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A B S T R A C T

Fault damage zone permeability governs fluid migration, fault mechanics, and seismic rupture dynamics. Here,
we investigate the permeability structure of the Triassic damaged stratigraphy beneath the frontal Longmen Shan
fault system—a key structure within the Sichuan Basin—through direct analysis of deeply drilled core samples
(~6800 m depth) from the LS1 borehole. We integrated mineralogical analyses, permeability measurements
under in situ stress conditions (5–125 MPa effective pressure) using the pore pressure oscillation (PPO) method
with distilled water, and microstructural observations. X-ray diffraction (XRD) results reveal a pronounced
mineralogical contrast between intact and damaged fault-zone samples. The intact anhydrite (Anh-01) is
dominated by anhydrite (~89 %) with minor dolomite (~10 %), whereas the mixed dolostone-anhydrite cata-
clasites (Dol-Anh-01 and Dol-Anh-02) contain progressively higher dolomite (40–93 %) and illite (1–6 %),
together with accessory quartz, feldspars, and trace gypsum. The co-occurrence of soluble feldspars and illite
indicates fluid-mediated alteration and phyllosilicate network development during cataclastic deformation,
consistent with fluid-rock interaction documented in active fault zones. Permeability decreases nonlinearly with
increasing effective pressure: a sharp reduction at 5–25 MPa likely reflects fracture closure, followed by gradual
compaction at 40–125 MPa. The damage lithology, rich in brittle dolomite-anhydrite fragments (>40 %), shows
permeability of 10− 20–10− 18 m2, whereas the intact anhydrite exhibits lower values (10− 21–10− 19 m2).
Permeability anisotropy arises from (i) brittle block abundance, (ii) weak-phase alignment (e.g., clay films along
microfractures), and (iii) mineralogically driven pore-network heterogeneity. We propose a dynamic perme-
ability model in which seismic slip enhances fracture connectivity (permeability surge), followed by postseismic
self-sealing through compaction and mineralization—a feedback mechanism modulating fluid overpressures and
recurrence intervals. This study provides the first in situ constraints on the hydromechanical behavior of an
evaporite‑carbonate damaged stratigraphy at seismogenic depths in Longmen Shan range. The results challenge
assumptions of static permeability in fault models and highlight the necessity of integrating lithological het-
erogeneity and transient hydraulic processes in seismic hazard assessments.

1. Introduction

Permeability is a fundamental hydraulic property that controls fluid
transport and fluid-rock interactions, with direct consequences for fault
strength and slip behavior (Chester et al., 1993; Evans and Chester,
1995; Bos and Spiers, 2002; Molli et al., 2010; Leclere et al., 2016).
Although the permeability of crystalline and sedimentary rocks has been

extensively studied for decades (Schon, 1996; Bense et al., 2013; Scibek,
2020), recent research has increasingly focused on fault-related rocks
from natural fault zones (e.g., Wibberley and Shimamoto, 2003; Tsut-
sumi et al., 2004; Uehara and Shimamoto, 2004; Agosta et al., 2007;
Haines et al., 2016).

Fluids, such as groundwater and hydrocarbons, play a crucial role in
fault mechanics and seismic activity (Zoback and Harjes, 1997;
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Sutherland et al., 2012; Ross et al., 2020; Dvory and Zoback, 2021; Curzi
et al., 2024; Smeraglia et al., 2022). Field and laboratory studies
demonstrate that mature faults can act as barriers, conduits, or hybrid
systems, significantly influencing fluid flow in the upper crust
(Antonellini and Aydin, 1994; Caine et al., 1996; Lacroix et al., 2012;
Smeraglia et al., 2020). The internal architecture of mature
faults—typically composed of a highly strained fault core, a fractured
damage zone, and a relatively intact protolith—varies depending on
deformation history, host-rock lithology, and faulting conditions
(Chester et al., 1993; Sagy et al., 2001; Kim et al., 2004; Savage and
Brodsky, 2011). These variations complicate predictions of fluid trans-
port behavior (Faulkner et al., 2010).

