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ABSTRACT: The Upper Paleogene lacustrine fine-grained sandstones in the hinterlands of the north‐
ern Qaidam Basin mainly contain two sweet spot intervals. Fracture/fault, microfacies, petrology, pore 
features, diagenesis, etc., were innovatively combined to confirm the controlling factors on the reservoir 
quality of shallow delta-lacustrine fine-grained sandstones. The diagenesis of the original lake/surface/
meteoric freshwater and acidic fluids related to the faults and unconformity occurred in an open geo‐
chemical system. Comprehensive analysis shows that the Upper Paleogene fine-grained sandstones were 
primarily formed in the early diagenetic B substage to the middle diagenetic A substage. Reservoir qual‐
ity was controlled by fault systems, microfacies, burial-thermal history, diagenesis, hydrocarbon charg‐
ing events (HCE), and abnormally high pressure. Shallow and deep double fault systems are the path‐
ways for fluid flow and hydrocarbon migration. Sandstones developed in the high energy settings such 
as overwater (ODC) and underwater distributary channels (UDC) provide the material foundation for 
reservoirs. Moderate burial depth (3 000–4 000 m), moderate geothermal field (2.7–3.2 ℃/100 m), and 
late HCE (later than E3) represent the important factors to protect and improve pore volume. Meteoric 
freshwater with high concentrations of CO2 and organic acids from thermal decarboxylation are the 
main fluids leading to the dissolution and reformation of feldspar, rock fragments, calcite and anhydrite 
cements. Abnormally high pressure caused by the undercompaction in a large set of argillaceous rocks 
is the key to form high-quality reservoirs. Abnormal pressure zones reduced and inhibited the damage 
of compaction and quartz overgrowth to reservoir pores, allowing them to be better preserved. A reser‐
voir quality evaluation model with bidirectional migration pathways, rich in clay minerals, poor in ce‐
ments, superimposed dissolution and abnormally high pressure was proposed for the ODC/UDC fine-
grained sandstones. This model will facilitate the future development of fine-grained sandstone reser‐
voirs both in the Upper Paleogene of the Qaidam Basin and elsewhere.
KEY WORDS: sandstone, reservoir quality, diagenetic system, genetic mechanism, petroleum re‐
search, Upper Paleogene, northern Qaidam Basin.

0 INTRODUCTION 
Worldwide hydrocarbon production is generally believed 

to be the main cause for the decline in oil and gas reserves in 
conventional sandstone and carbonate reservoirs (Zhang et al., 
2018; Bentley, 2002). Unconventional reservoirs, especially la‐
custrine fine-grained clastic sedimentary rocks, have made key 
breakthroughs and have attracted more attention from geolo‐
gists in recent years (Peng et al., 2022; Li et al., 2020; Wang J 

et al., 2019; Zhang et al., 2019; Zhao et al., 2017; MacQuaker 
et al., 2014). The reservoir quality of fine-grained clastic se‐
quences and its genetic mechanism have been extensively in‐
vestigated (Wang F et al., 2021; Zhang and Li, 2018; Chen et 
al., 2016). For example, Zhang et al. (2021) divided two sets of 
high-quality Cenozoic reservoirs into ultralow poro-perm fine-
grained clastic rocks of the Mangya area, western Qaidam Ba‐
sin, and attributed their controlling factors to compaction, early 
calcite cementation and dissolution of shallow acidic fluids. Ye 
et al. (2021) analyzed thin-bedded fine-grained sandstones in 
the third and fifth members of the Xujiahe Formation in the 
western Sichuan depression and believed that the sweet spot 
reservoirs were the result of hydrocarbon generation, dissolu‐
tion, and fracturing. Zhang P H et al. (2020) elucidated the ge‐
netic mechanism of oil-bearing fine-grained sandstones from 
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the perspective of diagenetic controls on reservoir quality, such 
as compaction, cementation (kaolinite, pore-lining chlorite, cal‐
cite), and dissolution. Moreover, Pantopoulos et al. (2021), Pan 
Y S et al. (2021), and Wang et al. (2022) also noted the control‐
ling mechanism of high-quality fine-grained sandstone reser‐
voirs in lacustrine basins from the aspects of depositional con‐
ditions, pore structure, and pore fluid, respectively. Reservoir 
quality affects oil-gas exploration by controlling the flow, stor‐
age and distribution of fluids within fine-grained sandstones 
(Zhang X L et al., 2020). However, the quality is closely relat‐
ed to the complex pore structure and high heterogeneity of res‐
ervoir spaces and becomes difficult to predict (Cao et al., 2021; 
Pan Y S et al., 2021; Luo et al., 2019; Wang et al., 2017). 
Therefore, it is significant to evaluate and analyze the reservoir 
quality of fine-grained clastic rocks.

The Upper Paleogene fine-grained sandstone is one of the 
most important lacustrine reservoirs in the northern Qaidam Ba‐
sin, NE Tibetan Plateau. Despite fine-grained sedimentary 
rocks and mid-deep burial depths (2 200–4 800 m), most Upper 
Paleogene reservoirs still possess preserved porosities of up to 
15% and even in situ permeabilities of 10 × 10-3 μm2. These 
space types, including intergranular pores and small amounts of 
dissolved pores, are the main basis for hydrocarbon accumula‐
tion (Liao et al., 2022). Interconnected fractures/faults affect 
the high quality and high yield of oil and gas exploitation 
(Wang J G et al., 2019). In addition, the Upper Paleogene se‐
quences are characterized by well-developed fault systems con‐
nected with source rocks, basal unconformities and thin-bedded 
single sand bodies. These external conditions therefore have 
variable features, resulting in highly heterogeneous reservoir 
quality (Cao et al., 2021). Recent exploration (5 exploratory 
wells since 2018) in the hinterlands indicates the high produc‐
tion potentials for low permeability gas reservoirs in the  delta-
lacustrine fine-grained deposits. Although the Upper Paleogene 
sandstones in the northern Qaidam Basin have previously been 
studied on reservoir features, depositional settings and diagene‐
sis (e. g., Wang Y T et al., 2021; Guo et al., 2018a; Ma et al., 
2018), these studies largely focus on a single factor, as opposed 
to the effect of all factors on reservoir quality. Therefore, the 
complex genetic mechanism of high-quality gas reservoirs re‐
mains mysterious, which poses great challenges to oil-gas ex‐
ploration. The issues must be solved to better understand the ab‐
dominal petroleum systems and promote oil-gas exploration 
and development in the northern Qaidam Basin.

Focusing on the Upper Paleogene abdominal fine-grained 
sandstones in the northern Qaidam Basin, this study was de‐
signed to investigate the origin and timing of dissolution associ‐
ated with meteoric freshwater leaching and HCE. The pore 
space types, pore structure and properties in the sandstones 
changed during deposition and burial diagenesis, so studying 
the complex controlling factors of high-quality reservoirs is one 
of the main aims. Fracture/fault systems and pore water geo‐
chemistry are used to analyze the element sources of diagenetic 
minerals and to confirm the geochemical conditions of the dia‐
genetic system. Additionally, this study also illustrates the dia‐
genetic stage and sequence of Upper Paleogene fine-grained 
sandstones with petrological observation, clay mineral analysis, 
homogenization temperature (HT) of fluid inclusions and isoto‐

pic analysis. A sandstone model of reservoir microfacies is de‐
scribed, which comprises variations in faults, burial-thermal 
history, diagenesis, HCE, and porosity evolution. This model, 
first applied to Upper Paleogene fine-grained sandstones, pro‐
vided a basis for reservoir quality evaluation. The reservoir 
quality framework may also guide the resource exploration of 
lacustrine fine-grained sandstone reservoirs in other basins.

