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A B S T R A C T   

Sublacustrine-fan, tight sandstones in the Yanchang Formation of the Ordos Basin are one of the most important 
tight-oil producing intervals in China and are reported here the key diagenetic facies. Five diagenetic facies are 
recognized in the Chang 6 tight sandstone interval, including relatively extensive dissolution (ED), relatively 
moderate dissolution with grain-coating illite (GCI), pore-filling illite cemented (PFI), extensive carbonate 
cemented (ECC), and tightly compacted (TC) diagenetic facies. A back-propagation (BP) neural network method 
is used to build an identification model of diagenetic facies in wells by correlating the various diagenetic facies 
with conventional well logs for which the identification accuracy can reach as high as 84.97%. Moreover, a novel 
method of interaction analyses of a large number of horizontal wells and small-spacing development wells and 
multidimensional constraints by the sedimentary architecture distribution is proposed to predict the distribution 
of diagenetic facies between wells, and a spatial variation model showing the stacking patterns and geometric 
features of diagenetic facies in tight sandstones from sublacustrine-fan deposits is established. Diagenetic facies 
varies more significantly in the direction perpendicular to the paleoflow than that in the direction parallel to 
paleoflow. The GCI diagenetic facies is most widely distributed within the lobe sandstone bodies as elongated 
lenses, usually irregularly surrounding the ED diagenetic facies or adjacent to PFI diagenetic facies. From the PFI, 
ED to GCI diagenetic facies, the average of width and length and the maximum thickness tend to increase. 
Furthermore, variations in thickness and proportion of various diagenetic facies are closely associated with lake- 
level cycles.   

1. Introduction 

Tight sandstone reservoirs have been extensively studied and 
commercially developed worldwide (e.g. Desbois et al., 2011; Zou et al., 
2012; Caracciolo et al., 2015; Ghanizadeh et al., 2015; Critelli et al., 
2018; Lai et al., 2018; Kadkhodaie et al., 2021; Ortiz-Orduz et al., 2021), 
such as the Alberta Basin in Canada (Masters, 1979; La Croix et al., 2013; 
Friesen et al., 2017), the Williston Basin, San Juan Basin and Appala
chian basin in North America (Law, 2002; Hart, 2006; Ma et al., 2016), 
and the Ordos Basin, Songliao Basin, Junggar Basin, Sichuan Basin and 

Bohai Bay Basin in China (Xi et al., 2015; Yue et al., 2018; Zhu et al., 
2019; Li et al., 2022a; Jiang et al., 2023). Diagenetic facies, which is a 
comprehensive description of diagenetic minerals and the type and in
tensity of diagenesis, determines the variation of reservoir quality in 
tight sandstones (Higgs et al., 2007; Zou et al., 2008; Barbera et al., 
2011; Ozkan et al., 2011; Cui et al., 2017; Lai et al., 2018). Compared to 
marine deep-water reservoirs, tight sandstone reservoirs composed of 
lacustrine, deep-water sediments have greater variability in composition 
and more complex lithofacies (Stevenson and Peakall, 2010; Amendola 
et al., 2016; Liu et al., 2017, 2020; Bell et al., 2018; Yang et al., 2018), 
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which makes the prediction of diagenetic facies in tight sandstones 
within sublacustrine-fan deposits much more difficult, but of great sig
nificance for tight oil development. 

Cores and corresponding thin section observations and scanning 
electron microscope (SEM) analyses are the most effective means to 
identify various diagenetic facies (Morad et al., 2010; Nguyen et al., 
2013; Higgs et al., 2017; Wu et al., 2020; Li et al., 2022b). Recent studies 
have correlated diagenetic facies with conventional well logs to perform 
diagenetic facies prediction via a set of log responses in tight sandstones 

(Ozkan et al., 2011; Ran et al., 2016; Cui et al., 2017; Wu et al., 2020; 
Zhao et al., 2022), so as to overcome the problem of a lack of cores and 
reduce cost of core experiments. Interdisciplinary approaches have been 
proposed to predict diagenetic facies by building prediction models 
using different statistic algorithms, such as the principal component 
analysis (PCA) (Cui et al., 2017; Li et al., 2022b), hierarchical cluster 
analysis (HCA) (Li et al., 2019; Zhao et al., 2022), linear discriminant 
analysis (LDA) (Wang et al., 2017a), and artificial neural networks 
(Wang and Lu, 2021). Artificial neural network algorithms are generally 

Fig. 1. Geological setting of the study area. (a) Map of China showing the location of the Ordos Basin (modified after Lai et al., 2016; Wang et al., 2020a); (b) 
Tectonic subdivisions of the Ordos Basin and location of the study area (modified after Wang et al., 2020a); (c) Area with dense well pattern showing well locations; 
(d) Sedimentary facies distribution of the Chang 6_2 interval (modified after Wang et al., 2019). 
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considered to be capable of greatly improving efficiency and possibly 
the accurate identification of diagenetic facies (Li et al., 2021, 2022b; 
Wang and Lu, 2021). However, it should be noted that previous research 
efforts for the prediction of diagenetic facies were mainly focused on 
single wells (Lai et al., 2018; Wu et al., 2020), while spatial variations of 
diagenetic facies in tight sandstones are still poorly understood. 

