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Hydrocarbon seeps, widely occurring in continental margins, have become increasingly focused owing to their close relationships 
with gas hydrates, strong greenhouse gas methane, and biological resources in extreme environments. Ancient hydrocarbon seeps 
have already been recognized from Devonian to Quaternary strata worldwide based on seep carbonates or seep-related fossil 
chemosynthetic assemblages. However, seep-related deposits are rarely found from ancient strata in the mainland China. Here, we 
report the first discovery of an ancient seep deposit, specifically late Cretaceous seep carbonates from Xigaze in Tibet, China. 
Xigaze seep carbonates, occurring as nodules, are enclosed in upper Cretaceous turbidite strata in Xigaze forearc basin. These 
carbonates are composed of authigenic carbonate (56.2% on average), clastic quartz and feldspar (27.3% on average), and clay 
minerals (chlorite, illite and smectite, 16.5% on average). Clotted micrites, peloids and framboid pyrites are frequently observed, 
all of which are common in modern seep carbonates. The carbonates have negative 

13C values varying from 27.7‰ to 4.0‰ 
(V-PDB), suggesting that thermogenic methane is the primary carbon source. Ce/Ce* values revised by eliminating La effects 
show no real Ce anomaly, indicating the carbonates were primarily precipitated in a weak reducing environment. Overall, these 
features provide unequivocal evidences that the seafloor of Xigaze forearc basin developed hydrocarbon seeps in late Cretaceous. 
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Cold seeps are frequently observed in marine settings of 
continental margins worldwide, and the last 30 years’ inves-
tigations show that they are known from the tropics to the 
poles, in shallow shelf to hadal depths [1–11]. The seep 
fluids are commonly composed of water and methane, and 
occasionally heavy hydrocarbons, such as crude oil. Seep-
ing methane could partially occur as gas hydrates below the 
seafloor at suitable temperature and pressure [7–9]. Chem-
osynthetic assemblages are often observed in cold seep en-
vironment [3,4,8]. Cold seeps, therefore, are becoming in-
creasingly focused in the field of ocean sciences.  

When migrating towards the seafloor, seeping methane 
would set off anaerobic oxidation (AOM: CH4+SO4

2→ 

HCO3
+HS+H2O) mediated by the methane-oxidizing ar-

chaea and the sulfate-reducing bacteria at the sulfate-me-      
thane transition zone (SMT) [12–15]. This reaction increases 
the water saturation state with respect to the bicarbonate 
(HCO3

), which favors precipitation of carbonate minerals, 
forming so-called seep carbonates [1,2,14]. Therefore, seep 
carbonates are fingerprint files of past cold seepage activities.  

The diagnostic features of ancient seep carbonates com-
monly include low 

13C values of early diagenetic carbonate 
phases, special sedimentary fabrics such as clotted micrites, 
peloids and framboid pyrites, the occurrence of low diver-
sity but high abundance faunal assemblage fossils and dis-
tinct 13C-depleted biomarkers [10,13,14,16–21]. Since the 
“seep-search strategy” was proposed by Campbell and 
Bottjer [22], more and more ancient seep deposits were 
discovered and studied. Today, ancient hydrocarbon seeps 
have already been recognized from Devonian to Quaternary 
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strata in almost all continents based on occurrences of  
seep carbonates and/or fossil chemosynthetic assemblages 
[10,13,14,16–20,23–28]. However, seep carbonates are rarely 
found from ancient strata in the mainland China. A contro-
versial one is the cap carbonate at the bottom of Doushantuo 
Formation in the Three Gorges area. This carbonate exhibits 


13C value lower than 40‰, but the origin of the carbonate 
is still controversial [29–32]. In addition, Zhou et al. [33] 
proposed that the rhodochrosites in the Datangpo Formation 
of the Nanhua Series in northeastern Guizhou were seep 
carbonates, but the formation of these deposits has always 
been a controversial topic. 

