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The Mesoproterozoic Chuanlinggou Formation (ca. 1.7 Ga) consists mainly of dark-gray to black shales 
that are widespread in the North China Platform. Abundant centimeter-scale sand veins are present 
within the shale layers of this unit, particularly in the middle part. Sand veins display ptygmatic shapes, 
perpendicular or with a high angle to bedding planes. They penetrate the black shale layers but are 
often terminated by thin, lenticular sandstone beds, forming small-scale ‘tepee-like’ structures. On 
bedding planes, sand veins are expressed as small ridges with 1–3 mm positive relief. Lack of po-
lygonal shapes and their occurrence in thinly laminated, relatively deep-water shales preclude an origin 
from sand-filled desiccation cracks. Instead, their close association with microbially induced sedi-
mentary structures (MISS) such as micro-wrinkles and gas blisters, putative bacterial fossils (possibly 
coccoidal cyanobacteria) and framboidal pyrites, suggests that they were formed by degassing of 
methane from microbial mat decay. Methane gas disrupted overlying sedimentary layers, creating 
fractures open to seawater. Fine-grained quartz sands, which were transported into the depositional 
environment by strong winds, filled the fractures. Sand-filled fractures were shortened and folded 
during burial compaction, forming ptygmatic shapes. The presence of dispersed dolomite and siderite 
in these sand veins suggests authigenic carbonate precipitation from anaerobic oxidation of methane 
(AOM). Sand veins are intensely distributed within the Chuanlinggou Formation and are spatially 
widespread in the North China Platform. If their methane origin is confirmed, they may have important 
implications for the Mesoproterozoic paleoclimate. With anoxic oceans and low seawater sulfate con-
centration during the Mesoproterozoic, methane release from microbial mat decay and/or microbial 
methanogenesis during shallow burial may have been proportionally higher than that of the modern 
marine environments, with resultant increase in the relative importance of methane in maintaining the 
Mesoproterozoic greenhouse climate. 
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During most of the Proterozoic (from ca. 2.4 to 0.78 Ga), 
the Earth was ice-free, with surface temperature proba-
bly around 40―55℃[1,2], constituting a rare long-lasting 
warm period in the earth history[3,4]. Given the fact that 
the solar luminosity was about 15%－25% lower than 
today[3,5], an ice-free, warm Proterozoic Earth surface 
would require an atmospheric methane concen- 

tration at least of 100－300 ppmv[6]. Due to the short 
resident time of methane in atmosphere, maintaining a 
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methane concentration as high as 300 ppmv would re-
quire a continuous methane flux from the ocean (con-
sidering the lack of terrestrial plants). Study also shows 
that during the Proterozoic, the ocean was characterized 
by permanent stratification and high salinity, with an-
oxic and sulfidic conditions at its lower portion[1,7,8]. 
This palaeoceanographic state would facilitate methane 
production from the decay of organic matter buried in 
sediments and from methanogenesis, yet so far in the 
Precambrian strata no direct evidence related to the 
methane release has been detected, except in the Neo-
proterozoic “cap carbonates” (ca. 0.635 Ga)[9,10]. In this 
paper, we report a special type of sedimentary structures, 
the sand veins, from the Chuanlinggou Shale (ca 1.7 Ga) 
of the North China Platform. These structures may have 
been formed by methane release from microbial mat 
decay in anoxic and sulfidic shallow marine environ-

ments. 
The Chuanlinggou Formation of the lower Mesopro-

terozoic in the North China Platform is characterized by 
dark to black shales up to 900 m thick. This unit is 
widespread in northern and central parts of the platform, 
with a clear tendency of thinning toward south. This 
formation is well exposed at Jixian, Tianjin, where it 
contacts conformably with the overlying dolostone of 
the Tuanshanzi Formation and the underlying quartzite 
of the Changzhougou Formation (Figure 1)[11―13]. Mi-
crofossils (possibly acritach), such as Margominuscula, 
Dictyosphaera and Scaphomorphida, and putative 
macro-algae such as Chuaria and Parachuaria have 
been documented in this formation[14―17]. Isotopic dating 
on illites from the middle part of the formation yielded a 
Pb-Pb age of 1705 ± 42 Ma[12,18,19]. The present study 
shows the Chuanlinggou Formation can be approxi-

