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Abstract 

Decollement zones are sub-horizontal weak zones in the earth's crust that strongly affect 

tectonic deformation. The weakness of a decollement zone is commonly attributed to thermal 

and composition layering that is relatively static in time. Here, we present evidence for damage 

stratigraphy in which a stratigraphic unit evolves dynamically into a weak decollement zone.  

The analysis is focused on the internal structure of a deep, tectonically active, decollement zone 

in the Sichuan Basin, China. The analyzed zone is about a 1 km thick sequence of Triassic rocks 

that extends across most of the Sichuan Basin at a depth range of 5.8-6.8 km. This sequence is 

composed of evaporites (mostly anhydrite) and carbonates (dolomite and limestone). We used 

three-dimensional seismic surveys, borehole observations, and rock-mechanics experiments to 

document pervasive internal damage revealed by fractures and flow features within this unit. As 

this damaged unit is defined by its stratigraphic position, we term it a Damaged Stratigraphic 

Unit (DSU). The damage-induced weakness of the DSU controls two active tectonic features in 

the western Sichuan Basin. First, large, intra-basin, frontal thrust faults terminate against the 

DSU from above and from below. Second, regional earthquakes display a profound decrease in 

frequency and seismic moment at the depth interval of 5.8-6.8 km that coincides with the DSU. 

We argue that this earthquake distribution may pose an increased geohazard to the Chengdu area 

by shallow, moderate earthquakes. 

Keywords: Damaged Stratigraphic Unit; Decollement zone; Fault patterns; Earthquakes 

distribution; Geohazard. 

1 Introduction 

1.1 Strength of the layered crust 

Large-scale strength and rheological variations of the crust are dominated by depth 

variations of pressure and temperature (Brace & Kohlstedt, 1980; Ranalli & Murphy, 1987). The 

crust can be divided into two main parts: an upper brittle part, the strength of which is bounded 

by frictional slip along discontinuities, and a lower ductile part, the strength of which is 

determined by nonlinear viscoelasticity that depends on temperature, lithology, and strain-rate. It 

is generally assumed that in tectonically active regions, the in-situ stress depth profile mimics the 

strength profile, and that the strength profiles can be applied to earthquake distribution (Scholz, 

1998; Konstantinou, 2010), the earthquake cycle (Reches et al., 1994), and large scale 
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decollements associated with plate collisions (Avouac et al., 1993). However, the strength of a 

rock unit does not necessarily stay constant as the damage processes that are active during 

tectonic deformation could lead to rock-units weakening causing deformation beyond failure 

(e.g., Kachanov, 1994; Katz & Reches, 2004; Lyakhovsky & Ben-Zion, 2009; Busetti et al., 

2012). The evolving weakening of a stratigraphic unit by ongoing damage is in contrast to 

relatively static strength associated with thermal, pressure, and lithological properties that were 

applied by Brace & Kohlstedt (1980). 

1.2 Tectonic setting of the present analysis 

We analyze the weakening effects of tectonic damage in the Triassic age sequence in the 

Sichuan Basin, China. The study area is located in the western part of the basin, tens of km east 

of the seismically active Longmen Shan mountain range (Figure 1a) (Wallis et al., 2003; 

Burchfiel et al., 2008; Hubbard & Shaw, 2009; Jia et al., 2010; Lu et al., 2019). The Longmen 

Shan lies to the eastern Tibetan Plateau and defines a marginal topographic transition from the 

Plateau to Sichuan Basin. It is characterized by four major fault zones: Beichuan (BCF), 

Pengxian (PXF): Guankou (GKF), and Longquan (LQF) (Fig. 1). Fig. 1 b illustrates the 

interpreted 3D view of structural architecture for Longmen Shan range and western Sichuan 

Basin, which is likely formed by a Late Triassic compressional episode and a Cenozoic 

deformation episode during the India–Asia collision (Burchfiel et al., 2008; Jia et al., 2010; 

Izquierdo-Llavall et al., 2018; Delcaillau et al., 2022; Qin et al., 2022). Uplift due to crustal 

shortening resulted in the 2008 Wenchuan earthquake and is continuously activating this region 

and shaping local topography (Hubbard and Shaw, 2009). 

