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Vertical fracture patterns are mapped in the outcrops to analyze the impact of mechanical stratigraphy on
vertical fractures in the relatively undeformed Upper Triassic tight oil sandstones of the Yanchang Formation
along Yanhe River in the east Ordos Basin, China. The relationship between natural fractures and different
bounding interfaces are analyzed based on rock relative strength measurement by N-type Schmidt Hammer,
fracture and facies description in the outcrops. According to the probability of the bounding interface termi-
nating natural fractures being more than 20%, seven types of mechanical interfaces terminating fracture lon-
gitudinal propagation are identified, namely 1) the interface of laminae-set or laminae co-sets, 2) bedding surface
interface, 3) accretionary interface, 4) mudstone interbed, 5) mudstone barrier, 6) calcareous barrier and 7)
depositional scour interface. According to fracture sizes and the mechanical interfaces which constrain fracture
propagation, the vertical fractures are divided into micro-scale, small-scale, meso-scale and macro-scale ones.
Three possible vertical fracture patterns in various sedimentary microfacies of the shallow water delta deposits
are discussed based on field outcrop observation, the restriction capacities of different mechanical interfaces and
the temporally changing tectonic stress. Finally, the application of vertical fracture patterns for subsurface
fracture prediction is carried out in the Ansai Oilfield in the eastern Ordos Basin, China. The predicted fractures
in wells are consistent with the fractures obtained from cores and conventional logs. This study links sedimentary
stratigraphy, mechanical stratigraphy and natural fractures in the tight oil sandstones within a relatively un-
deformed setting, meanwhile unravels the vertical fracture patterns in different sedimentary microfacies of the
shallow water delta deposits in the study area. The results will thus guide subsurface fracture prediction between
wells in the tight oil sandstones of the eastern Ordos Basin.

1. Introduction parameters in single wells can be obtained from cores, image logs and

thin sections (Lai et al., 2018; Lyu et al., 2019); however, the network of

Tight oil, accumulating in tight sandstones or carbonates, is an
important and hot unconventional petroleum resource around the world
(Zou et al., 2015; Eia, 2021). Fractures are important storage spaces and
main fluid-flow pathways in tight oil sandstones with low matrix
porosity and permeability (Zeng et al., 2013; Lyu et al., 2019). There-
fore, the fluid flow prediction in tight oil sandstones requires under-
standing the fracture network distribution. Quantitative fracture

fractures, especially vertical fractures, are poorly sampled by vertical
borehole data (Nelson et al., 2000). The quantitative fracture parame-
ters and patterns between wells are hard to be obtained by
low-resolution seismic data and the relatively low-accuracy reservoir
geomechanical method (Chen et al., 2016; Lyu et al., 2021).

Under the effect of a certain regional tectonic stress within a rela-
tively undeformed setting, the fracture patterns are largely controlled by
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mechanical stratigraphy rather than faults and folds (Underwood et al.,
2003; Rustichelli et al., 2012). Mechanical stratigraphy refers to rock
strata with similar mechanical behavior or consistent mechanical
properties (Cooke et al., 2006; Laubach et al., 2009). Mechanical stra-
tigraphy consists of the mechanical unit and mechanical interface
(Cooke et al., 2006; Rustichelli et al., 2013, Fig. 1). The mechanical
interface can be an interface or a layer with a certain thickness, which
terminates fracture longitudinal propagation (Fig. 1). In general, frac-
tures are developed in a mechanical unit and terminated at the me-
chanical interfaces (Cooke et al., 2006, Fig. 1). In other words, fracture
stratigraphy is equal to mechanical stratigraphy during fracture for-
mation. Thus, determining the mechanical interfaces and reasonably
dividing the mechanical stratigraphy provide an important guidance for
understanding and predicting fracture distribution between wells
(McGinnis et al., 2017).

Many studies have been done on the impact of mechanical stratig-
raphy on fracture distribution, pattern, linkage and cluster formation,
thus providing guidance for subsurface fracture prediction in aquifer
and petroleum reservoirs (Underwood et al., 2003; Laubach et al., 2009;
Lamarche et al., 2012; Panza et al., 2016; McGinnis et al., 2017; Dashti
et al., 2018; Balsamo et al., 2020; Boersma et al., 2020). However, most
of these researches were focused on carbonate reservoirs, chalks and
mudstones, and few works have been done on tight sandstone reservoirs.
In addition, some researchers discussed the controlling role of sedi-
mentary facies or stratigraphic architecture on mechanical and fracture
stratigraphy in carbonates, sandstones, etc (Barbier et al., 2012; Ogata
et al., 2017; Cawood and Bond, 2018; Giuffrida et al., 2020). However,
fracture patterns in different sedimentary faices have not been fully
discussed. Additionally, the impact of mechanical stratigraphy on frac-
ture pattern in tight sandstones needs further study since the charac-
teristics of mechanical stratigraphy, sedimentary facies and fracture
patterns in tight sandstones are different from those in carbonates,
chalks and mudstones.

The original components and structures of rocks change due to the
different hydrodynamic conditions, depositional environment and
diagenetic modifications after deposition, and the rock mechanics
properties of the internal layer are different, showing strong heteroge-
neity (Underwood et al., 2003; Larsen et al., 2010). Consequently, the
sedimentary stratigraphy is not always in accordance with the me-
chanical stratigraphy (Larsen et al., 2010). Generally, a mechanical unit
can be a single sedimentary unit or multiple sedimentary units with
similar rock mechanical properties (Cooke et al., 2006). In addition,
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Fig. 1. The schematic diagram shows mechanical stratigraphy.
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various type and degree of diagenetic modifications between layers with
different grain size could result in temporally changing of mechanical
stratigraphy (Shackleton et al., 2005; Cawood and Bond, 2018). The
present-day mechanical properties in a fractured rock may not be the
same as the properties when the fractures were formed (Panza et al.,
2016). Alternatively, fractures may form in the early stages of burial
diagenesis when the interfaces did not act as mechanical interfaces
(Lamarche et al., 2012). Therefore, fracture stratigraphy is not neces-
sarily equal to the present-day mechanical stratigraphy because of the
time-dependent feature of rock mechanical properties (Laubach et al.,
2009).