Diagenetic alterations and the spatial distribution of diagenetic 
facies are controlled by the complex sedimentary architecture (including 
architecture element types, scales, geometries, and stacking patterns) 
(Dutton, 2008; Morad et al., 2010; Wu, 2010; Fu et al., 2013; Wang 
et al., 2022a), resulting in significant variations of reservoir quality. 
Previous studies have discussed the distribution characteristics of 
diagenetic alterations and reservoir quality linked to sedimentary facies, 
such as fluvial, deltaic, and deep-water deposits (Morad et al., 2000; Dill 
et al., 2005; El-Ghali et al., 2006; Li et al., 2017; Wang et al., 2019), but 
spatial distribution models of diagenetic facies under the constraints of 
sedimentary architecture is still confusing, especially in lacustrine 
deep-water tight sandstone reservoirs. Some scholars have proposed to 

illustrate the plane or profile distribution of diagenetic facies by corre
lating seismic data with core-derived diagenetic facies (Zeng et al., 
2018; Zhang et al., 2018, 2019; Zhu et al., 2020; Wang et al., 2022a, 
2022b), but due to limitations of the resolution of seismic data, or even a 
lack of seismic data, prediction of diagenetic facies distribution between 
wells in thin intervals remains challenging. A few previous studies have 
interpreted the planar distribution of dominant diagenetic facies under 
the control of sand body boundaries obtained from multi-well data (Ma 
et al., 2018; Cao et al., 2021; Yu et al., 2022). However, previous studies 
have always ignored the controlling effect of different sedimentary ar
chitecture elements on the types and distribution of various diagenetic 
facies, especially for tight sandstones within sublacustrine-fan deposits. 
Furthermore, the lateral extent of different diagenetic facies in hori
zontal wells is rarely documented and, as a result, the spatial variation of 
reservoir quality is still not adequately constrained. The quantitative 
scale, geometry and spatial stacking patterns of different diagenetic 
facies within sublacustrine-fan deposits remain to be clarified. 

The main purpose of this study is to explore spatial variations in 

Fig. 2. Stratigraphic section and sedimentary facies of the Upper Triassic Yanchang Formation in the Ordos Basin (modified after Yao et al., 2018).  
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diagenetic facies of tight sandstones within sublacustrine-fan deposits of 
the Upper Triassic Yanchang Formation, Ordos Basin. By integrating 
thin section observations, SEM and X-ray diffraction (XRD) analysis, a 
classification is proposed for diagenetic facies in the tight sandstones, 
and the intelligent prediction of diagenetic facies using back- 
propagation (BP) neural network was addressed in wells or in in
tervals without core data. Furthermore, the spatial distribution of 
sandstone diagenetic facies within a sedimentary architecture frame
work was carefully investigated by combining a large number of hori
zontal wells and development wells with close spacing to generate a 
three-dimensional model showing the spatial variation in diagenetic 
facies of tight sandstones within sublacustrine-fan deposits. This inter
disciplinary study can provide new insights into the prediction of 
diagenetic facies distribution and reservoir quality evaluation in lacus
trine deep-water tight sandstone reservoirs. 

2. Geological setting 

The Ordos Basin is the second largest sedimentary basin in central 
China (Fig. 1a), with an area of approximately 2.6 × 105 km2. The Ordos 
Basin experienced a series of complex tectonic processes from the 
Mesoproterozoic to the Quaternary (Yang, 2002). During the late 
Triassic, the Ordos Basin was transformed from a marine basin into an 

intracratonic basin due to the collision of the North China Plate with the 
Yangtze Plate (Yang et al., 2014; Wang et al., 2017b), leading to the 
formation of the fluvial to lacustrine depositional system (Fig. 2). The 
study area, the Heshui area, is located in the southwestern corner of the 
Yishan Ramp of the Ordos Basin (Fig. 1b). A typical well distribution 
area in the middle of the Heshui area consists of 276 wells (58 horizontal 
wells) with an average well spacing of approximately 250 m (Fig. 1c). 

The Upper Triassic Yanchang Formation is composed of Chang 10 to 
Chang 1 oil-bearing intervals from bottom to top (Fig. 2) (Yao et al., 
2018). The Chang 6 oil-bearing interval, the focus of this study, can be 
subdivided into three units, namely Chang 6_1, Chang 6_2, and Chang 
6_3 (Fig. 2). Moreover, the Chang 6_3 interval can be divided into three 
thin intervals (Chang 6_3_3, Chang 6_3_2 and Chang 6_3_1, with an 
average thickness of 17 m, 19 m and 12 m, respectively) from bottom to 
top, and the Chang 6_2 can be divided into two thin intervals (Chang 
6_2_2 and Chang 6_2_1, with an average thickness of 20 m and 22 m, 
respectively) (Qu et al., 2021). Sublacustrine-fan sedimentary facies is 
widely developed in the Chang 6 interval of the Hehsui area (Figs. 1d 
and 2) (Wang et al., 2019; Qu et al., 2021), and sedimentary architecture 
units such as main channel, channel branch, lobe main body and lobe 
margin are developed from proximal to distal parts of the fan (Fig. 1d). 
Lithologies in the Chang 6 interval are dominated by fine-grained 
sandstone, siltstone and dark grey to black mudstone. Various 