Permeability measurements are commonly obtained using three
main approaches: (1) in situ borehole-based techniques such as water-
injection or tidal-response experiments; (2) laboratory measurements
on surface outcrop samples; and (3) laboratory measurements on bore-
hole core samples (e.g., Ohtake, 1974; Kitagawa et al., 1999; Wibberley
and Shimamoto, 2003; Mizoguchi et al., 2008; Xue et al., 2013; Smer-
aglia et al., 2014; Yan et al., 2016; Scibek, 2020). While in situ tech-
niques provide permeability data under natural conditions, they yield
bulk averages over large volumes—often spanning hundreds of meters
around the borehole (Wilson et al., 1979; Kitagawa et al., 1999; Guo
et al., 2021)—and therefore cannot resolve fine-scale heterogeneities
within complex fault zones. In contrast, laboratory measurements offer
higher spatial resolution and better control of experimental parameters.
However, surface outcrop samples typically display permeability values
nearly one order of magnitude higher than those of corresponding
borehole samples (Trippetta et al., 2010), likely due to stress release
during exhumation.

Recent advances in fault zone permeability research have largely
come from laboratory studies of samples collected from major fault
systems, including the Nojima Fault (Lockner et al., 2000; Mizoguchi
et al., 2008), the Median Tectonic Line in Japan (Wibberley and Shi-
mamoto, 2003), the Parasano Fault (Agosta et al., 2007); the Chelungpu
Fault (Tanikawa and Shimamoto, 2009), the Japan Trench plate
boundary (Tanikawa et al., 2013), the San Andreas Fault (Morrow et al.,
2014), the Yinxiu-Beichuan Fault (Chen et al., 2013; Duan et al., 2017),
and the Gole Larghe Fault (Rempe et al., 2018). However, most of these
studies rely on surface outcrops or shallow boreholes samples, raising
questions about their applicability to deeper fault zones (e.g.,
6000–7000 m) (Townend and Zoback, 2000; Mizoguchi et al., 2008;
Uehara et al., 2012; Morrow et al., 2014).

In this study, we investigate the hydraulic structure of the Triassic
detachment fault beneath the frontal Longmen Shan by analyzing deep-
borehole (LS1, ~6900 m) core samples. Laboratory experiments were
conducted on evaporite‑carbonate fault rocks obtained from within the
detachment zone (Figs. 1). By integrating mineralogical characteriza-
tion, high-pressure permeability measurements, and microstructural
observations, we quantify the fluid transport properties and propose a
model for permeability evolution throughout the seismic cycle.

2. Geological setting

The Longmen Shan (LMS) marks a pronounced topographic and
tectonic transition between the high-elevation Tibetan Plateau and the
low-lying Sichuan Basin (SCB) in China (Fig. 1A). The LMS thrust belt
comprises a series of NE-striking thrust faults, including (from west to
east) the Qingchuan-Maowen fault, Beichuan-Yingxiu fault, Pengguan
fault, Guankou fault, and Pengxian fault (Burchfiel et al., 1995; Jia et al.,
2006; Hubbard et al., 2010; Lu et al., 2019). This active thrust belt ex-
tends for approximately 500 km in length and 30–50 km in width, and is
traditionally subdivided into northern, central, and southern segments,
with internal boundaries near Dujiangyan and Anxian (Molnar and
Tapponnier, 1975; Burchfiel et al., 1995; Liu et al., 2009; Li et al., 2012).

The LMS has experienced two major orogenic phases since the early
Mesozoic (~250 Ma): (1) Late Triassic compressional and (2) Cenozoic

deformation associated with the India-Asian collision (Burchfiel et al.,
1995; Chen and Wilson, 1996; Jia et al., 2006). The central LMS exposes
predominantly Mesozoic strata (Chen et al., 1995; Liu et al., 1996),
where shallow structural features are characterized by imbricated
thrusts and ramp-fold structures (Hubbard and Shaw, 2009; Jia et al.,
2010; Lu et al., 2012).