1 GEOLOGICAL SETTING 
1.1 Qaidam Basin　

The Qaidam Basin, situated in Qinghai Province, NW Chi‐
na (Fig. 1a), is a Meso-Cenozoic fault basin with a Precambrian 
metamorphic basement (Zhang X L et al., 2020). This intermon‐
tane lacustrine basin is now surrounded by three large moun‐
tains: the Qilian Mountains to the northeast, the Kunlun Moun‐
tains to the south, and the Altun Mountains to the northwest 
(Fig. 1b). According to the current topographic changes and re‐
cent data, the Qaidam Basin consists of four tectonic subunits, 
including the northern Qaidam depression, the eastern Qaidam 
depression, the western Qaidam depression, and the Altun pied‐
mont slope (Fig. 1b) (Bao et al., 2017). The study area is located 
west of the northern Qaidam depression, which is divided into 
the Lenghu tectonic belt, the Eboliang tectonic belt, the Kunteyi 
depression, and part of the Yibei and Yahu depressions (Fig. 1b).

Geologic sections derived from seismic data indicate that 
there existed two series of fault systems, the shallow one and the 
deep one (Figs. 1c, 1d). Abundant anticlines and thick Neogene-
Quaternary sediments developed within the scope of the shal‐
low fault system, resulting in a relatively broken ridge structure. 
A deep fault system controlled the deposition of the Upper Pa‐
leogene strata (Fig. 1c) (Guo et al., 2017). The northern Qaidam 
Basin was intricately revised and integrated from northeast to 
southwest under the joint action of the Qilian Mountains fold-
thrust and the Altun Mountains left-lateral strike-slip fault. As a 
result, two rows of anti-S-shaped NW-SE-trending fault-fold 
corridor areas and thin sedimentary features in the NE and thick 
features in the SW were formed (Fig. 1d) (Zhang et al., 2018; 
Yin and Harrison, 2000).

1.2 Stratigraphy　
The Paleogene contains the Lulehe (E1 + 2), Xiaganchaigou 

(E3) and Shangganchaigou (N1) formations (Fms) (Fig. 2). The 
Qaidam Block was uplifted and denuded by tectonic compres‐
sion during the Late Jurassic–Late Cretaceous, resulting in a re‐
gional unconformity between E1 + 2 and the Lower Jurassic in the 
study area (Fig. 2) (Ren et al., 2019). The Upper Paleogene, 
composed of E3 and N1 with a mean depth of 2 200–4 200 m, 
was deposited in the Late Eocene–Oligocene fan-fluvial-delta-
lake system (Zou et al., 2015). E3 comprises the lower member 
(E3

1) and the upper member (E3
2). The lacustrine basin area ex‐

panded with the decrease in the braided river delta, and the wa‐
ter deepened obviously, but eventually all reduced slightly dur‐
ing the Late Paleogene (Song et al., 2013). The paleoclimate be‐
came colder and drier but ended up relatively warm and humid 
(Fig. 2) (Guo P et al., 2018).

1.3 Features of Source Rocks　
The Upper Paleogene oil and gas in the northern Qaidam 
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Basin came from the Lower Jurassic Huxishan Formation (Fm) 
(J1h), Xiaomeigou Fm (J1x), and the first to the third members of 
Dameigou Fm (J1d

1–3) source rocks (Fig. 1c) (Ma et al., 2018; Liu 
et al., 2017). The J1h source rocks with a single thickness of 0.5–
31.5 m comprise dark gray mudstones, silty mudstone, silt‐
stones, calcareous mudstone and coal seams. The J1x source 
rocks with a single thickness of 0.2–27.3 m are composed of dark 

gray mudstones, calcareous mudstone and thin seams. The J1d
1–3 

source rocks with a single thickness of 0.2–19.9 m consist of 
black brown oil shale, black, dark gray mudstones, shales, silt‐
stones, calcareous mudstone and coal seams (Ma et al., 2018). 
With the Middle Jurassic–Cretaceous hiatus caused by tectonic 
uplift, the source rocks of these formations began to generate hy‐
drocarbons abundantly in the Late Eocene (Ma et al., 2018).

Figure 1. Maps revealing (a) the location of Qaidam Basin in NW China; (b) the location of hinterlands in the northern Qaidam Basin as the study area; (c) 

NW-SE-trending through-well geologic section; and (d) SW-NE-trending through-well geologic section. Secondary tectonic unit: I-1. southwest slope; I-2. 

Yingxiongling tectonic belt; I-3. northwest tectonic belt; I-4. Mangdong tectonic belt; II-1. south slope; II-2. central depression; II-3. north slope; II-4. Yahu de‐

pression; III-1. Yiliping depression; III-2. Eboliang tectonic belt; III-3. Kunteyi depression; III-4. Lenghu tectonic belt; III-5. Qianfu tectonic belt; III-6. Yibei 

depression; III-7. Saishiteng depression; III-8. Qilian piedmont belt; III-9. Mahai uplift; IV-1. Dafengshan uplift.
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2 DATASETS, SAMPLES AND METHODS 
The datasets used, such as conventional cores, well logs, 

physical properties, seismic sections, HT of inclusions, and for‐
mation water geochemistry, were all obtained from the Explo‐
ration & Development Research Institute, Qinghai Oilfield 
Company. In addition, Petromod software was used to restore 
and reconstruct the burial history on the basis of previous re‐
search at this institute. Then, the thermal history was calculated 
from the current geothermal gradient and burial history.

The sedimentary study of Upper Paleogene sandy rocks in 
the hinterlands of the northern Qaidam Basin was carried out 
in association with well and core data. More than 20 Upper Pa‐
leogene wells were surveyed with core and logging data. Indi‐
cators (e. g., rock color, lithology, texture, structure) in cores 
were observed to analyze the sedimentary system. The facies 
distribution of the Upper Paleogene basin was clarified by us‐
ing single-well coring columns showing the vertical develop‐
ments of braided river delta and lake facies. Seismic interpreta‐
tion was targeted particularly to reveal and trace the fault sys‐
tems and contact relationships of the Upper Paleogene and 
overlying/underlying strata. A total of 2 3D seismic blocks and 
30 2D seismic lines were interpreted during this analysis.

Twenty-three mudstone samples and 40 sandstone samples 
were selected from the E3 (18 samples) and N1 (45 samples) 
cores (~179 m) of 14 key wells. Petromineralogy and pore type 
analyses of 26 thin sections impregnated with blue epoxy resin 
were performed by a 300-point counting Zeiss Axio Imager A1/
A2 polarizing microscope. Petrology and areal porosity data are 
accurate to one decimal place. Twenty-one sandstone samples 
were used for grain-size analysis by measuring the spatial (angu‐
lar) distribution of diffracted/scattered light energy under an 
MS-2000 laser grain size analyzer (LGSA) to define microfa‐
cies and the environment. Thirty-three core samples were 
drilled into plunger plates with a length of 2.5 cm and diameter 
of 2.5 cm, placed into a mixed solution of alcohol and benzene 
for the extraction experiment, and dried at 50 °C for 24 h. After 
that, conventional permeability and porosity measurements 
were conducted on sandstone samples using DX-07G permea‐
bility and Ultra Pore-400 porosity measuring instruments to fa‐
cilitate their physical property analysis. However, the data used 
in this study were not derived entirely from this method but part‐
ly from nuclear magnetic resonance (NMR) analysis under a 
RecCore-3010 NMR core analyzer. Based on the above, ~370 
physical property data were selected in the depth range of 1 000–
6 200 m. Poro-perm analyses are accurate to one decimal place.

