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Abstract: Lacustrine shale oil resources are essential for the maintenance of energy supply. 15 

Fluid types and contents play important roles in estimating resource potential and oil recovery 16 

from organic-rich shales. Precise identification of fluid types hosted in shale oil reservoir 17 

successions that are characterized by marked lithological heterogeneity from only a single well 18 

is a significant challenge. Although previous research has proposed a large number of methods 19 

for determining both porosity and fluid saturation, many can only be applied in limited 20 

situations, and several have limited accuracy. In this study, an advanced logging technique, 21 

Combinable Magnetic Resonance logging (CMR-NG), is used to evaluate fluid types. Two-22 
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dimensional Nuclear Magnetic Resonance (2D-NMR) experiments on reservoir rocks subject 23 

to different conditions (as received, after being dried at 105℃, and kerosene imbibed) were 24 

carried out to define the fluid types and classification criteria. Then, with the corresponding 25 

Rock-Eval pyrolysis parameters and various mineral content from X-ray Diffraction, the 26 

contribution of organic matter and mineral compositions were investigated. Subsequently, the 27 

content of different fluid types is calculated by CMR-NG (Combinable Magnetic Resonance 28 

logging viz 2D NMR logging). According to the fluid classification criteria under experimental 29 

conditions and the production data, the most favorable model and optimal solution for logging 30 

evaluation was selected. Finally, fluid saturations of the Cretaceous Qingshankou Formation in 31 

the Gulong Sag were calculated for a single well. Results show that six fluid types (kerogen-32 

bitumen-Group OH, irreducible oil, movable oil, clay-bound water, irreducible water, and 33 

movable water) can be recognized through the applied 2D NMR test. The kerogen-bitumen-34 

Group OH was mostly affected by pyrolysis hydrocarbon (S2) and irreducible oil by soluble 35 

hydrocarbon (S1). However, kerogen-bitumen-Group OH and clay-bound water cannot be 36 

detected by CMR-NG due to the effects of underground environmental conditions on the 37 

instruments. Strata Q8 and Q9 of the Qing 2 Member of the Cretaceous Qingshankou Formation 38 

are the most favorable layers of shale oil. This research provides insights into the factors 39 

controlling fluid types and contents; it provides guidance in the exploration and development 40 

of unconventional resources, for example for geothermal and carbon capture, utilization, and 41 

storage (CCUS) reservoirs. 42 

Key words: Fluid identification; shale oil; 2D NMR tests; CMR-NG; factors controlling 43 
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Highlights: 45 

(1) Six types of fluid are identified by 2D NMR experiments; only four of these types are 46 

identified by CMR-NG logs. 47 

(2) The content of different fluid types is calculated using T1-T2 maps according to the 48 

classification criteria. 49 

(3) The kerogen-bitumen-Group OH was mostly affected by pyrolysis hydrocarbon (S2) and 50 

irreducible oil by soluble hydrocarbon (S1). 51 

 52 

1. Introduction 53 

Unconventional resources make up a substantial part of global oil and gas exploration, 54 

development and production. Reservoirs in relatively low permeability and low porosity rocks 55 

(so-called tight and shale reservoirs) that host shale oil and gas are important targets and assets 56 

for energy companies (EIA., 2023; Fang et al., 2019; Li et al., 2019). Existing unconventional 57 

reservoirs are mainly distributed in North America, followed by Eastern Europe and Asia (EIA., 58 

2023; Fang et al., 2019). There are more than 100 petroliferous basins all over the world (EIA., 59 

2023; Fang et al., 2019). Of these, the largest shale oil enrichment basin is the West Sibrian 60 

Basin in Russia, accounting for 16.5% of the global shale oil resources. The second and third 61 

largest are the Permian Basin and Western Gulf Mexico Basin of the United States, respectively. 62 

The Junggar and Songliao Basins of China rank 10th and 11th, respectively (Fang et al., 2019). 63 

The Gulong shale located in the Gulong Sag of the central depression of the Songliao Basin is 64 

the focus of this study due to its favorable resource potential. 65 

The shale oil reservoir of the Qingshankou Formation, in the Gulong Sag, Songliao Basin 66 
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is characterized by high clay content, diverse mineral composition, pronounced lamination 67 

within many beds, and strong lithological heterogeneity and anisotropy. It is important to 68 

accurately evaluate the shale oil saturation parameters in reservoir assessment and evaluation. 69 

Previous studies have introduced numerous methods with which to calculate resource potential 70 

parameters (Ballinas et al., 2023; Li et al., 2023; Zhao et al., 2023). The traditional saturation 71 

calculation method is the Archie Formula or advanced Archie Formula (Han et al., 2019; Li et 72 

al., 2022; Zhu et al., 2023). However, these methods are not suitable for the Gulong Shale due 73 

to the complex pore structure and the presence of micro- and nano-scale pores, for which 74 

electrical experiments to determine porosity and saturation are not suitable. In addition, 75 

conventional well-log suites – for example, resistivity logs, gamma ray logs, and three porosity 76 

logs – are not able to detect the variation of the reservoir space, fluid properties, and lithology 77 

clearly. Nuclear Magnetic Resonance (NMR) has developed as a commonly applied technique 78 

to evaluate physical properties (porosity, permeability, and pore distribution) qualitatively and 79 

quantitatively both in well-log and core experiments (Liu et al., 2022; Ramia and Martin., 2016). 80 

For one-dimensional NMR, only transverse relaxation time (T2) can be detected, but this is 81 

insufficient to separate different fluid types, because of the overlapping of different fluid T2 82 

signals (Zhang et al., 2020; Mukhametdinova et al., 2021). For saturation calculation using the 83 

NMR test, centrifugation measurements required to obtain the oil saturation of samples are 84 

necessary for the calibration of the NMR logs (Liu et al., 2019). However, centrifugation tests 85 

are difficult to conduct in reservoirs characterized by lamination and lamellation fractures. Thus, 86 

a new method to estimate the oil content and saturation, and fluid types is urgently required. 87 

Compared with one-dimensional NMR technology, two-dimensional NMR (2D NMR) 88 
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technology can simultaneously detect and record more parameters, such as transverse relaxation 89 

time T2, longitudinal relaxation time T1, diffusion coefficient D, and internal magnetic field 90 

gradient G. This improves the accuracy of fluid type identification and fluid saturation 91 

calculation (Khatibi et al., 2019; Yan et al., 2021). This technique is now widely used in the 92 

evaluation of physical properties, oil saturation, and mobility of unconventional oil and gas 93 

reservoirs (Qin et al., 2022). Additionally, 2D NMR can also be used to elucidate wettability 94 

