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Abstract
Unconventional tight gas reservoir characterization is a complex process in continuous attempt to optimize
hydrocarbon recovery. The production logging tools and formation evaluation tools currently existing in the
market gained widespread adoption in conventional plays. Unconventional reservoirs are characterized with
complex lithology, high heterogeneity and anisotropy. Typically, such reservoirs are developed by drilling
clustered horizontal wells deploying multistage frac strategy to increase reservoir drainage and simulated
reservoir volume (SRV). Accurate reservoir characterization is key to reduce uncertainties and economic
feasibility of field developments. Operators are continuously looking to define reliable production logging
tools for unconventional plays. This paper evaluates the comparison of three different measurement methods
in the horizontal well straight after performing 15-stage hydraulic fracturing. The measurement methods
in subject are: micro-seismic monitoring of neighboring wells, coiled tubing conveyed distributed acoustic
sensing (DAS) and novel quantum based inflow tracers. Inflow tracer technology is fairly new solution and
as such, will be elaborated in greater detail compared to the other two solutions.

Introduction
With the continuous expansion of the exploration and development field, China's oil and gas resources are
reaching the plateou. Unconventional oil and gas has become one of the most important main resources
for increasing reserves and production. Many large oil and gas fields in China, such as Ordos and Sichuan,
have become the main part of the unconventional oil and gas exploration and development. After more
than ten years of continuous exploration evaluation and technical preparation, PetroChina's exploration
and discovery of unconventional oil and gas has achieved a breakthrough from point to surface, from
quantitative change to qualitative change. As of the end of 2019, the cumulative proved geological
reserves of unconventional oil and gas were 7.37% of Tight oil and Shale oil × 108 t, 5.1 for Tight gas
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× 1012m3, 1.06 for Shale gas × 1012m3; In 2019, the annual output of unconventional oil and gas is
175 for Tight oil and Shale oil × 104 t, Tight gas greater than 300 × 108m3, 80 for Shale gas × Above
108m3. Unconventional oil and gas have characteristics such as tight reservoirs, complex lithology, and
diverse fluid types, and often exhibit thin interbedded macroscopic structures with strong heterogeneity
and anisotropy. It is necessary to achieve large-scale and effective development through cluster wells,
horizontal wells, and large-scale fracturing transformation. These geological, reservoir, and engineering
characteristics determine that there are many unique technical requirements for logging technology in its
exploration and development process, which are different from conventional oil and gas. Currently, whether
domestically produced or purchased, most of the downhole formation evaluation and logging tools are
designed and developed more than a decade or even 30 years ago based on the characteristics of conventional
oil and gas reservoirs. The pertinence, effectiveness, and timeliness of their collected data are difficult to
meet the technical requirements of unconventional oil and gas exploration and development. In the era of
unconventional oil and gas, unconventional logging acquisition technology should be developed to play a
role in improving quality and efficiency in unconventional oil and gas exploration and development. This
paper compares three different production logging technologies of a Tight oil and gas well focused on
fracturing stimulation in Sichuan Basin to improve the development efficiency of unconventional oil and gas
fields and optimize the design solutions of surrounding oil wells. The improvement of logging engineering
quality is beneficial for oil production companies to reduce costs. The well in subject is drilled horizontally
and completed with 15 frac stages. The objective of the study described is to compare different measurement
method in production surveillance and reservoir characterization in terms of reliability/accuracy, operational
complexity. The methods in subject are emerging new technology using quantum inflow tracers for long
term production profiling, micro-seismic run during the fracturing operation and coiled tubing conveyed
fiber-optic Distributed Acoustic Sensing.

Inflow Tracer Quantum Technology
The tracer-based production profiling technology used in directional wells involves the use of quantum dot
marker-reporters that are high-precision indicators of the reservoir fluid inflow [1]. Within this approach,
high-precision inflow tracers of reservoir fluid are placed in hydraulic fractures. The actual quantum dots are
nano-particles typically 2-10 nano-meters in size. It is possible to have 63 unique signatures for each fluid
phase, oil, water and gas totalling to 189 distinct codes. After completing the hydraulic fracturing operation
and the subsequent commissioning of the well, reservoir fluid samples are taken from the wellhead. Then,
the markers of each code are quantified, their number corresponding to the distribution of each type of fluid
among intervals.

