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Ha nccnenyemoli TeppUTOpUH TPEIIWHBI U IIOJOCTH B MCXOJHOM JIOJIOMHTOBOM KOJUICKTOpE CIOCO0-
CTBOBAJIN YJIYUIIEHHIO ero (PM3NIECKHUX CBOICTB M BIHSIM Ha paclpeielieHne HeTH 1 BOJbI B BEpXHETEHTep-
cKoii cBuTe (HIKHHMN Men) baiinnuaranckoro nporuda B 6acceiine Dpnuad. Mcxoas U3 TaHHBIX HCCIIEI0BAHUSA
KEpHa, aHaJIn3a TOHKHX CPe30B M (OTOKapoTaka, TPEIIMHHO-IIOJIOCTHON KOJIJIEKTOp ObLI H3HAYAIbHO PA3BUT
B JINTOPAJILHON 00J1acTH BOJIM3HM KPbLIA KOHCEIMMEHTALOHHOTO pa3jioMa. TpeniuHbl UMM TeKTOHHYECKYI0
1 IMareHeTHYeCcKyo npupoay. Kpyronaaronye 3akpbiTble ¥ OTKPBITbIC TEKTOHMYECKUE TPELIUHbI ObLIN IIH-
POKO pa3BUTHI B OJOMUTOBBIX aprHJUIMTAX, & MOJIOTUE U CETYAThIEC TPEIIMHBI (OPMUPOBAIUCEH B XO/E TEKTO-
HOTHIPOTEPMAJIBHOTO IIpoliecca U 3alONHUINCh THAPOTEPMAIbHBIMU MUHepanaMu. Koiiekrop Haxomuics B
HHU3MEHHOCTH, MIOATOMY INPH 3aXOPOHEHHM PACTBOPSIOLIMXCS O] JAaBICHHEM OOJIOMKOB MOPOJ B Hpolecce
JMareHe3a 00pa30BBIBAIMCH TPEIIUHEL. MeK3epHOBBIC M BHYTPHU3EPHOBEIE MOPHI, 00pa3yIONIUEcs B Pe3ylib-
TaTe TUAPOTEPMAJIbHOU AEATENbHOCTH, Pa3BHBAINCH B OCHOBHOM B OTJIOXKEHHSX C BBICOKHM COJIEpIKaHUEM
nonomuta. Mcxoas U3 TeMIepaTyphl AMareHe3a JOJIOMUTA, ONpeIeIEHHOI MPH yriaepo-KHCIOPOJHOM H30-
TOITHOM aHaJM3e, IePBOHAYATIBHBIC OTIOKEHHS IIPETepIIeI MHOTOYHCIICHHBIE BHEIPEHUS THAPOTEPMAIbHBIX
PacTBOPOB, YTO MPHUBEIO K MX JOJOMMTH3ALMU IIEpe] MAacCOBOW Murpauueil yrieBomoponos. PacTBopeHue
OPraHWYECKUX KUCIIOT, 00pPa30BaHHBIX YIJICBOJOPOAAMHU MOCIE JOJIOMUTH3ALNN, H HEOPIaHUYECKUX KHCIIOT,
00pa30BaHHBIX B MpOIEcce JUareHe3a pacTBOPHMBIX MHHEPAJIOB, CIIOCOOCTBOBAJIO PA3BUTHIO KOJIIIEKTOPCKUX
CBOHCTB OTJIOKEHUH. BBICOKask reTepOoreHHOCTh OTI0KEHUH, 00YCIIOBICHHAS UX JIUTOJIOTMYECKUM COCTaBOM U
CHCTEMaMH TPEILHH, IPUBEJIA K CIOKHBIM B3aMMOOTHOIICHHAM MEXay HedThio U Bomol. B pesynbrare BO3-
HUKJIO HECKOJIBKO COCTOSIHMH 3THX (ha3: TPEIIMHHO-TIOJIOCTHAs He(Th, H30JIMPOBaHHAs HEPTh, aKKyMYJIHPO-
BaHHas He(Th, U30JIMPOBAHHAS BOJA M AKKYMYJIMPOBaHHas Boza. Viccne1oBaHus KepHA TO3BOJIMIIHN ONIPEISIUTh
pacnpezeneHre HeTH U BOJbI B OTIIOKEHHUSX.

Tuopomepmanvrvlii donomum, mpewunHO-nOIOCMHOU KOLLEKMOop, pacnpedenenue Hegpmu u 600vl, Ce-
sepHuiil Kumati, bacceiin Spauan.

