[36]. The striking temperature 
change would have conceivably been large enough to 
destabilize the entire methane hydrate reservoir includ-
ing the permafrost methane hydrates (Figs. 1 and 4). 
Questions related to the conceptual mode can be easily 
answered by the modified hypothesis envisioned in Fig. 
5. Modern marine methane hydrates revealed by Bot-
tom-Simulating Reflectors (BSR) are stored at the 
depth of hundreds of meters below seafloor[139] and 
their formation has been completed before the future 
methane hydrate destabilization. The methane hydrates 
during Marinoan ice age may have been formed from 
organic sources even below glacial diamictite such as 
the Datangpo Formation in South China, which con-
tains organic-rich shales. As already discussed, aerobic 
methane oxidation would have occurred in the begin-
ning of methane release, but by the time of cap carbon-
ate precipitation, anoxic seawater conditions may have 

been approached. The inconsistency of δ 34Ssulfate pro-
files questioned by Shields[45] is in fact not the evidence 
against the methane hypothesis but a topic to further 
investigate. The platform-to-basin δ 13C profile (Fig. 9) 
is compatible with ocean anoxia and stratification pre-
dicted by the methane hypothesis. 

5  Uncertainties and future tests 
The methane hypothesis (Fig. 5) provides reasonable 

interpretations for many cap carbonate features docu-
mented so far. However, many aspects related to the 
hypothesis need additional data to support and its pre-
dictions require rigorous tests. Comparing to the inten-
sive tests conducted for the PETM event and for the 
Permian-Triassic boundary, research on the cap carbon-
ates is still fragmentary and inconclusive, although its 
significance and implications are comparable to those 
events. 

5.1  Additional geochemical signatures of methane 
influence 

Although δ 13C values as low as −41‰ provided di-
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rect evidence for methane influence during cap carbon-
ate precipitation, such values are obtained only from 
exceptionally well-preserved examples[38]. Cap carbon-
ates are commonly confined by less permeable under-
lying diamictite and overlying shale and siltstone, and 
they may have inevitably served as post-depositional 
fluid pathways. Because both δ 13C and δ 18O are sus-
ceptible to change by fluid-rock interactions and meth-
ane-derived δ 13C signature varies at millimeter scales 
(as seen in modern methane seeps), δ 13C values of 
most cap carbonates may have been homogenized dur-
ing diagenesis. Diagenetic modification is supported by 
the fact that cap carbonates are almost exclusively 
dolomitized and have very low Sr and high Mn con-
centrations, and by the millimeter-scale δ 13C variations 
and the δ 13C- δ 18O relationship in best-preserved ex-
amples[38]. Although more tests on the δ 13C variability 
of cap carbonates are still needed, other geochemical 
signatures that are more resistant to fluid-rock interac-
tions need to be examined. These may include: (1) iso-
topic signature of CH4 and CO2 preserved in fluid in-
clusions. Initial study of the South China samples re-
veals that CH4 and CO2 are preserved in fluid inclu-
sions in both matrix and isopachous cements (unpub-
lished data). However, because fluid inclusions can be 
formed during diagenesis, better candidates potentially 
recording primary CH4 and CO2 are those from radial 
fabric calcite crystals (e.g., Fig. 8(d)) and barite fans 
that can demonstrate the preservation of original crystal 
structures; (2) sulfur isotope analysis of barites and 
framboidal pyrites associated with carbonate cements. 
Although trace sulfate may suffer from dolomitization 
and diagenesis[45], barites, framboidal pyrites, and some 
isopachous-radial fabric calcite that show textural pre-
servation[38] bear the potential of preserving primary 
δ 34S values; (3) biomarkers such as archaeal isopre-
noids and hopanoids[92,140] that record signature of 
methane-utilizing taxa. Considering the low organic 
content of most cap carbonates, samples of potential 
success are those dark-color carbonate crusts and black, 
chertified carbonates filling in cavities and fractures 
(e.g., Fig. 8(d)). 