More than 26 samples were successively coated with gold 
film, sprayed with carbon and inspected by a Zeiss EVO-18 
scanning electron microscope (SEM) to observe authigenic 
minerals, pore geometry and cements in sandstones. The capil‐
lary pressure curve, pore structure parameters and pore-throat 
radius distribution of 72 core samples were obtained by high-
pressure mercury injection. The AutoPore IV 9520 automated 
mercury porosimeter possessed a maximum experimental pres‐
sure of 241 MPa, and the specific testing conditions were as 
follows: temperature 25 °C, relative humidity 45%, surface ten‐
sion 0.48 N/m, and wetting contact angle 140°. X-ray diffrac‐
tion (XRD) whole rock and clay mineral analyses of 18 sam‐
ples identified the type and content of minerals and grains and 

confirmed the modal composition by a PANalytical Empyrean 
X-ray diffractometer at a temperature of 23 ℃ and a relative 
humidity of 50%. Whole rock and pore water geochemistry 
analysis is accurate to one decimal place, whereas clay mineral 
analysis is accurate to whole numbers. Five samples were ana‐
lyzed by fluorescence microscopy, and HCE was investigated 
in combination with fluid inclusion temperatures.

3 RESULTS 
3.1 Fracture/Fault Systems　

The fractures/faults in the study area run through the 
whole Paleogene, some even into the Jurassic or Cretaceous 
(Figs. 2 and S1A). Multiple fractures/faults are developed 
throughout the Upper Paleogene, some of which are deep and 
cut through the major source rocks and the strata (Fig. S1A). 
Four deep faults cover most of the well and 2D seismic regions 
(Fig. S1B). In general, the fracture/fault zones are composed of 
nearly 15 faults with lengths of 10–25 km, extending more than 
40 km in parallel arrangement (Fig. S1B).

3.2 Sedimentary Facies Distribution　
E3

1 was deposited in a large-scale braided river delta plain, 
delta front and small-scale shore-shallow lake (Figs. S2A, 
S2D). The shallow delta plain consists of ODC and natural bar‐
rier microfacies (Fig. S2A). Then, E3

2 mainly developed a 
braided river delta front and shore-shallow lake (Figs. S2B, 
S2E). The shallow delta front mainly comprises UDC, interdis‐
tributary bay and mouth bar microfacies (Fig. S2B). During the 
deposition of N1, the setting was composed of a large-scale 
shore-shallow lake and a small-scale delta front (Figs. S2C, 
S2F). Beach bars and sandflats are crucial sandstones in shore 
and shallow lake deposits (Fig. S2C).

3.3 Petrology of Fine-Grained Sandstones　
The Upper Paleogene sandstones are dominated by feld‐

spathic litharenite and lithic arkose. However, the petrological 
features of different tectonic belts are not exactly the same, aver‐
aged as Lenghu No. 5 Q33.1F36.2R30.7, Lenghu No. 6 Q38.8F33.5R27.7, 
Lenghu No. 7 Q34.8F33.1R32.1, Hulushan Q40.4F50.8R8.8, Eboliang 
Q28.3F23.3R48.4, Yahu Q20.5F31.2R48.3 (Fig. 3a). The fine-grained sand‐
stones in terms of grain size are divided into medium-fine sand‐
stone (Figs. 4a, 4e), fine sandstone (Figs. 4b, 4f), siltstone (Figs. 
4c, 4g) and argillaceous siltstone (Figs. 4d, 4h). They are ce‐
mented by calcite, ferrocalcite and anhydrite (Figs. 4i, 4j, 4n, 
4p). The clastic composition is dominated by highly weathered 
feldspar (K-feldspar and albite), accounting for ~35.0% of the 
clastic grain volume (Figs. 4k, 4n, 4o, 4p, Table S1). Lithic 
grains, which represent 32.1% of the clastic grain volume, are 
composed of metamorphic (quartzite, phyllite and slate), minor 
volcanic (monzonite and arkosite), and sedimentary rock frag‐
ments (Figs. 4k–4p and Table S1). The grains are moderately to 
well sorted, subangular to subrounded, fine and silty grained 
with few medium and argillaceous grains (Figs. 4i–4p).

In addition, little difference in petrological features occurs 
between microfacies. The clastic grains consist of 28.0% –
33.5% quartz, 35.9%–37.2% feldspar, 22.1%–23.8% metamor‐
phic, 5.5%–11.0% volcanic, and 0.0%–4.3% sedimentary rock 
fragments (Table 1).
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3.4 Mineralogy of Fine-Grained Sandstones　
Authigenic minerals are mostly composed of quartz, feld‐

spar, carbonate, sulfate (anhydrite and barite), silicate (analcite 

and laumontite) and clay minerals (Table S2). These minerals 
have high contents of clay minerals, containing illite (45.6%), 
an I/S mixed layer (31.8%), chlorite (15.1%), smectite (6.4%) 

Figure 2. Stratigraphic column of the hinterlands in the northern Qaidam Basin revealing the Upper Paleogene, reservoir-cap rock assemblages, sedimentary 

and tectonic features.

Figure 3. Petrological (a) and mineralogical (b) triangular diagrams reflecting the composition and classification of the Upper Paleogene sandstones in the 

study area (modified after Folk, 1980 and Peng et al., 2022). Q. Quartz; F. feldspar; R. rock fragments; I. quartz arenite; II. Subfeldsarenite; III. Sublitharenite; 

IV. Arkose; V. lithic arkose; VI. feldspathic litharenite; VII. Litharenite; Q + F. quartz and feldspar; CB. carbonate minerals; CM. clay minerals; I. felsic fine-

grained rock; II. carbonate rock; III. clay rock; IV. felsic mixed fine-grained rock; V. carbonate mixed fine-grained rock; VI. clayey mixed fine-grained rock.
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and a minor C/S mixed layer (Fig. 3b, Table S3). The carbon‐
ate, as the principal cement, consists of calcite and lesser dolo‐
mite, with contents of 8% – 42%, 18.5% (XRD analysis) and 
14.4% (thin-section observation) on average (Fig. 3b, Table S2).

Sparry calcite revealed clear epochal phenomena and was 
formed in early and late generations. The early generation is a 
tightly interlocking mosaic of calcite crystals, while the late 
generation is characterized by isolated rhombs or partial grain 
replacements, such as ferrocalcite. Iron-free calcite cements 
partially or completely block the intergranular pores (Fig. 5). 
In the total calcite cements, the early cements (avg. 93%) are 
superior to the late ones (avg. 7%). Anhydrite cements, ranging 
from 0 to 7.2% (avg. 2.0%), occur occasionally in argillaceous 
siltstones (Table S2, Figs. 4j, 4n). In addition, the anhydrite ce‐
ments were dissolved and metasomatized by calcite, usually in 
a calcite-like form for two generations. Chlorite cements are 
present as rims and surrounded by calcite, quartz and anhydrite 
(Fig. 5). Then, some albite forms pore-filling chlorite. Quartz 
overgrowth occurs around feldspar or quartz surrounded by cal‐
cite grains. Feldspar overgrowth is often surrounded by calcite 
cements and develops only in some areas (e.g., Eboliang).