CHARACTERISTICS OF HYDROTHERMAL-STRUCTURE-CONTROLLED FRACTURE-VUG
DOLOMITE RESERVOIR AND ITS INFLUENCE ON OIL-WATER DISTRIBUTION:
A CASE STUDY ON THE LOWER CRETACEOUS, BAIYINCHAGAN SAG, ERLIAN BASIN, NORTH CHINA

Zhicheng Lei, Wangshui Hu, Huaimin Xu, Bo Xu, Chun Cao, Chao Cheng, and Qulei Zhu

Fractures and vugs were used as the primary dolomite reservoir space in the study area, which improved
the reservoir’s physical properties and influenced the distribution pattern of oil and water that were developed in
the Upper Tenger Formation, Lower Cretaceous, Baiyinchagan sag, Erlian Basin. Based on the core observation
data, thin slice analysis, and image logging, the cave-fractured reservoir was primarily developed in the actic
region near the side of a depositional fault. Tectonic and diagenetic fractures were the primary types of fractures.
High-angle tectonic fractures in the closure and open status were developed well in dolomitic mudstone, while
a low-angle fracture and reticulate fractures were developed in the tectonic-hydrothermal hybrid process and
were filled with hydrothermal minerals. The reservoir was located in low-lying land; therefore, detrital grain
pressolution fractures were formed by burial diagenesis. Intergranular and intrangranular dissolved pores, which
were formed by hydrothermal activity, were developed primarily in the highly dolomite lithology. According
to the diagenesis temperature of dolomite from a carbon—oxygen isotope analysis, multiple hydrothermal fluid
injection events occurred, and dolomitization ensued before massive hydrocarbon migration. The dissolution of
organic acids formed by hydrocarbon charges after dolomitization and inorganic acid produced by burial dia-
genesis for soluble minerals effectively promoted the reservoir properties. Strong heterogeneity due to lithology
and fracture—vug systems led to intricate oil-water relationships. Four statuses occurred, including cave-fracture
oil, isolated oil, stored oil, isolated water, and stored water. The oil-water distribution patterns were established
based on the core observation.

Hydrothermal dolomite; fracture—vug reservoir; oil-water distribution; North China; Erlian Basin
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1. INTRODUCTION

Hydrothermal dolomite has recently been found in the Tarim Basin (Li et al., 2016; Zhu et al., 2015; Guo
et al., 2016), the Jiuquan Basin (Fan et al., 2003; Wen et al., 2013), the Erlian Basin (Guo et al., 2013), the
Sichun Basin (Liu et al., 2014; Liu et al., 2016; Feng et al., 2017) in China, the Northeast Basin (Diehl et al.,
2010; Hendry et al., 2015; Slater and Smith, 2012) in the USA, and the West Basin (Qing and Mountjoy, 1994;
Schrijver et al., 1996; Conliffe et al., 2010; Morrow, 2014) in Canada. There are many ways to study the gen-
esis and recognition of structure-controlled hydrothermal dolomite (Al-Aasm, 2003; Debruyne et al., 2016;
Hendry et al., 2015; Fan et al., 2003; Dai et al., 2004; Graham et al., 2006). Authors primarily focused on pe-
trology characteristics, which were related to hydrothermal fluid, such as saddle shaped dolomite crystals, hy-
drothermal fluid mineral combinations of analcite-gioberite-siderite and the characteristics of carbon-oxygen
isotopes. However, few studies examine the influence of cave-fractured reservoirs formed by hydrothermal on
oil-water contact.

Evidence of oil in the dolomitic mudstone cave-fractured at well X26 was found in 2009, producing more
evidence regarding fractured mudstone oil, and this finding was further confirmed by a mudstone cave-fractured
hydrocarbon reservoir in Xilinhaolai area, Baiyinchagan sag with the successful drillings of wells X3-69 and
X31. This area is now a significant oil exploration area. The latest research indicated that fractures and solution
vugs could provide favorable reservoir space and flow pathway for petrology, solution promoted reservoir space
and fracture linked up of different types that improved the connectivity and permeability. At the same time, frac-
tures were the key factors for hydrocarbon accumulation and high levels of production. Therefore, understanding
the distribution characteristic of fracture and dissolution vugs and their impact on oil-water distribution was very
important for the hydrocarbon exploration and development of the Xilinhaolai area, Baiyinchagan sag.

Guo et al. (2012) and Hu et al. (2013) discussed the genesis, petrology characteristic, seismites, the origin
of Mg?" and the distribution of Lower Cretaceous structure hydrothermal dolomite in Baiyinchagan sag. Results
suggested that dolomite formed under the condition of xerothermal and depositional fault connected supra-
crustal hydrothermal fluid upwelling fluid dolomized marlstone on the hanging wall. Yue et al. (2009) studied
the two special geological phenomena of deformation and chink and deemed that seismic and tectonic forces
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Fig. 1. A, B, C are the structural locations of the Erlian Basin, the Baiyinchagan sag and the Xilinhaolai
area, respectively (modified from Deng et al., 2013).
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were formed microfaults, crack networks and sandstone veins. However, this research did not include fracture
characteristics.