 

 
Figure 1  Locality of studied sections and Mesoproterozoic stratigraphic succession at Jixian, Tianjin. (a) Mesoproterozoic stratigraphic succession; (b) 
localities of studied sections and transportation. ZH Gr., Zunhua Group; DHY Fm., Dahongyu Formation; TSZ Fm., Tuanshanzi Formation. In China, the 
bottom boundary of the Mesoproterozoic is traditionally set at ca. 1.8 Ga, 200 Ma earlier than that in ISC-GTS 2005. 
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mately correlated to the lower Vindhypan Group in India, 
the basal Belt Supergroup in North America and the 
Hamersly Shale in northern Australia. It was suggested 
that the Chuanlinggou shales were probably formed 
during the rapid transgression resulted from early rifting 
of the North China Platform[20―22], which may have been 
associated with the breakup of the Columbia Supercon-
tinent[22,23―25]. 

In the area around Jixian, the Chuanlinggou Forma-
tion consists mainly of dark to black shales, with abun-
dant millimeter- to centimeter-scale, laterally discon-
tinuous fine sand beds or lenticles. In the black shales, 
monazites, framboidal pyrites and cosmic spherules[20,21], 
as well as abundant authigenic illites[26], have been iden-
tified. The black shales are rich in organic matter, with 
TOC as high as 5%－13%[27]. Molecular biomarkers 
extracted from black shales suggest the abundance of 
microbes, including sulfur bacteria, halophilous archaen 
and possibly cyanobacteria[28]. Sedimentary structures 
are rare in this formation; in addition to thin laminae, 
interference ripple marks are visible in a few horizons. It 
is generally accepted, therefore, that the Chuanlinggou 
Formation was deposited in deep and quiet shallow ma-
rine environments below fair-weather wave base[21,27,29]. 

1  Sand veins in the Chuanlinggou For-
mation 

The sand veins are abundant throughout the Chuanling- 
gou Formation, dense in the middle part (Figure 1). In 
the stratigraphic successions, they are mostly concen-
trated in the sediments of early to late transgression pe-
riods. In the upper and lower parts of this formation, 
sand veins are less abundant.  

The sand veins are generally expressed as irregularly 
distributed slender ridges on bedding plane, either 
straight or variably sinuous, but they generally do not 
form networks, different from mud cracks. In vertical 
sections, they appear as sub-erect to variably ptygmatic 
veins, reminiscent of molar tooth structures (MTs) which 
have been reported from many Mesoproterozoic      
to Neoproterozoic carbonate successions over the  
world[30―42]. In comparison with MTs, however, the sand 
veins are generally smaller, finer and shorter in vertical 
profiles, and lack radiating structures and subordinate 
branches on bedding planes. In the studies dealing with 
the “liquefied vein structures” (partly synonymous with 

MTs) in the Mesoproterozoic to Neoproterozoic carbon- 
ates of North China, similar structures were once men- 
tioned[20,21,30,36], but emphases were put upon the micro-
sparitic carbonate veins. The authors interpreted that 
those carbonate veins might result from the seismic 
events accompanied with the rifting of the Yan-Liao au-
lacogen; or more specifically, they were originated 
through seismic liquefaction[20,21,30―32,41]. Some similar 
structures have also been reported from the Precambrian 
siliciclastics in North America[43], which were inter-
preted as dewatering features formed either by seismic 
events or by sediment compaction.  