5.2  Evidence of ocean anoxia and its duration 

The presence of pyrites (e.g., Fig. 7), platform-to- 

basin δ 13C trends (Fig. 9), and high δ 34S values[141] 
within the Doushantuo cap carbonate suggest ocean 
anoxia and stratification occur in the late stage of and 
after cap carbonate precipitation. However, not  

only the anoxic event itself but also the initiation and 
duration of the predicted anoxic condition across the 
platform-to-basin transects (Fig. 6) needs support from 
additional evidence. Possible redox indicators include: 
(1) a detailed δ 34S analysis of trace sulfates, barites, 
and sulfides of well-preserved samples in multiple sec-
tions across the platform-to-basin transects. Although 
such attempts have been made in several cap carbon-
ates in Namibia[52], western US[142], Australia[143], and 
China[141,144], samples in these studies are sparse (in 
some cases a few samples covering intervals of hun-
dreds of meters thick) and no study provided δ 34Spyrite 
and δ 34Ssulfate from the same samples. The Doushantuo 
cap carbonate provides the best candidate for a detailed 
cm-scale δ 34S analysis of both sulfate and pyrites in 
multiple sections owing to its < 5 m thickness, uniform 
distribution from platform to basin, and abundance of 
pyrites; (2) REE analysis, especially the Ce anomaly 
indicative of redox conditions[145]. Again, a few sam-
ples have been analyzed for the Doushantuo cap car-
bonate[144], but none has been done to test the change of 
redox conditions within the cap carbonates and their 
potential changes across the platform-to-basin transects; 
and (3) organic carbon isotopes, biomarker and iron 
speciation analysis of black shales[146―148] within and 
overlying the Doushantuo cap carbonate across the 
platform-to-basin transects. 

5.3  The trigger and time of initial methane release 

In the methane hypothesis envisioned in Fig. 5, 
methane release may have preceded cap carbonate pre-
cipitation and provided a triggering mechanism for 
pervasive deglaciation. However, the time of initial 
methane release remains uncertain. One possibility is 
that methane release started slightly before cap carbon-
ate precipitation (in the time range of 104 years), and 
the other possibility is that multiple methane release 
events of smaller magnitude occurred before the main 
phase of deglaciation. Physical evidence of methane 
release below cap carbonates has a low likelihood of 
preservation owing to the rapid deposition rates of gla-
cial diamictite and the dilution of carbonate ions by 
sediments unloading from melting ice sheets. However, 
seeking geochemical evidence such as the sulfur and 
iron isotopes of pyrites[149] from the glaciogenic 
diamictite may give insight into the redox condition of 
the seawater before cap carbonate deposition. In addi-
tion, searching specific cold-water minerals such as 
glendonite[150] in cap carbonates and their underlying 



 
 

REVIEW 

www.scichina.com   www.springerlink.com 1167 

strata would help to clarify whether cap carbonates 
started to precipitate from cold seawater. Also unre-
solved is the triggering mechanism for methane hydrate 
destabilization. Existing hypotheses include (1) abrupt 
seawater temperature rise[6,9,12,13], (2) global sea-level 
fall[24―26], (3) magmatic activities[124,151], and (4) plate 
tectonics[17]. In fact, these hypotheses basically concern 
the causal relationships between the assembly and 
breakup of supercontinent and the onset and termina-
tion of the snowball Earth event. A combined study of 
zircon U-Pb dating and oxygen isotope analysis for 
rifted igneous rocks in South China revealed a large- 

scale 18O depletion at middle Neoproterozoic (758±15 
Ma)[152]. This is a geochemical record of energy ex-
change between magmatic activity and melting of gla-
cial ice during the Sturtian ice age. Rifting tectonic set-
ting of continental margins may be a critical environ-
ment to develop local continental glaciations and sub-
sequent remelting of low δ 18O altered rocks. If mag-
matism is a cause for termination of the Marinoan ice 
age at late Neoproterozoic, direct evidence for en-
hanced magmatic activity in this episode has to be 
found. Detrital zircons from Cambrian-Ordovician 
sandstones of Pan-African terranes in North Africa and 
Arabia reveal a dominated age peak close to 600 
Ma[153]. The recent founding of ash beds within and 
above the Doushantuo cap carbonate[154,155] indicates 
that igneous activities close to cap carbonate deposition 
did exist. It is thus highly speculative that magmatic 
activities would have potentially triggered the initial 
release of methane in the end of the severe late Neo-
proterozoic glaciation, which could create a positive 
feedback to global warming and deglaciation. If ex-
tremely low δ 18O values can be found for igneous 
minerals of the Marinoan ice age, it would provide im-
portant geochemical evidence for high-temperature 
water-rock reaction and even crust-mantle interaction in 
this episode to trigger the decomposition of methane 
hydrate. 

