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ABSTRACT

This study investigates the mechanism of dolostone formation and establishes a dolomitization model in
the Permian strata on the northwestern margin of Junggar Basin, China. Dolomitic rock samples are
collected from the Permian Fengcheng Formation in Urho area and then characterized by petrological,
mineralogical, carbon and oxygen isotope, and trace element geochemical analyses. Results show that
the major types of dolomitic rocks include dolomitic mudstone, dolomitic siltstone, dolomitized tuffa-
ceous siltstone, and dolomitized tuffaceous mudstone. The dolomitized rocks are dominated by euhedral
or subhedral powder- and fine-crystal dolomites formed by replacement lacustrine argilla-calcareous and
siliceous (tuffaceous) components and commonly filled with residual and late calcite cements. The
parameters of dolomitic rocks show great variations, including the V/Ni ratio (1.02-4.88), Sr content
(95.9-783.6 pg/g), Mg/Ca ratio (0.68-5.13), degree of ordering (0.39-1.00), 5'80ppp (—14.8%0 to 3.2%0),
and 8"3Cppg (—1%0 to 5.2%0). The dolomitic rocks have multi-stage origins and were formed in a semi-
closed continental brackish-saltwater bay with weak hydrodynamic processes, deep water bodies, and
relatively quiet conditions. In the Permian depositional stage, a combination of complex tectonic activi-
ties, fault development, hot subtropical climate, and frequent volcanic activities provided not only Mg?*
source for dolomitization but also channels for rapid flow and seepage of Mg-rich fluids. The origins of
dolostones in the study area include penecontemporaneous dolomitization, burial dolomitization, and
hydrothermal dolomitization. This study lays a foundation for further studies on dolomite formation
and dolomite reservoir, and provides effective methods for researching complex dolostone (tuffaceous,
shale and silty dolomite) formation.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

are composed of dolostones or transformed by dolomitization
(Roehl and Choquette, 1985; Warren, 2000).

Carbonate rocks are among the most widely distributed
sedimentary rocks on Earth, which account for 20-25% of total
sedimentary rocks in the geological history (Sam, 2001). Fifty per-
cent of the world’s total oil and gas reserves (60% of total oil and
gas production) comes from carbonate rock reservoirs, of which
more than half present in dolostone reservoirs (Zenger et al.,
1980; Roehl and Choquette, 1985). Weyl (1960) and Zhang et al.
(2011) consider that the process of dolomitization must proceed
via mole-for-mole exchange of calcium by magnesium without
macrotransport of carbonate; the porosity of the rock is not only
affected by 13% volume shrinkage in the process, allowing dolomi-
tic formation easily to become reservoir. In North America and the
Middle and Far East, even up to 80% of carbonate rock reservoirs
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Dolomite reservoirs are so important. Previous studies on
dolomites have mainly been focused on marine, lacustrine, and
argillaceous or sandstone-associated dolostones (He et al., 2005;
Tian et al., 2000; Zhang, 1993; Fan et al.,, 2003; Zhang et al.,
2011). Dolomite formation is affected by many factors. The major
styles of dolomite include Sabkha- and Coorong-style dolomite
(Friedman and Sanders, 1967; Hsu and Schneider, 1973), evaporitic
reflux dolomite (Adams and Rhodes, 1960; Warren, 1999), mixing
zone (of seawater and meteoric water) dolomite (Hanshow et al.,
1971; Badiozamani, 1973; Muchez and Viaene, 1994; Fookes,
1995), burial dolomite (Gao et al, 1992, 1995; Qing and
Mountjoy, 1994a,b), organogenic dolomite (Baker and Kastener,
1981), bacterial mediation dolomite (Gunatilaka et al., 1987; Li
and Liu, 2013; Luo et al., 2013), and hydrothermal dolomite
(Davies and Smith, 2006; Machel, 2004).

In China, massive dolostone reservoirs, mainly marine carbon-
ate rock reservoirs, are found through oil and gas exploration. In
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Sichuan Basin, marine dolostone reservoirs are widely distributed
from the old Sinian Dengying Formation in Hanyuan region in
the southwest to the new oolitic dolomite formations in the
Lower Triassic Feixianguan Formation (Luo et al, 1998; Ma,
1999; He et al., 2005). In Ordos Basin, marine dolostone reservoirs
present in the Lower Ordovician Majiagou Formation (He et al.,
2005). Continental dolostone reservoirs are widely distributed in
the Permian strata in Junggar Basin; Paleogene strata in Kuqa
Depressio, Tuotuo River in Qinghai Province, Biyang Sag in Nan-
Xiang Basin, Qianjiang River in Jianghan Basin, Bohai Bay Basin,
Liaodong Bay Basin, and Sanshui Basin in Guangdong Province;
Cretaceous-Paleogene strata in Linhe Depression, Inner Mongolia;
Lower Cretaceous strata in Jiuquan Basin and Erlian Basin; and
Upper Cretaceous strata in Songliao Basin (Tian et al., 2000;
Zhang, 1993). Many researchers have studied on the origin of those
dolomite, and established some styles of dolomite formations. In
short, dolomite formation is mainly burial dolostone, such as
Ordovician dolomitic deposition in Ordos basin (Su et al., 2011;
Chen et al., 2013) and Tarim basin (Zhang et al., 2008; Li et al.,
2011). Penecontemporaneous and burial dolomite is the character-
istic component of dolostone reservoir in the Permian Changxing
Formation, Sichuan basin (Dang et al., 2011; Zheng et al., 2007).
These dolomites are formed in the environment of limestone and
sandsone. The comprehensive research suggests that there is less
study on the Permian dolomite at present, correspondingly, the
studies concentrating on the argillaceous and tuffaceous dolomite
are rare.

