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Abstract This paper presents petrology, mineralogy, and

elemental geochemistry research on diagenesis, formation

environment, and source material of the Upper Ganchaigou

Formation of clastic rocks in the Eboliang III structural belt

on the northern margin of the Qaidam basin. Point-line

contacts of particles and directional alignment of feldspars

show relatively intense compaction. Clays have high con-

tent with mean up to 35.03 % of total cement content,

mainly consisting of illite, chlorite, and mixed-layer illite–

smectite. Carbonate cements contain large amounts of

calcite and little dolomite. Carbon and oxygen isotope

composition of carbonate cement present d13C values be-

tween -6.8 and -4.0 % (mean -5.0 %) and d18O values

between -11.1 % and -5.4 % (mean -8.7 %). Accord-

ing to d13C and d18O calculations, ancient salinity Z values

are distributed between 108.34 and 114.89 (mean 112.77),

and the formation temperature of carbonate cement is be-

tween 43.36 and 77.84 �C (mean 62.30 �C). From the

analysis of major elements, trace elements, and organic

carbon, the diagenetic stage of the Upper Ganchaigou

Formation is regarded as the B period of the early

diagenesis stage or the A period of the middle diagenesis

stage. The sedimentary environment is evolved from dry

and cold freshwater and brackish water to warm and wet

freshwater during deposition of the Upper Ganchaigou

Formation.

Keywords Carbon and oxygen isotopes � Carbonate

cement � Upper Ganchaigou Formation � Eboliang III

structural belt

Introduction

Carbonate cements are common diagenetic minerals in

various sedimentary clastic rocks (Boles 1998; Abdel-

Wahab and McBride 2001; Sun et al. 2002; Rossi et al.

2001). Carbon and oxygen isotope compositions can not

only indicate the carbon source (Macaulay et al. 1993;

Fayek et al. 2001) and estimate diagenetic temperatures

(Friedman and O’Neil 1977), but also distinguish marine

and continental environments and provide qualitative in-

formation on diagenetic intensity (Zhang 1985). Therefore,

research on carbon and oxygen isotope compositions of

carbonate cements is valuable in petroleum geology. By

analyzing carbon isotopes of authigenic calcite in a sand-

stone reservoir, Zhu et al. (2007) found that the carbon

isotopic variations correlate with CO2 in natural gas and

that carbonate cement precipitation and the carbon isotopic

composition depend on the thermal evolution of natural gas

with CO2; this allowed them to obtain the direction of

natural gas transport (N to S) using the carbon isotopes of

calcite as a tracer. (Wang et al. 2007a, b) indicated that

carbon and oxygen isotope composition of carbonate ce-

ments at different formation stages reflect organic–inor-

ganic interactions and source materials in a petroleum

reservoir and can act as tracers. Sun et al. (2012) suggested

carbonate formation is probably related to organic matter

decarboxylation during latest early diagenesis, so that
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diagenetically produced calcite cement fluids in a sand-

stone reservoir originate mainly from clast and atmospheric

freshwater. Consequently, the function of carbon and

oxygen isotope compositions of carbonate cements in

identifying formation environment and material source

makes them valuable in petroleum geology (Ortoleva 1994;

Rosenbaum and Sheppard 1986; Huang et al. 2002;

McBride and Parea 2001; Wang et al. 2007a, b; Dong et al.

2004; Zhu et al. 2007; Sun et al. 2012).

The northern fault block belt margin of the Qaidam

Basin (NMQB), located south of the Qilian Mountains, is a

primary structural unit and contains the Eboliang structural

belts, Lenghu structural belt, and the Nanbaxian and Mahai

structures (Xie and Guan 2000; Xiao et al. 2005; Sun et al.

2011; Chen et al. 2011; Li et al. 2009). The Eboliang III

structural belt is a large-scale structure located in the eastern

segment of the Eboliang–Hulu Mountain structural belt in

the southern NMQB and is bordered by the Yibei depres-

sion, Lenghu Six structural belt, and Lenghu Seven struc-

tural belt to the north, the Yiliping depression to the south,

the Yikeyawuru and Yahu structures to the east, and Hulu

Mountain and Eboliang II structures to the west (Wang et al.

