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Abstract: The recent discovery of deep and ultra-deep gas reservoirs in the Permian Changxing 
Formation reefs, northeastern Sichuan Basin is a significant development in marine carbonate oil 
& gas exploration in China. Reef dolomites and their origins have been major research topics for 
sedimentologists and oil & gas geologists. The petrography, trace element and isotope geochemistry of 

13 18O values and very different 87Sr/86

13

87Sr/86Sr ratios which 
were close to coeval seawater also did not support the possibility of the mixture of deep-burial circulated 

13C values from the dissolution of widely distributed Triassic evaporites during 
the burial diagenetic processes (including dehydration of water-bearing evaporites) could have been the 
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et al, 2011). The geochemical characteristics, for example, 
trace elements, C, O and Sr isotopes have been issues in 

et al, 2006; 2009). Dolomites with different genesis have 
different geochemical characteristics due to their different 

2+ sources, hydrological dynamics, depths and times of the 

the geochemical characteristics of dolomites could play an 
important role in the research of dolomite genesis.

The discovery of giant or large-scale gas fields, e.g. the 

Tieshanpo gas fields, has made the northeastern Sichuan 
Basin one of the main centers of hydrocarbon exploration 
in China since the mid-1990s with considerable remaining 
potential. The reef dolomites of the Permian Changxing 

geologists and petroleum geologists for a long period. The 

1 Introduction

naturalist Dèodat de Dolomieu in 1791 (Dolomieu, 1791), 
dolomites which form important hydrocarbon reservoirs 

an important research area for geologists (Warren, 2000; 

experience has been accumulated, and a number of different 

dolomite genesis, geologists still do not fully understand 
the ‘dolomite problem’ and cannot satisfactorily answer the 
problems of the genesis of widely distributed dolomites. 

different types of dolomites. The application of trace 
elements and isotopes in carbonate diagenesis have been 
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rare in global marine carbonate reservoirs, and thus the 
genesis research of reef dolomites in the Permian Changxing 
Formation, northeastern Sichuan Basin has important 

which are significant reservoirs, including the mixed-water 

many problems have still not been satisfactorily resolved in 
these studies, especially detailed geochemical studies. We 

typical Changxing Formation reef dolomites in the Puguang 

reef dolomites, to further understand the genetic environment 
and mechanism of reef dolomites in the Permian Changxing 
Formation, northeastern Sichuan Basin.

2 Geological setting
The northeastern Sichuan Basin is located in the northeast 

tectonic belt and the northeast of eastern Sichuan high-steep 

phase and multi-type intense tectonic extension, compression, 

tectonic patterns of the northeastern Sichuan Basin are very 

Silurian, Devonian and Carboniferous sediments after the 
late Caledonian movement, the other sedimentary strata since 

2005a). Five basic sedimentary facies of the Late Permian 

Currently, at least 56 Permian Changhsingian reefs have 

China (in outcrops and drill cores), and most of them are 
concentrated in the eastern and northeastern Sichuan Basin 

east to west (Wang et al, 2008). For a long time, these reefs 
have been important objects of hydrocarbon exploration in 

reservoirs of platform marginal reef facies act as the main 
gas-producing formations. Examples include the Puguang, 

Maoba

Tieshanpo

Xiongjiapo

Guandu

Zhujiazui

Dukouhe

Xuanhan

Puguang2

Puguang1

Maoba3

Puguang8

Puguang5

Puguang4

Chuanyue83

Thickness, m

0-2000

650-1400

340-500

600-2800

200-900

250-3000

900-1700

200-500

200-500

0-500

0-1500

Ziliujing

Shaximiao

Suining

Penglaizhen

Creta-
ceous

Xujiahe

Leikoupo

Jialingjiang

Feixianguan

Changxing

Longtan

Maokou

Qixia

Liangshan

HuanglongCarboni-
ferous

Silurian

P
er

m
ia

n
Tr

ia
ss

ic

P
al

eo
zo

ic
M

es
oz

oi
c

Era-
them System Formation

Ju
ra

ss
ic

Lithology

Chengdu

Nanchong

Chongqing

Xuanhan

Wanzhou

Guangyuan

Luzhou
Leshan

Place Well Fault Trap Gas field

0 5 10 km

N

Sandstone Mudstone Coquina Dolomite ReefLimestone Marlite Evaporite Oolite
dolomite

