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Ema	� The elastic modulus of the rock skeleton, MPa
AC	� The Acoustic wave travel time, µs/m
DEN	� The Bulk density, g/cm3
CAL	� The Caliper, mm
GR	� The Natural Gamma Ray, GAPI
RS	� The Shallow lateral resistivity, OHMM
RD	� The Deep lateral resistivity, OHMM

Introduction

The Tarim Basin has broad prospects for oil and gas explo-
ration. The Tahe Oilfield, in the Akekule arch of the central 
uplift of the Tarim Basin, has been an important explora-
tion block in this area since its discovery (Liu et al. 2019; 
Hu, 2022). Previous studies have shown that the Ordovi-
cian carbonate reservoirs in the Tahe Oilfield are mainly 
fractured-vuggy reservoirs, and fracturing is one of the 
main controlling factors for the oil and gas enrichment of 

Nomenclature
FI	� The Fracture Development Index
AFE	� The Automatic Fault Extract
FMI	� The Fullbore Formation Micro-resistivity Scanning 

Imaging Logging
E	� The Young’s modulus, MPa
σ	� The Poisson’s ratio
∆tc	� The longitudinal wave time difference, µs/ft
∆ts	� The transverse wave time difference, µs/ft
ρb	� The density, g/cm3
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Abstract
The distribution of fractures in fractured-vuggy reservoirs of Ordovician carbonate rock in the Tahe oilfield is one of the 
main controlling factors for oil and gas enrichment in this area. Determining the spatial distribution of fractures is the key 
to stable production in this area. First, this article uses cores and thin sections to analyse the characteristics of fractures. 
The area is dominated by structural fractures, with relatively few dissolution fractures and diagenetic fractures. The aver-
age length of the fractures is 5.25 cm, the average opening is 0.21 cm, the average angle is 40.33°, and the average line 
density is 3.05 lines/m. Second, rock mechanical parameters were calculated using dipole shear wave logging curves and 
conventional logging curves, and fracture development index (FI) curves were constructed. Using the variations in the 
performance characteristics of the FI curve the spatial distribution patterns of fractures in different fracture development 
segments are qualitatively analyse. The predicted results are then verified by combining core, thin section, and imag-
ing logging data, and the coincidence rate reached 83%. The following conclusions are drawn: Vertically, fractures are 
mostly concentrated in the Yijianfang Formation, with the characteristics of “small scale and scattered”. On the plane, 
the development scale of fractures in the denudation area is good, with great development potential. Combined with the 
production of each well, it is verified that the fracture development segment identified by the fracture FI curve has guiding 
significance for oil and gas exploration.
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the Ordovician carbonate rocks in the Tahe Oilfield, and a 
prerequisite for the long-term high and stable production of 
the Tahe Oilfield (Aguilera 1988; Li et al. 2016, 2021; Feng 
et al. 2022).

The spatial distribution of subsurface fractures is very 
complex and it is difficult to predict and characterize (Gil-
lespie et al. 2001; Zhang et al. 2019). Currently, outcrops, 
core observations, logging calculations, seismic attribute 
analyses, and numerical simulations are mainly applied to 
study subsurface fractures (Liu et al. 2017; Ghasem et al. 
2019; Lv et al. 2020). Fracture development types and local-
ized fracture spatial distribution patterns can be identified 
through core and outcrop observation studies, which can be 
used to establish a subsurface fracture development model 
(Wang et al. 2016; Mahaman et al. 2021; Wu et al. 2022). 
However, the method is susceptible to later remodeling and 
the fractures observed are not primary. In recent years, vari-
ous quantitative fracture prediction methods with different 
focuses have gradually emerged. Among them, methods 
for predicting fractures using geophysical attributes are the 
most commonly used, including the application of coher-
ence, curvature, ant tracking, AFE and other methods (Vola-
tili et al. 2022). However, their prediction accuracy is often 
greatly affected by seismic resolution and processing meth-
ods. Fracture prediction technology based on stress field 
numerical simulation can quantitatively predict the distribu-
tion of fractures to a certain extent, accounting for the mag-
nitude of in situ stress in different periods. However, this 
method has difficulty accurately assigning targeted values to 
different rock physical properties. Although the well point 
constraint method has improved the accuracy of fracture 
prediction to a certain extent, its prediction range is limited, 
and the prediction accuracy is significantly negatively cor-
related with the distance from the well point (Zhang et al. 
2022). Conventional logging is often insufficiently sensitive 
to fracture identification due to its limited detection distance, 
while only qualitatively analyzing the site of fracture devel-
opment, which is greatly compensated by the emergence of 
special logging (Sun et al. 2014; Dong et al. 2020). Fracture 
identification using a combination of imaging logging data 
and dipole share wave logging from special logging can 
greatly improve the accuracy of fracture prediction.

