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In-situ thermal upgrading aids recovery from low-maturity oil shales where low permeability is the rate-limiting
feature. We use machine leaning classified pore and pore network morphological descriptions recovered at
elevated temperatures to define the dynamic thermal evolution of permeability. These descriptions define key
factors influencing permeability evolution, in particular the development of anisotropy and its implication for
recovery. Heating enhances permeability by increasing both the number and total cross-sectional area (SEM) of
pores. Fractal dimensions indicate that the pore microstructure is anisotropic in the bedding-parallel and
bedding-perpendicular directions and is upgraded by elevated temperature. The permeability anisotropy endures
throughout the entire heating process and fluctuates at elevated temperature, quantified by the index called
anisotropic coefficient of permeability. A newly proposed “aggregation degree” indexes the relative contribution
of minority pores to overall permeability — 50 % of the permeability (K) is sourced from <8 % pores in the SEM
section. Increased temperature elicits increased permeability — thus, the temperature applied at the injection well
defines the flow limiting permeability threshold at the production wells and thus controls flow rates from the
entire heated reservoir. This work provides fresh insights in defining the thermal permeability response of low-

maturity oil shales and guides fluids recovery.

1. Introduction

The growing global demand for oil supply drives the energy revo-
lution, prompting the need for recovery from low permeability and low-
maturity reserves [1-4]. Domestic shale oil significantly supports US
energy independence and has enabled the US to become a net oil
exporter in 2019. This further drives technical innovation in the
exploration and production of shale oil - in nature, an unconventional
reserve [5,6]. Nevertheless, the shale oil development differs in different
regions or/and different strata [7,8]. For some with ideal geological
conditions (e.g., high-maturity shale oil), the drilling of horizontal wells
and hydraulic fracturing ensures feasible extraction [9]. In comparison,
low-maturity shale oil is usually not directly extractable and thus needs
additional stimulus to become recoverable. Thus, in-situ thermal
upgrading by artificial heating to ~300-500 °C is seen as a promising
approach [10-12].
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The essence of thermal upgrading is to pyrolyze the organic matter in
low-maturity oil shales to then release oil/gas, during which the pore
structure is changed and seepage channels developed [13,14]. This
phenomenon has been observed by CT scanning - indicating that ther-
mal cracks are induced during the heating operations — with more cracks
developed at elevated temperatures [15]. The channels supporting flow
change dynamically during the in-situ heating processing — with these
being influential in restoring liquid transport and thus are a primary
object of such characterization defining the mechanics of thermal
upgrading [16,17]. Moreover, the heating-induced evolution of flow
channels also determines the carbon storage potential in oil shale res-
ervoirs [18].

Conventional wisdom suggests that heating increases the availability
of reservoir flow channels. Thus, permeability evolves through this
modification of the pore system as the state of organic matter-related
pores evolve with a greater proportion relative to the whole pores [19,
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20]. Heating-induced alteration of the pore space is believed to augment
flow capacity, supported by both experimental and numerical observa-
tions [21-23]. Nevertheless, this augmentation by heating is suggested
to evolve through a variety of mechanisms. For example, permeability
may evolve continuous continuously from 25 °C to 550 °C [24], or with
a sharp decline at 350 °C-375 °C [25]. Permeability alteration may be
identified as three stages, i.e., gradual increase (20 °C-30 °C) — slight
decrease (300 °C-400 °C) - then sharp increase (>400 °C) [26]; in
comparison, it has also been described as occurring in five stages —that
is, slightly improved (25 °C-300 °C) —stable (300 °C-350 °C) - sharply
declining (350 °C-375 °C) - stably increasing (375 °C-450 °C) —
significantly increasing (>450 °C) [25]. These conflicting observations
identify the need to link permeability evolution to tangible controlling
petrophysical properties — an approach used in this following — inclusive
of the important role of permeability anisotropy, and its evolution with
temperature and time.