In 2008, a set of dolomitized reservoirs with industrial oil flow
was found in the Permian Fengcheng Formation on the northwest-
ern margin of Junggar Basin. In recent years, exploration and devel-
opment works in this area have proven that this set of dolomite
formations are excellent hydrocarbon reservoirs and has huge
reserves of oil and gas resources (Kuang et al., 2012). The major types
of dolomitic rocks in these reservoirs are powder- and fine-crystal
dolomite, argillaceous dolomite, tuffaceous dolomite, and dolomitic
siltstone (Xue et al.,, 2012). Presently, research on the origin and for-
mation mechanism of these dolomitic rocks is still in its early stage.
Jiang et al. (2012), Xue et al. (2012), and Zhu et al. (2013) studied
dolomite formation by considering various types and structures of
dolostone. They think the dolomite formed evaporation, replace-
ment, hydrothermal genesis, but those relatively complete lack of
comprehensive analysis. Presently, in-depth studies are needed to
further elucidate the characteristics and origin of dolomite.

In the present study, we focus on Permian dolostone reservoirs
on northwestern margin of the Junggar Basin. The rock type, rock-
forming environment, origin, and formation mechanism of dolomi-
tic rock samples were examined using a combination of qualitative
and quantitative methods. The results were discussed to identify
the source of Magnesium-rich fluids and the relationship between
water-rock interaction and dolomitization, further to establish a
model of dolomitization in the study area. These will provide
new thought for deployment strategy of oil and gas exploration
in dolostone reservoirs in Junggar Basin as well as reference data
for in-depth studies on dolomite formation.

2. Regional setting and stratigraphic division

The Urho-Fengcheng area is located in the lower reach of
Jiamubhe River in the north part of Junggar’s northwestern margin.
This study area is 100 km southwest from Karamay City and
belongs to the central north section of a foreland thrust belt on
Junggar’s northwestern margin (Fig. 1a). Deep faults are developed
around which a number of parallel or oblique secondary faults are
derived. The resulting fault terraces are approximately 16 km in
width, which provide favorable conditions for hydrocarbon

migration and occlusion (Yang and Zhang, 2007; Geng and Chen,
2002; Guo et al., 2009; Qi and Wu, 2009).

Since the Late Paleozoic, Junggar Basin had experienced multi-
stage tectonic events, including the Hercynian, Indosinian,
Yanshanian, and Himalayan orogenies. Polycyclic structural devel-
opment resulted in multi-stage tectonic activities and diverse
structural combinations as well as sedimentary systems in the
basin, which jointly controlled the processes of hydrocarbon
generation, migration, accumulation, and dissipation. In the
Permian depositional stage, there was mainly an alluvial fan or
fan delta depositional environment under the influence of multi-
stage volcanic activities.

In a previous study, Zhang et al. (2007) have divided the
Permian strata into five formations, including (from bottom to
top) the Lower Permian Jiamuhe (Pyj, approx. 540 m) and
Fengcheng Formation of strata (Pif, approx. 390 m), the Middle
Permian Xiazijie (P,x, approx. 480 m) and Lower Urho Formation
(P,w, approx. 660m), and the Upper Permian Upper Urho
Formation (Psw, approx. 270 m). The Permian strata are 2000-
2500 m thick and massively deposited in Mahu Sag (Fig. 1b).

The present study was conducted on dolostones of the Lower
Permian Fengcheng Formation, including members 1 (P.f'), 2
(P1f%), and 3 (P,f%). These members are mainly composed of vol-
canic rock and tuffaceous dolostone (P;f!); argillaceous dolostone
(P+f?); and argillaceous dolostone and siltstone (Pif). Pyf mainly
consists of lacustrine deposits, with P;f' experiencing frequent
volcanic activities, P;f2 dominated by dolomitic rocks, and P,f®
dominated by dolomitic mudstone and sandstone (Fig. 2).

The study area should be a semi-closed continental salinity
lacustrine sedimentary environment in the lower Permian Series
Fengcheng Formation (Liu, 1989; Zhang et al., 2007). There are
fan-delta front, shore, shallow, semi-deep lake, and eruptive subfa-
cies from land to lake. The deposits of fan-delta front underwater
distributary channel and sheet sand microfacies mainly consist of
gray-yellow sandstone. The deposits of shore, shallow, semi-deep
lake subfacies are made up of silty sand and clay. The eruptive
subfacies sediments consist of tuff. The dolomite mainly lies in
fan-delta front subfacies sheet sand microfacies, shallow, semi-
deep lake subfacies, and eruptive subfacies (Fig. 2).

3. Materials and methods

This study involved sedimentological, petrological, mineralogi-
cal, isotopic (carbon and oxygen), and trace element geochemical
analyses of rock samples collected form 9 wells (Fig. 1).
Petrographic characteristics were corroborated by coring, thin sec-
tioning, scan electronic microscopy and X-ray diffraction (XRD)
analysis of 32 cores samples from the 9 wells.