The sand vein structures have been found from the 
Chuanlinggou Formation at several localities, including 
Jixian, Tianjin, Changping, Beijing, and from the Xia-
maling Formation (ca. 1368 Ma, also black shale) at 
Laishui, Hebei, by us. Based on their widespread occur-
rences, morphological features, associated sedimentary 
structures, macro- and micro-structures, and mineral 
compositions, here we propose a gas release origin for 
these sand vein structures. We interpret that the sand 
veins are syndepositonal fissures/fractures created by 
gas escaping, which were contemporaneously filled by 
storm transported sands when fissures were still open to 
seafloor. The possible gas source is the decay of buried 
microbial mats and methanogenesis under anoxic and 
sulfidic conditions. The light-colored quartz sands in 
sand veins and lenticular sand layers were likely trans-
ported into the sedimentary environment by episodic 
strong winds from proximal sandbars or sandy shoreface 
environments. In the horizons where sand veins occur 
densely, some microbial wrinkles (MISS)[44―48] have 
been recognized (Figure 2(c)). Putative coccoidal bacte-
ria fossils (Figure 3(d)) and framboidal pyrites (Figure 3 
(a) and (d)) are recognizable in the host shale, whereas a 
minor amount of dolomite, siderite and botryoidal cryp-
tic cements have been identified in the sand veins 
(Figure 2(d)), which might result from the authigenic 
carbonate precipitation caused by anaerobic oxidation of 
methane (AOM)[49―52]. 

1.1  Morphological features of the sand veins 

On bedding planes, the sand veins appear as small ta-
pering ridges generally 2―5 mm (maximum 8 mm) 
wide and 4―14 cm (maximum 20 cm) long, with 1―3 
mm positive relief, straight or sinuous (Figure 2(a) and 
(b)). On weathered surfaces they may express as shallow 
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Figure 2  Morphology of the sand vein structures on outcrops. (a) Complicated fabrics formed by sand veins on bedding plane (coin is 2 cm in diameter); 
(b) simple fabrics of sand ridges; (c) microbial wrinkles associated with sand veins; (d) ptygmatic sand veins penetrating dark shale layers (The veins are 
often terminated by thicker sand layers (yellow arrow); in a few cases they penetrate thin sand layers (white arrow) or form small tepees (red arrow)); (e) 
gas blisters on a bedding plane, coin is 2.1 cm in diameter. Gas blisters may have been resulted from mat doming by gas escaping, either with open top 
(white arrow) or enclosed (yellow arrow); (f) small tepee formed by sand veins (blue arrow) and “smoking” structure resulted from gas escaping (yellow 
arrow), narrow fissures visible on two sides of the sand veins (red arrow). Coin is 2.1 cm in diameter. 

 
furrows and were easy to be misidentified as trace fos-
sils[53]. The sand veins are light yellowish to grayish 
white, and consist mainly of silt to fine quartz grains, 
with subordinate feldspar and dark minerals. The host 
shale is dark gray to black, mainly of mud, with some 
silty quartz grains and micas. The sand veins are scat-
tered irregularly on bedding planes, without clear selec-
tive directions. They may form a network occasionally, 
but are quite different from mud cracks both in mor-
phology and in spatial distribution. 

In cross sections perpendicular to bedding planes, the 
sand vein structures include two forms. One type is the 

thin sand layers or lenses roughly parallel to sedimen-  
tary bedding (Figure 2(c), (f); Figure 3(b), (c), (e), (f)).  
They are generally 3－9 mm (maximum 15 mm) thick  
and up to 30 cm long, laterally discontinuous, and are  
separated by dark shale layers of 2－10 cm thick, form- 
ing structures similar to lenticular beddings. Low angle 
cross-laminations are occasionally observed in the sand 
layers (Figure 3(c)). The second type is sand veins that 
are shortened, and more or less perpendicular to bedding 
planes, most of which are variably ptygmatic due to 
compaction (Figure 2(c); Figure 3(b), (c), (e), (f)). The 
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Figure 3  Characteristics of the sand vein structures on polished slabs. (a) Interference ripples associated with sand veins. (b), (c) dense ptygmatic sand 
veins (yellow arrow) alternated with lenticular layers; low angle cross laminations are visible in the sand layers (white arrow), and a small tepee (red arrow) 
formed by sand veins is also visible; (d) botryoidal cryptic carbonate cement in sand veins; (e), (f) polished slab, showing morphology of sand veins in the 
vertical profile and bedding plane. 