The general stratigraphy of this region consists of a Proterozoic crystalline basement of 

the Yangtze craton, that is overlain by a sequence of Cambrian dolomites and shales, Permian 

and Triassic shallow-marine carbonates and evaporites, and Triassic and Jurassic non-marine 

sandstones and shales (Figure 2) (Jia et al., 2010). Cenozoic tectonism, which is dominated by 

the India-Asia collision (Burchfiel et al., 2008), generated a series of north-east trending folds 

and thrusts. 

We focus on the internal damage of a ~1 km thick sequence of Triassic carbonates and 

evaporites at a depth interval of 5.8-6.8 km. The damage of this sequence was directly 

recognized in borehole logs, core samples, and 3D seismic surveys. We show that this unit serves 
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as a thick decollement zone that controls the depth distribution of earthquakes and faults. As the 

damage is bounded to a stratigraphic unit, we refer to it as ‘damage stratigraphy’, and the present 

analysis focuses on the Damaged Stratigraphic Unit (DSU) of the Triassic sequence in the 

Sichuan Basin (Figs. 1, 2). 

1.3 Methods of subsurface analyses 

For the analyses of subsurface damage, we utilized the 3D seismic attribute methodology, 

including the attributes of amplitude, variance, and curvature (Chopra & Marfurt, 2005) 

(Supporting Information). It was previously found that subsurface damage is best recognized by 

the variance attribute that represents the scattering response of acoustic waves by a rock body 

(Chopra & Marfurt, 2005; Iacopini & Butler, 2011; Liao et al., 2019). High values of the 

variance attribute indicate intensely damaged and fractured bodies (Iacopini & Butler, 2011), and 

it was used to map subsurface fault-zones (Liao et al., 2019). 

2 Observations: structure, damage, and earthquakes 

2.1 Subsurface structure 

We investigated the subsurface structure and internal damage of the Triassic sequence DSU 

by analyzing the three-dimensional seismic surveys within an area of 1,370 km
2
 (Fig. 1b); these 

seismic data are part of the basin-scale petroleum exploration (Lu et al., 2019). The analyzed 

area is located in the frontal region of the Longmen Shan range, as close as 20 km from the 

Mw8.0 Wenchuan earthquake hypocenter, and it borders many of the aftershocks of this 

earthquake (Figure 1a). 

 The structure of the study area is shown by three subsurface maps (Figures 3a-c) and 

three complementary vertical seismic profiles (Figure 3d). The maps display the variance and 

curvature attributes at three depth levels: the Upper Triassic dolomite that is positioned above the 

damaged strata, the Middle Triassic sequence that we identify as the damage stratigraphic unit 

(DSU), and the units below the DSU. These maps show consistently higher variance intensity 

within the DSU (Figure 3b), and along the Pengxian Fault-Zone (PXF in Figure 3). The vertical 

seismic profiles (Figure 3d) display the DSU at depth of 5.8-6.8 km (light red) where high values 

of the variance attribute indicate high damage density related to intense fracturing. These 

apparent displacements of the Pengxian Fault (Figures 3b, d) indicate layer-parallel shear within 
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the DSU that ranges from ~ 8 km shear at the southwest that gradually decreases and vanishes at 

the northeast after a horizontal distance of ~50 km. The relatively uniform distribution of the 

variance attribute within the DSU suggests that the shear was accommodated quasi-uniformly as 

shown schematically in Figure 3e. 

The Pengxian Fault, which is the dominant fault in the study area (PXF in Figures 1b, 3), 

is regarded as a frontal blind thrust that propagated from the Longmen Shan range (Lu et al., 

2019). The Pengxian Fault displays some striking relationships with the DSU. First, this fault is 

terminated and displaced by the DSU (red arrows in Figure 3d): In the southwest profile (left 

profile, Figure 3d), the upper segment of the Pengxian Fault is displaced eastward by about 8 km 

relative to the lower segment, in the middle profile, the fault is displaced by only ~2 km, and in 

the northeast profile (right profile, Figure 3d), the Pengxian Fault is not displaced. Further, at the 

northeast profile, the DSU displays noticeable thickening at the intersection with the Pengxian 

Fault. Second, the damage zones of the Pengxian Fault reveal contrasting structures above and 

below the DSU. Above the DSU (Figure 3a), the Pengxian Fault appears as a relatively linear 

zone that extends for 55 km via a fold-fault system. Below the DSU (Figure 3c), the fault zone is 

bent and twisted with curved subsidiary segments, and it extends for a greater length than above 

the DSU. We deduce that the presence of the DSU led to the separation of the Pengxian Fault 

into these two contrasting structural styles; the controlling mechanism will be discussed later. 