(Liang et al., 2019). However, to detect the 2D NMR signal characteristics and condition of in-95 

situ preserved rocks, there are very specific requirements for how core samples must be 96 

obtained. Moreover, the 2D NMR experiment is costly and the length and quantity of cores that 97 

can be measured are limited. To make up for these shortcomings, 2D NMR logs (CMR-NG) 98 

are usually applied to measure and record the 2D NMR signal from only a single well. 99 

The aim of this study is present a workflow for the application of 2D NMR as the key 100 

technique to determine the saturation and proportion of solid organics, water, and oil behaviors 101 

in shales of the Qingshankou Formation, Gulong Sag, Songliao Basin, China. Specific research 102 

objectives are as follows: (i) to divide the fluid types in shales and determine the classification 103 

criteria according to T1 and T2; (ii) to elucidate factors controlling various fluid types; (iii) to 104 

evaluate the oil potential of different layers of the Qingshankou Formation using 2D NMR logs. 105 

 106 

2. Geological setting 107 

As a well-known petroliferous basin located in northeastern China, the Songliao Basin is 108 

present in the Heilongjiang, Jilin, and Liaoning provinces of China; the basin covers are area 109 

of ~26×104 km2, with a length of 820 km (north-south) and a width of 350 km (east-west) (Fig 110 
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1A). During its evolution, the basin experienced four major structural episodes: upper mantle 111 

uplift in the Middle-Late Jurassic; continental rifting from the late Jurassic to Early Cretaceous; 112 

rapid subsidence (the so-called depression stage) in the late Cretaceous; and inversion from late 113 

Cretaceous to the Quaternary (Ge et al., 2010; Wang et a., 2021). The structure of the Songliao 114 

Basin is characterized by seven tectonic zones: the Central Depression, Northern Plunge, 115 

Western Slope, Southwestern Uplift, Kailu Depression, Southeastern Uplift, and Northeastern 116 

Uplift (Fig 1B). The Central Depression can be further divided into 11 secondary tectonic units 117 

and the Gulong Sag is one of these (Fig 1C). The Gulong Sag is bounded by the Honggang 118 

Terrace to the northwest, the Qijia Sag to the north, the Changling Sag to the south, and the 119 

Daqing Placanticline to the east (Fig 1C). Within the Gulong Sag, three formations accumulated 120 

during the episode of active faulting: the Huoshiling, Shahezi, and Yingcheng formations (Ge 121 

et al., 2010; Cheng 2019; Wang et al., 2021). Active volcanism occurred during the 122 

emplacement of both the Huoshiling and Yingcheng formations (Cheng 2019; Wang et al., 123 

2021). Five formations accumulated during the depression stage: the Kuloudeng, Quantou, 124 

Qingshankou, Yaojia, and Nenjiang formations (Ge et al., 2010; Wang et al., 2021; Pang et al., 125 

2023). Of these, the Qingshankou Fm became a focus of hydrocarbon production due to its 126 

medium-high thermal maturity of organic matter (Liu et al., 2018, 2019; Liu et al., 2020). A 127 

counter map of vitrinite reflectance and the locations of key wells are shown in Fig 1D. The 128 

Qingshankou Formation was characterized by semi-deep to deep lacustrine depositional 129 

environment and experienced a major transgression (Liu et al., 2019; Liu et al., 2020). The 130 

lithofacies are dominated by laminated siliceous shales and laminated clay shales interbedded 131 

with siltstones, shelly limestones, and massive dolomite, implying a depositional environment 132 
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that was subject to several transgressive and regressive cycles (Liu et al., 2019). The Cretaceous 133 

Qingshankou Formation is divided into three members, form bottom to top, the first member 134 

(K2qn1), second member (K2qn2), and third member (K2qn3). The first member and the 135 

lowermost part of the second member have been a focus of hydrocarbon exploration and 136 

development because they exhibit high TOC (Liu et al., 2019; Pang et al., 2023). According to 137 

the Gamma-Ray log data, the first member and the lowermost part of the second member are 138 

further subdivided into nine stratal units (Fig 1E). 139 

 140 

3. Samples and Methods 141 

Core, SEM, thin section, and X-ray diffraction (XRD) were used to analyze the petrology 142 

characteristics of the reservoir. Rock-Eval pyrolysis analysis was carried out on 16 samples 143 

from four key Wells (Well SY1, Well SY2, Well SY3, and Well A34) using the OGE-Ⅵ oil and 144 

gas evaluation workstation (Table 1). Then, pyrolysis properties including soluble hydrocarbon 145 

(S1), pyrolysis hydrocarbon (S2), organic carbon dioxide (S3), residual carbon (S4), total organic 146 

carbon (TOC), hydrogen index (IH), oxygen index (IO), total hydrocarbon (S1+S2 or Pg), and 147 

the maximum temperature of the pyrolysis peak (Tmax) were obtained. S1 was tested at 300℃ 148 

for 3 minutes to provide an indication of the quantity of free petroleum present in the sample. 149 

S2 was measured by increasing the temperature from 300℃ to 550℃ to provide an indication 150 

of the kerogen content present in the sample at the time of analysis. S3 was determined as the 151 

yield of carbon dioxide during the pyrolysis of kerogen. S4 was tested after 600℃. Tmax was 152 

determined as the maximum temperature corresponding to the highest peak of S2 pyrolysis peak. 153 

IH and IO are expressed as S2/TOC×100 and S3/TOC×100, respectively. 154 
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A total of nine samples from two key wells (Well SY2 and Well SY3) were used for the 155 

2D NMR test. Compared with the low magnetic field, when the hydrogen protons are tested 156 

under a high external magnetic field, the fluid signal in the T1-T2 map will shift to the left. 157 

Under a higher-frequency magnetic field, the magnetic field gradient increases, resulting in a 158 

shorter transverse relaxation time, a longer longitudinal relaxation time, and then a larger value 159 

of T1/T2. Due to the different properties of each fluid type – notably diffusion coefficient, 160 

viscosity, and magnetic susceptibility at the solid-liquid interface – the magnetic field strength 161 

has different effects on the relaxation time of each type. Taking oil and water as an example, 162 

when the magnetic field frequency increases, the transverse relaxation time of oil becomes 163 

shorter and more than the water signal, and the longitudinal relaxation time becomes longer 164 

and greater than that of the water signal (Qin et al., 2021, 2022). For unconventional oil and 165 

gas reservoir analysis, 21 MHz is mostly used in the NMR experiment. Under this circumstance, 166 

high-quality echo data can be obtained (Li et al., 2018; Liu et al., 2022). Therefore, the oil and 167 

water signals can be separated more specifically. However, experimental data obtained from 168 