 
sand veins are generally 2－7 mm wide and 2―6 cm  
high, and in cases form low-relief ridges at the top. They  
tend to occur beneath thin sand layers, though variously  
spaced. Most of them taper off downward (92%) from a  
sandy layer, but a small portion of them (2%) penetrate  
the sand layers above them. When the sand veins  
penetrate the overlying sand layers (Figure 2(f); Figure  
3(c), (e), (f)), narrow fissures of 0.5－2 mm wide are  
observed at the contact between the veins and sand  
layers (Figure 2(f)). In some cases, the top of the sand  
veins forms small tepees (beneath thicker sand layers)  
(Figure 2(f); Figure 3(c), (e), (f)). These features suggest  
a syn-depositional to early diagenetic origin for the sand  

veins. The fractures/fissures may have been filled by 
sand before burial compaction so that portions of their 
original morphology (such as small ridges and tepees) 
could be preserved. Most of the sand veins (96%) taper 
off downward, but commonly they do not connect with 
their underlying sand layers, and some of them extend 
downwards in pure shales without sand layers. This 
suggests that the sand veins are not related to the earlier 
formed, underlying sand layers; instead, sands in the 
veins were from the younger sand layer immediately 
overlying the sand veins. The sand veins, therefore, were 
less likely to be formed by the upward migration of pore 
fluids. 
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1.2  Mineral composition of the sand veins 

Both field and microscopic observations show that the  
sand veins are relatively simple in composition, consist- 
ing mainly of fine-grained sand to silty quartz grains  
(60%―80%) and mud (10%―30%), with minor feld- 
spar (<5%), mica (<5%) and other dark minerals (<1%).  
The sand grains show a good sorting, but poor round- 
ness. The sand veins and layers are similar in composi- 
tion, but the sands in veins have a closer compositional 
and textural similarity to the sand layer immediately 
above them. A comparative study on the sand veins at  
different horizons also shows that the sand ridges on 
same bedding plane (same generation) have no differ- 
ences in mineral composition and texture, while those on 
different horizons (different generations) do show dif- 
ferences. This feature again suggests that the sand veins 
are closely related to their immediate overlying sand 
layer, implying their syndepositonal origin. Minor 
amount of carbonate minerals, such as dolomite, siderite 
and pyrite (Figure 4(a), (d)), and some botryoidal cryptic 
carbonate cements(Figure 3 (d)) have been recognized in 
thin sections, suggesting authigenic carbonate precipita- 
tion. These may imply that during the formation of the 
sand veins, methane gas was still active, and that the 
authigenic carbonate precipitation in the veins was 
formed by anaerobic oxidation of methane (AOM)[49―52]. 
Carbonate cements may have led to early lithification of 
sand veins so that their morphological features survived 
the burial compaction. 

The hosting black shale is rich in authigenic illite[26] 
and organic matter, with TOC up to 5%[27]. Microscopic 
observation shows that the shale contains silts varying 
from 5% to 10% in different beds, with a maximum up 
to 20%. Abundant organic-rich laminae have been ob- 
served in thin sections, and may have resulted from mi- 
crobial mats or biofilms[54,55], as evidenced by microbial 
binding and trapping of mineral grains[44,45,48,56](Figure 
4(b), (c)). Pyrites are common in the hosting shales, es- 
pecially along the bedding of inferred microbial mats 
and along the contact between sand veins and hosting 
rocks (Figure 4 (a), (d), (f)). Some pyrites show clear 
framboidal shapes[20,21]. All of these seemed to suggest 
an anoxic condition at least in the bottom water[54,55].  