2007a, b; Fig. 1). Given the recent increase in petroleum

exploration in the NMQB (Chen and Luo 2004; Liu et al.

2009; Yan et al. 2011; Guo et al. 2011), research on

reservoir properties, major controlling factors, diagenetic

processes, source materials, and formation environments of

target strata have become study foci in this area. However,

few studies on reservoir sandstones have been conducted.

This study attempts to remedy that by investigating clastic

rocks of the Upper Ganchaigou Formation in the Eboliang

III structural belt. We used an interdisciplinary approach,

including petrology, mineralogy, and elemental geochem-

istry, to carry out systematic research on diagenesis,

diagenetic environment, and source materials to provide

additional information for further petroleum exploration.

Samples and methods

Samples of Upper Ganchaigou Formation clastic rocks

were collected from key wells in the Eboliang III structural

belt. Preliminary work, such as description and analysis of

cores for rock types, rock characteristics, sedimentary

structures, and content and composition estimation of

carbonate cements, was accomplished before sample col-

lection. Hydrochloric acid (1 % solution) was dropped on

the rock in situ. The higher the calcite content in carbonate

cement, the more intensive the reaction is (Wang et al.

2007a, b). Microscope, SEM, and X-ray microanalysis

ensured that samples used for analysis of carbon and

oxygen isotope composition contain solely carbonate ce-

ment (Wang et al. 2010). Measurement of carbon and

oxygen isotope composition was carried out with a Thermo

Finnigan MAT252 mass spectrometer at the Key Labora-

tory of Petroleum Resources Research, Institute of Geology

and Geophysics, Chinese Academy of Sciences. Minor

amount of samples ground to 100–200 mesh were reacted

with 100 % orthophosphate at a temperature of 90 �C, and

after drying to remove moisture the CO2 produced was

tested in the MAT252. Carbon and oxygen isotope com-

positions of samples were expressed with respect to the

Peedee belemnite II standard (PDB II). Major elements,

trace elements, and organic carbon analyses were also

conducted by the Key Laboratory of Petroleum Resources

Research, Institute of Geology and Geophysics, Chinese

Academy of Sciences (for detailed methods and procedures

refer to lab standard).

Discussion of results

Carbonate cement type

Lithology of the Upper Ganchaigou Formation in the

Eboliang III structural belt consists mainly of brown sandy

mudstone, brownish gray siltstone, grayish-green siltstone,

and sandstone. The main carbonate cement is calcite with

mean content of up to 12.05 %, according to content ana-

lyses of 39 core samples measured by X-ray diffraction.

X-ray diffraction analysis was carried out using a Dmax

12kw powder diffractometer (refer to SY/T5163-2010

standard) (Table 1). Minor dolomite was found in only two

samples, with mean content of 3.50 %. Microscope ob-

servation of 200 thin sections and 100 stained thin sections

also demonstrated that calcite is the main carbonate cement

with no dolomite (Fig. 2).

Clay mineral characteristics

The Upper Ganchaigou Formation is buried more than 3000

m deep in the Eboliang III structural belt. Microscope ob-

servation of thin sections revealed that particles in sandstone

had mainly point-line contacts and that many plastic detritus

(such as mica, mudstone, and so on.) show directional

alignment (Fig. 3). These phenomena indicate that the rock

experienced relatively intense compaction and modification.

Clay minerals widely developed in intergranular pores with

mean contents of up to 35.03 % of mainly illite, chlorite,

kaolinite, and mixed-layer illite–smectite (Fig. 4). Illite was

usually thread-like, flaking, or bridging. Chlorite appeared

mainly as needle or leaf shapes. Authigenic quartz devel-

oped and quartz III overgrowths can be found. According to

X-ray diffraction analysis, content of clay minerals varied

widely between 11.3 and 54.7 % (mean 35.03 %). The main

clay minerals were high maturity illite, chlorite, and mixed-
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layer illite–smectite (Table 2). Smectite content was high,

with a mean of 27.6 % in mixed-layer illite–smectite.

Using the authigenic mineral and carbonate cement

characteristics, we identified the diagenetic stage of the

Upper Ganchaigou Formation as the B period of the early

diagenesis stage/A period of the middle diagenesis stage.

