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 10 

ABSTRACT 11 

The terrestrial lacustrine fan delta conglomerate reservoirs in the Triassic Baikouquan 12 

Formation (BF) are the primary hydrocarbon exploration targets in the Mahu sag, Junggar Basin, 13 

Western China. However, the varying lithofacies and complex diagenesis controlling the 14 

reservoir quality remain poorly understood. For the sake of revealing how reservoir quality is 15 

associated with sedimentary processes and diagenetic alterations, we used integrated 16 

approaches like petrographical analysis, cores description, wireline, X-ray diffraction (XRD), 17 

scanning electron microscopy (SEM), mercury intrusion capillary pressure (MICP) and 18 

measured petrophysical properties. The results showed that sedimentary processes have 19 

considerable control over facies distribution, grain size, and clay content, causing spatial 20 

variation of reservoir quality within the fan delta deposits. The coarser grain and high clay 21 

content fraction at the base of gravity flow will first settle in the fan delta plain near provenance, 22 

whereas the finer grains at the top of flows progressively deposit in the fan delta front areas. 23 

From proximal to distal fan delta, a progressive conversion from cohesive muddy debris flow 24 

into traction current can be inferred from the variations of lithofacies associations. A total of 8 25 

types of microfacies were identified where the conglomerates of the BF were deposited. The 26 
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grayish-green fine-grained conglomerates concentrated in the subaqueous distributary channels 27 

provide the best reservoir performance, whereas debris flow deposits dominated primarily by 28 

muddy debrites occupy the worst reservoir quality because of their highest clay content and 29 

coarsest grain size.  30 

The dominant diagenetic events include mechanical compaction that continued throughout 31 

the entire burial, two phases of quartz cementation, dissolution of unstable components, early 32 

and late carbonate cementation, precipitation of authigenic clay minerals, and two phases of 33 

hydrocarbon charging. It is unveiled that compaction is the predominant mechanism negatively 34 

affecting reservoir quality in the fan delta complex, while the effect of cementation on pore 35 

reduction of the conglomerate reservoir is weaker than compaction. Simultaneously, a complex 36 

relationship exists between reservoir petrophysical properties within different clay minerals. 37 

Dissolution does not significantly improve the permeability of the reservoir because of the 38 

partial dissolution which primarily generated intragranular pores with strong heterogeneity and 39 

poor connectivity. The most favorable reservoirs occur primarily in the subaqueous distributary 40 

channels in the fan delta front, which comprise well-sorted fine-grained conglomerates with 41 

well-developed residual intergranular pores and secondary dissolution pores and have 42 

undergone two phases of oil charge. This work may provide a useful reference for hydrocarbon 43 

exploration of the fan delta systems and regions which have encountered similar sedimentary 44 

and diagenetic processes. 45 

Keywords: Lacustrine fan delta; Conglomerate reservoirs; Sedimentary lithofacies; 46 

Diagenesis; Reservoir quality.  47 

 48 

1. Introduction 49 

Fan delta reservoirs have grown in importance as locations for petroleum development 50 

over the last few decades. Numerous study efforts have been made into such deposits globally 51 

ever since Holmes' original proposal in 1965. It could be defined as a type of coarse-grained 52 

sedimentary system deposited at the junction of an active fan body and stable water (ocean or 53 

lake) with the alluvial fan as provenance. The complex displays the characteristics of rapid 54 
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accumulation with near-source, strong heterogeneity, laterally abrupt lithofacies variation, and 55 

thick sediments (Xun et al., 2019; Tang et al., 2017). The size and nature of the fan delta vary 56 

depending on the radii (or longitudinal extension distance), which are typically in the range of 57 

tens of meters to thousands of meters, with a maximum radius of more than tens of kilometers. 58 

(Jiang et al., 2020; Jia et al., 2016). Due to their unique structural background (such as adjacent 59 

to faults) and the characteristic of rapid accumulation, the fan delta deposits ordinarily occur as 60 

wedge-shaped sedimentary bodies with a radius of several kilometers and an area of tens of 61 

square kilometers. The sediments are coarse-grained, poorly sorted, and contain much clay 62 

matrix. Currently, few large-scale fan deltas have been unearthed owing to the fact that a 63 

favorable combination of various geological conditions is required to form such a sedimentary 64 

system (Xiao et al., 2021). So far, the only example of a large-scale marine fan delta is the Sant 65 

Llorente Munt fan delta dating back to the middle Eocene in the Ebro basin, northern 66 

Mediterranean, with an extension distance of about 20 km (Paccard et al., 2012). Similarly, 67 

large lacustrine fan deltas are only present in the slope belt of the Mahu Sag of the Junggar 68 

Basin in China, including the Xiazijie fan, Huangyangquan fan, and Karamay fan (Tang et al., 69 

2021; Lu et al., 2019). They are substantially larger than the delta of the aforementioned marine 70 

fan delta, with a longitudinal radius of 40–45 km. Unlike the fan delta that evolved in a marine 71 

environment, the lacustrine fan delta is only marginally altered by waves and tides, thus making 72 

its internal sedimentary characteristics well preserved and forming large-scale lithological 73 

reservoirs (Xu et al., 2019). 74 

Assessment of reservoir quality is crucial for identifying the distribution of advantageous 75 

“sweet spots” in conglomerate reservoirs and has a significant impact on hydrocarbon 76 

exploitation. In contrast with traditional sandstone reservoirs, conglomerate reservoirs display 77 

distinct lithofacies and complicated diagenesis (Ehrenberg et al., 2019; Guo et al., 2021; Wilson 78 

et al., 2020). Hence, the reservoirs present substantial heterogeneity and the formation 79 

mechanism of the sweet spot remains unclarified, thus restricting the fine and sustainable 80 

hydrocarbon development. Generally, both sedimentary environments and diagenetic alteration 81 

play a critical role significantly influencing the reservoir quality. The reservoir architecture, 82 
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sedimentary microfacies, rock texture, and primary porosity and permeability are initially 83 

determined by the sedimentary process (Wheatley et al., 2020; Kra et al., 2022). Nevertheless, 84 

the reservoir quality may be enhanced by dissolution or deteriorated by compaction and 85 

cementation in later diagenetic processes. Therefore, comprehensively evaluating the role of 86 

sedimentation and diagenetic processes in reservoir quality is essential to determine and 87 

forecast high-quality reservoirs.  88 

Until now, a great quantity of hydrocarbons has been found and extracted from the Triassic 89 

BF in the fan-delta complex. However, the reservoir exhibits the characteristics of abrupt 90 

lithology variation, poor physical properties, and complex diagenetic alteration (Wu et al., 91 

2020), which throws obstacles for quantitatively evaluating reservoir potential. Available 92 

literature predominantly explicating the primary role of the diagenetic process in reservoir 93 

quality in the research area are (1) alkali minerals like calcite and orthoclase underwent 94 

remarkable dissolution attributed to acidic hydrocarbon-containing fluid (Zhu et al., 2019; Jin 95 

et al., 2017; Zhu et al., 2010) and (2) authigenic minerals were precipitated as cements, 96 

involving later-stage calcites, quartz, and clay minerals like kaolinite and chlorite (Xu et al., 97 

2020; Tan et al., 2014). No research has linked the sedimentary process and diagenesis to 98 

determine the distribution of the high-quality reservoirs, whereas different lithology has 99 

undergone distinct diagenesis. Furthermore, lacustrine fan delta reservoirs and marine fan delta 100 

reservoirs differ significantly in terms of their sedimentary environments, reservoir architecture, 101 

detrital components, as well as pore water properties. Therefore, linking the sedimentary 102 

process and the diagenetic process could help realize a better comprehension to predict the 103 

spatiotemporal distribution of the high-quality reservoirs in the Mahu Oilfield. On the 104 

foundation of sedimentologic and petrographical analysis, the current study aims to (1) identify 105 

the lithofacies and diagenetic minerals via thorough and detailed core and microscopic 106 

examination; (2) quantitatively reveal how reservoir quality is associated with the original 107 

sedimentary process and subsequent diagenetic alteration; (3) establish the diagenetic evolution 108 

model within different lithofacies, thus providing a theoretical foundation for the location of 109 

high-quality reservoirs.  110 
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2. Geological setting 111 

The Junggar Basin (total area ∼13 × 104km2) is in the northern part of Xinjiang Uygur 112 

Autonomous Region, which is the second biggest basin in the PRC (Fig. 1A). This region is a 113 

huge intermountain basin surrounded by Paleozoic folded mountains. It is tectonically 114 

subdivided into 6 primary structural units and 44 secondary structural units (Feng et al., 2019). 115 

The primary structural units include Wulungu Depression, Lujiang Uplift, Central Depression, 116 

West Uplift, East Uplift, and North Tianshan Thrust Belt (Fig. 1B). It is a large continental 117 

superimposed basin with tectonic activity dating from the late Carboniferous to the Quaternary. 118 

