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Abstract:  The characteristics and genesis of the calcite veins in Carboniferous basalt in the east slope of Mahu Sag, Junggar 

Basin are investigated based on observation of cores and thin sections; analyses of X-ray fluorescence, in situ major, trace and 

rare earth elements (REE), carbon, oxygen and strontium isotopes, fluid inclusions, as well as basin modeling. There are three 

periods of calcite fillings. The Period I calcite is characterized by low Mn content, flat REE pattern, strong negative cerium (Ce) 

anomaly, weak to moderate negative Eu anomaly, and light carbon isotopic composition, indicating the formation of the calcite 

was affected by meteoric water. The Period II calcite shows higher Mn and light REE contents, weak positive Ce anomaly and 

slight positive europium (Eu) anomaly, and a little heavier carbon isotopic composition and slightly lower strontium isotope ratio 

than the Period I calcite, suggesting that deep diagenetic fluids affected the formation of the Period II calcite to some extent. The 

Period III calcite is rich in iron and manganese and has REE pattern similar to that of the Period II calcite, but the cerium and 

europium enomalies vary significantly. The Period I and II calcites were formed in shallow diagenetic environment at approxi-

mately 250–260 Ma, corresponding to Late Hercynian orogeny at Late Permian. The Period III calcite was probably formed in the 

Indo-China movement during Late Triassic. It is believed that the precipitation of calcite in basalt fractures near unconformity 

was related to leaching and dissolution of carbonates in the overlying Lower Permian Fengcheng Formation by meteoric water, 

which destructed the Carboniferous weathering crust reservoirs in early stage. Relatively high quality reservoirs could be de-

veloped in positions with weak filling and strong late dissolution, such as structural high parts with Fengcheng Formation miss-

ing, distant strata from Fengcheng Formation vertically, buried hills inside lake basin, etc. 
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Introduction 

Abundant oil and gas resources have been discovered 

in the Carboniferous volcanic rocks around Mahu Sag of 

the Junggar Basin, which have great exploration poten-

tial[1–3]. Volcanic rock fractures in the east slope of Mahu 

Sag (Madong area for short) are filled with calcite, caus-

ing poor reservoir quality. The genesis mechanism and 

distribution law of calcite veins are one of the key prob-

lems restricting oil and gas exploration in this area. The 

fluid activity in sedimentary basin is very important to 

reservoir diagenesis and reworking and is an important 

factor affecting reservoir quality[4–11]. In different stages of  

basin evolution, the fluid flow in fractures is usually pre-

sented as vein mineral occurrence[12–14]. Among them, 

calcite veins are more common, which are important 

records of fluid sources and geochemical evolution during 

thermal-tectonic evolution of sedimentary basins[8–10, 15]. 

The previous studies on the periphery of Mahu Sag 

mostly focused on the west and south of the sag. More-

over, there was a lack of detailed research on the charac-

teristics and genesis of calcite filling in fractures in dif-

ferent periods[10–11, 16–17]. The calcite veins of the Carbonif-

erous basalt reservoir in Madong area are taken as the 

main research objects in this study. Integrating the anal-
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analyses of mineral petrography, X-ray fluorescence 

(XRF), in-situ micro-elements, O-, C- and Sr-isotope  

composition, fluid-inclusion homogenization tempera-

ture, and basin modeling, we clarify the geochemical 

characteristics and formation periods of calcites in dif-

ferent stages, reveal the evolution characteristics of 

diagenetic fluids, and discuss the effect of calcite filling 

on reservoir quality, so as to point out the direction of 

favorable reservoir prediction. 

1.  Geological setting 

The study area is located on the east of the Mahu hy-

drocarbon-rich sag in the northwestern margin of the 

Junggar Basin, and is a southwest dipping monoclinal 

structure developed from the Hercynian Movement (Fig. 

1). Three large nose-shaped salients are developed from 

north to south in Madong area, all extending tens of 

kilometers towards Mahu Sag, so the structural condi-

tions are good. Several large anticlines are locally devel-

oped, forming inherited positive structures that are fa-

vorable for petroleum migration and accumulation[3]. 

Deep Carboniferous igneous rocks are mainly intermedi-

ate-basic volcanic rocks[3], which have experienced the 

Hercynian, Indosinian, Yanshanian and Himalayan tec-

tonic movements[18–23]. Under the influence of weathering 

and leaching, compaction, dissolution, filling, recrystal-

lization and other diagenesis, the reservoir space is 

dominated by fractures and secondary dissolved pores, 

with fewer primary pores[3]. The Carboniferous is in un-

conformable contact with the overlying strata, and the 

Permian overlap pinch-out is obvious in the middle of the 

nose-shaped salient structural belt. Oil and gas shows are  

 
Fig. 1.  Geological structures in the study area.  

detected in the Carboniferous, Permian, Triassic and Ju-

rassic System, mainly from the source rocks of the Lower 

Permian Fengcheng Formation in Mahu Sag[24]. In Well 

Madong 3 and Well Xiayan 2, oil and gas shows are dis-

covered in the Carboniferous, which is presented mainly 

as oil-bearing beds and oil-water beds. Compared with 

the Shixi oilfield on the Shixi high in the southeast, the 

reservoir size is smaller. Well Datan 1 in the south was 

drilled to a depth of 6 226 m, with a total of 35 m in 3 

layers of abnormal gas logging. No oil and gas show was 

detected in Well Ma 201 in the north. 