Accordingly, this work builds on previous characterizations [27] that
quantitatively measured the dynamic evolution of pore morphology in
low-maturity oil shales during gradual heating. This work used captured
SEM images of pore structure categorized by machine learning. We now
use these machine learning outputs to define mechanistic models of
permeability  evolution with  temperature. Specifically, a
Hagen-Poiseuille model connects evolving pore morphologies with
Darcy’s law including accommodation for evolving anisotropic perme-
ability related to bedding-parallel and bedding-perpendicular di-
rections. This yields predictive models to define permeability evolution
based on key shale characteristics and arbitrary heating paths with
application to thermal upgrading.

2. Geological background

This work uses oil shale from the Upper Cretaceous Qingshankou
(UCQ, in short) formation in the Songliao basin, NE China as a typical
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example. The Songliao basin, a Mesozoic-Cenozoic continental sedi-
mentary basin [28,29], occupies an area of ~260000 km? and is ~750
km long and 330-370 km wide [30]. During deposition, tectonic activity
in multiple stages delineated six structural units, defined as the northern
plunge, western slope, northeastern uplift, central depression, south-
western uplift and the southeastern uplift (Fig. 1a). The current distri-
bution of the UCQ formation is mainly in the central depression zone
and its periphery (Fig. 1a).

With respect to basin evolution, four stages are recognized, viz. pre-
rift doming, syn-rift subsidence, post-rift thermal subsidence and
structural inversion [31,32]. This basin evolution is accompanied by a
series of strata representing multiple-stages at multiple-times resulting
in multiple-cycles [33], during which the Cretaceous formation was
formed at ~135-65 Ma [34]. During the Cretaceous period, the
paleolake-level change ensured multiple occurrences of unconformities
and complicated lithological association sequences, including coals,
mudstones, sandstones, conglomerates and oil shales (Fig. 1b). Among
these sequences, two oil shale strata from the Qingshankou and Neng-
jiang formations are highly charged with oil [33,35]. Although the
Cretaceous strata were deposited in the freshwater Songliao paleolake,
convincing evidence indicates that saline conditions existed during
sedimentation, due to the influx of seawater during marine transgression
[36].

3. Experimental and analytical methods

Following collection, the UCQ oil shale samples were prepared for
SEM quantitative imaging. We follow the methodology for obtaining
parameters of pore morphology at in-situ elevated temperature as
detailed by Liu et al. [27]. This is the basis for the permeability in-
vestigations of this work.
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Fig. 1. Geological setting for the UCQ oil shale in the Songliao basin. a, structural units; b, stratigraphic column.
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3.1. Sample collection and preparation

The samples are collected from the base of the Qingshankou for-
mation - identified as representing ~91.37-90.05 Ma (Fig. 1b). The oil
shale sample presents a total organic carbon content (TOC) of 4.8 % and
represents low-maturity with a vitrinite reflectance (R,) value of 0.95 %
[27]. It mainly comprises rich clay minerals and quartz, supplemented
by feldspar and trace carbonates and pyrite (Table 1). The samples were
cut from the core and polished into thin sections. These samples were cut
in the bedding-parallel (H2) and bedding-perpendicular directions (V1)
(Fig. 2a). Accordingly, the presented pore systems from SEM observa-
tions on samples H2 and V1 are treated as the flow channels representing
permeability across (H2) and along (V1) the shale bedding (Fig. 2b).

3.2. Measurements and parameter acquisition

The investigation schedule includes 1) SEM observations — to capture
the pore system at elevated temperature, and 2) image processing — to
transfer the SEM image captures into digital pore parameters. Pore
system observations were conducted using an SEM facility embedded
with a silicon heating substrate to offer a targeted elevated temperature
during the measurements (Fig. 3a). SEM image capture was at six pre-
scribed temperatures and lasting for 2h to ensure a steady state (Fig. 3b).
Temperatures were incremented at 5 °C/min —to avoid thermal-shock-
induced damage. Accordingly, a fixed area was selected for the contin-
uous SEM observation for both samples (Fig. 3c), where the visual area
of samples H2 and V1 are similar (~1742 pmz). On the basis of SEM
image captures, the Trainable Weka Segmentation plugin in ImageJ
software was engaged to execute the machine learning operation from
the SEM images (input) to yield pore morphological parameters
(output), expressed as Fig. 3d and described in detail by Arganda-
Carreras et al. [37] and Thilagashanthi et al. [38].