In the early and middle Permian, the compression and nappe between the Siberian and Tarim 119 

plates contributed to the forming of a continental foreland basin on the northwestern edge of 120 

the basin. The basin again witnessed large-scale tectonic activities from the late Permian to the 121 

Paleogene, and the foreland basin progressively transformed into a depression basin (Lu et al., 122 

2019). Thereafter, tectonic activity appears to have slowed, and after the Neogene, the strata 123 

were deposited intermittently, resulting in the current stratigraphic distribution. 124 

The Mahu Sag (100 km long; 50 km wide) is at the northern edge of the basin, limited in 125 

the west by the Kebai and Wuxia fault zones and in the east by the Dabasong and Xiayan uplifts 126 

(Fig. 1B). It is a secondary structure unit belonging to the central depression, covering an area 127 

of about 6800 km2. This study focuses on the MA131 well block in the clival area of the 128 

northern Mahu Sag (Fig. 1C). The study area is predominated by the Xiazijie fan delta complex, 129 

where pre-fan delta facies, fan delta front facies, and fan delta plain facies had developed in a 130 

successive manner. 131 

The lower Baikouquan, middle Karamay, and upper Baijiantan formations were deposited 132 

within the Mahu Sag during the Triassic period (Fig. 2). The target stratum in this paper is the 133 

BF of Lower Triassic, which unconformably overlies the Middle Permian lower Wuerhe 134 

Formation (P2w) and is overlain by the Middle Triassic Karamay Formation (T2k) (Tang et al., 135 

2018). The BF is dominated by fluvio-lacustrine deposits of conglomerates interbedded with 136 

pebbly sand rock, sand rock, and mudstone (Zou et al., 2015). The BF is subdivided into 3 137 

members from bottom to top composed of the 3rd (T1b1), the 2nd (T1b2), and the 1st member 138 
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(T1b3), respectively. From Mbr 1 to Mbr 3, the retrograded fan deltaic depositional system came 139 

into being in the process of lake transgression. Numerous sets of thick glutenite developed 140 

vertically, leading to the development of large-scale high-quality lithologic reservoirs (Zou et 141 

al., 2017; Yao et al., 2017). 142 

  143 

 144 

 145 

Fig. 1. (A) The map showing where the Junggar basin locates. (B) The tectonic map showing the 146 

location of the Mahu Sag and main tectonic units of the Junggar Basin. The red polygon represents the 147 

study region. (C) Well locations within the study region. 148 
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 150 

Fig. 2. Synthetical stratigraphic histogram of the strata in the research region. The right-hand 151 

side displays a high-resolution sequence of the BF (modified from Xinjiang Oilfield).  152 

 153 

3. Materials and Methodology 154 

3.1 Materials 155 

To date, 38 wells have been drilled in the BF, of which 34 are vertical and 4 are horizontal. 156 

The wells are sparsely spaced at three wells per square kilometer or one well every 800–1200 157 

m. This study is based on 132 conglomerate samples from the fan delta deposits from 13 158 

boreholes of the BF in different locations at burial depths of 2500–3700 m. 351 thin slice 159 

specimens, permeability, and porosity test outcomes of 132 specimens, 306 SEM data, 87 160 

mineral XRD data, grading data, 112 mercury intrusion capillary pressure (MICP) data, along 161 

with oil saturation, formation pressure, and well-logging data of the BF in the research area 162 
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were acquired from the Research Institute of Petroleum Exploration & Development of the 163 

Xinjiang Oilfield Company, PetroChina.  164 

3.2 Optical microscopy analysis 165 

An overall 120 thin slices were injected with blue epoxy for identification of detrital 166 

compositions, mineral assemblages, visual pore types, and diagenetic processes by employing 167 

a Zeiss microscope. In addition, 64 were also impregnated partly with Red S and K-ferricyanide 168 

for carbonate cement investigation. Granule size was obtained via averaging the measurements 169 

of the long axes of granules in every thin slice. 170 

3.3 Scanning electron microscopy (SEM) 171 

Posterior to the detailed thin-slice petrographical analyses, 58 typical gold-coated 172 

conglomerate samples were selected and imaged to perform microstructural and mineralogic 173 

research via a field emission SEM under a JSM-5500 LV SEM with an electron probe 174 

microanalyzer (EPMA). The occurrences of cement, 3D minerals, pore geometries, and 175 

associations between them can be observed by sending focused beams of electrons and 176 

detecting secondary or backscattered electronic signals. 177 

3.4 Cores, and wireline data analysis 178 

Core samples could provide the most direct evidence for lithology and sedimentary 179 

microfacies identification. To determine the categorization and spatial distribution of lithofacies 180 

and sedimentary microfacies, an overall 253.3 m of cores from 13 wells were detailedly and 181 

thoroughly described to examine the rock types, granule size distribution, and sedimentary 182 

structures. Moreover, the conventional logs sensitive to lithology include gamma ray (GR) and 183 

deep lateral resistivity (RD), which were well-calibrated by cores in this research for detailed 184 

lithofacies and sedimentary analysis, enabling the prediction of high-quality reservoirs in the 185 

BF. 186 
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3.5 Mercury intrusion capillary pressure (MICP) and petrophysical 187 

properties 188 

Porosity and permeability measuring was completed on the 132 conglomerate specimens 189 

to rank reservoir property of diverse lithofacies and evaluate the impacts of sedimentary 190 

microfacies and later diagenetic process on reservoir quality by employing a 3020-62 helium 191 

porosity analyzing apparatus and GDS-9F gas permeability analyzing apparatus under ambient 192 

temperature and humidity. These samples were measured on plug samples of 2.5 cm diameter. 193 

Samples were then washed using distilled water in an ultrasonic cleaner for 5 min and dried at 194 

44 °C for 25 h. Subsequently, 112 specimens that covered the range of permeability and 195 

porosity values were chosen to determine the pore-throat distributions using mercury injection 196 

(MI) analyses with a 9505 MI analyzing apparatus under 22°C and 60% humidity using the 197 

national standard SY/T 5346–2005. 198 

 199 

3.6 Fluid inclusion analysis 200 

Thick double-polished thin slices were produced from 67 core specimens from 6 wells for 201 

fluid inclusion petrographical analysis, fluorescence color identification, and homogenization 202 

temperature (Th) measuring. A Leica polarised light fluorescent microscopic instrument was 203 

utilized for fluid inclusion petrographical analysis. Simultaneously, the homogenous inclusion 204 

temperature of 32 specimens from 4 wells was measured equipped with a Linkam THMSG600 205 

heating–cooling stage. Fluid inclusions were primarily obtained appearing predominantly in 206 

intergranular pores, feldspar dissolution pores, fractures, and quartz from conglomerates of the 207 

BF for Th measuring. The equipment could record phase transitions ranging from -180°C to 208 

500°C. The aqueous fluid inclusions were cooled to the lowest temperature, and the phase 209 

variations were studied with a slow increase in temperature. The ice-melting temperature was 210 

documented under a heating velocity of 0.1°C/min.  211 

 212 
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3.7 X-ray diffraction (XRD) 213 

To further quantitatively identify mineral constituents in the BF, a total of 87 conglomerate 214 

specimens from different locations were produced for whole-rock (bulk) and clay fraction (<2 215 

mm) mineralogical XRD analyses via a Rigaku D/MAX2500 V/PC powder diffractometer. 216 

Clay fraction specimens were subjected to XRD analyses after air desiccation, glycolated, and 217 

afterward heated to 500°C.  218 

 219 

4. Results  220 

4.1 Reservoir features  221 

4.1.1 Petrological analysis  222 

The fan delta reservoirs are mainly fine- to medium-grained (with grain sizes between 2 223 

mm and 16 mm) conglomerates. Detrital quartz takes up 7.3%–30% (mean 12.8%) and 224 

predominantly comprises euhedral monocrystalline quartz with poor to moderate sorting. The 225 

detrital feldspar content is no more than 10%, with a mean of 4.5%, amongst which the relative 226 

amount of plagioclase and K-feldspar is 73% and 27%, respectively (Fig. 3). Varying degrees 227 

of argillization and sericitization can be observed on the surface of the feldspar. The rock 228 

fragment content ranges between 56% and 85%, with a mean of 65.1%, and comprises 45%–229 

58% of volcanic rocks (mostly tuff), and 11%–27% of sedimentary rocks. Rare content of heavy 230 

minerals is present in the reservoirs. The clay amount accounts for 0.5%–40%, with a mean of 231 

8.5%, and the cement amount is 0.5%–22.5% with a mean of 4.6%. The composition maturity, 232 

which is equal to the ratio of quartz amount to feldspar and rock fragment amount, is 0.3–0.6 233 

with a mean of 0.4.  234 
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 235 
Fig. 3. Ternary QRF diagram presenting the lithofacies feature within the research region 236 