This paper used well logs imaging of 3 wells, nuclear magnetic resonance logs of 2 wells, cores observation
data of 3 cores, 24 casting sheet slices and the common slice of one cored well, well testing data and cores petro-
physical analysis data to discuss the fracture-vug characteristics and their influence on oil and water distribution.

2. GEOLOGICAL SETTING

Erlian Basin was located in the center of the Inner Mongolia autonomous region in North China and was
a primary Mesozoic strata continental rifted basin developed on the Hercynian folding basemen (Fig. 1, 4).
Baiyinchagan sag was located in the west margin of the Erlian Basin and is a secondary tectonic unit of the
north Chuanjing depression. This location was a dustpan-shaped faulted sag that faulted to the west and over-
lapped to the east (Fig. 1, B) (Huang et al., 2003; Zuo et al., 2016). The Xilinhaolai area included the sub-tec-
tonic units in the Baiyinchagan sag and was located in the southern slope of the western areas, whose structure
was a monocline striking NE, and dipping to the NW (Fig. 1, C).

The Cretaceous sequence can be divided into the following five formations: Aershan, Tenger, Duhongmu,
Saihantala and Erliandabu Formations, proceeding from bottom to top (Fig. 2). The overall depositional stage of
the Lower Cretaceous of Baiyinchagan sag was lacustrine transgression to regression (Zhang et al., 2005). The
sediment of early Aershan Formation are alluvial fan system, and the sediment of late Aershan formation and
lower part of Tenger Formation are a braided-river delta system. The sediment of the upper part of the Tenger
and Duhongmu Formations are a deep lacustrine system. The main target bed was a Tenger Formation of low-
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Fig. 3. Relationship between structure dist-
ribution and fracture azimuth in the study
area. Fracture azimuth data from imaging
logs of well X3-73 and well X3-74.

er cretaceous, which could be divided into two
parts, the upper part was mainly mudstone and
the lower part was interbedded sandstone and
mudstone. The fracture-vug reservoir is in the
lower part of upper Tenger Formation, which oc- Hanging wall [ e ] Well location [~ | Fracture azimuth
curred in the subsag depression, with a thickness

of 50—-110 m, and the lithology are mainly dolo-

mitic mudstone and argillaceous dolomite (Fig. 2).

3. DATA AND METHOD

The types of fractures and distribution features are determined based on imaging logs and cores observa-
tion. Nuclear magnetic resonance (NMR) is used to measure the difference and distribution of petrophysicals
data by logging and analyzing the cores data. The carbon-oxygen stable isotope data were measured from the
Jianghan Oilfield, Sinopec, and it was used to calculate the temperature and saline of the dolomite that deter-
mined the dolomite diagenesis environment in the study area. Based on the thin section and fluid inclusion
homogenization temperature that from the Zhongyuan Oilfield Company, Sinopec, the factors that controlled
the development of fractures and vug are definite. The production data showed the influence of lithology and
fracture-vug development regularity on production of that reservoir. Finally, the cores observation helped a
model of the oil and water distribution in the study area to be developed.

Seven fresh rock samples of argillaceous dolomite and dolomite rock were crushed into 100-500 mg and
dried at 60 °C for 12 hours later baked at 110°C for 3 hours. The oxygen and carbon isotope analyses were car-
ried out with a MAT253 mass spectrometer at the Jianghan Oilfield Company, Sinopec, using the standard
methods described in Ebube et al. (2013) and the sample preparation method described in Karem et al. (2008).
Tests on the dried dolomite powder samples (10-50 mg) selected from dolomite rocks and argillaceous dolo-
mite were conducted in an inert atmosphere with ultrapure concentrated (100%) orthophosphoric acid, and CO,
was collected after 72 hours of constant temperature reaction and analyzed on a MAT253 mass spectrometer.

Fig. 4. Characteristics of different types of fractures in the coresd wells.

A, Oil invaded into suture lines formed by pressure solution in well X26, dolomitic siltstone at 1828.73 m. B, Dissolution fractures connected
caves of well X3-69, dolomitic mudstone at 1768.45 m. C, Oblique fractures were partly filled by calcite of well X31, argillaceous dolomite
at 2012.23 m. D, Vertical fracture s with oil saturated bed of well X3-69, dolomitic mudstone at 1775.62 m. E, Low angle fractures were
filled by calcite of well X31, dolomitic mudstone at 2032.73 m. F, Network fractures were filled by calcite in well X3 1, dolomitic mudstone
at2014.01 m.
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Fig. 5. Characteristic of imaging logs with different dip-strikes. Green line is the bedding plane. Red line
is the open fracture. Ice blue line is the induced fracture.