Here, we report the first definite ancient seep deposit 
discovered in the mainland China, late Cretaceous seep 
carbonates in Xigaze, Tibet. The seep carbonates, occurring 
as nodules, are enclosed in upper Cretaceous turbidite strata 
in Xigaze forearc basin. These carbonate nodules have ex-
tremely low 

13C values and special sedimentary fabrics 
such as clotted micrites, peloids and framboid pyrites, con-
firmedly indicating typical cold seepage origins. And, the 
possible seepage fluid characterizations and formation con-
ditions for Xigaze seep carbonates were proposed on the 
basis of field occurrences, mineralogical and geochemical 
characteristics. 

1  Samples and methods 

The Xigaze seep carbonates discussed here are exposed 
beside the 318 National Highway in the northern Kardio 
village, Xigaze, Tibet (Figure 1(a)). They are enclosed in 
the mudstone turbidite of Angren Formation deposited in 
late Cretaceous Xigaze forearc basin [34]. Seep carbonates 
here occur as 4 mutually parallel nodule layers stretching 
several meters long (Figure 1(b)). These nodules can be 
easily distinguished from the enclosing rocks. They exhibit 
spherical or irregular ellipsoid shapes about 3 cm to over 20 
cm in diameter (Figure 1(c)). It can still be identified that 
the laminae of enclosing rocks are around the nodules, in-
dicating syndepositional characterizations (Figure 1(c)). The 
4 parallel nodule layers are all sampled and named as the 
first (KDN1), the second (KDN2), the third (KDN3) and the 
fourth layers (KDN4) from the bottom to the top, respec-
tively.  

Carbonate nodules from the four layers were crushed into 
small pieces, and fresh ones were chosen under binocular 
microscope. The sorted samples were ground to less than 
200 mesh for the use of X-Ray Diffraction (XRD), major 
element, stable carbon and oxygen isotope and rare earth 
element (REE) analyses. Additional powder was drilled 
using a hand-held microdrill from polished nodule surfaces 
for carbon and oxygen isotope analyses. 

Petrographic observations of thin sections were made 
using a LEICA-DMRX optical microscope and photographs 
were taken with a LEICA DC500. The microfabrics of seep  

 

Figure 1  Sampling location, field profile, and nodule occurrences of the 
late Cretaceous seep carbonates in Xigaze, Tibet. (a) General location map; 
(b) field occurrences showing that four parallel carbonate nodule layers are 
enclosed in the strongly weathered turbidite; (c) the third nodule layer 
exhibits that laminae of enclosing rocks (arrows) around nodules indicating 
syndepositional characterizations. 

carbonates were examined on fresh surfaces using a Quanta 
400 Scanning Electron Microscope (SEM), housed in 
Guangzhou Institute of Geochemistry, Chinese Academy of 
Sciences (GIG, CAS). Bulk mineralogy was determined by 
XRD using a Bruker AXS D8 Advance X-Ray diffractome-
ter (GIG, CAS). The X-ray source was a Cu anode operated 
at 40 kV and 40 mA using Cu K radiation equipped with a 
diffracted beam graphite monochromator. Orientated sam-
ples were scanned at an interval of 5–65° (2 ) with a step 
size of 0.02° and count time of 5 s per step. Diverging, 
scattering, and receiving slits were 0.5°, 0.5°, and 0.15 mm, 
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respectively. The quantification of relative proportions of 
different carbonate minerals were performed on the basis of 
peak areas following the method by Roberts et al. [35]. Cal-
cite with MgCO3 over 5 mol% is considered as high 
Mg-calcite (HMC). 

Carbon and oxygen isotope analyses were made with a 
GV Isoprime II stable isotopic mass spectrometry at GIG, 
CAS. The CO2 was liberated by reacting with 100% phos-
phoric acid at 90°C. Measurement results were relative to 
the Vienna-Pee Dee Belemnite (V-PDB) standard. The pre-
cisions for 13C and 18O are better than ±0.05‰ and 
±0.08‰, respectively. We analyzed rare earth element (REE) 
contents using a Finnigan MAT ELEMENT high resolution 
Inductively Coupled Plasma Mass Spectrometry (ICP-MS) 
at Institute of Geochemistry, CAS. The powder sample 
(~0.5 g) was treated with 50 mL of 5% HNO3 in a centri-
fuge tube for about 30 min. Then, 2500 ng of rhodium was 
added as an internal standard for calculating the element 
concentration of the dissolved carbonate mineral phase. Five 
milliliters of this solution were further diluted 10 times for 
analysis. The average standard deviations are less than 10%, 
and average relative standard deviations are better than 5%. 

