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Abstract: Hydrothermal activity is widespread in sedimentary basins, but its dual effects (chemistry
and temperature) on shale reservoirs are rarely discussed. In this research, we systematically collected
33 well core samples from Q1 to Q9 units in Gulong Sag, Songliao Basin, and analyzed them using a
variety of analytical techniques, including a field emission scanning electron microscopy (FE-SEM), an
energy-dispersive spectrometer (EDS), X-ray diffraction (XRD), and stable C-O isotopes. Combined
with the collected vitrinite reflectance (Ro), total organic carbon (TOC), and soluble hydrocarbon
content data, which is the sum of free oil (pyrolysis S1) and sorb oil content (pyrolysis S2), the results
show that (1) Q4 and Q8 units have large amounts of hydrothermal minerals, and its C-O isotope
obviously shifts to negative, which implied those units are the main hydrothermal fluid influence
area; (2) the hydrothermal activity occurred in the late depositional period of QI-Q9 units such
that its geochemistry has little effect on the proliferation of algae blooms, but its high temperature
calculated by §'80 temperature formulas (around 208 °C) promoted the organic matter maturation
process around Q4 and Q8; and (3) the overpressure caused by hydrothermal activity protected
the shale reservoir and minimized the decrease in mineral reservoir brittleness index caused by
hydrothermal fluid influence. We suggest that the shale reservoir affected by hydrothermal fluid
will become a good geology “dessert”, and its upper and/or lower bounds can form an engineering
“dessert” due to the precipitation of large amounts of brittle carbonate minerals.

Keywords: hydrothermal fluid; C-O isotope; geochemistry; organic matter; brittleness; shale reservoir

1. Introduction

Shale oil and gas is an important unconventional energy source; the law of organic
matter enrichment and the characteristics of reservoir brittleness are the key tasks of its en-
gineering and geology “dessert” prediction [1-4]. The “dessert” distribution is considered
to be the combined effects of characteristics of organic matter development, sedimentary
cycles, and the subsequent diagenesis process [5-7]. Recent studies revealed that volcanic
eruptions and/or hydrothermal activity also controlled the “dessert” distribution character,
which process formed a hydrothermal sedimentary rock by the precipitation of hydrother-
mal fluid mixed with water and altered the organic matter evolution and the mineral
composition character [5,7]. For example, the middle Permian lacustrine shale reservoir
character of the Junggar Basin is thought to be controlled by paleoenvironments and hy-
drothermal activity [8]. Furthermore, the enrichment of Chang 7 shale oil in the Triassic
Yanchang Formation in the Ordos Basin was considered to be related to hydrothermal
fluid [9].
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Hydrothermal activity is generally developed in the marine and terrestrial sedimentary
basins, which are always accompanied by overpressure in the strata [10,11]. And its fluids
mainly include deep CO,, H,S, Hy N fluids, magmatic water, metamorphic water, and
other high-heat fluids in the deep crust and upper mantle with high temperatures [11-13].
After migration from deep to shallow through a fault, it will change shale reservoir charac-
teristics by its dual effect: (1) abnormal fluid chemistry and (2) high temperature [10,14].
Through study of hydrothermal fluid activity in modern continental lakes [15,16] and
subsurface core from basin area in geological history [9,17], numerous identification marks
of hydrothermal sedimentary were established, including mineral assemblage (fluorapatite,
barite, chalcopyrite, chromium sulfide, and so on) [10,11,18,19], abnormal method of tem-
perature sensing parameters (such as C-O isotope, TOC, S1 +S2 and Ro [10,11], geochemical
character of wall rocks (e.g., ratio of (Fe + Mn)/Ti and Al/(Al + Fe + Mn)) [20]; and fracture
fill [21]. Based on those identification methods, the laws of organic matter enrichment were
elaborated under the influence of hydrothermal fluid in shale reservoirs [8,9]. But the main
consideration is the effect of the hydrothermal fluid’s geochemistry, and the influence of
temperature is less studied. Additionally, hydrothermal activity is also associated with the
brittleness of reservoirs, meaning that the injection of hydrothermal fluids will change the
diagenesis environment and alter the mineral composition because of its abnormal fluid
chemistry and high temperature [5]. Thus, the dual effect of hydrothermal activity on shale
reservoirs needs further study:.