Vertical fractures are widely developed in the tight sandstones of the
Upper Triassic Yanchang Formation in the Ordos Basin (Zeng and Li,
2009). The fracture characteristics, formation time, distribution char-
acteristics, contributions to reservoir physical properties and oil pro-
duction of the Upper Triassic Yanchang Formation have been studied
(Zeng et al., 2007; Zeng and Li, 2009; Zhou et al., 2012; Wang et al.,
2013; Ju et al, 2014; Lyu et al.,, 2019). Fractures are obviously
controlled by the sedimentary bedding from the outcrops, since fractures
are generally normal to and terminate at the sedimentary bedding sur-
face (Zeng and Li, 2009). Fractures commonly have regular spaces in the
same sedimentary layers; and the average spacing of intraformational
fractures is present a positively linear correlation to the bed thickness
(Lyu et al., 2019). However, sedimentary stratigraphy and mechanical
stratigraphy are not in accordance in most cases (Larsen et al., 2010).
The impact of mechanical stratigraphy on fracture patterns is not clear
in the Ordos Basin.

In this study, firstly, rock relative strength measurement by N-type
Schmidt Hammer, fracture and facies description are carried on the
outcrops of the tight oil sandstones of the Yanchang Formation in the
eastern Ordos Basin (Fig. 2). The relationships between natural fractures
and different bonding interfaces in the studied outcrops are analyzed.
Then, the effectiveness of different types of bounding interfaces as me-
chanical interfaces is assessed based on the probability of the bounding
interface terminating natural fractures. Fracture hierarchy division is
established based on the different mechanical interfaces, which
constrain fracture propagation, and fracture sizes. Moreover, vertical
fracture patterns in different sedimentary microfacies of the shallow
water delta deposits are discussed based on the impact of mechanical
stratigraphy. In addition, according to a total of 284.2 m of cores from 8
vertical wells, conventional logs from 123 wells and electrical borehole
image logs from 2 wells, subsurface fracture identification and sedi-
mentary study are conducted on the tight oil sandstones of Chang 6 in
the Ansai Oilfled, Ordos Basin. Finally, the application of vertical frac-
ture patterns for subsurface fracture prediction is carried out in Ansai
Oilfield in the east Ordos Basin, China. The study describes the rela-
tionship among sedimentary stratigraphy, mechanical stratigraphy and
natural fractures in the tight oil sandstones within a relatively unde-
formed setting. Simultaneously, it draws vertical fracture patterns from
stratigraphic information, which provides guidance for subsurface
fracture prediction between wells in the study area.

2. Geological setting
2.1. Location and structure

The Ordos Basin is located in central China (Fig. 3a). According to
the modern tectonic features and basement characteristics of the Ordos
Basin, it can be divided into six tectonic units, including the Jinxi fault-
fold belt to the east, the Weibei uplift to the south, the Tianhuan
depression and the Western thrust belt to the west, the Yimeng uplift to
the north and the Yishan slope in the central (Lai et al., 2019, Fig. 3b).

The studied outcrops of the Upper Triassic Yanchang Formation are
located in the east Yishan slope of the Ordos Basin, and well-exposed
along Yanhe River in the Yanchang County, Yan’an City (Figs. 3b and
). According to the lithology, fossil assemblages, the Upper Triassic
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Fig. 2. The workflow of the research steps.

Yanchang Formation is divided into ten members (Chang 10 to Chang 1)
from bottom to top. The outcrops of Chang 10 to Chang 2 run from the
west bank of the Yellow River along the Yanhe River to the west via
Wangjiahe Village, Zhangjiatan Town, Yanchang County to Ganguyi
Town, Yan’an City (Fig. 3d). The outcrops of Chang 1 extend westward
from Yaodian to Qiaogou Town, Yan’an, and are exposed along a road.
The total length of the Yanchang Formation outcrops is about 60-80 km.
The outcrops are about 20 m high along the road and 3 m high along the
valley of Yanhe River. In addition, the studied outcrops are analog ones
of the Yanchang Formation of Ansai oilfield, which is located in Ansai
City (Fig. 3b).

Under the effect of the surrounding mountains (Qinling, Liupang,
Huolan, Yin and Lyuliang Mountains), faults and folds are distributed
along the margins of the Ordos Basin (Fig. 3b). Whereas, the Yishan
slope is in a relative undeformed setting, and a smooth monocline with
an east-west dip of less than 1° exits (Du et al., 2019; Xu and Wang,
2020). Based on the tectonic deformation traces and the regional tec-
tonic deformation characteristics, the Upper Triassic Yanchang Forma-
tion has experienced four episodes of tectonic compression stresses,
namely Late Triassic, Late Triassic to Late Cretaceous, Paleogene to
Neogene and Present day (Yang, 2002). According to the longitudinal
bending folds, conjugate fractures and shear zones in the Jurassic strata
and Paleogene strata of the Ordos Basin, and the occurrence of the
principal stress, the directions of SHmax of Late Triassic to Late Creta-
ceous and Paleogene to Neogene are 310° and 30°, respectively (Yang
et al., 2008; Zeng, 2008). Based on rock acoustic emissions of the Yan-
chang Formation, the magnitudes of the SHmax of Late Triassic to Late
Cretaceous and Paleogene to Neogene are 93 MPa and 87 MPa,
respectively (Zhang, 1996).

2.2. Stratigraphy and sedimentology

The Ordos Basin is rich in oil and gas resources and mainly contains
two hydrocarbon systems, that is Paleozoic gas system and Mesozoic oil
system (Yang et al., 2013). Abundant oil resources of Mesozoic oil sys-
tem are present in the Upper Triassic Yanchang Formation (Zhang et al.,
2015). The Upper Triassic Yanchang Formation is overlain by Early
Jurassic strata, and rests unconformably on the Middle Triassic Zhifang
Formation (Fig. 4). The Upper Triassic Yanchang Formation of the study
area is developed lacustrine-delta continental deposits and mainly
controlled by the northeast sediment source (Lai et al., 2017; Qu et al.,
2020). The Ordos Bain experienced three large subsidence during Early
and Middle Triassic, and formed three large-scale lacustrine trans-
gressions marked by shale developed in Chang 9, Chang 7 and Chang 4
+ 5, respectively (Fig. 4; Zhao et al., 2015; Lai et al., 2016; Li et al.,
2020). The delta deposits of the Yanchang Formation of the studied
outcrops and Ansai Oilfield are mainly distributary channel, mouth bar,
overbank sandbody, sheet sandbody and interdistributary bay (Fu,
2013).

