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SUMMARY

The cumulative displacement by multiple slip events along faults may generate composite
damage zones (CDZ) of increasing width, and could modify the hydraulic and mechanical
properties of the faults. The internal architecture and fracture distribution within CDZs at the
subsurface are analysed here by using seismic attributes of variance, curvature and dip-azimuth
of the 3-D seismic reflection data from tight sandstone reservoirs in northeast Sichuan, China.
The analysed faults intersect the reservoir within a depth range of 2.4-3.0 km. The damage
intensity mapping revealed multiple CDZs with thicknesses approaching 1 km along faults
ranging 3—15 km in length, and up to 1000 m of cumulative slip. The identification of numerous
fault cores and associate damage zones led us to define three classes of CDZs: banded shape,
box shape and dome shape. The mechanical strength contrasts and distortion of fault cores
suggest potential weakening and strengthening (healing) mechanisms for formation of CDZs

that can be extended to faulting processes and earthquake simulations.
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1 INTRODUCTION

Faulting is typically preceded by fragmentation and slip along mi-
crofractures that eventually coalesce to form a macroscopic fault
zone (Reches & Lockner 1994; Scholz 2002; Savage & Brodsky
2011). The fragmented and fractured rock bodies form a wide dam-
age zone with a fault core of localized slip as recognized in many
laboratory experiments, field exposures and subsurface analyses
(Fig. 1; Billi et al. 2003; Faulkner et al. 2003). Renewed deformation
at the proximity of an existing fault zone can occur in two general
ways: (1) reactivation of fault with slip along the existing fault core,
a process that reflects long-term fault weakening, or (2) slip away
from the fault core, within the damage zone or at the contact with the
intact host rock (Fig. 1a). This process widens the deformed zone
to develop a complex structure that can be described as composite
damage zone (CDZ; Fig. 1B; Caine et al. 1996; Faulkner et al. 2003;
Johansen et al. 2005). Observations of exposed CDZs reveal multi-
ple fault cores of localized slip with associated damage zones that
can be hundreds of metres wide (e.g. Faulkner et al. 2003; Di Toro
& Pennacchioni 2005). Typically, the intensity of fracture damage
is highest close to the fault core and diminishes outwards (e.g. Sagy
et al. 2001; Billi et al. 2003; Faulkner et al. 2010; Savage & Brod-
sky 2011). The existence and geometry of composite damage zones
strongly affect the hydrological and mechanical properties of the

local crust. Notably, CDZs can control the migration, accumulation
and leakage of subsurface fluids in hydrocarbon reservoirs, and the
strength of the surrounding blocks (Lyakhovsky & Ben-Zion 2009;
Faulkner et al. 2010; Heesakkers ef al. 2011). Further, a damage
zone could control the style of seismic slip during an earthquake.
For example, in their evaluation of the seismic hazard in Califor-
nia, Field et al. (2014) considered existing fault zones as polygons
that may integrate simple slip surfaces and a system of braided
faults, a structure that fits the characteristics of composite damage
zones.

We focus here on the analysis of CDZs in the subsurface, includ-
ing defining their internal structure and discussion of their possible
evolution. Fractures and rock damage are almost invisible on typical
seismic profiles. Therefore, previous studies used indirect methods
to detect subsurface CDZs, including synthetic wave modelling
(Peng et al. 2003), analysis of natural variations of seismicity rate
(Powers & Jordan 2010), earthquake locations (Valoroso et al. 2014)
and seismic velocity distribution (Ben-Zion & Sammis 2003). Here,
we directly map CDZs by using the seismic attributes (variance, cur-
vature and dip-azimuth) of a 3-D seismic survey that allows us to
characterize fault structure and deformation patterns at a resolution
of about 50 m (Chopra & Marfurt 2007; lacopini & Butler 2011;
Liao et al. 2018). Our analysis utilizes surveys in the northeast
Sichuan Basin, China, which cover an area of about 225 km?.
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Figure 1. Conceptual models of the evolution of a CDZ in field exposures. (a) Sequential development of a CDZ in porous sandstone, Utah; evolution from a

a strike-slip fault from a single fault zone (i) to a complex CDZ (ii); based on structural analysis of the Carboneras fault, SE Spain (after Faulkner ez al. 2003).