Shale oil was found in the Qingshankou Formation of the Upper Cretaceous in the
Gulong sag of the Songliao Basin, with a total of 151 billion tons of oil. Its organic matter
is most abundant in the Q1 to Q9 units of the third and second sections of the Qing-
shankou Formation (Figure 1) [5-7]. The shale oil is a typical continental deposit with
saltwater/semi-deep freshwater lake facies, and the distribution characteristics of organic
matter and lithology are obviously controlled by two tertiary sedimentary cycles [5,6].
Previous studies have discussed the factors controlling organic matter enrichment in the
Qingshankou Formation, and found the elements inputted by hydrothermal activity have
a great promotion for organic matter enrichment, which is similar to Chang 7 shale oil in
the Ordos Basin and Jiyang depression of the Bohai Bay Basin [20,22]. In addition, studies
also emphasized the identification marks of hydrothermal activity in the Qingshankou
Formation and expounded on its effect on the clay mineral transformation process [5,10].
However, there has been no study regarding the dual effect of hydrothermal activity on the
shale reservoir in the Songliao Basin, especially for the rock’s brittleness transformation
process, as those studies mainly focus on the physical properties of shale rock [23,24].

This study systematically collected 33 shale core samples from the QI to Q9 units in
the G8 well, Gulong Sag, Songliao Basin. And its mineral composition by FE-SEM and EDS,
whole rock and clay minerals by XRD, and stable C-O isotope character were analyzed. In
addition, the Ro, TOC, and S1 + S2 data were also collected. On this basis, (1) hydrothermal
activity marks were identified from Q1 to Q9 units, the range affected by hydrothermal
fluids were assessed, and the dual effect of hydrothermal fluids on (2) organic matter and
(3) brittleness transformation processes were discussed.
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Figure 1. The location and lithological profile of well G8. (a) The map of China showing the location
of the Songliao Basin. (b): first-order tectonic zone division map in the Songliao Basin and the location
of the Gulong Sag. (c): the location of well G8 in the %Ro contour map of Gulong Sag. (d): lithology
profile of Well G8.

2. Geological Setting

Gulong Sag is located in a central depression, which is one of the six first-order tec-
tonic zones on the western slope of the Songliao Basin (Figure 1). Two large lake flooding
events occurred in the Songliao Basin; the sedimentary period of the Qingshankou Forma-
tion is the most important one, and its sedimentation center just developed in the central
depression [25]. During this period, there were two tertiary cycles, which consisted of
13 quasi-sequence groups (Q1-Q13 unit) with a 170 kyr deposition time [6]. The Q1 to
Q9 units belong to the bottom nine quasi-sequence groups, and they are also the main
shale oil production horizon [5]. The nine units are mainly deposits of mudstone and
shale with a thickness of around 200-500 m, in addition, there are locally developed os-
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tracoids and dolomite interlayers (Figure 1) [10]. The organic matter type is I to II;, with
a Ro around 1.2-1.67%. Its TOC is greater than 1% and its hydrogen index is generally
between 600 to 800 mg/g. These characteristics show that the shale here has great hy-
drocarbon generation potential [5]. The Songliao Basin has been continuously volcanized
from Shahezi Formation to Nenjiang Formation, and there are 3-5 layers of tuff in the
Qingshankou Formation [10,26,27]. Hydrothermal minerals, such as chalcopyrite, spha-
lerite, and chromium sulfide, are also found in the Q1-Q9 units, with a homogenization
temperature of fluid inclusion between 100-167 °C [28]. The two normal faults developed
on both sides of Gulong Sag are large in scale and cut through the entire sedimentary cover
to the deep magmatic rocks. In recent years, the discovery of a high electric conductor
zone 25 km below the Songliao Basin provides strong evidence for the activity of magmatic
hydrothermal solution [29].

3. Materials and Methods
3.1. Samples

There about 135.6 m of cores from the Q1 to Q9 units in well G8 that can be used, with
a lithology of mainly laminated shale and contains a small amount of lamellar calcium
shale and massive carbonate rock. From every unit, we took 3-4 core samples and total of
33 core samples. The sample detail character can be seen in Table 1. The top and bottom of
each unit are sampled, and the rest are distributed inside the unit. Then, for each sample,
XRD, FE-SEM, EDS, and C-O isotope were analyzed. Except C-O, tested at Jilin University,
all samples were tested at the Northeast Petroleum University shale oil testing center. In

addition, the data of Ro, TOC, 51, and S2 were collected from the Daging oil field.

Table 1. Sample location and its character description of G8 in Gulong Sag, Songliao Basin.