(modified from Xinjiang Oilfield). 237 

 238 

4.1.2 Physical Properties 239 

The permeability and porosity distribution of the BF in the study area of the Mahu Sag 240 

show a wide range of 1.9–16.8% (mean 6.54%) and 0.001 mD to 19.4 mD (average 1.33 mD), 241 

respectively (Fig. 4A, B). The percentages of reservoirs with permeability values below 1 mD, 242 

1–10 mD, and over 10 mD were 76.3%, 20.1%, and 3.6%, separately. Approximately 50% of 243 

the conglomerate reservoirs belong to low porosity and ultra-low permeability reservoirs. Low 244 

permeability (<1 mD) reservoirs with middle-high porosity (>4%) occupy 68% of the total 245 

reservoirs (Fig. 4C). There is a wide variation of permeability and porosity within different 246 

lithofacies (Fig. 4C). Gravelly sandstone, fine-medium sandstone, and fine-grained 247 

conglomerate have good petrophysical properties while medium grained conglomerate 248 

possesses lower porosity (Fig. 4C). 249 

 250 
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 251 

Fig. 4. Porosity and permeability distribution of the fan delta reservoirs in the BF of the Mahu 252 

sag. (A) Porosity distributional status histogram. (B) permeability distributional status histogram. (C) 253 

Binary diagram of porosity vs permeability.  254 

 255 

4.1.3 Pore Types and Pore-Throat Features  256 

Reservoirs with varying permeability are characterized by diverse pore types and distinct 257 

pore throat distributions (Fig. 5). The reservoirs with permeability below 1 mD are 258 

predominated by porosity ranging from 5%–15% (Fig. 5A). In those reservoir samples, the 259 

pores are predominantly micropores in detrital grains or substrate with pore-throat radii (PTR) 260 

varying between 0.01 and 1 μm (Fig. 5D, G), and the seepage capacity is under the control of 261 

PTR ≤  0.1 μm (Fig. 5G). These reservoirs represent the worst petrophysical properties, 262 

holding the smallest PTR (average, 0.64 μm), the highest sorting coefficient (2.23–2.83; mean, 263 

2.67), as well as the lowest maximal mercury saturation (Fig. 5H). The reservoirs possessing 264 

permeability varying between 1 and 10 mD are primarily composed of 15%–20% porosity (Fig. 265 

5B). Among those reservoirs, the pore types are predominantly secondary pores generated by 266 

dissolution of feldspar or rock fragments (Fig. 5E). The PTR range between 0.15 and 9 μm (Fig. 267 

5E, G), and the permeability is governed by PTR between 1 and 4 μm (Fig. 5G, H). The 268 

reservoirs with permeability above 10 mD generally have a porosity over 20% (Fig. 5C), among 269 

which the pores involve residual intergranular pores and secondary dissolution pores (Fig. 5F), 270 

representing the best petrophysical properties, with a sizeable PTR, the smallest sorting 271 

coefficient, the highest sorting degree, and the highest maximal mercury saturation (Fig. 5H).  272 
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 274 
Fig. 5. Features of pores and pore throats of the fan delta conglomerates in the BF of the Mahu 275 

sag. (A) Porosity distributional status in reservoirs with permeability below 1 mD. (B) Porosity 276 

distributional status in reservoirs with permeability between 1 and 10 mD. (C) Porosity distributional 277 

status in reservoirs with permeability above 10 mD. (D) Image of a thin slice presenting pore features 278 

in reservoirs with permeability below 1 mD (plane-polarised light). (E) Image of a thin slice presenting 279 

pore features in reservoirs with permeability between 1 and 10 mD (plane-polarised light). (F) Image 280 

of a thin slice presenting pore features in reservoirs with permeability above 10 mD (plane-polarised 281 

light). (G) Binary diagram of PTR vs permeability. (H) Capillary pressure curves with different 282 

permeability. Ip = intergranular pore; Mp = micropore; Dp = dissolution pore. 283 
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4.2 Reservoir elements of the fan delta deposits 284 

Both gravity flow and tractive flow are in charge of the fan delta deposits. Resultantly, a 285 

total of 8 kinds of sedimentary microfacies were encountered during the procedure of detailed 286 

core observation, including debris-flow sediments, braided channel filling, and subaqueous 287 

distributary channels.  288 

4.2.1 Fan-delta plain 289 

The fan delta plain shares a lot of similarities with the root fan and inner-middle fan of the 290 

alluvial fan, wherein coarse-grained lithofacies formed under an aquatic oxidation environment 291 

are recorded (Xian et al., 2018). The sediments were generally brown, brownish-red 292 

conglomerate. Debris flow, braided river channel, and overflow can be observed in the fan delta 293 

plain, which is dominated by the former two microfacies.  294 

 295 

4.2.1.1 Debris flow 296 

Debris flow sediments constitute the principal part of the fan delta plain, which is a hybrid 297 

accumulation spreading in sheet shape located at the proximal fan delta above the lake level. 298 

The lithofacies mainly consisted of brownish red thick medium-grained conglomerate. Matrix-299 

supported structure and thick-layered massive bedding characterize the sedimentary 300 

characteristics (Fig. 6A). The gravel sizes generally ranged from 0.6 to 40 mm, with a maximum 301 

particle size of up to 100 mm. Its probability curve (PC) of granule size displayed the 302 

characteristic of a one-stage style, with an average and median size of﹣0.72 φ and﹣0.86 φ 303 

(φ=﹣ log2d, d denotes particulate diameter, mm), respectively (Fig. 7). The gravels were 304 

suspended in the sandy or muddy matrix locally and displayed disorderly, without any 305 

directionality and imbrication. High RD and GR values showing a thick box shape were 306 

observed for the conventional logging response. Sorting was medium to poor, and roundness 307 

was subangular to angular. The DP of the MI was 0.75 MPa, with a mean PTR of 0.005 mm, 308 

and mercury-ejection efficiency of 24.38% (Fig. 7). 309 
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4.2.1.2 Braided river channel 310 

The braided river predominantly comprised brown medium to fine-grained conglomerate, 311 

and pebbly sandstone. The PC of the granule size displayed a two-stage style, with a mean 312 

particulate size of﹣1.52 φ and a median size of﹣2.05 φ. The detrital grain exhibited medium 313 

to poor sorting characteristics, and the roundness was mainly marked by subangular and 314 

subrounded shapes. Imbricate orientation of gravels, and low-angle cross-bedding (Fig. 6B, C) 315 

can be observed in the middle and lower part of the channel. Additionally, the sand 316 

conglomerate contains erosional surfaces, indicating the recurrent scouring and filling 317 

processes of floods. The RD had an overall serrated-box shape, and medium amplitude features. 318 

The MI curve suggested a medium pore and fine throat distribution. The DP was 0.26 MPa, and 319 

the mean PTR can reach 0.38 mm. Moreover, the efficiency of mercury withdrawal was 320 

comparatively satisfactory at 28.56% (Fig. 7). 321 

 322 

4.2.1.3 Overflow 323 

The overflow sediments are generated by the depositional process of overflowing water 324 

from the sides of braided river channels. The lithology consisted of brown mudstone and 325 

siltstone (Fig. 6D). Due to the incision and erosion of channels, the thickness of a single layer 326 

is mostly below 0.3 m and is featured by mass bedding. The PC of the granule size displayed a 327 

non-typical two-stage style, with an average size of 4.13 φ, and a median size of 3.25 φ The 328 

RD curve exhibited serrated-box shapes with a low amplitude. . The mercury injection curve 329 

indicated that the mercury withdrawal efficiency was 34.13%, suggesting a micro-pore and fine 330 

throat (Fig. 7). 331 

 332 

4.2.2 Fan-delta front 333 

Fan delta front and pre-fan delta constitute the underwater part of the fan delta. The 334 

lithofacies were generally grayish-green conglomerates packed with sandstone or clay minerals. 335 

Sandy debris flow (underwater debris flow), subaqueous distributary channels, interdistributary 336 

channels, and mouth bars could be observed via detailed core observation.  337 
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4.2.2.1 Sandy debris flow 338 