NMR testing under a 21 MHz magnetic field cannot be directly used to calibrate the NMR logs, 169 

because the NMR log detects T1 and T2 signals under a lower magnetic field, commonly of 2 170 

MHz. For improved NMR log calibration, a 2D NMR test under a low magnetic field (2 MHz) 171 

is carried out in this study. It should be noted that there is a problem of overlapping of different 172 

components attributed to the low magnetic field intensity. The identification accuracy of 173 

different fluid types is not sufficient. The samples are tested under three different conditions: 174 

(i) as received (AS), (ii) after being dried at 105 ℃ (D), and (iii) kerosene imbibed (KI). The 175 

laboratory conditions were at normal temperature and atmospheric pressure. The samples were 176 
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dried, then wrapped with plastic to prevent moisture in the air from affecting the measurement 177 

results, and then placed at normal temperature for measurement. 178 

Schlumberger's Combinable Magnetic Resonance logging tool named CMR-MagniPHI 179 

(CMR-NG), was used to detect the Multiple CPMG echo signals with different waiting times 180 

(TW) in the borehole. Then, multi-echo series joint inversion is processed to obtain a T1-T2 map. 181 

The original measurement data of CMR-NG mainly includes six sets of orthogonal echo 182 

channel data. Echo data of each group is stored in order from long to short length of Tw. 183 

Therefore, echo data of different TW can be extracted according to the number of echoes. The 184 

echo data processing of multi-TW CPMG signals mostly adopts the echo series inversion 185 

method (Guo et al., 2019; Yarman and Mitchell, 2019), which is processed by Techlog2019 186 

advanced interpretation module. CMR-NG Analysis consists of three steps: Cluster Estimator, 187 

Volumes, and Finisher (Fig. 2). 188 

The resonant frequency of the above 2D NMR experimental conditions is 2 MHz, which 189 

is consistent with the magnetic field of the CMR-NG instrument. Therefore, the experimental 190 

data can be used to calibrate the CMR-NG logging. Thus, the standard of fluid type 191 

classification under experimental conditions can be applied to logging. However, in the actual 192 

logging process, due to the requirements of the instrument's data acquisition method and aging, 193 

it is difficult to achieve the same effect as that of experimental measurement. Moreover, the 194 

experimental measurement is not entirely representative of the natural state of underground 195 

rock nuclear magnetic response characteristics, so there will be some deviation between these 196 

two. 197 

In this study, first, the classification criteria of different fluid types were established 198 
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according to the energy cluster variation of T1-T2 maps under three conditions (as received, 199 

after being dried at 105 ℃, and kerosene imbibed). Then the content of various fluid types can 200 

be calculated through T1 and T2 data obtained by 2 MHz 2D NMR experiment. Subsequently, 201 

combing the mineral composition, lithology, and pyrolysis parameters, the controlling factors 202 

of different fluids were discussed. Consequently, logging evaluation of oil saturation in the 203 

Qingshankou Formation in a single well was unraveled using CMR-NG (2 MHz 2D NMR log). 204 

 205 

4. Results 206 

4.1. Rock characteristics 207 

4.1.1. Mineral composition and pore space 208 

The reservoir is highly heterogeneous with complex sedimentary components. According 209 

to the observation of the SEM, the dominant minerals are quartz, feldspar (albite and orthoclase), 210 

clay (mainly illite, mixed layer illite/smectite, and chlorite), ankerite, calcite, and pyrite (Fig 3). 211 

Compared with other shale oil and gas reservoirs, for example the Barnett shale in the Fort 212 

Worth Basin in the United States, the content of clay minerals is higher and the content of 213 

carbonates is lower in the Qingshankou Formation. The SEM images show that the illite is 214 

characterized by layered structure, contributing to the development lamellation fractures and 215 

beddings under the compaction in the burial history. 216 

As an unconventional oil reservoir, the succession studied here is characterized by 217 

relatively low porosity with an average value of 7.7% and low permeability (horizontal 218 

permeability lower than 0.61 × 10-3 μm2 and vertical permeability lower than 0.056 × 10-3 μm2 219 

(Gao et al., 2022). The SEM images indicate that the pore types of the Qingshankou Formation 220 



11 

can be divided into organic pores and inorganic pores. The inorganic pores can be further 221 

classified into dissolution pores and intercrystalline pores (Fig 4). Additionally, natural 222 

fractures, and microfractures can be observed from cores and thin sections. The radius of pores 223 

mainly ranges from 2 nm to 50 nm (mesopores) (Liu et al., 2018; Bai et al., 2022). Lamellation 224 

fractures played an important role in oil migration and accumulation and provided the majority 225 

of the reservoir space (Zhang et al., 2021; He et al., 2022; Pang et al., 2023). 226 

 227 

4.1.2. Geochemical Characteristics 228 

Parameters commonly used to evaluate the abundance of organic matter include total 229 

organic carbon (TOC), chloroform asphalt "A" and total hydrocarbon (HC), as well as 230 

hydrocarbon generation potential (Pg) obtained from rock pyrolysis experiment. Total organic 231 

carbon (TOC) is an important index to evaluate the abundance of organic matter. It is worth 232 

noting that in the process of hydrocarbon generation by the evolution of organic matter, with 233 

the increase of maturity, part of the oil and gas migrated to the reservoir, causing part of the 234 

carbon to discharge from the source rock. Therefore, it is important to restore the original total 235 

organic carbon (both residual and discharged organic carbon) prior to an assessment of the 236 

source rock. No migration is recognized in the Qingshankou Formation of the Gulong Sag 237 

(Feng et al., 2020). Shales with TOC contents of less than 0.5%, 0.5%~1%, 1%~2%, and greater 238 

than 2% represent poor, fair, good, and excellent petroleum potential, respectively (Peters and 239 

Cassa, 1994; Hu et al., 2021). Meanwhile, Pg with values of less than 0.2 mg HC/g rock, 0.2 240 

mg HC/g rock ~ 2 mg HC/g rock, 2 mg HC/g rock ~ 6 mg HC/g rock, and greater than 6 mg 241 