The cumulative thickness of the Yanchang Formation in the studied
outcrops is 1140.8 m (He et al., 2011). From bottom to top, the lithology
of the Yanchang Formation consists of grayish-green medium-thick
massive fine-grained sandstone, grey siltstone interbedded with
dark-grey mudstone and black oil shale (Fig. 4). Some fine-grained
sandstones and shales are rich in oil in the outcrops of Chang 6 to
Chang 8, where oil seepage is present (He et al., 2004). Petrophysical
parameter analysis shows that the porosity of the Yanchang Formation is
mainly less than 10% and the average permeability is less than 1 x 1073
pmz (Imd) (He et al., 2004; Golsanami et al., 2021a).
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Fig. 3. Location map of the Ordos Basin and outcrops. (a) Location of the Ordos Basin. (b) Location of the studied outcrops, main cities and tectonic units of the
Ordos Basin, with surface-exposed faults. (c) Geological map showing the studied outcrops in the eastern Ordos Basin. (d) Location of the studied outcrops along
Yanhe River in the eastern Ordos Basin (Figs. 3a and b were modified from Zeng and Li, 2009; Lyu et al., 2016a, 2017, 2019.).

3. Methods

The outcrops of Chang 1 to Chang 10 were firstly surveyed to un-
derstand the overall features of the Yanchang Formation, and determine
the boundary of each member of the Yanchang Formation. The detailed
analysis, measurement and photograph of sedimentary facies, fractures
and mechanical stratigraphies were predominantly carried on the out-
crops of Chang 6 to Chang 8, where tight oil resources are mainly

developed.

3.1. Facies description

Lithological characteristics in the outcrops were determined through
petrographic analysis. The lithology profiles in wells of the tight sand-
stones of Chang 6 in Ansai Oilfield were determined by cores and con-
ventional logs such as gamma ray log (GR), spontaneous potential log
(SP) and the caliper log (CAL). Mineral identification was attempted to
use Scanning Electron Microscopy images based on the fractal geometry
method and deep convolutional autoencoder networks (Karimpouli and
Tahmasebi, 2019; Golsanami et al., 2021b). Calcareous cements were
identified using diluted hydrochloric acid. Architectural elements refer
to bodies of rock strata characterized by specific lithofacies assemblages,
lithosome geometries, scales and contact relationships (Miall, 1988a, b).

Lithofacies, architectural elements and sedimentary interfaces were
analyzed, classified and described employing a modified version of the
popular classification scheme of Miall (1988a, b). The longitudinal
distribution of sedimentary stratigraphy was determined according to
one or several of the following respects: weathering profile, lithology,
sedimentary structure, and fossil content.

3.2. Fracture data collection

The fracture attributes include fracture strikes, dip angles, heights
and spacings along scanlines that are parallel to the outcrop strike,
which were systematically measured by using a geologic compass and a
linen measuring tape in the outcrops (Guerriero et al., 2010). The re-
lationships between fracture longitudinal propagation and different
bounding interfaces were analyzed. The numbers of fractures termi-
nated at and propagating through the bounding interfaces were counted,
respectively. The fracture patterns in different sedimentary architecture
were sketched and photographed in the field study. The fracture iden-
tification in wells of the tight sandstones of Chang 6 in Ansai Oilfield was
based on cores, image logs and conventional logs using the methods
proposed by Lyu et al. (2016a, 2016b) and Lai et al. (2018).
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Fig. 4. Schematic stratigraphy, stratigraphic subdivision, sedimentary facies of the Yanchang Formation in the eastern part of the Ordos Basin (modified from Zhao

et al., 2015; Lai et al., 2017; Qu et al., 2020).

3.3. Rock relative strength measurement

The present-day in-situ stiffness of rock was measured using an N-
type Schmidt Hammer (Katz et al., 2000; Aydin and Basu, 2005) to
characterize the relative competence of the present-day mechanical
stratigraphy layers and rock (Ferrill and Morris, 2008; McGinnis et al.,
2017). The N-type Schmidt Hammer is a portable device that measures
the present-day mechanical rebound value (hereafter “rebound value
R") of a hammer impacting the rock (Ferrill and Morris, 2008). It pro-
vides a quick and inexpensive proxy for rock mechanics data since other
approaches for obtaining rock mechanics data (such as Brazilian tensile
test, unconfined and confined compression test, the method based on
Archie’s coefficients [Golsanami et al., 2020], ect.) are time consuming
and expensive. The rebound analysis used in this work was followed by
the approach describe by Morris et al. (2009) and Ferrill et al. (2011).

Firstly, to avoid the influence of uneven rock surface, weathering and
denudation on the measured values, the rock surface, which is relatively
straight and fresh, no weathering and denudation, was selected to
measure. Then, the measurements were carried on subvertical rock
surfaces to eliminate the gravity effect. Multiple rebound values R (at
least 10 values) were measured at the same measuring point to avoid the
randomness of measurement. The average value of the rebound values R
was taken as the rebound value R of each measuring point. The rebound
value R is a dimensionless measure of rock strength, which has been
correlated to unconfined compression strength and Young’s modulus
through laboratory testing (Katz et al., 2000; Aydin and Basu, 2005).
The rebound values R of different lithologies and the rock near where

fracture terminations were obtained from Schmidt hammer in this work.
It is important to keep in mind that the measured rebound values are
unlikely to reflect actual behavior of the rock when it was deforming, or

even at present-day subsurface conditions. Since unloading, thermal
contraction, freezing, weathering, drying, and changes in the amount,
phase, or composition of fluid in the rock can all influence rock strength
characteristics (Ferrill et al., 2017). However, the R-value profiles could
be used to reflect some aspects of relative competence among rock layers
and from locality to locality (Morris et al., 2009). The profile of relative
rock mechanical property was established by the R-value profiles ob-
tained from N-type Schmidt Hammer.

3.4. Identification of mechanical interfaces

In combination with the fracture patterns and scales, the mechanic
interface was determined by the natural-fracture termination probabil-
ity of the bounding interface (Underwood et al., 2003). Namely, the
mechanic interface is required that the ratio of the number of the frac-
tures terminated at the bounding interface versus the total number of
fractures terminated at and propagating through the bounding interface
is not less than a, which is obtained from the statistical results:

100%{

The mechanical stratigraphy in the outcrops was divided according
to the longitudinal distribution of sedimentary stratigraphy, the profile
of relative rock mechanical property and longitudinal distribution of
mechanical interfaces. Similarly, the mechanical stratigraphy in wells
was determined according to the lithology profile, the profile of relative
rock mechanical property and longitudinal distribution of mechanic
interfaces.

