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Abstract

The formation time of the Chang 6 reservoir was determined semi-quantita-
tively by petrographic observation, fluorescence spectral analysis, homoge-
neous temperature test and salinity calculation of fluid inclusions in the
Chang 6 reservoir of the Qilicun oilfield, as well as sonic time difference me-
thod to recover the stripping thickness of the strata at the end of the Early
Cretaceous, based on the study method of burial-thermal evolution history
map with homogeneous temperature cast points of inclusions. The results
show that brine inclusions, gas-liquid brine inclusions and a few oil inclu-
sions are mainly distributed in quartz healing microfractures and some feldspar
grains, mainly oval or irregular in shape, with sizes ranging from 3 to 10 pm.
The fluorescence colors of oil inclusions are mainly yellowish green and
green; the fluorescence spectra of oil inclusions are similar to those of hydro-
carbon associated brine inclusions. The analysis of the uniform temperature,
salinity and burial history of the oil inclusions indicates that the oil reservoir
in the Chang 6 section of the Qilicun field was formed in the Early Cretaceous
(135 - 100 Ma) in the first stage, the initial filling period (135 - 120 Ma), and
the second stage, the massive filling period (120 - 100 Ma). This study can
provide some geological basis for oil exploration and development in the Qi-
licun field and adjacent areas.

Subject Areas

Petroleum Geology

Keywords

Fluid Inclusion, Homogeneous Temperature, Reservoir Formation, Chang 6
QOil Formation, Qilicun Oil Field, Ordos Basin

DOI: 10.4236/0alib.1109556 Dec. 30, 2022 1

Open Access Library Journal


https://doi.org/10.4236/oalib.1109556
http://www.oalib.com/journal
https://doi.org/10.4236/oalib.1109556
http://creativecommons.org/licenses/by/4.0/

J.W. Zhu et al.

1. Introduction

Fluid inclusions are the “fossils” of the mineral growth process, which record the
real palaeofluid information when the formation was formed, and their compo-
sition, physicochemical properties and existence state can reflect the relevant
information of oil and gas formation [1]. In the field of petroleum geology, pe-
trographic characterisation of fluid inclusions, microcalorimetry, fluorescence
spectroscopy and laser Raman analysis are effective methods for recovering ba-
sin paleotherm, analysing basin evolution history, elaborating reservoir fluid
properties, determining hydrocarbon formation and filling period [2]-[7]. The
Ordos Basin is currently the largest oil-producing base in China, and the Chang
6 Formation of the Upper Triassic Yanchang Group is its main oil-rich forma-
tion, and is dominated by tight oil. The inclusions of the Chang 6 Formation of
the Yanchang Group in different areas of the Ordos Basin have been studied in
some detail by previous authors. Tang Jianyun, Cao Qing and Wang Naijun [8]
[9] [10] considered the Chang 6 Formation to be a one-stage reservoir, corres-
ponding to a time of formation between 125 and 100 Ma; Li Bo and Gao Zhen-
dong [11] [12] considered it to be a two-stage reservoir, corresponding to a time
of formation between 130 and 115 Ma and 108 and 80 Ma; other scholars’ view
was a three-stage reservoir [13], corresponding to a time of formation between
140 and In summary, there are still controversies about the formation time and
period of the Chang 6 reservoir in the Yanchang Formation of the Ordos Basin,
and previous studies mainly focus on the sedimentary centre of the lake basin
during the Yanchang Formation period, while the formation time of the Chang 6
reservoir in the marginal part of the lake basin is rarely addressed. Although the
Qilicun field has a total proven geological reserve of over 200 million tonnes of
oil, studies on the formation of oil and gas accumulations are very weak, espe-
cially the timing of oil and gas reservoir formation has not been studied in the
past.