For stable-isotope analysis, microsamples (from 34 samples of 7
cores) were prepared as powders drilled from cut surfaces
corresponding to the areas that had been thin-sectioned.
Carbonate powders were reacted with 100% phosphoric acid (den-
sity >1.9, Wachter and Hayes, 1985) at 90 °C using a Kiel III online
carbonate preparation line connected to a ThermoFinnigan 252
mass spectrometer. All values are reported in per mil relative to
V-PDB by assigning a §'C value of +1.95%. and a §'®0 value of
—2.20%0 to NBS19. Reproducibility was checked by replicate analy-
sis of laboratory standards and is better than +0.04%o (carbon) and
0.07%. (oxygen) (1G).

Major/trace elements analysis was completed using a 3080E3X
X-ray fluorospectrometer in the Key Laboratory of Petroleum
Resources Research, Institute of Geology and Geophysics, Chinese
Academy of Sciences, Lanzhou, China.

To obtain more detailed textural information, dolostone sur-
faces of microsamples (from 27 samples of 6 cores) were studied
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Fig. 1. The location and tectonic characteristics of the study area, and the Permian coloumn for Northweast Junggar basin.

using a JSM-5600 scanning electron microscope in the State Key
Laboratory of Solid Lubrication, Lanzhou Institute of Chemical
Physics, Chinese Academy of Sciences, Lanzhou, China.

XRD analysis was carried out with powdered bulk rock materi-
als on a Dmax 12KW powder X-ray diffractometer (Micro Structure
Analytical Laboratory, Beijing University Science Park, Beijing,
China) using Fefiltered Co Ko radiation. The samples were step-
scanned at 4-70° 20 interval. In part of them (without quartz
and/or anhydrite content) metal silicon was used as internal stan-
dard. The d-spacing of the dolomite peak (104) and the relative
intensities of the (015) and (110) peaks (computed as integral
intensities) were measured on the XRD patterns.

4. Results

4.1. Petrographic characteristics of dolomite

Macro- and micro-structures of cores and thin sections show
that dolomitic rocks in the Permian Fengcheng Formation are

dominated by argillaceous and tuffaceous dolostone followed by
silty dolostone. That is, dolostones mainly present in mudstone,
tuff, and siltstone in the study area (Fig. 3). In these dolostones,
dolomites are mainly micritic and micro-crystal dolomites in
uneven distribution and developed along textures, fissure fillings,
fractures, and beddings, mostly in strip, laminated, or massive pat-
terns (Fig. 3). The dolomite crystals are euhedral to a low degree,
mainly in subhedral shapes with a small amount in euhedral
shapes. Specifically, powder-crystal, micro-crystal, and micritic
dolomites are euhedral to a less extent and mainly in subhedral
shapes; fine- and medium-crystal dolomites are euhedral to a
more extent and generally in euhedral shapes (Fig. 3). Except for
dolomitized rocks, the rock matrix mainly comprises tuffaceous
mudstone, calcareous mudstone, or siliceous mudstone (Fig. 3b-g).

In the Lower Permian Pif, dolostone-associated rocks of have
complex lithologic features. A major unique feature is that
dolomitized rocks present in tuff, which increases the difficulty
in studying dolostones in the study area. The morphology and
composition of dolostones in tuff were characterized using
scanning electron microscopy and electron microprobe. In terms
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Fig. 2. The sedimentary facies map of Fengcheng 2 Formation in study area, and a composite columnar section of single well (FN1).

of surface morphology, there exists authigenic dolomite in the
tight tuff; energy spectra show that the tuff (point A) contains rela-
tively more Si, K, and Fe with less Mg while the dolostone (point B)
contains relatively more Ca and Mg with less Si (Fig. 3d, Table 1).

4.2. Degree of order in dolomite

The degree of order in dolostones is the ratio between the inten-
sity values of the (015) to (110) diffraction peaks. Results show
that the degree of order in dolostones ranges from 0.39 to 1.00
with an average of 0.60 (Table 2).

4.3. Carbon and oxygen isotope values and trace element contents

In our study area, the V/Ni ratio of dolostone samples falls in the
range of 1.02-4.88 with Ni content substantially varying in the
range of 6.5-99.9 pg/g. Only three samples contain >40 pg/g Ni,
whereas the vast majority of rock samples contain <40 ng/g Ni
(Table 2). Strontium content of dolomitic rock samples signifi-
cantly varies in the range of 95.9-783.6 ug/g (Table 2).

The §'80ppp values of dolomitic rock samples range from the
minimum —14.8%0 to the maximum 3.2%., with an average of
2.94%0; the §'3Cppg values range from —1%o to 5.2%0, with an aver-
age of 2.98%o. (Table 2).