The isotope data are reported in the §-notation relative to the PDB standard, and each of the samples was tested
at least twice to ensure that the difference between the two measured values was within 0.2%o, and the data re-
ported in this paper are the average of the two measured values.

4. RESULTS
4.1. Types and characteristics of fractures

Fractures in the study area were divided into tectonic fractures and hydrothermal fractures formed in
hydrothermal diagenesis. Tectonic fractures developed well in the fracture reservoir and expanded further with
various fillings. The oblique fractures and high angle fractures were the main types. According to interpretation
data of the imaging logs, the fracture azimuths were consistent with structural data (Fig. 3), and favorable frac-
ture cellular systems formed between fractures. The sutures formed by dolomite and argillaceous dolomite are
the main types of diagenetic fractures (Fig. 4, 4). Dissolution fractures usually accompanied corrosion as a
communication bridge for solitude caves (Fig. 4, B), which were secondary fractures formed by underground
hydrothermals migrated along the fault and dissolved in the host rock. Therefore, dissolution fractures mainly
distributed near the discordogenic fault.

Fractures could be divided into oblique fractures, low angle fractures, network fractures and high angle
fractures according to the fracture attitude. Oblique fractures and high angle fractures were the main types, and
the former typically appeared with a number of shear fractures that cut each other (Fig. 4, C). The imaging log
demonstrated a low curvature of the sine curve that crossed over other fractures (Fig. 5, A). The larger fracture
aperture sections were usually filled with calcite or gypsum and were smaller than 1.5 mm (Fig. 4, C). High
angle fractures usually developed near faults with a large aperture in oil invasion, and the fracture plane was
smooth (Fig. 4, D). The imaging log demonstrated a high curvature sine curve crossing over the other fractures
(Fig. 5, B). The horizontal range of low angle frac-
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4.2. Fracture-vug reservoirs characteristics

4.2.1. Petrophysicals of fracture-vug reservoirs

The petrophysical property data of the dolomitic reservoir were from 2 cored wells and a well of NMR
interpretation. Cores analysis were obtained by kerosene saturation method using a rod shaped of the cores with
that was 25 mm x 50 mm. The survey mode of D9TW and D9TE312 was taken in well X33 of NMR, and the
petrophysical porosity and permeability data obtained from difference spectrometry analyses were used. The
porosity of the dolomitic reservoir ranged from 1% to 29%, with an average of 12.1%, and the permeability
were mostly lower than 100 md, with an average of 86.4 md. Many fractures and vug occurred, so the porosity
and permeability values varied (Fig. 6).

Secondary pores were the main reservoir space, which included the intergranular and intragranular dis-
solution pores, the moldic pore, and the dissolution fracture that produced by organic and inorganic acid from
the hydrothermal fluids and hydrocarbons.

The secondary dissolution cavity was the key to promote reservoir porosity. Fractures were important
reservoir space and connected the solitude cavity, which made it important to improve permeability. The per-
meability of a sample without fractures was lower than 10 md, while the porosity of other samples with a com-
posite of the dissolution cavity and fracture could reach 29.5%, and permeability could reach 1000 md (Fig. 6).

4.2.2 Fracture-vug reservoirs parameters

Two prominent peaks in fracture intensity occurred ranging from 1.5 to 2 items per meter and 3 to 5 items
per meter, and the former was priority with an average of 2 items per meter. Most lengths were 2 to 2.5 m/m?,
with an average of 2.4 m/m?. The hydrodynamic fracture width was from 10 to 30 um, with an average of
27 um (Fig. 7). Compared to cores observation (Fig. 4), the width was obviously smaller because fractures are
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X3-73 X3-74 X31 Fig. 8. Fracture intensity and longitudinal dis-

FI | VI FI VI FI | VI tribution.
10+ 32100 80 6420 0 80 8 00 80 .
e el e ] e ] e Distance was away from the top bed of fracture and vug
- reservoir in the dolomite reservoirs. FI was the fracture density
of the opening fracture, items per meter. VI was unfilled vug
30 density, numbers per meter. The well locations can be seen
in Fig. 3.
50

sensitive to stress (Smart et al., 2001; Zeng et al.,
2007c). The fracture growth sensitivity and the
fracture scale growth and permeability (Zeng,
2010) resulted in fracture porosity and permeabil-
ity that were larger on the surface than in forma-
tion conditions.