2.  Materials and methods 

Most of the Carboniferous volcanic rock cores in Ma-

dong area are basalt, and a small amount of andesite and 

tuff are developed locally. The Bruker M4 Tornado 

micro-X-ray fluorescence spectrometer was used for ele-

mental analysis of the rock samples. In order to clarify 

the differences in chemical composition and spatial dis-

tribution of calcites in different stages, the favorite parts 

with larger thickness of the veins in representative sam-

ples were selected for emphasis analysis. 

XRF, conventional rock section, fluorescence and ca-

thodoluminescence analyses, and homogenization tem-

perature of fluid inclusions were performed in the key 

laboratory of deep oil and gas in China University of Pe-

troleum (East China). The indoor temperature was 23 C 

and the relative humidity was 50%. Each polished sample 

was tested by XRF for more than 8 h, with a resolution of 

40 μm. The X-ray voltage and current were 50 kV and 

600 μA, respectively. The qualitative and quantitative 

characteristics of Na, K, Al, Si, Mg, Ca, Fe, Co, Mn, S, Sr, Ti, 

V, and Ba were detected. On this basis, the optical, fluo-

rescence and cathodoluminescence identification of the 

thin sections were carried out by means of ZEISS Axio 

Imager A2 microscope and CL8200MK5 cathodolumi-

nescence instrument. The homogenization temperature 

of 17 fluid inclusions in representative calcite vein sam-

ples was measured by using a ZEISS microscope 

equipped with a LINKAM THMS600 stage, and tem-

perature measurement error is 0.1 C. 

In-situ major and trace elements and Sr isotopic 

analysis of thin sections were determined at State Key 

Laboratory of Ore Deposit Geochemistry in Guiyang In-

stitute of Geochemistry, Chinese Academy of Sciences. 

Elemental analysis devices included GeoLasPro laser- 

ablation system and Agilent 7700x inductively coupled 

plasma mass spectrometry (ICP-MS) instrument, and the 

beam spot diameter was 50 μm. The international stan-

dards NIST SRM 610 and NIST SRM612 were used as 

external calibration. Multiple external standards and no 

internal standard methods were used for quantitative 

calculation, and ICPMSDataCal software was used to per-

form the offline data processing[25]. On the basis of major and  



XIA Lu et al. / Petroleum Exploration and Development, 2021, 48(4): 864–876 

 

  866 

trace element analysis, the locations with relatively high 

Sr content in the sample were selected. In-situ Sr isotopic 

ratio was determined by using the above mentioned la-

ser-ablation system in combination with the Neptune 

Plus multi-receiver inductively coupled-plasma mass 

spectrometer (MC-ICP-MS). The beam spot with diameter 

of 180 μm was used because the content of Sr in calcite 

veins is low. Coral-1 was used as the standard sample, and 

a mean value of 0.709 1750.000 05 was obtained. 

Microdrilling of calcite thin sections and oxygen and 

carbon isotopic composition tests of Well Ma 201 were 

performed at the State Key Laboratory of Geological 

Processes and Mineral Resources, China University of 

Geosciences (Wuhan). The powder samples of two-period 

calcites in fractures were obtained using a microscope 

fitted with a 100 μm diameter microdrill system. The 

samples were reacted with 100% pure phosphoric acid in 

vacuum and then separated from the acid for 4 h at 25 C 

using the chemical separation method proposed by 

Al-Aasm et al.[26]. The isotopic ratios of the generated CO2 

were analyzed by means of MAT-253 gas isotope mass 

spectrometer. Both 13C and 18O values were measured by 

taking PDB as the standard and the measurement error 

was less than 0.2‰. Six calcite samples were drilled from 

volcanic fractures under hand specimen scale by using 

the small bit and ground into powder. By means of the 

above method, carbon and oxygen isotopes were tested at 

the Institute of Geology and Geophysics, Chinese Acad-

emy of Sciences. 