5. Discussion
5.1. Crystal morphology and structure of dolostone-forming

The characteristics of dolomite crystals are closely related to
their formation environment. Thus, studies often consider the
characteristics of dolomite crystal structure to identify the dolo-
mite-forming environment (Braithwaite et al., 2004; Wang et al.,
2010). In the thin sections of rock samples from the Lower
Permian Series Fengcheng Formation, dolomites present in micritic

to medium crystals and euhedral to subhedral forms. According to
the above characteristics of dolomite crystal structure and com-
bined with the crystal form identification criteria of Wang et al.
(2010), we propose that the origins of dolostone in the Lower
Permian Fengcheng Formation is complex: micritic and powder-
crystal dolostones may be penecontemporaneous dolostones
(Fig. 3b and g); the euhedral-subhedral crystal structures are of
burial dolostones, mainly the shallow burial type (Fig. 3d and e);
and the crystal contact surfaces are in irregular shapes, with point,
surface, and curved surface contact related to medium burial type
and hydrothermal fluids. Dolomite filling fractures were observed
in cores and thin sections, providing strong evidence for the occur-
rence of hydrothermal dolostones (Fig. 3c and f).

In the study area, Dolomicrite and tuff are interbedded with
deposits of gypsum rock, commonly showing wavy laminae,
dolomicrite structure, horizontal bedding, and drain structure
(Fig. 3b and g), which characteristics of dolomites are direct reflec-
tions of penecontemporaneous dolomitization.

In the depositional stage of Permian P.f, there existed intense
volcanic activities. As driven by hydrothermal flows generated
from volcanic eruption, high-pressure high-temperatures
Magnesium-rich fluids infiltrated to the overlying formations or
migrated upward along faults, forming the hydrothermal dolomite.
Such hydrothermal dolomites are often syndiagenetic to saline
minerals such as borosilicate sodalite, albite, barite, analcime,
and shortite (Kuang et al., 2012). Of these, borosilicate sodalite
(Fig. 3h), analcime, and shortite commonly present in this study
area. Owing to the hydrothermal activity in the late Fengcheng
Formation in Wuxia area, there exist vein-like calcite and dolomite
distributed along fractures (Fig. 3c). Despite a lack of typical
hydrothermal saddle dolomite, we found a small amount of anker-
ite, providing an evidence for the hydrothermal origin.

Additionally, Junggar Basin experienced increasingly intensive
collisions in the peripheral areas during the Late Carboniferous-
Early Permian, and the resulting formation of nappe on the
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Fig. 3. macroscopic and microscopic characteristics of dolomitic rocks in the Permian Fengcheng Formation in the study area. (a) Well W35, 3423.15 m, P, bedding and
massive structures in argillaceous dolostone; (b) well W35, 3421.79 m, P,f}, microstructure of argillaceous dolostone formed by dolomitization; (c) well F6, 3466.80 m, P,f>,
incomplete dolomitization in tuffaceous mudstone, with residual calcite; (d) well FN1, 4275.0 m, P,f2,microstructure of dolomitic tuff, with tuff as the matrix (A) and cine-
crystal dolomites in subhedral and anhedral forms (B); (e) well F3, 3245.0 m, P, microstructure of the subhedral form in argillaceous fine-crystal dolostone; and (f) well F5,
3250.95 m, Pyf%, star-like distribution of subhedral dolomite in argillaceous dolostone, with fractures filled with hydrothermal dolostone; (g) well F7, 3193.5 m, P,f°, cine-
crystal dolomites in tuffaceous mudstone; (h) well FN3, 4129.6 m, P,f2, euhedral borosilicate sodalite in tuffaceous domomite.

northwestern margin provided a structural basis for the develop-
ment of fractures. Burial dolomitization is often closely related to
the development of fractures and stylolite. In the study area, syn-
diagenetic overthrust activity of Wuxia Fault accelerated the

upwelling of deep Magnesium-rich fluids as well as their rapid
infiltration and flow across the formations. Fractures or faults
developed along tectonic activities further transformed sediments
rich in calcium carbonate, leading to the formation of burial type
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Table 1

Energy spectrum data of points A (left) and B (right) in Fig. 3d.
A B
Element Line Weight% K-ratio Cnts/s Atomic% Element Line Weight% K-ratio Cnts/s Atomic%
Mg Ka 0.77 0.0049 3.64 1.01 Mg Ka 5.75 0.0272 18.63 9.04
Al Ka 5.07 0.0382 30.49 5.99 Al Ka 0.64 0.0036 2.62 0.91
Si Ka 57.72 0.4634 373.17 65.61 Si Ka 3.08 0.0216 16 4.19
Cl Ka 1.58 0.0105 7.38 1.42 Cl Ka 0.96 0.0089 5.8 1.04
K Ka 21.45 0.1699 103.33 17.51 K Ka 1.33 0.0147 8.25 13
Ca Ka 2.56 0.0198 11.09 2.04 Ca Ka 85.03 0.8285 425.76 81.12
Ti Ka 2.24 0.0175 8.09 1.49 Ti Ka 1.85 0.0128 5.42 1.48
Fe Ka 8.62 0.0734 20.37 4.93 Fe Ka 1.35 0.011 2.81 0.93

euhedral-subhedral fine- or medium-crystal dolomites. There was
no direct intrusion of magma in Fengcheng Formation, and the
burial depth was shallow. Scanning electron microscopy and spec-
troscopy data show the matrix of dolomitic rocks contains large
amounts of silica and alumina (SiO, + Al,03). Dolomites mainly
present in subhedral fine-, powder-, or micro-crystal forms in
tuffaceous or argillaceous components of the rock matrix, belong-
ing to those formed by shallow-medium burial stage meta-
somatisms. In short, dolostones are mainly of shallow-medium
burial type in Fengcheng Formation and partially influenced by
hydrothermal fluids in the study area.