This stage was identified from an almost complete absence

of smectite, little kaolinite, and a relatively developed

mixed-layer of illite–smectite. In the illite–smectite mixed

layer, smectite ranges from 25 to 40 % with an average of

27.6 %. Additionally, illite has a needle or thread-like

shape, while chlorite shows a mainly needle and leaf ap-

pearance. A III-order enlargement of quartz was found and

the carbonate cement consists of mainly calcite. The car-

bonate cement exhibited mainly point-line contacts and

mainly primary pores with minor secondary pores.

Carbon and oxygen isotope composition and source

of carbonate cement

Depth, horizon, lithology, and carbon and oxygen isotope

composition of the Upper Ganchaigou Formation in the

Eboliang III structural belt of the NMQB are listed in

Table 1. d18O and d13C are lighter and range between

-11.1 and -5.4 % (mean -8.7 %) and -6.8 and -4.0 %
(mean -5.0 %), respectively. Ancient salinity Z values

vary between 108.34 and 114.89 with a mean of 112.77.

The deposition temperature of carbonate cement ranges

between 43.36 and 77.84 �C with a mean of 62.30 �C. The

formation temperature in combination with the above ana-

lytical results reinforces our hypothesis that these samples

are in the B period of the early diagenesis stage or the A

period of the middle diagenesis stage. Organic carbon and

carbon in carbonate are natural carbon reservoirs (Cai et al.

2009). Organic carbon is reductive, with depleted d13C;

while carbon in carbonate is oxidative, with enriched d13C.

The d18O and d13C isotope compositions of carbonates from

the study area were used to indicate the formation tem-

perature and environment. d18O and d13C increase with

increased salinity of the formation environment. d18O be-

comes lighter with increased formation temperature.

Freshwater leaching and biodegradation during diagenesis

can make d18O and d13C lighter (Liu et al. 2006). d13C from

organic material is generally light (Zhang et al. 2012).

According to the fractionation mechanics of natural carbon

(Hudson 1977), d13C of inorganic carbon ranges between

-4.0 and 4.0 %. Lower d13C values indicate an effect from

organic carbon (Wang et al. 2007a, b).

Fig. 1 Characteristics of the structures in the northern edge of the

Qaidam Basin. LHVI Lenghu VI, LHVII Lenghu VII, NBX Nan-

baxian, MB Mabei, JLS Jiulongshan, JS Jianshan, HLS Hulushan,

EBLI Eboliang I, EBLII Eboliang II, EBLIII Eboliang III, HSHIII

Hongsanhan III, HSHIV Hongsanhan IV, YH Yau, TJNE Taijinaier,

YKYWR Yikeyawuru
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Temperature and pressure increase with increased burial

depth of sediments. As a consequence, CO2 is generated by

thermal decarboxylation of organic material. Its d13C val-

ues vary between -4.0 and -35.0 % (Suess and Whiticar

1989). Organic acid and CO2 dissolve easily in water

generated by the dehydration of clay minerals during

compaction (e.g., interlayer water, absorbed water, or

constitution water). The resulting acidic solution can dis-

solve feldspar, lithic fragments, and carbonate cements to

form secondary pores. Under the circumstances, the

diagenetic environment is acidic with relatively strong

oxidizing potential, with temperatures between 80 and

120 �C (Surdam et al. 1989).

Measured d13C of the carbonate cement samples varies

between -6.8 and -4.0 % (mean -5.0 %). The range is

concentrated, and the average is near -4 %, so only a little

effect comes from organic carbon. On the basis of the re-

lationship between carbon and oxygen isotope composi-

tions and salinity of the aqueous medium, Keith and Weber

(1964) proposed an empirical formula to discriminate be-

tween marine limestone and freshwater limestone, and then

to distinguish the formation environment. Z\ 120 indi-

cates freshwater limestone and Z[ 120 indicates marine

limestone. Z can be used to indicate ancient salinity (Zhang

1985; Fu 1996; Shao et al. 1996; Keith and Weber 1964),

as follows.