Oolite
limestone

Si

Fig. 1

Pet.Sci.(2013)10:38-49



40

Formation reefs in northeastern Sichuan Basin, especially 

reefs are often typical research topics of the Permian 

developed dissolution pores are advantages of the Permian 
Changxing Formation reef dolomite reservoirs, and the main 
porosity types include intercrystalline dissolution pores, 
intergranular dissolution pores, intragranular dissolution 

2005b; Chen, 2008).

3 Texture types of the rocks

the Permian Changxing Formation reefs in northeastern 
Sichuan Basin was very limited and mostly confined to 
the parts of the reef cover, the typical reef dolomites were 
mainly seen in drill cores, especially concentrated in some 

Therefore our samples were chosen from the drill cores of 

cores are from typical reef dolomites with good reservoir 

shown in Fig. 1. The samples include dolomites, calcitic 
dolomites and dolomitic limestones. Examination of standard 
thin sections, blue resin vacuum impregnated thin sections 

the composition and fabric characteristics of samples. The 
Permian Changxing Formation reef dolomites are divided 
into two main end-member types on the basis of original 

and good crystalline granular texture is a characteristic 
of crystalline dolomites. Some samples which consist of 

and a few separable dolomite and calcite crystals from the 
reef dolomites are classified as the individual fabric types: 
vug dolomite and vug calcite. The main features of different 
texture types of reef dolomites are as follows:

preserved original textures were mostly formed by 

composed of reef-building sponges) (Fig. 2(a)), and some 
dolomites still had a small amount of binding textures (mainly 
blue-green algae binding texture) (Fig. 2(b)). The samples 
consisted mostly of microcrystalline dolomite, and some 

anhedral crystals, but late dolomite deposited along the 
edge of vugs often forms euhedral crystals (Fig. 2(c)). The 

calcite (Fig. 2(a)), which might be related to the late sparry 

dolomites with rare visible pores is poor and intercrystalline 

the most original textures of the carbonate grains and reef-

2) Crystalline dolomites. These dolomites with poor 
original textures and little residual textures have mainly 
crystalline granular textures, but some samples with 
transitional texture types retain visible bioclastic textures, 
such as bivalves, fusulinaceas, and echinoderms (Fig. 2(d)) 

or relatively coarse medium-crystalline dolomite. The 
crystalline dolomites could be further divided into very 
fine crystalline dolomites, fine crystalline dolomites and a 
small amount of medium crystalline dolomites. The very 

crystalline subhedral-anhedral dolomite (0.02-0.05 mm). 
The fine crystalline dolomites are mainly composed of fine 
crystalline subhedral dolomite (0.1-0.2 mm). The pores of 
crystalline dolomites included intercrystalline pores (Fig. 2(d), 
(e)) and vugs (Fig. 2(d), (f)), and some of them were locally 

of the most original textures of the carbonate grains and reef-
building organisms, reflecting the superimposed influence 

dolomite crystals were formed.
3) Vug dolomite and vug calcite. Some crystalline 

show a few dolomite and calcite crystals with large volumes 

fabric types: vug dolomite and vug calcite (Fig. 2(f)). The vug 

in the early pores of dolomite reservoirs, indicating that their 

dolomite could not be ignored when the samples were 

with component transition, and are classified as dolomitic 

consisted of residual calcite and retained complete original 

distributed (Fig. 2(h)). The other samples which mainly 
consist of late calcite cements are almost crystalline granular 
textures and are similar to crystalline dolomites. Some parts 
of samples retain relatively complete original textures (Fig. 
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4 Geochemical characteristics

4.1 Characteristics of Fe, Mn and Sr trace elements
The average Sr contents of different types of Permian 

Changxing Formation reef dolomites are similar, and they 

dolomites and crystalline dolomites are very close to 140 ppm 
(Table 1, Fig. 3(a)). The average Sr content of vug calcite can 
reach 608 ppm and the maximum Sr content of vug calcite 

Sr contents are not related to the different texture types of 
dolomites. The Sr content is related to the crystal chemistry 
of dolomite, and the Sr distribution coefficient in dolomite 
is significantly less than (theoretically only half) the Sr 

1990), so there are not very high Sr contents in dolomites 

al, 2011). Only one crystalline dolomites sample had an 
exceptionally high Sr content (1,768 ppm), which might be 
related to the late calcite cements which filled the pores of 
dolomites (Table 1).