3.5 Pore Spaces, Pore Structure and Physical Properties　
The pore types of the Upper Paleogene fine-grained sand‐

stones consist of major primary pores, secondary pores (intra‐
granular and intergranular dissolved pores) and few microfrac‐
tures (Figs. 5 and 8). Triangular or polygonal primary pores 
with regular edges are larger than intergranular dissolved pores 
and are associated with chlorite rims (Figs. 5a, 5d, 5e, 5l). In‐
tergranular pores contain major residual primary pores and mi‐
nor amounts of dissolved pores (Figs. 5 and 6).

The total areal porosity, including primary pores (3.03%), 
secondary pores (1.24%), and microfractures (0.15%), decreas‐
es rapidly with depth in the range of 1 000–3 000 m and slight‐
ly below 3 000 m (Figs. 6a, 6b). The variation trend of the N1 
areal porosity with depth is basically equivalent to that of the 
whole strata (Fig. 6b). In contrast, the trend of the total areal 
porosity in E3 generally increases with depth. In addition, the 
total areal porosity in the same tectonic belt is characterized by 
a wide distribution (Fig. 6b). The absolute and relative porosi‐
ties of residual primary pores, mainly occurring between 1 000 
and 3 500 m, decrease rapidly with depth as a whole but in‐
crease slowly in some places (3 500–5 000 m in absolute poros‐
ity and 1 000–2 000 m in relative porosity) (Figs. 6c, 6f). Dis‐
solved pores were observed in the lower part (3 200–5 000 m), 
but a relative minority are observed in the upper part (Fig. 6d). 

The absolute porosity slightly decreases but increases between 
2 600 and 3 200 m (Fig. 6d). The relative porosity slightly de‐
creases or hardly increases above 2 400 and below 4 000 m but 
rapidly increases between 2 400 and 4 000 m (Fig. 6g). The ab‐
solute and relative porosities of microfractures hardly decrease 
in the whole section, whereas they first increase and then de‐
crease between 2 500 and 4 000 m (Figs. 6e, 6h).

The results of the mercury ejection curve show that the 
distribution of residual mercury saturation ranges from 43.02% 
to 74.82%, with an average of 57.74%. The ejection saturation 
was between 15.15% and 26.54%, with an average of 18.89% 
(Fig. S3A). Generally, there is one main peak in the pore-throat 
radius distribution of high porosity/permeability cores, but on‐
ly the lowest porosity/permeability cores present a double peak 
phenomenon. The distribution range of the left peak is 0.004–
0.690 μm (avg. 0.329 μm). The distribution range of the right 
peak is 19.683–23.732 μm (avg. 21.708 μm) (Fig. S3B). Pore 
structure parameters such as the displacement pressure (R = 
0.69) and the max throat radius (R = 0.69) are well correlated 
with core permeability (Fig. S4). There exists a positive corre‐
lation between the maximum mercury saturation or average 
pore-throat radius and core permeability, although the coeffi‐
cient is not very high (Fig. S4).

The core porosity, ranging from 2% to 23% (avg. 8.68%), 
decreases with burial depth on the whole but increases slightly 
from 2 300 to 3 100 m and 3 600 to 4 000 m (Fig. S5A). The 
core permeability varies approximately between 0.01 × 10-3  and 
10 × 10-3 μm2 with an average of 0.74 × 10-3 μm2 and is similar to 
the trend of porosity but increases in the range of 2 100–2 900 
and 3 500–4 000 m and hardly decreases at the base (Fig. S5B).

3.6 Burial-Thermal History and Pore Water Geochemistry
Burial and thermal histories vary in different tectonic 

belts (Fig. S6). The sandstones are characterized by shallow 
burial depths (0–1 800 m) and moderate geothermal fields (2.7–
2.9 ℃/100 m) in the Lenghu tectonic belt, large depths (0 –      
6 000 m) and moderate geothermal fields (2.8–2.9 ℃/100 m) 
in the Kunteyi depression, and rapid burial depths (>7 000 m) 
and high geothermal fields (3.1–3.2 ℃/100 m) in the Eboliang 
and Yahu tectonic belts (Fig. S6). The burial depth of the J1x 
source rocks can even reach 6 000–8 000 m with the current 
high-geotemperature of 135–175 °C (Figs. S6 and S7).

Pore waters consist of major CaCl2 water and minor 
Na2SO4 water and MgCl2 water (Table S4). These waters are 
generally weakly acidic, with pH values ranging from 5.7 to 
7.0 (Table S4). Salinity varies widely from 726.6 to 116 464.5 

Table 1 Petrology of major microfacies sandstones in the study area. Note that all data are average values

Microfacies sandstones

Beach bar

Beach bar/underwater distributary channel

Underwater distributary channel

Mouth bar

Overwater distributary channel

Upper Paleogene

Quartz (%)

32.8

31.8

33.5

28.0

29.9

31.2

Feldspar (%)

35.9

13.1

36.0

37.2

36.4

31.7

Brittle grains (quartz + 

feldspar) (%)

68.7

44.9

69.5

65.2

66.3

62.9

Rock fragments (%)

Metamorphic

23.7

36.1

23.2

23.8

22.1

25.8

Volcanic

5.5

15.7

6.0

11.0

7.3

9.1

Sedimentary

2.1

3.3

1.3

0.0

4.3

2.2
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Figure 4. Petrology and mineralogy of the Upper Paleogene fine-grained sandstones (all micrographs taken under cross-polarized light), Q. quartz; F. feldspar. 

(a) Core photograph (CP) of medium-fine sandstone with cross-bedding, well ES2, 3 032.45 m, N1. (b) CP of fine sandstone with parallel bedding, well YC3,    

4 630.90 m, N1. (c) CP of siltstone with oblique bedding, well XX1, 4 215.22 m, E3
2. (d) CP of argillaceous siltstone interbedded with fine sandstone, and devel‐

oped high-angle fracture filled by calcite vein, well LL1, 3 685.16 m, E3
2. (e) Thin-section micrograph (TSM) of medium-fine feldspathic litharenite, well 

ES2, 3 032.45 m, N1. (f) TSM of fine feldspathic litharenite, well YC3, 4 630.90 m, N1. (G) TSM of silty lithic arkose, well XX1, 4 215.22 m, E3
2. (h) TSM of 

argillaceous lithic arkose, well LL1, 3 685.16 m, E3
2. (i) TSM revealing calcite characterized by porous cementation, well ES2, 3 032.40 m, N1. (j) TSM reveal‐

ing pore-filling anhydrite and replacing the mineral, well ES2, 3 032.40 m, N1. (k) TSM revealing metamorphic rock fragment (MF) (quartzite, yellow arrow), 

quartz overgrowth (red arrow) and feldspar, well XX1, 4 852.45 m, E3
1. (l) TSM revealing MF (quartzite, phyllite and schist, yellow arrow), volcanic rock frag‐

ment (VF) (andesite, basalt and tuff, cyan arrow) and chlorite (pink arrow), well YC3, 4 630.90 m, N1. (m) TSM revealing calcite cement, high-grade (orange 

arrow) and low-grade (green arrow) MF, and VF (cyan arrow), well YC3, 4 630.90 m, N1. (n) TSM revealing quartz, feldspar, MF (quartzite, yellow arrow), 

calcite and anhydrite cements, well LL1, 3 680.58 m, E3
2. (o) TSM revealing MF (quartzite and schist, yellow arrow), quartz and feldspar, well XX1, 4 852.45 

m, E3
1. (p) TSM revealing quartz with wavy extinction, feldspar with kaolinization or sericitization, MF (quartzite and phyllite, yellow arrow), VF (arkosite, cy‐

an arrow), calcite and ferrocalcite cements, well XX1, 4 115.06 m, E3
2.
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mg/L (avg. 38 797.4 mg/L) (Table S4). The ion concentrations 
and total salinity from J1x to N2

1 change slightly in the vertical 
section but obviously in the lateral direction (Fig. 7). In addi‐
tion, the vertical variation range of the Lenghu No. 5 and No. 7 
tectonic belts is small and slightly reduced. The pore waters in 
the Eboliang, Yahu, and Hulushan tectonic belts increase signif‐

icantly with depth and present obvious lateral differences 
(Fig. 7).