2  Results 

2.1  Sedimentology and mineralogy 

Xigaze carbonate nodules include two textural types, the  

massive and the laminated (Figure 2). The latter type only 
presents in the second nodule layer. Massive nodules com-
monly have a yellow surface because of weathering and a 
gray center (Figure 2(a)–(c)). The center parts consist of 
gray fine crystalline or microcrystalline carbonate matrix 
and scattered black peloids mainly composed of micrite 
carbonate minerals (Figure 3(a)–(d)). The laminated nodules 
with dark gray fresh sections show bright and dark laminae 
alternated on millimeter scales (Figure 2(d),(e)). The bright 
laminae are thinner and have relatively high clastic contents 
(Figure 3(d)), and the dark ones are mainly of brown clotted 
micrite (Figure 3(e)). Sparry spheres with dark rims are ob-
served in nodules from the first and the second layers. The-
se spheres range in diameter from 50 to 200 m and do not 
show any complex internal fabrics (Figure 3(d) and (f)). 
They are mainly made of single crystal or polycrystalline 
carbonate.  

The massive and the laminated nodules all develop pyri-
tes showing framboids or subhedral to euhedral crystals. 
Framboid pyrites occur in peloids and clotted micrite (Fig-
ure 3(b) and (f)), whereas subhedral to euhedral crystals 
occur in the matrix of massive nodules (Figures 2(c),3(a) 
and (c)). Individual framboids are generally less than 10 m 
in diameter. They are formed of smaller globules or cubes 
that can exhibit complex fabrics (Figure 4 (a),(b)). For in-
stance, the sunflower-like fabric was observed, which is 
composed of elongated crystals as the outer part and granu-
lar crystals as the central part (Figure 4(c)). Subhedral to  

 

Figure 2  Typical morphologies of Xigaze carbonate nodules. (a) and (b) Massive nodules showing yellow surfaces and margins owing to weathering, and 
gray centers. Note the scattered black peloids (blue arrows); (c) a stereoscope photo of thin section of the gray matrix. Note the peloids and pyrite crystals 
with various sizes (green arrows); (d) laminated nodule consisting of bright and dark laminae alternated on millimeter scales; (e) a stereoscope photo of thin 
section of the laminated nodule. (a) and (c) images of the sample from the first nodule layer; (b) from the third layer, (d) and (e) from the second layer. 
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Figure 3  Microscopic images of Xigaze carbonate nodules. (a) A massive nodule from the first nodule layer consisting of fine crystalline carbonate matrix 
and micrite peloids (blue arrows). Subhedral pyrite crystals (green arrows) occur in matrix; (b) an enlarged image of micrite peloids. Note pyrite framboids 
in it (green arrows) which have diameters about 10 μm; (c) a massive nodule from the third nodule layer composed of microcrystalline carbonate matrix and 
fine grained calstic minerals. Black subhedral to euhedral pyrite crystals scatter in it; (d) laminated nodule from the second nodule layer showing alternated 
bright and dark laminae. The bright lamina (red arrows) develops more clastic contents, and the dark lamina is of brown clotted micrites. Note the sparry 
spheres with dark rims (yellow arrows); (e) clotted micrites and framboid pyrites (green arrows) in dark laminae of nodules from the second nodule layer; (f) 
enlarged view of a sphere with diameter about 200 μm showing the dark rim (yellow arrow) and the sparry internal fabric in the sample from the second 
nodule layer. All photos were taken under polarized light microscope. 

euhedral pyrite crystals from 10 to 100 m in diameter were 
observed. The crystals are well preserved, except those in 
samples from the fourth nodule layer showing obvious dis-
solution (Figure 4(d)).  

Bulk mineralogy shows that the carbonate nodules are 
composed of authigenic carbonate (56.2% on average), clastic 
quartz and feldspar (27.3% on average), and clay minerals 
(16.5% on average) (Table 1). The authigenic carbonate 

minerals of samples from the first and the second layers 
have both low Mg-calcite (LMC) and high Mg-calcite 
(HMC), while those from the third and the fourth layers 
show only LMC (Table 1).  

