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Abstract:

Energized pre-fracturing has emerged as an effective approach for enhancing reservoir
energy, fracture complexity and oil recovery in tight reservoirs. However, the mechanisms
by which fracture propagation induced by different energized pre-pad fluids governs
subsequent imbibition-driven oil recovery remain insufficiently understood. To address this
issue, an integrated experimental framework was established to investigate the coupled
evolution of fracture networks and pore-scale oil displacement during energized pre-
fracturing. By combining X-ray computed tomography for quantitative fracture char-
acterization and dynamic nuclear magnetic resonance for monitoring imbibition-driven
oil recovery, the interactions between fracture-scale architecture and pore-scale fluid
redistribution were systematically elucidated. The results demonstrate that, compared
to conventional fracturing, energized pre-fracturing not only lowers breakdown pressure
but also promotes the formation of more complex, highly connected fracture networks,
which in turn substantially enhance ultimate oil recovery. Notably, gaseous pre-pad fluids
exhibit clear advantages over aqueous systems, with supercritical CO, generating the
lowest breakdown pressure and the most intricate multi-branch fracture networks, as
indicated by higher fracture fractal dimension and area ratio. These fracture characteristics
significantly facilitate imbibition efficiency, resulting in higher oil recovery. Pore-scale
analysis further reveals that oil mobilization is dominated by contributions from micropores
and mesopores, underscoring the critical role of energized pre-fracturing in activating oil
stored in small-scale pore systems. The proposed multi-scale methodology, integrating fluid
properties, fracture network evolution, and imbibition dynamics, provides a mechanistic
basis and practical guidance for optimizing energized fracturing and improving the efficient
development of tight conglomerate reservoirs.

1. Introduction

as the Mahu Sag in the Junggar Basin, the Kuqa Depression

Tight conglomerate reservoirs, characterized by high gravel
content, constrained hydrocarbon storage capacity and ex-
tremely low permeability (Nelson, 2009; Sondergeld et
al., 2010; Kozhevnikov et al., 2024), constitute an important
unconventional resource base in major basins in China, such

in the Tarim Basin, the Xujiaweizi region in the Dagqing
Oilfield, and the Jiyang and Dongying sags in the Shengli
Oilfield (Clarke, 1979). Despite their considerable resource
potential, the economic development of these challenging
reservoirs necessitates effective stimulation, with hydraulic
fracturing serving as the primary technique (Hubbert and
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Willis, 1957; Goral et al.,, 2020). However, post-fracturing
production in such reservoirs often experiences rapid decline,
yielding suboptimal primary recovery.

To overcome this limitation, energized pre-fracturing,
where specific fluids were injected as a pre-pad prior to the
main fracturing, has been increasingly adopted to enhance
reservoir energy, promote fracture complexity, and ultimately
improve oil recovery. Depending on their physical state, en-
ergized pre-pad fluids can be broadly classified into aqueous
systems (e.g., fresh water, produced water, and flowback fluid)
and gaseous/supercritical systems (e.g., CO, and Nj). They
are typically injected at low pumping rates before the primary
fracturing fluid to elevate formation pressure and weaken
the mechanical strength of the reservoir rock (Faroughi and
Pruvot, 2018; Lei et al., 2020; Fang et al., 2023; Sun et
al., 2025), after which water-based fracturing fluids, such as
slickwater, are introduced to generate fracture networks.

The selection of pre-pad fluids involves critical trade-
offs between operational feasibility and stimulation effec-
tiveness. Aqueous fluids are generally cost-effective but are
often associated with large water consumption and potential
formation damage (Qu et al., 2023c; Holditch, 1979; Bahrami
et al., 2012; Soomro et al., 2025). The reuse of minimally
treated produced water or flowback fluid can partially alleviate
freshwater demand and wastewater disposal costs (Rodriguez
et al., 2020; Middleton et al., 2015). In contrast, gaseous and
supercritical (SC) fluids, particularly supercritical CO, (SC-
CO,) exhibit superior compressibility and injectivity (Perera et
al., 2011), making them especially attractive for low-pressure
or water-sensitive formations, while also offering the added
benefit of geological CO, sequestration (Mojid et al., 2021;
Ampomah et al., 2017; Ishida et al., 2012; Tang et al., 2025).
Nevertheless, operational risks such as gas channelling and
early breakthrough must be carefully considered (Huang et
al., 2020; Elgibaly et al., 2021; Qin et al., 2022).

The effectiveness of energized pre-fracturing arises from
a series of coupled mechanisms, including pore pressure
enhancement that reduces effective stress, activation of natural
fractures that lowers breakdown pressure (Zhang et al., 2025),
and physicochemical interactions between fluids and rock
that weaken the rock matrix (Qu et al., 2023a, 2023b; Xie
et al., 2025; Dai et al., 2025). These processes collectively
indicate that energization, fracture propagation, and subse-
quent oil displacement are intrinsically interrelated rather than
independent phenomena.