2 COMPOSIT DAMAGE ZONES IN
SICHUAN BASIN

2.1 Tectonic setting

The analysis utilizes 3-D seismic data from the Tongnanba anti-
cline in the northeast of the Sichuan Basin, China. The anticline is
bounded by the Micangshan thrust system in the north, the Dabashan
thrust fold belt in the east (Fig. 2), and the Longmenshan fault and
fold belt in the far west. The Tongnanba anticline was created in two
major tectonic stages (Li et al. 2016). First, NW—SE compression
of the Xujiahe Formation in the Jurassic formed the 100-km-long,
8-km-wide Tongnanba anticline (Fig. 2). Second, NE-SW com-
pression beginning in the Neogene and driven by the Himalayan
Orogenic broke and deformed the Tongnanba anticline along a sys-
tem of reverse faults (Fig. 2). The cumulative offset of the fault
system is estimated to be 3.0 km (ranging from 100 to 1000 m
for each fault). The present analysis focuses on the structure and
evolution of the reverse faults and their associated damage zones.
These faults intersect the principal gas-bearing Triassic Xujiahe
sandstone within a depth range of 2.4-3.0 km, and the fault damage
zones possibly control the high production of Xujiahe sandstone.

2.2 Seismic attributes

We analysed the structure of the reverse faults using a 3-D seismic
reflection data set of an area of about 225 km?, which was provided
by Sinopec China. The data set was collected at main frequency of

60 Hz. Key acquisition parameters include 50 m x 50 m common
depth points, 240 channels with 40 m spacing, shot interval of
160 m, 30-fold stacking, combined geophone, 18-20 m well-depth
and 12-14 kg of explosive, high-density shaped seismic source,
8 s recording with 12 dB pre-amplifier gain and sampling rate of
1 ms (Teng 2005; Liao et al. 2020). The data set indicates increased
impedance as positive amplitude, with Kirchhoff pre-stack time
migration. To identify the subsurface structure and characterize
the damage zones, we computed a set of four volumetric seismic
attributes (Fig. 3): reflection amplitude, dip-azimuth, curvature and
seismic variance.

The ‘dip-azimuth’ attribute (Marfurt 2006) shows the local dip-
direction of the layers of the Xujiahe Formation in the time-migrated
seismic profiles (Fig. 3b). This map reveals two superposed struc-
tural features (Fig. 3b): first, the Tongnanba anticline, with NW
limb dipping towards 335°-345°, and the SE limb dipping to south-
east, 90°-120°. Second, three large zones, with trend marked by
a thin dotted line, of local dipping reflector towards 50°—80°, that
cut across the anticline. We computed the most-positive curvature
(K1, red) for anticlinal flexures and most-negative curvature (K2,
blue) for synclinal flexures, which together reveal flexures related
to the reverse faults (Chopra & Marfurt 2007). The curvature map
(Fig. 3c) reveals: (1) two major fold zones (yellow arrows) striking
335°-345°; (2) each fold zone is composed of red anticlines in west
and blue synclines in east; (3) several small northeast-trending lin-
eaments cross-cut the top of the two major folds. The wells with
high gas production, M101 and M103, located at the anticline crest
(Fig. 3e), are close to the central fold zone.
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Figure 2. Structural setting of study area in northeast Sichuan Basin, China, showing the general boundaries of the basin, and the Tongnanba anticline striking
northeast (yellow in the inset). The analysed seismic data cover the shaded area, and the analysed reverse faults are marked red. Right: a simplified stratigraphic

section of the Xujiahe formation.

Finally, to identify the damage zones, we mapped the variance
attribute (Fig. 3d) that is a measure of similarity between wave-
forms or traces in 3-D seismic volumes. This attribute is designed
to emphasize discontinuous events of faults (Chopra & Marfurt
2007). The 3-D variance along the reflector dip reveals (Fig. 3d)
that the Tongnaba anticline is interrupted by three long high vari-
ance lineaments accompanied by three shorter lineaments that strike
335°-345°, parallel to the Dabashan thrust fold belt, about 60 km
northeast of the mapped area (Fig. 2). We refer to this system as the
northwest-trending reverse faults.

Based on the above three seismic attributes (Figs 3b—d), we iden-
tify six major reverse faults with strike numbered F1-F6 (Fig. 3d).
The curvature and dip-azimuth attributes indicate that F3 and F6
are associated with secondary anticlinal and synclinal flexures. The
other faults display relatively smaller deformation intensity.

