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Abstract

A large amount of mud loss and the cluster design of hydraulic fracture stimulation in an oil-based mud horizontal well motivated running oil-
base microresistivity image logs in a 1600 m horizontal section in the Silurian Longmaxi Shale. The image log interpretation reveals the
distribution of natural fractures in the horizontal section and indicates that the horizontal section cuts through the structural fault identified from
structural dip analysis. However, the total mud loss of 342 m® occurred near the natural fractures in the horizontal section. This suggests that
the fractures could cause a large amount of the mud loss. The attributes of the fractures and the fault were used as important inputs for the
cluster design of hydraulic fracture stimulation in the horizontal well.

A total of 325 fractures in the horizontal section were recognized from the oil-base microresistivity image logs. In the target layer of the pilot
hole of the horizontal well, 19 cemented fractures were interpreted from electrical image logs. Core observations from the pilot well and
vertical offset wells indicate that the fractures in the Longmaxi Shale are fully cemented fractures. Both the core and electrical image logs
suggest that the 325 fractures observed on the oil-base microresistivity images could also be fully cemented fractures.

Fractures and minor faults are very common because of complex structural fault system in the Silurian Longmaxi Shale. However, it is
impossible to detect the fractures and minor faults from conventional open hole logs and seismic data because of resolution limitations. Water-
base electrical image logs, such as wireline image logs and logging-while-drilling (LWD) image logs, cannot be run in an oil-based mud
borehole. Although the oil-base microresistivity image log was a good solution for fracture and fault detection in the Longmaxi Shale, it has its
limitation in the distinction between open fracture and cemented fracture. Core observation and the geological background of the Longmaxi
Shale are used to overcome this limitation.

The case study presents that the attributes of fractures are important not only for the cluster design of hydraulic fracture stimulation, but also for
better understanding the distribution of fractures in the Longmaxi Shale. The horizontal section drills through more fractures than the pilot hole



because the horizontal section trajectory is perpendicular to the high-angle fracture strike. Regarding further deployment methods, the new-
generation oil-base microresistivity image logs will be used to distinguish between open fracture and cemented fracture by inversion
processing.

Introduction

The Longmaxi Shale is part of the Lower Silurian Longmaxi Formation, which is currently the main target for marine shale gas exploration and
development in China. The Longmaxi Formation in the subsurface of Sichuan Basin was affected by multiple tectonic movements and a long
period of erosion. The Longmaxi Formation is present only in certain parts of the Sichuan Basin. The wells in this paper are in the Zhaotong
area, southern Sichuan Basin.

The complex structures in the Longmaxi Formation cause a risk of mud loss in vertical and horizontal wells. The mud loss events commonly
occur near the faults and fractures in the area. The accumulated volume of oil-base mud loss was up to 918.05 m® in one horizontal well with a
horizontal section length of 1600 m from the entry point to the endpoint. Accumulated volumes of 596.85 m® and 338.6 m® of oil-base mud loss
occurred separately in two other horizontal wells of the same multiwell pad; the horizontal section lengths were 1000 m and 1290 m,
respectively. However, the mud loss also occurred in wells where seismic data did not identify any faults and fractures. It is known that some
of the faults and fractures cannot be identified from seismic data due to seismic resolution limitation.

The case study in this paper demonstrates fracture and fault detection from oil-base microresistivity image logs. The core observation analysis
from the pilot well validates the possible size and type of the fractures from the image logs; it helps to better understand where possible mud
loss occurs in the horizontal section. The paper also presents the new-generation oil-base microresistivity image logs in a new horizontal well,
which provides the resistivity images with high borehole coverage and high resolution. Four horizontal wells have been planned to run the new-
generation oil-base microresistivity image logs in the area.

Structure from Seismic Data
The horizontal section length was planned as 1500 m from the entry point (A) to the endpoint (B), and the pretarget displacement of the
horizontal well is about 391 m. Figure 1 shows the well trajectory and structure information from surface seismic data. The seismic data

indicate that the structure of the target layer is gentle, with an average 9° dip between A and B without fault and structural dip variation.

Several faults were identified from an ant-tracking time slice on the bottom of the Ordovician Wufeng Formation, which underlies the Silurian
Longmaxi Formation (Figure 2). However, the horizontal section does not intersect these faults.

Fractures in Core

Based on the 930 m of core from the Longmaxi Formation from the 16 wells in the Zhaotong area, the fracture types are mainly high-angle
fractures, low-angle shear fractures with slickolites, and root-shaped cracks caused by shear-slip displacements, as shown in Figure 3. Each of



the fracture lengths on the cores is less than 0.5 m. The slickolites are mainly developed in the Ordovician Wufeng Formation underlying the
Silurian Longmaxi Formation. Few slickolites occur in the Silurian Longmaxi Formation.