Judged from the sediment properties and their tex-
tures, the host rock may have been deposited in a low 
energy environment, while the sand layers/lenses sug-
gest a relatively high-energy condition. The sharp con- 

tact between them without transitional lithologies sug-
gests that the thin sand layers were deposited as event 
layers. Given the fact that the sand layers are commonly 
thin (<1.5 cm) and laterally discontinuous, it is very 
likely that the sand layers were formed by episodic 
strong winds that transported sands from proximal 
sandbars or sandy shoreface into a shallow marine envi-
ronment below fair-weather wave base. The moderate 
sorting but poor rounding of the sands in thin sand lay-
ers, the small amount of sands dispersed in host shale, 
and the associated interference ripple marks are consis-
tent with a wind-related origin for the sand layers. 

1.3  Other sedimentary structures associated with 
the sand veins 

In the sand vein-bearing horizons, the presence of inter-
ference ripple marks (Figure 3(a)) and microbial wrin-
kles (Figure 2(c)) suggests that the strata may have been 
formed at a depth around wave base, possibly in a la-
goon behind sandbars or sand dunes[21,29]. In the sand 
vein-bearing intervals, fine organic-rich laminae and 
laminae with selective mineral arrangements can be seen 
(Figure 4(b), (c)). These were regarded to have resulted 
from selective binding and trapping of particles by fila- 
mentous microbes, and can be used as an indicator for 
microbial mats in argillaceous sediment[44,45,48,54,55]. On 
bedding planes, the presence of gas blisters (Figure 2(e)) 
suggests gas escape from underlying layers[44,48,57]. The 
gas, possibly methane, is likely derived from the decay 
of buried microbial mats. As the sediment surface was 
covered by impermeable mats the slow degassing would 
push the mats upward to form small domes[44,48,56,57]. 
This structure has been assigned as mat-decay fea-
tures[55,57]. In vertical section, “smoking or “foggy” 
structures (Figure 2(f)) can also be observed in associa-
tion with sand veins, which may also be produced by the 
degassing disruption of unsolidified sediment. In the 
middle part of the Chuanlinggou Formation, though   
microbial wrinkles exist, the general absence of mat-   
destruction structures, such as syneresis cracks and 
chips[44,47,48,55,57], may imply that this forma- tion was 
largely deposited in a subtidal environment. As no in-
termittent exposure of the substrate, microbial mats are 
relatively thin, while syneresis cracks, mat chips and 
some other re-depositional mat structures are generally 
absent[44,45,47,48,54―57]. The existence of MISS and or- 
ganic-rich laminae in the shale suggests that microbes 
were quite active when the Chuanlinggou Formation 
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Figure 4  Microscopic features of the sand veins. (a) Sharp contact between sand veins and the hosting shale; organic-rich laminae (yellow arrow) in shale 
and pyrite (red arrow) in sand vein; (b) microbial mat (yellow arrow) and silt laminae (white arrow) resulted from microbial binding in shale; (c) composed 
microbial mat (dark) formed by biofilms (white arrow) in sharp contrast to sand vein; (d) quartz sands in vein, with good sorting, bearing authigenic dolo-
mite yellow arrow) and siderite (red arrow); (e) putative microbial fossil (red arrow) and framboidal pyrite (yellow arrow) in shale; (f) framboidal pyrite 
(red arrow) in sand vein. 

 
was deposited. The rich organic matter, as evidenced by 
relatively high TOC, might derive mainly from the bur-
ied mats, which may have provided the source for 
methane degassing, given the Mesoproterozoic ocean 
was in a general anoxic state[7,8,58].  