The degree of ordering is a sign for determining the crystallinity
of mineral, which also reflects physical and chemical conditions in
the rock-forming environment (Wenk et al., 1993; Su et al., 2011).
In an early study, Goldsmith and Graff (1958) conducted X-ray
diffraction analysis to investigate the ordering-disordering phe-
nomena in dolomite crystal structure, and proposed the ratio
between the intensity values of the (015) to (11 0) diffraction peaks,
i.e.,1(015)/1(110),as the degree of ordering. According to Goldsmith
and Graff (1958), 1(015)/1(110) = 1 indicates complete ordering in
the crystal structure of dolomite; and I(015)/I(110) < 1 indicates
varying degrees of disordering in the crystal structure of dolomite.

In studies on dolomitization, the degree of ordering is fre-
quently used as one of the criteria for determining the mineral-
forming (diagenetic) environment (Morrow, 1982; Andreeva
et al.,, 2011). It is considered that dolomites formed in the syndia-
genetic environment have low degrees of ordering; with increasing
burial depth, the grain size of dolomites generally grows and their
degree of ordering correspondingly increases. When formed in the
epidiagenetic environment, dolomites can crystalize with a high
degree of ordering.

Results show that the degree of order in dolostones ranges from
0.39 to 1.00 with an average of 0.63 (Table 2). The large range of
variations in degree of order indicates that the dolomitization pro-
cess of dolostones in the study area had been influenced by multi-
ple factors, possibly experiencing a multi-stage process of origin.

Approximately 50% of rock samples have the degree of order in
the range of 0.50-0.65 (Table 2). The relatively low range of degree
of ordering reflects that Mg2* ions are rich in the formation. In the
X-ray diffraction analysis, dolomite crystals are mostly micritic
dolomites produced by penecontemporaneous dolomitization
(Table 1), and their corresponding the values of Mg/Ca ratio are
relatively high. These dolomite products feature high crystalliza-
tion rate, low degree of crystallinity, and low degree of ordering.
It is possible that during the process of dolomitization, the joint
actions of displacement cations (e.g., Fe?*, Mn?*, Mg?*) and volcanic
activities led to declines in the degree of ordering in dolomites (Liu
et al., 2010).

Approximately 15% of rock samples have the degree of ordering
in the range of 0.8-1.00, which coincide with relatively low molar
concentrations of CaCO; (Table 2). Together the relatively high Fe?*
and Mn?"* contents in rock samples indicate that these dolostones
were formed in a strongly reducing environment as the products

of displacement lime mudrock under the diagenetic condition of
slow and stable crystallization, belonging to burial dolomite
(FC011-1, 2; FN3-4).

5.2. Trace elements for origin

The ratio of contents between the trace elements V and Nj, i.e.,
V/Ni, provides a good indicator for identifying the sedimentary
facies and depositional environment (Land, 1973). The V/Ni ratio
is generally greater in marine sediments than in continental sedi-
ments; V/Ni < 1 indicates a marine depositional environment while
V/Ni indicates a continental depositional environment; addition-
ally, the threshold value of Ni content in sediments is 40 ug/g
(Baker and Burns, 1985). In our study area, the V/Ni ratio of dolo-
stone samples falls in the range of 1.02-4.88 > 1 with Ni content
over 40 pg/g (except F18-5, 6, tuff) (Table 2). These results demon-
strate that the dolostones are formed in a continental saltwater
depositional environment on the northwestern margin of Junggar
Basin.

Baker and Burns (1985) considered that Sr content of dolomites
precipitated from normal seawater is 600 pg/g. Land (1973, 1985)
proposed that Sr content of ancient dolostones rarely exceeds
200 pg/g. Yang et al. (2000) reported that Sr content of modern
dolostones is 1000-1200 pg/g, that of evaporite-related hyperha-
line dolostones is generally 400-550 pg/g; and that of burial dolo-
mite is 60-170 pg/g. In our study area, the large variation range of
Sr content indicates that associated dolomitization of rocks was
affected by multiple factors. Approximately 11% rock samples con-
tain 0-200 pg/g Sr, and these low levels of Sr content reflect the
possible mechanism of dolostone formation via late burial
diagenesis (Huang et al., 2006; Zhang, 1985) (Fig. 4). The majority
of rock samples contain >400 pg/g Sr, with an average of 453.1 pg/
g (Table 2). This observation reflects that dolostones were formed
in a saltwater environment with high salinity and intense evap-
oration and possibly affected by weak interference of continental
freshwater as well as the influence and transformation of struc-
tural hydrothermal fluids. Additionally, this result reflects early
dolomitization. Taking into consideration of crystal fabric, we con-
sider that this set of dolostones was related to dolomitization of
high-salinity pore-water fluids in the penecontemporaneous stage.