3.  Characteristics and filling periods of  
calcite veins 

3.1.  Fracture characteristics and filling compositions  

The buried depth of most Carboniferous basalt reser-

voirs in Madong area is more than 3500 m. There are a 

lot of structural fractures in the core (Figs. 2 and 3). For 

example, there is one high-angle (70°–80°) fracture and 

two low-angle fractures developed in the basalt of Well 

Ma 201 at a depth of 3877.13 m (Fig. 2a). The wells with 

high fracture density are mainly located near the main 

controlling fault (Figs. 1 and 4a). For example, the average 

linear density of core fractures in Well Yan 001 which is 

closer to the main controlling fault is 4.7 fractures·m−1, 

whereas that in Well Madong 3 which is farther from the 

main controlling fault is 1.9 fractures·m−1. According to 

the observation results, there are 52 fully filled, 17 

semi-filled and 11 unfilled fractures in the basalt cores, 

accounting for 65.00%, 21.25% and 13.75% of the total, 

respectively (Fig. 4b). The fractures are filled mainly by 

calcite, which bubbles violently with the drops of dilute 

hydrochloric acid. 

The brighter the color is, the higher the relative con-

tent in the monochromatic diagram of XRF elemental 

analysis (Fig. 3). At the depth of 3877.13 m in Well Ma 201, 

fractures and pores inside the basalt do not contain Ti, 

whereas the surrounding rock contains Ti and Ti en-

richment strips appear locally. The dislocation of Ti-rich 

strips indicates that the high-angle fracture is a micro 

reverse fault with a vertical fault distance of less than 1 

cm (Fig. 3a). Ca is relatively enriched in pores and frac-

tures (Fig. 3b). The distribution of Mn is similar to that of 

Ca but relatively limited, and mainly occupies the hori-

zontal fractures and parts of the fault between the hori-

zontal fractures (Fig. 3c). At the depth of 4678.90 m in 

Well Madong 3, the basalt fractures have large opening, 

in which the width of calcite vein filling is up to 8 mm 

(Fig. 3d). There are differences in the composition of cal-

cite veins, which are mainly manifested in different Mn 

 

Fig. 2.  Characteristics of core fractures in Madong area (blue box: sample cutting position; yellow box: position of thin 
section; red circle: position of microzone test; green box: micro-drilling position at the thin-section scale). (a) At 3877.13 m 
in Well Ma 201, two low-angle fractures and one high-angle fracture, calcite filling; (b) cross-section photograph of the core 
sample in Fig. (a) after cutting; (c) at 4679.80 m in Well Madong 3, high-angle fracture and low-angle fractures, calcite filling; 
(d) at 5334.10 m in Well Xiayan 2, horizontal fractures and vertical fractures, calcite filling; (e) at 5374.50 m in Well Yan 001, 
vertical fractures terminating near horizontal or low-angle fractures, calcite filling. 
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Fig. 3.  XRF scanning results of core samples in Madong area. (a) At 3877.13 m in Well Ma 201, basalt, Ti content distribu-
tion, bright Ti-rich strips are dislocated, see the photo of the corresponding rock sample in Fig. 2b; (b) at 3877.13 m in Well 
Ma 201, Ca content distribution, Ca is rich in fractures and pores; (c) at 3877.13 m in Well Ma 201, Mn content distribution, 
Mn is rich in fractures; (d) at 4678.90 m in Well Madong 3, photo of basalt sample; (e) at 4678.90 m in Well Madong 3, Ca 
content distribution, Ca is rich in fractures and pores; (f) at 4678.90 m in Well Madong 3, Mn content distribution, the dis-
tribution of Mn is irregular and the fracture edge is relatively rich in Mn; (g) at 4634.70 m in Well Madong 3, photo of andesite 
sample; (h) at 4634.70 m in Well Madong 3, Ca content distribution, Ca is rich locally in fractures; (i) at 4634.70 m in Well 
Madong 3, Mn content distribution, the distribution of Mn is limited in the fractures; (j) at 5334.10 m in Well Xiayan 2, photo 
of basalt sample, the sampling location is shown in Fig. 2d; (k) at 5334.10 m in Well Xiayan 2, Ca content distribution, Ca is 
rich in fractures; (l) at 5334.10 m in Well Xiayan 2, Mn content distribution, Mn is rich in lower part of horizontal fractures. 

 

Fig. 4.  Histograms of core fracture density (a) and filling 
degree (b) in Madong area. 

content (Fig. 3e, 3f ). At the depth of 4634.70 m in Well 

Madong 3, there are two intersecting fractures in ande-

site, one of which does not contain Ca, while the other is 

partially filled with calcite and has a lower Mn content 

(Fig. 3g–3i). At the depth of 5334.10 m in Well Xiayan 2, 

one narrow vertical fracture and one wide horizontal 

fracture are developed in the basalt, both of which are 

filled with calcite (Fig. 3j, 3k). Vertical calcite veins are 

almost free of Mn, while the upper part of horizontal 

veins is poor in Mn and the lower part is rich in Mn (Fig. 

3l). The superposition diagram of Ca and Mn shows that 

there are two periods of different fillings in the same 

horizontal vein in the samples of Well Ma 201 (Fig. 5a), 

which are located on the edge and inside of the pores and 

fractures respectively (Fig. 5a①). The lower horizontal 

vein is wider and obviously different in the two-period 

fillings (Fig. 5a②), so it is selected as the key research site. 