(d)

(a) (b) ( c)

(e) (f)

(g) (h) (i)

Fig. 2 Photomicrographs of main texture types of the Permian Changxing Formation reef dolomites
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Table 1 Geochemical data of the Permian Changxing Formation reef dolomites

Well Depth
m

Dolomite*
ppm

Sr
ppm

Fe
ppm

13C (PDB)
‰

18O (PDB)
‰

87Sr/86Sr

Puguang5 5292.38 97.4 21.1 30 121 100 3.26 -5.03 0.708208

Puguang8 5640 95.2 20.4 40 140 200 4.23 -4.2

Puguang8 5568.7 96.1 21.2 91 165 414 2.38 -5.31

Puguang8 5656.36 95.6 20.5 91 131 314 2.48 -4.99

4331.29 Crystalline dolomites 89.5 19.3 114 217 2614 1.81 -3.77

4339.25 Crystalline dolomites 83.9 19 85 1768 442 0.83 -5.25

4348.96 Crystalline dolomites 89.6 20.5 88 143 1105 2.83 -5.41

4355.01 Crystalline dolomites 99.2 21.3 50 223 200 3.37 -4.58 0.707534

4365.62 Crystalline dolomites 87.4 20.3 73 205 544 2.49 -5.75

4382.52 Crystalline dolomites 87.8 17.6 50 248 100 2.8 -4.4 0.707591

4393.29 Crystalline dolomites 93.1 20.7 64 139 450 3.2 -5.1

4406.66 Crystalline dolomites 87.5 19.9 80 168 394 2.48 -5.28

4425.7 Crystalline dolomites 94.4 20.5 50 363 100 2.69 -6.11

Puguang5 5166.3 Crystalline dolomites 85.8 18.6 30 97 500 1.54 -6.49

Puguang8 5528.6 Crystalline dolomites 96.8 21 60 142 300 2.37 -5.2

Puguang8 5555.2 Crystalline dolomites 95 19.5 60 153 600 1.02 -3.55

Puguang8 5586.1 Crystalline dolomites 97.2 21 40 103 100 1.84 -4.9

Puguang8 5618.34 Crystalline dolomites 96.6 21 40 154 100 3.54 -4.54

Puguang5 5146.7 Crystalline dolomites 93 20.9 66 75 537 2.69 -4.79 0.707696

Puguang5 5164.27 Crystalline dolomites 93.5 20.7 75 80 635 2.8 -5.24 0.707705

Puguang8 5508 Crystalline dolomites 94.2 20.1 266 124 1552 1.84 -5.19 0.707747

Puguang5 5157.7 Crystalline dolomites 90.4 20.3 76 100 559 2.52 -5.06

Puguang5 5158.8 Crystalline dolomites 92.9 20.8 67 84 488 2.26 -5.31

Puguang5 5169.8 Crystalline dolomites 94.1 21.3 71 70 293 2.52 -5.06

Puguang8 5510 Crystalline dolomites 93.6 20.1 261 110 1333 2.14 -3.83

Puguang8 5512.1 Crystalline dolomites 91.2 19.3 152 127 2936 2.1 -5.38

Puguang8 5525.7 Crystalline dolomites 95.8 20.8 125 134 1221 2.17 -5.18

Puguang8 5531.5 Crystalline dolomites 93.2 19.8 197 133 2073 2.41 -4.53

Puguang8 5538.5 Crystalline dolomites 87.5 18 260 165 3823 2.21 -3.63

Puguang8 5545.3 Crystalline dolomites 94 19.4 129 117 3898 2.14 -5.39

Puguang8 5563 Crystalline dolomites 98.3 21.5 85 73 303 1.7 -5.16

Puguang8 5572.3 Crystalline dolomites 96.4 20.8 90 128 393 2.5 -4.12

Puguang8 5577.8 Crystalline dolomites 96 20.7 98 124 1178 2.42 -5.62

Puguang8 5604.5 Crystalline dolomites 96.6 20.6 99 176 912 3.02 -5.32

Puguang8 5634.5 Crystalline dolomites 95.9 20.8 69 112 418 2.76 -5.14

Puguang5 5164.27 Vug dolomite 89.3 19.3 40 142 200 2.87 -4.8 0.708278

Puguang5 5292.38 Vug dolomite 92 18.8 40 301 1300 2.63 -6.05 0.707710