2.2 Depth distribution of subsurface damage 

Above, we presented maps and profiles of the variance attribute as an indicator of 

subsurface damage intensity (Figure 3). We now examine the depth distribution of this variance.  

The seismic profile (Figure 4a) and the attribute depth profile (Figure 4b) reveal three zones of 

high damage intensity: 1. A shallow damage zone at < 3 km depth, with the most-high variance 

values of 0.3-0.5. We relate this damage to intense brittle fracturing under the relatively low 

confining pressure; 2. The zone at 5.8-6.8 km depth of variance of 0.1-0.2 of the Triassic DSU 

described above. The mechanisms of the brittle-ductile damage are associated with the lithology 

in this stratigraphic unit as discussed later; and 3. A zone at 8-10 km depth with a variance of 

0.1-0.2. We relate this damage to deformation localized at the contact between the sedimentary 

sequence and the crystalline basement. 
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2.3 Regional seismic activity 

The study area is located at the margins of the Longmen Shan range, close to the 

hypocenter of the 2008 Mw8.0 Wenchuan earthquake. To explore the effects of a ~ 1 km thick 

DSU on the regional seismic activity, we examined the catalog of more than 40,000 earthquakes 

in the upper crust (depth <25 km) for this area during the 2008-2012 period. The spatial 

distribution of the epicenters is displayed in Figure 1b, and their depth distribution is displayed 

on a tectonic cross-section across with earthquake hypocenters projected to the section (Figure 

4c).  The depth distribution of the cumulative seismic moments was calculated in depth intervals 

of 0.1 km, which is the depth resolution of the earthquakes in the catalog, and the smoothen data 

in 0.5 km depth intervals are displayed in Figure 4d. 

The outstanding feature in Figure 4 is the correlation of the depth distribution of the 

earthquake cumulative moments (Figure 4d) with the damage zone as observed in Figure 3 and 

Figure 4b. This correlation is noted by the decrease of earthquake moment at hypocenter depths 

of 4–8 km which correlates with the 5.8-6.8 depth of the damaged stratigraphic unit. We argue 

below that this decrease of seismic activity surrounding DSU can be attributed to the relaxation 

of tectonic loading by the weak DSU. 

3 Analysis: Rheology and strength of the DSU in the Sichuan Basin 

The above descriptions indicate that the Triassic sequence (DSU) in the western Sichuan 

Basin is pervasively damaged, and that its presence affects the fault pattern (Figure 3) and 

earthquake distribution (Figure 4).  We now analyze possible mechanisms for these observations.  

The lithological composition of the DSU in the study area was documented in the LS1 

borehole that was drilled to a depth of 7,100 m (location in Figures 1b, 4a, c). The borehole logs 

(Figure 2) indicate that the 5.8-6.8 km depth interval includes ~400 m of anhydrite, ~200 m 

anhydrite mixed with dolomite breccia, and ~600 m of fractured dolomites and limestones. Rock 

samples collected during drilling provide direct evidence of pervasive damage within the DSU 

(Figures 5, 6). These samples reveal cataclasis at scales of centimeter to decimeter of the brittle 

dolomite samples, and at the millimeter scale in thin sections. For example, Figure 5 shows 

fractures in the matrix of the dolomite that are filled with anhydrite that display a similar style to 

the experimental fracturing of a dolomite core embedded inside ductile limestone (Figure 5e). 

The thin-sections display abundant elongated anhydrite crystal grains that surround the dolomite 
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fragments (Figure 6). The brittle dolomite blocks rotated within the ductile anhydrite zones, that 

together composed brittle-ductile deformation within the DSU. 