3.7 Fluorescent Display and Temperature of Fluid Inclu‐
sions　

Microscopically, the organic inclusions show yellow-

Figure 5. Pore space types and features of the Upper Paleogene fine-grained sandstones (all micrographs under plane-polarized light taken), AQ. Authigenic 

quartz; CA. calcite cement. (a) Casting thin-section micrograph (CTM) revealing residual primary pores (RP, red arrow), intergranular dissolved pores (EP, yel‐

low arrow) and intragranular dissolved pores (AP, orange arrow), well XX1, 4 852.45 m, E3
1. (b) CTM revealing EP (yellow arrow) and AP (orange arrow), 

well ES2, 3 032.40 m, N1. (c) CTM revealing complex pores (white arrow) formed by the connection between RP and EP, pore-filling calcite cement, well 

LL1, 3 680.58 m, E3
2. (d) SEM image revealing RP (red arrow), EP (yellow arrow) and AP (orange arrow), well Y2, 1 422.82 m, E3

2. (e) SEM image revealing 

RP (red arrow) and hydromica with microfractures (purple arrow), well LX1, 1 048.37 m, N1. (f) SEM image revealing pore-filling calcite cement and grain 

edge microfractures (purple arrow), well LX1, 1 049.27 m, N1. (g) SEM image revealing EP (yellow arrow) and AP (orange arrow) formed by K-feldspar disso‐

lution, well ES1, 3 994.52 m, N1. (h) SEM image revealing EP (yellow arrow) and AP (orange arrow) formed by calcite cement dissolution, well Y2, 1 213.99 

m, E3
2. (i) SEM image revealing EP (yellow arrow) with pathway taken by acidic fluids, well XX1, 4 850.80 m, E3

1. (j) SEM image revealing micropores (pink 

arrow) and microfractures (purple arrow) in calcite grains, well ES1, 3 989.64 m, N1. (k) SEM image revealing chlorite rims (green arrow) closely bonded to 

grain surface and formed prior to authigenic quartz, well XX1, 4 214.52 m, E3
2. (l) SEM image revealing RP (red arrow) filled with authigenic quartz and illite 

(cyan arrow), well ES1, 3 997.12 m, N1.
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green or blue-white low-medium fluorescence. However, no 
fluorescence was observed in brine inclusions. The Upper Pa‐
leogene sandstones have yellow-green and blue-white fluores‐
cent asphalt displays (Figs. S7A–S7D). In addition, the HT of 

fluid inclusions is positively correlated with salinity (Fig. 
S7E). The linear features have a certain relevance with the buri‐
al depth of the samples: 4 data (ω(NaCl) > 7%) from below     
3 400 m, while 5 data (ω(NaCl) < 5%) from above 2 850 m.

Figure 7. Vertical distribution of pore water geochemistry of the Paleogene and its adjacent strata. L5–L7. Lenghu No. 5 and No. 7 tectonic belts; E-Y-H. Ebo‐

liang tectonic belt, Yahu depression, and Hulushan tectonic belt.

Figure 6. Vertical distribution of pores in the Upper Paleogene fine-grained sandstones. L5. Lenghu No. 5 tectonic belt; L6–L7. Lenghu No. 6 and No. 7 tecton‐

ic belts; EBL. Eboliang tectonic belt; YH. Yahu depression. Porosity, the percentage of pore spaces in total rock volume; relative porosity, the relative percent‐

age of specific pore in total pore spaces.
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The HT values of brine inclusions in the Lenghu area are 
concentrated in the range of 60 – 130 ° C and are higher than 
those of organic inclusions (50–100 °C) (Fig. S7F). The HT of 
brine inclusions with associated organic inclusions in the Ebo‐
liang area ranges of 80–104 ℃ and 112–136 ℃ (Fig. S7G). A 
brine inclusion was found at 3 991.2 m in well ES1, which had 
a high methane content and HT of 175 ℃ (Figs. S7G, S7H).

4 DISCUSSION 
4.1 Micropore Structure for Reservoirs　

Both residual mercury saturation and ejection saturation 
vary widely, which indicates that the pore and throat develop‐
ment of different cores are greatly different (Fig. S3B) (Yan et 
al., 2018; Wardlaw and Taylor, 1976). The peak distribution of 
the pore throats in different cores showed obvious polarization. 
The larger the peak radius was, the higher the peak ratio was, 
with overall increasing trend. The right peak was completely 
separated from the left peak. Both the span and radius of the 
right peak are relatively close, and the value ratio of the left 
peak was far greater than that of the right peak. The compari‐
son indicates that the pore-throat development varies consider‐
ably on a small scale but is similar on a large scale, revealing 
unique attributes in the study area.

Pore structure parameters can describe the seepage capaci‐
ty of the reservoirs. The parameters are closely related to the 
relative permeability curve and are mainly dominated by rock 
wettability but have little effect on porosity (Cao et al., 2015). 
The average pore-throat radius and max throat radius are both 
positively correlated with permeability, but the latter reveals a 
better correlation (Zhu et al., 2020; Cao et al., 2015). The small 
throats with larger volume ratios determine the average pore-
throat radius, which reveals that the seepage capacity is mostly 
controlled by the development degree (ratio, radius) of the 
small-scale pore throats. For fine-grained sandstones, however, 
the maximum throat radius reflects the upper limit of the con‐
nected pore-throat volume, which can better represent the phys‐
ical properties (Zhu et al., 2020). Therefore, the diversity of the 
throat distribution is the fundamental factor that causes the dif‐
ference in seepage capacity of the fine-grained sandstones. The 
finer the reservoir is, the more contribution the throat makes to 
the effective spaces. Through the correlation analysis of param‐
eters and permeability (Fig. S4), the pore structure has relative‐
ly strong heterogeneity in general. It reflects the features of 
“small pore-throat, poor sorting, high displacement pressure 
and poor pore-throat connectivity”.

The overall physical properties decrease gradually with 
depth (Fig. S5). The strata above 1 500 m are mainly high-quality 
reservoirs, with a maximum porosity and permeability of 30% 
and 300 × 10-3 μm2, respectively. In addition to the top reservoirs, 
there are also two unusually excellent reservoirs at 3 000 and      
4 000 m, which are in the moderately to deeply buried strata. The 
max porosity and permeability are close to 20% and 200 × 10-3 

μm2, respectively.
Thin-section observations for these two high-quality reser‐

voirs confirmed that porosity is related to dissolution. Intra‐
granular dissolved pores are carved from feldspar and rock 
fragments reacting with acids (Figs. 5a, 5b, 5g). Unstable mate‐
rials dissolve to form intergranular dissolved pores (Figs. 5a–

5i). All patterns imply the dissolved influences of acidic fluids 
associated with hydrocarbons (Feng et al., 2013). In addition to 
increasing physical properties, deep burial dissolution also in‐
creases the seepage systems related to structural fractures, thus 
enhancing reservoir performance (Jin et al., 2009). Apparent 
dissolution was detected in microscopic examinations, indicat‐
ing that the properties were considerably improved. However, 
Guo J J et al. (2018) argued that the abrupt increase in these 
two ranges, especially at 4 000 m, was due to abnormally high 
pressure caused by the undercompaction of thin-bedded sand‐
stone reservoirs developed in a large set of argillaceous rocks.