2.3 Composite damage zones

The seismic disturbance zones detected in the present analysis are
regarded as CDZs associated with the reverse faults described above
(Chopra & Marfurt 2007; lacopini & Butler 2011; Liao et al. 2018).
The seismic variance levels in 3-D-seismic analysis indicate the
intensity of structural disturbance and discontinuities, which we in-
terpret as three levels of damage intensity according to the variance
values. The zone with high variance values is considered as a fault
core, the intermediate level zone is regarded as the damage zone
and the low variance zone is interpreted as protolith zone. Liao
et al. (2018) showed that the variance zonation in the subsurface
matches field observations (Sagy et al. 2001; Mitchell & Faulkner
2009; Savage & Brodsky 2011). Superposition of multiple faults is
expected to generate CDZs (Chester et al. 2004; Savage & Brodsky
2011).

We prepared 18 vertical profiles of the seismic variance that are
arranged in four sections across faults F3 and F4 (yellow lines in

Fig. 3e). The profiles in each section display a similar distribution
of the seismic variance that we generalized as the characteristic
damage zones (Figs 4d, f and h). These sections reveal four styles
of damage zones:

(1) Pulse section (F4-b in Fig. 4a) is a typical damage zone of a
single fault (Liao ef al. 2018) with a central zone of high variance,
>0.4, (pink in Fig. 4a), and two zones of intermediate variance,
0.1-0.4, that decay exponentially to the background variance, 0—0.1
(Fig. 4b). Schematic section is shown in Fig. 4(c).

(2) Banded section of ~900 m width (F3-2b in Fig. 4d) with three
large fault cores (high variance) that are separated by corresponding
damage zones; note three smaller cores on the left and two smaller
ones on the right. Schematic section is shown in Fig. 4(e).

(3) Box section of ~500 m width (F4 in Fig. 4f) with multi-
ple anastomosing fault cores and damage zones without distinct
variance pulses of individual cores. Schematic section is shown in
Fig. 4(g).

(4) Dome section of ~1200 m width (F3-1 in Fig. 4h) with mul-
tiple cores and damage zones that gradually decay in variance inten-
sity from the central core. Schematic section is shown in Fig. 4(i).

3 DISCUSSION: EVOLUTION OF
COMPOSITE DAMAGE ZONES

Increasing displacement along a fault system may generate new
faults with separate cores and damage zones that form a CDZ, as
described above and elsewhere (Aydin & Johnson 1978; Faulkner
et al. 2003). The formation of a CDZ is somewhat puzzling because
it is expected that an existing fault zone is the weakest regional fea-
ture, and continuous deformation should localize along it. Indeed,
this style prevails along many faults with slip localization within
zones of <1 m thickness along faults of tens of km, for example, the
San-Andreas fault, or the Glarus thrust (Badertscher & Burkhard
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Figure 3. Maps of calculated attributes of the 3-D seismic survey (shaded area in Fig. 2). (a) Seismic amplitude of the Xujiahe sandstone. (b) Dip-azimuth
attribute with general axis of the anticline (thick black line). (¢) Curvature attribute (see the legend). (d) Variance attribute with marked trends of the interpreted
faults (yellow) (see the text). (e) Zoom-in of the rectangle in (d) displaying the locations of the CDZ profiles shown in Fig. 4 (yellow lines) and location of
wells M101 and M103.
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Figure 4. Profiles of the seismic variance values across the CDZs associated with the reverse faults at the Xujiahe tight sandstone level; profiles’ locations in
Fig. 3(e); variance values above background are interpreted as damage zones. (a) Single core damage zone along Fault 4-b. (b) Variance exponential decay away
from the fault core interpreted as the damage zone. (¢) Existing individual fault zone with its damage zone and potential site for renewed slip. (d) Banded-shape
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with multiple, anastomosing fault cores as seen in five profiles across Fault 4, and idealized shape in (g). (h) Dome-shape CDZ with one dominating fault core
and a few secondary ones as seen in five profiles across Fault 3—1, with idealized shape in (i). Note the generalized damage intensity curves (dashed red) in all

three classes of composite damage zones (d, f and h).