> a, mechanicinterface
< a,non—mechanicinterface

No.of Terminations «
No.of Terminations +No. of Crossings
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4. Results
4.1. Natural fractures

Natural fractures of the Yanchang Formation in the outcrops along
Yanhe River are commonly nearly vertical to layers, and display high dip
angles (Fig. 5, Supplementary Fig. 1). Four sets of natural fractures,
trending east to west, northwest to southeast, north to south and
northeast to southwest, are developed in the tight sandstones of Chang 6
to Chang 8. Fracture lengths are less than 14 m (45.9 ft) in most cases,
and only few fracture lengths are greater than 20 m (65.6 ft) (Fig. 6a).
Generally, the number of fractures decreases with the increase of frac-
ture length. The fracture heights are generally less than 2.1 m (6.9 ft),
with most of fracture heights ranging from 0.1 to 1.1 m (0.3-3.6 ft)
(Fig. 6b).

4.2. The relationship between natural fractures and bounding interfaces

Field outcrop surveys have shown that fractures are usually termi-
nated at, or propagate through, or slip along the bounding interfaces
(Fig. 5; Supplementary Fig. 1).

According to the outcrops of Chang 6 to Chang 8, the relationships
between natural fractures and bounding interfaces are divided to three
types (Fig. 5; Supplementary Fig. 1): (1) natural fractures are developed
and arrested within the layer (IF); (2) natural fractures, developed in the
layer, are arrested at and perpendicular to the bounding interface (AF);
(3) natural fractures penetrate through bounding interfaces, and are
developed in multiple layers (TF). The first two types of fractures are
intraformational fractures, and the third type of fracture is trans-
formational fractures. About 70% of fractures are intraformational
fractures, and about 30% of fractures are transformational fractures in
the outcrops of Chang 6 to Chang 8 (Fig. 7).

According to the relationship between vertical fractures and layers,
the patterns of vertical fractures are divided into six types (Fig. 8). (1)
The first type of fracture is developed in a single layer and presents
prefect bed-bounded (Fig. 8a). In this case, fractures are arrested at the
bounding interfaces. Fractures developed in the same layer have the
same fracture space. The greater the layer thickness, the greater space
between fractures could be. (2) The second type of fracture is developed
in a single layer and arrested within the layer (Fig. 8b). (3) The third
type of fracture is developed in a single layer, and one tip of the fractures
is arrested at the bounding interface, with another tip being arrested
within the layer (Fig. 8c). (4) The fourth type of fracture is developed in
multiple layers and presents prefect bed-bounded (Fig. 8d). In this case,

Fig. 5. Natural fractures of Chang 7 in the outcrops near Zhangjiatan Town. AF
= fractures arrested at bounding interface of layers; IF = fractures arrested
within the layers; TF = fractures penetrate through bounding interfaces. See
Fig. 3d for the location of Zhangjiatan Town.
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a range of interbedded fractured layers is present. Fractures developed
in the same layer have the same fracture space. With the increase
number of the layers, the fracture spaces increase. (5) The fifth type of
fracture cuts through multiple layers, and one tip of fractures is arrested
at the bounding interface, with another tip being arrested within the
layer (Fig. 8e). (6) The sixth type of fracture spans multiple layers and
presents unbounded by bounding interface (Fig. 8f).

4.3. Bounding-interface types and their probabilities terminating fractures

According to the observation directly by naked eye, bubble in-
dications by diluted hydrochloric acid and the Schmidt Hammer
rebound values collected in each bed in the outcrops, 8 types of
bounding interfaces that terminate fractures are mainly present in the
study area: (1) the interface of laminae-set (Fig. 9a; Supplementary
Fig. 2a) or laminae co-sets, which is corresponding to the first to the
second interface (Table 1); (2) bedding surface interface (Figs. 9b and c;
Supplementary Figs. 2b and 2c), which is corresponding to the second to
the third interface (Table 1); (3) accretionary interface (Fig. 9c; Sup-
plementary Fig. 2c), which is corresponding to the third interface
(Table 1); (4) calcareous interbed (Fig. 9d; Supplementary Fig. 2d),
which is corresponding to the second to the third interface (Table 1)
mainly depended on its thickness; (5) mudstone interbed (Fig. 9e;
Supplementary Fig. 2e), which is corresponding to the second to the
third interface (Table 1) mainly depended on its thickness; (6) mudstone
barrier (Fig. 9f; Supplementary Fig. 2f), which is corresponding to the
fourth to the fifth interface (Table 1) mainly depended on its thickness;
(7) calcareous barrier (Fig. 9g; Supplementary Fig. 2g), which is corre-
sponding to the third to the fourth interface (Table 1) mainly depended
on its thickness; (8) depositional scour interface (Fig. 9h; Supplementary
Fig. 2h), which is corresponding to the fourth to the fifth interface
(Table 1).

In combination with fracture patterns and scales, according to the
statistics of the ratio of the number of fracture terminations versus the
total number of fracture terminations and crossings at the 74 different
bounding interfaces, the average probabilities of the calcareous barriers
and the mudstone barriers terminating fractures are nearly 100% and
95.7%, respectively. The average probability of the mudstone interbed is
77%, while the average probability of the accretionary interface is
73.8%. In addition, the average probability of the depositional scour
interface is 72.1%, and the average probabilities of the laminae-set
interface, the bedding surface interface and the calcareous interbed
are 66.7%, 25% and 15%, respectively (Table 2). According to the sta-
tistics of the 74 bounding interfaces, the probability of 11 bounding
interfaces terminating fractures is less than 20%, accounting for 14.1%
of the total bounding interfaces (Fig. 10). Combined with the fracture
patterns at these 11 bounding interfaces, more that 80% fractures
propagate through these bounding interfaces, and these bounding in-
terfaces cannot control the fracture distribution. When the probability of
the bounding interfaces terminating fractures is greater than 20%, the
bounding interfaces can control the fracture distribution.