There was no meaning to the statistics the
fracture parameters and cavities in well X31 be-
110 = cause the cavity was undeveloped (Fig. 8). The
fracture and cavity areas were primarily from 200
to 1550 mm?, and the average was 1151 mm?. The
130 plane porosity ranged from 5% to 10% and was
less than 5%, with an average of 11%. Density
was mainly from 5 to 60 per meter (Fig. 9), and
the average was 31. The distribution of the fracture-vug in the vertical direction clearly showed segmentation
(Fig. 8), which may be concerned with hydrothermal fluid filling in the pulse.
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4.3. Fracture-vug reservoirs control parameters
4.3.1. Relationship between dolomitization and oil charging

The data of stable isotopic is useful in determining the diagenesis environment of dolomite. The data of
d1BC can be used to measure the diagenesis salinity . High diagenesis temperatures result in oxygen isotopes
migrating to negative values, and carbon isotopes were heavier in the closed environment than in the open en-
vironment, while carbon isotopes were lighter after the leaching of atmospheric water and hydrocarbon fluid
denudation (Hardie, 1987; Allan and Wiggins, 1993).

Keith and Weber (1963) proposed a formula to calculate the palacosalinity using 6'#0 and 8'3C, which is
7 =2.048 x (813C + 50) + 0.498 x (8'80 + 50). Where Z was larger than 120, indicating marine facies, otherwise
indicating lacustrine facies. According to the interpretation results of the C—O isotope (Table 1), the Z values
of all samples were larger than 120 and were against sedimentary setting. However, a high salinity result may
be relevant to the hot hydrothermal brine, which was brought about by supracrustal tectonic activity rather ma-
rine facies causes the high salinity.

The temperature of dolomitic diagenesis calculation adopted the formulation established by Epstein
(1963) and was T = 14.8 — 5.4 x 3130. The results were shown in Table 1. Two cycles in temperature from the
result of well X3-69 are shown in the columns, which were from high temperature to low, and the reverse circle
is shown from bottom to top (Table 1). The cycle change of the hydrothermal fluid from sedex to effluent and
then to sedex was indicated by the results.

Table 1. Carbon oxygen isotope data and its interpretation
Sample . 8"Copp 8""Oppp Diagenesis temperature

Well depth (m) Litohology % oC z
X3-69 1697.2 Dolomite 4.9 -15.9 100.66 129.4
X3-69 1770.6 Dolomite 39 -14.7 94.18 127.9
X3-69 1773.8 Dolomite 33 -12.4 81.76 127.8
X3-69 1775.2 Dolomite 33 -14.4 92.56 126.9
X3-69 1778 Argillaceous dolomite 43 —-15.5 98.5 128.4
X3-69 1815.39 Argillaceous dolomite 3.7 -15.9 100.66 126.9

X26 1821.15 Argillaceous dolomite 3 -8.2 59.08 129.4
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The data of 6!®0Owas from —8%o to -16%o (Fig. 10), the average was —13.8%o, and the main reason for
extremely negative results was because the oxygen isotopic was distillated by hydrothermal fluid. The distribu-
tion of 13C was from 3%o to 5%o, the average was 3.8%o, and the heavier carbon isotopes indicated that dolo-
mite formed in the condition of inorganic carbon. Hence, hydrothermal dolomite was formed before extensive
hydrocarbon migration.

4.3.2. Controlling of the structural and hydrothermal properties

Faults are three-dimensional geologic bodies with a complex architecture (Caine, 1996; Gudmundsson et
al., 2001; Aydin, 2000; Yielding et al., 2000). In bilateral areas confined by faults and the ending fault sections,
where stress was released, were the major zones of induced fractures that could form complex fracture systems.
Although vugs undeveloped in well X31 (Fig. 8), a complex network and high angle fractures also developed
due to close proximity to the faults (Fig. 3). Due to lack of hydrothermal minerals to fill, new fractures could
be formed by acid dissolution in the later stage while retaining the initial fracture. Therefore, the parameters of
tectonic fractures typically have large values.

The hydrothermal fluid in the basin increased from deep strata to shallow beds along the fault and was
hotter as well as more salty and acidic than in the upper beds (Hanor, 1994; Heydari, 1997). The hydrothermal
fluids and organic acids in the later stage migrating to the

upper direction along existing fractures dissolved them, * °

which expand the existing fractures further and formed .

corrosion fractures and vugs systems. The oil charging in .« ° 4 3

the later stage also made fractures corrode even further. . . o

* 3 w

T T T T T 2

Fig. 10. Crossplot of 813C to 6'80 of dolomite in the -18 -16 14 12 -10 -8 -6

third formation of the upper Tenger Formation. 380, %o
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Fig. 11. A, Microfractures and dissolution vugs in well X26 (1826.8 m), orthogonal polarization 25 times,
dolomitic mudstone, microfractures were fully filled by argillaceous (yellow arrow) and hydrocarbon (red
arrow), orthogonal polarization; B, dolomitic mudstone in well X26 (1816.03 m), orthogonal polarization
25 times, dolomitic mudstone, dissolution fracture and vug were partially filled by siliceous (ice blue ar-
row), lime (green arrow) and pyrite (yellow arrow); C, argillaceous mudstone in well X3-69 (1805.67 m),
plane-polarized light 25 times, microfractures were filled by zeolite and develop zeolite solution pores;
D, dolomitic mudstone with oil intrude in well X3-69 (1766 m), plane-polarized light 25 times, oil soaked
dolomitic mudstone, analcite solution pores.