Therefore, after comprehensively considering the rock 
mechanics properties of different lithologies, fracture pre-
diction accuracy and economic benefits, we chose to use 
logging curves to predict fracture distribution. Firstly, the 
values of rock mechanical parameters were calculated 
using dipole shear wave logging curves and conventional 
logging curves. Secondly, we established fracture devel-
opment index (FI) curves to predict single-well fracture 
development segments based on the rock mechanical char-
acteristics of different lithologies. The spatial distribution 

characteristics of fractures were qualitatively analyzed by 
taking the differences in the FI curves of fracture develop-
ment segments. Finally, the predicted results were verified 
by combining cores and FMI image logging, and the spatial 
distribution pattern of fractures in the study area was clari-
fied. In the end, the role of fracture spatial development pat-
tern in controlling the hydrocarbon production is discussed 
in conjunction with the vertical oil-producing layer and the 
cumulative oil production of a single well. fracture develop-
ment segment.

Geological setting

The Tahe Oilfield is located on the Akekule arch, a sec-
ondary structural unit in the middle of the Shaya uplift in 
the northern Tarim Basin (Fig. 1). The northern part of the 
bulge is the Shaya Luntai fault uplift, the southern part is 
the Shuntuogole uplift, the western part is the Halahatang 
depression, the eastern part is the Caohu depression, and the 
southeast part is the Manjiaer depression. Block B of the 
Tahe oil field is located in the northwestern part of the Tahe 
oil field, which is a main hydrocarbon generating area in the 
Ordovician of the Tarim Basin (Liu et al. 2022).

According to the drilling data, a total of 6 Ordovi-
cian stratigraphic units, including the Lower Ordovician 
Penglaiba, Lower-Middle Ordovician Yingshan, Middle 
Ordovician Yijianfang, Upper Ordovician Qiaerbake, Lian-
glitage, and Santamu Formations, from old to young, have 
been developed in the region. The target layers for predict-
ing fractures in the study area are the Yingshan Formation 
and Yijianfang Formation of the Middle and Lower Ordovi-
cian. The Ordovician Yingshan Formation and Yijianfang 
Formation are the main hydrocaron producing formations.

Under the action of multi-phase tectonic movements 
such as the Caledonian, Hercynian and Indosinian phases, 
the Ordovician strata gradually formed a tectonic pattern of 
high in the NE and low in the SW. The Ordovician carbon-
ate reservoirs in the area can be divided into three zones 
based on the two sets of O3l and O3s pinch lines through 
the area. The development patterns of the fracture-type res-
ervoirs formed by the Ordovician Yingshan Formation and 
Yijianfang Formation are not the same in the three regions.

Data and methods

The data used for identifying, characterizing, and predict-
ing the fractures currently in Block B of the Tahe Oilfield 
were collected from the Sinopec Northwest Oilfield Branch, 
including core data, conventional logging data, and FMI 
logging data. Here, with the comprehensive consideration 
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of the differences in rock mechanics properties caused by 
vertical lithologic changes, the fractures are identified and 
predicted by logging. In the natural fracture development 
segment, the Young’s modulus decreases and the Poisson’s 
ratio increases. Therefore, according to this feature, the rock 
mechanics parameters of the target interval can be calcu-
lated by using the P-wave and S-wave moveout acquired by 
dipole shear wave logging to build the Young’s modulus and 
Poisson’s ratio curves with logging data (Fig.  2). fracture 
development segmentfracture development segment.