Surface mapping and drilling data reveal that the central LMS cover
sequence consists of Sinian to Middle Triassic shallow-marine clastic and
evaporite‑carbonate rocks, overlain by Late Triassic terrestrial deposits.
Eastward, the Sichuan Basin contains more than 5 km of clastic rocks (Li
et al., 1995; Chen et al., 1995), resting on a Precambrian crystalline
basement. Integration of drilling, seismic reflection, and surface
geological data indicates two principal detachment fault zones in the
frontal central LMS: (1) a deep Precambrian detachment (~15–17 km
depth) characterized by strong frictional behavior; and (2) a shallower
Triassic detachment (~6.5 km depth) dominated by ductile deformation
(Jia et al., 2010; Li et al., 2018; Zhang et al., 2022; Liao et al., 2023). The
Middle-Lower Triassic detachment is particularly significant because it
governs upper-crustal deformation and seismicity distribution along the
LMS range front (Li et al., 2016; Lu et al., 2019; Liao et al., 2023). Recent
seismic activity associated with this detachment includes the 2013 Mw
6.6 Lushan earthquake, which was generated by a ramp within the
Range Front blind thrust (RFBT) that merges upward with the detach-
ment level in the Sichuan Basin at ~4–6 km depth (Wang et al., 2014). In
this study, we focus on the permeability characterization of fault rocks
from this Triassic detachment zone within evaporite‑carbonate units
(Fig. 1).

3. Methods

The experiments were conducted on three representative lithologies,
including an intact anhydrite (Anh-01) and two mixed dolostone-
anhydrite cataclasites that differ in damage intensity—highly frac-
tured (Dol-Anh-01) and weakly fractured (Dol-Anh-02). These lithol-
ogies were collected from depths of 6874.1 m, 6875.9 m, and 6877.3 m,
respectively. For XRD analyses, one representative specimen from each
lithology was selected. For permeability measurements, two specimens
from each category—cored parallel (||) and perpendicular (⊥) to the
drilling axis—were tested to evaluate the influence of anisotropy on
permeability. In addition, ten thin sections of anhydrite and mixed
dolostone-anhydrite cataclasite were analyzed to characterize their
microstructural features.

3.1. X-ray diffraction analysis

X-ray diffraction (XRD) analysis was systematically performed to
quantify both bulk-rock composition and clay mineral content using the
normalized reference intensity ratio (RIR) method (Hubbard et al.,
1976). This approach leverages the proportional relationship between
mineral peak intensities and their modal abundances in polyphase
mixtures.

3.2. Permeability and porosity measurements

Permeability measurements were conducted at the Institute of Ge-
ology, China Earthquake Administration (CEA), using a high-pressure
fluid-flow system capable of operating with either gaseous or aqueous
permeants. The experimental setup employed the pore-pressure-
oscillation (PPO) method (Fischer, 1992; Fischer and Paterson, 1992),
which determines hydraulic properties through differential-pressure
analysis between upstream and downstream reservoirs. Pore pressures
were measured using DRUCK PTX 610 pressure transducers with a
precision of ±0.032 MPa. The detection limits of the system are
approximately 10− 22 m2 for permeability and 10− 12 Pa− 1 for specific
storage (Chen et al., 2015; Duan et al., 2017). In brief, a sinusoidal
pressure signal was applied at the upstream end of the sample, and the
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Fig. 1. (A) Regional geologic map of the Longmen Shan and the western Sichuan Basin, showing major faults (black lines), exposed stratigraphy (after Li et al.,
2012), and the location of borehole LS1. BCF: Beichuan fault; PGF: Pengguan fault; PXF: Pengxian fault; LQF: Longquan fault. (B) Sedimentary stratigraphy of the
Pengzhou area (modified from Lu et al., 2019). (C) Interpreted, depth-converted 3D seismic reflection profile co-rendered with seismic variance data from the
piedmont region of the central Longmen Shan (location marked by the green line in Fig. 1A). Small red triangles indicate the position of the frontal thrust system of
the Longmen Shan. The term ‘Damaged Stratigraphic Unit (DSU)’ refers to a dynamically evolved detachment zone within the Triassic brittle-ductile complex
sedimentary sequences (cf. Liao et al., 2023). (D) Vertical projection of borehole LS1 (location marked by the green rectangle in Fig. 1B). Anh: Anhydrite; Dol:
Dolomite; Bi: Bitumen. Q-C: Quaternary-Cretaceous; J: Jurassic; T: Triassic; P-C: Permian-Cambrian; Pre-C: Pre-Cambrian. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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downstream response was recorded. Fourier analysis of these signals
yielded the amplitude ratio and phase delay. Using these two parame-
ters, dimensionless coefficients were calculated according to Fischer
(1992) and Fischer and Paterson (1992), from which the sample’s
permeability and specific storage were derived.