The Qilicun oil field is located in Yan’an City, in the southeastern part of the
northern slope of the Ordos Basin in Shaanxi Province (Figure 1(a)), and is the
earliest exploration and development area in the Ordos Basin with a history of
more than 100 years. The Chang 6 oil formation is its main oil-producing layer,
and the submerged divergent river reservoir group at the front edge of the delta
is developed (Figure 1(b)), with a total proven tight oil geological reserve of 225
million tonnes [14]. Previous studies in this field have focused on hydrocarbon
source rock characteristics and oil source comparison [14] [15] [16], sedimenta-
ry phases and reservoir characteristics [17] [18] [19], with less attention paid to
hydrocarbon reservoir formation. However, after years of depleted development,
the field has gradually exposed the difficulties in stable production and the lack
of favourable exploration blocks to deploy wells, and there is an urgent need to
reconceptualise the formation conditions of the Chang 6 reservoir, of which the
formation time and period of the reservoir is an important part. Therefore, this
study is not only beneficial to the re-understanding of the formation process of

oil and gas, but also important for the next step of oil exploration in this field.
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Figure 1. The division of structural units in ordos basin and the position of the study area and stratigraphic column of yanchang
formation. (a) Division of basin tectonic units and location of study area; (b) Comprehensive histogram of Qilicun Yanchang

Formation.

2. Characterisation of Fluid Inclusions in the Chang 6
Reservoir
2.1. Sample Collection and Processing

In this study, a total of 30 fluid inclusion thin sections were prepared from the
core samples of four exploratory wells, DT033, DT036, DT038 and DT071, in
the Qilicun field, for petrographic observation of fluid inclusions, fluorescence
spectroscopy analysis and microtemperature measurement, etc. (Figure 2). The
lithology was mainly fine sandstone and the depth was mainly distributed be-
tween 300 - 600 m. The rock samples were cored and ground to approximately 1
mm thick flakes and polished on both sides. For homogeneous temperature de-

termination, a high level of thin section is required and the section needs to be
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Figure 2. Sandstone samples from Qilicun oilfield, ordos basin.

pre-treated before testing. The surface is first cleaned with a small amount of
acetone solution using a skimmed cotton pad and wiped back and forth to re-
move the organic material from the surface. The surface is then wiped several
times with alcohol and finally scrubbed with deionised water. The main instru-
ments used for fluid inclusion analysis were a Leica 07 optical microscope with
blue fluorescence excitation, a GaiaFieldPro-V10 high light fluorescence spec-
troscopy imager, and a LinkamTHMS-G600 hot and cold bench with an accura-
cy of £0.1°C. All experiments were completed at Shaanxi Key Laboratory of Pe-
troleum Accumulation Geology, Xi’an Shiyou University. The experimental
procedures as well as the operating techniques strictly comply with the oil and
gas industry standard “SY/T6010-2011 Microcalorimetry of fluid inclusions in
sedimentary basins”.

2.2. Inclusion Types and Characteristics

Fluid inclusions in the Chang 6 reservoir of the Yanchang Formation in the Qi-
licun oilfield are very well developed, mainly within quartz microfractures and
to a lesser extent in feldspar grains, and are regularly distributed in strips, beads,
clusters, and sporadic spots (Figure 3). According to the phase and composition
characteristics of inclusions, they can be divided into pure brine inclusions,
gas-bearing brine inclusions and hydrocarbon inclusions.

2.2.1. Pure Brine Inclusions

Pure brine inclusions are prevalent in the Chang 6 reservoir, mostly associated
with gas-bearing brine inclusions, mainly transparent, non-bubbly, non-fluo-
rescent, mainly in quartz grains and quartz healing microfractures, ranging in
size from 3 to 10 pm (Figure 3(a) and Figure 3(b)), and mostly oval or irregular

in shape.

2.2.2. Gas-Bearing Brine Inclusions
The gas-bearing brine inclusions are widely distributed in the Qilicun reservoir
and appear transparent or light grey in transmitted light, not fluorescent; their

diameters mainly range from 5 to 10 um, with a wide range of gas-liquid ratios,

DOI: 10.4236/0alib.1109556

4 Open Access Library Journal


https://doi.org/10.4236/oalib.1109556

J.W. Zhu et al.

1 _S0um |

Figure 3. Microscopic characteristics of fluid inclusions in Chang 6 reservoir of Qilicun oilfield, ordos basin.

up to 3% - 20%; they are mostly distributed along quartz healing fractures in the
form of beads, strips, sheets and scattered spots; their shapes are oval, elongated
and irregular (Figure 3(b) and Figure 3(c)).