The equation for Young’s modulus is:

E = 9.239× 107 × ρb

∆2
ts

× 3∆ts2 − 4∆tc2

∆ts2 −∆tc2
� (1)

The equation for Poisson’s ratio is:

σ = 1− 0.5 •∆ts2

∆ts2 −∆tc2
� (2)

Because dipole shear wave logging is expensive to set up, 
conventional logging is relatively inexpensive for setting 
up. Therefore, only one well in the study area contains 
dipole shear wave logging, and the rest of the wells are con-
ventional logging. So, it is necessary to build the conversion 
formula between the conventional logging curve and dipole 
shear wave logging curve according to the empirical for-
mula to realize the calculation of the rock mechanics param-
eters of different wells in the longitudinal direction by the 
conventional logging curve. The equation for dipole shear 
wave logging curve is:

∆ts =
∆tc

[1− 1.15×
(

1
ρb

)
+
(

1
ρb

)3

e(1/ρb)
]

1.5� (3)

Through the calculation of Young’s modulus and Poisson’s 
ratio rock mechanics parameters, the fracture development 
index (FI) based on the characteristics of rock mechanics of 

Fig. 1  (a) Structural unit division of the Tabei Uplift and location map of the Tahe Oilfield. (modified from Han et al. 2022); (b) Location map of 
Block B in the Tahe Oilfield; (c) Well location distribution map of Block B in the Tahe Oilfield
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effectiveness in small-scale fracture identification and spa-
tial distribution research.

Results and discussion

Identification of fracture development 
characteristics

Through the analysis of the development characteristics of 
core fractures in the Ordovician Yingshan Formation and 
Yijianfang Formation at 15 drilling wells in Block B of the 
Tahe Oilfield, it is believed that the core-scale fractures in 
this area are relatively well developed, while dissolution 
pores are poorly developed. Among the fracture types, the 
development of structural fractures dominates, while the 
development of dissolution fractures and diagenetic frac-
tures is relatively limited. The number of fractures from the 
denudation area to the transition area to the overburden area 
significantly decreases, the scale decreases, and the angle 
gradually decreases; overall, the fracture opening and lin-
ear density trends slowly decrease (Table 1). The number of 

different lithologies is constructed. The equation for fracture 
development index curve is:

FI =
Ema − E

Ema
+

σ

1− σ
� (4(3–4))

In the Eqs. 1–4: ∆tc and ∆ts are the longitudinal wave time 
difference and the transverse wave time difference, respec-
tively, µs/ft; ρb is the volume density of the rock, g/cm3; 
E is the dynamic Young’s modulus calculated by logging, 
MPa; σ is Poisson’s ratio, dimensionless; and Ema is the 
elastic modulus of the rock skeleton, which is a constant 
when the lithology is consistent, MPa.

To qualitatively analyze the spatial distribution charac-
teristics of fracturing in different fracture development sec-
tions by the variability of morphological characteristics of 
fracture development index FI curves. The final comprehen-
sive utilization of core, thin section, and FMI logging data 
from a total of 15 drilling wells (Vertical) in Block B of the 
Tahe Oilfield, including the Ordovician Yingshan Formation 
and Yijianfang Formation, verifies the FI curve, showing its 

Table 1  Summary of fracture development characteristics in different areas of Block B in the Tahe Oilfield
Area (number of wells) Denudation area

(9 Wells)
Transition area
(3 Wells)

Overburden area
(3 Wells)

Formation Yijianfang Yingshan Yijianfang Yingshan Yijianfang Yingshan
Number of fractures/piece 280 185 184 119 164 87
Fractures type Medium-high angle

Medium-large fractures
Medium-high angle
Medium fractures

Medium-low angle
Medium-small fractures

Length (mean)/cm 5.6 5.9 5.7 5.6 4.5 4.2
Aperture (mean)/cm 0.22 0.23 0.22 0.21 0.21 0.18
Angle (mean)/cm 51 53 43 38 31 26
Linear density strip (mean)/m 3.3 3.7 2.9 3.1 2.8 2.5