NO. SampleNO.  Unit Depth/m 813C/PDB/%0  5180/PDB/%o Lithology Description

1 G8-9-1 Q9 2396.1 10.4 -9.5 laminated shale

2 G8-9-2 Q9 2404.0 9.7 —-10.2 laminated shale

3 G8-9-3 Q9 2411.5 6.4 —-13.7 laminated shale

4 G8-9-5 Q9 2416.0 5.1 —15.2 laminated shale

5 G8-8-1 Q8 2420.6 4.6 —16.8 laminated shale

6 G8-8-2 Q8 2423.6 4.7 -17.7 laminated shale

7 G8-8-3 Q8 2428.6 45 —17.4 laminated shale

8 G8-8-5 Q8 2435.6 10.1 —-12.7 laminated shale

9 G8-7-2 Q7 2444.6 9.9 —11.3 Dolomite-bearing banded lamellar shale
10 G8-7-3 Q7 2448.0 10.7 -99 laminated shale

11 G8-7-5 Q7 2455.1 11.3 —8.4 laminated shale

12 G8-6-1 Q6 2456.1 154 -7.0 laminated shale

13 G8-6-2 Q6 2460.1 14.7 -7.3 laminated shale

14 G8-6-3 Q6 2465.1 13.5 —-8.1 laminated shale

15 G8-6-5 Q6 2469.2 14.2 —7.4 Dolomite-bearing banded lamellar shale
16 G8-5-2 Q5 2472.1 12.6 —6.2 Dolomite-bearing banded lamellar shale
17 G8-5-3 Q5 2476.5 10.1 —-9.8 Dolomite-bearing banded lamellar shale
18 G8-5-4 Q5 2479.5 9.1 —-10.9 laminated shale

19 G8-4-1 Q4 2482.1 74 —11.5 laminated shale
20 G8-4-3 Q4 2490.1 6.8 —-12.2 laminated shale

21 G8-4-4 Q4 2493.1 6.2 —12.6 Dolomite-bearing banded lamellar shale
22 G8-3-2 Q3 2498.4 9.6 —8.3 laminated shale

23 G8-3-3 Q3 2501.2 7.7 —-94 laminated shale

24 G8-3-4 Q3 2503.1 8.1 —8.5 Dolomite-bearing banded lamellar shale
25 G8-3-5 Q3 2505.7 8.5 —8.3 laminated shale

26 G8-2-2 Q2 2511.1 11.2 —8.0 laminated shale

27 G8-2-3 Q2 2514.7 11.5 -7.7 Dolomite-bearing banded lamellar shale
28 G8-2-4 Q2 2515.8 12.6 -7.3 Dolomite-bearing banded lamellar shale
29 G8-2-5 Q2 2518.1 13.1 —74 Dolomite-bearing banded lamellar shale
30 G8-1-1 Q1 2519.1 134 -7.1 laminated shale
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Table 1. Cont.

NO. SampleNO.  Unit Depth/m 813C/PDB/%0  580/PDB/%, Lithology Description
31 G8-1-3 Q1 2524.0 15.1 -7.0 laminated shale
32 G8-1-5 Q1 2529.1 14.5 -7.5 laminated shale
33 G8-1-6 Q1 2532.1 16.2 —5.8 laminated shale

3.2. Experiments
1.  FE-SEM and EDS

After cutting samples into pieces and polishing them using an argon ion mill, the
FE-SEM (Quanta 250 FEG, manufactured by Thermo Fisher Scientific, Waltham, MA, USA)
with an EDS was used for observations and analyses of mineral character in the ESEM™
vacuum environment, with a temperature of around 21 + 4 °C and a humidity of less than
65% RH. The resolution of the electronic image and the back-scattered electronic image is
1.0 nm and 2.5 nm, respectively.

2. C-Oisotope

The carbon (§13C) and oxygen (5'80) isotopes are a result of the total carbonate in the
shale. The detailed sample preparation process can be seen in Gazdewich et al. (2024) [30].
The CO; released from carbonate was detected with a high-energy focused laser beam by
the Isoprimel00 isotope mass spectrometer for the carbon and oxygen isotope values. And
the analytical uncertainty of each isotope is less than 0.2%.. Oxygen and carbon isotope
data are all reported in %o with respect to the PDB standard, which is based on arrow-like
stone in the Cretaceous Pitty Formation, South Carolina, United States.

3. XRD

For XRD, the samples were crushed less than 40 pm for total rock and clay mineral
contents analysis by a BRUKER-AXS D8 ADVANCE instrument with a CuKo radiation at
40 kV and 20 mA, and the angular accuracy of the equipment is better than 0.02 degrees.
Additionally, the result of different minerals’ diffraction peak intensity was expressed by
the integral strength following subtraction of the background.