Puguang5 5351 Vug dolomite 90 18.3 30 197 50 2.86 -7.75

Puguang8 5508 Vug dolomite 95.2 20.4 20 174 100 1.91 -4.76 0.707591

(To be continued)
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Well Depth
m

Dolomite*
ppm

Sr
ppm

Fe
ppm

13C (PDB)
‰

18O (PDB)
‰

87Sr/86Sr

Puguang8 5568.7 Vug dolomite 95.8 20.8 40 123 100 2.81 -4.76

Puguang8 5572.3 Vug dolomite 95.7 20.8 50 168 100 3.06 -3.67

Puguang8 5577.8 Vug dolomite 95.8 20.9 40 165 100 2.95 -5.23

Puguang8 5604.5 Vug dolomite 96.1 20.7 50 244 100 3.7 -3.62

4415.54 Vug calcite 3.5 0.8 5 1407 100 -9.36 -5.67 0.707468

Puguang5 5166.3 Vug calcite 1.3 0.3 5 219 50 -0.64 -8.84 0.707746

Puguang5 5288.25 Vug calcite 1 0.2 5 199 200 3.47 -6.6 0.707591

4440.06 38.9 9.3 53 390 592 2.53 -5.7

Puguang5 5288.25 11.9 2.8 45 160 184 3.26 -6.38 0.707293

Puguang5 5285.2 20.2 4.8 27 158 171 2.99 -6.42

Puguang5 5290 39.5 9.2 64 160 591 3.23 -6.17

Puguang5 5351 25.2 6 52 167 188 3.31 -6.32

Fig. 3
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Formation reef dolomites are all less than 100 ppm (Table 1, 
Fig. 3(b)), and their average Fe contents are less than 1,000 

of vug calcite are as low as 5 ppm and 117 ppm respectively 
(Table 1, Fig. 3(b), (c)). The average and maximum values of 

in all the texture types of samples, 99 ppm, 971 ppm and 

(Continued)

contents of different texture types of the reef dolomites are 
significantly lower than many other reported dolomites in 

Bravo Dome CO2

average contents can reach up to 5,200 ppm and 41,400 ppm, 
respectively. 

4.2 Characteristics of C and O isotopes
13C values of the reef dolomites are very 

similar, and mainly range from 2.5‰ to 3‰ (Table 1, Fig. 
13C value of vug calcite (-2.2‰) is 

negative, because it is affected by one sample with very 
13 13C values 

13

dolomites with original textures are consistent with those of 
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13C value of crystalline dolomites is 
the most negative in the reef dolomites (including transitional 

13C value of crystalline 
13C values of dolomites. 

13C values are less than 2‰, and these values 
might be affected by the late sparry calcite with strongly 

13 13C values of 
the reef dolomites is still consistent with that of the Permian 
Changhsingian seawater (1.5‰-3.5‰) (Korte et al, 2004; 

18O values of the Permian Changxing 

dolomites), -5.0‰ (crystalline dolomites) and -5.1‰ (vug 
18O values all concentrate 

around the value of -5‰ (Table 1, Fig. 4(b)). Therefore, 
the three texture types of dolomites may have the same or 

18

are negative: -7.04‰ and -6.2‰ respectively (Table 1), and 
these values are commonly 2‰ less than the reef dolomites. 
Because of the different oxygen isotope fractionation between 

18O value of the coexisting calcite and dolomite from the 
same precipitation fluid with the oxygen isotope exchange 