Sample porosity was determined by first measuring the absolute
porosity at the initial pressure and then assessing porosity changes in
response to incremental pressure steps. Absolute porosity was measured
using a microvolumeter equipped with a needle valve and a high-
precision displacement sensor (resolution = 0.001 mm). Changes in
porosity were inferred from induced pore pressure variation, using
distilled water as the pore fluid and assuming that the total volumetric
change equaled the change in pore volume within the specimen.

3.3. Sample preparation and testing conditions

Sample preparation followed strict protocols:

• Cylindrical specimens (Ø20 mm, L5–15 mm) were cored with par-
allel and perpendicular orientations to drilling axis (Fig. 2; Table 1)

• Samples were categorized by burial depth and lithology into three
groups

• All specimens were oven-dried at 65 ◦C to relative constant mass
(~12 h)

Test conditions maintained:

• Confining pressures (Pc) up to 140 MPa
• Constant pore pressure (Pp = 15 MPa) using distilled water
• Room temperature environment

Detailed experimental procedure followed established procedures
(cf. Chen et al., 2015; Duan et al., 2017): (1) Load the confining pressure
to 8 MPa and evacuate the pore-fluid pipelines. Measure the initial
porosity using nitrogen gas. (2) Evacuate the pipelines again and
introduce distilled water to saturate the flow lines and the sample.
Synchronously increase the confining pressure to 20 MPa and pore
pressure to 15 MPa. (3) Measure the permeability and specific storage
using the PPOmethod. (4) Change the confining pressure and record the
induced pore pressure variation to calculate the porosity change. (5)
Repeat steps (3) and (4) at each confining-pressure increment. Following
this procedure, with confining pressure varied (both loading and
unloading) between 20 MPa and 140 MPa, a complete dataset of hy-
draulic properties—including permeability, porosity, and specific stor-
age—was obtained. The experimental design specifically addresses the
need for high-pressure conditions representative of in situ stress states at

the sampled depths.

3.4. Permeability-pressure relationship

Previous studies have shown that both exponential and power-law
relationships can adequately model permeability-pressure behavior
(Morrow et al., 1986; Faulkner, 2004; Duan et al., 2017). In this study,
we adopted the exponential law (David et al., 1994), expressed as:

k = k0exp[ − γ(Pe − P0) ] (1)

where k is the permeability at effective pressure Pe, k0 is the initial
permeability at reference pressure P0 (taken as atmospheric pressure,
0.1 MPa), and γ is the pressure sensitivity coefficient, which is lithology-
dependent and influenced by fracture density, pore structure, and
mineral filling (cf. Berryman, 1992; Evans et al., 1997; Ghabezloo and
Sulem, 2009).

4. Experimental results

4.1. Mineralogical characterization via XRD analysis

XRD analysis reveals significant mineralogical contrasts between
intact and damaged fault zone samples (Figs. 3, S1-S6). The intact
sample (Anh-01) is overwhelmingly dominated by anhydrite (89 %)
with subordinate dolomite (10.5 %) and only trace gypsum (0.5 %),
indicating minimal post-depositional alteration. In marked contrast,
damaged samples exhibit substantially more complex mineral assem-
blages. Dol-Anh-01 contains nearly equal proportions of anhydrite (53.6
%) and dolomite (40 %), along with accessory quartz (2.4 %), K-feldspar
(2.4 %), plagioclase (0.4 %), and illite (1 %). Dol-Anh-02, in contrast, is
overwhelmingly dolomitic (92.9 %) with minor anhydrite (0.7 %),
quartz (0.5 %), and significantly higher illite content (5.9 %).

