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ARTICLE INFO ABSTRACT

Keywords: This research is focused on the characteristics and origin of major authigenic minerals and the influences on the
Carbonate cement reservoir quality of the Permian Wutonggou Formation sandstones in the eastern slope of Fukang Sag, Junggar
Authigenic laumontite Basin, Western China. Authigenic cements were observed and described from thin sections, scanning electron

Reservoir quality
Permian
Junggar Basin

microscopy, fluorescence, and cathodoluminescence. The elemental concentrations of the authigenic minerals
were measured by electron probe microanalysis. Additional characterizations were obtained from O and C stable
isotope ratios and from the homogenization temperature of aqueous fluid inclusions. The results show that the
sandstones in the Wutonggou Formation are dominated by volcanic lithic fragments. Carbonates and laumontites
are the major authigenic minerals in the study area. Authigenic quartz and kaolinite can also be observed. Two
types of carbonate cements are identified. The first type is calcite with yellow fluorescent hydrocarbon inclu-
sions. The carbon and oxygen isotopes in the calcites are highly C-depleted and O-depleted. The homogenization
temperatures of the aqueous fluid inclusions in the calcite cements are higher than the highest paleogeo-
temperatures during the burial history. Combined with the presence of authigenic fibrous illites and the illiti-
zation of kaolinites, it is determined that the precipitation of the calcites is related to the upwelling of deep fluids
and was impacted by the CO, from the thermal decarboxylation of organic matters during the middle-late
Jurassic. The second type is ferroan calcite with blue fluorescent hydrocarbon inclusions and higher contents of
Fe, Mn, Cr, and Mg than in the calcites. The ferroan calcites in the Beisantai uplift are rich in *3C (8'3C (v.ppp)
values are +22.10%o and +22.16%o). The precipitation of these ferroan calcites was impacted by the CO, from
crude oil biodegradation after the late Jurassic. Two types of laumontites are identified. The first type is partially
dissolved and is characterized by a high Ca/Na ratio and low Fe contents. The second type is hardly dissolved,
has hydrocarbon inclusions with yellow and blue fluorescence, and is characterized by a low Ca/Na ratio and
high Fe contents. The first type of laumontite was precipitated prior to hydrocarbon charging and the second
type was formed after hydrocarbon charging and meteoric water leaching. The hydration of the volcanic debris
provided the source materials for both types of laumontite. The authigenic quartz and kaolinite were formed by
the alteration of feldspars, laumontites, and volcanic materials. The evolution of the reservoir properties was
impacted by various degrees of cementation and dissolution; as a result, the reservoir quality in the Beisantai
uplift was better than in the Shagiu area.

1. Introduction Permian Wutonggou Formation in the eastern slope of Fukang Sag in
the Junggar Basin are characterized by large amounts of volcanic lithic

The rock composition and tectonic setting significantly impact the fragments (Folk, 1980) and have undergone multi-stage tectonic sub-
diagenesis of clastic reservoirs (Gaupp et al., 1993; Salem et al., 2000; sidence and uplift (Wu et al., 2012). However, little attention has been
Labaume et al., 2008; Zhong et al., 2012). The clastic reservoirs of the paid to the diagenesis and origin of the major authigenic minerals in
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this area, which results in uncertainties regarding the diagenetic evo-
lution of the reservoirs. Our research shows that laumontite and car-
bonate are the major authigenic minerals in the study area. Laumontites
are generally found in sandstones rich in volcanic lithic fragments and
anorthites (Noh and Boles, 1993). The albitization of anorthites pro-
vides Ca ions for the precipitation of laumontites (Ghent and Miller,
1974; Merino, 1975; Yang and Qiu, 2002; Fu et al., 2010). The hy-
dration of volcanic materials can also release Ca ions into the pore
water and provide source materials for the precipitation of carbonates
and laumontites (Cuadros, 1999; Marantos et al., 2007; Zhu et al.,
2016). However, the necessary ions of Ca®*, AI**, and Si** for the
laumontite formation can be released by volcanic material hydration
during the initial burial stage and reburial stage (Noh, 1998). In this
context, the determination of the origins and phases of the laumontites
is complicated. The deep fluids can flow upwards along deep faults
(Pitman et al., 1997; Aydin, 2000; Suchy et al., 2000; Garden et al.,
2001; Sadegh et al., 2008; De Boever et al., 2011; Khalifa and Morad,
2012) and the meteoric water can also flow downwards along deep
faults (Bjorlykke et al., 1989; Bjorlykke, 1993; Juhasz et al., 2002;
Menzies et al., 2014; Carpentier et al., 2014; Zhou et al., 2016; Yuan
et al., 2017). The external fluids migrating along the faults strikingly
impact the diagenesis of clastic reservoirs. For example, unstable
components, such as feldspars, debris, and laumontites adjacent to the
faults can be dissolved by meteoric water and organic acids or CO, from
deep formations (Crossey et al., 1984; Duan et al., 2017; Yuan et al.,
2017). In addition, authigenic kaolinite and quartz are precipitated
during this process (Kim et al., 2012; Rainoldi et al., 2015; Sliwinski
et al., 2016). Furthermore, deep fluids with CO, also provide sources
for carbonate cements (Chen et al., 2004; Bazargani-Guilani, 2010).
Eichhubl et al. (2009) reported that the upward-migrating reduced
brines caused by the Variscan orogeny promoted the calcite formation
and the calcite cementation decreased with an increasing distance from
the faults. However, during uplift processes, the penetration of meteoric
water and the biodegradation of hydrocarbon also supplies carbon
sources for carbonates (Templeton et al., 1998; Head et al., 2003),
which complicates the genesis of the carbonate cements in the study
area.

The main objectives of this research are 1) to identify the diagenetic
characteristics of the Permian Wutonggou Formation, 2) to analyze the
source and genesis of the major diagenetic minerals, and 3) to discuss
the diagenetic-paragenetic sequence and the influence of the authigenic
minerals on the Permian sandstones.

2. Geological background

The Junggar Basin is an important petroleum-bearing basin in
western China (Fig. 1A and B) and is a composite stacked basin with the
characteristics of a bi-layer basement that includes the Pre-Cambrian
crystalline basement and the Lower Paleozoic basement (Tang et al.,
1997; Yu et al., 2014). The study area is located in the eastern part of
the Junggar Basin and is bounded to the east by the Jimusaer sag, to the
west by the Fukang sag, to the south by the Bogeda mountain and to the
north by the Shaqi uplift (Fig. 1C); the area comprises about 800 km?
(Yu et al., 2014). Based on the tectonic units, the study area can be
divided into the Beisantai uplift and the Shaqiu area (Fig. 1C). The
Permian strata in the study area are divided from bottom to top into the
Pingdiquan Formation (P,p) and the Wutonggou Formation (Pswt)
(Fig. 2). The coarse-grained sediments of the Wutonggou Formation
were deposited as fan deltas and braided river deltas. The Wutonggou
Formation is preserved in the eastern slope of the Fukang sag but is
partially eroded in the Beisantai uplift (Fig. 1D). The whole study area
has undergone a similar and complex tectonic evolution (Wu et al.,
2012). During the Carboniferous-Permian, the Junggar-Turpan block
collided persistently with the Siberian plate and the Tarim plate, which
resulted in the Kelameili and Bogda mountains uplift. During the Late
Permian, the research area continued to uplift. Coarse-grained
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sediments were deposited at the mountain fronts during the sedi-
mentation of the Wutonggou Formation (Chen et al., 2001). From the
Triassic to the Middle Jurassic, the tectonic activities were relatively
stable. During the Middle Jurassic-Early Cretaceous, the strata in the
eastern and northeastern Junggar Basin underwent extensive folding
and uplift (Zhang et al., 2006), which was interpreted as the effects of
the Asia-Qiangtang collision and the Asia-Lhasa collision (De Grave
et al., 2007; Glorie et al., 2010; Yang et al., 2015). Subsequently, other
tectonic uplift episodes occurred in the Late Cretaceous (65-135 Ma)
(Zhang et al., 2006; Novikov, 2013). In the context of multi-stage tec-
tonic movements, the Beisantaibei fault (Fig. 1C and D) was active until
the end of the Cretaceous (Wu et al., 2012). These processes induced
the strata in the Beisantai uplift to develop extremely abundant frac-
ture/fault systems. From the Neogene to the Quaternary, the study area
experienced a rapid subsidence (Wu et al., 2012) (Fig. 3).The Beisantai
uplift was a low uplift that formed prior to the sedimentation of the
Wutonggou Formation (Wu et al., 2003) and the thrust of the Bei-
santaibei fault continued to the end of the Cretaceous (Wu et al., 2012).
The seismic profile also indicated that the Permian strata are super-
imposed on the Carboniferous strata (Wu et al., 2012). This implies that
the Permian strata on the hanging wall of the Beisantaibei fault were
buried shallower than the strata on the footwall all the while.