18

18O value of their corresponding precipitation fluids. The 
18O values of calcite and dolomite of the reef dolomites 
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Fig. 4 The histograms of the average values of C, O and Sr isotopes from the Permian Changxing Formation reef dolomites

4.3 Characteristics of Sr isotopic ratio
The average 87Sr/86Sr ratios of the reef dolomites 

0.70765 (crystalline dolomites) and 0.70786 (vug dolomite) 
respectively (Table 1, Fig. 4(c)), i.e. the average 87Sr/86Sr ratio 

87Sr/86Sr 
ratio of vug dolomite is moderate, and the average 87Sr/86Sr 
ratio of crystalline dolomites is the lowest (Fig. 4(c)). These 
average 87Sr/86Sr ratios are higher than that of the vug calcite 
(Table 1). The average 87Sr/86Sr ratios of dolomites and vug 

87Sr/86Sr ratios 
of the Permian Changhsingian seawater (0.7070-0.7073) 

87Sr/86Sr 

with that of the Permian Changhsingian seawater (Fig. 5). 
Therefore the dolomites and vug calcite are mixed with 
high concentrations of radiogenic strontium from external 

isotope composition of the coeval seawater.

(it is largely the source of magnesium), we can use the 

mechanism of the reef dolomites would be solved, including 
the formation environment and genetic mechanism.

Formation reef dolomites (except the vug calcite) are higher 

Feixianguan crystalline dolomites, 19.6 ppm and 353.3 ppm 

differences of the textural characteristics and the average 

reef dolomites reflect the differences in the timing of their 
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less than 100 ppm, or even as low as 5 ppm), relatively low 
Fe contents (all less than 1,000 ppm, or even as low as 117 

13C values consistent with those of coeval seawater 
(mainly from 2.5‰ to 3‰) (Table 1, Fig. 3(b), (c), Fig. 4(a)) 

whole. There were no differences in the properties of the 

similar to the coeval or adjacent time interval seawater. The 
87Sr/86Sr ratios of the reef dolomites are higher than those 
of coeval seawater, but the 87Sr/86Sr ratios are still close to 
those of coeval seawater (Fig. 4(c), Fig. 5). There is not an 
obvious correlation between the 87Sr/86Sr ratios and Sr and 

87Sr/86Sr ratios did not 
increase regularly with the decrease of Sr contents or increase 

fluids containing more radiogenic Sr than coeval seawater 
could be a main reason of controlling 87Sr/86Sr ratios of the 
reef dolomites.

Fig. 5 Sr isotope composition of the Permian-Triassic seawater. Sr 

Data, respectively. Geological age of data points and age boundaries were 

the Sr isotope composition of the Permian Changhsingian seawater, and 
the green shaded region is the main range of Sr isotope composition of 
the Permian Changxing Formation reef dolomites.
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Sr might be mixtures of coeval seawater or marine-derived 
fluids and a little radiogenic Sr from continental crust, or 
the marine-derived fluids with higher 87Sr/86Sr ratios from 
adjacent marine strata (or adjacent time interval seawater). 

were the 87Sr/86Sr ratios of the Permian Changxing Formation 
reef dolomites similar to those of seawater, meteoric water or 

the Sr isotope when seawater was mixed with meteoric water:

87 8787
ssw m m m

86 86 86
ssw m m mL

Sr (1 ) SrSr
Sr Sr (1 ) Sr

f f
f f

or

87 87

ssw m m m86 8687
ssw m

86
ssw m m mL

Sr SrSr (1 ) Sr
Sr SrSr

Sr Sr (1 ) Sr

f f

f f
 

or    
87 87

ssw86 86
ssw L

m 87 87 87 87

ssw m86 86 86 86
ssw L L m

Sr Sr Sr
Sr Sr

Sr Sr Sr SrSr Sr
Sr Sr Sr Sr

f

moles, f denoted the mole fraction, the subscripts L, ssw and 

average 87Sr/86Sr ratio of the Permian Changhsingian seawater 
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was 0.70715, i.e. 
87

86
ssw

Sr
Sr = 0.70715. The Sr content of the 

Permian Changhsingian seawater was 0.097 mmole/L (the 
average Sr content of modern seawater; Stein et al, 2000). 
The average 87Sr/86Sr ratio of the modern river water (0.7119; 
Palmer and Edmond, 1989) was substituted for the Sr isotope 

composition of meteoric water, i.e.
87

86
m

Sr
Sr

= 0.7119. The Sr 

content of meteoric water was 0.001 mmole/L (the average Sr 

content of modern river water; Livingstone, 1963). 
87

86
L

Sr
Sr

are corresponding to the 87Sr/86Sr ratios of the reef dolomites. 

mixtures.