2.2.3. Hydrocarbon Inclusions

Hydrocarbon inclusions are mostly associated with brine inclusions (Figure
3(d) and Figure 3(e) and Figure 3(f)), and some hydrocarbon inclusions exist
in bubbles (Figure 3(d)), which are between 3 and 8 um in diameter, mainly
scattered within quartz microfractures and feldspar grains; the difference in dis-
tribution between hydrocarbon inclusions and brine inclusions is more obvious,
and hydrocarbon inclusions are more abundantly developed at the top of Chang
6; they are generally transparent or grey in transmitted light. The fluorescence
colour of the inclusions can be observed to initially determine the maturity of
the organic matter [20] [21], and the corresponding fluorescence colours from
lowest to highest maturity are: red, orange, yellow, green, blue and blue-white.
The hydrocarbon inclusions in the Qilicun field are yellowish green or green
under fluorescence (Figure 3(g) and Figure 3(h) and Figure 3(i)); based on the

maturity characteristics corresponding to the fluorescence of the inclusions, it is
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judged that the Chang 6 reservoir in the Qilicun field is in the mature evolutio-
nary stage, and this result is consistent with studies on the degree of thermal
evolution of organic matter in the area [22].

(a) Well DT036, pure brine inclusions distributed along healing fractures
within quartz grains, Monopolarization, ¢ 6;, 198.12 m, 500x; (b) Well DT036,
clustered brine inclusions within quartz grain fractures, Monopolarization, ¢ 6;,
198.12 m, 500%; (c) Well DT036, gas-liquid two-phase brine inclusions distri-
buted along quartz healing microfractures, Monopolarization, ¢ 6;, 198.12 m,
500%; (d) Well DT033, gas-bearing hydrocarbon inclusions associated with
quartz grains near healed microfractures, Monopolarization, c 6;, 365.4 m, 500x;
(e) Well DT033, liquid hydrocarbon inclusions within feldspar grains, Monopo-
larization, ¢ 6,, 317.51 m, 200x; (f) Well DT033, brine inclusions along fractures
within quartz grains distributed brine inclusions with minor associated hydro-
carbon inclusions, Monopolarization, ¢ 6,, 379.68 m, 500x; (g) Hydrocarbon in-
clusions fluorescing yellowish green, fluorescence, ¢ 6;, 365.4 m, 500X, in the
same field of view as d; (h) Hydrocarbon inclusions fluorescing green, fluores-
cence, ¢ 6;, 317.51 m, 200X, in the same field of view as e; (i) Hydrocarbon inclu-
sions fluorescing faint green, fluorescence, in the same field of view as f of hy-

drocarbon inclusions, fluorescent, ¢ 6,, 379.68 m, 500x.

3. Fluorescence Spectral Characteristics of Inclusions

Fluorescence spectroscopy of fluid inclusions is a non-destructive analytical
method, and the spectrometer can record the different emission wavelengths of
the fluorescent samples, thus achieving quantitative analysis of fluorescence in-
tensity. The main peak wavelength of the spectrum (Anm.) is the emission wave-
length corresponding to the maximum fluorescence intensity (Imey in the lu-
minous sample point. Am. can’t identify the chemical components in the oil
sample, but can determine the maturity of the oil. In general, the greater the
maturity of the oil, the more small-molecule hydrocarbon content, the smaller
the value of Am.g conversely, the less small-molecule hydrocarbon content, the
greater the value of Am.. Therefore, hydrocarbons that undergo filling in the
same phase should have the same or similar maturity and main peak wave-
lengths, and vice versa [23] [24].

Fluorescence spectroscopy analysis of selected fluorescence thin sections at
different depths in the Chang 6 reservoir (Figure 4) showed that their Ama
ranged from 542.4 to 549.1 nm; fluorescence spectroscopy analysis of typical oil
inclusions in the Qilicun field (Figure 5) showed that a set of values of Amax
mainly existed, ranging from 542.4 to 545.8 nm; the An. of fluorescence thin
sections and oil inclusions were basically the same, indicating that The hydro-
carbons have homologous characteristics and the maturity is the same, and the
oil in the Chang 6 reservoir of the Qilicun field is a phase I filling.