3.1 Strength and ductility of Triassic rocks in Sichuan Basin 

We envision that the evaporite/carbonate composition of the Middle and Upper Triassic 

in the Sichuan Basin controls the rheology and strength by integration of thermally controlled 

ductility of the anhydrite and damage cataclastic flow of the brittle carbonates. We evaluate the 

strength of the DSU in three steps: experimental tests of samples within the DSU, thermal 

ductility of anhydrite, and evaluation of damage weakening. Recently, the mechanical properties 

of Triassic rocks from the Sichuan Basin were analyzed in rock-mechanics experiments 

(Supporting Information). The tested samples, which belong to the same stratigraphic unit of the 

DSU, were collected at a depth range of 4.7-4.8 km in oil production wells located ~100 km 

away from our study area (Figure 2) (Kibikas, 2021).  

We present the experimental results of three samples that represent the lithology range of 

the DSU (Figure 7): pure anhydrite (sample EV1), calcitic dolomite (sample DS1), and 

dolomitic-limestone (sample LS2) (Kibikas, 2021). The triaxial testing was conducted on water-

saturated samples that were loaded to failure and beyond under 22.5 MPa confining pressure and 

temperatures of 23°C and 50°C. The samples reached the ultimate strength at an axial strain of 

0.5-0.7%. The stress-strain data of these experiments show that the anhydrite (EV1) deformed in 

a ductile style even at room temperature with only gentle strength reduction with increasing 

strain (Figure 7). The carbonate samples (LS2 and DS1) failed in a brittle-ductile style at both 

temperatures, but continued to flow in a quasi-ductile style after axial strain > 1% under 

approximately constant differential stress of ~130 MPa (LS1) and ~160 MPa (DS1). We envision 

that under in-situ conditions of 5.8-6.8 km depth of the DSU will flow at even lower differential 

stresses. 

3.2 Thermally controlled ductility 

The large-scale strength of the crust is evaluated for a brittle upper part, in which the 

strength is bounded by frictional slip, and a ductile lower part, in which the strength is controlled 

by viscoelasticity (Brace & Kohlstedt, 1980). We apply this approach to the study area by 

assuming that the DSU strength is governed by the flow of its anhydrite component. We used the 
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experimental analysis of Moller & Briegel (1978) who tested Riburg anhydrite samples from a 

borehole in the Jura tectonic region, Switzerland. These samples were deformed at 150 MPa 

confining pressure, temperatures up to 450°C, and strain-rates as low as 10
-7

 s
-1

. Moller & 

Briegel (1978) found that at a temperature of ~200°C and under a tectonic strain-rate of 10
-14

 s
-1

, 

which are the approximate conditions at the DSU depth, the tested anhydrite is stronger than 

halite and weaker than Solenhofen limestone (Figure 7 of Moller & Briegel, 1978). We regard 

these experimental results as a suitable representative of the pure anhydrite layers in the Sichuan 

Basin. The strength profile for the Sichuan Basin was calculated (Supporting Information) by 

application of anhydrite rheology to the rock sequence at the DSU depth (Figure 8a). The profile 

indicates that the shear strength of this unit is 30-60% of the strength of the layers above and 

below it. 

3.3 Damage induced weakening 

Experimental analyses revealed that brittle rocks subjected to elevated confining pressure 

are continuously damaged by microfracturing from loading initiation to failure and beyond (e.g., 

Griggs and Handin, 1960; Lockner et al., 1991). The microfracturing damage leads to global 

weakening and reduction of Young modulus, as demonstrated in experiments (Lockner et al., 

1991; Katz & Reches, 2004), predicted in theoretical modeling (Kachanov, 1994; Lyakhovsky & 

Ben-Zion, 2009), and simulated in numerical calculations (Busetti et al, 2012) (Figure 7b). These 

analyses indicate that after failure, damaged brittle rocks may continuously deform by cataclastic 

flow under a quasi-constant, lower differential stress (Figure 7b) (Wong et al., 1997; Vajdova et 

al., 2010; Busetti et al., 2012). 