All of the different types of fractures in the cores are almost fully filled with calcite (i.e., calcite veins). Graptolites are also visible in core
sections. The calcite veins have a close relationship with the total organic content (TOC) and the content of the carbonate in the source rock
(Luo et al., 2015; Wang et al., 2005). The fractures, however, play an important role in high gas production (Guo and Zhang, 2014; Guo, 2014).

Fractures from Image Logs

The appearance of the fractures differs between the water-base electrical images and oil-base microresistivity images (Figure 4). However, the
core observation from the 16 wells suggests that the fractures could be fully filled with calcite veins.

A total of 325 fractures in the horizontal section were recognized from the oil-base microresistivity image logs. In the target layer of the pilot
well, 19 fractures were interpreted from the electrical image logs, as shown in Figure 5. It is clear that the horizontal section drills through more
fractures than the pilot hole, because the horizontal section trajectory is perpendicular to approximately 80° of the high-angle fractures. The
horizontal section trajectory direction is southeast, and the fractures strike northeast/southwest.

Structure from Image Logs

The structural dip interpretation presents the dip pattern changes along the well trajectory (as seen by the color pattern of green—blue-red—green
in Figure 6). This suggests that a geological event could be responsible for the red-blue dip pattern change. The static images appear to show an
abrupt change in lithofacies at a depth of x876 m. This suggests the presence of a fault.

In fact, the well trajectory was drilling down in the Longmaxi Formation until at the depth x876 m, and then drilled out of the target layer into
the Ordovician Wufeng carbonate formation, and drilled back to the Longmaxi Formation again at the depth x973 m. The structural dip
interpretation suggests that the fault was the main cause of the trajectory drilling out of the target layer.

Mud Loss Analysis

The mud loss mainly occurred in the interval from x400 m to x900 m. A mud loss of 37 m® occurred at the depth x400 m, which was caused by
the fractures in zone 1 (Figure 7). Mud loss of 153 m® occurred at the depth x596 m, which was caused by the fractures in zone 2, and mud loss
of 93 m* occurred at the depth x773 m, which was caused by the fractures in zone 3 and the main fault. In all, 342 m*® mud loss occurred in the
horizontal section, and 28 m® of mud returned after stopping the pump for 40 minutes.

The fractures and fault were also important consideration in the cluster design of hydraulic fracture stimulation in the horizontal section. The
fracture zones should be treated separately in different clusters.



Figure 8 presents the new-generation oil-base microresistivity image logs in a new horizontal well, which provides the resistivity images with
high borehole coverage and high resolution.

Conclusions

The oil-base microresistivity image logs provide a good solution in an oil-base mud horizontal well for fracture detection and structural
interpretation, particularly for the mud loss analysis and the cluster design of hydraulic fracture stimulation in a horizontal well.

The fractures, even with the lengths of less than 0.5 m, can cause significant mud loss in the Longmaxi shale formation. This could be because
a fracturing network can easily develop in the brittle shale of the Longmaxi Formation.
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Figure 1. Well trajectory and structure information from surface seismic data.
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Figure 2. The well trajectory and the faults from an ant-tracking time slice on the bottom of the Ordovician Wufeng Formation underlying the
Silurian Longmaxi Formation.
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Figure 3. Core photographs showing fractures and slickolites from the pilot well, including high-angle fractures (a), (b), and (c); low-angle
shear fracture with slickolite (d); and root-shaped cracks caused by shear slip displacements (e) and (f).
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Figure 4. Examples of the fractures (a) on the water-base electrical images from the pilot well in 8.5-in. hole and (b) and (c) on the oil-base

microresistivity images from the horizontal section in 8.5-in. hole.
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Figure 5. Fracture interpretation from the pilot well and horizontal section, associated with the fracture strike rosette and well trajectory
direction. The green tadpole indicates structural dip, and the red tadpole indicates fracture dip.
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Figure 6. The 2D structure cross section from the interpretation of the oil-base microresistivity image logs, associated with dip patterns, dip
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Figure 7. The 2D well trajectory, associated with the gamma ray curve and fractures (red) and fault (blue) stick plot. The red triangles indicate
the depths where the mud loss occurred: 37 m3 mud loss at x400 m, 153 m3 mud loss at X596 m, and 93 m3 mud loss at x773 m for a total 342
m3 mud loss in the horizontal section and 28 m3 mud return after stopping pumping for 40 minutes.
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Figure 8. Examples of the new-generation oil-base microresistivity images in the Longmaxi formation from a horizontal well in 8.5-in. hole.