3. Samples and methodology
3.1. Database

For this study, we collected 605 rock composition samples from thin
sections, 127 casting thin sections from 14 wells, 2310 measured core
porosity and permeability samples, 46 bulk rock samples from 17 wells,
38 trace element samples of mudstones, and 34 crude oil density and
viscosity samples from the Geological Scientific Research Institute of
the PetroChina Xinjiang Oilfield Company. The crude oil at a depth of
1534-1600 m in Well DQ-3 was also collected from the same source.

3.2. Petro-geochemical characterization of authigenic minerals

The chromatography analysis was performed with an HP 6890/
5973 gas chromatography/mass selective detector (GC/MSD) instru-
ment equipped with an HP-5MS fused silica column (30 m X 0.25 mm
i.d., film thickness 0.25 mm). The GC oven temperature for the analysis
of the saturate fractions was initially held at 50 °C for 2 min, then in-
creased to 100 °C at 20 °C/min, and finally increased to 310 °C at 3 °C/
min, where it was held for 16.5 min. The burial and thermal histories of
Well B-16 and Well Sha-107 were determined using the 1-D BasinMod
software. The paleogeothermal gradient in the study area was obtained
from Qiu et al. (2002) and Jin (2001). The erosion amount and duration
of the erosion were obtained from Jin (2001) and Jing (2009).

One-hundred and seventy-three thin sections and 46 bulk rock
samples were prepared for scanning electron microscopy (SEM) and
cathodoluminescence (CL) observations, aqueous fluid inclusion mi-
crothermometry, micro-drilling for stable isotope analysis, and electron
probe microanalysis (EPMA). The optical and fluorescence identifica-
tions were performed using a Zeiss microscope (Imaging-2M). To obtain
the quantitative statistics of the cements and secondary pores, multiple
microphotographs at a magnification of 50 X were obtained for the thin
sections to encompass the entire thin section as much as possible.
Subsequently, the area of the authigenic minerals and the dissolution
pores in the microphotographs was determined using Image-Pro Plus
6.0. The proportion of the area of the authigenic minerals and the
dissolution pores to the total area of the microphotographs was calcu-
lated. Finally, the average values of the areal proportions were calcu-
lated as the contents of the authigenic minerals and the dissolution
pores. The CL images were acquired by a CAMBRIDGE CL8200 MKS5
detector on the Zeiss microscope with an acceleration voltage of 10kV,
an electric current of 250pA, and an exposure time of 7s at a
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Fig. 1. A: The map of the Junggar Basin in the western part of China. B: Tectonic units in the Junggar Basin and the location of the research area (eastern slope of
Fukang Sag). C: Structural map and the location of wells in the research area. D: The north-south seismic section (A-A’) of the research area, showing the distribution

of the strata and the major faults.

magnification of 100 X and 14 s at a magnification of 200 x. The SEM
images were acquired by a Quanta200 scanning electron microscope
combined with energy-dispersive X-ray spectroscopy. The micro-
thermometric measurements of the aqueous fluid inclusions were ob-
tained using a Linkam TH-600 stage at the China University of
Petroleum. The homogenization temperature (T};,) measurements were
performed at a heating rate of 10 °C/min for temperatures lower than
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70°C, a heating rate of 5°C/min for temperatures in the range of
70-120 °C, and a heating rate of 3 °C/min for temperatures in the range
of 120-150 °C. The measured temperature precision for T;, was + 1 °C.
The manufacturer's stated accuracy for the calibration standards (syn-
thetic reference inclusions) is better than 1 °C over the range of tem-
peratures reported here. The T}, were measured when all of the inclu-
sions were homogenized in the liquid phase and the size of the vapor
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Fig. 3. Burial and thermal histories of Well B-16 (left) and Well Sha-107 (right) in the study area.

phase in these inclusions did not change after cooling to room tem-
perature after the T}, measurements. The freezing-point temperatures
(last melting temperatures) of the aqueous fluid inclusions were ob-
served at heating rates of 5°C/min after freezing at —80 °C. The sali-
nities were calculated from the freezing-point temperatures using
equations provided by Bodnar (1993) and were expressed as wt% NaCl
equivalent. All of the inclusions in the calcites were from a fluid in-
clusion plane and some of the inclusions in the quartz were from the
single inclusion plane but the other inclusions in the quartz were iso-
lated. Micro-drilling of the four samples with different kinds of carbo-
nate cements was conducted using a micro-drill system with a 100-um
drill at the Institute of Geology and Geophysics at the Chinese Academy
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of Sciences (IGGCAS) in Beijing. First, we observed the thin sections
under CL and selected areas filled with pure calcite or ferroan calcite
cements. Microphotographs were obtained of these areas and the thin
sections were marked. Finally, the marked calcite or ferroan calcite
cements were drilled using the micro-drill system. Subsequently, we
divided every sample into two parts with a weight of 2 mg each. Eight
samples were used for O and C stable isotope analysis, which was
conducted using a MAT253 stable isotope mass spectrometer at the
China University of Geosciences (Wuhan). The 8§'3C and §'®0 values
were determined by CO, from the powdered carbonate samples dis-
solved by 100% H3PO, at 50 °C. The measured precision for 3G and ®0
was less than 0.2%o. The isotopic composition of CO, is reported in
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Fig. 4. A: Ternary plot showing the rock composition and the rock type of the Permian reservoirs in the eastern slope of Fukang Sag (Folk, 1980). B: Histogram
showing the relative contents of the volcanic, sedimentary, and metamorphic rock fragments in the eastern slope of Fukang Sag. C: Histogram showing the relative
contents of different types of volcanic rock fragments. D: Histogram showing the standard deviations of the sandstones of the Wutonggou Formation in the study area.
E: Scatterplot of porosity versus permeability in the Beisantai uplift and Shaqiu area.

units of %o relative to V-PDB. The EPMA was conducted using a
JEOLJXA-8230 microanalyzer at the Ocean University of China; it had
an acceleration voltage of 20 kV, an electric current of 1x 10~ A, and
a spot size of 5-10 um. The chemical analyses by EPMA yielded values
that were accurate to within about 1 wt% for the major elements and
3 wt% for the trace elements. The element analysis was calibrated using
natural and synthetic standards and the following materials: SrO-ce-
lestite, Na,O-albite, MgO-diopside, SiO»-diopside, K,O-sanidine, CaO-
diopside, TiO,-benitoite, FeO-hematite, MnO-bustamite, and C,Os-
chromium oxide.