4. Results
4.1. Petrological and Mineral Characteristics

The sedimentary period of the Qingshankou Formation was dominated by semi-deep
lacustrine facies and characterized by large sets of laminated shales in core scale, locally
containing siltstone and carbonate interlayers (Figure 2a). Specially, carbonate intercalations
and their veins are relatively developed, which include calcite, dolomite, and Fe-dolomite,
shown int he microscope scale, and the roundness of these minerals was low but with slight
orientation (Figure 2b). On the FE-SEM scale, the Fe-dolomite is cemented around the
dolomite, with a high Fe and Mg content (Figure 2c). Additionally, we also found quartz
minerals with a hemidiomorphic to idiomorphic character that have the characteristic of
directional arrangement (Figure 2d). Typical hydrothermal minerals, such as fluoropapatite,
siderite, pyrite, barite, rutile, and copper sulfate, are also found under FE-SEM (Figure 2e).
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Figure 2. Petrological and mineral character of Q1-Q9 units in Gulong Sag, Songliao Basin. (a) The
shale rock in well core scale. (b) The carbonate minerals character in microscope scale. (c) The carbon-
ate minerals and its elements character in FE-SEM scale. (d) Quartz mineral character. (e) Typical
hydrothermal minerals character. The Q represent quartz; Cal is calcite; Dol is dolomite; Fe-Dol is
Fe-dolomite; Py is pyrite; Ap is apatite; Rt is rutile; Brt is barite; and Sp is sphalerite.

4.2. Geochemical Characteristics

The TOC of the Q1-Q9 reservoir in well G8 ranges from 0.66% to 3.52%, with an
average value of 2.06. TOC content in the bottom (Q2-Q4) is higher than that in the
overlying oil layer, which corresponds to the late phase of the water entry system domain
and the early phase of the water withdrawal system domain in the first tertiary cycle
(Figure 1). The values of S1 and S2 range from 0.78 to 8.23 mg/g (average 3.61 mg/g) and
1.23 to 15.92 mg/g (average 7.18 mg/g), respectively.
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The carbon isotope analysis of Qingshankou Formation in well G8 shows high values,
ranging from 4.5%o to 16.2%., which is appreciably heavier than in marine limestones [31],
with an average of 10.27 %o, and show the lowest value at Q4 and Q8 units. The value of
5180 shows a progressive depletion character, ranging from —17.70%. to —5.80%0 with an
average of —9.94%o., and has the highest value at Q4 and Q8 units (Table 1).

4.3. Brittleness Characteristics

The main mineral composition of shale from QI to Q9 units is quartz and clay minerals,
with average contents of 32.28% and 34.5%, respectively (Table 2). Feldspar content is
between 10% and 27% and is mainly plagioclase (average content 19.12%), containing a
small amount of potassium feldspar. In addition, the average content of calcite is 3.7%, the
average content of iron dolomite is about 6.7%, and the average content of pyrite is 3.66%.
The clay minerals are mainly illite (I), with an average content of 64.32%, followed by an
aemon-mixed layer and chlorite, with an average content of 26.35% and 8.97%, respectively.
Notably, the smectite (S) has completely disappeared in all units of the G8 well (Table 2).

There are many factors that affect the brittleness of rocks, such as bedding, mineral
composition, and the internal structure of the rocks [32]. This study mainly discusses the
hydrothermal activity on brittleness, which alters the mineral composition, thus, we focus
on the characteristics of brittleness index changes influenced by mineral changes. Here
we apply the following formula of brittleness index proposed by Wang (2009) [33], which
considered the quartz (si), carbonate, dolomite, clay, and TOC character:

Wsi + Wdolomite

B =
Wsi + Wcurbonate + Wcluy + Wdolomite +TOC

@

where B represents the brittleness index, the W represents mineral content in %, and the
subscript represent corresponds to the mineral. The result of B is a range from 0.03 to 0.95,
with an average of 0.48 in Q1-Q9 unit (Table 2). With the exception of one abnormally high
value, which related to the dolomite interlayer at the Q7 unit, there are two high brittleness
index areas at the Q4-Q5 and Q7-Q8 units compared to other units (Figure 3).
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Figure 3. The minerals composition evolution character with depth. The red dashed line represents
overpressure line (1.2) and the blue dashed line represents the baseline of brittleness.
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Table 2. Minerals composition character of G8 in Gulong Sag, Songliao Basin.