Further, the deformation style of a heterogeneous/composite rock would be even more 

susceptible to damage creep. These rocks are composed of mixed brittle component of 

dolomite/limestone and ductile component of anhydrite (Figs. 5, 6; Griggs and Handin, 1960). In 

this case, the deformation is distributed (Fig, 5e) while each component deforms in each own 

style. The global, macroscopic stress-strain curve display creeping behavior after the initial strain 

hardening stage (Fig. 1 in Griggs and Handing, 1960; some of our samples in Fig. 7). We thus 

argue that the pervasive damage within the Triassic units of Sichuan Basin leads to creeping 

without major localization, and by doing so relaxes the tectonic loading above and below the 

DSU. 
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We argued in the Introduction that the damage rheology and the associated deformation 

evolve penecontemporaneously during the tectonic loading phase. This strength evolution differs 

from the strength that depends on rock type and loading conditions that are quasi-stable in time, 

e.g., the lower crust. This argument is based on experimental results and modeling of damage 

rheology (e.g., Kachanov, 1994; Katz & Reches, 2004; Lyakhovsky & Ben-Zion, 2009; Busetti 

et al., 2012), however, the observations in the present study area do not provide information on 

the time and rate of the damage weakening processes.  

4. Discussion: Damage stratigraphy and earthquakes distribution 

4.1 DSU control of fault patterns 

The pervasive damage in the DSU (Figures 3, 4b), the evaporite flow (Figure 5), and 

rock-mechanics observations (Figure 7), all indicate that the Middle-Upper Triassic sequence in 

the Sichuan Basin is relatively weak. This weakness evolved by a combination of ductile flow of 

the evaporite layers coupled with the cataclastic flow of the damaged brittle carbonates. This ~1 

km thick DSU has the suitable properties to become a decollement zone: relative weakness 

(Figures 8a, 9a), sub-horizontal position, and regional extent across the entire Sichuan Basin. 

The effects of this Triassic decollement are first examined with respect to the termination and 

shifting of crustal-scale faults (Figures 3d, 4a).  

It was shown above that the Pengxian Fault terminates toward the DSU and is shifted by 

it (Figures 3d, 4a).  In a brittle medium, the front zone of a fault is characterized by intense stress 

amplification that facilitates fault propagation (e.g., Reches and Lockner, 1994). However, the 

inverse is expected as a fault approaches a weak region in which the failure/flow relaxes and 

diffuses the stress amplification. As a result, the fault propagation as a distinct discontinuity is 

blunted, and the localized shear is converted to distributed deformation. For example, 

experimental simulations with viscous layering as an evaporite analogue revealed blunting of 

brittle faults (Brun et al., 1994; Koyi & Skelton, 2001). Similarly, the blunting of fault 

propagation by a ductile layer was documented in rifting off-shore Norway where salt layers of 

Middle-Upper Triassic disconnected faults in the brittle layers above or below. We envision that 

the thick, weak-ductile layers of the present DSU, act as agents of rupture blunting (Begley et al., 

1977) that leads to a wide deformation zone (Figure 3d), and prevents fault propagation across it. 
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4.2 DSU control of earthquake distribution 

Distinct reduction of earthquake occurrence with depth (Figure 3c) was observed at the 

proximity of weak, ductile/viscous zones elsewhere (e.g., Bonner et al., 2003). For example, 

Sibson (1982) reviewed the depth distribution of earthquakes in the continental US, and 

concluded that “…the depth of seismic activity is controlled by the passage from a pressure-

sensitive, dominantly frictional regime to strongly temperature-dependent, quasi-plastic 

mylonitization at greenschist and higher grades…”. Konstantinou (2010) analyzed the 

relationships between crustal strength, earthquake distribution, and the 1956 Amorgos 

earthquake in the southern Aegean region (Figure 8c). Their heat flow and lithology calculations 

revealed that the interval of 7-15 km depth has the lowest effective viscosity, namely the weakest 

layer, in the upper 30 km of the crust (red curve in Figure 8c). Konstantinou (2010) further 

showed that the depth distribution of 142 relocated earthquakes in these regions displays a 

profound reduction at the lower-crust depth (bars in Figure 8c). Similarly, we attribute the 

reduction of earthquake occurrence in our analysis (Figures 4d, 8b) to the damage-controlled 

weakness that relaxes the buildup of in-situ stresses during interseismic periods by continuous 

damage and cataclastic flow. 