4.4. Sedimentary facies

The Chang 6 and Chang 8 in the study area are formed in a shallow
water delta environment (Fu, 2013), and the sedimentary microfacies of
sandstones include distributary channel (Figs. 11a, b, ¢, d; Supplemen-
tary Figs. 3a, b, ¢, d), (river) mouth bar (Fig. 11e; Supplementary Fig. 3e)
and sheet sandbody (Fig. 11f; Supplementary Fig. 3f), among which the
distributary channels are the dominant microfacies.

4.4.1. Distributary channel

According to the characteristics and distribution locations of dis-
tributary channels, distributary channels are mainly divided into main
distributary channels (Figs. 11 a, b, ¢; Supplementary Figs. 3a, b, ¢) and
terminal distributary channels (Fig. 11 d; Supplementary Fig. 3d).
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4.4.1.1. Main distributary channel. The main distributary channel is the
main distributary system of shallow water delta, which is widely
developed in the study area. According to the field outcrop observation,
the sandbodies of the main distributary channels are formed by vertical
fillings, which are mainly further divided into horizontal filling
(Figs. 11a and b; Supplementary Figs. 3a and b), and arc-shaped filling
(Fig. 11c; Supplementary Fig. 3c).

The sandbody is horizontally and vertically superposed in the main
distributary channel with vertically horizontal filling (Figs. 11a and b;

Supplementary Figs. 3a and b). It is commonly a bedding surface
interface or obvious accretionary interface between each accretion. The
thickness of the whole distributary channel changes little laterally.
Parallel beddings are mainly developed, and cross beddings are occa-
sionally seen in the upper part of distributary channels. The lithology is
mainly fine-grained sandstone.

On the other hand, the sandbody is arc-shaped and vertically su-
perposed in the main distributary channel with vertically arc-shaped
filling (Fig. 11c; Supplementary Fig. 3c). The main distributary chan-
nel with vertical arc-shaped filling has a bedding surface interface or
obvious accretionary interface between each accretion. The thickness is
thick in the middle and thin to the two sides. Its lithology is mainly fine
sandstone, siltstone, and muddy siltstone.

4.4.1.2. Terminal distributary channel. The terminal distributary chan-
nel develops at the end of the shallow water delta system, with weak
incising (Fig. 11d; Supplementary Fig. 3d). The terminal distributary
channel is wide but its thickness is small (generally less than 2 m). The
thickness is relatively thick in the middle and thin in the two sides,
showing the fining upward characteristics. The lithology is mainly fine
sandstone and siltstone. It is commonly a bedding surface interface,
whereas accretionary interface is developed in some cases.

4.4.2. Mouth bar

The sandbody of mouth bars is coarse at the top and fine at the
bottom (Figs. 9c and 11e; Supplementary Figs. 2c and 3e). The lower
accretion is dominated by siltstone and argillaceous siltstone, whereas
the upper accretion has coarser grain size and is dominated by fine-
grained sandstone. The upper and lower accretions are commonly
separated by accretionary interface. Bedding surface interfaces are
generally present in both upper and lower accretions. The whole
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sandbody of mouth bar has a lenticular shape with a flat bottom and a
convex top.

4.4.3. Sheet sandbody

Sheet sandbody, with a thin thickness, is widely distributed and
interbed with mudstone barriers (Fig. 11f; Supplementary Fig. 3f). It is
mainly composed of siltstone, and usually has horizontal bedding or is
massive.

5. Discussion
5.1. Mechanical interfaces

According to the field outcrop observations, it is possible to simul-
taneously observe some fractures terminating at the bounding interface
and the others propagating through the bounding interface. In other
words, not all bounding interfaces can constrain fracture propagation.
Therefore, the above-mentioned bounding interfaces cannot be served

()

as the mechanical interfaces controlling the distribution of all the frac-
tures. The mechanical interfaces controlling the distribution of fractures
cannot always restrain the longitudinal extension of all the fractures.
Thus, it is necessary to analyze whether the bounding interface can be
served as the mechanical interface for a specific area or not.
According to the probability of bounding interfaces terminating
natural fractures obtained from field geological statistics, Underwood
et al. (2003) defined the bounding interface that can terminate more
that 50% of natural fractures as the mechanical interface in Silurian
dolomite, northeastern Wisconsin. In this study, according to the sta-
tistical analysis of the average probability of 74 different bounding in-
terfaces terminating fractures, except for calcareous interbeds (Fig. 10),
the average probability of other bounding interfaces terminating frac-
tures is more than 20%. According to the field observation, it is found
that calcareous interbeds are easier to form natural fractures than
non-calcareous interbeds, with few cases restricting the longitudinal
propagation of fractures. In addition, different types and hierarchies of
bounding interfaces have different restriction capacities for the
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Fig. 9. Photos of bounding interfaces terminating fractures in the study area. (a) Laminae-set interface in the outcrop in Tanjiahe Village (The geological hammer
stands for the size scale). (b) Bedding surface interface in the outcrop in Tanjiahe Village (The geological hammer stands for the size scale). (c) Accretionary interface
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Mudstone barrier in the outcrop near Wangjiahe Village. (g) Calcareous barrier in the outcrop (modified from Han et al., 2014). (h) Depositional scour interface in the
distributary channel in the outcrop near Dongjiahe Village. See Fig. 3d for the locations of Dongjiahe Village, Tanjiahe Village, Zhangjiatan Town and Wang-
jiahe Village.
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Table 1
Hierarchies of bounding interfaces in shallow water delta (modified from Miall,
1988a; Wu et al., 2013; Ahmed et al., 2014).

Reservoir architecture units Bounding-interface hierarchies

Distributary channel-mouth bar complex
Distributary channel/mouth bar
Accretion

Laminae co-sets

Laminae set

Lamina

SO NWSHAOU

Table 2
The number of different bounding interfaces and their average probabilities
terminating fractures.

Bounding interface ~ The number of the The average probabilities of the

types bounding interface bounding interface terminating
fractures

Calcareous barrier 1 100%

Mudstone barrier 26 95.7%

Mudstone interbed 3 77%

Accretionary 8 73.8%
interface

Depositional scour 11 72.1%
interface

Laminae-set 1 66.7%
interface

Bedding surface 23 25%
interface

Calcareous 1 15%
interbed

longitudinal propagation of fractures (Fig. 10). Thus, the bounding
interface that terminates more than 20% of fractures is treated as the
mechanical interface restricting fracture propagation in the tight sand-
stones of the study area.