NO. S?\rlnop.le Unit Ql;%rtz K-Fe/}’zspar Plag/ig)oclase Ca}%zite Fe-D;)oi)omite Sic}s}:ite P)/r:/jte Migcle:;};l/% H/L}:e Ka(;}’/ionite Chl/oo/iites %/f Brittleness
1 G8-9-1 Q9 36.6 1.7 23.8 1.6 0.0 0.0 3.5 32.8 76.0 0.0 9.0 15.0 0.50
2 G8-9-2 Q9 35.8 0.0 34.8 49 16 0.0 2.0 20.8 76.0 0.0 2.0 22.0 0.59
3 G8-9-3 Q9 30.9 0.0 254 3.3 1.8 1.34 3.4 33.8 73.0 0.0 10.0 17.0 0.46
4 G8-9-5 Q9 20.8 1.9 28.9 10.2 2.6 0.0 6.0 28.2 65.6 2.4 7.5 24.5 0.37
5 G8-8-1 Qs 32.6 0.0 214 3.7 1.0 1.1 7.2 33.0 63.0 0.0 10.0 26.0 0.47
6 G8-8-2 Qs 29.7 18 18.8 1.0 14.6 0.6 5.8 27.7 58.0 0.0 8.0 34.0 0.605
7 G8-8-3 Qs 32.6 1.56 19.3 0.8 2.5 0.0 6.2 37.1 56.0 0.0 8.0 36.0 0.47
8 G8-8-5 Qs 29.6 15 18.9 1.0 14.6 0.6 48 29.0 63.7 13 4.0 31.0 0.58
9 G8-7-2 Q7 214 0.0 10.9 0.0 37.1 0.0 29 27.7 65.4 0.7 5.0 28.9 0.66
10 G8-7-3 Q7 17.3 0.0 5.4 23.2 35.9 0.0 3.8 14.4 58.4 4.3 9.6 27.7 0.57
11 G8-7-5 Q7 2.0 0.0 2.6 3.0 (88.8) 0.0 0.0 3.6 45.0 0.0 28.0 20.0 0.92
12 G8-6-1 Q6 30.3 0.24 15.0 9.0 11 0.5 52 38.7 81.0 0.0 5.0 13.0 0.39
13 G8-6-2 Q6 30.4 0.96 16.9 29 1.1 0.6 4.6 42.5 68.0 0.0 10.0 20.0 0.40
14 G8-6-3 Q6 34.9 0.0 16.3 0.8 35 0.0 41 40.3 65.0 0.0 9.0 24.0 0.47
15 G8-6-5 Q6 31.5 3.36 25.8 20.8 5.8 0.0 2.2 10.9 63.8 2.2 10.0 24.0 0.52
16 G8-5-2 Q5 32.9 0.84 21.5 11 14 0.6 4.1 37.6 77.0 0.0 6.0 17.0 0.46
17 G8-5-3 Q5 28.5 0.0 24.7 0.8 10.4 0.0 3.1 32.6 61.0 0.0 7.0 31.0 0.52
18 G8-5-4 Q5 27.8 1.2 21.9 7.1 0.0 0.0 2.8 39.2 45.8 3.8 129 37.5 0.36
19 G8-4-1 Q4 15 0.0 1.8 0.0 93.0 14 0.0 2.3 74.0 0.0 7.0 19.0 0.95
20 G8-4-3 Q4 36.0 0.0 8.1 19.8 87 0.0 3.6 23.8 64.0 0.0 117 24.3 0.50
21 G8-4-4 Q4 379 0.0 15.4 0.0 1.7 0.0 19 43.1 53.0 0.0 6.0 41.0 0.46
22 G8-3-2 Q3 36.3 0.0 14.3 6.3 11 0.0 2.0 39.9 68.0 0.0 16.0 15.0 0.44
23 G8-3-3 Q3 30.1 0.0 10.2 29 0.0 0.0 0.7 56.1 55.2 4.6 9.4 30.8 0.33
24 G8-3-4 Q3 40.3 0.0 121 13 0.0 0.0 0.0 46.3 57.0 0.0 10 33 0.45
25 G8-3-5 Q3 35.6 0.0 15.0 0.0 7.0 0.7 22 39.5 53.0 0.0 18 27 0.50
26 G8-2-2 Q2 36.6 0.0 13.8 4.6 0.0 0.9 1.7 42.3 61.0 2.0 9.0 28 0.43
27 G8-2-3 Q2 32.58 0.0 16.9 1.6 1.1 0.8 33 43.7 57.0 0.0 18 25 0.41
28 G8-2-4 Q2 35 0.0 9.7 0.0 17.8 0.0 25 35 53.0 0.0 12 35 0.58
29 G8-2-5 Q2 30.2 0.0 9.6 0.0 18.6 0.0 0.0 415 55.0 0.0 27 18 0.53
30 G8-1-1 Q1 33.8 0.0 10.2 9.4 1.7 0.6 4.0 40.3 66.0 0.0 19 15 0.41
31 G8-1-3 Q1 3.0 0.0 0.5 92.7 0.0 0.0 0.6 32 72.0 0.0 13 15 0.03
32 G8-1-5 Q1 38 0.6 5.5 19.3 0.0 0.4 5.6 30.6 73.0 0.0 11 16 0.42
33 G8-1-6 Q1 36.8 0.0 9.6 12.3 0.0 0.4 7.0 33.9 62.0 0.0 10 28 0.43
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5. Discussions
5.1. The Range Affected by Hydrothermal Fluids
5.1.1. Minerals Character