2.2  Stable carbon and oxygen isotopes 

The 13C values of carbonate phases in Xigaze nodules vary  
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Figure 4  Microfabrics of pyrites in Xigaze carbonate nodules. (a) and (b) Framboid pyrites with diameters varying from 3 to 10 m; (c) sunflower-like 
fabric within an individual framboid, which is composed of elongated crystals as the outer part and granular crystals as the central part; (d) dissolution of 
pyrite crystals in the nodule from the fourth layer. (a) An image under a reflected light microscope; (b)–(d) SEM images.  

Table 1  Mineral composition of carbonate nodules from Xigaze (%)a) 

Sample LMC HMC Quartz Feldspar Chlorite Illite Smectite 

KDN1 41.9 17.3 10.3 4.7 5.7 7.4 12.7 

KDN2-1 37.1 43.0 8.0 2.6 4.4 4.9 
 

KDN3-1 56.5 
 

22.3 5.0 6.4 9.8 
 

KDN3-2 53.6 
 

28.8 4.6 4.7 8.3 
 

KDN4-1 31.7 
 

43.5 6.6 6.6 11.6 
 

a) LMC: low Mg-calcite; HMC: high Mg-calcite.  

from 27.7‰ to 4.0‰ (V-PDB) (Table 2 and Figure 5). 
The laminated nodules from the second layer show the most 
negative 13C values, from 27.7‰ to 22.8‰. Those 
massive nodules from the first, the third and the fourth lay-
ers exhibit 13C values of 24.4‰ to 18.7‰, 6.4‰ to 
4.0‰, and 11.6‰ to 8.0‰, respectively. 

Xigaze carbonate nodules have relatively light oxygen 
isotope compositions with 18O values ranging from 10.7‰ 
to 4.3‰ (V-PDB) (Table 2 and Figure 5). Samples from 
the first to the fourth layers show 18O values of 8.0‰ to 
5.3‰, 7.6‰ to 5.0‰, 10.1‰ to 4.3‰ and 10.7‰ 
to 7.1‰, respectively.  

2.3  Rare earth elements 

The results of REE analysis are listed in Table 3. The total 

REE contents of carbonate phases in Xigaze carbonate nod-
ules range from 84 to 195 ppm. Ce/Ce* values vary from 
0.65 to 0.86 (Table 3), but the revised results (Figure 6) fol-
lowing Bau and Dulski’s method [36] indicate no real Ce 
anomaly.  

3  Discussion 

3.1  Sources of seep fluids 

The stable carbon isotope is commonly used to trace carbon 
sources of authigenic carbonates. Xigaze carbonate nodules 
exhibit 13C values from 27.7‰ to 4.0‰ (V-PDB), which 
are much lower than that of the normal dissolved inorganic 
carbon in the coeval seawater (about 2‰ according to 
Veizer et al. [37]). However, the 13C values of the carbonates  
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Table 2  Stable carbon and oxygen isotopic compositions of carbonate 
phases of Xigaze carbonate nodules (V-PDB)  

Sample Type 13C (‰) 18O (‰) 

KDN1-a micrite peloid 21.1  8.0  
KDN1-b micrite peloid 18.7  5.7  
KDN1-c micrite peloid 18.8  6.9  
KDN1-d micrite peloid 18.7  6.5  
KDN1-e gray matrix 24.4  6.3  
KDN1-f gray matrix 23.9  6.9  
KDN1-g gray matrix 23.5  5.3  
KDN2-a gray matrix 24.7  7.5  
KDN2-b dark lamina 22.8  5.0  
KDN2-c dark lamina 26.3  7.6  
KDN2-d dark lamina 26.4  7.1  
KDN2-e dark lamina 26.3  7.1  
KDN2-f dark lamina 25.0  5.6  
KDN2-g dark lamina 25.5  5.1  
KDN2-h dark lamina 27.7  6.5  
KDN2-i dark lamina 27.6  6.6  
KDN3-a gray bulk 5.3  6.9  
KDN3-b yellow bulk 6.4  10.1  
KDN3-c gray matrix 5.1  6.2  
KDN3-d gray matrix 4.0  4.3  