Despite this understanding, a pronounced gap remains
between the integrated nature of field-scale energized pre-
fracturing and existing laboratory-scale experimental ap-
proaches. Common laboratory studies decouple these pro-
cesses by simulating energization through static pressurization
or soaking (Cipolla et al., 2010), rather than dynamic fluid
injection, thereby separating it from the subsequent fracturing
and imbibition. Although true triaxial systems are effective for
investigating fracture propagation under in sifu stress condi-
tions (Warpinski et al., 2009; Kamali and Ghassemi, 2022;
Yu et al., 2024; Li et al., 2025), they are incompatible with
the cylindrical core geometries required for nuclear mag-
netic resonance (NMR) monitoring of imbibition (Hosseini et
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al., 2024). Consequently, the interlinked processes of energiza-
tion, fracture propagation and imbibition-driven oil recovery
are typically investigated in isolation.

This disconnect is particularly problematic because pres-
sure elevation and fracture propagation directly govern sub-
sequent fluid imbibition and oil displacement during the well
shut-in period (Li et al., 2025). Conventional recovery eval-
uation methods based on volumetric or gravimetric measure-
ments lack the resolution needed to capture complex fracture-
matrix interactions (Morrow and Mason, 2001; Hamida and
Babadagli, 2007; Peng et al., 2019; Xu et al., 2021). In
contrast, advanced techniques such as NMR, especially when
integrated with mercury injection porosimetry (MIP) analysis,
enable precise visualization and quantitative characterization
of fluid distribution and mobilization across the full pore-size
spectrum (Alharthy et al., 2018; Zhang et al., 2024; Wang et
al., 2025; Zhao et al., 2025).

Accordingly, the integrated mechanisms linking pre-pad
fluid type, fracture network evolution and imbibition-driven oil
recovery in tight conglomerate reservoirs remain insufficiently
understood. The superimposed physicochemical interactions
among pre-pad fluids, fracturing fluids, reservoir oil and rock
further complicate the prediction of stimulation performance.

To bridge this gap, this study proposes an integrated
experimental methodology that seamlessly couples energized
pre-fracturing with imbibition-driven oil displacement. Using
tight conglomerate samples from the Xinjiang Oilfield and a
self-developed equipment system, the performance of aqueous
and gaseous/SC pre-pad fluids was systematically evaluated.
Fracture propagation was quantitatively characterized by X-
ray computed tomography (CT), while oil displacement dy-
namics were resolved using NMR. This multi-scale approach
elucidates the coupled mechanisms underlying production
enhancement through energized pre-fracturing and provides a
scientific basis for optimizing stimulation strategies in tight
conglomerate reservoirs.

2. Experimental methodology

2.1 Sample and fluid preparation
2.1.1 Rock samples

Tight conglomerate cores collected from the Lower Urho
Formation in the Xinjiang Oilfield served as the experimental
samples in this study. To minimize bias caused by strong
lithological heterogeneity, multiple full-diameter cores with
consistent drilling orientation and comparable petrophysical
properties were first screened. Each candidate core was then
examined by X-ray CT to document the initial internal struc-
ture and exclude specimens containing large natural fractures
or severe gravel segregation. This screening ensured that the
observed responses were representative of the rock fabric
rather than dominated by local defects.

Nine qualified specimens were prepared for energized pre-
fracturing and machined into standard cylinders (38 mm in
diameter and 57 mm in height). An axial borehole (8§ mm in di-
ameter and 30 mm in depth) was drilled to mimic the wellbore
(Fig. 1(a)). To enable NMR measurements without magnetic
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Fig. 1. Schematic diagrams of well completion and rock samples: (a) Prepared rock specimens and (b) well completion and

copper wellbore assembly.

(@)

Fig. 2. Well cementing of rock samples: (a) Sand-filling of the open-hole, (b) wellbore cementing, (c) rock sample sealing,

and (d) wrapping with heat-shrink tubing.

interference, a custom copper wellbore was cemented into
the borehole using epoxy resin. The assembly comprises a
central flow channel (2 mm in diameter) and a 10 mm open-
hole section at the bottom for fluid injection, as shown in
Fig. 1(b). Sand packing was applied to isolate the open-hole
interval. After completion, each specimen was sealed with an
organic potting compound, wrapped with heat-shrink tubing,
reinforced with epoxy resin, and end-constrained using steel
plates to improve confinement and prevent leakage during pre-
fracturing. The detailed preparation workflow is illustrated in
Fig. 2.

Prior to saturation, all specimens were oven-dried at 102
°C for 48 h until constant mass was achieved (mass change
< 0.1% over 24 h). CT scans of the dried samples were
performed to confirm gravel distribution and identify natural
fractures. The samples were subsequently vacuum-saturated
with synthetic oil under reservoir temperature and pressure
conditions (75 °C and 24 MPa) and aged for 7 days. Final
oil saturation was verified by NMR once the sample mass
stabilized.