3.3. Permeability characterization

Permeability usually determine the gas/oil production capacity from
geological reservoir [39,40], and various approaches may be used to
calculate the permeabilities of porous media [41,42]. These include:
direct measurement, such as permeability tests in closed systems [26]
and indirect deduction such as from mercury intrusion porosimetry
[19]. A variety of models are able to model the permeability in shale
pores and are widely adopted [43]. Our approach combines the
Hagen-Poiseuille model with Darcy’s law to deduce the permeability of
these low-maturity oil shale samples at elevated temperatures.

Using pore morphology, the Hagen-Poiseuille equation has been
confirmed to be reliable in estimating the permeability of shales [44,45],
indicating its applicability in this work. Accordingly, the volumetric
flow rate in a single capillary (g, pm®/s) is,

- nd} 8 Ap
1284 " Ly

(€8]

where, Ap is the pressure difference (Pa), d; is the capillary diameter
(pm), Ly is the capillary length (um) and y is the oil viscosity (Pa-s).

Accordingly, the total volumetric flow rate (Q, pm>/s) over a cross-
sectional area can be regarded as the accumulation from each single
capillary, q. Then,

Q=>"a @

Table 1
Mineral composition of the sample.

Unconventional Resources 6 (2025) 100133

where N is the total number of capillaries over the SEM cross-sectional
area, and q; is the flow capacity of a certain capillary marked as capil-
lary i.
In addition, according to Darcy’s law,
K Ap

Q:Ax;xE 3

where A is the cross-sectional area for fluid flow (pmz), Lp is the
thickness of the porous medium (pm) and and K is permeability (um?, i.
e., ~10° mD).

Actually, permeability is a feature of the 3D capillary or porous
medium, rather than a 2D cross-section of a pore. Therefore, this work
considers a small thickness (e.g., 1 pm) for the 2D SEM captures, and
under this circumstance, Ly in Eq. (1) is equal to Lp in Eq. (3) for the
imaginary cube of the media (Fig. 4). In this manner, the capillary pa-
rameters in the lengthwise direction, like tortuosity, are considered to
not affect the response of flow capacity. Thereafter, with the insertion of
Eq. (1) and Eq. (3) into Eq. (2),

K _Ap zmAp N
A x 4 X L, 128;4LDZHd" 4

That is,

__T N
K= Taga2o® ©

Note that the prerequisite for the establishment of Eq. (4) is that the
Hagen-Poiseuille method and Darcy’s approach work for the same fluid
medium (same viscosity). In reality, as for shale, the cross-section of the
interior pores is not circular but mostly irregular (Fig. 3c), making the
direct measurement of pore diameter difficult. Thus, the concept of an
equivalent hydraulic diameter (di) of the flow channel is used to
approximately characterize the diameter of the irregular shale pores
[46,471, where d;. is defined as,

_A3s

die Ci

(6)
where S; (pmz) and C; (um) are the cross-sectional area and perimeter of
capillary i. As a result, by replacing the capillary diameter, d;, with
equivalent diameter, d;, Eq. (5) is,

2m N Si 4
K: X i1 (E) (7)

According to Eq. (7), the cross-sectional SEM area, A, individual pore
area, S; and perimeter, C;, of each pore may be detected by machine
learning enabling the permeability, K, to be estimated, on the basis of
the corresponding SEM image at each temperature.

4. Results and discussion

The permeability is first defined from the machine learning-based
parameters and its relationships with the evolving pore morphology
during thermal upgrading quantified. This allows the anisotropy of
permeability and its variation with temperature to be defined.
Furthermore, the implications of permeability evolution are analyzed
with regard to restoring oil development from low-maturity oil shale
subjected to in-situ heating.