Z = 2:048 � ðd13C + 50) + 0:498 � ðd18O + 50)

In the above formula, d18O and d13C values follow the

PDB standard. The Z values of samples varied between

108.34 and 114.89 (mean 112.77); all of which were less

than 120. This indicates that the diagenetic fluid of car-

bonate cement was mainly leaching freshwater and water

in sediment.

Generally, d18O values appear negatively skewed along

with increased burial depths (Wang 2000). d18O values of

carbonate cement show close relationship with water

temperature and decrease with increased temperature,

when salinity remains unchanged. Shackleton (1974) pro-

posed a formula to calculate ancient water temperature as

follows.

t = 16:9�4:38ðdc � dw) + 0:1ðdc � dw)2;

where t is the ancient water temperature for generating

carbonate cement, dc is d18O of carbonate cement (PDB

standard), and dw is d18O of ocean water (SMOW stan-

dard). The d18O of ancient ocean water can only be in-

ferred. While (Jiang 1991) indicated that the d18O value of

ancient ocean water was lower than contemporary ocean

water and d18O (SMOW) was only 0 since the Pleistocene,

Knauth, and Epstein (1976) postulated that the d18O value

has been 0 (SMOW) since the Cambrian, suggesting that

ancient ocean water is the same as modern. MuehlenbachsT
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and Clayton (1972) agreed with this, suggesting that the

d18O (SMOW) of ocean water during the entire Phanero-

zoic was 0 ± 2 % as a result of the buffering from water–

rock reactions. Although we cannot obtain the actual d18O

value of ancient ocean water to use in calculating diage-

netic temperature, we can apply the temperature formula to

observe the relationship between d18O and diagenetic

temperature, which should qualitatively distinguish higher

or lower temperatures (Zhang 1985). We assumed the d18O

(SMOW) of Miocene ocean water was 0 and used the

carbonate cement carbon and oxygen isotope values to

reconstruct the Upper Ganchaigou Formation (Eboliang III

structural belt) temperatures (Table 1). The samples have a

maximum temperature of 77.84 �C, a minimum tem-

perature of 44.36 �C, and a mean of 62.30 �C, but the

actual temperature may be higher than the calculated

temperature because of diagenetic influence. According to

the petroleum and natural gas industry standards of The

People’s Republic of China (SY/T 5477-2003: The division

of diagenetic stages in clastic rocks), the temperature range

belongs to the B period of the early diagenesis stage or the

A period of the middle diagenesis stage.

Fig. 2 Characteristics of clay and calcite cement in feldspar sand-

stones of the Upper Ganchaigou Formation in the Eboliang III area.

Left figure ES1, Upper Ganchaigou Formation (N1), 3990.70 m, fine

feldspar sandstone with mainly clay cement and minor calcite cement

(?) 9100; Right figure ES1, Upper Ganchaigou Formation (N1),

3995.20 m, fine feldspar sandstone with mainly clay cement and

minor calcite cement. Long mineral grains in directional alignment

(?) 9100

Fig. 3 Characteristics of compaction and plastic deformation in

Upper Ganchaigou Formation. Left figure ES1, Upper Ganchaigou

Formation (N1), 3995.20 m, fine feldspar sandstone with mainly clay

cement and minor calcite cement. Long mineral grain in directional

alignment (?) 9100; Right figure ES1, Upper Ganchaigou Formation

(N1), 3995.20 m, sandstone. Quartz with III-order enlargement.

Thread-like illite in residual intergrain pore
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Major elements

The effects of natural environments on decomposition,

migration, and enrichment of various elements are differ-

ent, so content variations can be used to a certain extent to

infer transitions of sedimentary environments. The oxides

of common elements such as CaO, MgO, K2O, Na2O,

SiO2, Al2O3, Fe2O3, and TiO2 are sensitive to environ-

mental change and are significant environmental indicators

(Zhong et al. 1998; Kuang et al. 2002). The distribution

ratios of various elements in rock strata are affected by

physicochemical properties as well as ancient climate and

environment. Therefore, distributions and inter-element

ratio variations of trace elements indicate the evolution of

the ancient environment to some degree (Wang et al. 1997;