2.1.2 Synthetic oil and pre-fracturing fluid

To reproduce the viscosity of reservoir oil, filtered field
oil was blended with kerosene at a volumetric ratio of 1:3,
yielding a viscosity of 1.15 mPa-s. Two aqueous pre-pad fluids
(purified fresh water and produced water from the Xinjiang
Oilfield) and two gaseous pre-pad fluids (CO, and N», 99.9%
purity) were employed. Under the target reservoir conditions
(75 °C and 24 MPa), CO; exists in the supercritical state.

Table 1. Physical property of the pre-fracturing fluids
employed in the experiments.

Pre-pad P T p u Y
Fluid (MPa) °C) (g/cm3) (mPa-s)  (mN/m)
Produced ) | 20 1.089 1.1 23.75
water
Fresh 0.1 20 1.000  1.00 17.56
water
0.98-
Water 7524 75 0.9 0.38 /
0.02- 0.02-
SC-CO, 7524 75 072 0.06 /
0.02-
N> 7524 75 0-022 o /

According to field data, the produced water is a NaHCOs-
type brine with a density of 1.089 g/cm?, a viscosity of 1.1
mPa-s, and an interfacial tension of 23.75 mN/m at ambient
conditions, compared with 1.00 g/cm3, 1.00 mPa-s, and 17.56
mN/m for fresh water. The density and viscosity of the pre-
pad fluids under reservoir conditions were compiled from the
literature (Table 1).

Slickwater (20 mPa-s) was used as the primary fracturing
fluid. To suppress hydrogen signals from aqueous fluids during
NMR measurements, 15 wt% MnCl, was added to all aqueous
fluids (both aqueous pre-pads and slickwater), ensuring that
the detected NMR signals originated predominantly from oil.
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Fig. 3. Schematic of the pseudo-triaxial energized pre-fracturing simulation system.

2.2 Experimental setup
2.2.1 Energized pre-fracturing system

A custom-built pseudo-triaxial energized pre-fracturing
system was developed to accommodate both aqueous and
gaseous pre-pad fluids and to capture fracture initiation/propa-
gation under controlled conditions. The system integrates three
sub-modules, including fluid storage and injection, pseudo-
triaxial pre-fracturing, and pressure monitoring and data ac-
quisition, as illustrated in Fig. 3.

The injection unit includes three parallel heated interme-
diate cylinders (2,000 mL each), for gaseous pre-pad fluid,
aqueous pre-pad fluid, and slickwater, respectively. Gaseous
fluids supplied from gas cylinders were pressurized via a
booster pump, and all fluids were delivered by an ISCO pump
(maximum rate: 60 mL/min). The specimen was mounted in
a pressure vessel where confining pressure (up to 18 MPa)
was applied to represent the in-sifu stress. In addition, a
backpressure line was incorporated to enhance operational
safety. Injection pressure was recorded in real time using a
high-precision pressure transducer (£0.01 MPa).

2.2.2 Characterization and imaging techniques

Multi-scale characterization of fracture networks and fluid
distribution relied on complementary imaging and analytical
techniques. A GE Brivo CT385 scanner was employed to
image fracture networks before and after pre-fracturing and
after imbibition. Scans were performed at 140 kV and 160 mA
with a slice thickness of 0.625 mm. A Niuman MacroMR12-
150H-1 low-field NMR system was used to quantify fluid
saturation and pore-scale redistribution. T, spectra (echo time:
0.2 ms; echoes: 18,000) were acquired at key stages (after oil
saturation, after pre-fracturing and during/after imbibition).

2.3 Experimental procedure

This study evaluates energized pre-fracturing using aque-
ous (fresh water and produced water) and gaseous (N, and SC-

CO,) pre-pad fluids, with a focus on both fracture propagation
and imbibition-driven oil recovery. All experiments were con-
ducted at 75 °C, consistent with the reservoir temperature and
within system operational limits. The workflow comprises two
coupled stages.

In the first stage of energized pre-fracturing, pre-pad fluid
was injected into the oil-saturated specimen until a target
bottom-hole pressure was reached while remaining below the
confining pressure (12 MPa) to maintain confinement integrity.
To establish a consistent energization benchmark across fluids
with markedly different compressibility, a pressure-equivalent
(rather than volume-equivalent) criterion was adopted (Ben-
nion and Bachu, 2008). For gaseous tests, the initial injection
pressure was set to 7.5 MPa to maintain CO, in the supercrit-
ical state. Since aqueous fluids are far less compressible, the
injection rate was reduced relative to gaseous fluids. Slickwater
injection for fracturing was then performed at 50 mL/min.
Throughout the process, downhole pressure was monitored
continuously to quantify energization capacity and determine
breakdown pressure. Fracture complexity was subsequently
evaluated from CT images by calculating fracture fractal
dimension and fracture area ratio using the quantitative method
described in Section 2.4.1.