2000; Chester et al. 2004). This localization indicates that the fault
maintains low static strength relative to the host blocks (Lockner
et al. 2011). On the other hand, CDZs will form when the existing
fault is stronger than the surrounding rock mass, and three main
settings could lead to this situation:

(i) A CDZ can develop if the slip along a fault produces fault
core that is stronger than the host rock. Aydin & Johnson (1978)
investigated the evolution of fault zones in porous sandstone layers.
They recognized a hierarchy of three structural levels of shear struc-
tures: deformation bands of a few mm slip and ~1 mm thickness,
zones of deformation bands that are composed of tens of subparallel
deformation bands and slip surfaces of localized slip on the order of
metres (Fig. 1a). Aydin & Johnson (1978) attributed this evolution
to strain hardening of the deformation bands due to the reduction of
the sandstone porosity due to grain crushing during shear. Another
example was presented in Di Toro & Pennacchioni (2005) study of
the Gole Larghe fault in the Alps. The continuous shear along Gole
Larghe fault zone formed hundreds of new segments in a CDZ (Di
Toro & Pennacchioni 2005) because the shear strength of the glassy
segments was higher than the strength of the joints in the damaged
host rock.

(ii)) A CDZ can form due to healing and strengthening of a fault
zone during periods of no-slip as demonstrated experimentally (e.g.
Muhuri ef al. 2003) or due to a higher mechanical efficiency along
boundaries between damaged and undamaged rocks during the slip
period (Ben-Zion & Andrews 1998). Heesakkers ef al. (2011) map
the rupture zone of an M2.2 earthquake that reactivated an ancient

fault network in Tautona Mine, South Africa. They found that the
slip was systematically localized along the contacts between the
ancient fault core and the damaged quartzitic host rocks, which
is controlled by the contrast of mechanical properties between the
cataclasite and the host rocks. Multiple occurrences of this process
could lead to a widening of the damage zone and formation of a
CDZ.

(iii) A third mechanism is related to structural complexity. Seg-
mented, non-planar faults (Caine et al. 1996; Faulkner et al. 2010),
which form by inherent randomness of fracturing or due to tempo-
ral stress rotation, are stronger than a planar fault by virtue of their
contorted geometry. Distorted fault segments will then interact with
adjacent ones and incorporate wall rocks into the CDZs with various
structures. Also, the structural complexity can lead to co-existence
of distributed shear in phyllosilicate, strain-hardening fault cores
and localized shear in carbonate (Fig. 1b; Faulkner et al. 2003).

The 3-D seismic attribute method provides an effective tool to
quantify the relative damage intensity in the subsurface and leads to
the recognition of three CDZ types termed as the banded, box and
dome CDZs (Figs 4e, g and i). We evaluate the evolution of these
CDZ types by using the variance intensity as an indicator of the
internal damage (Fig. 4a). We interpret the banded-CDZ (Figs 4d
and e) to have formed via superposition of several subparallel faults
with similar amount of slip and spaced at equal distance from one
another. This evolution style fits the above mechanisms in which an-
cient fault cores are stronger than the surrounding rock bodies either
during faulting (mechanism A) or by healing during ‘quiescence’
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(mechanism B) and the box-CDZ (Figs 4f and g) likely evolved by
coalescence of multiple, closely spaced faults that linked separated
fault segments that formed in earlier slip phases, in agreement with
mechanism C. We interpret the dome-CDZ (Figs 4h and 1) to have
started as a banded-CDZ with multiple subparallel, strong faults,
and during an advanced stage, one of the fault cores, in the centre or
margins, became permanently weaker to accommodate later defor-
mation by localized slip. This evolution fits the structural model of
Aydin & Johnson (1978; Fig. 1a) in which after the development of
multiple, closely spaced deformation-bands, each with ~1 mm slip,
a weak slip-surface with metres of slip develops at the margin of
the damage zone. Our results illustrate complex but realistic spatial
geometry of larger faults that could be renewed in future model
simulations (e.g. UCERF3; Field ef al. 2014).

4 CONCLUSIONS

Our data indicate that seismic attributes of curvature, variance and
dip-azimuth may be used to characterize fault structure and re-
lated damage zones in the subsurface. The analysis of the Xujiahe
sandstone reservoir in northeast Sichuan Basin revealed CDZs com-
posed of multiple cores and damage zones with total width up to
1 km. Based on the damage distribution, we recognized three types
of CDZs: the banded shape with a few clearly separated fault cores,
the box shape with a few fault cores that coalesce with each other and
dome shape with one dominant fault core and a few secondary ones.
We infer that these CDZs evolved due to post-slip strengthening of
the existing fault cores and geometric complexity of segmented
fault zones. On the basis of this study, 3-D seismic attributes prove
a valuable tool in illustrating the internal structure of CDZs in the
subsurface.
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