Components Quartz Feldspar Carbonate mineral

Pyrite Clay mineral Clays

Illite Chlorit Illite/smectite mixed

Content (%) 36.4 16.6 7.9

33.9 54 27 19
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Fig. 3. SEM observations with heating schedule to observe changes in pore morphology. a, SEM heating substrate; b, heating schedule and SEM captures; ¢, SEM
fixed view area of two samples. d, processing methods from SEM images to digital parameters. Details exhibited in Liu et al. [27].
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Fig. 4. The transition from a 2D plane to a 3D expression.

4.1. Permeability evolution with temperature

Using measurements from Liu et al. [27], Eq. (7) enables the
permeability, K, to be determined, as exhibited in Fig. 5, to present the
growth in permeability with increasing temperature. Seepage channels
are enhanced by the thermal upgrading. In comparison, the growth in
permeability for sample V1 is continuous and increases by ~2 times,
while that for sample H2 fluctuates and increases by ~1.5 times (Fig. 5).
The K enhancement results from the newly-formed pore space resulting
from the combined effects of pyrolysis of organic matter, the enlarged

pore space by dehydration-induced matrix shrinkage of the clay min-
erals and other improvements in pore space connectivity such as in
connecting original disconnected or plugged pores at elevated temper-
ature. The occasional decrease in K over some temperature intervals (e.
g. 100-200 °C and 300-400 °C for sample H2) is a frequent phenome-
non, also measured by He et al. [25]. In this case, it is speculated that the
matrix swelling stimulated by the thermal expansion effect directs the K
variation at high temperature, compressing some channels. However,
the K values are the result of multi-factor couplings — with the dominant
processes controlling the result.
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Fig. 5. Calculated permeability for two samples and its variation with tem-
perature according to Eq. (7).

4.2. Pore quantity and area influencing permeability

Previous SEM images and resulting machine learning outputs
increment pore quantity (N) for both samples H2 and V1 at elevated
temperature from 25 to 500 °C [27]. Intuitively, more pores offer more
possible channels for seepage behavior and thus support K enhance-
ment, which is revealed by the N-K correlation (Fig. 6). Relatively, the
correlation coefficient (R2 value) suggests that the N-K relationship for
sample V1 is a bit stronger than that for sample H2 (Fig. 6), which is
possibly due to more heating-induced pores contributing to the perme-
ability calculated for sample V1 relative to sample H2. This phenomenon
suggests that more newly developed pores participate in the seepage
behavior in the direction parallel to shale bedding (revealed by sample
V1), compared to the direction perpendicular to shale bedding (revealed
by sample H2), when the shale experiences thermal upgrading;
regarding this issue, however, more efforts are required to clarify the
in-depth mechanism.

As for the pore area, it corresponds to the cross-sectional area of a
single capillary, exhibited by the conceptual scheme of Fig. 4. For a
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K (107 mD)

Fig. 6. Correlation between pore quantity (N) and permeability (K).
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certain capillary, a greater area indicates a wider section to accommo-
date seepage; therefore, there is a basic positive correlation between the
total pore area and the K values, for both samples H2 and V1 (Fig. 7).
This indicates that elevated temperature ensures a greater total pore
area over the SEM cross-section, which results in this positive feedback
for the seepage capacity (K values). Besides, similar with the N-K cor-
relation coefficient (Fig. 6), the R? value of the relationship between
total pore area and K for sample V1 is greater, compared to that for
sample H2 (Fig. 7). This phenomenon further suggests that more newly
developed pores increase seepage capacity in the bedding-parallel di-
rection than bedding-perpendicular during the in-situ heating— a spec-
ulation that requires confirmation.

4.3. Pore fractal dimension affecting permeability

Finally, fractal theory is introduced to enable the fractal dimension
(Dyp) to be determined and the coupling relationship between Dy values
and permeabilities to be determined at each elevated temperature.