After pre-fracturing, the fractured rock samples underwent
a well shut-in to simulate post-fracturing pressurized imbibi-
tion. All imbibition tests were conducted consistently at 75
°C and 24 MPa for 120 h. NMR T, spectra were analyzed to
quantify pore-scale fluid redistribution and the corresponding
oil recovery efficiency induced by imbibition under different
pre-pad fluid conditions.

To ensure repeatability, duplicate tests were performed
for each pre-pad fluid. A representative subset of samples
was selected for detailed analysis of fracture propagation,
fluid distribution and oil recovery. Experimental conditions are
summarized in Table 2.



Qu, H., et al. Advances in Geo-Energy Research, 2026, 19(2): 131-145

Table 2. Experimental design and injection rates for
energized pre-fracturing and imbibition.

Pre-fracturing injection

No. Pre-pad fluid rate (mL/min)
0 None 0

1,5 Fresh water 2

2,6 Produced water 2

3,7 SC-CO, 20

4,8 N> 20

2.4 Quantitative evaluation methods
2.4.1 Fracture characterization via CT

CT images were segmented and reconstructed in AVIZO
to obtain three-dimensional (3D) fracture networks, which
were then quantified using fractal analysis, a widely adopted
approach for describing complex fracture-pore systems in
heterogeneous media. Fracture complexity was evaluated using
two metrics including fractal dimension (FD) and fracture
area ratio (AR). These metrics capture tortuosity arising from
gravel obstruction (e.g., bypassing or penetrating) without
explicitly modelling individual gravel particles.

1) Fractal dimension

The fractal dimension (Dy) was calculated using the box-
counting method (Mandelbrot, 1982; Xie, 1993; Saidian and
Prasad, 2015). Briefly, the 3D fracture pattern is overlaid with
cubic grids of side length, /, and the number of cubes, N(1),
intersecting fractures is counted. Repeating the procedure
while reducing [ yields a power-law relationship between N({)
and / (Mandelbrot, 1982; Xie, 1993):

N(1) e 1701 (1)
where Dy is the fractal dimension, N(/) represents the number
of fracture-containing cubes with [/ as the length of one side
of the small cube.

Taking the natural logarithm on both sides yields the linear
form as follows:

InN(l) = —DyInl+C )
where C is constant.
The fractal dimension Dy is therefore determined as the

negative slope of the linear regression between InN(l/) and
Inl:

dInN(1)
Dr =" dm 3
A higher Dy value indicates a more complex and space-filling
fracture network.
2) Fracture surface area and area ratio
Fracture surface area Sy is a critical parameter for eval-
uating stimulation effectiveness. It is computed from seg-
mented fracture-surface voxels as follows (Vogel and Kret-
zschmar, 1996):

135

Sy = Nys? (4)

where Ny is the number of voxels on the fracture surface, and s

denotes the voxel size (200 pm), namely the image resolution.

The fracture area ratio is defined as the ratio of the true

3D fracture surface area (Sy) to its two-dimensional (2D)

orthographic projection area (S,) on the transverse plane as
follows:

Ry= - (&)

where R, is the fracture area ratio, S, equals the cross-
sectional area of the cylindrical sample minus the borehole
area.

2.4.2 Pore-scale analysis by integrating NMR and MIP

NMR provides a non-destructive means of tracking pore-
scale fluid distribution by detecting hydrogen-bearing fluids
within the pore space, with the transverse relaxation time (T;)
spectrum reflecting pore-size-dependent relaxation behavior.
In this study, Mn?* (from MnCl,) suppressed hydrogen signals
from aqueous phases, so that changes in the measured NMR
signal primarily reflected oil redistribution.

Signals were acquired using the Carr-Purcell-Meiboom-
Gill pulse sequence. The total transverse relaxation rate for
fluid in porous media is expressed as follows (Abragam, 1961):

Lt b (6)
Tasorar  Tos  Top  Top
where T, is the transverse relaxation time, Ty 4 is the total
transverse relaxation time, T, is the surface relaxation time,
Ty p is the bulk relaxation time, and T, p is the diffusion
relaxation time.

For the oil-water system considered here, the bulk and
diffusion relaxations are typically much slower than surface
relaxation, allowing T, to be approximated by the surface
relaxation term, which is further related to the transversal
surface relaxivity (pz) and the specific surface area of the pore
(S/V) as follows (Brown and Fatt, 1956):

ot (S> 7
Ty  Togs V') vore
where S/V is the pore-specific surface area, defined as the ratio
of the pore surface area of the rock (S) to the pore volume
(V), and can be calculated through the value of F/rZ.
F; denotes the geometric factor (Fy = 3 for spherical pore;
Fy; =2 for columnar pore), and r, is the pore radius.
The above equation can be rewritten as:

T~ ®)
2T pP2F;
M = {/poF; )

The conversion from T, to pore radius distribution can
be calibrated using high-pressure MIP data and converted via
established correlations (Coates et al., 1999):

rczM{'/E

(10)
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Fig. 4. Evolution of injection pressure during energized pre-fracturing under different treatment schemes: (a) Conventional
slickwater fracturing without pre-pad injection, (b) with aqueous pre-pad fluids and (c) with gaseous pre-pad fluids.