Fig. 2  Methodology flowchart
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time difference curve (AC), caliper logging curve (CAL), 
and natural gamma logging curve (GR) values increase, and 
the curve changes significantly; the density logging curve 
(DEN), deep and shallow lateral resistivity curves (RS) and 
(RD) values decrease, and the curves are mainly in the shape 
of concave. The rock mechanics curves show a decrease in 
the value of the Young’s modulus curve, an increase in the 
value of the Poisson’s ratio curve, and an increase in the 
values of both the shear modulus and bulk modulus curves. 
The FI curves calculated by applying the data of Young’s 
modulus and Poisson’s ratio show an increase in the value 
of the curves, an increase in the amplitude of the curve fluc-
tuations, and a sharp peak in the fracture development seg-
ment. Taking well X16 of denudation area as an example, 
based on the identification of the FI curve in the longitudinal 
direction, six fracture development intervals can be identi-
fied, with a maximum spacing of 40.2 m and a minimum 
of 6.4 m in the longitudinal fracture development interval. 
The maximum spacing between vertical fractures can reach 
48.3 m, and the minimum is only 10.1 m (Fig. 4). The cali-
bration of fracture development intervals by core and imag-
ing logging shows that the fracture development interval 
identified by the FI curve has a strong correlation with the 
core section and imaging logging data. Taking the X16 well 
as an example, the coincidence rate can reach 83%.

The FI curve identifies differences in the morphology of 
different fracture development segments and indicates dif-
ferent spatial distribution characteristics of fractures. Based 
on the analysis of the FI curve of 15 wells in the compre-
hensive research area, it is believed that the FI curve shape 
in Block B of the Tahe Oilfield can be summarized into 5 
styles, namely, finger type, double-peak type, funnel type, 
sawtooth type, and box type. Statistical analysis shows that 
the sawtooth curve shape dominates the fracture develop-
ment curve in both the Yingshan Formation and the Yiji-
anfang Formation in the study area, followed by the finger 
curve shape. The double-peak curve shape has the lowest 
number of fractures in both the Yijianfang Formation and 
the Yingshan Formation (Table 2).

The longitudinal distribution patterns of fractures indi-
cated by different curve shapes are different. Based on the 
corresponding relationships between different curve charac-
teristics and core and FMI logging results, it is concluded that 
they have the following indicative significance. The “finger 
type” curve is often characterized by the presence of local 
high values in the FI curve, and the “peak type” curve with 
abnormally high values corresponds to high-angle fractures 
with larger openings at the core scale or high-conductivity 
fractures with larger scales in imaging logs (Fig. 5a). The 
“sawtooth type” curve shows a phenomenon of frequent 
changes in the high and low values of the FI curve, reflect-
ing significant differences in the development of fractures 

fractures developed in the Yijianfang Formation is signifi-
cantly higher than that in the Yingshan Formation in each 
partition, and the characteristic parameters of other fractures 
are not significantly different. It is speculated that the large 
number of fractures developed in the Yijianfang Formation 
is not only controlled by the influence of tectonic movement 
but also related to the overall location of the Yijianfang 
Formation in the high part of the structure, which is more 
fully affected by weathering and leaching. The strata of the 
Yingshan Formation are mostly covered by the Yijianfang 
Formation. However, due to the large uplift amplitude of the 
strata in the north, the Yijianfang Formation has been com-
pletely eroded, resulting in the Yingshan Formation being 
briefly exposed to the surface under the influence of tectonic 
movements, resulting in the formation of a certain number 
of fractures.

High-angle structural fractures are very developed in 
the denuded area, commonly crosscut the rock core and are 
accompanied by dissolution and expansion. The fractures are 
semifilled, and the filling material is mostly asphalt, indicat-
ing that these fractures remained fairly open during hydro-
carbon generation and expulsion periods and can serve as 
effective channels for oil and gas migration (Fig. 3a, b). The 
fracture development in the transition zone is dominated by 
medium- to low-angle fractures, mostly in the semifilled 
state, and the filling material is mostly calcite (Fig. 3d, e). 
The development of fractures in the coverage area is mainly 
low-angle fractures, with only a small number of rock cores 
with high-angle fractures; there is large amount of mud fill-
ing in these fractures, resulting in a significant decrease in 
the hydraulic effectiveness of the fractures (Fig. 3g, h).

From thin sections, it can be observed that the fractures 
have obvious periodicity and typical cutting relationships. 
The early fractures are mostly filled with calcite, the frac-
ture width is often large, and the calcite particles are com-
plete (Fig. 3c, f). This indicates that the degree of fracturing 
in the early stage was relatively high, and the fluid activity 
in the later stage was sufficient, resulting in a high degree of 
fracture filling. However, the fractures in the later stage are 
all in an unfilled state in the casting thin sections, and these 
fracture surfaces are relatively straight and mostly distrib-
uted in an oblique fracture pattern, significantly cross-cut-
ting the fractures formed in the earlier stage (Fig. 3c, f, I, k).