The Ca content in green fillings accounts for 97.8% of the 

total contents of the nine elements analyzed. The con-

tents of other elements are all lower than 1.0%, and the 

content of Mn is very low (Fig. 5b). For the red fillings, Ca 

content accounts for 91.7%, Mn and Si contents are 4.0% 

and 2.5%, respectively, but Mg and Cl contents are very 

low (Fig. 5b). 

3.2.  Petrographic characteristics and filling periods 

of the typical calcite veins 

Mineral crystal characteristics at different positions of  
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Fig. 5.  XRF scanning two-element superposition chart (a) 
and element content histogram (b) of core samples in Well 
Ma 201. 

horizontal calcite veins in Well Ma 201 are different (Fig. 

6). The calcite at the edge of the veins in contact with 

surrounding rocks is blade-like, serrated or horse-tooth 

shaped. Their idiomorphic degree is better, and most 

calcites are idiomorphic–hypidiomorphic middle-coarse 

crystals. Larger crystals are locally developed and grow 

mainly perpendicular to the fracture wall, with obvious 

cleavage, clean surface, no cathodoluminescence and 

early forming time (Fig. 6a–6c). The crystals far from the 

fracture wall in the middle of the vein are generally larger 

in size and dominated by idiomorphic–hypidiomorphic 

granular coarse or very coarse crystals, with one or two 

groups of cleavages, clean surface, maroon ca-

thodoluminescence and late forming time (Fig. 6a–6c). 

The calcites show poor idiomorphism with maroon ca-

thodoluminescence near and inside the high-angle frac-

tures and in the upper associated veinlets. Some of these 

calcites have rough surfaces. Calcite crystals are associ-

ated with chlorite and other minerals inside high- angle 

fractures. In addition, chlorite is developed near the 

boundary of two periods of calcites with different ca-

thodoluminescence characteristics in the horizontal vein 

(Fig. 6d, 6e).  

Three periods of calcite fillings are developed in the 

basalt fractures in the study area (Fig. 6f, 6g). The Pe-

riod-I calcite is poor in Mn and does not show cathodo-

luminescence. It is light blue fluorescence near the frac-

ture wall and yellow brown fluorescence at the fracture 

edge. The Period-II calcite is rich in Mn, the cathodolu-

minescence is maroon and the fluorescence is not obvi-

ous. The Period-III calcite intermittently fills in small 

irregular fractures and is associated with orange fluores-

cent substances. 

4.  Genesis of calcite vein in basalt 

4.1.  Fluid source 

Microscopic characteristics and geochemical data in-

dicate that the calcites in different periods in the study 

area derived from the fluids with different compositions 

and origins. 

Period-I calcite vein is the earliest calcite precipitated 

after fracture opening, and grows mainly perpendicular 

to fracture wall which is generally formed by fracture 

opening-closing mechanism[27]. Fluorescence bands are 

developed locally adjacent to the fracture wall at the top, 

and the calcites near the fracture wall at the bottom show 

weak fluorescence and no fluorescence bands (Fig. 6f ). 

Fluorescence bands reveal the periodic growth of calcite, 

which may be related to the seasonal variation of organic 

matter in water or the episodic oil-gas charging. Previous 

studies indicate that episodic oil-gas charging in the 

western Mahu Sag of the Junggar Basin could result in 

the formation of circular fluorescent calcite cements[8–9]. 

However, fluorescent oil and gas inclusions are not dis-

covered in the veins of Period-I calcite in Madong area. 

The right-dipping distribution pattern of rare earth ele-

ments (REE) of calcite vein derived from diagenetic and 

hydrocarbon fluids[28] are different from those of flat REE 

pattern of Period-I calcite vein. Therefore, Fluorescence 

bands in Period-I calcite veins are likely to be irrelevant 

with oil and gas charging. The three-terminal chart of Mg, 

Fe and Mn contents shows that Period-I calcite is char-

acterized by high Mg, low Fe and ultra-low Mn 
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Fig. 6.  Microscopic characteristics and filling periods of calcite veins in core sample from Well Ma 201. (a) 3877.13 m, cal-
cite veins in basalt, plane-polarized light; (b) Horse-tooth shaped calcites with small crystal size are located in the lower 
margin of the vein with cleavage developed locally while the calcites with relatively larger crystal size and obvious cleav-
ages are developed inside the vein, plane-polarized light; (c) Calcites in the lower margin of the vein show no cathodolu-
minescence whereas those inside the vein are maroon, cathodoluminescence; (d) (e) Chlorite can be discovered near the 
boundary between the two periods of calcites, plane-polarized light; (f) It is light blue fluorescence at the edge of the thick 
veins and tawny locally along the margin. Irregular veinlets show intermittent orange fluorescence, ultraviolet fluorescence; 
(g) Schematic distribution of three periods of calcite fillings. 