Song 2005). According to previous studies (Wang 1993; Xi

et al. 1998), high CaCO3 content in strata that formed in the

early stage of chemical deposition indicates an arid cli-

mate, while low content indicates a humid climate. Major

element oxides (CaO, MgO, K2O, Na2O, SiO2, Al2O3, and

Fe2O3) show obvious relationships in sample analytical

results (Table 3). Amplitude of variation is large between

3640 and 3636 m but tends to be smooth and stable above

3635 m. CaO content is high in the early stage of deposi-

tion, indicating an arid climate. Terrigenous debris input is

small and evaporation capacity is large. Content of CaO

Fig. 4 Micropore structures and clay minerals in the Upper Gan-

chaigou Formation. Upper left figure ES1, Upper Ganchaigou

Formation (N1), 3990.56 m, siltstone. Thread-like illite developed

on the surface of grains (93470); Upper right figure ES1, Upper

Ganchaigou Formation (N1), 3989.74 m, siltstone. Needle–leaf

chlorite and thread-like illite developed in solution pores in grains

(91490); Lower left figure ES1, Upper Ganchaigou Formation (N1),

3989.74 m, siltstone. Thread-like illite developed on the surface of

grains. Autogenetic quartz developed here (92640); Lower right

figure ES1, Upper Ganchaigou Formation (N1), 3989.74 m, siltstone.

Needle–leaf chlorite developed on the surface of grains. Quartz with

III-order enlargement (92320)
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decreased in the late stage of deposition, indicating a hu-

mid climate. In this period, terrigenous debris input in-

creased and evaporation capacity decreased, therefore

decreasing salinity. The climate of the Upper Ganchaigou

Formation changed frequently in the early stage of depo-

sition, indicated by the significant change in oxide content.

Climate changed a little in the late stage which is indicated

by the stable oxide contents. The environment of enriched

Ca2? formation was drier than the environment of enriched

Mg2? formation, because the transfer ability of Ca2? is

greater than that of Mg2? as a result of its larger ionic

radius (Kuang et al. 2002). In lacustrine sediments without

seawater intrusion, Sr/Ba[ 1 indicates that lake water had

started alkalization, while Sr/Ba\ 1 indicates that lake

water was still fresh (Zhong et al. 1998; Kuang et al. 2002;

Wang et al. 1997; Song 2005). Only three samples in the

lower section of the Upper Ganchaigou Formation present

a Sr/Ba ratio greater than 1. Salinity varied greatly but was

mainly fresh–brackish water in the early stage, and was

mainly fresh in the late stage.

Lake carbonate is a recognized indicator of ancient

climate and environment (Wang and Li 1991). With a

warmer provenience climate, chemical weathering be-

comes more intense and the carbonate content of the lake

reduces due to leaching loss of allogenic carbonate and

CaO. Carbonate does not migrate downward after deposi-

tion (Chen 1995). The ratios of soluble and stable com-

pounds, like that of carbonate and Al2O3, can be used to

infer the extent of weathering crust loss and then to indicate

climate variation during deposition. The decrease in elu-

viation coefficient indicates a warmer and wetter climate

with more intense chemical weathering (Rodla 1981; Yang

Table 2 X-ray diffraction analysis of Upper Ganchaigou Formation in Eboliang III area

Well Depth Horizon Lithology Relative content of clay mineral (%) Mixed-layer ratio (%

S)

Clay mineral (%)