2  The origin of sand veins and signifi-
cance 

Field and petrographic observations stated above sug- 

gest that the sand veins in the Chuanlinggou Formation  
are syndepositional features. The 3-D shapes of the sand  
veins indicate that they were fissures originally devel- 
oped in the shale. There is no evidence for subaerial ex- 
posure (see below), the sand veins, therefore, can hardly 
be explained as the result of shrinkage cracks caused by 
dewatering. Tracing the sand vein-bearing strata and 
their adjacent layers laterally, we recognized neither 
syndepositional deformations nor structures related to 
seismic events[30,31,34]. Furthermore, the sand vein struc- 
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tures are well developed at least through the middle part 
of the formation for some 120 m, possibly spanning a 
long period, and the veins are small. These would pre-
clude them from a seismic interpretation. A more plausi-
ble interpretation for the veins would be that they were 
sand-filled fissures/fractures formed by slow methane 
degassing. The methane gas may have been derived 
from the decay of buried microbial mats and/or 
methanogenesis. A statistics on the sand veins shows 
that most of the veins are less than 5 mm in width, taper 
off downward in less than 6 cm and laterally extend for 
no more than 20 cm. Given the ptygmatic folding by 
compaction, the original fissures were probably about 14 
cm in height. Such a scale is small in comparison with 
those produced by catastrophic release caused by the 
methane hydrate destabilization in the Neoproterozoic 
cap carbonate[9,59,60]. The narrow sand veins require a 
continuous degassing to let the sands from thin sand 
layers get into the fissures, otherwise they would be 
closed under lateral compression. Based on our statistic 
in the field, most of the sand veins do not connect with 
the sand layers below (92%), often occur in the places 
where no sand layers exist below (76%), and rarely taper 
off upward (4%). These features may suggest that they 
were not derived from the dewatering of water-saturated 
sediments under compaction as previously suggested[43]. 
In addition, the sedimentary features of the Chuanling-
gou Formation such as well-preserved laminations and 
the palaeogeographic reconstruction for that time inter- 
val[12,14,21,29,41] suggest slow depositional rate, inconsis-
tent with depositional environments favorable for the 
development of dewatering features. 

Methane release is probably a common phenomenon  
in the nature. In the present world, biogenic methane 
production is as high as 5.35×1015g/a (or 3.3×1013 
mol/a), about 300 times of abiogenic methane[61,62]. 
Methanogenic production and the decay of organic mat- 
ter under anoxic condition are the two major sources for  
methane[63,64]. In the Proterozoic, the biomass in oceans  
might be smaller than today, but the total organic  
accumulation produced by microbes could still be  
significant as no consumption by metazoans[55,65,66].  
Owing to the lower oxygen concentration in the early  
Proterozoic atmosphere (5%－10% PAL)[4,5,61,63,67], the  
ocean was perhaps in a permanently stratified state, with  
a partially oxidized surface ocean but anoxic/euxinic 
deeper ocean[3―5,7,8,63]. These conditions favored the ac- 

cumulation and burial of organic matter formed in mi- 
crobial mats. Decay of the buried organic matter under 
anoxic and sulfidic conditions would inevitably result in 
the formation of methane. The Chuanlinggou Formation 
was deposited in a shallow marine environment, and the 
low pressure and warm climate would not allow meth-
ane to store in sediments as solid hydrates. Instead, 
methane produced from organic matter decay or 
methanogenesis would release slowly but continuously 
in a way similar to that in the modern wetlands. The 
densely developed thin sand layers are crucial for the 
preservation of gas escape features (sand veins) in the 
Chuanlinggou Formation. The sand layers provide the 
source material for the formation of sand veins. Without 
sands entering the gas pathway in time, the fissures cre- 
ated by gas release would have been closed under com- 
paction and would have left no recognizable structures. 
This may partially explain why gas release features are 
absent in intervals where sand layers are absent, al-
though gas formation and release would have been a 
common phenomenon under low atmospheric oxygen 
and anoxic ocean conditions during the deposition of the 
Chuanlinggou Formation. 

In summary, the formation of sand veins in the 
Chuanlinggou shale requires the following conditions: 
(1) Abundant microbes and sufficient organic matter 
accumulation, as well as anoxic bottom waters, so that 
adequate methane could be produced; (2) Warm bottom 
water temperature and low pressure so that methane 
could be released slowly rather than be stored in sedi-
ments as solid hydrates; (3) The methane release were 
sufficient enough to create sizeable fissures/fractures 
that remained open to seawater; and (4) Frequent strong 
winds transported adequate sands into the relatively 
deep water environment so that sands could fill active 
methane pathways before their closure. Methane release 
might be common in the Proterozoic ocean, whereas 
formation and preservation of the sand veins may be rare 
owing to the requirement of these co-occurring events. 
The sand veins in black shales, therefore, may be used 
as a sedimentary indicator for a slow and continuous 
methane release in Proterozoic depositional environ-
ments. 