5.2. Fracture hierarchy division

As previously mentioned, the different relationships between vertical
fractures and layers (Fig. 8) in the tight sandstones lead to formation of
fractures with different longitudinal propagations, heights and lengths.
Different types and hierarchies of mechanical interfaces, even the same
type of mechanical interface, have different restriction capacities for the
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longitudinal propagation of fractures (Fig. 10), indicating that vertical
fractures have multiple scales. As mentioned above, fractures are
developed in the mechanical unit and arrested at mechanical interfaces
(Underwood et al., 2003; Cooke et al., 2006). According to fracture sizes
and the mechanical interface which constrains fracture propagation,
natural fractures generally can be divided into macro-scale, meso-scale,
small-scale and micro-scale ones in the tight sandstones in the study area
(Fig. 12; Supplementary Fig. 4):

Micro-scale fractures are developed with a single sandbody. Micro-
scale fractures are millimeters in length or less. These fractures are
commonly observed by magnification with help of microscopes, which
are not easy to directly observed in the outcrops.

Small-scale fractures are also developed within a single sandbody
and constrained by the mechanical interfaces, such as the interfaces of
laminae set or laminae co-sets, bedding surface interfaces, accretionary
interfaces, mudstone barriers, etc., and these mechanical interfaces are
generally corresponding to the first to the fifth interfaces (Table 1).
These fractures are mainly jointed fractures and generally normal to
bedding planes. Their heights commonly vary from centimeters to
decimeters.

Meso-scale fractures are developed within multiple sandbodies.
These fractures are constrained by the mechanical interfaces, such as the
mudstone interbeds with a certain thickness, accretionary interface,
mudstone barriers, etc., which are mainly corresponding to the third to
the fifth interfaces (Table 1). Meso-scale fractures cut through the in-
terfaces of laminae set or laminae co-sets, bedding surface interface, etc.,
which are commonly corresponding to the first or the second interfaces
(Table 1). Their heights are commonly several meters.

Macro-scale fractures are developed within sandstone groups, and
constrained by the mechanical interfaces (such as the depositional scour
interfaces, calcareous barriers and mudstone barriers with thick thick-
ness), which are mainly corresponding to the fourth to the fifth in-
terfaces (Table 1). These fractures cut through the interfaces of laminae
set or laminae co-sets, mudstone interbeds and calcareous interbeds,
etc., which are mainly corresponding to the first to the third interfaces
(Table 1). Their heights commonly range from several to tens of meters.

According to the characteristics of multi-scale fractures, although
micro-scale fractures are widely developed in the tight sandstones,
multi-scale factures in the outcrops for directly observation refer to
small-scale, meso-scale and macro-scale ones.

The rock mechanical properties, the thickness of mechanical stra-
tigraphy and tectonic stress affect the longitudinal propagation and
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Fig. 11. Photos of main sedimentary microfacies of the tight sandstones of Chang 6 to Chang 8 in the outcrops along Yanhe River. (a) The main distributary channel
with vertically horizontal fillings in the outcrop near Dongjiahe Village (the thick yellow dotted line indicates); (b) the main distributary channel with vertically
horizontal fillings (the thick yellow dotted) in the outcrop in the Tanjiahe Village; (c) the main distributary channel with vertically arc-shaped fillings in the outcrop
near Dongjiahe Village (the thick yellow dotted line indicates); (d) the terminal distribution channel in the outcrop in Wangjiahe Village (the thick yellow dotted line
indicates); (e) the mouth bar in the outcrop near Zhangjiatan Town,; (f) the sheet sand in the outcrop near Zhangjiatan Town (the thick yellow dotted lines indicate).
The red lines indicate small-scale fractures, the green lines indicate meso-scale fracture and the blue lines indicate macro-scale fractures. See Fig. 3d for the locations
of Dongjiahe Village, Tanjiahe Village, Zhangjiatan Town and Wangjiahe Village. (For interpretation of the references to colour in this figure legend, the reader is

referred to the Web version of this article.)
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Fig. 12. Multi-scale fracture distribution of Chang 6 in the outcrop in Tanjiahe Village. See Fig. 3d for the location of Tanjiahe Village.

termination of fractures (Cooke et al., 2006; Larsen et al., 2010; Strijker
et al., 2012). The restriction ability of the same type of mechanical in-
terfaces on fracture longitudinal propagation varies in a range, namely,
sometime that is strong and sometime that is weak (Fig. 10). That may
attribute to the different tectonic stresses during fracture formation, the
different thickness of the mechanical interfaces, and the different

11

mechanical-property difference between mechanical interfaces and
mechanical units caused by temporally changing mechanical stratig-
raphy. Thus, in different cases with different tectonic stresses or the
different mechanical-property difference between mechanical interfaces
and mechanical units, the same type of mechanical interface arresting at
fractures at different scales may be different from that mentioned
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previously. But the relative restriction ability of the mechanical inter-
face arresting at fractures at different scales is determined. Namely, the
restriction ability of mechanical interface arresting at macro-scale
fractures is the strongest, next being that arresting at meso-scale and
small-scale fractures.

5.3. Vertical fracture patterns in different sedimentary microfacies

Tectonic stress is the one of main external forces for fracture for-
mation (Nelson et al., 2000). A sedimentary basin is usually subjected to
multi-phase tectonic stresses, and the tectonic stresses usually vary in
different phases (Yang, 2002). Fractures in the tight sandstones of the
Yanchang Formation in the Ordos Basin are mainly formed in two pe-
riods, namely Late Jurassic and Late Cretaceous to Paleogene, which are
formed due to different tectonic stress fields (Zeng et al., 2007). In
addition, it is precisely that the mechanical properties of rock are
changed due to diagenesis, which leads to the temporal change of me-
chanical stratigraphy (Shackleton et al., 2005). Consequently, the frac-
ture pattern could be temporal change because of the temporal change
of tectonic stress and mechanical stratigraphy.

According to the fracture hierarchy division, the field outcrop
observation, the different restriction capacities of different mechanical
interfaces and the temporally changing tectonic stress, possible vertical
fracture patterns in different sedimentary microfacies could be as
follows.