I/S I K C I/S C/S

ES1 3617.55 N1 Brown sandy mudstone 6 71 7 16 25 – 40.8

ES1 3622.46 N1 Brown sandy mudstone 11 67 7 15 35 912 50.2

ES1 3623.73 N1 Brown sandy mudstone 9 71 7 13 35 913 50.5

ES1 3624.15 N1 Brown sandy mudstone 15 66 6 13 35 914 48.1

ES1 3624.9 N1 Brown sandy mudstone 13 68 6 13 35 915 45.7

ES1 3625.8 N1 Brown sandy mudstone – 78 7 15 – – 11.3

ES1 3626.7 N1 Brown sandy mudstone 11 71 6 12 35 916 31.4

ES1 3626.81 N1 Brown sandy mudstone 16 65 7 12 35 917 33.0

ES1 3628.94 N1 Brown sandy mudstone 14 65 8 13 30 918 31.4

ES1 3631.23 N1 Brown sandy mudstone 7 72 6 15 30 – 54.7

ES1 3631.64 N1 Brownish gray pelitic siltstone 21 61 7 11 30 919 25.3

ES1 3634.38 N1 Brownish gray pelitic siltstone 12 64 10 14 30 920 40.0

ES1 3635.13 N1 Brownish gray pelitic siltstone 15 66 6 13 35 921 35.5

ES1 3636.08 N1 Gray pelitic siltstone 18 61 8 13 40 922 34.3

ES1 3637.48 N1 Gray pelitic siltstone 11 69 7 13 35 923 42.3

ES1 3989.6 N1 Gray siltstone 13 75 – 12 7 – 25.4

ES1 3989.64 N1 Gray siltstone 12 68 7 13 35 924 22.7

ES1 3990.7 N1 Gray siltstone 12 68 7 13 35 926 24.6

ES1 3990.7 N1 Gray siltstone 31 56 – 13 7 – 21.4

ES1 3991.13 N1 Gray siltstone 12 68 7 13 35 927 29.4

ES1 3991.2 N1 Gray siltstone 18 68 – 14 6 – 36.9

ES1 3993.66 N1 Brown mudstone 8 70 7 15 25 – 53.5

ES1 3994.94 N1 Gray siltstone 59 16 15 10 60 928 37.0

ES1 3995.23 N1 Gray siltstone 20 70 – 10 8 – 23.2

ES1 3995.7 N1 Gray siltstone 20 68 – 12 6 – 27.2

Standard: SY/T 5163-1995. The reason that S ? I/S ? I ? K ? C ? C/S = 101 or 99 is rounded numbers rather than data bias. Clay mineral

with mixed-layer ratio greater than 70 % is smectite. Where S is smectite, I/S is illite/smectite mixed layer, I is illite, K is kaolinite, C is chlorite,

and C/S is chlorite/smectite mixed layer. Mixed-layer ratio, 20 % for example, means the ratio between illite and smectite or chlorite and

smectite is 20
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and zhang 1998). Carbonate content is higher in the early

stage and lower in the late stage (Table 4). The variations

of carbonate content indicated that the climate was dry and

cold in the early stage of the Upper Ganchaigou Formation,

and warm and humid in the late stage of the Upper Gan-

chaigou Formation.

Conclusions

Calcite is the main carbonate cement in the Upper Gan-

chaigou Formation, and only a small amount of dolomite

was found. Particles in sandstone exhibited mainly point-

line contacts and many plastic lithic fragments or micas

Table 3 Characteristics of major elements and trace elements in the Upper Ganchaigou Formation in the Eboliang III area

Table 4 Mineral characteristics of the Upper Ganchaigou Formation in Eboliang III Area

Environ Earth Sci (2015) 74:5169–5179 5177

123

Author's personal copy



show directional alignment. Clays are abundant, with

means up to 35.03 %, and mainly consist of illite, chlorite,

and mixed-layer illite–smectite. On the basis of diagenetic

characteristics of clay minerals and carbonate cements, the

diagenetic stage of the Upper Ganchaigou Formation is

regarded as the B period of the early diagenesis stage or the

A period of the middle diagenesis stage. Carbon and oxy-

gen isotope compositions of carbonate cement present d13C

values that range between -6.8 and -4.0 % (mean

-5.0 %) and d18O values that range between -11.1 and

-5.4 % (mean -8.7 %). The calculated ancient salinity Z

values were distributed between 108.34 and 114.89 (mean

112.77), and the formation temperature of carbonate ce-

ment was between 43.36 and 77.84 �C (mean 62.30 �C).

According to analysis of measured result of major ele-

ments, trace elements, and content of organic carbon,

major elements appeared obvious in correlation with oth-

ers, and varied regularly from the early to late stages of the

Upper Ganchaigou Formation. Climate of the Upper Gan-

chaigou Formation changed frequently in the early stage.

Climate was dry and cold in the early stage of the Upper

Ganchaigou Formation, and warm and humid in the late

stage.
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