HC/g rock represent poor, fair, good, and excellent source rocks, respectively. The organic 242 
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carbon content ranges from 0.75% to 7.98%, with an average value of 3.46%. The cross-plot 243 

of the TOC and Pg shows that most core data is located in the favorable area, indicating the 244 

shale of the Qingshankou Formation is a high-quality source rock (Fig 5). 245 

According to the pyrolysis analysis of the rocks, the parameters of hydrogen index (IH), 246 

oxygen index (IO), and maximum pyrolysis peak (Tmax) are used to determine that the organic 247 

matter types of Qingshankou Formation in the Gulong Sag. The results show that the kerogen 248 

types are mainly Type I and Type II1, indicating that the study area is dominated by oil-prone 249 

kerogen with an oil generation (Fig 6). Generally, Type I and Type II are attributed to flourishing 250 

low aquatic algae (Liang et al., 2015; Martins et al., 2020). Organic matter is mainly derived 251 

from layered alginate and telalginite, which is characterized by high conversion rate of 252 

hydrocarbon generation and a large area shrinkage rate. In the process of hydrocarbon 253 

generation and expulsion by thermal evolution of organic matter, a large number of nano-sized 254 

elongated pores (fractures) appeared along layers, which are defined as lamellation fractures 255 

(Feng et al., 2021). This type of reservoir space contributed the most storage space and was 256 

good as migration pathway. 257 

The reflectivity of vitrinite (Ro) and Tmax are commonly used to evaluate thermal maturity. 258 

During the thermal evolution of organic matter, a series of reactions such as thermal desorption 259 

of alkanes and fusion of aromatic ring occurred, and all that matters is this reaction is 260 

irreversible. The pyrolysis process of kerogen has a good consistency with the evolution of 261 

vitrinite. With the increase of thermal evolution degree, the reflectivity of vitrinite increases 262 

and the transmittance decreases. Therefore, Ro can be used to evaluate the maturity of organic 263 

matter. The pyrolysis experimental results show that the Ro values of the Qingshankou 264 
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Formation range from 0.7 to 1.7, with an average value of 1.3. The Tmax distribution ranges 265 

from 413℃ to 453℃ with a mean of 440℃ (Table 1), indicating that the shales of the 266 

Qingshankou Formation are in medium to high stages of thermal maturity, which is conducive 267 

to shale oil enrichment and with broad exploration and development prospects. 268 

 269 

4.1.3. Lithology 270 

The lithology of the Qingshankou Formation in the Gulong Sag is identified by polarizing 271 

microscope and core observation. It is dominated by shale, which mainly contains felsic shale 272 

and clayed shale, shelly limestone and dolomite, and a little siltstone as well (Fig 7). Among 273 

them, the structure of shelly limestone and dolomite are mostly massive, and usually 274 

interlayered with other rocks. Clayed shale and felsic shale account for more than 80%, which 275 

are favorable lithologies for shale oil formation and enrichment (Liu et al., 2019; Gao et al., 276 

2022; Pang et al., 2023b). Thin section observation displays that four types of minerals can be 277 

identified including felsic, clay, carbonate, mixed, and organic matter (Fig 7A-D). Among them, 278 

the content of clay minerals is the highest, followed by felsic minerals. The content of mixed 279 

and organic matter minerals is the lowest. 280 

The felsic shale is distributed in the whole Qingshankou Formation, accounting for 20%. 281 

Several lake level decreases-increase circles occurred during the deposition of K2qn1 resulting 282 

in deposition of shale interbedded with fine-grained siltstones (Liu et al., 2019). Conversely, 283 

the supply of terrigenous clastic rocks increased. Therefore, the content of felsic minerals 284 

increased, and felsic shale increased as well. The core observation shows that this type of rock 285 

is grayish black with obvious laminae. Affected by liquefaction, some of the laminae and 286 
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lamellation are disturbed (Fig 7F, Fig 7G). Under the Leica polarizing microscope, most of the 287 

detrital grains are grayish brown, quartz and anorthose, which accounts for 70%, and 288 

subangular and of high sphericity (Fig 7A). Calcite and ankerite minerals are rarely observed, 289 

and are mostly the products of cementation and metasomatism in the late evolution stage. It can 290 

be seen that pyrite in the form of particles or aggregates is distributed among the particles and 291 

are mostly associated with clay minerals (Fig 7A). 292 

Clay-prone shale is widely distributed in the study area, accounting for ~65% of the 293 

studied succession. The core is grayish black to dark, with laminae and lamellation developed. 294 

The boundary between some beddings or laminae is not clear, and it can be seen that a large 295 

amount of pyrite is distributed in star-point shape, with the diameter of particles up to 3 mm. 296 

Some of them are connected to the laminae laterally, and there are many small calcite veins 297 

distributed along the laminae (Fig 7E). Under the parallel polarized light, the clay-prone shale 298 

is characterized by brown, brown-yellow, and black-brown color. The clastic particles are 299 

mainly quartz, with a subangular to circular shape, with a particle size less than 0.05 mm, and 300 

are mostly distributed among clay minerals in bands (Fig 7E). The content of carbonate 301 

minerals is small, mainly calcite and ankerite. The calcite is filled among the particles as cement, 302 

and a small amount of them is distributed along microfractures and lamellation fractures. 303 

Ankerite is of good crystal form and scattered among clay minerals in a star-point pattern. The 304 

pyrite is mainly granular and aggregates, and some pyrite appeared along the bedding, showing 305 

a long black strip under parallel polarized light (Fig 7B, Fig 7C). 306 

The shelly limestone facies is less common, accounting for 7% of the studied succession. 307 

From the core observation, it is mostly grayish white, with obvious layers of shell debris (Fig 308 
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7H, Fig 7I). The shell debris mostly comprises fragments of lamellobranchiate organisms, as 309 

evident under the optical microscope; biologenic cavities (moulds) are mostly filled with calcite, 310 

organic matter or bitumen during diagenesis. Quartz particles are angular to subcircular, 311 

distributed unevenly in the matrix, with varying particle sizes up to 0.2 mm (Fig 7D). 312 

The distribution of dolomite in the study area is similar to that of shelly limestone, and it 313 

is apparently less abundant in the Qingshankou Formation, accounting for 8%. The core is gray 314 

and characterized by massive structure, with no visible layers (Fig 7J). 315 

In addition, previous studies have pointed out that in the lacustrine depositional 316 

environment of the Qingshankou Formation, various types of gravity flow deposits, including 317 

clastic flow and turbidity flow deposits, can be observed (Fu et al., 2014; Du et al., 2015; Liu 318 

et al., 2019). However, they are not widespread and mostly occur in the western slope area of 319 

the basin (Du et al., 2015). Gravity flow deposits can also be seen in the Qingshankou 320 