Changxing Formation reef dolomites might be mixtures 

the maximum 87Sr/86Sr ratio of the Permian Changhsingian 
seawater (0.7073) as the 87Sr/86Sr ratio of initial seawater 

87

86
ssw

Sr
Sr

 = 0.7073, the 

(Fig. 7), so the calculated results seemed to support that 

near-surface mixtures.

of meteoric water as derived in the above calculation, the 

Fe, 12C and 16O. In fact, the hypothesis of mixtures is very 
different from the geochemical characteristics of the Permian 

13C values in 
the most reef dolomites, and very high Sr contents of some 
sparry calcite cements formed in the late diagenetic fluids 

than 100 °C, and the main temperature ranges of the saline 
fluid inclusions from the dolomite and calcite are in good 
agreement, mainly concentrated between 120 °C and 160 °C 

(Fig. 8), indicating the precipitation of dolomite and calcite 
is related to the diagenesis fluids under high temperature 

be the near-surface meteoric water or mixtures. For these 
reasons, there were not large proportions of meteoric water in 

deep-burial diagenetic fluids that had circulated through 

and Fe contents of 2,090 ppm and 22,010 ppm, and average 

reef dolomites are low and relatively low, respectively (Table 
1). If there were the mixture of throughflows or pore fluids 
enriched in radiogenic Sr from the deeply buried clastic 

should have much higher 87Sr/86Sr ratios than that of coeval 
87Sr/86Sr ratios of the 

reef dolomites were still close to those of coeval seawater 

supported.

Sr mole percent from meteoric water

0.7071

0.7073

0.7075

0.7077

0.7079

0.7081

0.7083

70 75 80 85 90 95 100

Initial value of seawater

0.7073

Initial value of seawater
0.70715

Skeletal dolomites

Crystalline dolomites

Vug dolomite

Vug calcite

87
S

r/86
S

r  
ra

tio
 o

f  
m

ix
in

g 
flu

id

Fig. 7 The calculated proportions of different Sr sources in 

The value of 0.70715 as an average 87Sr/86Sr ratio of the Permian 
Changhsingian seawater, and the value of 0.7073 as a maximum 
87Sr/86Sr ratio of the Permian Changhsingian seawater were used
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Triassic evaporites during burial diagenetic processes 
(including dehydration of water-bearing evaporites) could be 

as what were the specific causes of the deep-burial marine-
derived brines related to the evaporites, how did the marine-
derived brines distribute and migrate in the deeply buried 
strata, and how did the marine-derived brines participate in 

limestones.

6 Conclusions
1) The average Sr contents of the reef dolomites are 

similar and relatively low, but the Sr contents of vug calcite 

dolomites are also low and relatively low, respectively.
13C values of the reef dolomites are very similar, 

13C values are 
consistent with the range of the Permian Changhsingian 

13C values of vug calcite can be negative. 
18O values of the reef dolomites are also very 

18O values all concentrate around the value 
of -5‰.

3) The average 87Sr/86Sr ratios of the reef dolomites are 
87Sr/86

higher than the range of the 87Sr/86Sr ratios of the Permian 
Changhsingian seawater. The reef dolomites are mixed with 
high concentrations of radiogenic strontium from external 

13

dolomites did not support that there were large proportions of 
87Sr/86Sr 

ratios which were close to those of coeval seawater also 
did not support the possibility of the mixture of deep-burial 

13C 
values from the dissolution of widely distributed Triassic 
evaporites during burial diagenetic processes (including 
dehydration of water-bearing evaporites) could have been the 
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