4.3.1. Fractal dimension

The fractal dimension, Dj, contributes to understanding the
complexity of the pore system [48,49], and can be determined by many
methods, including: low-temperature Ng adsorption [50], low-field
NMR [51], mercury intrusion porosimetry [52], and 3D X-ray CT
reconstruction [53]. The parameters of pore area, S (um?), pore
perimeter, C (pm), and pore morphology measured from SEM captures
are also capable of inferring the Dy values as [54,55],

log C:%log S+ (8)

where log C presents a linear correlation with log S with a slope of Dy/2
and an intercept of c;, by which Dyis recovered. Dy= 1 indicates a perfect
uniformity (like a line) regarding the pore structure, while a greater Dy
(up to 2) suggests a more complex pore microstructure, and D = 2
represents a filled plane (i.e. a surface).

On the basis of the S and C values recovered from the machine
learning outputs [27], Eq. (8) yields the log C — log S correlations of
samples H2 and V1 at each temperature, where linear relationships hold
(i.e. all R? values are greater than 0.96 (Fig. 8)). Accordingly, the Dy
values are recovered and listed in Fig. 9, in which a slight increase in Dy
occurs with increasing temperature for the two samples (H2 and V1).
The Dy value increase from 1.25 to 1.35 for sample H2 and from 1.37 to
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Fig. 7. Correlation between total pore area and permeability (K).
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K) (Figs. 6 and 7); meanwhile, there is also a slight increase in Dy that
corresponds to a more complex pore system (Fig. 9) — seemingly detri-
mental to seepage. Therefore, the multiple pore parameters affected by
the elevated temperature together determine the seepage behavior (i.e,
K value), resulting in that presented fractal dimension exhibiting a
generally positive relationship with permeability.

4.4. Description on anisotropy degree of permeability

Anisotropic permeability is an inherent attribute for shales and
significantly influences seepage behavior [58]. The K values derived
from sample V1 are greater than those from sample H2 (Fig. 11a), and
conforms to conventional understanding that the bedding-parallel
permeability is greater than that bedding-perpendicular — as exhibited
in Fig. 2b. However, the preponderance of horizontal permeability is
inconsistent (compared to vertical permeability) for observations as 25
and 300 °C (Fig. 11b). Shale bedding significantly affects seepage [15]
and an coefficient of anisotropic permeability (Rax) may be used to
define the degree of anisotropy of permeability. Rax is described as,

9

Rax=—
K

where Ky; and Kpjz represent the permeabilities calculated from samples
V1 and H2, and corresponding to bedding-parallel and bedding-
perpendicular permeabilities, respectively.

The Rak values (less than 2) indicate minor anisotropy of Ky; and
Kp2, much smaller than those in Wang et al. [15] where the Ragx was
~100~400. Nevertheless, the outcomes in this work are from a
micro-section in SEM view, and the two observed areas are artificially
selected, indicating that other areas could be more anisotropic.

Furthermore, this work puts forward a new concept, that is, an ag-
gregation degree of permeability (Ag), to evaluate the degree of
participation of all pores in contributing to the seepage behavior.
Herein, the Ay is described as the proportion of pores that contribute to
half of the permeability K relative to the entire pore distribution as,

Ao Quantity of pores for 50%K
K=" Whole pore quantity

x 100% 10

where a greater Ag (up to 50 %) represents a higher participation of
detected pores in the seepage behavior and thus suggest that more pores
contribute to the K value, while a smaller one indicates that fewer pores
dominate the K value.

For these samples (Fig. 12), the Ak values are generally small and are
all lower than 8 %, suggesting that the seepage capacity (K value) is
dominated by the minority of all pores for all temperatures. The Ag value
of sample V1 is slightly greater than that of sample H2, noting a higher
proportion of pores in the section in the bedding-perpendicular direc-
tion, rather than in the bedding-parallel direction, contributes to K.
Fig. 12 also shows that the Ak value trends upward for sample V1, while
that holds a gross downward tendency for sample H2 at elevated
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Fig. 12. Aggregation degree of permeability (Ax) for the two samples.

temperature. This phenomenon signals that in-situ thermal upgrading
tends to amplify the anisotropic Ag performance. That is to say, at
elevated temperature, a greater proportion of pores contributes to the K
value of sample V1, while the opposite trend applies to sample H2. This
is because heating creates smaller new pores (compared to the original
pores) that little influence the K for sample H2 while larger pores
contribute to the K for sample V1 — as illustrated by Liu et al. [27].