Table 3. Representative outcomes of energized pre-fracturing
with different pre-pad fluids.

Energized Breakdown Fracture pattern

pre-pads pressure (MPa) and morphology

/ 28.89 One main fracture

Fresh water 26.02 One main fracture

Produced 25.74 One main fracture

water

SC-CO, 22,86 Contains branching
fractures

N, 24.06 Contains branching

fractures

where M and n are the NMR conversion coefficients, which
can be calculated and calibrated by integrating the experimen-
tal data of MIP. The resulting pore-radius mapping was further
refined by integrating mercury intrusion capillary pressure
and nitrogen adsorption data through interpolation (Qu et
al., 2024).

2.4.3 Calculation of oil recovery efficiency

Based on the calibrated T,-pore radius relationship, NMR
was employed to quantify the content of hydrogen-bearing
substance (simulated oil) and its redistribution across differ-
ent pore-size ranges, thereby enabling the calculation of oil
recovery efficiency.

The cumulative NMR signal intensity within a given pore-
size interval is proportional to the corresponding oil volume

(Coates et al., 1999):
rn
A:/ Ydr (11D
n

where A denotes the cumulative signal intensity, r is the pore
radius, ry is the initial pore radius, r, is the terminal pore
radius, and Y is the signal amplitude.

The oil recovery efficiency (1) at any stage (i) are
calculated from the change in the total NMR signal area as
follows:

Apg—A

no = L% 100% (12)
0

In addition, the contribution of each pore-size range j to

the total recovered oil is quantified as follows:

b= A0 A, x 100%
where b is the contribution ratio, Ao represents the NMR signal
intensity when the sample is saturated with oil, A; is the NMR
signal intensity of the sample at time i, Ap; and A;; are the
NMR signal intensities of the oil-saturated sample and of the
sample at time { within a specific pore-throat size range j (e.g.,

small, medium, or large pores as defined by T,), respectively.

(13)

3. Results and discussion

In this section, the fracture propagation and oil recovery
responses during energized pre-fracturing using aqueous pre-
pad fluids (fresh water and produced water) and gaseous/SC
pre-pad fluids (SC-CO, and N;) were compared. To ensure a
consistent baseline across treatments, slickwater was used as
the main fracturing fluid in all cases. Given the strong het-
erogeneity of conglomerates (e.g., uneven gravel distribution
and pre-existing microcracks), representative samples exhibit-
ing the highest integrity and the most comparable internal
fabric, verified by pre-test CT screening, were selected for
quantitative analysis. The discussion below therefore focuses
on the representative dataset, as summarized in Table 3.

3.1 Pressure evolution and breakdown behavior

The injection pressure was continuously monitored
throughout energization, well shut-in and subsequent slickwa-
ter fracturing stage, as shown in Fig. 4. Conventional slick-
water fracturing (baseline, Fig. 4(a)), shows a single pressure-
build cycle, where pressure rises until fracture initiation then
drops sharply. In contrast, energized pre-fracturing displays
a reproducible three-stage pressure trajectory (Figs. 4(b) and
4(c)), comprising a controlled pressure build during pre-pad
injection to the target bottom-hole pressure of 12 MPa, a
pressure decline during well shut-in as the pre-pad fluid
redistributes into the matrix, and a final pressure rise and
breakdown during the main slickwater fracturing stage.

To ensure comparable equilibration across fluids, shut-in
time was adjusted according to the distinctive diffusivity of
each pre-pad fluid (approximately 0.5 h for gaseous/SC fluids
versus 3 h for aqueous fluids) until pressure variations fell
below 0.1 MPa over 10 min. Stage timing differs systemati-
cally across fluid types. Since the aqueous fluids are far less
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Fig. 5. Pressure response characteristics during energized pre-fracturing: (a) Pressure decline and equilibrium pressure during
well shut-in; (b) breakdown pressure during the subsequent main fracturing stage.

Fig. 6. Comparison of fracture surface morphology after fracturing under different pre-pad. (a) Slickwater fracturing without
pre-pad; energized pre-fracturing with (b) fresh water, (c) produced water, (d) SC-CO», and (e) Nj.

compressible, they reach the target energization pressure more
quickly than gaseous fluids. During the well shut-in, however,
gaseous/SC fluids (N, and SC-CO,) equilibrate substantially
faster, consistent with their higher diffusivity. By comparison,
the baseline slickwater-only case requires a much longer
pressure build prior to breakdown because the initial matrix
pressure remains low.