Although hydrothermal fluid dissolution fractures and vugs may be partially (Fig. 11, A, B) or even
fully filled (Fig. 11, C) by hydrothermal minerals in later stages, these fractures and vugs are pathways of hy-
drothermal migration, which are the main reason that dissolution vugs are commonly associated with fractures
(Fig. 11, C). The hydrothermal precipitation minerals in the early stages can be dissolved to form solution
pores (Fig. 11, D) by organic and inorganic acids. Additional, the hydrothermal migration pathways formed
corrosion weak zones, which are the advantageous pathways for oil migration. The overlying thick mudstone
was a good cap rock and is a good lateral occlusions bed in the offside, which is advantageous for oil and gas
accumulation in fracture-vug reservoirs. At the same time, organic acids from hydrocarbons could dissolute
partial fillings minerals (mainly zeolite) in early hydrothermal fractures and improve the petrophysical proper-
ties of the reservoir.

The Tenger Formation was created during strong depression. The active hanging wall held most of the
strain, and fractures developed because the extensional fault activated strongly. Later, hydrothermals surged
into the reservoir under the fault activity episode. Unsaturated hydrothermals migrated along the faults and
fractures and passed into the reservoir and dolomized host rock to enlarge fractures and transform them into
dissolving fractures. While in the process of dolomitization, however, various hydrothermal minerals (e.g.,
anhydrite, analcidite, pyrite, and quartz) achieved saturation and evolved by incipient crystallization due to
decreased temperature. This process could replace host rock, resulting in gypsification in a wide area and caus-
ing damage to original fractures and pores (Fig. 12). Therefore, hydrothermal in the early stages could broaden
present fractures and damage fractures by minerals precipitating in later stages. Some researchers (Hu et al.,
2013) have suggested that gypse in the Tenger Formation formed under the condition of drought and evapora-
tion. However, marker sediments were not found in well cores from the same layer in the slope zone in that

510



Fig. 12. A, dolomitic mudstone of well X3-69 at 1804.6 m, fractures were filled by gypse. B, dolomitic
mudstone by oil cut of well X3-69 at 1804.9 m, fracture and dissolved vug were partially filled by gypse.
C, dolomitic siltstone by oil cut of well X26 at 1825.6 m, fracture were filled by gypse and dissolved pore in
gypse. D, dolomitic siltstone of well X26 at 1827.6 m, fracture were fully filled by gypse.

environment. It is likely that the gypse in the depression was supersaline hydrothermal brine dolomized host
rock and precipitated when the temperature decreased.

The hydrothermal fluid took a long time to be detained in the horizontal and low dip fractures, which
caused hard saturated hydrothermal fluid movement. Although fractures opened in the early stage, various min-
erals related to hydrothermal fluid precipitated in later stages and resulted in some fractures being fully or
partially filled by hydrothermal minerals. For high dip angle fractures, under the function of seismic pumping
in early stage, hydrothermal fluid went up along the extensional faults, and the associated fractures flew up-
ward. At the same time, the high dip angle fractures were beneficial to continuous unsaturated and saturated
hydrothermal fluid diagenetic fluid exchange. Fractures could be reconstructed and the surrounding rock could
be corroded to form solution pores. The cold hydrothermal fluid in later stages caused the fluid density to in-
crease. Saturated fluid flew back downstream under gravitation function, so mineral precipitation in the down-
ward direction was enhanced and fracture aperture decreased. Due to organic acid dissolution and cooling ef-
fect, the dissolving vugs superposed development along the former cave-fractured zones in an upward direction
and could alter the former microfractures into dissolving fractures with a larger aperture. So, fractures with
large dip angle usually were called open fractures, whose upward direction fractures were seldom filled by
hydrothermal minerals.