5.3. Carbon and oxygen isotopics

C-0 isotopic composition of dolomites is mainly affected by
temperature and salinity in the medium (Keith and Weber,
1964a,b). In the process of diagenesis, the burial depth, tempera-
ture, and pressure increment in sediments, the leaching and
dissolution of minerals through atmospheric precipitation, and
associated biodegradation process pose certain influences on
5'80ppg and 5!3Cppg values (Keith and Weber, 1964a,b; Wu et al.,
2005). Because oxygen isotopic fractionation occurs during evap-
oration of water, temperature rises and intensive evaporation will
lead to increases in lake water salinity and the '80ppg value (Keith
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Table 2
Trace element contents and stable carbon-oxygen isotopic composition of dolomitic rocks in the study area.
Well  Sample Lithology MgO (%) CaO (%) Fe,03 (%) V(uglg) Ni(ug/g) Mn(pug/g) Sr(ug/g) 63Ceps %0y 6'%0pps %0y Degree of Mg/Ca V/Ni  Salinity Paleo
ordering (§) (mol/mol) indexZ temperature
T(°C)
F18 F18-11 Dolomitic mudstone 5.88 6.51 2.63 63.4 28.1 747.5 5334 4.4 1.1 0.55 135 226 136.86 8.85
F18 F18-12 Dolomitic mudstone 7.64 7.68 3.29 87.3 17.9 985.8 663.6 4.8 1.6 0.59 1.49 488 137.93 6.14
F18 F18-13 Dolomitic mudstone 6.1 4.46 2.86 447 17.9 505.9 363.2 5.1 0.9 0.66 2.05 25 138.19 9.93
F18 F18-14 Dolomitic mudstone 6.65 3.38 3.48 67.1 29.6 496.2 352.8 5.2 0.9 0.46 2.95 227 1384 9.93
F18 F18-15 Dolomitic mudstone 1.19 2.07 3.72 87.8 36.4 529.9 209.3 3.5 -6.7 0.68 0.86 241 13113 51.05
F18 F18-5 Tuffaceous dolomite 4.26 3.96 5.18 86.6 84.8 857.1 202.4 0 -13 - 1.61 1.02 120.83 85.13
F18 F18-6 Tuffaceous dolomite 4.16 4.16 5.18 77.6 99.9 883.4 178.1 -0.6 -14.8 - 1.50 - 118.7 94.87
F18 F18-7 Dolomitic mudstone 6.67 7.67 2.15 67.9 204 470.9 782.2 2.6 -4 0.53 1.30 333 130.63 36.44
F18 F18-8 Dolomitic mudstone 7.3 7.21 2.46 68.9 20.2 509 631.7 2.8 -2.8 0.65 1.52 341 131.64 29.95
F18 F18-9 Dolomitic mudstone 5.01 1.7 3.83 94.3 249 286.5 144.6 3.2 1.1 0.90 442 3.79 1344 8.85
F19 F19-1 Tuffaceous dolomite 1.44 1.78 7.25 77.3 361.6 95.9 0.3 -11 - 1.21 - 12244 7431
FC1 FC1-1 Tuffaceous dolomite 7.66 6.19 2.76 68.1 303 589.2 420.7 -0.4 -0.7 0.70 1.86 225 126.13 18.59
FN1 FN1-10 Grey dolomitic mudstone 0.38 0.58 1.39 154 6.5 377.9 1389 3.6 -3.9 - 0.98 237 13273 359
FN1 FN1-3 Tuffaceous dolomite 5.31 8.34 2.8 48.2 22.2 592.9 598.4 -1 -0.8 0.68 0.96 217 124385 19.13
FN1 FN1-4 Grey dolomitic mudstone 6.62 5.41 2.92 50.1 21.7 524.7 423.6 5 0.1 0.48 1.84 231 137.59 14.26
FN1 FN1-5 Grey dolomitic mudstone 2.37 2.73 3.74 61.1 28.7 499.7 2228 43 -9.7 - 1.30 2.13 13128 67.28
FN1 FN1-6 Grey dolomitic mudstone 5.36 5.88 2.58 60.6 171 494.9 560.5 5 -73 0.39 1.37 3.54 1339 54.29
FN1 FN1-7 Grey dolomitic mudstone 5.31 4.33 2.57 46.6 323 441.6 420.7 4.8 -0.6 0.40 1.84 144 136.83 18.05
FN1 FN1-9 Grey dolomitic mudstone  7.52 6.63 3.54 73.6 221 888.8 593.7 4 1.9 0.75 1.70 333 13644 4.52
FN2 FN2-11 Argillaceous dolomite 53 10.46 421 81.5 299 847.2 532.8 31 —-6.4 0.43 0.76 273 13046 4942
FN2 FN2-5 Argillaceous dolomite 5.6 6.42 2.2 46.1 19.8 361.9 499.4 4.3 -0.8 0.57 1.31 233 13571 19.13
FN2 FN2-6 Argillaceous dolomite 8.85 9.44 2.31 294 25.9 5353 760.3 3.6 3.2 0.51 1.41 1.14 136.27 -2.51
FN2 FN2-7 Argillaceous dolomite 6.98 6.7 2.96 62.4 26.3 698.6 575.4 4.1 1.5 0.69 1.56 237 13644 6.69
FN2 FN2-8 Argillaceous dolomite 7.9 7.71 341 50.6 35.1 577.8 586.1 3.5 -15 0.72 1.54 144 13372 2292
FN2 FN2-9 Argillaceous dolomite 8.46 8.12 341 74.5 22 911.5 658.6 4 0.5 0.59 1.56 339 13574 121
FN3 FN3-10 Argillaceous dolomite 7.96 8.23 2.97 51.9 16.8 784.5 534.3 3.6 13 0.58 1.45 3.09 13532 7.79
FN3 FN3-11 Argillaceous dolomite 6.46 7.9 249 45.9 20.2 553.6 385 3.7 1.1 0.57 1.23 227 13543 8.88
FN3 FN3-13 Argillaceous dolomite 3.9 5.28 2.53 40.3 34.1 668.8 783.6 31 2.3 0.57 1.11 1.18 13479 236
FN3 FN3-14  Argillaceous dolomite 5.81 1.7 2.5 56.8 25.2 639.4 739.9 3.1 23 0.67 5.13 225 13479 236
FN3 FN3-4 Silty dolomite 239 2.02 6.3 109 67.8 656.3 290 0.6 -104 1.00 1.77 1.6 123.35 71.06
FN3 FN3-5 Silty dolomite 2.66 4.45 4.03 90.2 32 723.1 281.5 19 -93 0.62 0.90 282 126,56  65.11
FN3 FN3-7 Argillaceous dolomite 1.59 3.5 3.04 47.7 40.1 133 265.3 1.8 -5.9 - 0.68 1.19 128.05 46.72
FCO11 FCO11-1 Dolomitic siltstone 6.91 5.31 3.05 44 24 338.7 600.8 23 -5 0.98 1.95 1.83 129.52 41.85
FCO11 FCO011-2 Dolomitic siltstone 445 417 2.56 50.7 241 455.8 376.5 2.2 -5.1 0.85 1.60 21 129.27 4239
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Note: Z=2.048 (5'3C + 50) + 0.498 (5'80 + 50), T = 14.8-5.41 x 5'%0 + 0.04/(5'0)*.
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Fig. 4. The distribution of Sr abundance in dolomitic clastic rocks collected from the
study area.