4. Results
4.1. Lithology

The sandstones of the Wutonggou Formation in the study area
mainly consist of fine-medium sandstones and pebbly sandstones. The
standard deviations of the particle size vary between 1 and 2, exhibiting
relatively poor sorting (Fig. 4D). The detrital grains are mainly sub-
angular to sub-rounded. The sandstones are dominated by litharenite
and feldspathic litharenite based on the thin section analysis (Fig. 4A).
The quartz proportion ranges from 2.1% to 19.5%, with an average of
9.7%. The feldspar content ranges from 1.4% to 18.2%, with an average
of 9.9%. The debris content ranges from 70.2% to 89.8%, with an
average of 79.8%. Volcanic lithic fragments dominate the detrital
grains and are mainly composed of tuff clasts, andesite clasts, and fel-
site clasts (Fig. 4C). Some sedimentary debris and metamorphic debris
are also observed (Fig. 4B). The cements include carbonate, laumontite,
kaolinite, chlorite, illite, and authigenic quartz. The matrix content
ranges from 0 to 1% with an average of 0.7%. The porosity ranges from
10.06% to 24.95% with an average of 17.2% and the permeability
mainly ranges from 0.11 mD to 99.46 mD with an average of 31 mD in
the Wutonggou Formation. In general, the reservoir quality is higher in
the Beisantai uplift than in the Shaqiu area (Fig. 4E).

4.2. Authigenic minerals

Carbonates and laumontites are major authigenic minerals. They are
relatively common in the study area. Furthermore, authigenic quartz

and clay minerals are developed as well in the study area.

4.2.1. Carbonate

Based on the thin section observations, carbonate minerals are the
most common authigenic minerals in the clastic reservoirs of the
Permian Wutonggou Formation. Two types of carbonate cements were
identified by the thin sections, CL, isotope tests, and electron probe
analysis. One type is sparry calcite with red dyeing and orange-red
luminescence. The other type is sparry ferroan calcite with purple
dyeing and dark red luminescence (Fig. 5A, B, C, D). The calcite is
characterized by filling the dissolution pores of laumontites (Fig. 5G),
growing along the edges of the particles (Fig. 5E and F), and being
dissolved partially (Fig. SH).

The sparry ferroan calcite generally grows in the center of the pores
(Fig. 5E). Unfortunately, sparry carbonates are characterized by com-
plete crystal forms and perfect cleavages. These carbonate features in-
dicate that they have difficulty capturing a large number of primary
inclusions. In this study, we only found a limited number of two-phase
aqueous fluid inclusions, mono-phase hydrocarbon inclusions with
yellow fluorescence in calcites (Fig. 5I and J), and mono-phase hy-
drocarbon inclusions with blue fluorescence in the ferroan calcites
(Fig. 5K and L). The homogenization temperature of the aqueous fluid
inclusions in the calcites (Fig. 6) ranges from 118.5 to 135.2°C
(Table 1). The salinities of these inclusions range from 8.81 to 10.73 wt
% (Table 1). The morphologies of the inclusions in the calcites are
mostly oval or polygonal and do not show any obvious signs of
stretching or partial leakage (Fig. 6A). On this basis, we collected
samples of two types of carbonate cements from thin sections carefully
by micro-drilling and measured their O and C stable isotope ratios
(Table 2).

The results show that the calcites contain negative values of §'3C
and 8180,ranging from —18.42%o0 to —19.40%o for the 813C(V,pDB) va-
lues and —17.2%o0 to — 18.08%o for the 8'80y.ppg) values. In contrast,
the characteristics are similar for the oxygen isotopes but quite different
for the carbon isotopes. One kind is characterized by the values of
—5.94%0 and —6.00%o for §'3C(y.pps) and —15.59%o and — 15.85%o
for SlsO(V,pDB). The other kind is characterized by the values of
+22.10%o and + 22.16%o for 8'C(y.pppy and —15.27%o and — 15.49%o
for SISO(V_pDB).
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Fig. 5. Petrographic images of sparry carbonate in the Permian sandstones. A: Calcites in dyed cast thin section. B: Characteristics of calcites under CL. C: Ferroan
calcites in dyed cast thin sections. D: Characteristics of ferroan calcites under CL. E-F: Characteristics of calcites and ferroan calcites under CL, calcites developed
along the particle boundaries and ferroan calcites developed in the center of pores. G: Secondary pores of laumontites filled by sparry calcites. H: Dissolution
characteristics of calcites I: Hydrocarbon inclusion trapped in the sparry calcite. J: Hydrocarbon inclusion with yellow fluorescence. I and J show the same inclusion
under polarized light and fluorescence and the images were captured in the same visual field. K: Hydrocarbon inclusion contained by the sparry ferroan calcite. L:
Hydrocarbon inclusion with blue fluorescence. K and L show the same inclusion under polarized light and fluorescence and the images were captured in the same
visual field. M: BSE image of ferroan calcites; N-O: BSE images of calcites. Ca-sparry calcites; Fc-sparry ferroan calcites; K-authigenic kaolinite; Fl-fluorescence; SP-
secondary pores; the arrows indicate the locations of hydrocarbon inclusions; solid circles with yellow color show the areas analyzed by the microprobe. (For
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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B-69,1591.39m(CL)

Fig. 6. Images of aqueous fluid inclusions (AFI) in calcite in the Permian sandstones. A: Inclusion contained in calcite. B: The characteristics of the calcite with the

AFI in picture A under CL; Ca-calcite.

Table 1

Microthermometric data of AFI in the Permian sandstones on the eastern slope
of the Fukang Sag. Ca: sparry calcites; Qo: Quartz overgrowth; Qmf: healed
microfracture in quartz; T,: homogenization temperature.

Well Depth, m  Host Size, ym  Ty,°C Freezing Salinity, wt
minerals point, °C % NaCl eq
B-69 1591.39 Ca 3.4 132.7 -6.7 10.11
B-69 1591.39 Ca 4.8 126.1
B-69 1591.39 Ca 5.1 119.9 -6.3 9.60
B-69 1591.39 Ca 7.6 123.3 -6.3 9.60
B-69 1591.39 Ca 2.2 128.4 —-6.8 10.24
B-69 1591.39 Ca 2.3 124.5 -5.7 8.81
B-69 1591.39 Ca 3.1 130.5 -7.2 10.73
B-16 2114 Qmf 6.1 129.6 -6.9 10.36
B-16 2114 Qmf 3.1 130.2 -6.9 10.36
B-16 2283.55 Qo 3.3 121.7 -5.7 8.81
B-16 2319.06 Qo 6.1 137.05 -7.2 10.79
B-16 2319.4 Qo 2.7 105.7 -5.1 8.00
Sha-107 2422.35 Qo 2.1 81.8 —45 7.17
Sha-107 2422.35 Qo 3.3 85 —4.5 7.17
Sha-107 2422.35 Qo 3.2 112.9 -5.8 8.96
Sha-107 2422.35 Qo 3.5 123.4 -8.4 12.16
Sha-107 2422.35 Qmf 2.5 119.5 -5.5 8.55
Sha-107 2422.35 Qmf 5.1 112.1 -5.5 8.55
Sha-107 2422.35 Qmf 4.8 115.2 -5.7 8.81
Sha-107 2652.82 Qo 3.1 135.1 -6.7 10.1
Table 2

Isotopic composition of carbonate cements in the Permian sandstones. Ca:
sparry calcites; Fc: sparry ferrocalcite.