4.2. Permeability results

Integrated measurements of permeability, porosity and specific
storage were conducted on six samples obtained from the LS1 deep
borehole. The experimental results are plotted as functions of Terzaghi
effective pressure (Pe = Pc – Pp, where Pe is effective pressure, Pc is
confining pressure, and Pp is pore pressure) for both loading (pressur-
izing) and unloading (de-pressurizing) paths (Fig. 4). Sample informa-
tion and initial measurements are summarized in Table 1. Owing to the
extremely low initial porosities (generally < 1%; see Table 1), cross-
plots of porosity versus effective pressure were not obtained.

Permeability decreases rapidly as Pe increases to ~30 MPa, followed
by a more gradual decline from 40 MPa to 125 MPa (Fig. 4). During
unloading, permeability increases slightly as Pe decreases from 125MPa
to 5 MPa. Across the entire effective pressure range investigated, sample
permeabilities span nearly three orders of magnitude. The intact

Fig. 2. Representative hand specimens of evaporite‑carbonate fault rocks
collected from a depth of ~6800 m. The samples include intact anhydrite (Anh-
01) and mixed dolostone-anhydrite cataclasite (Dol-Anh-01 and Dol-Anh-02),
each prepared with core orientations both parallel (||) and perpendicular (⊥)
to the drilling direction. The samples display a heterogeneous distribution of
dolostone clasts embedded within a fine-grained anhydrite matrix. The orien-
tation definitions “||” and “⊥” also apply to Figs. 3–4 and Tables 1–2.

Table 1
Specification of the core samples and initial experimental results.

Rock type Sample ID Length
(cm)

Diameter
(cm)

Φ0 (%) k0 (10− 19

m2)

Anhydrite
Anh-01 (||) 1.188 2.04 1.18 4.054
Anh-01
(⊥) 1.063 2.032 – 0.479

Dolomite &
Anhydrite

Dol-Anh-
01 (||) 0.875 2.033 1.31 32.142

Dol-Anh-
01 (⊥)

0.750 2.027 0.43 26.154

Dol-Anh-
02 (||)

1.125 2.029 0.45 3.757

Dol-Anh-
02 (⊥) 1.125 2.029 0.68 29.531

“–” denotes content below detection; the same notation also applies to Table 2.

L. Zhang et al.
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anhydrite (Anh-01) exhibits the lowest permeability, ranging from
7.79× 10− 21 m2 to 7.05× 10− 19 m2. Permeability evolution and
magnitude are also influenced by sample orientation (Fig. 4A-B). Spe-
cifically, under the same effective-stress interval, the permeability
change in the sample cored parallel to the drilling direction is nearly
twice that of sample cored perpendicular to it. In contrast, the damaged
samples (Dol-Anh-01 and Dol-Anh-02), composed primarily of dolomite
and anhydrite, display permeability values approximately one order of
magnitude higher, ranging from 1.22× 10− 20 m2 to 3.64× 10− 18 m2

(Fig. 4C-F). Comparison between these two damaged samples indicates
that permeability is inversely correlated with the degree of accommo-
dated strain, progressively decreasing toward the intact protolith. To
quantify permeability evolution with pressure (depth), experimental
data were fitted using the exponential relation (Eq. (1)). Fitting results
are presented in Fig. 4 and summarized in Table 1. The initial average
permeability (k0) for the intact anhydrite (Anh-01) and damaged sam-
ples (Dol-Anh-01 and Dol-Anh-02) are 2.27× 10− 19 m2, 2.92× 10− 18

m2, and 1.67× 10− 18 m2, respectively, indicating that the intact unit is
approximately one order of magnitude less permeable. The corre-
sponding pressure sensitivity coefficients (γ) range from 0.016 MPa− 1 to
0.018 MPa− 1 for Anh-01, 0.032 MPa− 1 to 0.049 MPa− 1 for Dol-Anh-01,
and 0.024 MPa− 1 to 0.048 MPa− 1 for Dol-Anh-02.