(Figs. 5, 7 and 8). It was previously deemed that the cal-

cites of fresh-water origin in limestone fractures in the 

Lower Paleozoic of the Ordos Basin, NW China and in the 

Permian of Jingshan area, Mid-Yangtze are lack of Fe and 

Mn compounds[29]. Therefore, it can be inferred that Pe-

riod-I calcite might be affected by fresh water during its 

precipitation. 

Total REE contents of typical calcite veins in Well Ma  
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Fig. 7.  Distribution of contents of major and trace 
elements of calcite vein in Well Ma 201. 

 

Fig. 8.  Three-terminal chart of Mg, Fe and Mn contents of 
vein calcite in Well Ma 201. 

 

Fig. 9.  Chondrite-normalized-REE patterns of vein calcite 
in Well Ma 201. 

201 are (1.27–71.93)×10−6, averaging 16.37×10−6. The REE 

after being normalized on the basis of chondrite[30] pre-

sents significant differentiation in distribution (Fig. 9). 

The average value of chondrite-normalized La/Yb in Pe-

riod-I calcite is 0.91, indicating that the differentiation of 

light rare earth (LREE) and heavy rare earth elements 

(HREE) is not obvious (Fig. 10a). Strong Ce negative 

anomalies and weak-moderate Eu negative anomalies 

(Fig. 10b) suggest that the calcites are precipitated in a 

strong oxidizing environment[28, 31]. The amplitude of Ce 

and Eu anomalies remain basically unchanged (Fig. 10b), 

indicating that fluid properties and diagenetic environ-

ment are relatively stable. 

 
Fig. 10.  Cross-plots of La and Yb (a) and Eu and Ce 
anomalies (b) of chondrite-normalized calcite veins in Well 
Ma 201.  

Previous studies suggest that the carbon and oxygen 

isotopic compositions of the Carboniferous–Permian 

volcanic reservoirs in the northwestern margin of the 

Junggar Basin are relatively light, with the 18O of 

−23.6‰–−8.1‰ and 13C of −21.5‰–−3‰[8–11, 16]. The 13C 

of volcanic fracture-filling calcite in Madong area varies 

from −5‰ to −1‰, and the 18O ranges from −16‰ to 

−9‰ (Fig. 11a). Furthermore, as the distance from top 

unconformity surface increases, the carbon isotopic 

compositions tend to get heavier (Fig. 11b). The 13C of 

Period-I calcite sample at 3877.13 m of Well Ma 201 is 

−3.74‰, and that at 4637.50 m of Well Madong 3 is 

−4.07‰. The carbon isotopic composition of calcite 

formed under the influence of atmospheric fresh water 

generally ranges from −7.0‰ to −3.5‰[32–33]. The value of 

Period-I calcite in this paper is in this range, indicating 

that its formation process is affected by atmospheric 

fresh water.  

 

Fig. 11.  Cross-plot of carbon and oxygen isotopic com-
positions (a) and vertical distribution of carbon isotopic 
composition (b) of calcite veins in Madong area. 
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It can be concluded that Period-I calcite is formed in a 

relatively oxidized diagenetic environment, and its pre-

cipitation process is always affected by atmospheric fresh 

water. In volcanic strata, open faults and relatively open 

environment are formed easily under the action of tec-

tonic stress. The formation water in fractures communi-

cates with the atmospheric fresh water near the surface, 

which makes the atmospheric water participate in calcite 

precipitation and diagenesis. 

Period-II calcite is formed after Period-I, and it is wider. 

The crystals in the vein bodies are coarser with good id-

iomorphic degree, whereas those in veinlets and high- 

angle veins are mainly anidiomorphic (Fig. 6). Period-II 

calcite shows higher contents of Fe and Mn (Figs. 7, 8 and 

12). The interaction between the formation fluid and 

volcanic material could increase the contents of Fe and 

Mn in the fluid. This water-rock interaction may be the 

weathering and leaching near ground surface[7–8, 34], or the 

deep buried water-rock reaction under high temperature 

and pressure[6, 8]. The REE of Period-II calcite veins is in 

the pattern right-dipping distribution (Fig. 9) and most 

samples present obvious enriched LREE patterns, 

weak–moderate Ce positive anomalies and weak Eu posi-

tive anomalies (Fig. 10b), showing the characteristics of 

calcite of hydrothermal origin to some degree[35]. The test 

results of carbon and oxygen isotopic compositions also 

indicate that the formation of Period-II calcite is not af-

fected by atmospheric fresh water (Fig. 11), but related to 

burial diagenetic fluids. Strontium isotope ratios are in 

the range of 0.703–0.705 (Fig. 13), showing the character-

istics of deep-source fluids, which is probably caused by 

the interaction of deep fluid with volcanic material in the 

process of its upwelling[8].  

To sum up, Period-II vein calcite is formed in a burial 

diagenetic environment unaffected by atmospheric fresh 

water, influenced by deep diagenetic fluid to some degree. 