Formation in the Gulong Sag (Fu et al., 2014; Du et al., 2015) (Fig 7K). The lithology of these 321 

deposits is mainly siltstone, silty mudstone, and mudstone. Controlling factors for gravity flow 322 

deposition are complex. Previous studies showed that there was intense volcanic activity during 323 

the early stage (Huoshiling and Yingcheng formations) (Cheng 2019; Wang et al., 2021), and 324 

the volcanic eruption processes likely induced earthquakes (Cheng et al., 2019). These 325 

earthquakes may have acted as a triggering mechanism for gravity flows in this region (Liu et 326 

al., 2005). These gravity flows carried a large amount of terrigenous debris into the depositional 327 

center of the lake. The sedimentary sand bodies of gravity flow origin are thick (~1 to 2 m) with 328 

high reservoir quality (Du et al., 2015; Tang, 2015; Zou et al., 2023). Therefore, these deposits 329 

types form high-quality reservoir rocks through which oil and gas preferentially migrated, 330 
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charged, and were preserved after hydrocarbon generation and expulsion from neighboring 331 

source rocks. Reservoirs formed of gravity flow deposits are commonly act as sweet spots in 332 

unconventional oil and gas exploration (Zou et al., 2023). The turbidity is commonly 333 

characterized by low-density and mainly fine silt and clay sediments. The rocks are mainly 334 

black shale, dark gray siltstone, and gray fine sandstone, and parallel bedding, horizontal 335 

bedding, and cross-bedding are easily observed. The speed of this type of flow is relatively slow 336 

and the duration is widely attributed to the weak hydrodynamic energy, and it mostly appears 337 

at the tail of a gravity flow activity, forming when rivers flood into lakes (Zhang et al., 2005; 338 

Li et al., 2020). Low-density turbidity has typical sedimentary structures and sequences, viz the 339 

Bouma sequence (Li et al., 2020; Zou et al., 2023). In the Qingshankou Formation of the Gulong 340 

Sag, a prominent bed preserved with a Bouma-type stratal expression with a deposition 341 

thickness of about one meter was found in Well 17 (Fig 7K). The core photo shows that Section 342 

A is mainly composed of sandstone, but no gravel. An obvious erosion interface can be 343 

observed at the bottom of sandstone. In Section B, the dominant lithology is siltstone with 344 

parallel bedding. Section C is characterized by wavy bedding. Horizontal bedding occurs in 345 

sandstone in Section D. On the top of this sequence named Section E, the main lithology is a 346 

massive (i.e. internally structureless) mudstone. 347 

 348 

4.2. Fluid types 349 

4.2.1. Classification of fluids types via 2D NMR experiment 350 

The 2D NMR experimental results showed that the six fluid types were identified 351 

corresponding to six segments (A, B, C, D, E, and F) divided in the T1-T2 map. Region A 352 
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represented bitumen characterized by T2 value being less than 1 ms and T1/T2 value greater than 353 

10. Region B displayed bound oil in micropores, mainly in organic pores, with T2 ranging from 354 

1ms to 10 ms and T1/T2 greater than 3. The movable oil in region C was mainly concentrated 355 

in macropores with T2 greater than 3 and T1/T2 greater than 3. Region D was clay-bound water 356 

with T2 value less than 1ms and T1/T2 less than 10. Region E represented immovable water, 357 

which was mainly concentrated in small pores, with T2 ranging from 1 ms and 10 ms and T1/T2 358 

being less than 3. Region F corresponded with movable water, mainly enriched in large 359 

inorganic pores, with T2 values ranging from 10 ms ~ 100 ms and T1/T2 less than 3 (Fig 8, Table 360 

2). Kerogen as an organic matter is characterized by being insoluble in organic solvents. As a 361 

mixture of various large molecular organic compounds, the composition of kerogen is complex 362 

and not fixed. Bitumen is another type of organic matter that is insoluble in water but soluble 363 

in organic solvents. Kerogen cannot be recognized at the low magnetic field (Fleury et al., 2016; 364 

Silletta et al., 2022). Therefore, region A is mainly bitumen or solid-like organic matter. Under 365 

experimental conditions, it is difficult to completely separate clay structural water, bound water 366 

and bound oil in micropores, and oil and water in larger pores (Li et al., 2018; Khatibi et al., 367 

2019; Zhang et al., 2020). Therefore, regions B, C, E, and F exhibited overlap. The results of 368 

2D NMR test under the condition of after being dried at 105℃ showed that the signal intensity 369 

in the regions B, C, E, and F was weakened (Fig 8). The signal in the regions C and F 370 

representing movable fluid almost completely disappeared. Although the signal in regions B 371 

and E was weakened, the presence of fluid can still be detected (Fig 8). The reduced signal may 372 

be the loss of water in the small pores in the inorganic pores. Some reduced signals are attributed 373 

to oil loss because high temperatures would reduce the viscosity and increase the fluidity of oil, 374 
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which resulted in the discharge of the oil along the connected pores and throats. On the 375 

condition of kerosene imbibed, the signal in regions B, C, E, and F of the T1-T2 map was 376 

significantly enhanced (Fig 8). The kerosene firstly injected into the large pores and throats and 377 

then entered the micropores and small pores. Generally, kerosene cannot flow into 378 

intercrystalline pores. However, due to the adsorption of clay minerals, part of the kerosene was 379 

attached to the surface of mineral particles or between layers (Zhang et al., 2020; Xi et al., 380 

2023). Therefore, the signal in the region B was enhanced. Obvious fractures (high-angle 381 

fractures and lamellation fractures) can be observed in sample C3 (Fig 8). The T1-T2 map of C3 382 

on the condition of after being dried at 105℃ exhibited that the signal intensity in regions B, 383 

C, and E was significantly weakened, indicating that the development of fractures greatly 384 

improves the petrophysical properties of reservoirs and enhances the connectivity between 385 

pores and throats, especially for reservoirs without large pores (Fig 8). The occurrence of 386 

fractures has a significant positive effect on fluid migration and discharge in small pores. 387 

 388 

4.2.2. Different fluid proportion calculation 389 

According to the classification criteria of six fluid types, the incremental porosity data 390 

under T1 and T2 obtained by two-dimensional nuclear magnetic resonance experiments were 391 

used to determine the proportion of different fluid types. The results showed that on the 392 

condition of AS, the contents of A (bitumen and solid-like organic matter), B (bound oil), C 393 