4.5. Implications for oil recovery

Five modes of pore space evolution were observed during the ther-
mal upgrading [27]. Accordingly, mechanisms influencing permeability
are preliminarily investigated. Heating-induced pore compression de-
grades permeability, while other heating-induced pore evolution be-
haviors improve permeability. These include the formation of new
pores, the interconnection of pores which were previously disconnected
or plugged, extended pore space and enlarged pore space (Fig. 13). Since
the purpose of in-situ heating is to recover oil from low-maturity oil
shales, it is important to correctly and effectively deploy heating wells
relative to the production wells. Taking the mode of a single heating
injection well surrounded by four oil production wells as an example
(Fig. 14), the direction horizontal to the shale bedding is of higher
permeability and thus the permeability isolines are a series of concentric
ellipses — the closer to the heating well, the higher the permeability. As
the permeability usually controls the enhancement in oil production, the
production should follow the tendency of the permeability evolution.
Moreover, since a higher temperature indicates a further elevated
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Fig. 11. Anisotropic permeability. a, comparison between permeabilities of samples H2 (Ky2) and V1 (Ky1); b, anisotropic coefficient of permeability (Rax).
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Fig. 14. Schematic for the relative location of heating injection well and oil production wells.

permeability, the temperature in the area close to production well (e.g.,
point A in Fig. 14) determines the lower threshold of permeability and
thus controls the seepage capacity of the entire heating, hence drainage
area. Therefore, permeability evolution modeling at elevated tempera-
ture is the prerequisite for the effective well deployment and the effi-
cient restoring oil development.

5. Conclusions

In-situ thermal upgrading significantly increases the permeability, K,
of low-maturity oil shale, for both the bedding-parallel and bedding-
perpendicular directions. The K increase largely results from the
heating-induced augmentation of pore quantity, N, and total pore area
(over an SEM cross-section), which significantly increases permeability
due to the scaling of permeability with equivalent pore diameter
squared. In comparison, the bedding-perpendicular sample (V1) pre-
sents a stronger correlation between K and N value (or total pore area)
than the bedding-parallel sample (H2).

Revealed by the fractal dimension, Dy, pores from the bedding-
perpendicular sample (V1) exhibits a more complex microstructure
than bedding-parallel sample (H2) under all temperature conditions;
meanwhile, the elevated temperatures only slightly augment pore mi-
crostructures. An weak positive correlation (R? = ~0.65) of DyK exists
for both samples, likely due to the heating-induced Dy increase is
accompanied by an increase in the number of pores (N) and total pore
area — thus, multiple factors co-determine the K value evolution.

Permeability is persistently anisotropic during the entire heating
process, where the K value parallel to bedding is always larger. How-
ever, the degree of anisotropy varies at elevated temperature, supported
by the anisotropic coefficient of permeability, Rqx. The resulting
permeability is mainly contributed by the minority pores — 50 % of the
permeability K originates from <8 % pores in the SEM section. At
elevated temperature, an increased number of pores in the bedding-
parallel direction participate in the seepage behavior, with the
converse true for bedding-perpendicular.

During the thermal upgrading of low-maturity oil shales, five modes
of pore space evolution jointly affect the permeability, K, where heating-
induced pore compression reduces the permeability. Since a higher
temperature is shown to generally indicate an enhanced permeability,
the actual temperature transmitted to the region close to the production
well determines the lower threshold of permeability and thus controls
the hydrocarbon recovery capacity of the ensemble heating system. Such
a permeability-based simulation significantly informs the deployment of
heating systems for oil production and for the effective recovery of tight
oil.
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