Sandy debris flow is the underwater extension of debris flow, where similar sedimentary 339 

characteristics were observed with debris flow. Its lithology was mainly grayish-green medium-340 

grained conglomerate. The gravels displayed poor sorting, low roundness, and subangular 341 

characteristics without directionality and imbrication (Fig. 6E). The PC of the granule size was 342 

marked by a low slope and concave shape. The grain size ranged from﹣5 φ to 5 φ, with an 343 

average size of﹣3.19 φ and a median size of﹣3.43 φ. The RD curve showed a thick box shape 344 

with moderate amplitude. The MI curve suggested that the mean PTR was 0.13 mm, with DP 345 

of 0.56 MPa, and a mercury withdrawal efficiency of 17.28% (Fig. 7). 346 

 347 

4.2.2.2 Subaqueous distributary channels 348 

The braided river channels progressively transform into subaqueous distributary channels 349 

as the hydrodynamics weaken towards the lake basin. The lithology primarily comprised 350 

grayish-green fine-grained conglomerate and pebbly sandstone. The gravels showed poorly to 351 

moderately sorting and psephicity was commonly sub-rounded to sub-angular. The PC of the 352 

granule size showed a typical two-stage style, with a mean particulate size of﹣1.23 φ, and a 353 

median particle size of﹣1.68 φ. Additionally, oil spots were encountered during the procedure 354 

of core sample studies (Fig. 6F). In contrast to matrix-supported conglomerates, the clast-355 

supported conglomerate intervals exhibited higher resistivity and lower density values. Low 356 

angle cross-bedding, and parallel bedding were recorded in the middle-lower part of the channel. 357 

The RD curve was primarily serrated-bell shape with high amplitude, forming positive rhythm 358 

sequences vertically. The mercury injection curve showed a DP of 0.53 MPa, a maximal 359 

connected PTR of 1.26 mm, and a mercury withdrawal efficiency of 51.86% (Fig. 7). 360 

 361 

4.2.2.3 Mouth bars  362 

The mouth bar in the fan delta front is an extension of the subaqueous distributary channel 363 

toward the basin. The lithology predominantly consisted of medium-coarse sandstone and 364 

pebbly sandstone with cross-bedding and tabular bedding containing low clay amounts, 365 
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forming a reverse graded sequence (Fig. 6G). The detrital particle displayed well-sorted, well-366 

rounded characteristics. The RD curve exhibited a serrated-funnel shape with medium 367 

amplitude. The PC of the granule size showed a representative three-stage style with a high 368 

slope. The MI curve suggested that the DP was 0.52 MPa, accompanied by a mean PTR of 0.25 369 

mm, and a mercury withdrawal efficiency of 24.29% (Fig. 7). 370 

 371 

4.2.2.4 Interdistributary channels 372 

Fine-grained sediments deposited between subaqueous distributary channels characterized 373 

the interdistributary channels, which predominantly consisted of gray mudstone (Fig. 6H). The 374 

PC of the granule size was a representative one-stage style reflecting the suspension component, 375 

and the particle size had relatively good sorting with a sorting coefficient of 2.65. The average 376 

grain size and median grain size were 3.86 φ, and 3.65 φ, respectively. The RD curve displayed 377 

a serrated-finger shape with high amplitude. The mercury injection curve indicated a DP of 2.16 378 

MPa, and a mercury withdrawal efficiency of 36.42% (Fig. 7). 379 

 380 

4.2.3 Pre-fan delta 381 

The pre-fan delta was predominantly composed of dark gray horizontal bedding mudstone 382 

(Fig. 6I). The sorting of the siltstone is good to excellent with a sorting coefficient of 1.21, 383 

indicating a steady hydrodynamical environment. The PC of the granule size displayed a 384 

representative two-stage style, of which the jumping component showed a comparatively high 385 

slope. The RD curve exhibited a serrated-finger shape with moderate amplitude. The MI curve 386 

indicated that the mean PTR was 0.31 mm, accompanied with a high DP of 1.17 Mpa, and a 387 

mercury withdrawal efficiency of 33.29% (Fig. 7). 388 
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 389 

Fig. 6. Characteristics of conglomerate reservoir cores: (A) Matrix-supported medium-grained 390 

conglomerates, with grain size larger than 8 mm, massive structure and bedding fracture were 391 

encountered, well MA154, 3056.91 m. (B) Clast-supported medium-grained conglomerate, imbricate 392 

orientation of gravel, well XIA89, 2231.15 m. (C) Clast-supported coarse-grained conglomerate, with 393 

grain size finer than 12 mm, moderate sorted, well MA133, 3302.66 m. (D) Brown mudstone, represents 394 

overflow fine-grained fillings, well MA15, 3065.00 m. (E) Matrix-supported conglomerate, with grain 395 

size larger than 8 mm, poor sorting, and low roundness, well MA154, 3050.32 m. (F) Clast-supported 396 

fine-grained conglomerate, with grain size finer than 8 mm, moderate sorted, well MA15, 3095.17 m. 397 

(G) Conglomeratic coarse sandstone, with approximately 7% contents of conglomerates that can be 398 

observed, well sorted and rounded, well MA139, 3259.50 m. (H) Gray mudstone, with no obvious 399 

development of sedimentary structure, well MA154, 3023.49 m. (I) Dark gray horizontal bedding 400 

mudstone, well MA133, 3137.58 m.401 
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 402 

Fig. 7. Sedimentary characteristics of the fan delta deposits in the study area. The scale of the lithofacies is 1:50. 403 
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4.3 Diagenesis 404 

4.3.1 Diagenetic Mineralogy 405 

4.3.1.1 Quartz Cement 406 

Siliceous precipitation occurs in the eodiagenesis once the amount of silicon ions in the 407 

interstitial water surpasses the mean content. There exist two forms of authigenic quartz in the 408 

BF of the fan delta reservoirs, including syntaxial quartz overgrowths around the detrital 409 

monocrystal quartz grains and authigenic quartz displaying a euhedral microcrystalline form 410 

(Fig. 8A-I). Two phases of syntaxial quartz overgrowths were recorded via thin-section 411 

photomicrographs, with a maximum thickness of 25 mm (Fig. 8A-C). The overgrowth rim, 412 

which predominantly consisted of either clay minerals or fluid inclusions, was clear (Figure 413 

8A-C). Another type of authigenic quartz appeared as a euhedral prismatic shape filling the 414 

pores (Fig. 8D-I), of which the long axis was parallel to detrital particulates, and the margin 415 

was covered by authigenic clay minerals like kaolinite, illite-smectite mixed-layer, and chlorite 416 

(Fig. 8 D-I). In general, euhedral microcrystalline authigenic quartz predominated because there 417 

is not enough substrate available for the homogeneous nucleation of syntaxial quartz 418 

overgrowths since the high content of plastic rock debris is believed to have strengthened the 419 

compaction degree. The content of quartz cement is less than 2.6% with a mean of 0.7%, 420 

increasing slightly as burial depth deepens. 421 Jo
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 422 

Fig. 8. Characteristics of quartz cement in the fan delta reservoir in the BF of the Mahu sag. (A) 423 

Image of a thin slice presenting two phases of quartz overgrowths (plane-polarised light), well XIA89, 424 

2477.27 m. (B) Image of a thin slice presenting quartz overgrowths (plane-polarised light), well MA137, 425 

3251.27 m. (C) Image of a thin slice presenting quartz overgrowths (plane-polarised light), well MA154, 426 

3027.85 m. (D) SEM photomicrograph presenting euhedral Qa, well MA131, 3188.17 m. (E) SEM 427 

photomicrograph presenting euhedral Qa and Ch filled the dissolution pore, well MA13, 3109.03 m. 428 

(F) SEM photomicrograph presenting euhedral Qa and I/S filled the intergranular pore, well MA13, 429 

3107.29 m. (G) SEM photomicrograph presenting euhedral Qa and I filled the intergranular pore, well 430 

MA13, 3109.09 m. (H) SEM photomicrograph presenting euhedral Qa accompanied with I/S and K, 431 

well MA131, 3190.79 m. (I) SEM photomicrograph presenting euhedral Qa and I/S filled the 432 

intergranular pore, well MA16, 3220.19 m. Qa = authigenic quartz; Ch = chlorite; K = kaolinite; I/S= 433 

illite and smectite mixed layer; I = illite; Qa1 = first phase of quartz overgrowth; Qa2 = second phase 434 

of quartz overgrowth; DQ = detrital quartz; R = rock fragment; Ip = intergranular pore; Dp = 435 

dissolution pore.436 
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4.3.1.2 Carbonate Cement 437 

Carbonate cements are the most commonly seen cement in the BF, including calcite, 438 

ferroan calcite, and ankerite. According to the XRD data, their mass fraction range between 1% 439 

and 11%, with a mean content of 3.47%. Similar to quartz cement, two phases of carbonate 440 

cement can be recognized via thin slices and SEM examination. The color of calcite cement 441 

varied from red to blue in the dyed thin slices, where the calcite was always red, the ferroan 442 

calcite cement was deep red, and ankerite cement exhibited blue tint (Fig. 9A-C) (Gier et al., 443 