Marker-reporters are polymer microspheres made of quantum dots (Figure 1). Various combinations of
quantum dots form a marker code (signature). The technology consists in placing markers in a polymer cover
of proppant injected into the reservoir [2]. Figure 2 shows a marked proppant grain that contains markers in
its polymer cover. Proppant marked with a certain code is pumped down into each productive stage during
hydraulic fracturing as the last proppant pack to ensure maximum contact when the proppant is washed
by the reservoir fluid coming from the reservoir into the well. Marked proppant may have three types of
polymer cover: oleophilic, i.e. absorbing oil, and hydrophilic, i.e. absorbing water. As per the work plan,
the necessary amount of marked proppant is injected into each frac stage, which is a uniform 50:50 mixture
of hydrophilic (targeting the water phase) and oleophilic (targeting the hydrocarbon phase) proppant. This
amount is defined individually for each well, depending on the type of reservoir, its pay zone, permeability,
and PT conditions. Polymeric spheres, marker-reporters are mono – disperse. This means that they typically
have uniform diameters (please refer to fig.1). This allows much better identification of those particles
during the analytical phase of results. Marker-reporters are typically between 200 nano-meters and 2 micro-
meters in size This allows huge volumes of tracers to be placed in coated proppant and longer surveillance
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period (3-5 years). For the well in subject 6 tones of marker coated proppant was pumped at the tail of each
stage to fully cover near wellbore frac volume. In the subsequent long period of well operation, the marker-
reporters are gradually washed out by water or hydrocarbons and are carried by the reservoir fluid to the
wellhead. Marker-reporters are released into both the HC and water phases of the reservoir fluid.

Figure 1—An image of marker-reporters in the scanning electronic microscope

Figure 2—A grain of the marked polymer-covered proppant with quantum dot marker – reporters

Upon completing the hydraulic fracturing operations and bringing the wells into production, fluid samples
are taken from the wellhead on a regular basis and are further sent to the research laboratory for analysis. In
most cases, there are no logistical constrains so the samples are taken on a daily basis. During the transient
state and well clean up, the samples are taken 1 hour apart and minimum 8 samples per day. During the
steady state flow, the frequency of samples cold be as low as 1 per day. When there is a significant change
in production, the sampling frequency is increased to minimum 8 samples a day 1 hr apart. During the first
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stage, i.e. sample preparation, water and hydrocarbon phases are separated in the lab and then each phase is
analysed separately using analytics equipment and a software package. In this analytical complex, a small-
diameter fluid stream like a thin jet is formed (Figure 3). The markers are lined up in a row and irradiated
with a laser as they flow, which helps identify markers of each code individually based on the scattered
light signal, direct and lateral. Thus, the analysis of the total volume of delivered samples helps identify
the contribution of each port by phase (water and HC) to the total flow rate. The typical turnaround time
for one sampling campaign (average 80 samples) is 3 days excluding the logistics to deliver the samples
from the field to the lab.

Figure 3—Analytical Chemistry – Flow Cytometry

The key elements of the technology include machine learning algorithms, in which learning occurs as
a result of implementing solutions for many similar problems. Production surveillance in producing wells
requires processing of large data arrays. For example, the data on the identification of each marker-reporter
is a 15-dimensional point cloud, so manual calculations would be very time-consuming. For this reason,
tracers-based production surveillance technology is supported by custom-tailored machine learning-based
intelligent software using the Random Forest algorithm. The basic working principle can be described
as follows: initially, the neural network is trained using reference samples of marker-reporters to build a
"decision tree", wherein the evaluated parameters are sorted at each level. A huge number of such trees
are generated. As a result, a marker with a specific code passes through this tree and gets into a strictly
predetermined directory. Trained algorithms "know" which directory shall be the destination for each
specific code. Then a mixture of many markers passes through the entire tree and is sorted out, i.e. the
algorithm counts the exact number of each marker code in the mixture (Figure 4. on the next page).
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Figure 4—Machine Learning and decision tree building algorithm