4.2 Diagenetic System of Fine-Grained Sandstones　
4.2.1 Genesis of pore waters　

The pore waters of depositional basins, originating from 
lake/sea water, absorbed water, meteoric water, interlayer wa‐
ter and thermal fluids, possess the potential to transport materi‐
als by solution (El-Ghali et al., 2006; Bjørlykke, 1993). The 
fluid evolution and carbon/oxygen isotopes of Paleogene car‐
bonate rocks and cements show that the pore fluids were de‐
rived from organic acids supplied by underlying source rocks, 
original lake water, river/delta surface water, and meteoric wa‐
ter (Li et al., 2017; Yuan J Y et al., 2015). Extensive deep faults 
associated with uplift formed by basal unconformity connect 
source rocks to the Paleogene and offer crucial pathways for 
acid flow (Yuan et al., 2015a). Surface/meteoric water is able 
to penetrate ~2 km underground, showing the possibility of 
deep penetration (Gluyas et al., 1997a; Harrison and Summa, 
1991). Pore waters comprise CaCl2 water and minor Na2SO4 
water with moderate salinity, which suggests that the waters 
are concerned with surface/meteoric freshwater leaching from 
shallow faults (Luo et al., 2019). It is noteworthy that the pres‐
ence of MgCl2 water in the pore waters is related to lake salini‐
zation rather than marine origin (Table S4). Therefore, the pore 
waters mainly came from organic acids, lake water and surface/
meteoric water. A few waters were derived from the interlayer 
water expelled by smectite illitization (Du et al., 2021, 2019; 
Cai et al., 2018; Bethke and Altaner, 1986; Hower et al., 1976). 
Slight vertical variations in ion concentrations and total salinity 
provide evidence for relatively adequate mixing of pore waters 
of different origins (Bjørlykke and Gran, 1994).

4.2.2 Hydrocarbon charging order and time　
The burial-thermal history, fluorescent display, HT and 

comprehensive features of source rocks can be interpreted to 
indicate that the sandstones received two periods of HCE, but 
the times of different tectonic belts had differences (Lai et al., 
2017; Maast et al., 2011). The first charging event occurred be‐
tween 32 and 22 Ma, and the second occurred between 9 and 4 
Ma in Lenghu. The first charging event occurred from 14 to 8 
Ma, and the second occurred from 7 to 3 Ma in Eboliang (Figs. 
S6, S7 and 8) (Fu et al., 2015).

With increasing depth and pressure, temperature and salin‐
ity also gradually increase, indicating that temperature/pressure 
is positively correlated with the intensity of the water-rock     
reaction. High-temperature and high-pressure fluids have a 
stronger dissolved capacity to the surrounding rock than low-
temperature and low-pressure fluids. Therefore, the salinity of 
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the former is higher, which also indicates that the charging 
time of hydrocarbon fluids occurred in the late stage. If oil or 
gas was charged at an early stage, it was difficult to reveal a 
good linear relation between the salinity and temperature of the 
inclusions, as shown in Fig. S7E.

4.2.3 Origin and time of dissolution　
Deep hydrothermal solutions, deep burial dissolution, and 

meteoric water leaching easily form secondary pores in rocks 
(Baruch et al., 2015; Yuan et al., 2015b; França et al., 2003; 
Taylor and Land, 1996; Surdam et al., 1984). Coal-measure 
source rocks commonly decompose plant residues to generate 
organic acids in the early diagenetic stage, reaching a peak at 
temperatures of 80 – 140 ° C (middle diagenesis) (Dias et al., 
2002; Knauss et al., 1997; Surdam et al., 1989). Acid produc‐
tion in coal-measure strata is usually several times that of other 
source rocks (Wang Y Q et al., 2020). The J1h, J1x and J1d

1–3 
thick-bedded source rocks in the northern Qaidam Basin are 
coal-measure strata, which offer rich organic acids through 
deep faults (Figs. S1 and 5) (Ma et al., 2018; Liu et al., 2017). 
This was confirmed by inclusions from deeper underground at 
an HT of 175 ℃ (Fig. S7G). Well-preserved intergranular dis‐
solved pores (Figs. 5a–5d, 5g–5i and 6) and HCE (Figs. S7F, 
S7G and 8) imply that the pore spaces are mainly derived from 
deep dissolution.

The Paleogene, when the PETM occurred, was a green‐
house age marked by warming and CO2 levels in the atmo‐
sphere at least three times as high as the current (Shahzad et 
al., 2019; Dera et al., 2011; Takashima et al., 2006; Pagani et 
al., 2005). Therefore, meteoric freshwater with a high concen‐
tration of CO2 penetrated through shallow faults and offered vi‐
tal acidic fluids for shallow dissolution (Fig. S1). Additionally, 
the relatively high pore water geochemistry at both 2 000 and  
5 000 m also indicates the possible presence of two fluid sourc‐
es above and below (Fig. 7).

However, deep burial dissolution is obviously superior to 
shallow dissolution (Guo J J et al., 2018). The main reason is 
that the reservoirs are buried deeply, and the secondary pores 
formed by meteoric freshwater leaching and dissolution are not 
easily preserved (Pan S L et al., 2021). The dissolved carbon‐
ate cements (Fig. 5h), relatively late diagenesis and HCE (Figs. 
S7 and S8) all reveal that the secondary pores of the fine-
grained sandstones in the study area are mainly derived from 
late dissolution.

4.2.4 Geochemical diagenetic system　
A single sand body with a relatively thin thickness is bene‐

ficial for forming an open diagenetic system. In addition, wide‐
ly developed deep faults offer the essential conditions for mate‐
rial transfer.

Most intense organic acid dissolution occurs in potential 
reservoirs with favorable fluid migration pathways (e.g., frac‐
tures, unconformities and original pore-seepage pathways) and 
adjacent to source rocks that produce plenty of organic acids 
(Yuan et al., 2013; Barth and Bjørlykke, 1993). This interpreta‐
tion suggests that the dissolved pores, which are roughly consis‐
tent with the vertical distribution of microfractures, were more 
common in the middle part (2 600–3 800 m) than in the upper 

or lower part of the Upper Paleogene (Figs. 6d, 6e) (Guo J J et 
al., 2018; Chen et al., 2012). In addition, surface/meteoric dia‐
genesis reaching a maximum depth of 1 500–2 000 m through 
fractures occurred in a relatively open geochemical system (Yu‐
an et al., 2015a; Giles and de Boer, 1990). The high flow rates 
of original lake/meteoric freshwater resulted in significant vari‐
ations in carbon and oxygen isotopes, deposit composition, and 
the development of secondary pores during early diagenesis 
(Wang Y T et al., 2021; Yuan et al., 2017).

The transport ability of individual faults is relatively limit‐
ed, while multifault fracture zones have effective vertical deliv‐
ery capacity for pore waters, oil-gas and organic acids (Fig. 
S1). In deep burial diagenesis, closed geochemical systems are 
common due to the constraints of pore water flow rates and 
concentration gradients (Lai et al., 2017; Gluyas et al., 2000). 
However, concentrated fluid flow within fractures/faults sug‐
gests a relatively open system (Bjørlykke and Jahren, 2012).