2008). Calcite produced in diverse diagenetic phases displayed distinct crystallinity and crystal 444 

size. The crystals formed in the eodiagenesis were smaller because of poor crystallinity, 445 

whereas those produced in the mesodiagenesis were larger and filled intergranular pores and 446 

dissolution pores in either poikilotopic blocks or pore-filling style (Fig. 9A-E), resulting in the 447 

sharp exacerbation of reservoir petrophysical properties. Furthermore, the early carbonate 448 

cement had undergone later dissolution, forming intracrystalline dissolved pores (Fig. 9F, G) 449 

thereby enhancing the reservoir petrophysical properties. In the meanwhile, it also provided 450 

calcium ions for late carbonate cementation. It is widely believed that the content of carbonate 451 

cement elevates as the distance between the mudstone and sandstone interface reduces because 452 

the source of carbonate cement is closely tied to mudstone (Fig. 9H, I) (Warnecke et al., 2019). 453 

For instance, the calcium ions released during the maturation of organic matter in mudstone can 454 

provide material sources for carbonate cementation (Feng et al., 2019; Xu et al., 2019). 455 Jo
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 456 

Fig. 9. Characteristics of carbonate cement in the fan delta reservoir in the BF of the Mahu sag. 457 

(A) Image of a thin slice presenting Ca with ferroan calcite (plane-polarised light), well MA154, 3027.85 458 

m. (B) Image of a thin slice presenting Ca with ankerite (plane-polarised light), well XIA723, 2699.72 459 

m. (C) Image of a thin slice presenting dissolution pore filled by calcite (plane-polarised light), well 460 

MA132, 3268.78 m. (D) SEM image presenting calcite filled the quartz, well MA139, 3315.24 m. (E) 461 

SEM image presenting calcite filled the intergranular pore, well MA154, 3005.43 m. (F) SEM image 462 

presenting intracrystalline dissolved pore, well MA154, 3030.78 m. (G) SEM image presenting 463 

intracrystalline dissolved pore, well MA154, 3044.96 m. (H) SEM image presenting Ca and K filled the 464 

intergranular pore, well MA134, 3217.69 m. (I) SEM image presenting Ca and I filled the dissolution 465 

pore, well MA134, 3217.79 m. Ca = calcite; Fc = ferroan calcite; Ank = ankerite; K = kaolinite; I = 466 

illite; Ip = intergranular pore; Dp = dissolution pore.467 
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4.3.1.3 Dissolution of unstable components 468 

Dissolution is of great significance for enhancing reservoir petrophysical attributes 469 

throughout the entire diagenetic process (Zhu et al., 2010). The findings from thin slices and 470 

SEM showed that the dissolution of feldspar and rock debris was intimately associated with 471 

kaolinite and authigenic quartz (Fig. 10A-D), indicating an acid diagenetic environment. 472 

Feldspar preferentially dissolved along the cleavages, and certain feldspars were nearly 473 

completely dissolved, yielding an extra induced porosity (Fig. 10E, F). As the diagenetic 474 

environment turned into to an alkaline environment, partial secondary pores generated by 475 

feldspar dissolution were observed to be filled by subsequent diagenetic minerals like illite, 476 

illite-smectite mixed-layer, and carbonate cement (Fig. 10G–I). The content of these unstable 477 

components was between 0.3% and 6.5% with a mean of 2.8%. The dissolution intensity 478 

slightly elevated as burial depth deepened. 479 

 480 

Fig. 10. Features of dissolution of unstable components in the fan delta reservoir in the BF of the 481 

Mahu sag. (A) Image of a thin slice presenting the feldspar is almost completely dissolved (plane-482 

polarised light), well MA154, 3051.83 m. (B) Image of a thin slice presenting dissolution of rock debris 483 

(plane-polarised light), well MA152, 3096.70 m. (C) SEM image presenting the dissolution 484 
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accompanied by Qa, well MA137, 3263.36 m. (D) SEM image presenting the dissolution accompanied 485 

by K, well MA139, 3316.24 m. (E) SEM image presenting the intragranular dissolution pore, well 486 

MA137, 3264.52 m. (F) SEM image presenting the intragranular dissolution pore, well MA133, 3364.86 487 

m. (G) SEM image presenting the dissolution pore filled by calcite, well MA13, 3107.29 m. (H) SEM 488 

image presenting the dissolution pore filled by I/S, well MA132, 3279.28 m. (I) SEM image presenting 489 

the dissolution pore filled by I, well MA139, 3270.42 m. Ca = calcite; Qa = authigenic quartz; K = 490 

kaolinite; I = illite; I/S= illite and smectite mixed layer; Dp = dissolution pore. 491 

 492 

4.3.1.4 Clay Minerals 493 

The research into clay materials is a pivotal part of diagenesis which could help determine 494 

and divide diagenetic phases (Jin et al., 2018). The clay fraction (<2 mm) from XRD and SEM 495 

image data indicated that kaolinite, illite-smectite mixed-layer, and chlorite dominated the clay 496 

minerals. During the eodiagenesis, kaolinite occurred as worm-shaped aggregates in residual 497 

intergranular pores and feldspar dissolution pores (Fig. 11A). The euhedral kaolinite had an 498 

intimate association with feldspar dissolution and authigenic quartz precipitation (Fig. 11B). 499 

Illite-smectite mixed-layer appeared in a honeycomb-like shape in the pore throat (Fig. 11C), 500 

severely deteriorating the seepage capacity of the reservoir. The fibrous illite was either coupled 501 

with illite-smectite mixed-layer or filled the pores in a bridging style (Fig. 11D-F). Diverse clay 502 

minerals are capable of converting into one another. As the diagenetic environment was 503 

converted to an alkaline environment, kaolinite turned into chlorite under the existence of iron 504 

and magnesium ions (Meng et al., 2020). Chlorite rosettes filled the pores or wrapped the 505 

surface of detrital grains (primarily quartz and feldspar) as chlorite coatings (Fig. 11G, H), iron 506 

ions of which were mainly acquired from the alteration of volcanic rock debris (Grigsby, 2001). 507 

It's broadly believed that such a chlorite membrane prevented the particulates from contacting 508 

the interstitial water, which has restrained the overgrowth of quartz (Cao et al., 2018; Griffiths 509 

et al., 2021; Li et al., 2021; Molenaar et al., 2021). In addition, the transformation of smectite 510 

to euhedral chlorite was also observed (Fig. 11I). The content of clay minerals was 12.6% on 511 

average, whereas chlorite and illite-smectite mixed-layer dominated with an average relative 512 

content of 32.7%, and 21.3%, respectively. The comparative content of kaolinite reduced at 513 

burial depths exceeding 3000 m (Fig. 12). In contrast, the comparative content of illite, chlorite, 514 
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and illite-smectite mixed layer showed elevating trends when the burial depth surpassed 3000 515 

m (Fig. 12). 516 

 517 

Fig. 11. Characteristics of clay minerals in the fan delta reservoir in the BF of the Mahu sag. (A) 518 

SEM image presenting worm-shaped kaolinite filled the Ip, well MA132, 3261.37 m. (B) SEM image 519 

presenting K occurred within the dissolution of feldspar, well MA136, 3325.23 m. (C) SEM image 520 

presenting the honeycomb-like I/S appeared around the particle surface, well MA131, 3188.89 m. (D) 521 

SEM image presenting the curved sheet I appeared around the particle surface, well MA16, 3215.74 522 

m. (E) SEM image presenting the intergranular pore filled by I in a bridging style, well MA134, 3211.95 523 

m. (F) SEM image presenting the intergranular pore filled by I and I/S, well MA133, 3310.72 m. (G) 524 

SEM image presenting the Ch wrapped the surface of detrital grains, well MA16, 3213.77 m. (H) SEM 525 

image presenting the Ch filled the Ip, well MA13, 3109.03 m. (I) SEM image presenting the Ch and 526 

Ch/S appeared around the particle surface, well MA137, 3257.30 m. Qa = authigenic quartz; K = 527 

kaolinite; I = illite; I/S= illite and smectite mixed layer; Ch/S= chlorite and smectite mixed layer; Ip = 528 

intergranular pore. 529 
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 530 

Fig. 12. Content of clay minerals from XRD data in the fan delta reservoir in the BF of the Mahu sag. 531 

 532 

 533 

4.3.1.5 Other Diagenetic Minerals 534 

Other diagenetic minerals observed via SEM photomicrographs include pyrite, zeolite, 535 

apatite, halite, dickite, and zircon (Fig. 13A-L). Pyrite appeared as irregular pore-filling crystals, 536 

closely tied to clay minerals like illite-smectite mixed-layer and illite (Fig. 13A, B). Apatite 537 

exhibited as endophytic columnar crystals engulfed by feldspar or clay minerals (Fig. 13C-E), 538 

and its material source generally originated from basic or alkaline igneous rocks. Zeolite 539 

rosettes typically formed in the fissures of volcanic rocks during the mesodiagenesis and filled 540 

the pores (Fig. 13F, G), thus deteriorating reservoir petrophysical properties. Dickite has similar 541 

composition but a distinct crystal structure to kaolinite, and it showed a tower-like shape filling 542 

the intergranular pores (Fig. 13H, I). Halite crystals precipitated around the particle surface (Fig. 543 