(a) DT033, ¢ 6,,372.39 m long, fine sandstone with yellowish green fluorescent

oil inclusions within quartz grains (a;) and its fluorescence spectrum (a,).
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Figure 4. Fluorescence thin section and its corresponding fluorescence spectrum of
Chang 6 member in Qilicun Oilfield.

(b) DT036, ¢ 63, 243.46 m long, fine sandstone, yellowish green fluorescent oil
inclusions within quartz grains (b,) with its fluorescence spectrum (b,).
(c) DT033, ¢ 61, 365.4 m long, fine sandstone, yellowish green fluorescent oil

inclusions in quartz grains (c;) with its fluorescence spectrum (c,).

4. Homogeneous Temperature and Salinity Distribution
Characteristics of the Envelope

4.1. Homogeneous Temperature Distribution Characteristics

Inclusion homogeneous temperature and salinity characteristics are one of the

most important research elements in determining the reservoir formation period
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and reservoir age, and are an important basis for comprehensive analysis of the

reservoir formation period and reservoir age [5] [6] [7] [8] [9] [25]. The homo-

geneous temperature of inclusions is the minimum temperature required for the

conversion of gas-liquid inclusions into a homogeneous phase. The homogene-

ous temperature of brine inclusions coeval with hydrocarbon inclusions in a re-

servoir can approximately represent the formation temperature when oil and gas

filling occurs. As hydrocarbon inclusions contain organic hydrocarbons, the

temperature homogenisation is often not representative of the minimum tem-

perature at which oil and gas injection occurs, therefore, brine inclusions

co-occurring with hydrocarbon inclusions are usually selected for homogenisa-
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tion experiments.

A total of 249 inclusions distributed within quartz grains and quartz healed
microfractures were selected for temperature measurement, and the test results
show that (Figure 6): the overall range of measured mean temperature of fluid
inclusions in the Chang 6 reservoir in the Qilicun field is between 70°C and
140°C, with a wide overall span; the distribution of mean temperature of inclu-
sions is bimodal, with the first peak being low, between 90°C and 95°C, and the
second peak being more pronounced, between 110°C and 110°C. The first peak
is low, between 90°C and 95°C, and the second peak is more pronounced, be-
tween 110°C and 115°C. From an overall perspective, the main peak of the mean
temperature is between 100°C and 120°C, which can be considered as the for-
mation temperature when the oil and gas is heavily filled, and represents the

main reservoir formation period of the oil and gas.

4.2, Salinity Distribution Characteristics

The salinity characteristics of an inclusion can be indicative of the physicochem-
ical properties and origin of the fluid and can be calculated from the freezing
point temperature of the brine inclusion [26]. In this study, the salinity of fluid
inclusions in the Qilicun field was calculated using the empirical formula me-
thod. The results show (Figure 7) that the overall range of salinity of fluid inclu-
sions in the Chang 6 reservoir in the Qilicun Oilfield is distributed between
0.88% and 18%, with an overall low salinity, indicating that the fluid inclusions
were formed in a freshwater or brackish water environment; the distribution

trend shows that there are two peaks in the salinity distribution approximation,

35

30

25

20

15}

Frequency/pc

0

Homogeneous temperature/°C

Figure 6. Histogram of homogenization temperature of inclusions in Chang 6 member of
Qilicun oilfield.
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Figure 7. Histogram of salinity of inclusions in Chang 6 member of Qilicun oilfield.

0.88% to 2% and 4% to 8%, respectively. The second peak is more obvious, with
salinity in the range of 4% - 8%, which can be considered the main peak; in
terms of variation characteristics, the overall salinity shows a trend of decreas-
ing, then increasing and then decreasing, with an overall single peak, reflecting

that the Qilicun field is a Phase I fluid activity event.