A key distinction emerges from shut-in pressure retention
(Fig. 5(a)). Gaseous/SC pre-pads maintain significantly higher
equilibrium pressures (SC-CO,: 11.52 MPa and Nj: 11.73
MPa) than aqueous pre-pads (fresh water: 6.24 MPa and
produced water: 6.93 MPa), corresponding to pressure drops of
only 0.48 and 0.27 MPa for SC-CO; and Ny, versus 5.76 MPa
and 5.07 MPa for fresh and produced water, respectively. This
behavior is consistent with their greater compressibility and
elastic energy storage capacity of gaseous/SC systems (Tang
et al., 2024). Within each category, the slightly higher retention
for N; than SC-CO, and for produced water than fresh water
likely reflects subtle differences in compressibility and salinity.

As a direct consequence of elevated pore pressure before
the main fracturing stage, energized pre-fracturing markedly
reduces breakdown pressure relative to slickwater-only fractur-
ing, as shown in Fig. 5(b). The reduction is more pronounced

for gaseous/SC pre-pads (SC-CO,: 6.03 MPa, 20.87%; Np:
4.83 MPa, 16.72%) than for aqueous pre-pads (fresh water:
2.87 MPa, 9.93%; produced water: 3.15 MPa, 10.90%). Mech-
anistically, higher equilibrium pore pressure lowers effective
stress and therefore facilitates rock failure. Notably, SC-CO;
achieves a lower breakdown pressure than N; despite com-
parable equilibrium pressure, suggesting that physicochemical
interactions may contribute additional rock weakening beyond
purely poroelastic effects (Osif, 1988).

3.2 Fracture morphology characterization

To link pressure response to fracture development, fracture
geometry was examined both at the specimen surface and
within the interior using CT-based reconstruction. Fig. 6
compares the post-fracture surface traces (outlined in white),
whereas Fig. 7 shows the 3D fracture networks reconstructed
in AVIZO using watershed-based segmentation. The resulting
spatial patterns were then analyzed comparatively across treat-
ments.

Both surface inspection and CT reconstruction indicate
that slickwater-only fracturing and aqueous pre-pad treatments
predominantly generate a simple, planar fracture that initiates
near the open-hole section and propagates in a dominant
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Fig. 7. 3D reconstruction of internal fracture networks obtained from X-ray CT scanning: (a) Slickwater fracturing without
pre-pad; pre-fracturing with (b) fresh water, (c¢) produced water, (d) SC-CO,, and (e) Ny (I: 3D view, II: Radial slice, III and

IV: Perpendicular axial slices).

direction (Fig. 6 and Figs. 7(a)-7(c)). In contrast, gaseous/SC
pre-pads (SC-CO, and Nj;) promote multi-branch fracture
networks with pronounced tortuosity and spatial complexity
(Fig. 6 and Figs. 7(d) and 7(e)). A notable feature in the
SC-CO; case is that some branches initiate farther from the
wellbore, which is consistent with deeper penetration and
broader pressure communication during energization. These
observations collectively indicate that the energization stage
not only elevates pore pressure but also conditions the rock
fabric in a manner that favors distributed failure and branching.

The divergence in fracture morphology can be interpreted
in terms of fundamental fluid properties, particularly viscosity
and interfacial tension, which govern the extent and uni-
formity of pore-scale penetration. Aqueous fluids, owing to
higher viscosity and finite interfacial tension, preferentially
advance through relatively larger pore channels, producing
localized pressurization and therefore a simpler fracture geom-
etry (conceptualized in Fig. 8). By contrast, gaseous/SC pre-

pad fluids combine lower viscosity with negligible interfacial
tension, enabling deeper access to micro-pore networks and
creating a more spatially uniform pressure front that activates
weak planes and grain boundaries, thereby promoting fracture
branching (Fan et al., 2020).

3.3 Quantitative fracture complexity analysis

To corroborate the qualitative observations, fracture com-
plexity was quantified using the FD and AR following Section
2.4, as depicted in Fig. 9. All energized pre-fracturing treat-
ments yield higher Dy and R, than the slickwater-only baseline
(Df = 1.86, R, = 2.04), confirming that pre-pad energization
promotes more complex fracture development.

Gaseous/SC pre-pad fluids outperform aqueous fluids in
terms of fracture surface development and spatial complexity
(average R, = 3.11 vs. 2.41). Among all cases, SC-CO, pro-
duces the highest complexity (D = 2.20, R, = 3.34), followed
by Ny (Dy =2.11, R, = 2.87). Within the aqueous group, pr-
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Fig. 8. Conceptual illustration of the pore-scale penetration during energized pre-fracturing with aqueous and gaseous pre-pad
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Fig. 9. Quantitative comparison of fracture complexity param-
eters of FD and AR for different pre-fracturing fluids.

oduced water generates slightly higher Dy and R, (Dy =1.97,
R, = 2.59) than fresh water (Dy = 1.93, R, = 2.23). These
metrics quantitatively confirm that SC-CO, energized pre-
fracturing is most effective in creating complex fracture net-
works, whereas aqueous pre-pad treatments produce interme-
diate complexity, which is higher than slickwater-only but
lower than gaseous/SC systems.