5.3.1. Vertical fracture patterns in the distributary channel

5.3.1.1. Vertical fracture patterns in the main distributary channel. Ver-
tical fracture patterns in the main distributary channel with vertically
horizontal fillings are mainly present three types. Firstly, when the re-
striction capacities of the mechanical interfaces (corresponding to the
first to the third interfaces [Table 1] such as the interfaces of laminae set
or laminae co-sets, the bedding surface interface and accretion interface)
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are strong or the tectonic stress during fracture formation is weak, the
main distributary channels with vertical accretion horizontal fillings are
mainly developed small-scale fractures; whereas meso-scale fractures
are locally developed, and few macro-scale fractures are present
(Figs. 11b and 13a; Supplementary Fig. 3b). In this case, the average
space of multi-scale fractures has a positively linear correlation to the
average thickness of mechanical stratigraphy (Fig. 14a). With the
weaker restriction capacities of the first to the third interfaces or the
greater of the tectonic stress during fracture formation, some small-scale
and meso-scale fractures propagate longitudinally and cut through the
first to the third interfaces to form meso-scale and macro-scale fractures,
respectively. Therefore, the number of meso-scale and macro-scale
fractures increase (Fig. 13b). When the restriction capacities of the
first to the third interfaces are very weak or the tectonic stress during
fracture formation is very great, most small-scale and meso-scale frac-
tures propagate longitudinally and cut through the first to the third in-
terfaces to form macro-scale fractures. Consequently, the macro-scale
fractures are mainly developed, whereas small-scale and meso-scale
fractures are locally developed (Fig. 13c).

Similarly, vertical fracture patterns in the main distributary channel
with vertically arc-shaped fillings are mainly divided into three types.
When restriction capacities of the mechanical interfaces (corresponding
to the first to the third interfaces [Table 1] such as the interfaces of
laminae set or laminae co-sets, bedding surface interface and accretion
interface) are strong or the tectonic stress during fracture formation is
weak, the main distributary channel with vertically arc-shaped fillings
are mainly developed small-scale fractures, next being meso-scale frac-
tures, whereas macro-scale fractures are locally developed (Figs. 11c
and 15a; Supplementary Fig. 3c). In this case, the small-scale fractures
are arrested at and vertical to the first to the third interfaces; the meso-
scale fractures cut through the first to the third interfaces, and are
arrested in the main distributary channel. The macro-scale fractures are
mainly distributed in the two side of the main distributary channel. The
macro-scale fractures penetrate the whole main distributary channel,
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pacities of the mechanical interfaces (namely the first to the third interfaces such as the interfaces of laminae set or laminae co-sets, bedding surface interface and
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and are arrested at the fourth to the fifth interfaces (such as mudstone
barriers). The fracture space decreases from macro-scale fractures to
small-scale fractures. With the weaker restriction capacities of the first
to the third interfaces or the greater of the tectonic stress during fracture
formation, some small-scale and meso-scale fractures propagate longi-
tudinally and cut through the first to the third interfaces to form meso-
scale and macro-scale fractures, respectively. Thus, the number of meso-
scale and macro-scale fractures increase (Fig. 15b). When the restriction
capacities of the first to the third interfaces are very weak or the tectonic
stress during fracture formation is very great, macro-scale fractures are
mainly developed, whereas small-scale and meso-scale fractures are
locally developed (Fig. 15c¢).

5.3.1.2. Vertical fracture patterns in the terminal distributary channel.
Vertical fracture patterns in the terminal distributary channels may
mainly contain three types. When restriction capacities of the mechan-
ical interfaces (the first to the third interfaces [Table 1] such as the
laminae-set interface and the bedding surface interface) are strong or the
tectonic stress during fracture formation is weak, the terminal distrib-
utary channels are mainly developed small-scale fractures, next being
meso-scale fractures (Figs. 11d and 16a; Supplementary Fig. 3d). The
spaces of fractures at the same scale in the central part of the terminal
distributary channel are greater than those in the two sides of the ter-
minal distributary channel, because the sandbody thickness decreases
from the central part to the two sides of the terminal distributary
channel. As the restriction ability of the first to the third interfaces be-
comes weak or the greater of the tectonic stress during fracture forma-
tion, some small-scale and meso-scale fractures propagate longitudinally
and cut through the first to the third interfaces. Consequently, small-
scale and meso-scale fractures become to be meso-scale and macro-
scale fractures, respectively (Fig. 16b). When the restriction ability of
the first to the third interface is very weak or the tectonic stress during
fracture formation is very great, most small-scale and meso-scale frac-
tures propagate longitudinally through the first to the third interfaces. In
this case, macro-scale fractures are mainly developed in the terminal
distributary channels, with few meso-scale and small-scale fractures are
developed (Fig. 16c¢).

5.3.2. Vertical fracture patterns in the mouth bar

Vertical fracture patterns in the mouth bars may mainly present
three types. The small-scale, meso-scale, and macro-scale fractures are
developed in the mouth bar (Figs. 11e and 17a; Supplementary Fig. 3e).
Small-scale fractures are arrested at the first to the third interfaces
(Table 1) (such as the interfaces of laminae set or laminae co-sets, the
bedding surface interfaces and the accretionary interfaces). Meso-scale
fractures are arrested at the third interfaces, such as accretionary
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interfaces. Macro-scale fractures, which are distributed in the entire
mouth bar, cut through the bedding surface interfaces and the accre-
tionary interface, and arrested at the mudstone barriers (the fourth to
the fifth interface). When the first to the third interfaces have strong
ability to restrict the fracture longitudinal propagation or the tectonic
stress during fracture formation is weak, small-scale fractures are mainly
developed, next being meso-scale fractures, whereas few macro-scale
fractures are developed (Figs. 11e and 17a; Supplementary Fig. 3e). In
this case, the space of macro-scale fractures is the largest, next being
meso-scale and small-scale fractures. The average thickness of me-
chanical stratigraphy and the average space of multi-scale fractures
present a positively linear correlation (Fig. 14b). As the restriction
ability of the first to the third interfaces becomes weaker or the tectonic
stress during fracture formation becomes greater, some small-scale and
meso-scale fractures propagate longitudinally and cut through the first
to the third interfaces to form meso-scale and macro-scale fractures,
respectively (Fig. 17b). When the restriction ability of the first to the
third interfaces is very weak or the tectonic stress during fracture for-
mation is very great, most of small-scale and meso-scale fractures
propagate longitudinally to form macro-scale fractures. In this case, the
mouth bar is mainly developed macro-scale fracture, whereas few small-
scale and meso-scale fractures are locally developed (Fig. 17c¢).