Fig. 3. Diagenetic characteristics of various diagenetic facies in the Chang 6 tight sandstones. (a) ED diagenetic facies (PPL image; Well Z199, 1505.2 m; Ф = 8.16%, 
K = 0.11 mD); (b) GCI diagenetic facies (PPL image; Well Z127, 1528.3m; Ф = 7.29%, K = 0.047 mD); (c) and (d) PPL and BSE showing GCI diagenetic facies (Well 
Z115, 1571.94m; Ф = 8.19%, K = 0.078 mD); (e) PFI diagenetic facies (BSE image; Well Z127, 1479.2m; Ф = 6.4%, K = 0.029 mD); (f) EDS spectrum of the 
authigenic illite marked by the red cross in (e); (g) ECC diagenetic facies (PPL image; Well N25, 1408.45m; Ф = 1.16%, K = 0.002 mD); (h) TC diagenetic facies (PPL 
image; Well Z127, 1483.65m; Ф = 2.66%, K = 0.006 mD); (i) Magnified XPL image of the pane in (h). Q = quartz; F = feldspar; L = lithic fragments; Ca = carbonate 
cement; Ap = apatite; I = illite; Ch = chlorite; Mic = mica; XPL = cross-polarized light; PPL = plane-polarized light; BSE = backscattered electron; EDS = energy 
dispersive spectrometer; Ф = helium porosity; K = nitrogen permeability; White-filled arrows indicate intergranular pores and dissolution pores; Yellow-filled arrows 
indicate grain-coating illite. 
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lithofacies have been identified in the Chang 6 sandstones (Wang et al., 
2019), including fine-grained, cross-bedded sandstone (Sc), 
fine-grained, massive-bedded sandstone (Sm), and siltstone to very 
fine-grained sandstone (Ss). The porosity of the Chang 6 sandstones 
mainly ranges from 1% to 13% with an average of 8%, and the perme
ability is mainly 0.001–0.65 mD with an average of 0.09 mD, typical of 
tight sandstones. 

3. Dataset and methods 

The types of diagenetic facies in the Chang 6 tight sandstones are 
identified based on analyses of petrographic characteristics, pore types, 
diagenetic minerals, intensity of diagenesis and diagenetic sequences 

obtained from various core experiments, including impregnated thin 
section analysis of 324 samples, SEM observations with secondary 
electron (SE) imaging of 157 samples, SEM observations with back
scattered electron (BSE) imaging of 4 representative samples, XRD 
analysis of 31 representative samples, and helium porosity and nitrogen 
permeability measurements of 189 samples. The suite of conventional 
well logs run in the Heshui area mainly consist of gamma ray (GR), 
caliper (CAL), acoustic transit time (AC), spontaneous potential (SP), 
true formation resistivity (RT) and bulk density (DEN). 

Variations in diagenetic facies between wells in thin intervals are 
investigated using a novel method of interaction analyses of a large 
number of horizontal wells and small-spacing development wells and 
multidimensional constraints by the sedimentary architecture 

Table 1 
Characteristics of various diagenetic facies in the Chang 6 tight sandstones.  

Diagenetic facies Major lithofacies (modified after  
Wang et al., 2019) 

Diagenetic sequence (modified after Wang et al., 2019) Diagenetic 
facies code 

Eodiagenesis Mesodiagenesis 

Relatively extensive 
dissolution diagenetic 
facies 

Fine-grained, cross-bedded 
sandstones (Sc) 

Limited mechanical compaction, limited 
feldspar dissolution and carbonate 
cementation 

Relatively extensive dissolution, limited 
carbonate cementation and compaction 

ED 

Relatively moderate 
dissolution with grain- 
coating illite diagenetic 
facies 

Fine-grained, massive-bedded 
sandstones (Sm) 

Moderate mechanical compaction, 
limited carbonate cementation and 
dissolution 

Relatively moderate dissolution, grain- 
coating illite cementation, limited carbonate 
cementation, and moderate compaction 

GCI 

Pore-filling illite cemented 
diagenetic facies 

Moderate mechanical compaction, grain- 
coating illite cementation, limited 
carbonate cementation and dissolution 

Abundant pore-filling illite cementation, 
moderate compaction, and relatively weak 
dissolution 

PFI 

Extensive carbonate 
cemented diagenetic facies 

Fine-grained, cross-bedded 
sandstones (Sc) or fine-grained, 
massive-bedded sandstones (Sm) 

Limited mechanical compaction, partial 
to extensive early carbonate cementation 

Extensive carbonate cementation, limited 
mechanical compaction and dissolution 

ECC 

Tightly compacted 
diagenetic facies 

Siltstone to very fine-grained 
sandstones (Ss) 

Extensive mechanical compaction Extensive mechanical compaction, limited 
dissolution and cementation 

TC  

Fig. 4. Variation ranges of well-log responses for the five diagenetic facies in the Chang 6 tight sandstones. (a) Gamma ray (GR); (b) Spontaneous potential (SP); (c) 
Acoustic transit time (AC); (d) Bulk density (DEN); (e) True formation resistivity (RT). The descriptions of the diagenetic facies codes ED, GCI, PFI, ECC and TC are 
shown in Table 1. 
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distribution, including vertical constraints of the thin-interval strati
graphic framework, lateral constraints of the sedimentary architecture 
distribution of single sand bodies, and quantitative scale constraints 
from a large number of the horizontal wells. This study assumes that the 
spatial distribution of diagenetic facies is significantly controlled by a 
complex sedimentary architecture (Morad et al., 2010; Wu, 2010; Fu 
et al., 2013). Single-well interpretations of sedimentary architectural 
elements (main channel, channel branch, lobe main body, lobe margin 
and inter-lobe area) and the sedimentary architecture in the study area 
have been carefully investigated in previous studies (Fig. 1d) (e.g. Wang 
et al., 2019; Qu et al., 2021). 