The injection of hydrothermal fluids will alter the temperature and pressure envi-
ronment and speed up the water—rock interaction due to its abnormal temperature and
element composition [34]. After hydrothermal fluid upwells from the deep to shallow
reservoir, it always forms some typical hydrothermal mineral associations, such as rutile,
sphalerite, fluorapatite, barite, chalcopyrite, chromium sulfide, or other minerals, which can
be identified as authigenic minerals according to their orientation and occurrence state [10].
The formation temperature of the above minerals is higher than the present maximum
formation temperature at the same depth [28]; therefore, based on FE-SEM images and EDS,
we counted how many of these minerals were present in thin sheets from the QI to Q9 units
(Figure 4). From this figure, we found that, except for the Q6 and Q1 units, these minerals
are present in all units and their abundance reaches its maximum at Q4 and Q8 (Figure 4).
Thus, the Q4 and Q8 units may be the primary influenced units by hydrothermal fluid.

Hydrothermal mineral quantity (%) Typical hydrothermal

iy i * Fluor- : Chalco- |Chromium)| mineral's
dolomite| Rutile Sphalerite apatite Barite Total
0 5

0 s{o s|o oRyite | jsulfide, [0 FE-SEM and EDS

Unit

5 0 5

Q9

Q8

Q7 — -

Q6

Qs

Q2

Q!

Figure 4. Statistical map of hydrothermal mineral identification results based on FE-SEM and EDS of
Gulong Sag, Songliao Basin. The shadow implies the main hydrothermal activity influence area.
5.1.2. C-O Isotope Character

The fluid-rock interaction by hydrothermal fluid will reset the C-O isotope of carbon-
ate cements, as they have different 5'3C and §'80 value [35-37]. Thus, the C-O isotope
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plot becomes the most popular way to identify the source of fluids (Figure 5a) [38]. From
this plot map we found that the $'3C value of Gulong Sag’s carbonate has an extreme
enrichment of §'3C values beyond the recognition range of common fluids and shows
a decarbonation character [10]. A similar character also has been found in Precambrian
carbonates [30,39]. Initially they attributed the unusually high 5'3C values to high rates
of organic carbon burial and associated oxygen flux to the ocean—atmosphere system [40],
but it cannot explain the high 5!3C values in the reducing environment [41]. Thus, a new
authigenic carbonate model was proposed by Higgins et al. (2009) [42], which states that
carbonate minerals precipitated within the pore spaces during early diagenesis and high
burial fluxes of those authigenic carbonate would have high 5'C values [30]. There is
a high TOC value from Q1 to Q9 which enriched in a reducing environment based on
geochemical data [5,6], which further implies this new model also fits for Gulong Sag.
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Figure 5. The plot of (a) §!3C vs. §'80 and (b) 5'3C vs. TOC of Gulong Sag, Songliao Basin. Red
represents Q4, yellow represents Q8, and blue represents other units” samples.

There are two main ways to deplete '3C values: decarboxylation of organic matter
and injection of hydrothermal fluids [22,34,43]. The former is more common, which can
be identified by the negative relationship between §'3C values and TOC [37]. Thus, we
analyzed their correlation (0.06), and found that all samples show a positive correlation, and
the correlation was stronger when only Q4 and Q8 were analyzed (0.11; Figure 5b). This bad
positive correlation character between 5!3C values and TOC implies that the effluence of
organic matter is not the main reason for the '3C value depletion in this study. Additionally,
§'80 value of carbonates can also be used in the hydrothermal alteration of carbonate
minerals that, if an isotopic rest process is not experienced during later depositional, the
5180 value of carbonates will not lower more than 20%. [44] or 18%. [45,46]. The 680
value of this study ranges from —17.70%o to —5.80%o, all below 18 %o, which implies the
carbonate from the QI to Q9 units were all more or less affected by the hydrothermal
solution, especially for the Q4 and Q8 units (Table 1). Thus, combining the C-O isotope
character and hydrothermal mineral distribution character, we conclude that the Q4 and
Q8 units are the main hydrothermal fluid-influenced areas, and in the Q2, Q3, Q5, Q7 and
Q9 units, its effect becomes weaker.

5.2. The Effect of Hydrothermal Fluid on Organic Matter Enrichment

The hydrothermal activity has a great influence on the abundance of nutrient elements
(P, Si, Fe, and Zn) and high temperatures, but the relationship between when it happened
and when the shale reservoir formed is more important [11,28]. Previous studies show
that the nutrient elements inputted by hydrothermal activity will increase the production
of algae blooms, especially diatoms [47,48], but its process needs to happen in the syn-
depositional period, not in the late depositional period. There were several volcanic events
that occurred during the sedimentary period of the Qingshankou Formation, but they
all happened during the late deposition period (the first section of Qingshan Formation),
which was verified based on the identification of three volcanic ash strata in the core in
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K; qr13 [5,6]. However, the high TOC value is mainly distributed at the Q2-Q4 and Q7-Q8
units of the third and second section of the Qingshan Formation (K4 qn1 ; Figure 1); thus, the
high TOC value cannot be explained by the proliferation of algae blooms resulting from
hydrothermal activity, which may be related to the sedimentary cycle process [6].