5. Burial-Thermal Evolution History and Reservoir Timing

Fluid inclusions are a scientific and effective method in reservoir formation stu-
dies, especially when combined with the burial-thermal evolution history and
fluid inclusions thermometry to determine the reservoir formation time, which

has become an effective means to determine the reservoir formation age.

5.1. Recovery of Stripping Volumes at the End of the Early
Cretaceous in the Qilicun Oil Field

Since the Triassic, the Qilicun oil field has experienced relatively frequent geo-
logical and tectonic movements. The overall expression is four phases of uplift
and denudation: minor uplift and denudation at the end of the Triassic, denuda-
tion at the end of the Early Jurassic, denudation at the end of the Late Jurassic
and denudation at the end of the Cretaceous; since the Cenozoic, the basin has
generally shown continuous sedimentary subsidence [10]. For the late Creta-
ceous uplift denudation in the Qilicun area, the author used the sonic time dif-
ference method to recover the denudation thickness. In normally deposited
compacted mud shales, the amount of denudation in the strata can be deduced

using the relationship between A¢ % H:

At = Atye™

where H is the depth of burial, m; A¢is the acoustic time difference at depth H,
um/s; Af is the acoustic time difference at the surface, taking a value of 620
um/s, and 4 is the slope of the normal compaction curve. If the strata are nor-
mally compacted and deposited, the sonic time difference of the mudstone varies

exponentially and continuously, and when the strata have undergone uplift
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stripping, the sonic time difference value will deviate from the original trend
line. Therefore, the change of acoustic time difference of mudstone is disconti-
nuous for the strata that have been denuded. The trend line of mudstone com-
paction can be extended above the unconformity surface of the strata to the pa-
leosurface at A#. The absolute depth between the unconformity surface and the
paleosurface is the amount of paleodenudation of the strata [27]. For the Late
Cretaceous tectonic movement, the unconformity surface is the base of the Qua-
ternary stratigraphy. The author took DT016, DT036 and DT071 wells as exam-
ples, read the values of the sonic time difference logging curves, paid attention to
selecting pure mudstone sections greater than 2 meters in the shallow undeve-
loped overpressure strata, and produced compaction curves based on the sonic
time difference of the read mudstone to recover the denudation thickness of the
Late Cretaceous (Figure 8). Synthesizing the results of previous research [28]
[29] and the author’s calculations of denudation thickness, the denudation in the
study area is 40 - 60 m, 120 - 160 m, 240 - 280 m and 1605 - 1712 m for the late

Triassic, late Middle Jurassic, late Jurassic and late Cretaceous.

5.2. Determination of the Timing and Timing of the Formation of
the Chang 6 Reservoir

The main method currently used to determine the reservoir formation time us-
ing fluid inclusions is to project the homogeneous temperature data onto the
burial and thermal evolution history map of a single well in the study area, and
the geological time corresponding to the projection of the homogeneous tem-
perature on the map can be used to comprehensively determine the oil and gas
filling time [2] [30] [31] [32] [33]. In this study, the burial history of a single well

in the study area was simulated using Petromod software. The parameters

-2000 -2000 -2000
denudation is 1674 m  Paleosurface denudation is 1605 m  Paleosurface e _dfrlu_dgti_oli is_1_7_12_r_n_ o _Paile_o_sgrfa_ce_
150017 TTATTTTTTTTT T -15001 -15001 4
-10001 -10001 -10001
£ g £
 -500 £ -5001 2. -5001
O O D
A A A
0 Iio_"i(:/f}l_s_"ili _____________ f(io_ 0 0 150 AC/(us'm) 600
Unconformity | | & OO PTTTTTTTOgT T (_J;c_o;n;o;l;i;;
500 5007 500+
1000 1000 1000
(a) (b) ©

Figure 8. Estimation of stratum denudation thickness at the end of cretaceous in Qilichun oilfield. (a) DT016; (b) DT036; (c)
DT071.
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required for the simulation were basin palaeo-geothermal flow (HF) values ob-
tained with reference to previous research results [25] [28] [34], palaeo-water
depth was set to 0, and global sea level temperature (SWIT) was automatically
generated by the software based on the latitude and longitude of the Qilicun oil-
field. The simulation was based on the calculation of formation stripping volume
and combined with the measured vitrinite reflectance (Ro) to calibrate the single
well simulation results to ensure the accuracy of the simulation results (Figure
9).