4. Results 

4.1. Diagenetic facies types and log responses 

4.1.1. Diagenetic facies types and characteristics 
Diagenetic alterations and diagenetic minerals vary between 

different diagenetic facies (Lai et al., 2018). The dominant diagenetic 
characteristics in the Chang 6 tight sandstones of the Heshui area 
include mechanical compaction, feldspar dissolution, and precipitation 
of carbonate cements and abundant illite cements (16%–72% of the total 
clay minerals, with an average of 49%) (Wang et al., 2019). Thin section 
analysis, SEM, XRD, and fluid inclusion analysis have identified different 
diagenetic evolution processes in the Chang 6 tight sandstones of the 
Heshui area (Wang et al., 2019), resulting in various diagenetic facies 
(Fig. 3), including relatively extensive dissolution (ED), relatively 
moderate dissolution with grain-coating illite (GCI), pore-filling illite 
cemented (PFI), extensive carbonate cemented (ECC), and tightly com
pacted (TC) diagenetic facies. Different lithofacies usually show 
different diagenetic facies, and the same lithofacies can also display 
different diagenetic facies due to the quite different diagenetic pro
cesses. Typical diagenetic characteristics and petrophysical properties 
for each type of diagenetic facies are illustrated in Table 1. The ED 
diagenetic facies with relatively extensive dissolution and limited car
bonate cementation commonly exhibits the best reservoir quality, 
whereas the ECC with extensive carbonate cementation and the TC 
diagenetic facies with extensive mechanical compaction show the worst 
reservoir quality (Wang et al., 2019). 

4.1.2. Log responses of various diagenetic facies 
Conventional well logs are a record of lithofacies, pore structure and 

diagenetic features (Lai et al., 2018, 2020), and therefore logging values 
can reflect the characteristics of diagenetic facies. By investigating well 
log responses of various diagenetic facies in cored wells, well logs sen
sitive to variations in diagenetic minerals can be used to predict 

diagenetic facies in wells or intervals without core data. It should be 
noted that prior to collecting logging values for various diagenetic 
facies, core-to-log depth matching was performed and the well logs were 
standardized using multi-well histogram and cross-plot displays (Salim 
et al., 2017). As can be seen from Fig. 4, the well log curves sensitive to 
the types of diagenetic facies in the Chang 6 sandstones include gamma 
ray (GR), spontaneous potential (SP), acoustic transit time (AC), bulk 
density (DEN), and true formation resistivity (RT), especially AC, DEN 
and GR logs. Variation ranges of well-log responses for the five diage
netic facies in the Chang 6 tight sandstones are summarized in Fig. 4. 
ECC diagenetic facies are easily recognized on well logs by the lowest GR 
and AC values due to the presence of a large amounts of carbonate 
cement. Except ECC diagenetic facies, GR, DEN and SP values gradually 
increase from ED to GCI to PFI to TC diagenetic facies, while AC and RT 
values show the opposite trend. 

Fig. 5. Topological structure of BP neural network including input layers, hidden layers and output layers (modified after Wang et al., 2013).  

Fig. 6. Flowchart of how to predict diagenetic facies based on the BP neural 
network algorithm in this study. 
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Fig. 7. Logging identification results of diagenetic facies using the BP neural network method on the test dataset. The descriptions of the diagenetic facies codes ED, 
GCI, PFI, ECC and TC are shown in Table 1. 

Fig. 8. Logging identification results of diagenetic facies of Chang 6 tight sandstones in Well Z127, as well as the mercury intrusion curves from PCP, relaxation time 
T2 distribution from NMR, and microscopic images of impregnated thin sections for various diagenetic facies. The PCP samples are quoted from Wang et al. (2020b); 
the NMR samples are quoted from Wang et al. (2020a); the lithology and sedimentary architectural element columns are modified from Wang et al. (2019). 
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4.2. Well-log identification of diagenetic facies using BP neural network 

The back-propagation (BP) neural network has long been regarded as 
an effective method for solving complex nonlinear geological problems 
(Qiu et al., 2001; Gogoi and Chatterjee, 2019; Lu et al., 2021). The to
pological structure of the BP neural network including the input layer, 
hidden layer and output layer is shown in Fig. 5 (Wang et al., 2013). To 
achieve a high-accuracy prediction of diagenetic facies in this work, the 
BP neural network was established on MATLAB software to pursue the 
nonlinear mapping relationship between the logging responses (input 
layer) and the types of diagenetic facies (output layer). Specifically, the 
input layer consists of the normalized logging data pairs with GR, SP, 
AC, DEN and RT values, and the output layer contains the five types of 
identified diagenetic facies, namely ED, GCI, PFI, ECC and TC. The 
implementation process of predicting diagenetic facies based on the BP 
neural network algorithm are shown in Fig. 6. 