Well Depth, m Carbonate cements 83Cy.ppB, %0 8180y pps, %0
B-69 1591.39-A Ca —19.40 -17.2

B-69 1591.39-B Ca —18.52 —17.45

B-69 1611.2-A Fc +22.16 —15.49

B-69 1611.2-B Fc +22.10 —15.27
Sha-107 2422.35-A Ca —18.42 -17.74
Sha-107 2422.35-B Ca —19.06 —18.08
Sha-107 2652.82-A Fc —-6.00 —15.85
Sha-107 2652.82-B Fc —5.94 —15.59

In addition, we conducted the EPMA on the calcites and ferroan
calcites (Table 3) (Fig. 5SM-O). The results show that the calcites possess
similar elemental characteristics. For example, the contents of Fe, Mn,
Cr, and Mg are similar in the calcites from different locations
(Fig. 7A-D). However, the ferroan calcites have more enrichment of Fe,
Mn, Cr, and Mg than the calcites. Furthermore, compared to the ferroan
calcites with a negative 8'3C(y_ppg), the ferrocalcites with a positive
8'3Cv.pppy are richer in Fe (Fig. 7A-D).

4.2.2. Laumontite

Zeolite cements are important authigenic minerals in most sand-
stones with abundant volcanic lithic fragments (Noh and Lee, 1999). In
the Permian sandstones, zeolite cements are dominated by laumontite.
Laumontites occur as pore-filling cements and are characterized by
well-developed cleavages. Some laumontites are dissolved (laumontite-
I) and some are not (laumontite-II) (Fig. 8A-F). Hydrocarbon inclusions
were not found in the partially dissolved laumontites (laumontites-I)
and the dissolution pores in them were filled by authigenic kaolinite.
Occasionally, the residual spaces in their dissolution pores are filled by
hydrocarbon with yellow fluorescence, except for the spaces filled by
authigenic kaolinite (Fig. 8A, B, G, H).

The hardly dissolved laumontites (laumontites-II) are characterized
by containing hydrocarbon inclusions with yellow or blue fluorescence
(Fig. 8I-L). The rock debris or feldspars with the dissolution pores are
partly surrounded by laumontites-II (Fig. 8C-D). Simultaneously, the
laumontites-I and the laumontites-II can occur in the same thin section,
even in the same intergranular pore (Fig. 8E and F). Focusing on the
laumontites-I and the laumontites-II with the yellow or blue fluorescent
hydrocarbon inclusions, we conducted EPMA on the selected samples
(Table 3) (Fig. 8G-0). The results show the obvious differences in these
two types of laumontites (Fig. 7E-J). The laumontites-I are character-
ized by a higher CaO/Na,O ratio and a lower Fe content than the
laumontites-II (Fig. 7F, 1, J); the contents of Fe, Mn, Cr, and Mg are
higher in the laumontites-II with the blue fluorescent hydrocarbon in-
clusions than in the laumontites-II with the yellow fluorescent hydro-
carbon inclusions (Fig. 7E-H).

4.2.3. Authigenic quartz

The content of authigenic quartz is relatively low in the Wutonggou
Formation. The authigenic quartz is mainly characterized by quartz
overgrowth and the content ranges from 0.5 to 2% with an average of
0.525% (Fig. 9A and B). Quartz overgrowths are also observed to be
engulfed by calcites (Fig. 9C and D). The microthermometry results of
the inclusions in the authigenic quartz showed that they were formed in
the range of 81.8-137.5°C and the freezing-point temperature ranged
from —4.5 to — 8.4 °C with a salinity from 7.17 to 12.16 wt% (Table 1).
The morphologies of the inclusions in the authigenic quartz are mostly
oval. According to the burial history curve, some of the authigenic
quartz was formed at temperatures higher than the normal burial
temperature (Fig. 3). The hydrocarbon inclusions also developed in the
quartz overgrowths (Fig. 9E and F). The EPMA analyses indicated that
the quartz overgrowths contained the elements of Al, Ca, and Fe in
addition to the quartz particles (Table 3).

4.2.4. Clay minerals
The clay minerals in the study area mainly include kaolinite,
chlorite, and illite. Kaolinite is present in a vermicular form and as
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a2a book-like stacked crystals. It is the most common clay mineral in the
< g % a Permian sandstones (Fig. 10A). The authigenic kaolinites generally fill
g 8§33 the intergranular pores and slightly fill the intragranular pores of the
S1S83 § detrital feldspars (Fig. 9K and L). In the Shaqiu area, the authigenic
kaolinite content is relatively high and ranges from 1.3% to 6.7% with
8 an average of 3.66%. However, the contents of the authigenic kaolinite
) 5. are clearly lower in the Beisantai uplift than in the Shaqiu area, ranging
% 333 from 0.12% to 3% with an average of 1.56%. Chlorite occurs pre-
dominantly as grain coatings in the Permian sandstones and the coat-
é‘ ings are generally perpendicular to the grain surfaces. The chlorite
8 g crystals are characterized by euhedral foliaceous morphology and cling
§ g fog’%’ tightly to the grain surfaces as is evident in the SEM observation
S| sss (Fig. 10B). Illite occurs mainly as a fibrous and pore-bridging texture
(Fig. 10C and D), which is identified at the depth ranges from
é‘ 1630.54 m (5349.54 ft) to 2617.18 m (8586.55 ft). The kaolinites are
< 53 occasionally replaced by fibrous illites in the Permian sandstones
g g § % (Fig. 10E). Previous studies have suggested that the euhedral fibrous
S| csss illites were the production of a late diagenesis (Wilkinson et al., 2014).
In addition, the illitization of the kaolinite occurred from 120 to 140 °C
in simulations and in present-day formations (Bjgrlykke et al., 1989,
< 1995; Ehrenberg and Nadeau, 1989; Lander and Bonnell, 2010). These
s |2 g = characteristics of illite indicate that the Permian sandstones have un-
2| sso dergone relatively high temperatures.
5. Discussion
AEEE
5 5 5 é‘ 5.1. Genesis of carbonates
(= o O O

The feldspar contents and the carbonate rock debris are very low in
the study area (Fig. 4A, C) and there is no obvious correlation between
the carbonate contents and the distance from the mudstones adjacent to
the sandstones cemented by the carbonate minerals (Fig. 11A). Based
on these observations and the abundant volcanic lithic fragments
(Fig. 4B), Ca would be mainly provided by the hydration of volcanic
materials (Zhu et al., 2016). The tuff debris content has a good positive
correlation with the calcite cement content when the tuff debris is less
than 45% (Fig. 11B). However, owing to the relatively high plasticity of
the tuff debris, the compaction gradually increases with increasing tuff
debris content. The optical observations of the thin sections indicate
that, at a similar burial depth, the particles exhibit a great abundance of
point-to-point contact when the tuff debris content is less than 45%. In
contrast, line and sutured grain contacts occur when the tuff debris
content is greater than 45%. The increase of the tuff debris content
gradually retains the diminishing residual pores, which cannot provide
sufficient spaces for the abundant carbonate cementation (Fig. 11B).

Previous studies have indicated that the Permian sandstones un-
derwent hydrocarbon charging during the Jurassic period (Wang, 1992;
Liu et al.,, 2000). An intense tectonic uplift during the Late Jurassic
induced the biodegradation of crude oil in the Beisantai uplift (Lu et al.,
2011).