and Weber, 1964a,b; Li et al., 2008). C isotopic composition is influ-
enced by different sources of carbon; thus, we can determine the
source of dolomitized fluids according to different sources of car-
bon, further to identify the diagenetic environment (Keith and
Weber, 1964a,b). Overall, the §'80ppg and §'3Cppg values become
greater with increasing salinity, and 5!80ppg becomes lighter with
rising temperature. In the process of diagenesis, both freshwater
leaching and biodegradation can make 8'80ppg and 8'3Cppg lighter.
On the basis of predecessors’ research, we can draw a conclusion
that the C-O isotope influence factors are various. In the study
area. The large ranges of variations in C-0 isotopic composition
indicate that dolomitization occurred in different environments
and via diverse mechanisms. Relatively high C-O isotope values
in a narrow range (5'3Cppg, mostly 1.5-4%; 8'®0ppg, —1%o to 4%o)
(Fig. 5). The volcanism eruptive subfacies tuffaceous dolomite in
low 8'3Cppg (—1%0 to 0.3%o), Silty dolomite in fan-delta front subfa-
cies sheet sand microfacies 5'3Cppg (0.6-2.3 %0), and, shallow,
semi-deep lake subfacies 8'3Cppg (1.8-5.2%o0) (Fig. 2). All the above
characteristics of dolomites are direct reflections of penecon-
temporaneous dolomitization. Commonly negative §'80ppg values
distributed in an extremely broad range (—15%. to 0%o) indicate
burial dolomitization.

Salinity index Z and paleo temperature T are two indicators for
determining salinity and temperature of dolomitization using C-O
isotopes (Chen et al., 2012). These two indicators are calculated as
follows: Z = 2.048 (8'3C + 50) + 0.498 (580 + 50) (Keith and Weber,
1964a,b), and T=14.8-5.41 x 5'80 +0.04/(8'80)*> (Geological
Geochemistry Teaching and Research Section of Wuhan Institute,
1979). Results show that most dolostone samples (except for one
case) have Z > 120 (Keith and Weber, 1964a,b) (Table 2). This result
indicates that dolostones were formed in a high-salinity saltwater
environment in the study area. Additionally, the samples have sig-
nificantly varying T values in the range of —2.51 to 94.87 °C
(Table 2); the large range of variations in T indicates that dolo-
stones were formed in multi-stages. More than 60% rock samples
have near-surface atmospheric temperature of 50 °C, indicating
that dolomitization occurred in a penecontemporaneous evap-
oration environment. Those with near-surface atmospheric tem-
perature of 50-80% account for 15% of samples, indicating that
there exist burial dolomites in the study area, and the high tem-
perature may be affected by volcanic activity and related to
hydrothermal activity.

In the C-O covariant diagram (Fig. 5a) (Keith and Weber,
1964a,b), the points of dolomite are mainly distributed in and
around the area (M1, G2, G1). This distribution pattern indicates

that the major origin of dolostones in the study area is burial,
and that the source of Mg?* ions includes clay mineral trans-
formation and hydrothermal fluids. The points distributed between
the areas of mixing water and the seepage reflux may be related to
the influences of evaporation and deep thermal brine. A C-0 iso-
tope-based diagram shows the mechanism of dolostone formation
(Fig. 5b) (Warren, 2000). It can be seen that dolostone formation in
the study area displays high consistency with typical dolostones
formed in penecontemporaneous evaporation environment and
burial dolostones formed in other areas of the world, which
coincides with the depositional environment and structural char-
acteristics in the depositional period of Permian dolomitic rocks
on Junggar's northwestern margin.