4.2.1. Accuracy of identification of diagenetic facies 
To examine the accuracy of diagenetic facies identification using the 

BP neural network, 70% of samples (356 samples) with thin sections or 
SEM images were selected as the training dataset to build the nonlinear 
mapping relationship between logging values and diagenetic facies, and 
the remaining 30% of samples (153 samples) were utilized as a test 
dataset. The maximum number of iterations on the training dataset was 
set to 3000 and training error of prediction values relative to the real 
value was within 0.025 until the iteration was complete. Logging 
identification results on the test dataset show that ECC diagenetic facies 
were all correctly identified, and only one case of TC diagenetic facies 
was misidentified as ECC diagenetic facies (Fig. 7). ED diagenetic facies 
has an identification accuracy of 83.87%, with 5 cases of misidentifi
cation (Fig. 7). GCI diagenetic facies and PFI diagenetic facies have 
relatively low identification accuracy, with 8 and 9 misidentified cases, 
respectively (Fig. 7). On the whole, the identification accuracy of the 
diagenetic facies using the BP neural network method is as high as 
84.97%, which is sufficient to meet the actual demand of petroleum 
exploration and development (Li et al., 2022b). 

4.2.2. Validation of high consistency of diagenetic facies identified by BP 
neural network with core analysis results 

A blind test was carried out to evaluate the validation of the trained 
BP neural network model in Well Z127 that did not participate in the 
model construction. Fig. 8 shows that the well-log identification results 
of diagenetic facies at depths of 1477.55 m, 1478.5 m, 1480.06 m, and 
1483.1 m are consistent with the recognition results using impregnated 
thin sections at the corresponding depths. Due to strong mechanical 
compaction of the TC diagenetic facies, the pore connectivity of sand
stones with this diagenetic facies is significantly worse than that of 
sandstones of the PFI diagenetic facies. Mercury intrusion curves from 
pressure-controlled porosimetry (PCP) and relaxation time T2 distribu
tions from nuclear magnetic resonance (NMR) show that the TC diage
netic facies identified at a depth of 1483.65 m have poorer pore 
connectivity and lower movable fluid content than the PFI diagenetic 
facies identified at depths of 1479.2 m and 1482.71 m (Fig. 8), which 
also verifies the reliability of the well-logging identification results. 
Considering the prediction results and the analysis results by thin sec
tion of the PCP and NMR samples, the types of diagenetic facies pre
dicted by the trained BP neural network model has a high degree of 
consistency with the core experimental analysis results (Fig. 8), sug
gesting that the trained BP neural network model can be effectively 
applied to predict diagenetic facies of the Chang 6 sandstones in the 
Heshui area. 

5. Discussion 

5.1. Stacking patterns and geometric features of diagenetic facies for the 
Chang 6 tight sandstones 

5.1.1. Diagenetic facies variations in horizontal wells as a guide for the 
prediction of inter-well diagenetic facies correlation 

Prior to investigating the correlation of diagenetic facies between 
wells, the types of diagenetic facies in individual wells were identified 
using conventional well logs based on the BP neural network method 
discussed in Section 4.2. In this study, the approach of integrating 

Fig. 9. Profile distribution of diagenetic facies in the Chang 6 tight sandstones within the framework of sedimentary architecture correlation (see AA’ in Fig. 1c for 
the section location). The boundary of the lobe limits the distribution of the composite sand body of the lobe main body and the lobe margin. 
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multidimensional constraints by the sedimentary architecture distribu
tion with interaction analyses of a large number of horizontal wells and 
small-spacing development wells is proposed to predict the distribution 
of diagenetic facies between wells. As shown in the correlation well 
section in Fig. 9, combined with the sedimentary architecture distribu
tion (channel branch, lobe main body and lobe margin) and the 

distribution of different diagenetic facies identified in the horizon well 
GP23-42, the distribution of diagenetic facies between wells X26-62 and 
X27-63 is illustrated under the constraint of sedimentary architecture 
distribution. The interaction analyses of a total of 58 horizontal wells 
and 218 development wells with small spacing were conducted to 
determine the inter-well diagenetic facies distribution in the dense well 

Table 2 
Maximum lateral extent of different diagenetic facies of the Chang 6 tight sandstones in the horizontal section of horizontal wells located in the dense well pattern area.  

Well Maximum lateral extent (m) Well Maximum lateral extent (m) 