13J, K). Zircon was observed to develop around the surface of the detrital grain (Fig. 13L), and 544 

it is widely employed in provenance analysis due to its stable chemical properties (Shan et al., 545 

2016). Those diagenetic minerals have a total amount of ＜ 1%. 546 

 547 
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 548 

Fig. 13. Features of minor diagenetic minerals in the fan delta reservoir in the BF of the Mahu sag. 549 

(A) SEM photomicrograph showing Py crystals filled the Ip, well XIA201, 2732.11 m. (B) SEM 550 

photomicrograph showing Py appeared around the particle surface, well MA134, 3217.02 m. (C) SEM 551 

photomicrograph showing the endophytic Apa columnar crystals engulfed by I/S, well MA132, 3274.39 552 

m. (D) SEM photomicrograph showing the endophytic Apa columnar crystals, well MA132, 3268.69 m. 553 

(E) SEM photomicrograph showing the endophytic Apa columnar crystals engulfed by feldspar, well 554 

MA154, 3056.78 m. (F) SEM photomicrograph showing the Zeo crystals filled Ip, well MA132, 3275.62 555 

m. (G) SEM photomicrograph showing the Zeo crystals accompanied with K, well MA137, 3249.59 m. 556 

(H) SEM photomicrograph showing the Dic filled the Ip, well MA134, 3171.33 m. (I) SEM 557 

photomicrograph showing the Dic filled the Ip, well MA154, 3026.81 m. (J) SEM photomicrograph 558 

showing the Hal precipitated around the particle surface, well MA134, 3174.58 m. (K) SEM 559 

photomicrograph showing the Hal precipitated around the particle surface, well MA134, 3170.16 m. 560 

(L) SEM photomicrograph showing the Zir precipitated around the particle surface, well MA137, 561 

3264.18 m. Py = pyrite; Apa = apatite; Zeo = zeolite; Dic= dickite; Hal= halite; Zir = zircon. 562 
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4.3.1.6 Oil Presence 563 

Oil charge is one of the most vital diagenetic events that significantly affect the diagenetic 564 

process (Li et al., 2020). Pan et al. (2021) stated that the primary source rocks of the Mahu Sag 565 

are the Permian Fengcheng (P1f) and Wuerhe Formations (P2w), and two hydrocarbon charging 566 

periods occurred in the BF. To sum up, the first phase of hydrocarbon charging emerged in the 567 

early Jurassic, causing the trapping of yellow-fluorescence inclusions, which were observed 568 

primarily in intergranular pores, fractures, and quartz (Fig. 14A-E). The second phase of 569 

hydrocarbon charging emerged in the early–middle Cretaceous, trapping blue-fluorescence 570 

hydrocarbon inclusions mainly occurring in feldspar dissolution pores, ferroan calcite, and clay 571 

minerals like kaolinite (Fig. 14D-I). The colors of organic materials under an ultraviolet 572 

microscope reflect different hydrocarbon maturity: yellow fluorescent results indicate 573 

hydrocarbon that is relatively immature, while blue fluorescent results denote hydrocarbon with 574 

higher maturity. 575 

 576 
 Fig. 14. Fluorescent images presenting the range in colors displayed by the oil inclusions. (A) 577 

hydrocarbon with yellow fluorescence preserved in quartz and Ip, well XIA92, 2506.90 m. (B) liquid 578 
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hydrocarbons with yellow fluorescence observed in quartz particle, well XIA89, 2447.00 m. (C) 579 

hydrocarbon with yellow fluorescence preserved in microfracture, well XIA93, 2703.87 m. (D) yellow-580 

fluorescent hydrocarbon preserved in the detrital grain and blue-fluorescent hydrocarbon filling the 581 

matrix, representing two phases of hydrocarbon charging, well MA15, 3069.78 m. (E) little yellow-582 

fluorescent hydrocarbon exhibited in the matrix and blue-fluorescent hydrocarbon preserved in the 583 

matrix and detrital grain, representing two phases of hydrocarbon charging, well MA134, 3193.33 m. 584 

(F) blue fluorescent hydrocarbon stored in dissolution pores of Fc, well XIA72, 2122.55 m. (G) blue 585 

fluorescent hydrocarbon stored in detrital grains and matrix, well MA136, 3323.04 m. (H) blue 586 

fluorescent hydrocarbon stored in detrital grains and matrix, well MA17, 3249.33 m. (I) liquidic blue 587 

fluorescent hydrocarbon filling the dissolved feldspar pores and matrix, well MA16, 3213.84 m. 588 

 589 

4.3.2 Paragenetic Sequence of Diagenetic Events 590 

Chlorite coatings formed in the Early Triassic to Early Jurassic during the eodiagenesis at 591 

a formation temperature of 55-70 °C (Fig. 15). The pore-filling chlorite, authigenic kaolinite, 592 

and quartz that formed in the secondary dissolution pores all exhibited well-euhedral 593 

characteristics. Additionally, the material source of these minerals primarily originated from 594 

the dissolution of unstable components like feldspar and tuffaceous rocks (Tang et al., 2021). 595 

It can be inferred that the dissolution of unstable components occurred earlier than the 596 

precipitation of authigenic kaolinite and quartz cement. Calcite engulfs ferroan calcite and thus 597 

postdates ferroan calcite (Fig. 9A). Ankerite fills the pore space between calcite and detrital 598 

grain (Fig. 9B). On the foundation of the replacement relation of carbonate cement, the 599 

precipitation sequence of carbonate cement is (1) ferroan calcite, (2) calcite, and (3) ankerite. 600 

Additionally, the dissolution of calcite was observed under the microscope, indicating that the 601 

precipitation of calcite must have predated the dissolution of unstable components. 602 

On the foundation of burial history, and diagenesis, the paragenetic sequence of the 603 

conglomerate reservoir in the BF can be summarized in Fig. 15. Compaction continued 604 

throughout its entire burial. The reservoir within the target layer has generally experienced 605 

alkaline, acid, weak alkaline, acid, and weak acid diagenetic environment (Jin et al., 2017). 606 

During the eodiagenesis, the stratum was rapidly subsiding with a formation temperature lower 607 

than 65 ℃. The rock was semi-consolidated at the initial period of sedimentation. Meanwhile, 608 

the alkaline reduction diagenetic environment contributed to the formation of chlorite coatings 609 

and precipitation of analcite. Subsequently, montmorillonite will progressively transform into 610 

Jo
urn

al 
Pre-

pro
of



 

 

illite-smectite mixed layer as formation temperature and pressure rise with increasing burial 611 

depth. Thereafter, the first phase of hydrocarbon charging emerged in the early Jurassic, where 612 

the formation temperature can approach 70℃ and the diagenetic environment turned into an 613 

acid environment due to the acidic fluids generated by compression of mudstones. This process 614 

also contributed to the later dissolution of unsteady constituents like feldspar and tuffaceous 615 

rocks, precipitation of authigenic kaolinite, as well as quartz overgrowth. As the dissolution 616 

proceeds, the concentration of organic acid decreases, and the alkaline metal ions produced by 617 

rock debris and feldspar entered the pore water, thus providing materials for the precipitation 618 

of calcite. Subsequently, the second phase of hydrocarbon charging took place in the early–619 

middle Cretaceous, where blue fluorescence was observed in feldspar-dissolution pores. The 620 

diagenetic environment turned into an acid environment again, and the enrichment of calcium 621 

ions released by dissolution of unstable components induced the precipitation of late-stage 622 

calcites. However, it is noteworthy that not all reservoirs in the BF of the Mahu sag have 623 

encountered the whole paragenetic sequence aforesaid. For instance, the clay-rich debris flow 624 

deposits may have merely encountered tight compaction and late calcite cementation before 625 

becoming tight reservoirs. 626 

 627 
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 628 

Fig. 15 Integrated diagenetic process on the foundation of the diagenesis aspects, burial and heat 629 

history, and its roles in porosity in the sandy conglomerates in the BF of the Mahu sag (modified from 630 

Kang, 2019). The red line and blue line denote the main diagenetic event of fine-grained conglomerates 631 

and medium-grained conglomerates, respectively. 632 

 633 

5. Discussion 634 

5.1 Effect of sedimentary processes on reservoir quality 635 

Sedimentation has a remarkable influence on facies distribution, granule size, and clay 636 

amount, causing spatial variations of reservoir quality in the fan delta deposits (Wu et al., 2020). 637 