3.4 Pore structure of the tight conglomerate

Since pore-scale accessibility controls fluid penetration and
oil mobilization, pore-throat radius conversion was established
by correlating NMR T, distributions with MIP data from sister
plugs, as shown in Fig. 10(a), following a previous study (Qu
et al., 2024).

Regression in double-logarithmic coordinates yields a
strong correlation (R? = 0.94) between relaxation time and
pore-throat radius:

lgr. =0.861gT, —1.71 (14)
re = 0.0195T,%86 (15)

Eq. (15) enables conversion of T, spectra into pore-throat
radius distributions. The converted NMR-derived distribution
agrees closely with direct MIP measurements, as presented
in Fig. 11, supporting the reliability of the calibration. Using
standard pore classification (Loucks et al., 2012; Blunt et
al., 2025), pores were categorized by T, into micropores (< 1
ms), mesopores (1-100 ms), and macropores (> 100 ms),
corresponding to pore-throat radii of < 0.0195 um, 0.0195-
1.0085 wm, and > 1.0085 pm, respectively.

The studied tight conglomerates exhibit a pore system
dominated by mesopores (56.38%-60.40% of total pore vol-
ume), followed by micropores (30.44%-39.63%), whereas
macropores contribute only 2.72%-6.40% (Table 4 and Fig.
12). This distribution indicates that mesopores and micropores
provide the primary storage space for oil, implying that
successful stimulation must effectively access and mobilize oil
from small-to-intermediate pore systems rather than relying on
macropore depletion alone.

3.5 Fluid migration and oil mobilization
dynamics

The interaction between fracture networks and pore struc-
ture ultimately controls oil recovery. NMR was therefore used
to track oil saturation evolution at three key stages, including
initial oil-saturated state, post-fracturing and post-imbibition,
as shown in Fig. 13. All samples initially exhibit a bimodal
T, distribution. After treatment, the dominant signal reduction
occurs in the left peak (micropores/mesopores), indicating that
these pore classes contribute most to oil mobilization. Mean-
while, modest increases in the mesopore/macropore signal in
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Table 4. Pore classification in the tight conglomerates.

Proportion of pore

Pore type T, (ms) Pore radius (pm) volume (%)
Micropores <1 <0.0195 30.44-39.63
Mesopores 1-100 0.0195-1.0085 56.38-60.40
Macropores > 100 > 1.0085 2.72-6.40

some cases suggest pore-structure alteration, plausibly reflect-
ing the development of intergranular connections that improve
pore-throat connectivity and facilitate subsequent drainage into
fractures.

Among the tested systems, SC-CO, energized pre-
fracturing mobilizes oil from mesopores and micropores more
effectively than the other pre-pad fluids, as evidenced by the
more pronounced left-peak reduction (Fig. 13(c) with Figs.
13(a), 13(b) and 13(d)). Moreover, the T, spectrum evolves
toward a trimodal distribution after imbibition in the SC-CO,-
formation water system, implying a redistribution of pore-size-
associated signals rather than a simple uniform depletion.

This behavior is consistent with geochemical interactions

during the well shut-in in the presence of SC-CO, and for-
mation water. Mineral dissolution (e.g., calcite), supported by
parallel XRD results showing a decrease from 32.6% to 21.3%,
can enlarge existing micropores into mesopores while also
generating secondary microporosity. Consistently, MIP mea-
surements indicate a 78.49% increase in average pore-throat
radius, suggesting improved petrophysical properties and con-
nectivity (Kaszuba et al., 2003; Soleiman Asl et al., 2022).
The splitting of the original left peak into two sub-peaks
therefore provides a pore-scale signature of dynamic pore-
structure modification, which enhances imbibition efficiency
and subsequent oil transport (Gunter et al., 1997; Rathnaweera
et al.,, 2016). Together, these effects indicate that SC-CO,
energized pre-fracturing couples mechanical stimulation with
chemically assisted pore accessibility, thereby maximizing
recovery potential.

3.6 Effects of energized pre-pad fluid on ultimate
oil recovery

Ultimate oil recovery reflects the combined effects of
fracture network complexity and pore-scale mobilization. Oil
recovery ratios and pore-size-specific contributions derived
from NMR T, analyses are summarized in Table 5 and Fig.
14. Across both post-fracturing and post-imbibition stages,
gaseous/SC pre-pad fluids consistently achieve higher recovery
than aqueous systems.