During the evolution of the vein-forming fluid, Fe, Mn 

and other metallic elements are enriched gradually and 

REEs get depleted gradually (Fig. 12). 

 

Fig. 12.  Cross-plots of total REE content with Fe (a) and 
Mn (b) contents of calcite vein in Well Ma 201. 

 

Fig. 13.  Cross-plot of strontium isotope ratios of calcite 
vein in Well Ma 201. 

The Period-III calcite mainly extends along the edge of 

the first two periods of veins and is obviously controlled 

by the distribution of early veins, and its forming time is 

the latest (Fig. 6g). Period-III calcite shows no fluores-

cence by itself, but is associated with orange fluorescent 

materials. Calcite is discontinuously distributed in frac-

tures and the space between disconnected calcite veins is 

occupied by suspected hydrocarbon substance with or-

ange fluorescence. The test signals of the in-situ mi-

cro-area at three measurement points are poor because 

the fillings of Period-III are so narrow and affected by the 

orange fluorescent materials inside the vein bodies or the 

surrounding rocks. The Mn content of Period-III calcite is 

close to that of some measurement points in Period-II 

calcite (Fig. 12b). The contents of Fe, Mg, Al, Si and Na 

are significantly higher than those of the other two peri-

ods (Figs. 7 and 8), which may be caused by fer-

ro-magnesium minerals and albite in the basalt near the 

fracture. The REE distribution pattern of Period-III is 

right-dipping (Fig. 9), characterized by LREE enrichment, 

insignificant Ce anomalies and large fluctuation of Eu 

anomalies (Fig. 10b). 

4.2.  Tectonic activity and formation of vein 

Bounded by the top surface of the Triassic, Madong 

area is vertically divided into a shallow fault system 

dominated by normal faults and a deep fault system 

dominated by reverse faults[20]. Nearly EW trending re-

verse faults are developed in the north of study area, and 

NEE-SWW trending reverse faults are developed in the 

south (Fig. 1). The formation and evolution of faults are 

mainly influenced by the compression stresses of late 

Hercynian and Indosinian, characterized by compres-

sional torsion and strike-slip[21–23]. The northwestern 

margin of Junggar Basin entered the stage of dextral 

compression-shearing strike-slip thrusting in the late 

Permian, leading to uplift and denudation in the north-

ern part of the basin[22–23]. Madong area is near the center 

part of the basin and accepted the deposits of a set of 

proximal fan-deltaic conglomerate strata in the Middle 
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Permian. The range of fault activity in the Late Permian 

was smaller than that in the west of Mahu Sag. Although 

the thrust structure was not developed, parts of the Mid-

dle and Upper Permian were still missing. 

No fluorescent inclusions are discovered in Period-I 

and Period-II calcite veins at the depth of 3877.13 m in 

Well Ma 201, whereas brine inclusions without fluores-

cence are developed (Fig. 14). No fluid inclusions are 

discovered in the veinlets of Period-III calcite. The inclu-

sions homogenization temperatures of Period-I and Pe-

riod-II calcite veins are very close (Table 1). Homogeniza-

tion temperature of Period-I calcite vein ranges from  

 
Fig. 14.  Characteristics of brine inclusions of calcite 
veins in basalt samples from Well Ma 201. (a) and (b) are 
the plane-polarized and fluorescent photos in the same 
field of view. The green circle indicates the location of the 
inclusion in Period-I calcite. (c) and (d) are the plane-po-
larized and fluorescent photos in the same field of view. 
The red circle shows the location of the inclusion in Pe-
riod-II calcite. 

Table 1.  Test results of homogenization temperatures of 

brine inclusions in basalt calcite vein at 3877.13 m in Well 

Ma 201. 

Period of  
host calcite 

Inclusion  
No. 

Diameter/ 
μm 

Homogenization 
temperature/C

A1 6.6 85.2 
A2 4.2 84.7 
A3 5.3 86.1 
A4 5.8 92.6 
A5 4.1 81.7 
A6 4.8 86.8 

Period-I 

A7 5.5 80.7 
B01 5.1 90.8 
B02 6.8 91.2 
B03 7.7 96.7 
B04 6.5 82.7 
B05 7.5 77.2 
B06 5.9 80.8 
B07 8.0 89.1 
B08 5.5 88.2 
B09 12.4 86.9 

Period-II 

B10 6.0 76.5  

80.7 C to 92.6 C, with the average of 85.4 C, while that 

of Period-II varies from 76.5 C to 96.7 C, and the average 

value is 88.3 C excluding the two abnormal low-tem-

perature values less than 80 C, which was slightly higher 

than that of Period-I. 