ED GCI PFI ECC TC ED GCI PFI ECC TC  

GP22-20 194.9 46.7 0 8.9 32.3 GP25-23 242.5 104.4 86.6 5.7 5.2  
GP22-21 16.9 244.4 63.5 0 0 GP25-24 204.8 232.3 34.3 5.3 13.5  
GP22-211 81 384.6 290.6 18.1 33.9 GP25-25 210.5 48.1 58.7 0 14.3  
GP22-42 275.1 144.6 56.3 0 50.9 GP25-26 241.8 214.7 101.4 0 19.1  
GP22-43 94.8 314.4 165.3 5.5 23.4 GP26-14 154.4 142.6 66.3 10.6 162  
GP22-46 273.5 120.2 127.6 0 0 GP26-16 119.7 144.6 90.3 11 42.5  
GP23-22 153.9 214.1 67.3 3.3 10.2 GP26-17 162.3 88 46.6 24.4 19.2  
GP23-41 422.6 311.7 0 0 0 GP26-18 254.7 71.7 78.1 0 79.2  
GP23-42 302.8 18.7 24.3 0 0 GP26-19 135.2 223.8 48 26.5 108.2  
GP23-43 128.7 313 63.1 0 16.9 GP26-22 235.6 189.7 64.6 6.6 20.1  
GP23-44 534.8 32.7 9.5 0 15.5 GP26-241 113.8 57.2 115.6 5 22.7  
GP23-45 281.1 139.1 60 6.4 11.6 GP26-25 164.8 54.8 52.1 2.6 62.7  
GP23-46 175.3 264.6 101.4 7.9 17.4 GP26-26 396.5 178.4 164.9 8.4 11.3  
GP24-21 144.6 146.1 97.8 4.5 19.8 GP27-16 713 44.8 0 2.3 4.1  
GP24-22 88.2 54 32.4 10.6 29.3 GP27-17A 204.8 0 78.8 8.6 11.7  
GP24-23 684.3 135.5 148.9 0 14.9 GP27-18 123 172.8 255.2 0 19.9  
GP24-24 178.4 199.5 343.6 18.7 100.4 GP27-19 224.9 219.7 137.2 15.2 70.7  
GP24-41 249 144.1 28.6 0 7.5 GP27-20 246.8 0 89 0 7.6  
GP24-42 226.9 415.4 0 4.7 0 GP27-21 108.2 232.3 345.9 17.2 22.6  
GP25-13 286.2 83 100.1 3.5 42.3 GP27-22 122.3 302.8 77.4 2.4 56.6  
GP25-14 242.3 37.9 76.4 7.8 27.1 GP27-23 174.5 392.6 56.6 10.1 122.1  
GP25-15 523.8 19 0 2 18.6 GP27-24 364.7 117.1 56.5 18.8 114.1  
GP25-16 58.7 207.4 169.1 7.7 20.3 GP27-26 504.6 209.3 55.4 1.8 22.8  
GP25-17 643.4 0 0 3.5 0 GP27-27 570.3 232.1 0 28.1 29.8  
GP25-18 204.1 56.5 65.2 3.4 14.2 GP27-28 249.1 108.2 113.3 0 19.8  
GP25-19 177.6 46.9 30.6 11 7.9 GP28-18 722 43.4 35.2 5.1 7.1  
GP25-20 207.9 74.3 16.2 2.1 19.6 GP28-19 465.6 217.7 122.1 5 21.9  
GP25-21 248.7 280.5 103.3 11.3 83.9 GP28-22 139.3 146.5 108.4 11.2 14.1  
GP25-22 85.8 228.8 65.7 0 44.5 GP28-23 215.5 373.4 203.9 8.6 19   

Fig. 10. Profile distribution of the diagenetic facies and sedimentary architecture parallel to the paleocurrent direction in the dense well pattern area of the Heshui 
area (see BB’ in Fig. 1c for the section position). 
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pattern area (Fig. 1c). It is found that there are significant differences in 
lateral extent of different diagenetic facies in the tight sandstones 
(Table 2 and Fig. 9). 

The maximum lateral extent of different diagenetic facies in the 
horizontal wells is shown in Table 2. The maximum lateral extent of ED 
diagenetic facies is up to approximately 720 m, suggesting that the 
actual maximum lateral extent of ED diagenetic facies may be greater 
than 720 m due to the limitations of the drilling length of horizontal 
wells. The maximum lateral extent of GCI and PFI diagenetic facies are 
smaller than that of ED diagenetic facies, about 420 m and 350 m, 
respectively. ECC and TC diagenetic facies have maximum lateral ex
tents of less than 30 m and 160 m, respectively. This may be due to the 
relatively high drilling ratio of high-quality reservoirs for ED, GCI and 
PFI diagenetic facies in horizontal wells in the study area, while the ECC 
and TC diagenetic facies are rarely encountered in horizontal wells. That 
is, the type of diagenetic facies developed in the horizontal sections is 
related to the drilling ratio of high-quality sandstones. The above ana
lyses show that the maximum lateral extent of diagenetic facies in the 
Chang 6 tight sandstones can be greater than 700 m or even less than 50 
m, indicating that the distribution of diagenetic facies in the 
sublacustrine-fan tight sandstones is extremely complex. 

5.1.2. Complex stacking patterns and geometries of diagenetic facies within 
the framework of sedimentary architecture correlation 

The stacking patterns of diagenetic facies in the Chang 6 sandstones 

of the Heshui area were constructed within the framework of sedimen
tary architecture correlation of multiple wells. Variations of the five 
diagenetic facies in the Chang 6 sandstones depend on two sets of multi- 
layer correlation sections parallel and perpendicular to the paleocurrent 
direction in the dense well pattern area of the Heshui area. Various 
diagenetic facies exhibit a variety of geometric forms and are super
imposed in varied styles (Figs. 10 and 11). Diagenetic facies appears to 
vary more rapidly perpendicular to the paleocurrent direction than that 
parallel to the paleocurrent direction, indicating more heterogeneity in 
the former (Figs. 10 and 11). The ED and GCI diagenetic facies are 
present across the study area, especially the GCI diagenetic facies. The 
ED diagenetic facies with relatively good reservoir quality are generally 
elongated or lenticular parallel or perpendicular to the paleocurrent, 
and are mostly found in the middle of the channel and lobe sandstones 
(ⓐ, ⓑ in Fig. 10 and ⓒ, ⓓ in Fig. 11). The GCI diagenetic facies is 
widely distributed in the lobe sand bodies, usually irregularly sur
rounding ED diagenetic facies (ⓔ in Fig. 10) or adjacent to PFI diage
netic facies (ⓕ in Fig. 10). The PFI diagenetic facies can usually be 
detected at the bottom of the lobe sandbodies (ⓖ in Fig. 10) or the lobe 
margin sandbodies (ⓗ in Fig. 11) in elongated shapes. The ECC and TC 
diagenetic facies typically occur as thin intervals near the sandstone- 
mudstone contacts (ⓘ, ⓙ in Fig. 10), or as isolated lenses that are 
recognizable in only one or two wells in the correlation sections (ⓚ, ⓛ 
in Fig. 10 and ⓜ in Fig. 11). Moreover, the ECC diagenetic facies is 
locally adjacent to TC diagenetic facies (ⓝ in Fig. 10 and ⓞ in Fig. 11), 