Prediction of fracture development location using 
the FI method

Here, the FI curve is applied to identify and predict the frac-
ture development segment in the longitudinal direction of 
logging. In the fracture development segment, the logging 
response characteristics of all kinds of conventional logging 
curves will change accordingly. For example, the acoustic 
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Fig. 3  Development characteristics of core-scale fractures in dif-
ferent zones of Block B of the Tahe Oilfield. Denudation area: (a) 
Well X107, 5915.23 m, muddy-crystalline limestone with high-angle 
fractures, fracture dissolution expansion; (b) Well X167, 6177.23 m, 
muddy-crystalline limestone with low-angle fractures; (c) Well X335, 
6180.33  m, muddy-crystalline limestone, ×50, unfilled high-angle 
fractures cutting through early-stage horizontal fissures filled with 
calcite; (d) Well X38, 5978.21  m, microcrystalline limestone with 
high-angle fractures; (e) Well X99, 6166.21 m, microcrystalline lime-
stone with multiple low-angle fractures; (f) Well X335, 6178.22  m, 

muddy-crystalline limestone, ×25, unfilled high-angle fractures cut-
ting through early-stage fractures, fractures filled with calcite veins, 
vein length of 5  mm; (g) Well X40, 6155.23  m, muddy-crystalline 
limestone with high-angle fractures that cross-cut horizontal fractures; 
(h) Well X56, 6021.32 m, muddy-crystalline limestone with multiple 
low-angle fractures; (i) Well X335, 6186.41 m, bioclastic limestone, 
casting thin section, ×100, unfilled fractures are arranged in three sec-
tions with a right-step oblique arrangement; (k) Well X50, 6120.23 m, 
limestone, x25, two stages of fractures, with later filled fractures cut-
ting through earlier filled fractures
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The “funnel type” curve shows a gradual decrease in the 
degree of fracture development from top to bottom, and a 
corresponding longitudinal fracture development pattern 
can often be found in imaging logging data (Fig. 5d). The 
“box type” curve is characterized by the stable distribution 
of fractures in this section (Fig. 5e).

in different parts of the vertical direction. The prominent 
parts of the “sawtooth type” curve are densely distributed, 
while the concave parts are not developed (Fig.  5b). The 
“double-peak type” curve is often characterized by a high 
development of fractures at both ends and poor develop-
ment of fractures in the middle via FMI logging (Fig. 5c). 

Table 2  Statistical table of curve morphology and quantity of fracture development sections in Block B of the Tahe Oilfield
Morphology
Formation

Sawtooth type(number) Funnel type(number) Box Finger type(number) Double-peak type(number)

Yijiangfang 16 7 5 11 4
Yingshan 19 5 3 4 2
Sum 35 12 8 15 6

Fig. 4  Prediction and verification of fracture development segments 
using the FI method, taking well X16 in the denudation zone as an 
example. The area circled by the red box represents the longitudinal 

development of fractures. Different types of fracture development seg-
ments have been labeled at the FI curve and matched with core and 
FMI imaging logs
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Fig. 5  The vertical distribution of fractures indicated by different well logging shapes. (a)-(e) Spatial verification of FI curve morphology using 
core and FMI logging curves from different typical wells
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“multiple sections with small thicknesses and spacings”; 
the number of fractured sections in the Yingshan Formation 
is mostly 0–3, with a thickness of 0–5 m and a spacing of 
more than 10 m. This reflects a “small number of sections 
with small thicknesses and large spacings”. Through the 
identification of fracture segments in the study area, it is 
evident that the number of longitudinal fracture segments 
from the Yijianfang Formation to the Yingshan Formation 
significantly decreases (Fig.  6a), the thickness gradually 
decreases (Fig. 6b), and the interval between segments rap-
idly increases (Fig.  6c). This also indicates that the Yiji-
anfang Formation is more fully impacted by fractures and 
that the improvement in reservoir physical properties by 
fractures is more thorough there. This set of strata has more 
storage space than surrounding strata; however, the devel-
opment of fractures in the Yingshan Formation is relatively 