4.3. Microstructural characteristics of anhydrite-dolostone cataclasite

Our samples, obtained from a depth of approximately 6800 m,

consist predominantly of anhydrite and dolostone (Figs. 2, 5), repre-
senting conditions that strongly favor complete dehydration (Table 2; e.
g., De Paola et al., 2008). Fig. 5 illustrates several key microstructural
features: (1) Fine-grained crystals (<500 μm) exhibit pervasive planar
alignment (Fig. 5A-B), with elongated grains showing preferred orien-
tations parallel/oblique to shear direction (Fig. 3B). (2) Dolostone
fragments are embedded within ductile anhydrite layers and show evi-
dence of progressive fragmentation under increasing shear strain
(Fig. 5C-E). (3) Dolostone fractures are entirely sealed by anhydrite
crystals and bitumen, leaving no observable pore space (Fig. 5C, E). (4)
Distinct feldspar alteration halos along dolostone clast margins (Fig. 5D-
E) indicate post-deformation fluid infiltration.

5. Discussion

5.1. Permeability characteristics and seismic cycle implications

Permeability measurements on six samples from the Middle-Lower
Triassic detachment fault zone reveal a broadly consistent two-stage
evolution with effective pressure and systematic variations across
structural domains. Permeability decreases with increasing effective
pressure in two distinct stages: an initial rapid drop up to ~30 MPa,
followed by a more gradual decline at higher pressures (Fig. 4). The
initial sharp reduction is attributed to fracture closure, whereas the
subsequent decrease reflect pore-space compaction (cf. David et al.,
2001; Mizoguchi et al., 2008; Wang et al., 2017). Damage zone samples,
characterized by dolomite-rich compositions (>40 % dolomite with

Fig. 3. X-ray diffraction (XRD) patterns of anhydrite, dolomite, and clay minerals from deformed samples collected within the evaporite‑carbonate-hosted Middle-
Lower Triassic detachment fault zone. (A-1) Powder XRD spectrum of sample Anh-01 (||) from the intact unit, predominantly composed of anhydrite. (A-2) XRD
pattern of clay minerals extracted from the same sample (corresponding to A-1). (B-1) Powder XRD spectrum of sample Dol-Anh-01 (||) from the damage unit,
composed mainly of anhydrite and dolostone. (B-2) XRD pattern of clay minerals corresponding to B-1. (C-1) Powder XRD spectrum of sample Dol-Anh-02 (⊥) from
the damage unit, also dominated by anhydrite and dolostone. (C-2) XRD pattern of clay minerals corresponding to C-1.

L. Zhang et al.
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anhydrite), exhibit relatively higher permeability (1.22 × 10− 20 to 3.64
× 10− 18 m2) compared to intact anhydrite-dominated samples (~89 %
anhydrite; 7.79 × 10− 21 to 7.05 × 10− 19 m2), although the contrast
remains within about one order of magnitude. Notably, permeability
systematically decreases from highly deformed to less deformed zones in
aligned fault rocks, independent of fracture filling state. The perme-
ability range of our intact anhydrite sample algins with the results of
Trippetta et al. (2010) for intact sulphate and dolostone samples, where
increasing effective pressure from 10 MPa to 90 MPa reduced perme-
ability from 10− 18 m2 to 10− 22 m2 with minor perturbations. Those
authors also showed that borehole samples exhibited permeability
values nearly one order of magnitude lower than equivalent outcrop

samples under the same loading conditions. Our intact sample (domi-
nated by anhydrite) shows a permeability range of 10− 21 m2 to 10− 19

m2, approximately one order of magnitude higher than the outcrop
samples reported by Trippetta et al. (2010) (10− 22 to 10− 20 m2), likely
due to the presence of brittle breccias within the anhydrite matrix
(Table 2). De Paola et al. (2008) indicated that dolomite blocks act as
rigid inclusions below the brittle-ductile transition of anhydrite, rotating
and fracturing within the ductile anhydrite matrix. In this context,
dolostone fragments can exert strong control on the bulk permeability of
the fault rock (Trippetta et al., 2010). Moreover, well-developed
mineralogical transformations—particularly the formation of phyllosi-
licate networks through ongoing fluid-rock interaction—can modulate