In general, machine learning algorithms enable processing large data arrays with a certain accuracy within
a short time frame, while avoiding incidental human errors. Thus, this algorithm is a highly accurate and fast
method for analysing the received samples. After that, the inflow profile itself is visualised split into phases,
taking into account the initial data, such as the production history for the period of reservoir fluid sampling,
as well as geological and technical data on one or several subject fields. Regular sampling and subsequent
analysis provide information on the recovery and extraction of hydrocarbons over time by evaluating the
cumulative production volumes individually for each productive interval along the horizontal section.

Operational Deployment
Frac design and tracer based coated proppant called for placement of 50:50 mixture of unique tracer codes
for gas and gas condensate in each of the fractures totaling to 30 unique signatures as per table on the next
page:

Table 1—Inflow tracer deployment

Interval No.
Date of

hydraulic
fracturing

MFrac interval,
m Code (GF/HF)

Total quantity of
proppant injected
in the reservoir,

tons

1 21.09.2022 4055-4150 239/213 6

2 21.09.2022 3965-4055 231/204 6

3 22.09.2022 3875-3965 221/203 6

4 22.09.2022 3785-3875 234/205 6

5 23.09.2022 3695-3785 236/207 6

6 23.09.2022 3605-3695 228/212 6

7 23.09.2022 3500-3605 230/210 6

8 24.09.2022 3403-3500 226/201 6

9 24.09.2022 3307-3403 232/215 6

10 25.09.2022 3211-3307 218/214 6

11 26.09.2022 3115-3211 240/206 6

12 26.09.2022 3019-3115 222/208 6
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Interval No.
Date of

hydraulic
fracturing

MFrac interval,
m Code (GF/HF)

Total quantity of
proppant injected
in the reservoir,

tons

13 26.09.2022 2914-3019 242/211 6

14 27.09.2022 2809-2914 223/209 6

15 27.09.2022 2699-2809 224/202 6

Micro – Seismic Method
Introduction and Technical Core of Ground Dense Array Energy Scanning 4D Image Monitoring
Technology

The ground dense array energy scanning four-dimensional image monitoring technology is a
highly reliable micro - seismic signal acquisition technology: high sensitivity (80v/m/s), broadband
(0.2Hz-300Hz), and 64 bit analog-to-digital conversion micro - seismic acquisition instruments. This
monitoring technology can accurately establish a regional three-dimensional velocity model technology:
laying the foundation for achieving precise inversion and positioning of micro - seismic data. At the same
time, through the adaptive noise filtering technology based on depth learning, it can realize the processing
of the original micro - seismic data in terms of fidelity, amplitude preservation and denoising, and improve
the signal-to-noise ratio and resolution of the data. It is also possible to accurately determine the boundary
technology between the fracture zone and the affected zone: using different regional gradient calculation
methods to obtain the true single fracture boundary.

Figure 5—Micro – Seismic Method

Principles of coiled tubing conveyed fiber-optic DAS and DTS
FOS fiber optic monitoring (distributed fiber optic logging) technology uses the fiber optic itself as a sensor,
without the need for instruments. By measuring the backscattered light (similar to radar echo technology),
it detects temperature, sound waves, and strain data of each small layer underground, thereby achieving
monitoring of the production process of oil and gas wells, fracturing transformation process and effects, and
oil and gas transmission pipelines,.DTS utilizes the Raman effect for temperature measurement. The laser
pulse is incident into the fiber, and the backscattered light is obtained at the sending end for analysis. The
intensity of Raman scattering light is proportional to temperature. Measurement of scattered light intensity
to obtain temperature distribution along the fiberDAS utilizes backscatter technology similar to DTS. When
an optical fiber is subjected to external sound or vibration, it will generate small stress changes on the fiber,
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thereby triggering the "coherent Rayleigh effect". The signal returned to the instrument is analyzed to obtain
the frequency and amplitude of external effects.