5.3.3. Vertical fracture patterns in the sheet sandbody

Field outcrop observation shows that small-scale fractures are
developed in the sheet sandbody and arrested at the fourth to the fifth
interfaces (Table 1) such as the mudstone barriers (Figs. 11f and 18;
Supplementary Fig. 3f). No meso-scale and macro-scale fractures are
developed in the sheet sandbody because of the strong restriction ability
of the fourth to the fifth interfaces.

5.4. Application of vertical fracture patterns for subsurface fracture
prediction

Subsurface fracture prediction is important for tight oil exploration
and development because fractures are major storage space and seepage
channels for tight oil (Zeng and Li, 2009). Moreover high-precision
fracture characterization between wells is vital for understanding sub-
surface fracture distribution (Lyu et al., 2016b). Though the fractures in
the subsurface may be different from those in the analogous outcrops
(Zeng, 2008), the vertical fracture patterns in different sedimentary
facies obtained from outcrops can provide guidance for subsurface
fracture characterization between wells. In addition, fracture models of
different sedimentary facies could be established respectively based on
the vertical fracture patterns in different sedimentary facies obtained
from analog outcrops to improve the accuracy of fracture modelling.
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Fig. 16. The schematic diagrams showing the multi-scale fracture patterns in the terminal distributary channel. (a) When restriction capacities of the mechanical
interfaces (namely the first to the third interfaces such as the laminae-set interface and bedding surface interface) are strong or the tectonic stress during fracture
formation is weak; (b) with the weaker restriction capacities of the first to the third interfaces or the greater of the tectonic stress during fracture formation; (c) when
the restriction capacities of the first to the third interfaces are very weak or the tectonic stress during fracture formation is very great.
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Thus, the vertical fracture patterns in different sedimentary facies ob-
tained from outcrops could improve the understanding of subsurface
fracture distribution, which provides a geological basis for tight oil
exploration and efficient development.

As mentioned above, the outcrops of Chang 6 along Yanhe River are
analogous outcrops of Chang 6 in the Ansai Oilfield, which is near Yanhe
river (Fig. 3b), since they have similar sedimentary and tectonic envi-
ronments. Thus, the vertical fracture patterns in the distributary chan-
nels of Chang 6 obtained from the outcrops along Yanhe River could be
used for the subsurface fracture pattern prediction in the tight sand-
stones of Chang 6 in the Ansai Oilfield.

As mentioned previously, the fracture patterns in the main
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Fig. 17. The schematic diagrams showing
the multi-scale fracture patterns in the
mouth bar. (a) When restriction capacities of
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distributary channel with vertically horizontal fillings of Chang 6 ob-
tained from the outcrops along Yanhe River are established (Fig. 13a).
The relationships between the space of fractures at different scales and
the thickness of mechanical stratigraphy where developed correspond-
ing fractures are unraveled (Fig. 14a). The influence of the mechanical
interface such as mudstone interbed on fracture longitudinal propaga-
tion is analyzed. Then the mechanical stratigraphy in wells and fine
anatomy of the internal architecture of distributary channels are
determined. Finally, the fracture distribution in the main distributary
channel with vertically horizontal fillings of well W1 to well W4 is
predicted (Fig. 19). The results show that small-scale fractures are
developed in the accretionary sandbodies, and arrested at the mudstone
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Fig. 18. The schematic diagram showing the multi-scale fracture patterns in the sheet sand. Because of the strong restriction ability of the fourth to the fifth in-
terfaces, such as mudstone barriers, only small-scale fractures are developed in the sheet sand.
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Fig. 19. Multi-scale fracture distribution in the main distributary channels among wells W1 to well W4 of Chang 6 in the Ansai Oilfeild. The predicted fractures in
wells are consistent with the fractures obtained from cores and conventional logs by the method of comprehensive fracture index log (CFI) provide by Lyu

et al. (2016a).

interbeds. Small-scale fracture developed in the same accretion has
equal space. Meso-scale fractures are developed locally at the two side of
the main distributary channels. The thickness of mudstone interbed
varies from 0.2 to 0.5 m in wells W1 to W4, which has strong restriction
ability arresting fracture longitudinal propagation. No fractures are
present in the mudstone interbed. The predicted fractures in wells W1
and W4 are consistent with the fractures obtained from cores and con-
ventional logs by the method of comprehensive fracture index log (CFI)
provide by Lyu et al. (2016a) (Fig. 19; Lyu, 2017). Therefore, the vertical
fracture pattern in different sedimentary facies obtained from outcrops
could give an implication for subsurface fracture pattern prediction
between wells.

6. Conclusions

(1) Seven types of mechanical interfaces are present in the Yanchang
Formation of the Ordos Basin, namely, the interface of laminae-
set or laminae co-sets corresponding to the first to the second
interface, bedding surface interface corresponding to the second
to the third interface, accretionary interface corresponding to the
third interface, mudstone interbed corresponding to the second to
the third interface, calcareous barrier corresponding to the third
to the fourth interface, mudstone barrier and depositional scour
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interface both corresponding to the fourth to the fifth interface.
The average probability of the mechanical interfaces terminating
fractures is more than 20%.

(2) According to fracture sizes and the mechanical interfaces con-

straining fracture propagation, natural fractures are divided into
four scales in the tight sandstones. Micro-scale fractures are
developed with a single sandbody and millimeters in length or
less. Small-scale fractures are also developed within a single
sandbody and constrained by the first or fifth interface. Their
heights commonly vary from centimeters to decimeters. Meso-
scale fractures are developed within multiple sandbodies, con-
strained by the third to the fifth interface, and cut through the
first to the second interface. Their heights are commonly several
meters. Macro-scale fractures are developed within sandstone
groups, constrained by the fourth to the fifth interface, and cut
through the first to the third interface. Their heights are several to
tens of meters.

(3) Three possible vertical fracture patterns in different sedimentary

microfacies of the shallow water delta deposits are present in the
study area. Generally, with increase of the restriction capacities
of the mechanical interfaces terminating fractures or the decrease
of tectonic stress during fracture formation, small-scale fractures
are more developed, whereas meso-scale and macro-scale
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fractures are less developed. The application in the tight oil
sandstones of the Ansai Oilfield suggests that these vertical
fracture patterns can guide subsurface fracture prediction be-
tween wells in the study area, thus providing a geological basis
for tight oil exploration and efficient development.
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