KDN4-a yellow bulk 9.5  10.7  

KDN4-b yellow matrix 8.7  9.2  

KDN4-c yellow matrix 10.2  9.5  
KDN4-d yellow matrix 11.5  10.3  
KDN4-e yellow matrix 11.6  10.5  
KDN4-f yellow matrix 8.0  9.0  

KDN4-g yellow matrix 9.9  9.3  

KDN4-h gray matrix 10.0  7.1  
 

 

Figure 5  Stable carbon and oxygen isotope plot of Xigaze carbonate 
nodules.  

show consistency with the 13C-depleted modern seep car-
bonates in carbon isotope compositionns [1,2,11,35,38]. In 
addition, laminae of enclosing rocks are around the nodules, 
indicating syndepositional characteristics. Therefore, it can 
be reasonably inferred that these Xigaze carbonate nodules 
are syndepositional products of oxidation of the seeping 
hydrocarbon.  

Possible seeping hydrocarbon includes methane (with 
13C values of 110‰ to 30‰ [39,40]) and crude oil 
(with 13C values of 35‰ to 25‰ [1]). Modern and an-
cient seep carbonates derived from crude oil usually show 
degradated oil or bitumen remains, or develop bitumen in-
clusions [17,41]. But no similar materials were found in 
Xigaze seep carbonates, revealing that they are not derived  

Table 3  REE concentrations of carbonate phases in Xigaze carbonate nodules (ppm) 

Sample KDN1 KDN2-1 KDN2-2 KDN3-1 KDN3-2 KDN4-1 KDN4-2 

La 25.338 28.079 28.762 41.737 41.272 43.300 50.600 

Ce 32.013 31.341 33.329 57.432 57.365 69.800 80.700 

Pr 3.690 3.390 3.546 6.072 6.174 7.060 7.930 

Nd 13.300 12.145 12.415 22.087 22.936 27.500 30.600 

Sm 2.591 2.145 2.171 3.777 4.217 4.900 5.390 

Eu 0.703 0.494 0.471 0.969 1.121 1.047 1.170 

Gd 2.727 2.431 2.542 4.519 5.107 5.606 6.287 

Tb 0.387 0.305 0.339 0.581 0.715 0.809 0.900 

Dy 1.952 1.462 1.598 2.908 3.891 4.220 4.800 

Ho 0.405 0.291 0.327 0.608 0.862 0.821 0.998 

Er 1.211 0.844 0.950 1.810 2.561 2.370 2.990 

Tm 0.170 0.112 0.127 0.249 0.344 0.305 0.377 

Yb 1.090 0.701 0.778 1.522 2.128 1.930 2.390 

Lu 0.190 0.118 0.128 0.254 0.355 0.296 0.344 

∑REE 85.768 83.859 87.481 144.525 149.050 169.964 195.476 

Ce/Ce*a) 0.702 0.646 0.671 0.763 0.762 0.855 0.856 

Pr/Pr*b) 1.052 1.021 1.023 1.002 1.001 0.947 0.937 

a) Ce/Ce* denotes 3CeN/(2LaN+NdN); b) Pr/Pr* denotes PrN/(0.5CeN+0.5NdN), where N refers to normalization of concentration against the standard Post 
Archean Australian Shale.  
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Figure 6  Plot of Ce/Ce* and Pr/Pr*. Field I: neither Ce nor La anomaly; 
field IIa: positive La anomaly, no Ce anomaly; field IIb: negative La 
anamaly, no Ce anomaly; field IIIa: real positive Ce anomaly; field IIIb: 
real negative Ce anomaly [36]. 

from crude oil and methane is the primary carbon source.  
Seeping methane mainly contains two sources, the ther-

mogenic (with 13C values of 50‰ to 30‰ [39]) and the 
biogenic (with 13C values of 110‰ to 50‰ [40]). It need 
to be stressed that near the stratigraphic section of Xigaze 
seep carbonates, about 10-m-thick sedimentary tuff turbidite 
and a bentonite layer were reported in the lower strata [34]. 
Smectite occurs in carbonate nodules from the first layer. 
Thus, the coeval volcanic activities are suggested, which 
consequently caused the rapid maturity of hydrocarbons. 
Therefore, it is supposed that thermogenic methane is the pri-
mary carbon source for the studied Xigaze seep carbonates. 