4.3 Potential DSU effect on geohazard 

Our analysis also reveals a profound increase of the occurrence of earthquakes in the 

upper two kilometers of the study area (blue arrow in Figure 4d). This observation may pose 

increased geohazard to the Chengdu region. The regional geohazard estimations focused on the 

moderate-to-large earthquakes of the Longmen Shan range (Wallis et al., 2003; Burchfiel et al., 

2008; Hubbard et al., 2010; Jia et al., 2010; Lu et al., 2019). However, small-to-moderate 

magnitude earthquakes that occur at shallow depth and in the near-field can pose a major local 

hazard. Bommer et al. (2001) described a few cases of moderate earthquakes with a catastrophic 

outcome, and stated: “…there have been many cases where earthquakes of moderate and even 

small magnitude have caused very significant destruction when they have coincided with 

population centers. Even though the area of intense ground shaking caused by such events is 

generally small, the epicentral motions can be severe enough to cause damage even in well-

engineered structures.” Further, Bommer et al. (2001), emphasized the combined effect of 

epicenter distance and earthquakes depth, for example, the predicted peak ground acceleration 
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for a M5.5 earthquake at 1 km epicenter distance and 20 km depth is 0.1g, but the same event at 

2 km depth could generate ~1g of peak acceleration (Figure 8d). Based on our observations 

(Figures 4c-d) and the analysis of Bommer et al. (2001), we argue that the Chengdu area may 

suffer significant ground motion during small-to-moderate shallow earthquakes (Figure 9b) if 

they occur in the near-field. 

4 Conclusions 

The present analysis demonstrates that the pervasive damage and flow within a thick 

stratigraphic unit would generate a weakened zone during tectonic deformation. This unit will 

serve as a perfect, thick decollement zone within the upper crust that controls the style of faulting 

and earthquake distribution. While our investigation focused on the western Sichuan Basin, the 

“localized” lithological characteristics on the studied Triassic unit are common in sedimentary 

basins, and we argue that similar damage decollement zones are active elsewhere. 
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Figure captions 

Figure 1. Tectonic setting of the study area adjacent to the Longmen Shan range and 

Tibetan Plateau. (a) Left: General location with inset of the study region. Right: Tectonic map of 

western Sichuan Basin that displays: (1) Region of the analyzed seismic survey covering 1370 

km
2
 (blue polygon close to the southwest corner); (2) Earthquakes epicenters for 2008-2012 

period, including the 2008 Wenchuan Mw=8.0 earthquake, and the 2015 Mw=6.7 Lushan 

earthquake; (3) Site of the LS1 well; and (4) The major fault zones, Beichuan (BCF), Pengxian 

(PXF): Guankou (GKF), and Longquan (LQF). (b) Interpreted 3D view of structural architecture 

for the Longmen Shan range and western Sichuan Basin (after Zhang et al., 2009), including the 

hypocenter of the 2018 Wenchuan earthquake and the analyzed Triassic damage unit (light red). 

Figure 2. Stratigraphic section of the Triassic damage unit at a depth interval of 5.8-7 km 

as determined in Longshen 1 borehole. The unit’s lithology is dominated by anhydrite (red), 

dolomite, and limestone, and core images appear in the right column. Close-up of selected core 

images are displayed in Fig. 5.  

Figure 3. Horizontal and vertical sections of the damage-stratigraphic-unit (DSU) that 

are displayed by the seismic attribute of variance co-rendered with curvatures recognized in the 

three-dimensional seismic survey (Methods, Supporting material).  (a) Horizontal section of the 
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dolomite layers above the DSU. Note the linear trend of the Pengxian Fault (PXF). (b) The 

horizontal section within the DSU with thickness contours (yellow dashed curves). The red 

arrows indicate the displacement of the Pengxian Fault by the DSU as recognized by comparing 

PXF positions in (a) and (c) (text). (c) Horizontal section of dolomite and limestone layers below 

the DSU. (d) Vertical seismic sections across the DSU; the location of each section is marked by 

a green line at the lower inserts; the sections display the amplitude attribute co-rendered with 

variance attribute, and the Pengxian Fault (black lines). (e) A schematic presentation of the 

apparent displacement of the PXF by ~8km within the DSU as interpreted in (d). Note the DSU 

(red), and the red arrows indicating the displacement direction of the PXF by the DSU.  