5.4  The synchrony of cap carbonates 

Although the duration of cap carbonates can hardly 
be determined by radiometric age dating, all of the ex-
isting models estimated a time range from 104 to 105 
years[30,31,36,38,45]. A longer duration of 105 to 106 years 
was inferred by Trindade et al.[156] on the basis of mul-
tiple paleomagnetic reversals from the cap carbonate in 
Amazon Craton. Similar reversals have been reported 
from the cap carbonate and its overlying strata in Aus-

tralia and suggest ~105 years for the Marinoan deglaci-
ation[157], which is ten times the duration of the Pleis-
tocene deglaciation. The time of 105 years is compati-
ble with the methane hypothesis in which methane hy-
drate destabilization would lead to an isotopic drop 
within ~104 years followed by an exponential recover 
within 105 years[71,98]. However, the synchrony of cap 
carbonate precipitation is still debatable. The global 
occurrence of a sharp cap carbonate-diamictite contact 
suggests at least in each location, carbonate precipita-
tion did not occur until sediment-unloading from melt-
ing ice sheets has completed. A particular question lie 
in how much time lag existed between the deglaciation 
and cap carbonate precipitation. The data from Austra-
lia suggests that the onset of cap carbonate deposition is 
almost synchronous, with time difference no more than 
3000 years, but the cessation of cap carbonate deposi-
tion may be considerably more diachronous[157]. Addi-
tional paleomagnetic tests are needed towards a better 
regional and global correlation of cap carbonates, 
which is needed for understanding the spatial variabil-
ity of ocean chemistry during cap carbonate precipita-
tion. 

5.5  Numerical modeling 

Although it is conceivable that the methane hydrate 
reservoir stored in continental margins and polar per-
mafrost during the severe Neoproterozoic ice ages may 
have been larger than that of today and perhaps of any 
other time in Earth history (e.g., Fig. 1), quantitative 
estimation is lacking. Uncertainties also include the 
Neoproterozoic oxygen level in seawater and atmos-
phere, the seawater sulfate level, the amount of meth-
ane releasing to atmosphere, the climate impact of 
methane release, and the atmospheric CO2 change re-
lated to methane oxidation and carbonate precipitation. 
Numerical modeling in these aspects would certainly 
help to interpret the geological and geochemical data 
obtained from cap carbonates and to understand the 
methane event in general. 

5.6  Biotic change through cap carbonates 

Except the biomarker analysis already mentioned 
that would help to determine the methane-consuming 
microbes and anoxic seawater conditions, a detailed 
paleontological analysis through cap carbonates is 
needed. Abundant acanthomorph acritarchs, multicel-
lular algae, and cyanobacteria have been found in the 
phosphorite-chert nodules shortly after the Doushantuo 
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cap carbonate[158,159]; some of them have been reported 
to be only ~2 m above the Doushantuo cap carbon-
ate[160]. Important aspects include the recovery history 
of organisms in the post-cap carbonate ocean from 
platform to basin and evidence for land organisms in 
strata younger than overlying cap carbonates.  

6  Summary and conclusion 
Studies in the last two decades on modern methane 

seeps and methane hydrates have greatly enriched our 
knowledge on the potential roles methane may have 
played in the global carbon cycles and climate changes 
in the geological history. A large quantity (twice as 
much as the total fossils fuel reservoir) of methane is 
stored as methane hydrates underneath the seafloor and 
polar permafrost. Because methane is a strong green-
house gas whose global warming effect is at least 20 
times greater than the equivalent weight of CO2, addi-
tion of methane into seawater and atmosphere through 
methane hydrate destabilization would enhance global 
warming, cause ocean anoxia, and drive migration, 
mass extinction, and innovation of faunas and floras. 
Evidence of methane hydrate destabilization events has 
been found from stratigraphic records spanning from 
Quaternary to Paleocene and Eocene boundary (PETM: 
~55.5 Ma), and to Early Cretaceous (Aptian: ~117 Ma), 
Late Jurassic (Oxfordian: ~158 Ma), Early Jurassic 
(Toarcian: ~ 183 Ma), and the Permian-Triassic bound-
ary (~250 Ma). 