Temperature is one important factor in magmatic hydrothermal activity [28], but it is
often ignored. The §'80 value may be altered by surface water (like meteoric and sea water)
and diagenetic fluid (like petroleum and hydrothermal fluid) [10], and due to the long
water-rock interaction time in the reservoir, the 580 value of carbonated rock will approach
the interaction fluids [30]. The 5§80 value of sea water estimated based on the Cretaceous
marine carbonate is 2.0%. Vienna Standard Mean Ocean Water (VSMOW) [49,50], and
assuming the difference between sea water and meteoric water’s 5'80 value was similar to
present day (~4%o) [51], the 5180 value of meteoric water at Cretaceous can be estimated
as —2.0%. VSMOW, those values are significantly different to our results (12.6~24.9%o
VSMOW; estimated based on function §'8Oygyow = 1.03086 x 580ppg + 30.86) [52]; This
thus implies that the shale reservoir is in a closed environment [53], and the effect by surface
water is limited. And this was also consistent with the relationship between §'%0 and
§13C, which has a good correlation (R? = 0.77; Figure 6) implied by a diagenetic influence
process [37].

NERTY
87Cpu/ %0
0

—28 20 —-15 —-10 =5 0
5lsol’mx‘.%“

Figure 6. The relationship between §'80PDB and §'>CPDB of carbonate minerals of Gulong Sag,
Songliao Basin. The red represents sea water during the Cretaceous. The blue represents our samples.

The 5'80 value of precipitated carbonate is a function of the temperature after long
time water—rock interaction, thus we can roughly calculate the precipitation temperature
based on temperature calculation formulas [54-58]. Due to the calcite, iron dolomite, and
dolomite all found in QI to Q9 units, the formulas of each mineral all applied in this study
(Figure 7). The results implied that the precipitation temperature was between 78.8 °C to
208.7 °C but the temperatures did not increase with depth such that the highest temperature
achieved was at the Q8 and Q4 units (Figure 7). This value was also higher than the latter
diagenetic stage B (140-170 °C). This character further verified the hydrothermal activity
influence. In particular, these unusually high temperatures form premature shale (Ro
abnormal increase) and a large amount of S1 is formed in the reservoir (Figure 7) [14]. This
influence character can also be found in the Yinggehai Basin and Jeanne d’Arc Basin [10,43].
Additionally, the abnormal temperature is higher in Q8 than Q4, which led the S1 in Q8 to
be higher than Q4, but the opposite is true in Figure 7. This contradiction may be attributed
to the higher Ro in Q4 than Q8. As the S1 represents the free oil of shale, during the main
hydrocarbon generation stage, the higher Ro will pyrolysize a larger S1 [59,60]. The Ro
is the result of both time and temperature, though the Ro in the Q4 and Q8 is obviously
higher than normal strata, but in Q4 it is still higher than in Q8 (Figure 7), and this character
may be the reason that limits the application of conventional geochemistry in identifying
the strength of hydrothermal influence. Thus, the hydrothermal activity that happened
after the sedimentary period mainly affected the formation process of oil and gas in the
form of temperature, rather than affecting the productivity of algae blooms, according to
the difference between TOC and S1 distribution character. Additionally, the active alkali
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metal element (e.g., Fe) carried by hydrothermal fluid can also promote the organic matter
maturation process that acts as a catalyst [54].

st
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Figure 7. The evolution character of §'>C, §'80 and its calculated temperature based on temperature
calculation formulas of §'80. The T; calculated from formulas: 1000IN&Xqaicite-water = 2-78 X 100/
T2 — 2.89 [55]; The T, calculated from the following formula: 1000Inotgojomite-water = 3-20 X 10°/
T? — 1.50 [56]. The T3 calculated from the following formula: 1000Inatge_dolomite-water = 2-78 X 10°/
T + 0.11 [57], where otx-water = (1 + (6'80/1000))/(1 + (8" Oyater /1000)); the X represent minerals
of calcite, dolomite, and Fe-dolomite, and for the 53Oyater, we use 0.25% SMOW according to
Yang et al., 2018 [58]. The red dash line implied the increase of isotope, and the blue dash line repre-
sents base line of temperature. The shadow implies the main hydrothermal activity influence area.