Figure 4. Damage stratigraphy, fault patterns, and earthquake distributions. (a) An 

extended vertical seismic section in NW-SE direction (green line A-A’ in Figure 1a); It displays 

amplitude co-rendered with variance attribute. The section displays the DSU (transparent red) 

and fault systems (black lines). Horizontal scale: vertical scale=1:2. (b) Depth profile of the 

average values of seismic variance for the stratum surrounding the Pengxian Fault, but excluding 

the fault damage zones. Note three zones of higher variance values that correspond to intense 

damage (text). (c) Interpreted geological cross-section of (4a), with projected hypocenters of the 

seismic events. (d) Depth profile of cumulative moments of the earthquakes of the 2008-2012 

period (4c) calculated at 0.25 km depth intervals. Note a relative increase of cumulative seismic 

moment at shallow depth (blue arrow) and a relative decrease of the cumulative seismic moment 

at 5-8 km depth of the DSU (text). 

Figure 5. (a-d) Images of core samples collected at Longshen 1 borehole (Figures 1a, 2) 

displaying centimeter-scale flow of anhydrite (bright zones) that fills the spaces between  

fractured and fragmented dolomite (dark gray). (e) Cross-section of an experimental sample 

deformed under high confining pressure that displays a core of fractured brittle dolomite 

embedded within ductile limestone (Griggs and Handin, 1960).  

Figure 6. Photomicrographs of thin-sections of core samples from the damage unit 

displaying anhydrite and dolomite relationships; sample collection depth in the upper right. (a-c) 

plane-light views of dolomite fragments (black) floating in anhydrite (dark gray). (d-f) cross-

polarized views of (a-c); note elongated anhydrite grains in d.   

Figure 7. Stress-strain relationships in rock-mechanics experiments of anhydrite and 

carbonates samples. a, Differential stress (axial stress – confining pressure) as a function of the 
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axial strain of three rock types from the Triassic damage unit in the Sichuan Basin; composition 

and experimental details appear in the text, after Kibikas (2021). The plot shows the results of 

saturated samples at 22.5 MPa effective confining pressure that were loaded to failure and 

beyond at temperatures of 23 °C and 50 °C. b, Differential stress curves of three experiments of 

Berea sandstone loaded at three confining pressures (solid curves); the numerically simulated 

damage intensity for each test is marked by dashed curves. Modified after Fig. 6 of Busetti et al., 

(2012). 

Figure 8. Crustal strength and earthquake depth distribution. (a) The crust strength in the 

Sichuan Basin are calculated to two rheological components: frictional strength of the brittle part 

following Byerlee law, and ductile strength of the evaporite-carbonate sequence by using the 

experimental rheological results of anhydrite (text and Supporting Information). (b) Depth 

profile of cumulative moments of the earthquakes of the 2008-2012 period calculated at 0.25 km 

depth intervals (same as Fig. 4d, text). (c) The relationships between the crustal strength, shown 

by effective viscosity (red curve), and depth distribution of 142 earthquakes (gray columns) in 

the southern Aegean region (modified after Konstantinou [2010], see text). Note the positive 

correlation between the strength reduction and reduction of earthquake occurrence in the 12-16 

km depth. (d) Expected intensity of peak horizontal acceleration for a moderate earthquake 

(Mw=5.5) for the displayed range of hypocentral depths and distance from the earthquake 

epicenter (after Bommer et al., 2001). 

Figure 9. Schematic model of crustal strength and earthquake depth distribution. (a) 

Schematic strength profile for sedimentary sequences with a weak, damaged unit. (b) Expected 

earthquake depth distribution in the presence of a weak zone due to damage-induced thermal 

control or lithology (see text and Figure 8; the right one is for comparison). Jo
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Highlights 

 Damage from tectonic processes continuously weakens stratigraphic units to transform 

them into thick decollement zones; 

 The depth distribution of seismic activity in the western Sichuan BasinBasin is controlled 

by a decollement zone composed of a damaged Triassic sequence; 

 The existence of the ‘damage stratigraphic’ unit may pose a seismic hazard to the 

inhabitants of the Chengdu area. 
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