30

4.3.3. Controlling burial dissolution Samples: 94

The dolomite reservoirs were in the later stage of ~ 2°7]

diagenesis (Xu et al., 2005), and the Tenger Formation 204
itself had hydrocarbon generation potential and a hy-
drocarbon generation peak during the Duhongmu for- 15
mation sedimentary period (Liu and Zhang, 2011). Or-
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hydrocarbons, which dissolved partially soluble materials and microfractures generated from early fault activi-
ties and hydrothermal brine and formed dissolving fractures and vugs. Hydrocarbons could initiate thermo-
chemistry sulfate reduction (TSR) with sulfate (i.e., gypse) when fluid temperatures were higher than 120 °C,
which could generate alternative hydrocarbons, fix bitumen, CO, and H,S as well release heat. Inorganic acid
was generated when H,S and CO, were dissolved in water, which was a significant agent for carbonatite burial
dissolution (Mazzullo, 1981, Mazzullo and Harris, 1992). The distribution of homogenization temperature data
(Fig. 13), which was obtained from 94 dataset, indicated that multi-phase of hydrocarbon charging, and when
the temperature was higher than 120 °C, asphalt of blocked fractures (Fig. 11, A) could be the possible product
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of hydrocarbons, and sulfate mineral alteration hydrocarbon fluid existed in the Tenger formation. Inorganic
acid generated from alteration could enhance the dissolution of the soluble minerals of zeolite and calcite.

4.4. Production history characteristics and the oil-water distribution model

4.4.1. Production history

Dolomitization inhomogeneity resulted in a large difference in the dissolution of hydrothermal fluid, or-
ganic and inorganic acid to dolomite, and strong heterogeneity in the reservoir. There was no output change in
the conventional opening, and the fracturing effect was widely different between the different wells (Fig. 14). The
X26 well production for a period of time and productivity was stable after fracturing, and the oil production re-
mained constant at 5 tons per day. The X26 well was located on the downthrown side of the syngenetic sedimen-
tary faults. Siltstone of the upthrown block was injected into the downthrow as gravity flow, so shale content was
less. Dolomitic siltstone and silty dolomite were the primarily types of reservoir and was beneficial for fracturing.
At the same time, the sand caused the pressure cracks to form stable products. There was a good match between
the fracture intensity and vug location in the X3-73 well and the X3-74 well (Fig. 8), and the production of both
wells was stable. The fracture intensity of well X3-74 developed better than well X3-73, and therefore more
fracture intersection with vugs occurred in the unit length, which enriched the seepage area in well X3-74. The
production of well X3-74 was twice that of well X3-73; although, fractures developed in well X31, with no ef-
fective pores and vugs connected. The result was that no oil production occurred in the first conventional and
second fracturing tests. There was no output in the early stage of well X3-69 in the dolomite reservoir. Daily oil
production was 0.8 tons after acid fracturing and was 0.3 tons per day after hydraulic fracturing.

The X3-74, X3-75, X26 and X3-69 wells were located on the downthrown side controlled by contempo-
raneous faults. Only well X3-69 produced no oil through acid fracturing. The primary reason was that the well
was located in the common downthrown side of contemporaneous and transform faults. They were both in the
deep depression condition and lead to less sand deposits in the reservoir, which was hard to fracture, could not
effectively support hydraulic fracture and was suitable to high production through acid fracturing. The sandy
sedimentation of the delta front could be moved forward to the basin direction along the position of the trans-
form zone (Gawthorpe and Leeder, 2000; Contreras and Scholz, 2001; Schelishe, 1991; Scholz and Hutchinson,
2000) on the sides of wells X3-73, X35 and of X3-74, X26, X3-75. In this case, the wells could keep high oil
production; for example, the production of X35 was up to 10.2 m? per day in the second fracturing oil test.

Eracture-vugged oil

Fracture-vugged oil
Isolated oil

Isolated water Stored water
| Tight/layer,
Isolateﬁ oil St°fed.0||l )
! Isolated oil

Fracture-vugged oil
A

Formation water

Stored water

Fig. 15. Model of oil-water distribution in dolomitic reservoir.

A, the X3-69 well was at 1768.8 m, dolomitic mudstone, oil saturated in cave-fractured. B, the X3-69 well was at 1768.5 m, argillaceous
dolomite, the fluid in bottom section was formation water and the upper section were isolated water and isolated oil, pay attention to the
enrichment of pyrite at the water and oil contact. C, the X3-69 well was at 1772.2 m, dolomitic mudstone, oil spot scattered in formation
water. D, the X3-69 well was at 1768.1 m, dolomitic mudstone, the bottom section was water and the upper section is oil.
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4.4.2. Oil-water distribution model