During the deposition of the BF, surrounding mountains like Halaalate on the northwest margin 638 

provided a sufficient material source for the deposition of the fan delta system. The 639 

palaeogeomorphology in the early Triassic generally governed the flow pattern and the 640 
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macrodistribution of sand bodies (Yu et al., 2022). Moreover, the climate also exerted a 641 

remarkable impact on the sedimentary filling process of the fan delta complex. Few plants 642 

capable of fixing soil in an arid-semiarid climate led to frequent paroxysmal floods and debris 643 

flows following the rainy season, thus forming a fan delta complex containing much higher 644 

gravity flow deposits in the Mahu Sag (Yao et al., 2017). Resultantly, the fan delta plain is 645 

dominated by the offloading of debris flow sediments near provenance. The coarser grain and 646 

high clay content fraction at the base of gravity flow will first settle, whereas the finer grains at 647 

the top of flows progressively deposit in the fan delta front areas. From proximal to distal fan 648 

delta, the spatiotemporal distribution of lithofacies associations was recognized in the BF of the 649 

Mahu oilfield (Fig. 7), indicating a progressive conversion from cohesive muddy debris flow 650 

into traction current (Fig. 16).  651 

  652 
Fig. 16 Illustration of sedimentary process presenting the spatial variations of reservoir quality in 653 

the fan delta deposits. 654 
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 655 

Pivotal sedimentary factors remarkably affecting the reservoir quality involve granule size, 656 

sorting, granule morphology, and muddy content in the sandy conglomerates. The relationship 657 

between the permeability and porosity in Fig. 4C reveals that reservoir quality is associated 658 

with the deposition milieu and the impact of the diagenetic process. We have plotted the sorting 659 

coefficient, average grain size, and muddy content versus permeability and porosity, split by 660 

microfacies to assess their impacts on reservoir quality (Fig. 17A-F). Subaqueous distributary 661 

channel and mouth bar had relatively lower sorting coefficients because their sediments were 662 

transported for long distances, thus the particles were well-sorted and the petrophysical 663 

properties exhibited higher values (Fig. 17A, B). Another significant determinant in reservoir 664 

quality is grain size variation arising from sediment gravity differentiation. Nevertheless, an 665 

intricate association exists between the granule size and reservoir quality (Fig. 17C, D). As 666 

shown in Fig. 17C, the subaqueous distributary channel and mouth bar had finer grain size and 667 

superior porosity. However, the permeability in the near-shore subaqueous distributary channel 668 

with coarse grain size showed higher values than those in the far-shore subaqueous distributary 669 

channel (Fig. 17D). This is probably attributed to the comparatively high muddy content in the 670 

far-shore subaqueous distributary channel (Fig. 17F). Cast thin section observation and 671 

petrophysical measurements have demonstrated that the muddy content negatively affects 672 

reservoir permeability and porosity (Fig. 17E, F). The porosity drops from 13% to 7% with 673 

increasing muddy content from 1% to 7% (Fig. 17E), but there is an abrupt decrease in 674 

permeability of more than two orders of magnitude (from 32 to 0.2 mD) (Fig. 17F), that is, the 675 

seepage capacity of the reservoir is severely deteriorated by argillaceous matrix residues in the 676 

pore throat. Collectively, it is concluded that the sedimentary process influenced the 677 

spatiotemporal macrodistribution of reservoir quality within the fan delta complex.  678 
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 679 

Fig. 17 Crossplot of reservoir attributes split by microfacies. (A) Sorting coefficient vs core 680 

porosity; (B) sorting coefficient vs permeability; (C) mean granule size vs core porosity; (D) mean 681 

granule size vs permeability; (E) muddy content vs core porosity; (F) muddy content vs permeability. 682 
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5.2 Diagenetic Control on Reservoir Quality 683 

5.2.1 Compaction 684 

The lithofacies in the Triassic BF are featured by low structural maturity and high content 685 

of argillaceous matrix (especially brown argillaceous sandy conglomerate) (Yu et al., 2022). 686 

The content of the argillaceous matrix is one of the key factors affecting compaction and 687 

reservoir petrophysical properties. A significant portion of the argillaceous matrix can inhibit 688 

the development of carbonate cementation during eodiagenesis. Resultantly, the compaction is 689 

more likely to destroy the primary intergranular pores without the supporting framework of 690 

early carbonate cement. Furthermore, the relatively strong lubrication of the argillaceous matrix 691 

enhances the destructive force of mechanical compaction on reservoir petrophysical properties. 692 

These plastic particles tend to be compressed and deformed as burial depth exceeds 3000 m, 693 

resulting in a sharp deterioration of the physical properties (Zhang et al., 2018).  694 

Petrological evidence demonstrates that conglomerate compaction in the BF in the 695 

research region is stated below (i): particles exhibit plastic distortion (e.g. the rock debris is 696 

crooked, deformed) (Fig. 9B), and (ii): particles display point-line and concave-convex contact 697 

relationship (Fig. 10B). Thin section observation suggests strong compaction in the study area, 698 

causing a sharp decrease in the pore spaces. Furthermore, the plot of COPL vs CEPL reveals 699 

that original porosity decreased by compaction is greater in contrast to cementation (Fig. 18A, 700 

B). Cementation can induce a reduction of about 8.6% of the primary intergranular volume of 701 

the reservoirs averagely, and the porosity in about 85% of the reservoirs is affected more by 702 

compaction in contrast to cementation (Fig. 18B), revealing that compaction is the main cause 703 

for porosity loss. 704 
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 705 

Fig. 18 (A) Crossplot of intergranular volume vs cement; (B) crossplot of the cementation porosity 706 

loss vs compaction porosity loss (after Ehrenberg, 1995 and 1989). 707 

 708 

5.2.2 Cementation 709 

The cement types in the BF, which primarily consist of calcite, quartz, and clay minerals 710 

like kaolinite and illite-smectite mixed-layer, account for less than 15% of the mineral 711 

composition. The role of cementation in pore reduction of the conglomerate reservoir is weaker 712 

than compaction (Fig. 18). Besides, the content of cement is significantly negatively correlated 713 

with the content of the argillaceous matrix (Fig. 19A), indicating that the content of the 714 

argillaceous matrix can be employed to roughly reflect the cementation intensity. Fig. 19B and 715 

C show that the amount of carbonate cement has an obvious negative association with 716 

permeability and porosity, which further demonstrates that carbonate cement occupies the pore 717 

space and deteriorates petrophysical properties. It's noteworthy that when the amount of 718 

carbonate cement is below 2.6%, the porosity and permeability were not appreciably affected. 719 

This may be attributed to a certain pore preservation effect by carbonate cement, which 720 

preserves the primary intergranular pores through anti-compaction and restraining the 721 

overgrowth of quartz.  722 

There exists a complex relationship between reservoir petrophysical properties within 723 

different clay minerals (Fig. 19D-H). The clay fraction (<2 mm) from XRD data indicated that 724 

the clay minerals, which appeared in the pores in the form of pore-filling, pore-lining, or pore-725 
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bridging, account for approximately 12.6% of the reservoir in the BF. In general, the more the 726 

total amount of clay minerals, the worse the petrophysical attributes (Fig. 19D). Interestingly, 727 

a positive association exists between kaolinite and porosity (Fig. 19E). This is mainly because 728 

the worm-shaped kaolinite aggregates formed soon after the dissolution of feldspar (Er et al., 729 

2022). Moreover, in contrast with other clay minerals, kaolinite has a weaker ion exchange 730 

capacity, which enables the surface of the particle easily form a layer of oil film, thus making 731 

it lipophilic (Meng et al., 2020). Therefore, oil and gas tend to accumulate in kaolinite-rich 732 

reservoirs, concurrently inhibiting the compaction and carbonate cementation to a certain extent. 733 

Fig. 19F shows that the oil saturation in the reservoir increases in proportion to relative kaolinite 734 

content. As the content of chlorite goes up, the porosity increases slightly (Fig. 19G). Under 735 

SEM microscope, chlorite typically exhibited a leaf-shaped form in the reservoir, wrapping the 736 

particle surface as chlorite coatings, which are vital for the preservation of primary intergranular 737 

pores via restraining the overgrowth of quartz. The filamentous illite and illite-smectite mixed-738 

layer has resulted in the division of large pores into small pores or micropores, occupying the 739 

pore space and reducing the petrophysical properties (Fig. 19H)  740 
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 741 

Fig. 19 (A) Crossplot of muddy content vs cement; (B) crossplot of carbonate cement vs porosity; 742 

(C) crossplot of carbonate cement vs permeability; (D) crossplot of clay minerals vs porosity; (E) 743 

crossplot of kaolinite vs porosity; (F) crossplot of kaolinite vs oil saturation; (G) crossplot of chlorite 744 

vs porosity; (H) crossplot of I/S plus illite vs porosity; 745 

 746 

 747 
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5.2.3 Dissolution 748 

The dissolution of unstable components happens when provided with appropriate pore 749 

fluid, environmental medium, and diagenetic temperature (Kang et al., 2019). The dissolution 750 

minerals within the research region include carbonate cement, feldspar, and volcanic rock 751 

debris. The relationship between the areal porosity of dissolution and reservoir petrophysical 752 

properties of the BF in the Mahu Sag shows that when the areal porosity of dissolution is 1.5% 753 