(movable oil), D (clay-bound water), E (irreducible water), and F (movable water) ranged from 394 

0.09 ~ 0.48, 0.02 ~ 0.26, 0.01 ~ 0.08, 0.23 ~ 0.85, 0.04 ~ 0.11, and 0.00 ~ 0.01, with averages 395 

of 0.21, 0.12, 0.03, 0.59, 0.06, and 0.001, respectively (Table 3). On the state of being dried at 396 
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105℃, the signal percentages A, B, C, D, E, and F variated from that of on the condition of AS, 397 

with contents ranging from 0.19 ~ 0.54, 0.04 ~ 0.24, 0.01 ~ 0.08, 0.19 ~ 0.70, 0.01 ~ 0.10, and 398 

0.00 ~ 0.01, with averages of 0.35, 0.11, 0.04, 0.46, 0.05, 0.001, respectively (Table 3). On the 399 

condition of kerosene imbibed, the contents of A, B, C, D, E, and F ranged from 0.06 ~ 0.50, 400 

0.05 ~ 0.41, 0.02 ~ 0.09, 0.26 ~ 0.70, 0.01 ~ 0.30, and 0.00 ~ 0.09, with averages of 0.23, 0.15, 401 

0.05, 0.40, 0.12, 0.05, respectively (Table 3). The little change of content of A under different 402 

conditions indicated that the properties of bitumen and solid-like organic matter were natural 403 

and these environments had no effect on them. This fluid type (bitumen and solid-like organic 404 

matter) was mainly enriched in micro and nano pores such as organic matter pores. Notably, 405 

higher temperature (more than 110℃) could change the structure and molecular composition 406 

of clay minerals (Ma et al., 2020). The content of bound water (both clay-bound water and 407 

irreducible water) ranged from 0.25 ~ 0.88 (with an average of 0.65), from 0.21 ~ 0.72 (with 408 

an average of 0.50), and from 0.32 ~ 0.72 (with an average of 0.52), under the conditions of 409 

AS, D, and KI, respectively (Table 3). The content variation indicated that only a little 410 

irreducible water was volatile during heating. The content of movable water and movable oil 411 

was almost unchanged from conditions AS to D. On the condition of KI, the content of these 412 

fluid types variated a lot implying there were large pores and connectivity pores and throats in 413 

these rocks. Movable oil filled these reservoir spaces underground. After coring, movable oil 414 

was lost along the connectivity pore structure. With the injection of kerosene, fluid was 415 

reaccumulated in these spaces. Then, signals could be detected in these regions (Fig 8, Table 416 

3). 417 

 418 
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4.2.3. Fluid identification via 2D NMR logs 419 

There are five methods to divide energy clusters, including Expert Mode, Recommended, 420 

More Cluster, Manual Parameter, and Difficult Cases. Each method provides several 421 

interpretation results. Taking Expert Mode for example, five types of different energy group 422 

numbers were divided, including Clustering No.6 which divides six regions, Clustering No.2 423 

in which two regions are classified, Clustering No.3 which divides the signal into three regions, 424 

Clustering No.4 that divides four regions, and Clustering No.5 that divides five regions (Fig 9). 425 

Of all of these, Clustering No.5, in which the method of dividing six energy clusters is the best 426 

(Fig 9). Similarly, the Recommended model has 9 interpretation methods. The More Cluster 427 

model provides 13 interpretation methods (Table 4). The Manual Parameter explains 5 428 

classification schemes. The Difficult Cases method has 7 interpretation methods (Table 4). 429 

According to the classification criteria of six fluid types of experimental conditions, the 430 

fluid type of each energy cluster in T1-T2 maps derived from CMR-NG logging was defined 431 

(Fig 10). Compared with the experimental data, the value ranges of T1 and T2 recorded in the 432 

CMR-NG logging were smaller (Fig. 10). The component OH Groups with short relaxation 433 

time cannot be detected, nor can solid-like organic matter and kerogen be obtained. The number 434 

of energy clusters divided by the optimal classification of each model is not the same, and the 435 

signal peak position of each energy cluster is also different. Since the boundary of energy 436 

clusters is not exactly consistent with the boundary of fluid types division, it might bias different 437 

components in CMR-NG logging. For example, region 5 of the T1-T2 map in Fig 10A is defined 438 

as bound oil, but in fact, it also contains bound water. Therefore, there is a certain error in the 439 

interpretation of the results of the well log data. 440 
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 441 

5. Discussion 442 

5.1. T1-T2 maps of various lithologies 443 

The two-dimensional NMR spectra of different lithology samples on three conditions (AS, 444 

D, and KI) were measured. The results show that the T1-T2 maps of different lithologies 445 

characterized by different mineral compositions are different. 446 

The C7 sample is a shelly limestone that contains calcite, felsic, and clay minerals in the 447 

value of 54%, 34%, and 4% respectively with low total organic carbon and sulfur (Fig 11A1, 448 

A2, Table 5). On the condition of the original state (as received), the T1-T2 map showed that the 449 

main fluid types were D (clay structural water) and E (bound water and immovable water) in 450 

small pores (Fig 11A3) (Li et al., 2018; Khatibi et al., 2019). The signal intensity of these two 451 

regions was not high. The main peak signal in region D was with the T2 value of 0.4 ms and 452 

T1/T2 value of 2 (Fig 11A3). The main peak signal in region E was located at T2 value of 2 ms 453 

and T1/T2 of 3 (Fig 11A3). After being dried, the signals in both regions were weakened (Fig 454 

11A4). After the samples were saturated with kerosene at normal temperature, the signals in 455 

regions B and C were significantly enhanced, which may be attributed to the development of 456 

lamellaion fractures resulting in the injection of kerosene into the rock along the fractures (Fig 457 

11A1, A5). 458 

Sample D2 was defined as dolomite consisting of ankerite, clay minerals, and felsic with 459 

the values of 24%, 25%, and 40% respectively (Fig 11B1, B2, Table 5). As received state, the 460 