The origin of pore waters, organic acid dissolution, and 
abundant deep faults all offer convincing evidence for the open 
geochemical system formed in the burial process of the Upper 
Paleogene. The pores (primary and dissolved) yielded more 
near the basal unconformity or source rocks than at the deeper 
base (3 600–4 400 m) (Figs. 6b, 6c, 6e). The relative primary 
porosity climbs up and then declines with decreasing distance 
from unconformity/source rocks below and increasing depth 
(Fig. 6f). In the range of 2 600–3 900 m, the relative dissolved 
porosity in the middle is lower than that at the base (Fig. 6g). 
The dissolution and reprecipitation of early calcite cements 
formed anhydrite cements in the absence of water injection, 
which were close to migration pathways (faults) and organic 
acids (source rocks) in late diagenesis (Gluyas et al., 1997b). 
The Ba2+ and even SO4

2- required by barite and anhydrite origi‐
nated from the original lake/meteoric water in an arid climate 
and the dissolution of clastic grains in potential reservoirs (Ta‐
ble S2). All these results indicated that Upper Paleogene sand‐
stones were in an open diagenetic system. Slight vertical differ‐
ences in the geochemical features of pore waters, for another, 
show a relatively open system on the whole. Lateral changes 
suggest that the fracture systems are asymmetrically distribut‐
ed in the lateral direction (Fig. 7).

4.3 Diagenetic Stage and Evolutionary Sequence　
Petrological evidence (epochal phenomena of calcite and 

the occurrence of anhydrite) (Fig. 4) and XRD analysis of clay 
minerals (Table S3) all can be used to interpret the relative dia‐
genetic stages in the study area. In addition, the formation tem‐
peratures of authigenic minerals are measured from brine inclu‐
sions (Fig. S7) or calculated from oxygen isotopes to deduce a 
more accurate timing of different diagenesis (Feng et al., 2021; 
Sun et al., 2015). Combined with the above, it was confirmed 
that the fine-grained sandstones mainly formed during the ear‐
ly diagenetic B substage to the middle diagenetic A substage 
according to the current standards of “SY/T5477-2003 Divi‐
sion of Diagenetic Stages in Clastic Rocks” in China’s oil and 
gas industry (Ying et al., 2003). Based on diagenetic stages and 
previous studies (Sun et al., 2015; Ying et al., 2003), the diage‐
netic sequence and porosity evolution of the Upper Paleogene 
sandstones are presented in Fig. 8.
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The diagenetic sequence occurs successively: (1) deposi‐
tion of many clay matrix and mechanical compaction; (2) pre‐
cipitation of chlorite rims; (3) precipitation of early calcite and 
anhydrite cements; (4) dissolution of feldspar, rock fragments, 
early calcite; (5) precipitation of authigenic clay minerals 
(smectite and I/S mixed-layer); (6) quartz and feldspar over‐
growths; (7) precipitation of late anhydrite; (8) precipitation of 
pore-filling chlorite/illite; (9) hydrocarbon charging; (10) albiti‐
zation of plagioclase; (11) precipitation of late calcite cements 
(ferrocalcite) as replacement of feldspar, late anhydrite and 
rock fragments (Figs. 4 and 8).

In the Upper Paleogene sandstones, mechanical compac‐
tion is common, but chemical compaction is rare (Fig. 4). Acidic 
fluids often reacted with unstable materials (feldspar, volcanic/
metamorphic rock fragments, carbonate, anhydrite) to form 
pore spaces (Fig. 5). The early diagenetic B substage continues 
the relatively strong compaction and point contact of the A sub‐
stage. Ro is 0.4%–0.5%, and the temperature is 65–85 ℃. Early 
calcite cements represent the initial alkaline environment in this 
stage. Rare siliceous cements and quartz overgrowth indicate a 
weakly acidic diagenetic environment, and a mixed layer of clay 
minerals begins to appear (Fig. 8). Intergranular pores are par‐
tially filled with calcite cements or clay matrix and dissolved. 
The primary pore volume decreases with compaction and ce‐
mentation, while the secondary pore volume increases (Fig. 8).

In the middle diagenetic A substage with relatively weak 
compaction and point-line contact, ferrocalcite begins to ap‐
pear, and quartz and feldspar overgrowths increase. Ro is 0.5%–
1.0%, and the temperature is 85–130 ℃. The replacement of a 
few late carbonate cements suggests a weakly alkaline environ‐
ment in this late stage (Fig. 8). I/S mixed-layer, pore-filling 
chlorite and illite are common. Primary pores are basically 
fixed, and abundant secondary pores occur, forming a mixed 
pore combination (Fig. 8). The dissolution of calcite grains and 
early cements and the precipitation of late anhydrite indicate 
the action of acidic pore fluids.

Chlorite and illite are altered from kaolinite and smectite, 
respectively, under alkaline conditions (Pan S L et al., 2021). 
Low I/S and C/S mixed-layer ratios, low smectite/kaolinite and 
high illite/chlorite (Table S3) all reflect the alteration of smec‐
tite to illite, kaolinite to chlorite and middle-late diagenesis. 
Wang Y T et al. (2021) calculated the diagenetic temperature of 
Upper Paleogene strata in the study area of 78–117 ℃ by oxy‐
gen isotopes, and this study measured of 80–136 ℃ by brine 
inclusions. All of the above results are consistent with the tem‐
peratures of illitization and chloritization (80–143 °C) (Du et 
al., 2020). Anhydrite has a weakly negative correlation with 
calcite (Table S2), so the late anhydrite developed at 3 000 –    
4 000 m (~110 ℃) may have been formed by the dissolution 
and reprecipitation of early calcite and anhydrite cements. In 
addition, high concentrations of Ca2+ and SO4

2- in pore water al‐
so provided material conditions for the formation of anhydrite 
(Fig. 7). Plagioclase is the dominant feldspar in Upper Paleo‐
gene sandstones, while its dissolved and metasomatic residues 
are albite (Table S2), indicating that the alteration of plagio‐
clase is mainly anorthite (Qing et al., 2020). In mid-deep burial 
diagenesis, acidic albite and K-feldspar react with organic ac‐
ids and are dissolved. The transformation of smectite to illite 
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promotes the dissolution of K-feldspar but inhibits that of al‐
bite (Luo et al., 2018). Therefore, the residual feldspar is domi‐
nated by albite, and plagioclase albitization occurs.

4.4 Controlling Mechanism and Evaluation Model of 
High-Quality Reservoirs　
4.4.1 Macroscale controlling mechanism　

With increasing burial depth, mechanical compaction is 
the critical and initial factor to reduce pore spaces, especially 
primary pores (Guo J J et al., 2018; Jia et al., 2013; Chen et al., 
2012). Similar to porosity, porosity generally decreases with 
depth (Figs. 6b and S5A), and primary pores occur mainly in 
the uppermost Upper Paleogene (Figs. 6c, 6f). Moreover, mi‐
crofacies also have an important effect on reservoir quality, es‐
pecially the Upper Paleogene fine-grained sandstones (Fig. 9) 
(Xie et al., 2022; El-Ghali et al., 2013; Jia et al., 2013). As 
shown in Fig. 9, ODC, UDC, flood fan and some beach bar or 
mouth bar sandstones are conducive to the formation of reser‐
voirs. However, the porosity/permeability of different microfa‐
cies sandstones usually varies greatly (Gao et al., 2021).