Spatial distribution patterns of fractures and their 
relationships with the oil

Vertical distribution pattern of fractures and its relationship 
with oil

A study on the vertical distribution of fractures in each well 
in the study area is conducted here based on the fracture 
development segment identified by the FI curve. The analy-
sis suggests that there is a significant difference in the devel-
opment characteristics of fractures between the Yijianfang 
Formation and the Yingshan Formation in the vertical direc-
tion. The number of fractured sections in the Yijianfang 
Formation is mostly 3–5, with thicknesses concentrated 
between 0 and 5 and 5–10 m and spacing mainly between 
0 and 10  m. The overall performance is characterized by 

Fig. 6  The frequency distribution of the characteristic parameters of 
the fracture development segment in the Yingshan Formation and Yiji-
anfang Formation (a-c). The frequency distribution of the characteris-

tic parameters of the fracture development sections in the denudation 
area, transition area and overburden area (d-f)
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The “sawtooth type” curve has the highest development 
degree in the research area, and the corresponding fracture 
development area often has the most obvious oil and gas res-
ervoir. The sawtooth areas effectively improve the reservoir 
performance of the reservoir in this section due to the exten-
sive development of fractures, providing effective space for 
oil and gas accumulation. The development degree of the 
“funnel type” curve gradually decreases from top to bottom, 
and the oil and gas production layers also show a decreas-
ing trend from top to bottom. The scale of the “finger type” 
curve is relatively small; in this case, the vertical section 
of fracture development is thin, and its peak development 
range is relatively limited, but the number of fractures is 
large, improving reservoir performance to a certain extent. 

poor, resulting in a significant decrease in reservoir perfor-
mance there.

Both the Yingshan Formation and Yijianfang Formation 
in the NE–SW direction show a significant decreasing trend 
in the development of fractures in the vertical direction. 
Among them, the Yijianfang Formation has a high degree of 
fracture development, and the FI curve has various shapes. 
The matching relationship between the fracture develop-
ment segment and the oil and gas reservoir is close. The 
fractures in the Yingshan Formation are relatively poorly 
developed and not well matched with oil and gas reservoirs. 
The curve shape of different fracture development positions 
in the vertical direction and the degree of matching with oil-
bearing layers are also not the same (Fig. 7).

Fig. 7  Comparison diagram of the FI curves for zone B of the Tahe Oilfield in the NE‒SW direction along well line X94-X107-X38-X40-X56
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small thickness and large spacing”. The number of fracture 
development segments from the denudation area to the tran-
sition zone to the overburden area significantly decreases. 
The maximum number of segments in the denudation area 
is 9, while the minimum number of segments in the over-
burden area is only 1 (Fig. 7d). The thickness of the fracture 
segments gradually decreases, transitioning from the thick 
layer fracture development segments to the thin layer frac-
ture development segments, with little difference in thick-
ness between the transition area and the overburden area 
(Fig.  7e). The spacing between fracture segments signifi-
cantly increases, and the medium to large spacing gradually 
dominates (Fig. 7f). This reflects a significant decrease in 
the degree of fracture development from the denudation 
area to the transition zone to the overburden area, and the 
denudation area has a better fracture development scale and 
greater development potential.

Based on the number of fracture development segments 
identified by the FI curve, the plane distribution of fractures 
in different zones is predicted. The plane distribution of 
fractures is mostly concentrated in the denudation area and 
has the characteristics of small scale and scattered distribu-
tion (Fig. 8a). After mapping the cumulative oil production 
of different wells, it is found that they have a strong match-
ing relationship with the number of fracture development 
segments in different areas. The number of highly frac-
ture development segments in the plane of the denudation 
area accounts for a relatively large area, and wells located 
in these high value zones have relatively high cumulative 
oil production(Fig.  8b). In the transition zone, due to the 
decline in the number of fracture development sections and 
the existence of high value zones only in some areas, the 
cumulative oil production has a clear downward trend. The 
occurrence of abnormally high cumulative oil production in 
well X99 should not be influenced solely by the degree of 
fracture development but should be related to other factors 
regarding the location of the well. The overburden area has 
the fewest fracture development segments, a low cumulative 
oil production. By verifying the cumulative oil production 
with the predicted results of fracture plane distribution, it is 
found that the predictions of this method match well with 
production data; thus, this method can be used to improve 
future work on this topic.