Reservoir space and pore structure between cave-fractured and the clastic reservoir was highly different,
which resulted in reservoirs fluids with typical occurrence shape and division into isolated oil, stored oil, iso-
lated water and stored water based on cores observation (Fig. 15). Stored oil means isolated dissolution pore
space was charged by early oil migration. With organic acid dissolution and burial dissolution, the isolated oil
contact with underlying formation water was fractured to form a united porosity-permeability system. Isolated
oil was oil in isolated (Fig. 15, D, E) cavern oil accumulated in the early stage (Fig. 15, B) or isolated oil holes.
Fractures contacted with formation water were filled by bitumen in later stages and hydrothermal minerals pre-
cipitation (i.e., pyrite, gypsum), which cut the connection of cave-fractured oil with basal water and it trans-
formed the cave-fractured oil into isolated status. Isolated water was formation water that could not be replaced
by hydrocarbons due to the lack of oil migrating pathways. Stored water was formation water located in the
bottom of the reservoir and connected with the reservoir that was not totally replaced by hydrocarbons in the
process of hydrocarbon replacing the formation water (Fig. 15, E). The fracture and vug development degree
and their coupling relationship played a major role in controlling the oil-water distribution. The good connec-
tion of fracture and vug lead to strong regularity in fluid distribution; however, fractures and vugs with high
intensity and bad connections lead to complex fluid distribution.

5. DISCUSSION

The dolomite vug-fractured reservoir was a rarely a “white smoke type” of nonmarine facies formed by
hydrothermal sedimentary dissolution (Guo et al. 2013). The reservoir was linearly distributed along the discor-
dogenic fault as the hydrothermal fluid pathway, whose fractures and vugs developmental degree was corre-
lated closely with the fault. This paper only used image logging and cores observation data to analyze the lon-
gitudinally fracture and vug distribution, and its plane rules need further study to guide hydrocarbon exploration
and development in the study area.

The diagenesis temperature of dolomite could not reflect the diagenesis temperature varieties of the
whole dolomite interval; however, certain differences exist at certain intervals. If the hydrothermal fluid charged
stage can be determined, it could better predicate lithofacie changes and longitudinal vug-fractured reservoir
evolution regularity.

The fractures and vugs developed well in the dolomite reservoirs; tectonic fractures were the main devel-
opments, and high angle fractures were the main effective fractures. The development of tectonic fractures and
vug dissolution were controlled by tectonics and lithology, although well X3-69 had a long massive oil satu-
rated cores (Fig. 15, A) with high shale content and strong plastic properties. Acid fracturing was difficult, and
low well productivity was the result. In contrast, the fractures and vugs were undeveloped in well X26, but with
high sand content, fracturing was easy. The match degree between fractures and vugs had a great influence on
production. The fracture intensity in well X31 was greater than that of well X3-73 and well X43-74, but a bad
match occurred between fractures and pore dissolution in well X31; there was no productivity and no oil pro-
duction in the continuous oil tests.

A difference in the vertical and horizontal hydrothermal dolomitization occurred and resulted in a great
diversity in lithology and fracture-vug development regular patterns, which caused hydrocarbon selective
charging. Under the burial influence in later stages, fractures played a role in connecting oil and water in the
united reservoir system and were filled by hydrocarbon oxidized or hydrothermal minerals and split the united
reservoir. This split led to complex oil-water contact, strong heterogeneity and various scatter oil spots in the
formation water (Fig. 15, C).

This reservoir heterogeneity performed in the fracture-vug development, fractures-vug couple relation-
ship and reservoir lithology. If lithology was stable, pore configurations were consistent with fracture and dis-
solved pores, and the reservoir would have better homogeneity and regularity of oil-water distribution. In con-
trast, if there was a great diversity in lithology, then anisotropics caused by lithofacies was strong. Additionally,
dissolution fractures and pores had different development regularity because of different lithology, resulting in
stronger heterogeneity and irregular oil-water distribution. As a result, launching high resolution lithology in-
version was significant for reservoir development.

6. CONCLUSIONS

The fractures and dissolve pores were the main hydrothermal dolomitic reservoir space, and effective
fractures were mainly high angle tectonic fractures, while low angle fractures were mostly filled by hydrother-
mal minerals in the study area.

Hydrothermal episodic charges were caused by fault episodic activity, which resulted in cyclicity in the
dolomite diagenetic temperature. These results were different from dolomite formation that changed with vary-
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ing hydrothermals at varying temperatures. As a result, there was a great variety in dolomite content in the
longitudinal direction. It caused the development of fractures and vugs with segmentation in the columns. Do-
lomite was formed before the massive hydrocarbon migration in the study area; thus, organic acid formed in the
later stages of hydrocarbon charging can improve the reservoir quality.

The upper dip direction of high angle fractures are usually opened due to the hydrothermal fluid dissolu-
tion and were typically effective fractures. However, low angle fractures were typically ineffective for hard to
form continuous flowing alterations and were filled by saturated minerals after hydrothermal cooled and blocked
the fractures.

Sand content is the key factor for controlling the output of dolomite reservoirs, and the high sand content
is consistent with high yield. Lithology, the fracture and vug intensity and the coupled relationship control the
distribution of oil and water. Strong heterogeneity and the specialty of the reservoir space resulted in the com-
plex distribution of oil and water, including isolated oil, stored oil, isolated water and stored water.
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