AOM preferentially consumes light isotope (12C) from 
the carbon pool resulting in isotopically light HCO3

 com-
pared to the carbon pool. Thus, theoretically, seep car-
bonates should have 13C values much lower than or at 
least similar to the seepage hydrocarbon. However, modern 
cold seep examples illustrate that most seep carbonates have 
relatively heavy carbon isotopes compared to the seepage 
hydrocarbon, with the difference of 13C values even more 
than 50‰ [14,42]. This phenomenon suggests an inevitable 
13C-enriched carbon source incorporated in cold seep car-
bonates, possibly the normal marine dissolved inorganic 
carbon or deep sourced dissolved inorganic carbon [43]. 
Mixing of these carbon sources in different proportion, due 
to changes of methane fluxes and flow rates, causes the 
large variations of 13C values of seep carbonates. The di-
versity of sizes and occurrences of Xigaze seep carbonates 
reflect varied methane fluxes and flow rates of the cold 
seeps. Therefore, the relatively heavy carbon isotope of 
Xigaze seep carbonates compared to that of the seepage 
thermogenic methane and the large variation in 13C (27.7‰ 
to 4.0‰), may be accounted for the admixture of the 
strongly 13C-depleted carbon from AOM and the dissolved 
inorganic carbon from normal marine pore water and deep- 
sourced seepage fluids. 

In addition, the organoclastic sulfate reduction is mod-
eled to contribute to the dissolved inorganic carbon in pore 
water at the methane-sulfate transition in the cold seep en-
vironment [43]. Thus, in situ oxidized organic matters could 
offer carbon to cold seep carbonates, as well. Since no frac-
tionation was expected during the oxidation of organic mole-
cules, authigenic carbonates directly derived from this pro-
cess should have 13C values similar to their parent carbon 
of the marine organic matters, with a mean of about 25‰. 
Isotopically, these kinds of carbonates could hardly be dis-
tinguished from others with similar carbon isotopic compo-
sitions. But, up to now, carbonates nodules only consuming 
carbon from oxidized organic matters are rarely document-
ed. Therefore, considering a sustained and ample carbon 
source, seepage themogenic methane serves as the most 
reasonable inducement for Xigaze seep carbonate nodules. 

Almost all modern marine environments with gas hy-
drates develop seep carbonates [44–47]. This phenomenon 
mirrors the close relationship between gas hydrates and seep 
carbonates. Gas hydrates are environmentally sensitive and 
are likely to dissociate releasing vast methane as sea level 
falling and/or bottom seawater temperature increasing. Re-
leased methane can serve as the seeping hydrocarbon source, 
as well, and lead to the precipitation of seep carbonates. 
Authigenic carbonates related with gas hydrate dissociation 
usually have positive 18O values [44,46,48]. However, 
most seep carbonates in Mesozoic and Paleozoic strata have 
negative 18O values [13,14,17,24,27,28] because of dia-
genetic alteration. The oxygen isotopic compositions of 
Xigaze seep carbonates ranging from 10.7‰ to 4.3‰ 
(V-PDB) are obviously lower than the coeval seawater 
(about 2‰ according to Veizer et al. [37]). The 18O val-
ues among samples vary considerably. The well preserved 
gray seep carbonates from the first, the second and the third 
layers have relatively high 18O values from 8.0‰ to 
4.3‰ (V-PDB), while the weathered yellow carbonates 
from the outer parts of the third layer nodule and from the 
fourth layer show much lower 18O values from 10.7‰ to 
7.1‰. The strongly weathered nodules from the fourth 
layer, in which pyrite exhibits obvious dissolution, are the 
most 18O-depleted. Micro-drilled samples suggest that the 
weathered yellow parts have more depleted 18O isotopic 
compositions than the gray parts (Table 2). These features 
suggest that the 18O values have close relationships with 
the degree of weathering, and thus, hypergene weathering 
might be the main factor causing the 18O-depleted isotopic 
compositions. Therefore, the oxygen isotope compositions 
of Xigaze seep carbonates should not be used to trace 
whether there are relationships between the seep carbonate 
formation and the gas hydrate dissociation. 