Fig. 4. Hydrostatic permeability of fault-related rocks plotted as a function of effective pressure. (A) Results for sample Anh-01 (||) from the intact unit. (B) Results
for sample Anh-01 (⊥) from the intact unit. (C) Results for sample Dol-Anh-01 (||) from the damage unit. (D) Results for sample Dol-Anh-01 (⊥) from the damage
unit. (E) Results for sample Dol-Anh-02 (||) from the damage unit. (F) Results for sample Dol-Anh-02 (⊥) from the damage unit. Because there are only two data
points below 30 MPa, we chose to apply a global fit. Except for Anh-01(||)—where new fractur space may have formed during pressurization—the loading
permeability curves for all other samples plot above their unloading curves.

L. Zhang et al.
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both the hydraulic conductivity and mechanical behavior of fault zones
over seismic cycles (Evans and Chester, 1995; Haines and van der
Pluijm, 2012; Heap et al., 2019). The presence of soluble feldspars in
Dol-Anh-01, coupled with the progressive increase in illite content
across damaged samples, strongly suggests fluid-mediated alteration
processes (Fig. 5D-E; Table 2), consistent with documented fault-zone
diagenesis (Solum et al., 2005; Haines and van der Pluijm, 2012; Duan

et al., 2016). Given the well-developed deep-seated faults in this region
(Jia et al., 2006; Hubbard et al., 2010; Lu et al., 2019), we infer that deep
hydrothermal fluids may have contributed to feldspar formation. How-
ever, this hypothesis requires further investigation.

As established by previous studies (Rojstaczer and Wolf, 1992;
Uehara and Shimamoto, 2004; Indrevaer et al., 2014), fault zones
dynamically evolve between conduit and barrier states. Coseismic
events typically generate transient permeability increases of one to three
orders of magnitude through fracture creation and reactivation (Uehara
and Shimamoto, 2004; Woodcock et al., 2007; De Paola et al., 2009;
Manga et al., 2012; Frash et al., 2017). Post-seismic periods may further
enhance permeability through dilation and brecciation, followed by
long-term (102–103 yr) reduction due to compaction and mineralization
(Fig. 6, Gratier, 2011). Our microstructural evidence—particularly
anhydrite-filled fractures within dolostone—combined with low
permeability values (<10− 18 m2) suggest fracture healing and fault
strength recovery during interseismic periods, forming an effective fluid
barrier for both hydrocarbons and groundwater. Seismic reactivation,
however, could temporarily transform damage zones into localized
conduits through renewed fracturing (Figs. 5D-E, 6), indicating a time-
dependent permeability behavior that fluctuates throughout the

Fig. 5. Photomicrographs of thin sections from core samples obtained from borehole LS1 (see Fig. 1A), illustrating microstructural features of both intact units (A-B)
and damage zone (C-E). The images highlight flow structures of anhydrite (light gray to white), along with fractures and cataclastic textures in dolostone (dark gray).
Sample depths are indicated at the top center of each image. Notable features include anhydrite filling (yellow arrow), bitumen filling (red arrow), and fluid
alteration (green arrow). All photomicrographs (A-E) were taken under plane-polarized light. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

Table 2
Mineralogical compositions of selected samples.

Sample
no.

Bulk composition (ref.%) Clay
composition
(ref.%)

Qtz Pl Kfs Dol Gp Anh Clay Ill

An-01 (||) – – – 10.5 0.5 89 – –
Dol-An-
01 (||) 2.4 0.4 2.4 40 0.2 53.6 1 100

Dol-An-
02 (⊥) 0.5 – – 92.9 – 0.7 5.9 100

Qtz, quartz; Pl, plagioclase; Kfs, K-feldspar; Dol, Dolomite; Gp, gypsum; Anh,
anhydrite; Clay, total clay; Ill, illite.