The calcites are 3C and 0 depleted (Table 1) and contain hy-

Ca0, %
0.025
0.031
0.038

0.002(ULOD)
0.006(ULOD)
0.003(ULOD)

K20, %

Si02, %
97.225
97.144
95.965

0.012(ULOD)

MgO, %
0(ULOD)
0(ULOD)

SrO, %
0.537
0.492
0.532

é drocarbon inclusions with yellow fluorescence (Fig. 5I and J). The
E calcites appear to be dissolved in some areas and were impacted by
g i i i meteoric water leaching (Fig. 5H). The characteristics of the meteoric
(5]

S| ooo

water leaching will be discussed below. In addition, the §'3C(y.ppp)
values are not impacted by the CO, from the hydrocarbon biode-
gradation (Table 2) (Macaulay et al., 2000; Head et al., 2003; Zhu et al.,
2008) and the elemental characteristics of the calcites are similar in the
Beisantai and Shagqiu areas (Table 3). These results imply that the cal-
cites developed after hydrocarbon charging and prior to the Late Jur-

Depth,m
2087.4
2087.4
2087.4

g S |laggy assic. According to the tectonic evolution in the study area, a large-scale
| 5| aad tectonic movement or orogeny would induce the external fluids (such as
§ deep fluids) to flow into the reservoirs along the faults (Bjorlykke,
o | 8 1993; Sadegh et al., 2008). The homogenization temperature of the
‘j: 5 S aqueous fluid inclusions in the calcites indicates that the formation
= temperature of the calcites is higher than the burial temperatures
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Fig. 7. Elemental composition based on EPMA in the carbonate cements, laumontite cements, and quartz overgrowth in the Permian sandstones. Ca-sparry calcites
with yellow fluorescent hydrocarbon inclusions; Fc-ferroan calcites with blue fluorescent hydrocarbon inclusions; La-I-laumontites with dissolution pores and no
hydrocarbon inclusions; La-II-hardly dissolved laumontites with yellow hydrocarbon inclusions; La-III-hardly dissolved laumontites with blue hydrocarbon inclu-
sions; Q-Iand Q-II-quartz overgrowths from different quartz particles; LOD-limit of detection. (For interpretation of the references to color in this figure legend, the

reader is referred to the Web version of this article.)

(Table 1; Fig. 3). The fibrous-texture illites and the illitization of the
kaolinites in the shallow strata also indicate that the Permian sand-
stones have undergone relatively high temperatures (Fig. 10C, D, E).
Furthermore, the secondary pore content decreases with the increasing
distance from the deep faults in the Shaqiu area (Fig. 12A) where the
Permian sandstones are not impacted by meteoric water leaching
(Table 4). The distribution of the carbonate cements exhibits similar
characteristics (Fig. 12C). The formation temperatures of the calcites
are higher than 119.9 °C, which indicates the occurrence of decarbox-
ylation of organic matter or organic acid in the oil source fluid (Surdam
and Crossey, 1985). The 813C(v,pDB) values ranged from —10% to
—25%, which indicates that the origins of the carbon are mainly re-
lated to the decarboxylation of organic matter (Irwin et al., 1977). In
addition, the isotopes with *3C and '®0 depleted values were believed
that the formation of calcites were mainly contributed by organic
matter and deep fluids in Junggar Basin (Cao et al., 2007). These results
confirmed that, together with the hydrocarbon migration, the deep
fluids with the CO, from the decarboxylation of organic matters flowed
into the Permian sandstones during the middle-late Jurassic. The re-
servoirs adjacent to the deep faults were reconstructed by these external
fluids that provided the carbon sources for the calcite formation (Duan
et al., 2017).

The relationship between the calcites and ferroan calcites in the thin
sections shows that the ferroan calcites developed relatively late
(Fig. 5E). The distribution of the ferroan calcites is likely related to the
distance from the deep faults (Fig. 12C). Unfortunately, we cannot find
two-phase aqueous fluid inclusions but the SIBO(V_pDB) values of the
ferroan calcites were O-depleted (Table 2). However, especially in
sandstones with abundant volcanic lithic fragments, changes in the
temperature, the injection of external fluids, and water-rock reactions
result in distinct changes in the 8180(v_pDB) values of the pore water
(Noh and Lee., 1999; Marchand et al., 2002). During multi-stage

tectonic movements in the study area, a lot of volcanic material was
hydrated and multiple diagenetic fluids were injected into the Permian
sandstones, such as deep fluids, hydrocarbon, and meteoric water.
These processes would result in multiple changes in the 8180(V.pDB)
values of the pore water. Therefore, the formation temperature of the
ferroan calcites calculated by using the equation from Friedman and
O'Neil (1977) would be undefined in this context.

The 8180(\],1)])3) values in the ferroan calcites are similar (Table 2);
however, the 813C(V_pDB) values can be classified into two categories.
One kind is characterized by the values of —5.94%o0 and — 6.00%o,
which shows that these ferroan calcites would be sourced by the mixed
CO, of both organic origin and inorganic origin (Bath et al., 1987;
Hoefs, 2009; Xi et al., 2016). The other kind is characterized by the
values of +22.10%0 to +22.16%o, which shows that these ferroan
calcites were sourced by the CO, from the biodegradation of crude oil.
Due to carbon isotope fractionation, the carbon isotopic composition of
methane associated with hydrocarbon biodegradation is greatly '*C-
depleted while the CO, associated with hydrocarbon biodegradation is
often enriched in *C. Therefore, the ferroan calcites related to the CO,
from crude oil biodegradation are enriched in §'3C during the processes
of fractionation (Macaulay et al., 2000; Head et al., 2003; Zhu et al.,
2008). On this basis, Lu et al. (2011) proposed that the crude oil in the
Beisantai uplift was biodegraded during an intense tectonic uplift
during the Late Jurassic. In the Permian sandstones, the density and
viscosity of the crude oil from the Beisantai uplift exhibit increases
(Fig. 13A and B). The adjacent wells (DQ-3 and B-69) (Fig. 1) with
similar burial depths as the Permian sandstones are all located on the
Beisantai uplift. The density and viscosity of the crude oil from these
two wells also show an obvious increase (Fig. 13A and B). Simulta-
neously, the chromatographic analysis results of the crude oil in the
Permian sandstones from well DQ-3 show that the n-alkanes with low
carbon numbers are strongly depleted in the crude oils and the peaks
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231,2032.43m(-)

B-75,2046.07m(+)

B-42,2087.4m(fl) 10pm 10um

SQ-2,21

X 430

Fig. 8. Petrographic images of laumontite cements in the Permian sandstone (thin sections and BSE images). A-B: Intense dissolution of laumontite cements. C-D: The
particles with the dissolution pores are surrounded by hardly dissolved laumontite cements; E-F: hardly dissolved laumontites and partially dissolved laumontites
developed in the same intergranular pores. G-H: Secondary pores formed by the dissolution of laumontite filled by kaolinite and hydrocarbon with yellow fluor-
escence. I-J: hydrocarbon inclusion with yellow fluorescence contained by hardly dissolved laumontite cement. K-L: hydrocarbon inclusion with blue fluorescence
contained by hardly dissolved laumontite cement. M: BSE image of the sample shown in G, H; N: BSE image of the sample shown in I, J; O: BSE image of the sample
shown in K, L. La-laumontite cement; Ld-secondary pores formed by dissolution of laumontite cements; SP-secondary pores; K-authigenic kaolinite; the yellow dashed
arrows indicate the locations of the hydrocarbon inclusions; solid circles with yellow color indicate the areas analyzed by the electron microprobe. (For interpretation
of the references to color in this figure legend, the reader is referred to the Web version of this article.)

are superimposed on a very pronounced unresolved complex mixture the formation of ferroan calcites enriched in 8'*C from B-69 was im-
(Fig. 13C). This indicates the characteristics of a biodegraded oil pacted by the CO, from the hydrocarbon biodegradation. These results
(Volkman et al., 1984; Head et al., 2003) and further demonstrates that also illustrate that the ferroan calcites were formed after the late
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Fig. 9. Petrographic observations of the quartz overgrowths and dissolution characteristics in the Permian sandstones. A: detrital quartz and quartz overgrowths. B:
characteristics of quartz overgrowth under CL. C-D: quartz overgrowth engulfed by calcite in the dyed cast thin section. E: hydrocarbon inclusions in quartz
overgrowth. F: hydrocarbon inclusions in quartz overgrowth under fluorescence. E and F show the same inclusion under polarized light and fluorescence and the
images were captured in the same visual field. G: intense dissolution of feldspars in the reservoir, which is 91 m in vertical distance to the unconformity. H-I:
dissolution of feldspars in reservoirs. J: dissolution of debris in reservoirs. K-L: dissolution pores in feldspar filled by authigenic kaolinites. Q-quartz particles; Qo-

quartz overgrowth; K-authigenic kaolinite; F-feldspar; D-debris.