5.4. Formation model

A rich source of Mg is the primary issue for the occurrence of
dolomitization. A previous study suggests that seawater or concen-
trated seawater is the major Mg source of dolomitization (Zhang,
1985). Through mineralogical and geochemical analyses combined
with kinetic analysis of rock samples, the source of Mg for Permian
dolomite formation on Junggar’s northwestern margin includes
high-Mg connate water in formations, Mg released from pore brine
and clay minerals, and Mg brought by devitrification of volcanic
glass and deep-earth magmatic hydrothermal fluids.

Because Fengcheng Formation was deposited in a semi-closed
bay with relatively high salinity and pH values, the pore water
and formation water of argillaceous components were rich in
Mg?* while the minerals Mg calcite and aragonite were inherently
rich in Mg?*. Additionally, the Urho-Fengcheng area is located in a
fault zone, where underground Mg?*-rich fluids upwelled from
deep formations along faults and thus increased Mg?* content of
the pore water. Moreover, Junggar Basin experienced a volcanic
activity period in the Permian and thus related to syndiagenesis
of dolomitic rocks and tuff in the formations. Possible Magnesium
sources included Magnesium ions separated from volcanic glass
after devitrification and generated from Mg?*-rich volcanic rocks
via self transformation or fluid leaching and dissolution.

Based on the above mineral characteristics and geochemical
data of dolomitic rocks combined with the evolutionary history
palaeoclimate, we propose that the origin of Permian dolomitic
rocks on Junggar’s northwestern margin can be divided into three
types, i.e, penecontemporaneous dolomitization, burial
dolomitization, and hydrothermal dolomitization.

In the depositional period of Permian P.f, volcanoes distributed
in a bead-like pattern along Xiazijie-Mahu area partially separated
Urho-Fengcheng area and the great Mahu lake, thus forming a
semi-closed bay environment. Together the hot climate, intense
evaporation, and less freshwater supply in the Permian led to the
formation of high-salinity Mg?*-rich brine during early diagenesis.

In order to more intuitive study lithology distribution in the
study area, the author made a nearly east-west cross section
(Fig. 6), which shows the dolomite distribution of different facies
belt. According to the structure of dolomite crystals and geochemi-
cal properties of dolostones combined with the rock-forming
environment and mechanism of dolostones as well as the charac-
teristics of parallel well cross-sections (Fig. 6) and sedimentary
facies, we established a dolomitization model in the Permian P,f
in Urho-Fengcheng area on the northwestern margin in Junggar
Basin (Fig. 7). A lot of scrutinies on ancient and modern primary
dolomite had been done, otherwise, many forming model about
evaporation dolostones had been established, but volcanic
materials often scarcely be mentioned (Preto et al., 2014; Frisia,
1994; Wenk et al., 1993). So via dolomite forming environment
and sedimentary environment studies, this paper constructs delta
- briny lacustrine - volcanism primary and non-primary dolomitic
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model. In this model, aragonite and high-Magnesium calcite were
deposited concurrently with argillaceous, silty, and tuffaceous
sediments in a quiet semi-closed continental bay on the north-
western margin of the basin; due to the hot climate and intense
evaporation, the increasing salinity of water bodies led to

penecontemporaneous dolomitization in an early stage of diagene-
sis; thereafter, intense tectonic activities and intermittent volcanic
activities accelerated the upwelling of Mg-rich hydrothermal fluids
along fault structures, leading to the formation of burial and
hydrothermal dolomites in middle-late stages of diagenesis.
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6. Conclusions

On the northwestern margin of Junggar Basin, Permian dolomi-
tic rocks with complex lithological characteristics mainly include
dolomitic mudstone, dolomitic siltstone, dolomitized tuffaceous
siltstone, and dolomitized tuffaceous mudstone. These dolomitic
rocks are euhedral or subhedral fine- and medium-crystal dolo-
mites developed along fractures and beddings, and formed by
dolomitization of silty, tuffaceous, or argillaceous sediments that
contained abundant tuffaceous or argilla-calcareous components
and deposited a semi-closed bay environment with quite water
bodies. A combination of depositional environment of dolostone
formation, characteristics of rock type, differences in trace element
contents, and C-O isotopic composition with geological back-
ground indicate that the Fengcheng Formation of Permian strata

in Urho-Fengcheng area, dolomitic rocks were mainly formed in
a terrestrial saltwater bay. A combination of tectonic events, cli-
matic conditions, volcanic activities, and formation water-rock
reactions provided Mg-rich fluids for dolomitization and created
conditions for the occurrence of metasomatism, leading to the for-
mation of unique hydrocarbon-bearing dolostone reservoirs in the
Fengcheng Formation. In the study area, dolomitic rocks have
multi-stage origins involving complex mechanisms of dolomitiza-
tion. Together the petrological and geochemical evidence of dolo-
mitic rocks, complex tectonic activities of the Permian strata,
associated climatic characteristics, and volcanic activities suggest
that the mechanisms of dolomitization mainly include penecon-
temporaneous dolomitization, burial dolomitization, and
hydrothermal dolomitization. It is the processes of dolomitization
in different diagenetic stages and at various burial depths that
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breeds the dolostone hydrocarbon reservoirs in the Permian strata
on the northwestern margin of Junggar Basin.
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