L. Zhang et al.
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seismic cycle (Uehara and Shimamoto, 2004; Mitchell and Faulkner,
2008; Pei et al., 2015; Smeraglia et al., 2016; Yehya and Rice, 2020).

While this study provides important constraints on fault-zone hy-
draulic behavior, the assessment of coseismic fluid transport remains
qualitative. We emphasize the need for quantitative investigations under
varied thermal regimes, as temperature significantly impacts perme-
ability (Faulkner, 2004; Kato et al., 2004). Future work should therefore
prioritize triaxial permeability experiments on evaporite‑carbonate
cataclasite to better characterize coupled thermo-hydro-mechanical
processes. Such studies will enhance our understanding of time-
dependent fluid flow and mechanical recovery within seismically
active fault zones.

5.2. Pressure sensitivity coefficient (γ) analysis

The corresponding pressure sensitivity coefficients (γ) range from
0.016 MPa− 1 to 0.018 MPa− 1 for the intact sample, and from 0.032
MPa− 1 to 0.049 MPa− 1 and 0.024 MPa− 1 to 0.048 MPa− 1 for the
damaged samples Dol-Anh-01 and Dol-Anh-02, respectively. The mean γ
values of the damaged samples are therefore approximately two to three

times higher than those of the intact sample. Previous studies (Al-Wardy
and Zimmerman, 2004; Ghabezloo and Sulem, 2009; Li et al., 2009)
indicate that γ can reach values greater than 1 in clay-rich rocks due to
the presence of soft phases or continuous pore structures. Vermylen
(2011) also noted that such elevated values may arise from continuous
flow paths within soft, porous kerogen. Considering the microstructural
and mineralogical differences among our samples—specifically, the
more developed structural features and higher abundance of weak-
phase constituents in the damaged units (Fig. 5, Table 2)—the relative
higher γ values in the damaged samples likely reflect the influence of
soft constituents such as clay minerals and bitumen, together with the
enhanced development of microporosity and microfractures (cf. Zoback
and Harjes, 1997; Al-Wardy and Zimmerman, 2004; Ghabezloo and
Sulem, 2009; Vermylen, 2011).

6. Conclusions

This study systematically characterizes the hydraulic properties of
the Middle-Lower Triassic detachment fault zone through integrated
mineralogical, permeability, and microstructural analyses of anhydrite-

Fig. 6. (A) Schematic modal illustrating the permeability evolution of the evaporite‑carbonate-hosted Triassic detachment fault zone throughout a seismic cycle
(modified from Uehara and Shimamoto, 2004). (B) Conceptual model showing cyclic permeability evolution of a fault zone over geological time (Pei et al., 2015).
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dolostone cataclasite obtained from the LS1 borehole (~6900 m depth)
in the frontal Longmen Shan. Our principal conclusions reveal:

(1) Fluid transport in these evaporite‑carbonate units is dominantly
regulated by brittle dolostone components, with secondary in-
fluences fromweak-phase (i.e., clay) alignment and fluid-induced
alteration processes.

(2) The fault zone exhibits dynamic permeability evolution, charac-
terized by: i) Seismic-phase enhancement through fracture gen-
eration and reactivation; ii) Interseismic reduction via healing
and compaction mechanisms; iii) Consistently low background
permeability (<10− 18 m2) at depth, establishing the fault as an
effective fluid barrier during quiescent periods

These findings provide critical constraints for understanding fluid
migration patterns and fault mechanics in evaporite‑carbonate hosted
detachment systems. The observed permeability variations have
important implications for hydrocarbon migration and seismic hazard
assessment in the Longmen Shan thrust belt, where fluid overpressures
may influence fault slip behavior. Future studies should incorporate in
situ stress measurements and long-term monitoring to better quantify
the feedback between fluid flow and fault stability.
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