Figure 6—DAS DTS Evaluation Method

FOS with coined tubing accounted tight hole at 3674m and the monitoring depth is from 3674m to 2699m.
It means that only 10 stages are covered. The image shows the production rate from stage 6 to stage 15
with different nozzle size.

Figure 7—DAS/DTS Results

The micro-seismic was deployed during the actual frac execution. The samples were continuously taken
for the period of 3 months to understand the production profiling from inflow-tracer technology. In order
to compare the results of all 3 technologies it was decided to run coiled tubing conveyed fiber optic and
perform DAS/DTS analysis. Simultaneously, surface samples were taken for inflow tracer analysis. The
results were compared and presented in the next section.
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Results

Micro-Seismic

Figure 8—Micro-Seismic – Frac Propagation

Micro-seismic show frac propagation for each of 15 stages. It could be concluded that the frac propagation
is fairly uniform across the horizontal section in terms frac half length. The frac width, there is a visible
heterogeneity.

Figure 9—Micro-Seismic – SRV Contribution Per Stage

The SRV estimate per stage show higher contribution on the "heel" side (stages 13,14,15), quite uniform
SRV in mid-section apart from stage 9.
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Fiber Optic Inflow Production Profile

Figure 10—Fiber Optics Production Profile

It is worth noting that coiled tubing conveyed fiber optic DAS/DTS logging did not reach total depth TD
and covered only stages 7 to 15. The reached depth is 3600 m which just covers stage 7. Fiber optic is in
line with micro-seismic showing most of the production coming from the "heel" of the well.

As introduction, the conventional logging tool has been out of the date and there are high risks to apply
it in unconventional logging area. The bottom hole of the horizontal well is 4150m but the coined tubing
accounted the tight hole of 3674m. So the result of the FOS only cover 9 stages from stage 7 to stage 15.

Quantum Inflow Tracers Inflow Production Profile

Figure 11—Quantum Inflow Tracer Coated Proppant Production Profile
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The inflow profile shows same qualitative pattern with fiber optic production profile and seismic SRV
profile indicating the most production coming from the heel with stage 13 being the most contributing stage.

Conclusion
All three methods have strong qualitative convergence when it comes to production profile showing highest
production coming from the "heel" of the horizontal section. This gives confidence to the end user in the
accuracy of the unconventional tight gas characterization. It also allows end user to optimize the use of
different independent evaluation methods to optimize the cost of data acquisition. Once more data within
the same field is obtained, the use of quantum-based inflow tracers could suffice and could be deployed in
each well drilled during the field development. This would allow an economical way to obtain continuous
production data and further deploy data driven methods to optimize the hydrocarbon recovery. The cost of
inflow tracers is at the fraction of the cost of other methods and enables end user to obtained continuous data.

The coiled tubing conveyed fiber optics, although showing matching production profile, had limitation
for not reaching the total depth and covering the first 6 stages ("toe" and middle section of the horizontal).
This further implicates challenges that conventional methods carry. Risk of getting stuck and wellbore
access. This is also the most expensive production profiling method. Inflow tracers, in comparison, is
‘intervention - less’ method reducing HSE and operating risks, reducing operation planning, avoiding
production deferrals (the wells do not have to be shit down during the sampling period)

The study validated the repeatability and reliability of inflow tracers deployed in coated proppant.
This solution allows substantially cheaper, operationally less risky method of production and reservoir
surveillance and will be adopted for the future wells.

Micro – seismic brings very valuable information of frac propagation in order to reduce uncertainties in
reservoir characterization. It still remains economically expensive measurement solutions.

The future improvement would be the use of tracer coated proppant to be placed at the "tip" and "middle"
sections of the frac-half length and try to estimate the frac propagation and SRV. This way it could replace
the use of micro-seismic.
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