3.2  Formation conditions of Xigaze seep carbonates 

The massive seep carbonates from Xigaze develop micrite 
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peloids (Figure 3(a)), which are usually interpreted as mi-
critization induced by microbial activities. The laminated 
carbonates commonly show clotted micrite, which is at-
tributed to varied microenvironments caused by microbial 
metabolism and thus is considered to represent typical fea-
tures of microbial carbonates [14,16,17]. The occurrences of 
numerous pyrite framboids with diameters less than 10 μm 
(Figures 3(b),(e) and 4(a)–(c)) suggest the vital function of 
microbial activities in depositional process of seep car-
bonates. Previous studies found that the microbial pyrite 
frambiods have complex inner fabrics [20,49–51]. Pyrite 
frambiods with sunflower-like fabric composed of elongat-
ed crystals as the outer part and granular crystals as the cen-
tral part were observed in Xigaze seep carbonates (Figure 
4(c)). And they are much like the framboids with outer 
crusts reported from modern seep carbonates [51]. These 
special fabrics reveal the role of microbe in the formation of 
Xigaze seep carbonates. 

The sparry spheres in Xigaze seep carbonates are very 
similar to those dark-rimmed spheres in Devonian seep 
carbonates documented by Peckmann et al. [52,53] both in 
sizes and morphologies. The only difference among them is 
that the spheres from Devonian seep carbonates tend to 
form conglomerations while those observed here are more 
likely to form single sphere dispersed in micrite matrix. 
Peckmann et al. [52] proposed an assumption for the for-
mation of these spheres. They suggested that the simple 
internal fabrics without any partitions or diaphragms of the 
spheres excluded the biogenic origins, and they considered 
that the spheres represent former cohesive fluid droplets or 
bubbles that attracted organic compounds adsorbed to their 
surfaces. Similar formation mechanisms might also be suit-
able for the spheres in Xigaze seep carbonates. 

Ce anomalies are used to indicate redox conditions of 
seep carbonate precipitation environments [50,54–56]. The 
negative Ce anomaly indicates oxidizing environments 
while no or positive Ce anomaly indicates reducing envi-
ronments. The Ce/Ce* values of Xigaze seep carbonates 
revised by eliminating La effects show no real Ce anomaly, 
suggesting slightly reducing conditions. Zhao et al. [57] 
suggested that the contamination of dissolved clay during 
sample dissolution will cause errors of REE contents and 
distribution patterns of the carbonate phases. Yet, Chen et al. 
[58] did comparative experiments using various acids to 
leach the powder split from a carbonate sample at different 
time intervals to obtain the creditable dissolution methods 
for REE determination. It is found that as long as the reac-
tion time is limited within 30 min, only trace clay will be 
dissolved by 5% HNO3, and although total REE contents 
would increase, the data could still be used to indicate for-
mation conditions. Compared the detected REE results of 
the soluble phases by 5% HNO3 for 30 min and that by 5% 
acetic acid for 1 h, it could be concluded that the former 
method leads to a less than 0.10 increase of Ce/Ce* and a 
less than 0.01 decrease of Pr/Pr* [58]. Revised by these two 

values, only a point transfers from field IIa to field IIIb in 
Figure 6, indicating negative Ce anomaly and most samples 
still remain in the field of no real Ce anomaly. Additionally, 
all carbonate nodules develop pyrites, which can reveal that 
they precipitated under anaerobic conditions. Therefore, 
Xigaze seep carbonates have great consistency with lots of 
modern and ancient seep carbonates in primary reducing 
formation environments [50,54–56]. 

Aragonite and HMC are the most common carbonate 
phases in modern marine environments including cold seeps. 
LMC, which is conspicuously absent from normal modern 
marine settings as non-skeletal carbonates, can be observed 
in special cold seeps [59]. Which carbonate minerals pre-
cipitated at hydrocarbon seeps is believed to be related with 
the seepage speed to a certain extent. On one hand, increas-
ing methane flux could elevate SMT close to or directly at 
the seafloor, where the precipitation fluids are strongly af-
fected by seawater. Such a condition favors the precipitation 
of aragonite and the incorporation of 13C-enriched DIC into 
authigenic carbonate minerals [60]. On the other hand, de-
creasing methane flux rates over time could make SMT 
migrate deeper into the sediment, where facilitate the pre-
cipitation of HMC. However, the situation must have been 
different for late Cretaceous seeps because late Cretaceous 
sea was so called “calcite seas” quite different from today’s. 
Late Cretaceous seawater had Mg/Ca mole ratio less than 1 
and produced LMC in normal marine settings [61]. Thus, 
cold seep carbonates in late Cretaceous must have preva-
lently displayed LMC.  