Precambrian microbes can hardly be preserved as 
body fossils owing to the absence of calcified 
sheaths[65,66,68]. The knowledge about Precambrian mi-
crobial communities largely depends on bio-sedimentary 
structures in carbonates, such as stromatolite, thrombo-

1532 SHI XiaoYing et al. Sci China Ser D-Earth Sci | Nov. 2008 | vol. 51 | no. 11 | 1525-1536 



 

lite, oncolite and some petrified microbial mats, and 
biomarkers. While the characteristics of microbial 
communities in Precambrian siliciclastic environments 
are poorly known[45,55], the widespread occurrence of 
sand vein structures and MISS in the Chuanlinggou 
Formation indicates that microbial communities did 
thrive in siliciclastic environments far back to 1.7 Ga.  

As a major product of microbial metabolism, micro-
bial mats have played an important role in the bio-  
stabilization of sediments[44,45,47,55―57]. Microbial mats 
also, through various bio-geochemical processes, 
changed the property of surface sediments and influ-
enced the chemical composition of the ocean wa-
ter[48,50,65,66]. All these processes will consequently im-
pact the evolution of other organisms, such as eukaryo-
tes, macro-algae, micro-plants and metazoans, and their 
ecological interactions[56,57,66,69].  

The dense sand veins in the Chuanlinggou Formation 
reflect that during the Mesoproterozoic, microbial 
communities thrived in the siliciclastic environments of 
the north China epeiric sea and may have a potential for 
significant organic carbon accumulation. The methane 
activity itself indicates that the buried organic matter had 
partly undergone a hydrocarbon-generation process, and 
had the potential to form source rocks. The requirements 
for the formation of sand veins imply that the 
Chuanlinggou Formation was deposited in an anoxic 
environment, possibly in a lagoon behind sandbars, not 
far from the shore. Thus, this will provide a constraint 
on the reconstruction of paleogeography and the tectonic 
evolution of the North China Platform during Late Pa-
leoproterozoic to Early Mesoproterozoic.  

The Proterozoic was a long-lasting ice-free period in 
earth history (2.4 to 0.78 Ga)[3―5], without significant 
fluctuations in carbon and oxygen isotopes[8,63,67,70,71]. 
The surface temperature was inferred as high as 40－55
℃[1,2]. It has been noted that in the early earth stage, the 
Solar luminosity was 15%－25% less than today[3,5,61,67]. 
This would require a very high greenhouse gas concen-
tration in atmosphere to balance the “Faint Young Sun” 
state. In earlier studies, it has been estimated that the 
CO2 concentration would be 50－900 times more than 
today in order to maintain the ice-free earth sur-
face[6,61,62]. Later studies, however, show that the CO2 
concentration in the Proterozoic atmosphere was actu-
ally no more than 200 times[72] or 33 times[65], 5－25 
times[73] or even less than 10 times[68] of the modern 