The simulation results show (Figure 10) that the Chang 6 section of the Qili-
cun field is a one-stage reservoir, spanning from the early Early Cretaceous (135
Ma) to the end of the Early Cretaceous (100 Ma), a continuous filling process
over a period of 35 Ma. Based on the homogeneous temperature and salinity
analysis of the inclusions, it is believed that there are two stages of oil and gas
formation in the Qilicun field. The first stage is the initial filling period, which
lasted from the early Early Cretaceous (135 Ma) to the middle Early Cretaceous
(120 Ma) for a period of about 15 Ma, corresponding to a homogeneous tem-
perature of 70°C - 100°C and a salinity of 0.88% - 2%. From the thermal evolu-
tion history of hydrocarbon source rocks, the Ro value of early to middle Early

Cretaceous hydrocarbon source rocks was 0.5% - 0.7% at this time, which had

vitrinite reflectance Ro/%
0.4 0.6 0.8 liO

T,y Ch1-2
200 A

T,y Ch3

\ T,y Ch4+5

T,y Ch6

T,y Ch7
600 -

T,y Ch8

T,y Ch9
800

E] Measured vitrinite reflectance
E] Simulated vitrinite reflectance

Figure 9. Relationship between measured vitrinite reflectance and simulated vitrinite ref-
lectance in Qilicun oilfield.
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Figure 10. Burial and thermal histories and accumulation time of Chang 6 Reservoir in
Qilicun oilfield.

reached the hydrocarbon generation threshold [35]. The hydrocarbon source
rocks began to produce hydrocarbons and fill the Chang 6 reservoir, and yello-
wish green fluorescent inclusions are seen under the microscope; the second
stage is the massive filling period (main reservoir formation period), which
lasted from the middle Early Cretaceous (120 Ma) to the end of the Early Creta-
ceous (100 Ma) for about 20 Ma, corresponding to a homogeneous temperature
of 100°C - 140°C. At this time, the Ro values of the middle and late Early Creta-
ceous were between 0.7% and 0.9%. The hydrocarbon source rocks began to
produce hydrocarbons in large quantities and were continuously filled into the
Chang 6 reservoir, microscopically as green fluorescent inclusions. After 100 Ma,
due to regional tectonic activity, the stratigraphic temperature ceased to increase
with time and hydrocarbon production and discharge activities of the hydro-
carbon source rocks ceased, thus ending the main hydrocarbon reservoir forma-

tion period.

6. Conclusions

1) A large number of brine inclusions, gas-liquid two-phase brine inclusions
and a small amount of oil inclusions are developed in the Chang 6 reservoir of
the Yanchang Formation in the Qilicun Qilfield of the Ordos Basin, and the flu-
orescence colour of the oil inclusions is mainly yellowish green and green, indi-
cating that the Chang 6 reservoir is in a mature evolutionary stage.

2) The main peak of fluorescence spectra of fluorescence flakes and typical oil
inclusions are between 542.4 - 549.1 nm, indicating that the hydrocarbon matur-
ity of the Chang 6 reservoir is basically the same, and it is in the first stage of
filling.

3) The brine inclusions have a wide range of uniform temperature distribu-

tion, with an overall bimodal distribution; the uniform temperature is distri-
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buted from 70°C to 140°C and the main body is distributed from 100°C to
120°C; the salinity is distributed from 0.88% to 18%, also approximating two
peaks, with the main peak peaking at 4% to 8%.

4) The stripping thickness at the end of the Early Cretaceous in the Qilicun
field recovered using the acoustic time difference method is 1605 - 1712 m. In-
tegrating the burial-thermal evolution history of the Chang 6 reservoir in the Qi-
licun field, the hydrocarbon source rock thermal evolution history and the in-
clusions of homogeneous temperature data, it is inferred that the Chang 6 re-
servoir in this area is mainly a Phase I formation (135 - 100 Ma), divided into an
initial filling period (135 - 120 Ma) and a massive filling period (120 - 100 Ma).
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