Jurassic.

In addition, Fe** oxides would be sourced from the volcanic ma-
terials in the sandstones with abundant volcanic fragments (Sugitani
et al., 2006), such as limonite and magnetite in the study area. During
the biodegradation of hydrocarbon, Fe>* oxides were reduced and the
generated Fe2* ions were released into the interstitial solutions (Irwin,
1980). The relative content of Fe in the interstitial solutions increased
during this process and would cause the ferroan calcites in the Beisantai
uplift to be richer in Fe than the ferroan calcites in the Shaqiu area
(Fig. 7A-D). However, in general, sparry ferroan calcites contain rela-
tively higher contents of Fe, Mn, Cr, and Mg than calcites. The differ-
ences in the fluorescence of the hydrocarbon inclusions, the isotope
results, and the elemental characteristics also imply that the ferroan
calcites developed from different diagenetic fluids.

5.2. Genesis of laumontites

Based on the limited amount of plagioclases and the abundant
volcanic materials in the Permian sandstones (Fig. 4A and B), the lau-
montites were most likely formed by volcanic material hydration
during the burial stage (Fig. 11C). The hydration of volcanic materials
can release abundant ions, such as K*,Na*,Ca®* ,Mg?", and Fe?*,
which provide the source materials for the laumontite formations (Noh,
1998; Compton, 1999; Chipera et al., 2008; Zhu et al., 2012, 2016).

The analysis of the thin sections indicates that some laumontites are
dissolved (laumontite-I) and some are not (laumontite-II), such as the
samples in Well B-75 and B-42 (Fig. 8). The Wutonggou Formation in
Well B-42 and B-75 developed in the fracture/fault systems in the
Beisantai uplift and was impacted by meteoric water leaching during
the Late Jurassic (Fig. 1C). The characteristics of meteoric water
leaching will be discussed below. The intense dissolution of feldspars,
debris, and laumontite cements can be observed in the thin sections
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Fig. 10. SEM images of kaolinite, chlorite, illite, and feldspar dissolution in the Permian sandstones. A: authigenic kaolinites; B: chlorite coatings; C: illites with pore-
bridging texture; D: illites with fibrous texture; E: illitization of authigenic kaolinites; F: intense dissolution of feldspar. K-authigenic kaolinite; Chl-chlorite; I-illite; F-

feldspar.

(Fig. 8A, B, G, H). However, the rock debris or feldspars with the dis-
solution pores are partly surrounded by laumontites-II (Fig. 8 C, D).
Furthermore, the laumontites-II are adjacent to the laumontite-I and
these two types of laumontites can develop in the same pore (Fig. 8 E,
F). Based on the differences in occurrences (Fig. 5G; 8A-F), the re-
lationship between the hydrocarbon and laumontites (Fig. 8G-L), and
the elemental characteristics (Fig. 7E-J), we tend to believe that these
two types of laumontites are not contemporaneous cements. The sec-
ondary pores in the laumontites are filled by kaolinites, hydrocarbons,
and calcites. This confirms that the laumontite-I were formed prior to
hydrocarbon charging and calcite cementation. In contrast, the lau-
montites-II with the hydrocarbon inclusions indicate that they were
formed after hydrocarbon charging and meteoric water leaching. The
necessary ions provided for the laumontite formation are released by
volcanic material hydration during the initial burial stage and the re-
burial stage (Noh, 1998). On these bases, the elemental characteristics
in the minerals, such as laumontite and carbonate, mainly depend on
the distribution of the elements in the mineral-forming solutions
(Wopfner and Markwort, 1991; Drake et al., 2012). The relatively low
Ca/Na ratios in the laumontites-II are likely related to the decrease in
Ca due to precipitation of the carbonate cements (Gastmans et al.,
2016). In comparison, the laumontites-I formed prior to the calcites are
characterized by a relatively high Ca/Na ratios (Fig. 71 and J). Fur-
thermore, the laumontites-I formed by the hydration of the volcanic

materials during the initial burial stage are characterized by a low Fe
content, which implies that the additional Fe content in the lau-
montites-II depends on external supplements. The underlying Carbo-
niferous strata and Permian formation includes abundant andesites,
basalts, tuffs, and volcanic debris (Fig. 2). The hydration and alteration
of these rocks releases Fe ions into the pore waters. As the deep fluid
flows upward, the released Fe ions are moved into the Permian sand-
stones. This results in the increase in the Fe content in the laumontites-
II (Fig. 7F). In addition, the laumontites-II with the blue fluorescent
hydrocarbon inclusions show a relatively high content of Fe, Mn, Cr,
and Mg compared to the laumontites-II with the yellow fluorescent
hydrocarbon inclusions. The differences in the fluorescence character-
istics of the hydrocarbon inclusions and in the elements imply that the
laumontites-1I likely developed from the different diagenetic fluids
(Fig. 7E-H).

5.3. Genesis of authigenic quartz and clay minerals

The authigenic quartz, kaolinite, illite, and chlorite also developed
in the Permian sandstones. The authigenic quartz overgrowths were
replaced by calcite and contained hydrocarbon inclusions (Fig. 9C-F),
which indicated that the authigenic quartz was formed during or after
the oil emplacement but before the calcite cementations. The micro-
thermometry of the inclusions in the authigenic quartz showed that

8
= * = =®
: * o 5
” All%. g B 2
e 15 * * =) Pl 5 6
o * * ] ° °
£ £ /] \ =
* S s \ 3
> * * g 12 / ° o
o \ [}
= 10 2 o o = 44
g MR N ¢ s , o z
S * S 8- / e \ S
= o AR \ g
= . =4 g
S "o, . . E / \ E
O s5¢e e ¢ © ), - LR 3 2
L 1 4 L] o N4 @
* 0‘ - * / ee . o
* 40 o * ’ * % ® 0 00 amoome o0 0 ® 8
0 1 T T
0 2 4 6 8 10 12 0 20 40 60 80 0 20 40 60 80

Distance from the mudstones, %

Tuff debris content, %

Tuff debris content, %

Fig. 11. A: Plot of distance from the mudstones versus the carbonate cement content. B: Plot of tuff debris content versus the carbonate cement content. C: Plot of tuff
debris content versus the laumontite cement content. The content data was counted from the 2D thin sections.



Y. Wang et al.

Marine and Petroleum Geology 97 (2018) 241-259

Kaolinite,%

Secondary pores,%

—‘ @ Calcite
B ° .
* i | a Ferroan calcite
16
=3 o a
P °
§ 12 a 5
- s
¢ e 2 8 ®
* £ °
¢ & T~ S 5{ e o
* - S ° [
- L 2 ° ° $
: S o0 ®
* . “1 ° ® o
° ° °,
. 3 - ° e® of °

0.5 1

Distance from the fault,km

Distance from the fault,km

0.8 1.2

1.6

~

1.5 0.4

)

Distance from the fault,km

Fig. 12. Plots of distance from the fault versus the secondary pore content (A), the kaolinite content (B), and the carbonate cement content (C) in the Shaqgiu area. The
distance from the fault is the distance from the well to the nearest fault; the secondary pores include pores formed by the dissolution of feldspars, laumontites, and
debris; the contents of the secondary pores, kaolinite, and the carbonate cements were enumerated from the thin sections.