The late Cretaceous Xigaze seep carbonates from the 
first and the second nodule layers have HMC (Table 1), 
which was rare in late Cretaceous normal marine settings. 
During diagenesis the loss of Mg from HMC and transfor-
mation from HMC to LMC are to be expected, whereas the 
opposite process is unlikely. Hence the HMC in the Xigaze 
carbonates must be the original. Because the Mg/Ca ratio is 
the most vital factor controlling Mg fractionation in calcite 
from the fluid [61], Mg-enriched fluid, which has higher 
Mg/Ca ratio than the coeval seawater, is the necessary con-
dition for HMC precipitation in late Cretaceous “calcite 
seas”. Thus, an Mg-enriched seep fluid for Xigaze seep 
carbonates is suggested. Seep carbonates from the third and 
the fourth layers are entirely composed of LMC at present. 
The LMC could be transformed from HMC during diagene-
sis, but it is more likely the original owing to their micro-
crystalline fabrics. Since the various flow flux could cause 
variability in authigenic carbonate minerals of cold seep 
carbonates, the mineral compositions of Xigaze seep car-
bonates might be used to qualitatively trace the seepage 
fluid flux. Increasing flux could allow SMT to migrate 
shallower close to or at the seafloor, where the seawater 
would dilute the seeping fluid. In Xigaze cold seeps, the 
Mg-enriched seepage fluids would be diluted by the Creta-
ceous seawater into a low Mg/Ca ratio precipitation fluid 
within the HMC threshold. Such a condition would allow 
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LMC, which is very common in late Cretaceous marine 
settings, to deposit. Therefore, the mineralogy differences 
among nodules from the first and the second layers and 
nodules from the third and the fourth layers suggest that the 
latter formed in higher flux conditions. In addition, previous 
studies suggested that the rapid seepage activity could lead 
to relatively heavy carbon isotopic compositions of seep 
carbonates compared with the slow seepage based on the 
studies of modern marine seep carbonates [60]. Nodules 
from the third and the fourth layers have relatively high   
13C values (from 11.6‰ to 4.0‰, V-PDB) compared 
with those from the first and the second layers (from 
27.7‰ to 18.7‰, V-PDB), indicating the third and the 
fourth layers formed in conditions of higher seepage flux 
than the first and the second, as well. Additionally, nodules 
from the fourth layer exhibit smaller sizes and larger quanti-
ties, reflecting more nucleation points and faster precipita-
tion speed. This phenomenon should be attributed to a high 
saturation environment caused by large methane flux and 
effective AOM. Therefore, based on the mineralogy fea-
tures, carbon isotopic compositions and the nodule occur-
rences and sizes, it is proposed that the seeping fluids for 
the third and the fourth layers had larger flux than that for 
the first and the second layers. 

4  Conclusions 

Authigenic carbonates occurring as mutually parallel nod-
ules layers are enclosed in turbidite strata of late Cretaceous 
Xigaze forearc basin. These carbonates develop sedimentary 
fabrics of clotted micrites, peloids and framboid pyrites, 
which are similar to that found in modern seep carbonates. 
The carbonates have 13C value as low as 27.7‰ (V-PDB), 
suggesting that thermogenic methane as the primary carbon 
source. Frequently observed pyrites and lack of real Ce 
anomaly both indicate a primary reducing precipitation en-
vironment of Xigaze seep carbonates. The occurrence of 
high Mg-calcite in seep carbonates deposited in the late 
Cretaceous “calcite sea” setting indicates an Mg-enriched 
seepage fluid. Based on the mineralogy features, carbon 
isotopic compositions and the nodule occurrences and sizes, 
it is proposed that the seeping fluids for the third and the 
fourth layers had larger flux than that for the first and the 
second layers. 
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