Fig. 11. Profile distribution of the diagenetic facies and sedimentary architecture perpendicular to the paleocurrent direction in the dense well pattern area of the 
Heshui area (see CC’ in Fig. 1c for the section position). 

Table 3 
Scale variations of various diagenetic facies of the Chang 6 tight sandstones obtained from the integrated analysis of horizontal wells and development wells with small 
spacing in the dense well pattern area.  

Diagenetic facies Width perpendicular to the paleocurrent direction (m) Length parallel to the paleocurrent direction (m) Maximum thickness (m) 

Main range of variation Average Main range of variation Average Main range of variation Average 

ED 400–4000 1500 600–4200 1600 2.0–11 5.0 
GCI 400–2800 1800 500–5300 2500 2.0–13 7.5 
PFI 500–3400 1200 300–3500 1500 1.5–7.0 3.0 
ECC 200–2200 600 350–3600 1200 0.5–3.5 1.5 
TC 150–2700 800 450–2500 1000 0.5–5.5 2.0  
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which may be due to the intense mechanical compaction of the TC 
diagenetic facies leading to fluid expulsion and thus facilitating the 
formation of abundant carbonate cements in the adjacent sandstone 
(Miocic et al., 2020). Irrespective of whether the diagenetic facies occur 
in different architectural units or different positions of the same archi
tectural unit within the sublacustrine-fan deposits, the diagenetic facies 
always displays variations in stacking patterns (Figs. 10 and 11). But 
generally speaking, the various diagenetic facies from PFI to GCI to ED 
are typically superimposed sequentially within a complete lobe sand 
body from bottom to top, the TC diagenetic facies commonly occurs 
lateral to the PFI diagenetic facies at the margins of the lobe sand bodies, 
and the ECC diagenetic facies is generally randomly distributed on the 
top and bottom of the ED or GCI diagenetic facies and may overlap with 
TC diagenetic facies. 

5.2. Quantitative scale of diagenetic facies for the Chang 6 tight 
sandstones 

Based on the analyses of diagenetic facies distribution patterns in the 
Chang 6 tight sandstones in thin intervals, the quantitative scale varia
tions of different diagenetic facies are summarized (Table 3), including 
the width perpendicular to the paleocurrent direction, the length par
allel to the paleocurrent direction and the maximum thickness. The 
width and length extents of the GCI diagenetic facies are the largest, 
ranging from 400 m to 2800 m (average 1800 m) and 500 m–5300 m 
(average 2500 m), respectively. The average maximum thickness of the 
GCI diagenetic facies is approximately 7.5 m. The width and length 
extent of the ED diagenetic facies range from 400 m to 4000 m (average 
1500 m) and 600 m–4200 m (average 1600 m), respectively, both of 
which are mostly less than that of the GCI diagenetic facies. Maximum 
thicknesses of both GCI and ED diagenetic facies can exceed 10 m. The 
PFI diagenetic facies has width and length extents of 500–3400 m and 
300–3500 m, respectively. The length along the paleocurrent direction 
of the ECC diagenetic facies is locally greater than 3500 m, although the 
average maximum thickness is about 1.5 m, indicating that the length of 

the ECC diagenetic facies is weakly associated with its maximum 
thickness. For the TC diagenetic facies, the width and length extents are 
commonly less than 2700 m, and the maximum thickness is generally 
less than 5.5 m with an average of 2 m. On the whole, the GCI diagenetic 
facies has the largest width perpendicular to the paleocurrent direction, 
length along the paleocurrent direction and the maximum thickness, 
followed by the ED diagenetic facies (Table 3). From PFI, ED to GCI 
diagenetic facies, the average of width (1200 m, 1500 m–1800 m) and 
length (1500 m, 1600 m–2500 m) and the average of maximum thick
ness (3 m, 5 m to 7.5m) tend to increase. But for the same type of 
diagenetic facies, as illustrated in Figs. 10 and 11, the lateral extent is 
not significantly correlated with the maximum thickness, especially for 
the ECC diagenetic facies that can extend very far more than 3000 m 
with a thickness of less than 1.5 m (Table 3), demonstrating the 
extremely high variability and complexity of the distribution of tight 
sandstone diagenetic facies within sublacustrine-fan deposits. 