Table 4
Trace elements of Permian mudstone interlayers in the eastern slope of the
Fukang sag. “(DL”: Below the detection limit.

Well Cu,ppm  Cd,ppm  Zn,ppm  Cr,ppm Ca,ppm Ti,% Mn,%
B-12 50 (DL 100 100 (DL 0.3 0.1
B-16 70 (DL 40 100 (DL 0.3 0.2
B-20 40 (DL 70 92.5 (DL 0.3 0.06
B-21 50 (DL 50 100 (DL 0.2 0.1
B-52 50 (DL 40 70 (DL 03 003
B-55 14.38 (DL 28.75 88.75 (DL 0.2 0.14
B-75 72.5 (DL 25 60 (DL 05 018
B-89 45.3 (DL 128.4 60.65 0.5 (DL 0.04
Sha-106 54 2.98 212.47  53.88 329.67 (DL 0.05
Sha-107  86.28 5.18 470.14  65.04 93.2 (DL 0.06
Sha-108  78.1 3 241.8 137.4 74 (DL 0.05
Sha-110 77.5 18.33 913.67 70.53 74.33 (DL 0.05

they were formed at temperatures in the range of 81.8-137.5°C
(Table 1). According to the burial history curve, some of the authigenic
quartz was formed at temperatures higher than the normal burial
temperature (Fig. 3). In addition, the authigenic quartz with the ab-
normal formation temperature was formed in the diagenetic fluids with
high salinity (Table 1). Al, Ca, and Fe are also included in the quartz
overgrowth. This indicates that the authigenic quartz grew con-
tinuously and was impacted by the deep fluid in the middle-late Jur-
assic. The dissolution and alteration of the feldspar and volcanic ma-
terials would be the source of the authigenic quartz (Khidir and

Catuneanu, 2003; Xi et al., 2015a, 2015b).

It is well known that in a closed sandstone geochemical system
without large-scale advective flow, feldspars and laumontites are gen-
erally dissolved and in situ secondary minerals including clays (kaoli-
nite or illite) and quartz cements are precipitated (Giles and De Boer,
1990; Higgs et al., 2007; Yuan et al., 2017). The relationship between
the dissolution pores and the kaolinite content are distinct in the Shaqiu
area and the Beisantai uplift (Fig. 14). In the Shaqiu area, the kaolinite
content is obviously higher than the amount of dissolution pores in
feldspar and laumontites. For the minerals with the same volume, an-
orthite will develop more kaolinites than the K-feldspar, albite, or
laumontite. Even if we assume that the dissolved minerals are all an-
orthites, the kaolinite contents are still higher than the expected
amounts (Fig. 14). Therefore, we believe that, in addition to the dis-
solution of the feldspars and lamontites in the Permian sandstones, the
kaolinite can be precipitated by other means. Prior research has shown
that the acidic environmental conditions created by hydrothermal ac-
tions can promote the alteration of volcanic materials to kaolinites
(Karakas and Kadir, 2000; Ece et al., 2003; Kadir et al., 2011, 2014).
The underlying Carboniferous strata and Permian formation include
abundant andesites, basalts, tuffs, and volcanic debris (Fig. 2). During
the middle-late Jurassic, the upwelling of deep fluids into the Permian
sandstones promoted the alteration of the volcanic materials in their
migration paths and the Permian sandstones. The products would be
carried and precipitated in the Permian sandstones. Furthermore, in the
Shaqiu area, the kaolinites, were concentrated near the deep fault
(Fig. 12B), which indicates that these processes occurred. As described
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above, illites with fibrous and pore-bridging texture would be formed
and the illitization of kaolinites would occur at temperatures higher
than the normal burial temperatures. This indicates that the illite for-
mation is related to the upwelling of deep fluids in the middle-late
Jurassic. Chlorites occur as grain coatings and cling tightly to the grains
or mineral surfaces. These chlorite rims would have formed early and
were sourced from the hydration of the volcanic materials (Zhu et al.,
2016; Cao et al., 2017).

5.4. Meteoric water leaching

The burial history in the study area indicates an intense tectonic
uplift during the middle-late Jurassic (Fig. 3). The Permian reservoirs
developed in the paleo highland of the Beisantai uplift were eroded
during the late Jurassic (Cretaceous strata covers Permian strata di-
rectly) (Fig. 1D) and were subjected to meteoric water leaching (Wu
et al., 2012). Within a distance of 0-200 m from the unconformity, the
content of (CO;*+ HCO;~) in the pore water is relatively high
(Fig. 15A). The unstable minerals, such as feldspars and debris, were
intensely dissolved in this depth range (Figs. 9G and 10F). But the
authigenic kaolinites were only slightly concentrated in the depth range
from 80m to 120m (Fig. 15B).

However, in some wells, such as B-75 and B-42, the vertical distance
from the Permian sandstones to the unconformity is relatively large.
However, if the faults extend up to the unconformity and link to the
reservoirs, the meteoric water can likely penetrate into the deep for-
mation (Juhasz et al., 2002; Menzies et al., 2014; Yuan et al., 2017). In
this situation, the mudstones/shales that are exposed to the meteoric
water can be impacted (Falk et al., 2006). Ti and Mn are highly im-
mobile and are easily preserved in mudstones impacted by meteoric
water leaching. In contrast, Ca, Cu, Cd, and Zn are relatively soluble
and are easily preserved in mudstones that are not impacted by me-
teoric water leaching. Cr exhibits no differences in these two types of
mudstones (Nesbitt and Markovics, 1997; Lavergren et al., 2009).
Subsequently, Wu et al. (2003) compared the differences in the ele-
ments in mudstones impacted and not impacted by meteoric water
leaching in the Wutonggou Formation in the eastern slope of Fukang
Sag. The results showed that the mudstones impacted by meteoric
water leaching were relatively rich in Ti and contained little or no Ca.
The mudstones that were not impacted by meteoric water leaching
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contained little or no Ti and had a relatively high Ca content. In the
study area, the fracture/fault systems in Beisantai uplift are likely to
provide the net channels for the penetrating meteoric water. Hence, we
analyzed the trace elements in the mudstone samples from the Wu-
tonggou Formation in the Beisantai uplift and Shaqiu area (Table 4).