SC-CO; energized pre-fracturing yields the highest recov-
ery after imbibition (36.67%), followed by N,-formation water
(32.77%), produced water (27.31%) and fresh water (26.81%),
as shown in Fig. 14(a). The 9.86% improvement of SC-CO,
over fresh water can be decomposed into two coupled com-
ponents: Enhanced fracture complexity, which increases post-
fracturing recovery by 6.85%, and chemically driven pore-
structure modification during imbibition, which contributes an
additional 3.01%. Produced water exhibits marginally higher
recovery than fresh water, potentially reflecting the presence of
surface-active components, although their key physical prop-
erties and fracture patterns are broadly comparable. Absolute
oil recovery follows the same ranking with reduced magnitude
(Fig. 14(b)).
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Fig. 13. Evolution of NMR T, spectra at different stages for pre-fracturing with aqueous/gaseous pre-pad fluids: (a) Fresh
water, (b) produced water; (c) SC-CO;-formation water and (d) Np-formation water.

Pore-scale contribution analysis further reveals that over
94% of the imbibition-associated recovery originates from
micropores and mesopores (Figs. 14(c) and 14(d)). After
fracturing, mesopores contribute 52.47%-61.59% of recovered
oil, exceeding the micropore contribution (35.02%-46.45%),
which is consistent with preferential drainage from more
accessible pore classes once fractures provide connected path-
ways. During imbibition, the contribution from micropores
increases for aqueous systems (48.25%-49.88%), approaching
that of mesopores (50%-55%), indicating continued mobiliza-

tion from the smaller pores during shut-in.

The SC-CO,-formation water system exhibits a distinct
inversion. The contribution from micropores decreases from
46.45% (post-fracturing) to 38.83% (post-imbibition), whereas
the mesopore contribution increases. This shift aligns with
the dissolution-driven enlargement of micropores into meso-
pores during imbibition, which dynamically alters the pore-
size distribution and transfers the dominant contribution from
micropores to mesopores.
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Table 5. Oil recovery performance and pore-scale contributions for energized pre-fracturing with aqueous and gaseous
pre-pad fluids.

Oil recovery ratio (%)

Contribution of different pore sizes (%)

Pre-pad
re-pacs Post- Post- Post-fracturing Post-imbibition
fracturing  imbibition
Micropores Mesopores  Macropores  Micropores Mesopores  Macropores
Fresh water 20.24 26.81 35.02 61.59 3.39 48.93 49.85 1.21
Produced water 22.16 27.31 36.80 57.54 5.66 49.88 52.25 -2.13
SC-CO, 27.09 36.67 46.45 52.47 1.08 38.83 57.17 3.99
N» 23.54 32.77 40.52 60.85 -1.37 48.25 55.23 -3.48
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Fig. 14. Oil recovery characteristics under different energized pre-fracturing treatments: (a) Relative oil recovery at different
stages, (b) absolute oil recovery, pore scale contributions (c) after fracturing and (d) after fracturing and imbibition.

4. Conclusions

This study establishes an integrated experimental frame-
work to elucidate the coupled mechanisms of fracture prop-
agation and imbibition-driven oil recovery during energized
pre-fracturing in tight conglomerate reservoirs. By integrating
CT-based fracture characterization with NMR-based fluid satu-
ration monitoring, the performance of aqueous (fresh/produced
water) and gaseous (SC-CO,/N;) pre-pad fluids was system-
atically evaluated. The main conclusions are summarized as
follows:

1) Energized pre-fracturing effectively reduces breakdown
pressure in tight conglomerates compared with conven-

2)

tional slickwater fracturing, with gaseous pre-pad flu-
ids exhibiting a more pronounced reduction (16.72%-
20.87%) than aqueous fluids (9.93%-10.90%), owing to
superior pressure retention and energy storage capacity.

Gaseous pre-pad fluids promote substantially higher frac-
ture complexity than aqueous fluids, which in turn is
higher than that by slickwater-only fracturing. In partic-
ular, SC-CO, produces the most intricate, multi-branch
fracture networks, highlighting its strong capability to
activate weak planes and enhance fracture connectivity.

3) Mesopores and micropores dominate the pore system

and control oil storage in tight conglomerate. The pore
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structure is primarily composed of mesopores (up to
60.40%) and micropores (up to 39.63%), which together
constitute the main oil storage space and therefore exert
a controlling influence on initial oil distribution as well
as subsequent oil mobilization and recovery.

4) Enhanced fracture complexity and pore-scale mobiliza-
tion jointly improve oil recovery. Both post-fracturing
and post-imbibition oil recovery are consistently higher
for gaseous pre-pad fluids than for aqueous fluids. More
than 94% of the recovered oil originates from mesopores
and micropores, with the contribution from micropores
increasing during imbibition, reflecting progressive oil
mobilization from smaller pore systems during shut-in.
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