T1-T2 displayed that the fluid types of multi-porous media were mainly A, B, D, and E, that 461 

were, bitumen, clay bound water, structural water, and immovable oil (Fig 11B3). The values 462 
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of T2 and T1/T2 of the main peak signal were 0.2 ms and 40 in region A (Fig 11B3). The high 463 

ratio of longitudinal to transverse relaxation time indicated that the content of macromolecular 464 

compounds in solid organic matter increased. The main peak signal of region D is located at T2 465 

of 0.2ms and T1/T2 of 3 (Fig 11B3). The signal in this region is significantly weaker than that in 466 

other regions. The signal in region B was concentrated at T2 value of 2 ms with the value T1/T2 467 

of 7, indicating mainly bound oil in micropores and small pores. On the condition after being 468 

dried at 105℃, the signal in D region was weakened because of some water evaporating, 469 

whereas the signal in regions B and E had no obvious change (Fig 11B4). On the condition of 470 

kerosene imbibed, the signal in region C was enhanced after the kerosene first entering the 471 

larger connecting pores (Fig 11B5). 472 

Sample D3 mainly contained clay minerals, felsic, and calcite felsic with the value of 45%, 473 

47%, and 4%, respectively, which was a clayed shale (Fig 11C1, C2, Table 5). As received state, 474 

T1-T2 map, the main peak signal in region A was located at T2 value of 0.2 ms and the ratio of 475 

T1 to T2 being 30 (Fig 11C3). The main peak signal in region D was at T2 value of 0.2 ms and 476 

T1/T2 of 3. The signals in regions B and E cannot be separated accurately, which was 477 

concentrated in the T2 ranging from 1 ms ~ 10 ms and T1/T2 ranging from 2 ~ 10 (Fig 11C3). 478 

The dominant fluid type of regions B and E was bound oil (irreducible oil). After being dried, 479 

the signal in regions A, B and E of the T1-T2 map was weakened (Fig 11C4). The decreased 480 

signal intensity in region A may be attributed to the rising temperature. Higher temperature 481 

contributes to the composition changes of organic matter, the decreasing viscosity of the 482 

polymer and the macromolecular compound. All of these reactions can result in a decrease in 483 

T1. After the kerosene was imbibed, a new signal in region C appeared, indicating that there 484 
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were a small number of large inorganic pores in the rock (Fig 11C5). Movable oil stored in these 485 

pores before was lost during the process of drilling coring. Therefore, this component cannot 486 

be detected on the condition of AS. 487 

The main mineral composition in Sample C1 was clay, felsic, and shale with the value of 488 

40%, 54%, and 3%, respectively (Fig 11D1, D2, Table 5). This sample was defined as felsic 489 

shale. The signal intensity in region A was low, whereas the signal in region D was strong with 490 

the main peak located at the T2 value of 0.2 ms and T1/T2 value of 3 (Fig 11D3). The main fluid 491 

type of this sample was clay-bound water. After being dried at 105℃, the signal intensity in 492 

region D decreased significantly, and the weak signal in region E completely disappeared (Fig 493 

11D4). On the condition of kerosene imbibed, the signals in all six regions are significantly 494 

enhanced, which is attributed to the adsorption of clay minerals (Fig 11D5). In the process of 495 

kerosene injection, kerosene is absorbed by clay minerals and then attached to the surface of 496 

particles and interlayers (Zhang et al., 2020; Xi et al., 2023). Therefore, signals can be detected 497 

in different pore sizes. 498 

The response characteristics of the above four samples representing four types of 499 

lithologies are different on T1-T2 maps. On the condition of AS, compared with the other three 500 

types, the shelly limestone (sample C7) displayed almost no signal in regions A and B with T2 501 

less than 1 ms (Fig 11A3). However, the clay-prone shale (D2), dolomite (D3) and felsic shale 502 

(C1) showed stronger signals in these regions, indicating more organic carbon hosted in shales 503 

(Fig 11B3, C3, D3). Compared with clay-prone shale, the T1-T2 map of felsic shale sample 504 

showed the signal intensity of region A (solid-like organic matter) was significantly weakened, 505 

indicating that organic matter in felsic shale has a high degree of transformation or the oil 506 
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mainly came from near-source oil rather than in-situ (Fig 11A, D) (Liu et al., 2018; Gao et al., 507 

2022; He et al., 2022). However, the hydrocarbons in clay-prone shale were mainly in-situ oil 508 

and gas (oil generation and storage in the same area). After the saturation of kerosene, the 509 

signals in regions B, C, E, and F in felsic shale and shelly limestone were significantly 510 

strengthened (Fig 11A5, D5). This was mainly because the development of lamellation fractures 511 

greatly improved the petrophysical properties and enhanced the connectivity of pores and 512 

throats of the reservoir (Fig 11A, D). 513 

 514 

5.2. Contribution of organic matter and mineral composition 515 

To investigate the factors controlling and accumulation status of multi-porous media fluid 516 

types, relationships between the content of each fluid type and pyrolysis parameters and mineral 517 

components content were established. Correlation coefficients square (R2), defined for NMR 518 

signal of native-state samples (as received) from regions A ~ F and TOC, S1, S2, Pg, CO2, S3, 519 

and S4, were summarized. For further analysis, the threshold of R was defined as 0.7 520 

(Mukhametdinova et al., 2021). The correlation between TOC content and hydrocarbon 521 

generation potential is not always positive. Some source rocks contain high TOC content but 522 

show poor hydrocarbon generation potential. Because TOC is mostly provided by ineffective 523 

carbon and these carbon compounds hardly contribute to hydrocarbon generation in these rocks 524 

(Hu et al., 2021). The cross plot of TOC and rock-eval pyrolysis parameters showed that the 525 

TOC content of Qingshankou Formation in the Gulong Sag was positively correlated with the 526 

potential of hydrocarbon generation, but was relatively weakly correlated with the content of 527 

soluble hydrocarbons (free hydrocarbons), and had nothing to do with residual hydrocarbons 528 
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(Fig 12).  529 

As received (AR): the most significant correlations are for region A (bitumen, kerogen, 530 

and group OH) versus TOC, S2, and Pg (Hydrocarbon generation potential) regions; region B 531 

(bound oil) versus TOC, S1, S2, and Pg (Table 6, Fig 13A, 13B). According to the value of R2, 532 

component A is controlled by S2 and B is mostly affected by S1. A strong positive correlation 533 

between region D (irreducible water) and TOC, S1, S2, and Pg is displayed, indicating that when 534 

organic matter or oil and gas are enriched in the rocks, the pores are mostly enriched with 535 

hydrocarbon components. 536 

After being dried at 105 ℃ (D): the value of R2 is lower than that of the original state, 537 

implying a weaker correlation between pyrolysis parameters and regions A, B, and D (Table 7, 538 

Fig 13C, 13D). Region A (bitumen, kerogen, and group OH) shows a strong positive correlation 539 

with S2, followed by Pg, and then TOC content. There is a strong relationship between Region 540 