According to the differences in the elements, the samples were
classified into two groups. The first group includes the mudstones from
Well B-12, 16, 20, 21, 52, 55, and 75 in the Beisantai uplift. In these
wells, the distance from the Wutonggou Formation to the unconformity
is around 200-700 m but the Wutontgou Formation is located in a
complex fracture/fault system (Fig. 1C). The second group includes the
mudstones from Well Sha-107, 108, and 110 in the Shaqiu area. In
these wells, the Wutonggou Formation cannot be linked to the un-
conformity through the faults (Fig. 1C and D). The mudstones in the
first group are impacted by meteoric water leaching (a 0.45% content of
Ti and no Ca indicates mudstones impacted by meteoric water leaching
in Wu et al. (2003)), while the mudstones in the second group are not
impacted by meteoric water leaching (a 2.7% content of Ca and no Ti
indicates mudstones not impacted by meteoric water leaching in Wu
et al. (2003)). In addition, the mudstones from the first group are re-
latively rich in Mn. The Cu, Cd, and Zn contents are distinctly lower in
the mudstones from the first group, whereas there is no difference in the
Cr content between the two groups. These results show that the me-
teoric water most likely penetrated into the Wutonggou Formation in
the Beisantai uplift. However, the Wutonggou Formation developed in
the Shaqiu area was not impacted by meteoric water. The meteoric
water leaching has caused an intense dissolution of the unstable mi-
nerals. For the sandstones from the wells in the first group, the content
of secondary pores formed by dissolution is in the range of 2.70-6.99%
(average is 4.15%). Additionally, the authigenic kaolinite content is
only 0.12-3.3% (average content is 1.56%). In contrast, the secondary
pore content only reaches 0.7-4.3% (average content is 1.64%), while
the authigenic kaolinite content is in the range of 1.3-6.7% (average
content is 3.66%) in the sandstones from the wells in the second group.
Compared to the Shaqiu area, the kaolinite content in the Beisantai
uplift are obviously less than the amount of dissolution pores in feld-
spars and laumontites (Fig. 14). Even if we assume that the dissolved
minerals are all K-feldspar, most of the kaolinite contents are still close
to or lower than the expected amounts. Only a small portion of the
products from the dissolution and alteration was preserved in the
sandstone geochemical system by kaolinite precipitation in the Bei-
santai uplift. These results indicate that the sandstone geochemical
system is more open in the Beisantai uplift than in the Shaqiu area
(Yuan et al., 2017).

5.5. Diagenetic sequences and the impacts of the authigenic minerals on
reservoir quality

According to the relationships between the minerals and the mi-
nerals and the hydrocarbons, as well as the origins of the authigenic
minerals in the Permian sandstones, we established a diagenetic se-
quence of the Permian sandstones in the study area (Fig. 16). In the
Beisantai uplift and the Shagqiu area, the diagenesis has different effects
on the reservoir quality. The quantitative statistics indicate that in the
Shagqiu area, the laumontite-I (with a range of 4.5-7.4% and an average
of 5.5%) and a small amount of quartz in the sandstones developed
prior to the middle-late Jurassic. Subsequently, the deep fluid injection
dissolved the laumontite-I, feldspar, and debris (with a range of
0.7-4.3% and an average of 1.64%) and then precipitated the kaolinite,
quartz, and the subsequent calcites near the faults during the middle-
late Jurassic. The illitization could have also occurred during these
processes. The kaolinite content was in the range of 1.3-6.7% (average
is 3.66%) and the quartz content was in the range of 0.5-2% (average is
0.9%). The content of the calcites ranged from 1% to 17% with an
average of 5.7%. After the late Jurassic, the laumontite-II and ferroan
calcites were precipitated. These two types of authigenic minerals



Y. Wang et al.

(HCO,+CO,"),g/L
0 200 400 600 800 1000 1200

Marine and Petroleum Geology 97 (2018) 241-259

Kaolinite content, vol.%

0
A A A
A
AA //
/
//
200 /
/
g A II
z i
E a0 o |
$”lE A
=] L 7 |
2 \
= A \\
s 600 \
b Ak B oA \
g \
=] A A \
]
o i \
3 a X
2 8004 7 \
A
= b
a & %
\\
1000 N
. W
A
1200 L —

0 1 2 3 4 5 6
0 : : ;
20
40 |
g \
2 60 & a N
= \
8 \
é A A \
g 80r \\
A
S 2 a \
P i A & \\
Z 100 < \
= A A 4 A A 4 \'
£ 120 a 4 7
fi=) o
3 =
S 140 {
= il
A 4 A \\
160 & \
2 \
180 A )
A A B
200 L —

Fig. 15. A: Plots of distance from the unconformity versus the content of (HCO3~ + CO527) in the pore water in the Permian reservoirs. B: Plots of distance from the
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reduced the porosity by 2.7-3.5% with an average of 2.9% and
1%-16.5%, respectively. Whereas, in the Beisantai uplift, prior to the
late Jurassic, the content of the laumontite-I and calcites was in the
range of 6-7.7% with an average of 6.7% and 0.2-15% with an average
of 3.66%, respectively. However, except for the dissolution by deep
fluids in the middle-late Jurassic, an intense dissolution occurred in the
late Jurassic in the Beisaitai uplift. A large-scale tectonic uplift resulted
in meteoric water leaching in the Beisantai uplift. The secondary pores
in the Beisaitai uplift were in the range of 2.70-6.99% (average is
4.15%) but the kaolinite content was only 0.12-3.3% (average is
1.56%). After the late Jurassic, the precipitation of the laumontite-II
and ferroan calcites reduced the thin-section porosity by 1.9-3.8% with
an average of 2.8% and 1-16.5%, respectively. The differences in the
contents of the authigenic minerals and the degree of dissolution are
important factors resulting in a higher reservoir quality in the Beisantai
uplift than in the Shaqiu area (Fig. 4E). Compared to reservoirs ex-
periencing continuous burial processes (Jiang et al., 2015; Li et al.,
2015; Cao et al., 2017) in Fukang Sag, reservoirs experiencing a multi-
stage uplift and subsidence possess multistage diagenetic products, such
as laumontite-I, laumontite-II, calcite, and ferroan calcite and exhibit
multiple dissolutions. During the whole tectonic evolution, the varia-
bility of the diagenetic fluids (such as deep fluids or meteoric water)
and the diagenetic environment resulted in a relatively complex evo-
lution of the diagenesis and complex reservoir properties.

6. Conclusion

(1) Two types of carbonate cements in the Permian Wutonggou sand-
stones were identified, including calcites with yellow fluorescent
hydrocarbon inclusions and ferroan calcites with blue fluorescent
hydrocarbon inclusions. The precipitation of the calcites was re-
lated to the upwelling of deep fluids and was impacted by the
decarboxylation of organic matters during the middle-late Jurassic.
The ferroan calcites in the Beisantai uplift were impacted by the
CO,, from the biodegradation of crude oil and formed after the late
Jurassic.

(2) Two types of laumontites developed in the Permian sandstones in
the study area. The hydration of the volcanic materials was the

primary source of the laumontites. The partially dissolved lau-
montites were formed prior to hydrocarbon charging and calcite
cementation. In contrast, the hardly dissolved laumontites with the
hydrocarbon inclusions were formed after hydrocarbon charging
and meteoric water leaching.

(3) Authigenic quartz and kaolinites were formed by the dissolution of
feldspars, laumontites, and volcanic materials. Authigenic quartz
was formed during or after the oil emplacement but prior to the
calcite cementations and was impacted by the deep fluids.
Authigenic kaolinites were formed after the dissolution of the
feldspars and possess the characteristics of illitization.

(4) The pore spaces in some of the Permian Wutonggou sandstones
close to the deep faults are occupied by calcites. In general, the
cementation of calcites reduced more porosity in the Shaqiu area
than in the Beisantai uplift. The content of the early laumontites is
slightly higher in the Beisantai uplift than in the Shaqiu area. The
precipitation of the authigenic quartz has no significant effect on
the reservoir quality. The authigenic kaolinites in the Shaqiu area
were gathered near the deep faults and reduced a certain amount of
pores, whereas reduced a small number of pores in Beisantai area.
The early laumontites in the Beisantai uplift were intensely leached
by meteoric water during the late Jurassic. The precipitation of the
later laumontites and ferroan calcites in the different areas resulted
in a small number of pores. The differences in the content of the
authigenic minerals and the degree of dissolution are important
factors resulting in a higher reservoir quality in the Beisantai uplift
than in the Shaqiu area.
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geological data of the Permian sandstones in the eastern slope of
Fukang Sag, Junggar Basin.
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