~ 2.2%, the total porosity does not increase obviously, that is, dissolution pores do not 754 

contribute significantly to the total porosity (Fig. 20A). However, the total porosity gradually 755 

increases while the areal porosity of dissolution reaches 2.2% ~ 3.1% (Fig. 20A). The porosity 756 

increases noticeably when the areal porosity of dissolution exceeds 3.2%, implying that the 757 

areal porosity of dissolution greatly improves the total porosity in this interval (Fig. 20A). Fig. 758 

20B shows that no evident association exists between the areal porosity of dissolution and 759 

permeability, indicating that the dissolution does not significantly improve the permeability of 760 

the reservoir in the BF. This may be because the dissolution has primarily generated 761 

intragranular pores by partial dissolution of feldspar and rock debris particles with strong 762 

heterogeneity and poor connectivity, which increase the reservoir pore volume but do not 763 

correspondingly enhance the seepage capacity. 764 

 765 

Fig. 20 (A) Crossplot of areal porosity of dissolution vs porosity; (B) crossplot of areal porosity of 766 

dissolution vs permeability. 767 

 768 
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5.3 Diagenetic Evolution Model 769 

After the impacts of sedimentation and diagenesis on reservoir quality have been studied, 770 

the diagenetic evolution model within different lithofacies in the BF of the Mahu sag is 771 

established in Fig. 21. The medium-grained conglomerate reservoirs with high clay amount and 772 

poor sorting, which are primarily developed in the fan delta plain or debris flow, have 773 

undergone fast and intense compaction shortly after the deposition. The early argillaceous 774 

cementation is well developed, whereas carbonate and zeolite cements are less observed. Semi-775 

plastic volcanic rock debris and feldspar particles exhibit linear or even concave-convex contact. 776 

These lithofacies have the worst reservoir quality with an average porosity of 4.2%, and no 777 

hydrocarbon is recorded (Fig. 21A). Their reservoir quality is thought to be governed by 778 

compaction, which has severely destructed the primary intergranular pores after deposition. 779 

Nevertheless, part of these reservoirs experienced late dissolution during mesodiagenesis, 780 

enhancing the petrophysical properties thus the second phase of hydrocarbon charging occurred 781 

in dissolution pores (Fig. 21B). Although considerable pores are produced, Large-scale 782 

fracturing is the premise and an effective approach to improving seepage capacity and 783 

productivity. Well-sorted fine-grained conglomerates with well-developed primary 784 

intergranular pores experienced complicated diagenetic histories (Fig. 21C–E). These 785 

reservoirs were primarily distributed in the subaqueous distributary channels and underwent 786 

compaction, early carbonate cementation, quartz overgrowth, chlorite coatings, and feldspar 787 

dissolution in the eodiagenesis posterior to deposition. Subsequently, the selective first period 788 

of hydrocarbon charging altered the diagenetic evolution process. Reservoirs without the first 789 

period of hydrocarbon charging were tightly compacted with relatively intense dissolution and 790 

slight carbonate cementation, where the second phase of hydrocarbon charging occurred in the 791 

dissolution pores (Fig. 21C). Similarly, these reservoirs have approximate petrophysical 792 

properties with medium conglomerates that have experienced late dissolution. Reservoirs with 793 

the first period of hydrocarbon charging are thought to have retarded the compaction degree. 794 

Resultantly, these reservoirs experienced later dissolution and a selective second period of 795 

hydrocarbon charging. Reservoirs with the second period of hydrocarbon charging possess the 796 
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highest oil saturation (Fig. 21E), which are considered the optimal petroleum exploration 797 

targets, whereas those without the second period of hydrocarbon charging are featured by late 798 

carbonate cementation and authigenic clay minerals (Fig. 21D). For those reservoirs, rational 799 

exploitation with natural energy is usually adopted for oil yielding because of the existence of 800 

primary intergranular pores, which considerably enhance the seepage capacity. 801 

 802 

 803 

Fig. 21 Schematic diagram presenting the diagenetic evolutionary process of conglomerate 804 

reservoirs in the BF of the Mahu sag. 805 
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6. Conclusions 806 

We performed a study to analyze the impacts of sedimentary and diagenetic processes on 807 

reservoir quality of conglomerate reservoirs developed in terrestrial lacustrine fan delta deposits 808 

by employing a series of techniques. The conclusions drawn from the current research are stated 809 

below: 810 

Generally, sedimentary processes have a remarkable control on facies distribution, grain 811 

size, and clay content, causing the spatial variation of reservoir quality within the fan delta 812 

deposits. The fan delta plain is predominated by the offloading of debris flow deposits near 813 

provenance. The coarser grain and high clay content fraction at the base of gravity flow will 814 

first settle, whereas the finer grains at the top of flows progressively deposit in the fan delta 815 

front areas. From proximal to distal fan delta, a progressive conversion from cohesive muddy 816 

debris flow into traction current can be inferred from the variations of lithofacies associations. 817 

A total of 8 types of microfacies were identified where the conglomerates of the BF were 818 

deposited based on core descriptions, sedimentary structure, and wireline log responses. The 819 

lithofacies vary significantly among these microfacies in terms of their pore types, porosity, 820 

and permeability, which macroscopically restrict the distribution of high-quality reservoirs. In 821 

conclusion, the grayish-green fine-grained conglomerates concentrated in the subaqueous 822 

distributary channels provide the best reservoir performance because of their fine grain size, 823 

low clay content, and highly connected level of pore-throat. The braided river channels and 824 

mouth bars possess moderate reservoir quality compared with the subaqueous distributary 825 

channels. The debris flow deposits dominated by muddy debrites occupy the worst reservoir 826 

quality because of their highest clay content and coarsest grain size, causing the primary 827 

intergranular pores being hardly preserved.  828 

The lacustrine fan delta conglomerate reservoirs have experienced intricate diagenetic 829 

alterations which involve physical compaction that continued throughout the entire burial, two 830 

phases of quartz cementation, dissolution of unstable components, early and late carbonate 831 

cementation, precipitation of authigenic clay minerals, and two phases of hydrocarbon charging. 832 

The compaction degree is closely tied to the content of the argillaceous matrix, which can 833 

Jo
urn

al 
Pre-

pro
of



 

 

inhibit the development of carbonate cement and has relatively good lubrication thereby 834 

enhancing the destructive force of mechanical compaction. The role of cementation in pore 835 

reduction is weaker than compaction, which can be inferred from the plot of COPL versus 836 

CEPL. Nevertheless, an intricate association exists between reservoir petrophysical attributes 837 

within different clay minerals. A positive association exists between kaolinite and porosity due 838 

to their high correlation with the dissolution of unstable components. As the content of chlorite 839 

goes up, the porosity increases slightly because of the chlorite coatings, which preserve the 840 

primary intergranular pores by restraining the overgrowth of quartz cement. Filamentous illite 841 

and illite-smectite mixed-layer have resulted in the division of large pores into small pores or 842 

micropores, occupying the pore space thereby lowering the petrophysical attributes. Dissolution 843 

does not significantly contribute to permeability because partial dissolution commonly 844 

generated intragranular pores with strong heterogeneity and poor connectivity. 845 

The formation of high-quality reservoirs in the BF is generally affected by sedimentary 846 

microfacies, compaction resistance capability, dissolution of unstable components, as well as 847 

oil charge. The most favorable reservoirs occur primarily in the subaqueous distributary 848 

channels in the fan delta front. These lithofacies are well-sorted fine-grained conglomerates 849 

with well-developed primary intergranular pores and secondary dissolution pores and have 850 

undergone two phases of oil charge. The second favorable petroleum target is the well-sorted 851 

fine-grained conglomerates which have undergone only one phase of oil charging. Reservoirs 852 

without the first period of hydrocarbon charging underwent relatively intense dissolution and 853 

slight carbonate cementation, and the late oil charging occurred in the dissolution pores, 854 

whereas those with the first period of hydrocarbon charging are featured by late carbonate 855 

cementation and precipitation of authigenic clay minerals. The results of this study may provide 856 

guidance for hydrocarbon exploration of fan delta systems and regions which have encountered 857 

similar sedimentary and diagenetic processes. 858 
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⚫ A series of techniques like petrographical analysis, cores description, wireline, 

XRD, SEM, and MICP are integrated to investigate the fan delta reservoirs. 

⚫ The depositional process and diagenesis are linked to forecast the spatial and 

temporal distribution of the high-quality reservoirs.  

⚫ The diagenetic evolutionary model of the fan delta deposits within different 

lithofacies in the Baikouquan Formation is established. 

⚫ The grain size and clay content are key factors governing reservoir quality. 
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