Single-well burial history and thermal history were 

simulated based on the research results of burial history 

in Well Yantan 1 [36] and strata erosion thickness by Zhou 

et al.[37] and thermal history of Well Madong 2[38]. The 

Hercynian weathering and leaching time of the Car-

boniferous system in the Shixi high in the southeast is 

longer, whereas the uplifting and erosion time in Madong 

area is shorter (Fig. 15). The tested peak homogenization 

temperatures of inclusions in Period-I and Period-II cal-

cites at the depth of 3877.13 m in Well Ma 201 are in the 

range of 85–90 C, corresponding to the fluid activity 

time of mainly 250–260 Ma and burial depth of 500–700 

m (Fig. 15). The vein forming time based on homogeniza-

tion temperature is consistent with the geological age of 

Hercynian Movement. The low-angle fractures which can 

be closed easily under overburden loads cannot form calcite 

veins unless they are filled in time. For this, tectonic com-

pression, fracture opening, fluid activity and calcite filling 

shall be roughly simultaneous. The Period-I and Period-II 

calcites were mainly formed during the Late Hercynian 

Movement at the end of the Permian. The deep reverse 

fault cutting through the top surface of the Carboniferous 

in Madong area mainly breaks the Triassic and the strata 

below, indicating that the fault activity mainly occurred 

during the Hercynian and the Indosinian[20]. These reverse 

faults have large fault displacements and long extensions, 

which control the development of the nose-shaped salient 

structure in this area. The North Sangequan fault is the 

boundary fault of the nose-shaped salient structure of 

Well Madong 2 (Fig. 1). The plane extension distance of 

the fault is up to 50 km, and the fault displacement at the 

top Carboniferous in Well Ma 201 is approximately 300 m. 

The Permian–Triassic reservoirs in Madong area have 

received two periods of oil and gas charging, namely 

mature oil in the Late Triassic and highly mature oil in 

the Early Cretaceous[24, 39]. According to the strata cut by 

faults and fluorescence color in calcite veins, it is sug-

gested that Period-III veinlets were probably formed in 

the Late Triassic. The genesis of the calcite vein in the 

basalt near the unconformity is related to the carbonate 

composition of the overlying strata leached by atmos-

pheric fresh water (Fig. 11b). The direct overlying strata of 

the Carboniferous in the west and south of Madong area 

is the Fengcheng Formation of Lower Permian, and argilla-

ceous limestone and marl are developed in the Fengcheng 

Formation of Well Yantan 1 and Xiayan 2, respectively. 

The fluid generated from mature organic matter has little 

effect on the formation of the first two periods of calcites, 

but it is likely to affect the formation of Period-III veinlets.  
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Fig. 15.  Comparison of single-well burial history and 
timing of key diagenetic events in Madong and Shixi areas. 

5.  Effect of calcite filling on reservoir quality 

Weathering and leaching as well as dissolution are 

constructive diagenesis for Carboniferous volcanic res-

ervoirs in Madong area, whereas filling is destructive 

diagenesis, especially the filling of the first two periods of 

calcite. Fully filled and semi-filled fractures of calcite in 

cores account for approximately 86% (Fig. 4b). The Pe-

riod-I calcite filling mainly destroys primary pores and 

small-opening fractures, whereas the Period-II calcite 

filling mainly destroys large-opening fractures (Fig. 5). 

Compared with the volcanic weathering crust reservoir of 

Shixi high in the southeast of the study area, the volcanic 

reservoirs at the top of Carboniferous in Madong area are 

poorer in physical properties, where primary pores, sec-

ondary pores and microfractures are mostly filled with 

calcite and the reservoir porosity within 50 m away from 

the unconformity is usually less than 4% (Fig. 16). The 

overlying strata of Carboniferous oil reservoir in Shixi 

high are the Middle and Lower Triassic, without the 

Permian including Fengcheng Formation. The uplift de-

nudation time of volcanic rocks in this area is as long as 

50 Ma, and the secondary dissolution pores and fractures 

without calcite filling are developed (Figs. 15 and 16). The 

Carboniferous in Madong area is overlain by the Middle 

and Lower Permian, and the carbonate-rich Fengcheng 

Formation directly overlaps the weathering crust, pro-

viding a large number of ions for calcite precipitation in 

the pores and fractures in underlying volcanic rocks. A lot 

of faults and fractures were developed during Late Her-

cynian Movement, along which atmospheric fresh water 

flowed into the Carboniferous formation water to form 

relatively oxidized diagenetic environment, so as to pro-

vide the condition for the precipitation of Period-I calcite. 

With the gradual weakening of the influence of atmos-

pheric water, coupled with the deep water-rock reaction, 

the contents of Fe and Mn in formation water increased 

and the Period-II calcite further filled the residual pores 

and fractures. 