level. Given such a CO2 concentration, the Proterozoic 
atmosphere would require at least a methane concentra-
tion of 100－300 ppmv to keep the earth ice-free[6,68]. 
Given the short resident time (~10 years) in atmosphere, 
a continuous and adequate methane flux into the atmos-
phere are theoretically needed during the period between 
the Early Paleoproterozoic snowball earth (ca. 2.4 
Ga)[74,75] and the Neorpoterozoic snowball earth (ca. 780
－635 Ma)[70,76]. In reality, however, so far no methane 
release evidence has been found in the strata older than 
0.64 Ga, especially in siliciclastics. In the Late Neopro-
terozoic “cap carbonates” (ca. 635 Ma) various evidence 
related to methane release has been reported, including 
extremely low negative carbon isotopic values (−47‰), 
barite fans, acicular aragonite clusters, framboidal pyri-
tes, as well as a number of sedimentary structures such 
as stromatactis-like cavities, sheet cracks, tubestones 
and carbonate shrubs[9,10,60,77]. The densely developed 
sand veins in the Chuanlinggou Formation may have 
provided an important sedimentary evidence for meth-
ane release in Mesoproterozoic shallow marine silici-
clastic environments. The existence of authigenic car-
bonate precipitation in the sand veins may indicate an 
anaerobic oxidation of methane. The sand vein structure, 
therefore, can be taken as a sedimentary indicator for 
slow methane release in the argillaceous sediments of 
Proterozoic shallow marine environments.  

3  Conclusion and discussion 

The densely developed sand veins in the Chuanlinggou 
Formation were likely formed by sand fills into the fis-
sures created by slowly methane gas release in shallow 
marine environments. Methane gas may have been de-
rived from decaying of buried microbial mats under an-
oxic and sulfidic conditions. The ptygmatic and de-
formed shapes of the sand veins were formed during 
burial compaction. The availability of wind-generated 
sand in the depositional environment was crucial for the 
formation and preservation of the sand veins in the 
Chuanlinggou Formation. 

The sand vein structures may provide one of the ear-
liest evidence for methane gas release in siliciclastics. 
Pervasive microbial activities in shallow marine silici-
clastic environments may have led to significant organic 
carbon accumulation, providing a potential hydrocarbon 
source. The long-term and continuous methane release 
might be an important factor to keep the ice-free earth 
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during the Proterozoic even if the solar luminosity was 
about 15% lower than today[3―6,67,68].  

The sand veins in the Chuanlinggou Formation share 
some similarities with molar tooth structures (MTs) 
recognized in the Mesoproterozic to Neoproterozoic 
carbonates in North China[30,31,33,36,38,42,78] and in other 
places globally[33―35,37,39,40,79,80]. A widely used definition 
for MTs is accepted as “morphologically variable   
micrite ribbons, blebs, spheroids or ptygmatic struc-
tures”. In MTs the ribbons consist characteristically of 
purely equant microcrystalline calcites, with a sharp 
boundary to their hosting carbonates. MTs occur mainly 
in carbonates of subtidal to intertidal environments, and 
are rare or absent in siliciclastics[34,36,40,80]. The sand 
veins differ from MTs in mineral composition and in 
depositional environments, whereas their similarities in 
morphology and rheology may imply that they may 
share a common process. On the origin of MTs     
there exist divergent opinions, including (1) seismic ori- 
gin, caused by liquefaction and fluids upward migra- 
tion[20,30―32,34,35,41,78]; (2) biogenic origin, caused by bio-

genic activity[34,36,38,42]; (3) geochemical origin, related 
to chemical changes in Precambrian ocean[37,38,79,81]; (4) 
gas origin, related to biogenic CO2 or released from di-
oxide clathrates[40,80], or gas bubble expansion[33]; and (5) 
high-energy event origin, related to storm or tsunami 
activities[39]. The origin of sand veins proposed in this 
paper may provide insights into the origin of MTs. A 
problem worthy considering is that no methane-related 
carbon isotope signature has been found in the MTs so 
far[40,71,79,81]. In the modern oceans most of the carbon-
ates precipitated from methane oxidation show a wide 
range of negative carbon isotopic values[49―52], so do for 
the Neoproterozoic cap carbonates[9,10, 59,60]. Whether the 
general absence of carbon isotopic anomalies through 
the Mesoproterozoic was related to the anoxic and sul-
fidic ocean or to the differential fractionation of carbon 
isotopes needs further exploration. This would certainly 
be a challenge of getting into the early evolution of the 
earth surface systems. 

We sincerely thank Hu Xueyan, Wang Yi, Chen Changqing and Wang Xin-
qiang for their partly participation in the fieldwork. 
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