The shallow fault system supplied original lake water 
seepage and meteoric freshwater leaching for early diagenetic 
alterations (Fig. S1A) (Wang Y T et al., 2021). Unconformity 
and deep fault systems were pathways for hydrocarbon migra‐
tion and acidic fluid flow and played a crucial role in the for‐
mation of high-quality reservoirs and open diagenetic systems 
(Fig. S1A). In summary, basal unconformities, fault systems 
and open geochemical systems all provided crucial conditions 
for the formation of whole dissolution. In addition, the first oil-
gas charging supplied organic acids for dissolution and pore 
spaces and pathways for the second oil-gas charging and organ‐
ic acid flow (Luo et al., 2018). Continuous second oil-gas 
charging was basically consistent with or slightly later than 
deep burial dissolution, which was beneficial to the preserva‐
tion of secondary pores and hydrocarbon accumulation (Figs. 8 
and 10) (Chen et al., 2012). Last but not least, the provenance 
provided rich feldspar, rock fragments, and carbonate as a ma‐
terial base for dissolution and cementation (Yuan et al., 2013).

4.4.2 Microscale controlling mechanism　
Porous-type reservoirs composed of primary and residual 

intergranular pores are the main form of fine-grained sand‐
stones. The reservoir performance of the primary intergranular 
pores is dominated by argillaceous and micritic contents (Qin 

et al., 2022). Residual intergranular pores are affected by dia‐
genesis, clastic grain sorting, sparry calcite content and forma‐
tion water (Guo J J et al., 2018; Jia et al., 2013).

High-quality Upper Paleogene reservoirs were developed 
in the ODC sandstones of the delta plain and the UDC sand‐
stones of the delta front. The Ca2+ required for early calcite ce‐
ments filling the pores came from the weathered and dissolved 
pyroclasts within the provenance and pore waters discharged 
by compaction. Thus, the diagenetic fluids of adjacent calcare‐
ous strata provided crucial Ca2+ to the calcite cements in sand‐
stones during the early diagenetic stage (Luo et al., 2018; Fu et 
al., 2015). The development of low-content calcite and anhy‐
drite cements (<15%) in early diagenesis and the presence of 
abnormal high-pressure zones reduced the damage of compac‐
tion to reservoir pores to some extent. They all played a good 
role in the protection and support for primary pores, so that 
these pores were well preserved (Wang Y T et al., 2021; Guo J 
J et al., 2018).

4.4.3 Evaluation model　
Based on microscopic analysis, the early cements and 

clay matrix are mainly yielded in the periphery of a single sand 
body but poorly developed in its interior. Hence, the central ar‐
ea of a single sand body is more conducive to the formation of 
high-quality reservoirs (Fig. 10). The comparison shows that 
the petrological and mineralogical features of UDC sandstones 
are basically the same as those of ODC sandstones (Tables S1 
and 1). Therefore, their theoretical compaction model and ge‐
netic mechanism are extremely similar. Moreover, there were 
no obvious differences between the two types in diagenetic 
minerals and sequences.

UDC sandstones in the braided river delta front generally 
occur in E3

2, and their pore spaces are composed of residual pri‐
mary pores, minor dissolved pores, and fracturing fractures 
(Figs. S2, 6 and 10). Primary intergranular pores were pre‐
served by abnormally high pressure, chlorite rims, early car‐
bonate cements and some high-content rigid grains in the interi‐
or sand body (Table S1 and Fig. 5a, 5d, 5k). However, they 
were commonly blocked by cementation and compaction near 
the periphery (Figs. 8 and 10) (Guo J J et al., 2018; Worden 
and Morad, 2003). Secondary pores were mostly formed by 
deep burial dissolution of carbonate cements, feldspar and rock 
fragments in reaction with organic acids and preserved by sub‐
sequent charging (Figs. 5a–5i, 6 and 10) (Jia et al., 2013; Yuan 
et al., 2013). Fault systems are vital migration pathways for 
acidic fluids and oil-gas (Fig. 10). In addition, the combined ac‐
tion of high concentrations of CO2 from meteoric freshwater 
leaching or penetration and thermal decarboxylation of organic 
matter also provided acidic conditions for dissolution (Wang Y 
T et al., 2021).

Most shallow dissolved pores were blocked by subse‐
quent cementation and compaction (Figs. 5d, 5h), but many re‐
sidual dissolved pores, as crucial spaces, are conducive to deep 
dissolution (Fig. 10). Residual and dissolved primary pores 
provided migration pathways for the late organic acids from 
underlying source rocks and accelerated the later dissolution 
(Luo et al., 2019; Yuan et al., 2013). ODC/UDC sandstones all 
possess similar compositions, textures and structures, and the 

Figure 9. The correlation between porosity and permeability of fine-grained 

sandstone microfacies.

13



Lei Gong, Xianzhi Gao, Futao Qu, Yongshu Zhang, Guangya Zhang and Jun Zhu 

vertical and lateral occurrences of the overwater part are also 
similar to or better than those of the underwater part (Tables 1, 
S1, and Figs. S2, S5). Hence, the genetic mechanism on ODC/
UDC sandstones has the optimal conditions to form and devel‐
op high-quality reservoirs (Fig. 10).

5 CONCLUSION 
(1) Through the correlation analysis of parameters and 

permeability, the pore structure in the study area has relatively 
strong heterogeneity in general, which reflects the features of 
“small pore-throat, poor sorting, high displacement pressure 
and poor pore-throat connectivity”. The abrupt increase in the 
physical properties is mainly due to the abnormally high pres‐
sure caused by the undercompaction of thin-bedded sandstone 
reservoirs developed in a large set of argillaceous rocks. Abnor‐
mal pressure zones reduce and inhibit the damage of compac‐

Figure 10. Schematic illustration of the genetic mechanism and porosity evolution of high-quality ODC/UDC sandstone reservoirs.
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tion and overgrowth to reservoir pores, and prolong the dis‐
solved action time of acidic fluids.

(2) The Upper Paleogene pore fluids were mainly derived 
from original lake water, surface water from rivers/deltas, me‐
teoric water and organic acids from the thermal decarboxyl‐
ation of organic matter. The acids for the dissolution of unsta‐
ble materials such as feldspar, metamorphic rock fragments, 
carbonate, and anhydrite are mainly composed of organic acids 
that migrated through basal unconformity and deep faults and 
minor meteoric freshwater with a high concentration of CO2 
that penetrated through the shallow faults.

(3) Surface or meteoric diagenesis of the Upper Paleogene 
sandstones related to shallow faults occurred in a relatively 
open geochemical system. The fine-grained sandstones mainly 
formed during the early diagenetic B substage to the middle 
diagenetic A substage based on petrological observations, clay 
mineral analysis, HT of fluid inclusions and isotopic analysis.

(4) Controlling factors of fine-grained sandstone reser‐
voirs in the Upper Paleogene mostly comprise faults, microfa‐
cies, burial depth, geothermal field, diagenesis, HCE, and ab‐
normally high pressure. Double fault systems provide the path‐
ways for fluid flow and hydrocarbon migration. The high ener‐
gy ODC and UDC sandstones are the essential basis. Appropri‐
ate burial depth, geothermal field, and HCE represent the vital 
conditions to retain and increase pore volume. As the main con‐
structive diagenesis, the dissolution of organic acids and mete‐
oric water is conducive to the improvement of reservoir quali‐
ty. Abnormally high pressure is the key to the formation of 
high-quality reservoirs. Based on the above, a reservoir model 
for the ODC/UDC fine-grained sandstones with bidirectional 
pathways, rich in clay minerals, poor in cements, superim‐
posed dissolution, and abnormally high pressure is established.
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