From the occurrences and distributions of methane 
seeps at modern seafloor, ideal evidence for ancient 
methane hydrate destabilization events would include 
(1) the close association of methane seeps (or slope 
slumps) and a prominent, negative δ 13C excursions, (2) 
carbonate dissolution from aerobic methane oxidation, 
(3) ocean anoxia, minimum sulfate zone, and associated 
34S-depleted sulfides, (4) temperature increase recorded 
in oxygen isotopes, (5) biomarkers indicating activities 
of methanotrophic microbes, (6) massive marine barite 
precipitation, and (7) sudden flora and fauna migration 
and extinction. However, because methane seeps and 
slope slump structures are localized phenomena and 
their physical and chemical signatures are susceptible 
to burial compaction and diagenetic modification, the 
appearance of methane seeps or slope slump structures 
are not necessarily present or identifiable in geological 
examples. As a consequence, short-lived (in time scale 
of 105 years), prominent (> 2‰ decline) δ 13C excur-
sions recorded by marine calcium-secreting organisms, 

carbonates, and marine and terrestrial organic matters 
constitute the most important evidence for ancient 
methane hydrate destabilization events.  

The late Neoproterozoic postglacial cap carbonates 
record perhaps an exceptionally well-preserved exam-
ple of an ancient methane hydrate destabilization event. 
The methane hypothesis for cap carbonates is compati-
ble with most features documented from cap carbonates 
globally, including (1) the close association of localized 
but widespread methane seep structures and a promi-
nent (≤−5‰) δ 13C excursion of duration within an 
order of 105 years; (2) low sulfate concentration within 
cap carbonates, and platform to basin δ 13C variation 
compatible with anaerobic methane oxidation and 
ocean anoxia, at least in the late stage of or after cap 
carbonate precipitation; (3) the sharp contact between 
cap carbonates and glacial diamictite and relatively low 
pH within basal cap carbonates, suggesting a slight de-
lay of cap carbonate precipitation possibly due to aero-
bic methane oxidation; and (4) the contrasting litholo-
gies between cap carbonate (dolomite) and their overly-
ing strata (limestone) and pervasive barite and arago-
nite fans near the lithologic transition, are consistent 
with low sulfate concentration favorable for dolomiti-
zation of cap carbonates, increased sulfate supply from 
weathering after cap carbonate precipitation, and ac-
cumulation of Ba from methane hydrate source. The 
methane event may have also caused global warming, 
triggering pervasive deglaciation. Ocean anoxia and 
high temperature could potentially force syn-glacial 
oxygenic organisms towards land, leading to unprece-
dented flourish of land organisms that may have re-
sulted in high organic matter production and burial, 
causing the rise of oxygen and ultimately creating en-
vironments favorable for metazoan evolution. 

However, many aspects of this event remain to be 
tested, including probably (1) additional geochemical 
signatures signifying methane influence, including 
CH4- and CO2-bearing fluid inclusions in well pre-
served primary calcite/aragonite and barite crystals, 
δ 34S of barites, trace sulfates, and framboidal pyrites, 
and biomarker analysis, etc., (2) additional evidence for 
ocean anoxia and its duration, including iron isotopes, 
coupled sulfur isotopic fractionation between sulfate 
and sulfide, and REE analysis, (3) the time and trigger 
of initial methane release, (4) the synchrony of cap 
carbonate precipitation, (5) numerical modeling on the 
size of methane hydrate reservoir during glaciation and 
effects of methane release, and (6) the biological details 
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through the cap carbonates to the overlying strata. 
South China preserves one of the best cap carbonates 
that bear the potential of solving many of these uncer-
tainties. 
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