Despite the adverse effects of early calcite filling, fa-

vorable reservoirs could be developed in the locations 

with weak filling degree or strong dissolution in later 

periods: (1) The Fengcheng Formation of Lower Permian 

in Mahu Sag thins towards northeast and gradually 

overlaps and pinches out at Xiayan high and Sangequan 

high in Madong area. In the structural highs without 

Lower Permian, particularly the positions missing the 

entire Permian, Carboniferous volcanic rocks undergoes 

weathering and leaching for a long time and is less in-

fluenced by the Fengcheng Formation, so the reservoirs 

with good physical properties could be developed. (2) 

Even though the carbonate-rich Fengcheng Formation is 

developed in the overlying strata, relatively high quality 

reservoirs can be also formed in the volcanic rocks far 

from the Fengcheng Formation vertically if it is laterally 

farther from faults controlled by the Hercynian with less 

intense deep fluid activity and relatively developed pores 

and fractures. When the depth from the top unconform-

ity is greater than 50 m, higher-porosity zones appear 

locally in volcanic rocks (Fig. 16), and the carbon isotopic 

composition of calcite vein gradually moves away from 

the influence range of atmospheric fresh water (Fig. 11b), 

indicating that the influence range of calcite filling in 

vertical direction is limited. With the increase of the dis-

tance from the top unconformity, the degree of weather-

ing and leaching decreases correspondingly. However, the 

reservoirs with good physical properties could still be 

developed far from the top surface of the Carboniferous. 

For one thing, the weathering and leaching of Carbonif-

erous weathering crust around Mahu Sag had a large 

influence range vertically. For example, the influence 

depth of Zhongguai high in the southwest of Mahu Sag 

could reach 400 m[40]. For another, the interface between 

different eruption periods within the volcanic rocks is 

also an important control factor for the development of 

relatively high-quality reservoirs. During inactive erup-

tion, the exposed volcanoes could be reworked by weath-

ering and leaching. (3) The buried hills close to the 

high-quality source rocks inside the lacustrine basin and 

affected by strong dissolution in the late period are also 

favorable locations for the development of high-quality 

reservoirs. The source rocks of Fengcheng Formation 

overlie the Carboniferous volcanic rocks. The inherited  



XIA Lu et al. / Petroleum Exploration and Development, 2021, 48(4): 864–876 

 

  874 

 

Fig. 16.  Vertical distribution of porosity of Carboniferous 
reservoirs in Madong and Shixi areas.  

buried hill near the central part of the basin is not only in 

contact with the source rock upward, but also in lateral 

connection with the high-quality source rock through 

faults, which is beneficial to the dissolution of acid fluid 

in the later stage. Even under the influence of early cal-

cite filling, these buried hills are still potential sites for 

the development of favorable reservoirs. 

6.  Conclusions 

The calcite veins in Carboniferous basalt in the east 

slope of Mahu Sag develop three periods of filling. Pe-

riod-I calcite veins are mostly blade-like, serrated or 

horse-tooth shaped with high degree of idiomorphism, 

mostly idiomorphic–hypidiomorphic middle-coarse crys-

tals. They mainly grow perpendicular to fracture wall, 

with no cathodoluminescence display and very low Mn 

content. They are precipitated early, formed in a rela-

tively open diagenetic environment, and mainly origi-

nated from the atmospheric water leaching of the car-

bonate minererals from the overlying strata. Period-II 

calcite is rich in Mn with cathodoluminescence of ma-

roon. The crystals in wide fractures are of high idiomor-

phism degree and dominated by idiomorphic–hypidio-

morphic granular coarse or very coarse crystals with de-

veloped cleavages and clean surface, whereas those in 

narrow fractures show poor idiomorphism with relatively 

rough surfaces. The veins of this period are formed a little 

later than Period-Ⅰand derived from burial diagenetic 

fluid, which are influenced by deep diagenetic fluid to 

some degree. During the growth of the calcite, the fluid 

gradually gets rich in Fe, Mn and other metal elements 

and depletes in rare earth elements. The Period-III calcite 

often fills in small irregular fractures and is associated 

with orange fluorescent materials. The locations of its 

development are usually controlled by the distribution of 

early fractures and veins, and its formation is the latest. 

Period-I and Period-II calcites were generated during 

the Hercynian movement at the end of the Permian, fill-

ing most of the fractures and pores in the basalt reser-

voirs, so as to destroy the quality of the weathering crust 

reservoir at the top of the Carboniferous. The formation 

of Period-III calcite is probably related to the Indosinian 

movement during the Late Triassic, but it has less influ-

ence on the reservoir quality. The areas with weak calcite 

filling in early stage and strong dissolution in late stage 

are the potential sites for the development of favorable 

reservoirs. The formation of the calcite filling near the 

unconformity is mainly related to the carbonate compo-

sition of the overlying Fengcheng Formation in Lower 

Permian leached by atmospheric fresh water. High-qual-

ity reservoirs are developed in the structural highs where 

the Permian is missing. For the development area of 

Fengcheng Formation, relatively high-quality reservoirs 

are developed in the areas vertically far from the top un-

conformity of Carboniferous and in the buried hills inside 

the lake basin near the high-quality source rocks. 
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