5.3. Variations in thickness and proportion of various diagenetic facies 
associated with lake-level cycles 

Based on the analysis of the relationship between the distribution of 
different diagenetic facies and the changes in lake-level in the Chang 6 
interval, it is found that variations in thickness and proportion (i.e., the 
ratio of the thickness of a diagenetic facies to the total thickness of the 
interval) of diagenetic facies are closely related to lake-level changes 
(Fig. 12). The thin intervals of Chang 6_3_3 to Chang 6_2_1 from bottom 
to the top show lake level falling first and then rising (Qu et al., 2021). 
As shown in Fig. 12, from Chang 6_3_3 to Chang 6_3_2 and Chang 6_3_1 
to Chang 6_2_2, the maximum thickness and proportion of the ED, GCI 
and PFI diagenetic facies generally exhibit a general increasing trend 
with the falling lake-level, whereas this relationship is opposite for the 
TC diagenetic facies. Furthermore, the maximum thickness and pro
portion of the ED, GCI and PFI diagenetic facies commonly show a 
decreasing trend with the rising lake-level from Chang 6_2_2 to Chang 
6_2_1 (Fig. 12), whereas this relationship is opposite for the TC 

Fig. 12. Variations in the maximum thickness and proportion of various diagenetic facies associated with lake-level cycles in the Heshui area.  
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diagenetic facies with relatively poor reservoir quality. However, the 
maximum thickness and proportion of the ECC diagenetic facies do not 
vary significantly with lake-level changes (Fig. 12), which may be due to 
the fact that carbonate cementation is significantly controlled by prop
erties of the pore fluids and the adjacent mudstones in the deep-water 
gravity-flow deposits (Dutton, 2008; Yang et al., 2018; Wang et al., 
2019; Civitelli et al., 2023). 

5.4. Spatial variation model for diagenetic facies in tight sandstones from 
sublacustrine-fan deposits 

By summarizing the distribution characteristics of diagenetic facies 
in the Chang 6 sandstones, a spatial variation model of diagenetic facies 
in tight sandstones within sublacustrine-fan deposits is proposed 
(Fig. 13). It can been seen there are significant differences in diagenetic 

Fig. 13. Three-dimensional model showing the spatial variation in diagenetic facies of tight sandstones within sublacustrine-fan deposits. (a) Distribution of 
diagenetic facies among different sedimentary architectures and lithofacies associations in the sublacustrine-fan deposits; (b) Characteristics of diagenetic alterations 
and pore systems in different diagenetic facies. The descriptions of the diagenetic facies codes ED, GCI, PFI, ECC, TC and the lithofacies codes Sc, Sm, Ss are shown 
in Table 1. 
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facies between different lithofacies, different architectural elements and 
different parts of the same architectural element (Ⓐ-Ⓖ in Fig. 13). 

The GCI diagenetic facies is the most widely distributed facies in the 
sublacustrine-fan deposits, whereas the ECC and TC diagenetic facies are 
relatively few. The ED diagenetic facies with relatively good reservoir 
quality is mainly developed in the middle of channels and lobes, 
generally in the form of elongated lenses. The GCI and PFI diagenetic 
facies with relatively moderate reservoir quality are always distributed 
around the margins of ED diagenetic facies, mainly developing in the 
lobe main bodies or locally at the edges of channels. The TC diagenetic 
facies with relatively poor reservoir quality typically occurs along the 
margins of lobes in the form of isolated lenses or thin beds. The ECC 
diagenetic facies is commonly developed in fine-grained sandstones (Sc 
or Sm lithofacies) at the top and bottom of lobes and channels or in 
siltstone to very fine-grained sandstones (Ss lithofacies) at the margins 
of lobe sand bodies. Furthermore, the diagenetic facies and reservoir 
quality vary more significantly in the direction perpendicular to the 
paleocurrent than in the direction parallel to the paleocurrent. Overall, 
from the center to the edge of the channel and from the main body to 
margin of the lobe, sandstones of the ED and GCI diagenetic facies with 
relatively good reservoir quality gradually change to the sandstones of 
the ECC and TC diagenetic facies with relatively poor reservoir quality 
(Fig. 13), which is helpful for the prediction of high-quality reservoirs 
and the exploration and development of tight sandstone oil. 

6. Conclusions 

(1) Five diagenetic facies are recognized in the Chang 6 tight sand
stones, including ED, GCI, PFI, ECC and TC diagenetic facies. The 
BP neural network method is used to build an identification 
model of diagenetic facies based on conventional well logs with 
an identification accuracy of 84.97%, and the blind test shows the 
high consistency of the predicted results with core analysis 
results.  

(2) Diagenetic facies of tight sandstones within sublacustrine-fan 
deposits show extremely high variability and complexity in 
space. The GCI diagenetic facies is most widely distributed within 
lobe sand bodies as elongated lenses, usually irregularly sur
rounding the ED diagenetic facies or adjacent to the PFI diage
netic facies. The TC diagenetic facies is commonly found in lateral 
superposition with the PFI diagenetic facies at the margins of the 
lobe sand bodies, and the ECC diagenetic facies is generally 
randomly distributed in the form of thin beds on the top and 
bottom of the ED or GCI diagenetic facies and may overlap with 
the TC diagenetic facies.  

(3) From the PFI, ED to GCI diagenetic facies, the average width 
perpendicular to the paleocurrent direction, the length parallel to 
the paleocurrent direction and the maximum thickness tend to 
increase. But for the same type of diagenetic facies, the lateral 
extent is not significantly correlated with the maximum thick
ness, especially for the ECC diagenetic facies that can extend 
laterally for more than 3000 m with a thickness of less than 1.5 m. 
In addition, variations in thickness and proportion of various 
diagenetic facies are closely associated with lake-level cycles. 
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