B (bound oil) and S1. Similar to the original state, there is a good negative correlation between 541 

region D and the pyrolysis parameters (Table 7). 542 

Kerosene imbibed (KI): the correlation between different fluid types and geochemical 543 

parameters is very weak. Only region A (bitumen, kerogen, and group OH) has a good positive 544 

correlation with S2, Pg, and TOC (Table 8). No matter what condition it is, region A shows a 545 

good relationship with S2 (Tables 6-8). This may be explained by the stable properties of 546 

component A. At the dried state, some water in components B (bound oil) and E (irreducible 547 

water) is lost due to high temperature. Notably, water signals can be captured at the border of 548 

regions B and E. At the saturated kerosene state, kerosene and hydrocarbon enriched in rocks 549 

will dissolve together due to their similar chemical properties (the same polarization), as well 550 
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as the absorption of clay minerals and organic on kerosene (Zhang et al., 2020; Xi et al., 2023). 551 

Although the principle of NMR experiment is the interaction between the spin nuclei and 552 

the external magnetic field and the rock matrix has little influence (Lai et al., 2018; Khatibi et 553 

al., 2019). Previous studies have found that some mineral components such as clay minerals 554 

and quartz may affect the results of nuclear magnetic measurement (Hu et al., 2021; 555 

Mukhametdinova et al., 2021; Wu et al., 2021). In addition, Mukhametdinova's study shows 556 

that clay mineral content has a strong correlation with structural water at dried state. At water-557 

saturated state, quartz content has a good correlation with bitumen, bound oil and mobile oil 558 

and quartz content has a good correlation with macropores and fluid enriched in macropores 559 

(Mukhametdinova et al., 2021). The main mineral components in this study are quartz, feldspar, 560 

and clay minerals. For better analysis of the factors controlling of different fluid types, 561 

relationships between various mineral contents and different fluid contents are established. 562 

Table 9 shows the value of R2 between different fluid types and rock mineral compositions 563 

under three states. The results show that there is no obvious relationship between fluid types 564 

and the content of various minerals. 565 

 566 

5.3. Distribution of fluid saturation in a single well 567 

Among these five methods, Expert Mode and Manual Parameter models had completely 568 

consistent interpretation results (Fig 10). Five methods were provided and the optimal solutions 569 

were the one that divided the signal into six regions. The peak signals in each region were the 570 

same as well. The Recommended model and the Difficult case model have the same explanatory 571 

conclusions, but their explanatory processes are slightly different. The Recommended model 572 
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provides 9 methods, among which the scheme divided the signal into 8 regions is the best. The 573 

Difficult case model provides 7 methods and the method divided into 8 regions is the most 574 

reasonable. Although the favorable method is to classify the signal into 8 regions in both models, 575 

the parameter values of each region are slightly different. The interpretation of the results of 576 

the More Cluster model is quite different from that of the other four models. As more regions 577 

are divided, more information can be extracted. Fig 9H showed that signal appeared in a long 578 

relaxation time (larger than 10 ms) indicating movable fluid components (movable oil and 579 

water). Due to the lack of oil saturation data measured by experiment, oil tests and production 580 

data were used to determine and validate the optimal model. The oil test results showed that the 581 

output of well GY7 was low (Fig 14). The calculated result of the Expert Mode model showed 582 

the closest interpretation to the oil test. Therefore, the Expert Mode model was selected to 583 

calculate the fluid saturation in the subsequent evaluation process. 584 

Logging evaluation of fluid saturation can be identified by Expert Mode model. It should 585 

be noted that bound oil, bound water, mobile oil, and mobile water cannot be completely 586 

separated due to the limitations of experimental conditions and accuracy and the complexity of 587 

fluids composition. The T1 and T2 responses of different fluids have a certain overlap. Therefore, 588 

there are some deviations in the calculation results of fluid saturation using CMR-NG logging 589 

calibrated by experiment. Fig 15 shows the calculation results that bound oil and bound water 590 

are the dominant fluids of the Qingshankou Formation in GY 7. The frequency distribution 591 

histograms of bound oil and bound water saturation in each stratum from Q1 to Q9 are shown 592 

in Fig 15. The variation of bound oil saturation and bound water saturation in six strata (Q1 ~ 593 

Q5 and Q7) is slight. The bound oil saturation ranges from 30% to 60%, and the bound water 594 
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saturation ranges from 40% to 70%. On the contrary, in strata Q6, Q8, and Q9, water and oil 595 

saturation change quickly. The average bound water saturation is about 46%, which is slightly 596 

higher than the bound oil saturation of about 54%. 597 

 598 

6. Summary and conclusions 599 

The first member and lowermost part of the second member of the Cretaceous 600 

Qingshankou Formation, which is characterized by high TOC content with an average value of 601 

3.46%, is present within the Gulong Sag, Songliao Basin located in northeastern China. 602 

Parameters (IH, IO, Tmax, and Ro) obtained from Rock-Eval pyrolysis analyses illustrate the 603 

presence of kerogen of types I and II, implying that the source rocks are in the main stage of 604 

oil generation. 605 

Five types of lithologies were identified. The dominant lithologies are clay-prone shales 606 

and felsic shales, which together account for 80%. With the development of algae and burial 607 

history evolution (compaction and cementation), the shale in the Qingshankou Formation of 608 

the Gulong Sag was featured with abundant laminae (beddings) and lamellation fractures. The 609 

main reservoir spaces were organic matter pores, intercrystalline pores, intraparticle dissolution 610 

pores, and lamellation fractures. 611 

According to the value of T2 and the ratio of T1 to T2 obtained from 2D NMR experiment, 612 

six fluid types were classified, including kerogen-bitumen-Group OH, irreducible oil, movable 613 

oil, clay-bound water, irreducible water, and movable water. Due to the resolution limitation of 614 

CMR-NG, the signal of kerogen-bitumen-Group OH and clay-bound water cannot be detected, 615 

therefore, only four fluid types can be identified. Among the five models of fluid interpretation 616 
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conducted by Techlog 2019, Clustering No. 6 in Expert Mode was proposed as being the most 617 

favorable method for logging evaluation of fluid types. The contents of bitumen and irreducible 618 

oil are controlled by S2 and S1 respectively, with no response to the mineral composition. The 619 

main fluid was irreducible oil and water in the Qingshankou Formation in GY 7. Strata Q8 and 620 

Q9 were selected as the highly prospective shale oil reservoirs. 621 
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