5.3. The Dual Effect of Hydrothermal Fluid on Brittleness

The hydrothermal activity not only promoted the maturation process, but also altered
the mineral transformation process by its abnormal temperature and element of the upward
fluid from depth [10]. In the thermal activity area, the high temperature will further accel-
erate the process of reservoir diagenesis (e.g., the pressure dissolution between minerals),
especially at temperatures above 100 °C [61], which makes the contact between the minerals
closer and the density greater. This process will lead shale rock to become more brittle [32].
The content of I/S is always used to indicate the diagenetic evolution process of reservoir;
the lower the value, the higher the diagenetic evolution stage [61]. From Figure 8 we found
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that around 2430 m (Q4 unit) and 2490 m (Q8 unit) have an abnormal high I/S content,
which does not follow the pattern of decreasing with increasing depth [62]. This also
contradicts the fact that the higher the temperature, the stronger the diagenesis [61]. This
character has also been found in many areas, like Yinggehai Basin, which contributes to its
influence of overpressure caused by hydrothermal activity [10]. From the Q1-Q9 units, we
found obvious overpressure characteristics, with an overpressure coefficient greater than
1.2, especially in Q2-Q4 and the middle of Q9 to the middle of Q7 (Figure 3), which further
implied the reservoir had a closed environment according to the §'80 value (Figure 7). And
this means that the overpressure acts as protection for the shale reservoir, and its influence
on reservoir is more important than temperature caused by hydrothermal activity [10].
This protection can also be seen from the relationship between the C-O isotope and the
carbonate, which reveals that the depletion in C-O isotope results in a low carbonate content
(Figure 9), which may be due to the acidity of the hydrothermal fluid. This process can
reduce the content of a brittle mineral (e.g., carbonate) [63].
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Figure 8. The evolution of I/S content with depth increase in Gulong Sag, Songliao Basin. The blue
dots represent our samples, and the shadow implies the main hydrothermal activity influence area.
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Figure 9. Correlation diagrams (a) 313C vs. carbonate content and (b) 5180 vs. carbonate content.
Specially, in those diagrams, the exact high carbonate content values were deleted, which were related
to the dolomite interlayer. The red boxes represent our samples.

The elements afforded by acid hydrothermal fluid will alter the mineral transfer mech-
anism and change the rock’s brittleness [6,10]. Acid hydrothermal fluid injection changes
the fluid environment from alkaline to acidic, and make the chlorite unstable and begin to
transform into kaolinite (Fe3.5Mg3.5AléSiéOzo(OH)16 (chlorite) + 14H+—)3A1251205 (OH)4
(kaolinite) + 3.5Fe?* + 3.5Mg?* + 9H,0) [64]. This character can be seen from the clay
mineral distributed from the Q1-Q9 units (Figure 3), from which the kaolinite only around
the Q4 and Q8 can be detected. In addition, during the conversion of clay minerals
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and hydrothermal fluid injection, a large number of Na*, Ca?*, Mg?*, Fe3*, and Si** are
discharged, which provide material sources for brittle minerals, like albitization and Fe-
dolomite (Figure 3) [22]. Although those process will form brittle minerals, the decrease
of carbonate minerals becomes more obvious through the removal of CO; and the for-
mation of new carbonates in the upper and/or lower reservoirs, increasing its brittleness
index (e.g., Q7 and Q5; Figures 3 and 9) [65,66]. This character can also be seen from
the carbonate content. The calcite content is primarily higher in other transition units,
while the Fe-dolomite is mainly in the Q4 and Q8 units, whose formation is related to
hydrothermal activity (Figure 3; [5]). In total, the dual effect of hydrothermal activity on
the shale reservoir was mainly a decrease in the rock’s brittle minerals and a decrease in
the brittleness index around the Q4 and Q8 units (Figure 3). In addition, the overpressure
induced by hydrothermal activity reveals a protection over the shale reservoir, but it has a
certain consistent effect on the formation of brittle minerals.

6. Conclusions

In our study we discussed the dual effect of hydrothermal activity on shale reservoir
of Gulong Sag, Songliao Bsin, based on C-O isotope and geochemistry data. Follow
conclusions can be obtained:

(1) Typical hydrothermal mineral identification (such as rutile, sphalerite, fluorapatite,
barite, chalcopyrite, chromium sulfide) and shift to negative of C-O isotope character
from Q1 to Q9 implied Q4 and Q8 unit are the main hydrothermal fluid influence
area, and its effect become weaker in other units.

(2) The Ro, TOC and S1 + S2 evolution character, accompany with the volcanic ash strata
distribution character, implied that the hydrothermal activity cannot proliferation of
algae blooms by nutrient elements input, but its high temperature (around 208 °C),
calculated by §'80 temperature calculation formulas, promote the organic matter
mature process around Q4 and Q8.

(3) The high temperature and element from hydrothermal fluid changed the minerals
composition and decreased the brittleness index based on XRD, though the overpres-
sure caused by this process has a protection for the shale reservoir, but it also has a
certain consistent effect on the formation of brittle minerals.
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