Through the study of the fracture plane and vertical dis-
tribution regulations in this area, it is found that whether it 
is the denudation area, transition area or overburden area, 
vertically it shows that the oil production of single wells 
with multiple fracture development segments is relatively 
higher, and there is a certain correlation between the num-
ber of fracture development segments and the oil production 
(Fig. 8a.b). The analysis found that the relative lithology of 
the carbonate origin strata in the region is relatively dense, 

The “box type” and “double-peak type” curves have poor 
matching with oil and gas reservoirs (Fig. 7).

Since the fractures identified by imaging logging are 
predominantly meter-scale fractures, most of the high-
conductivity fractures are in the range of 1–3 m in length, 
whereas the core-scale fractures are mostly centimeter-scale 
fractures. After comparing and verifying the FI curves with 
the cores and imaging logs of the wells in the study area, it 
can be clearly found that for the imaging logs to verify the 
FI curves, the correlation between the fracture development 
sites and the fluctuating sites of the FI curve morphology is 
good. The correlation between the top and bottom ranges of 
fractures and the top and bottom of the fluctuating section of 
the FI curve is high. Many fracture development sites in the 
X28 well imaging logs have a strong match with the fluc-
tuating section of the FI curve. For example, in the parts of 
X26 and X40 wells where the longitudinal extension length 
of the fracture is large, the FI curves show high values as a 
whole, and the magnitude of the fluctuations is influenced 
by the fracture continuity. Whereas the core-scale fractures 
are smaller in size, from their correspondence with the FI 
curve, the fractures with high angles and large openings 
correspond to the parts with the largest fluctuations in the 
FI curve, and the fluctuations in the FI curve slow down 
as the angles and openings decrease. From the statistics of 
the correspondence between the continuous coring and the 
fluctuating parts of FI curves of many wells, such as X16 
and X40, the fracture identification ability of FI curves can 
reach the 10 cm level most accurately.

Plane distribution pattern of fractures and its relationship 
with oil

Based on the O3l and O3s pinch-out lines, the study area 
is divided into different areas, and the fracture develop-
ment segments identified by the FI curve are used to study 
the plane distribution of fractures in different zones of the 
study area. The number of fracture segments in the denu-
dation area is generally less than 5, with a thickness of 
mostly 0–5 m and a spacing of 0–10 m. The development of 
fractures in the longitudinal direction is characterized by a 
“moderate number of segments, small thickness, and small 
spacing”. The number of fracture segments in the transition 
area is mostly 3–5, with a thickness of 5–10 m and a spac-
ing of more than 10 m. There, the development of fractures 
exhibits a characteristic of “moderate number of segments, 
medium thickness, and large spacing”; the number of frac-
ture segments in the overburden area is mainly 0–3, with 
most of the fracture segments concentrated below 5 m and 
a small amount at 5–10  m. The spacing between fracture 
segments is mostly more than 10 m, and the development 
degree is characterized by “small fracture segments with a 
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contrary, there is little or no oil production in the layers 
without fracture development (Fig.  8). However, not all 
fracture development segments are oil-producing layers, the 
fracture development segment at the longitudinal bottom of 
well X40 does not have oil production, but its longitudi-
nal fracture development level can provide a channel for oil 
transportation to the shallow layer, which leads to higher 
oil and gas production in the shallow fracture development 
segment of a single well. Therefore, it can be judged that the 
scale of fracture development has a strong correspondence 
with the development site of the petroleum producing layer 
in the area.

with low porosity and permeability, and the reservoir matrix 
is basically not capable of storage and seepage (Li et al. 
2023; Zhang et al. 2017). This has led to a relative lack of 
hydrocarbon channeling and transportation capacity of the 
Ordovician carbonate formations in the region. In areas with 
more vertically developed fracture segments, the Ordovi-
cian carbonate formations are more severely fractured, 
and the presence of natural fractures improves the physi-
cal properties of the formations, leading to the formation 
of high-quality reservoirs in this area. For example, many 
exploration wells such as X38, X107 and X56 show that 
the fracture development segments are the oil-producing 
segments, and the match between the two is high. On the 

Fig. 8  Plane distribution map of the number of fracture development 
segments and their relationship with oil and gas production. (a) Plane 
distribution of the number of fracture development segments; (b) The 

relationship between cumulative oil production for each well and the 
number of fracture development segments
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