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We investigate the drillingmud gas from 70m to 1200m borehole depth of theWenchuan earthquake Fault Sci-
entific Drilling Hole-1 (WFSD-1) in the context of rapid response fault zone drilling to large earthquakes. Com-
plete depth profiles are accomplished for CH4, He, H2, CO2, N2, Ar, O2 and N2/Ar. 222Rn is also available for a
limited depth. The volcanic hanging wall generates high Rn and He, whereas the CH4 is low. The sedimentary
footwall yields higher CH4 and CO2, with CH4 peaks up to 2.5 vol.% in the intensely fractured shale and siltstone
from 640 m to 715 m.
The drilling mud gases distribute asymmetrically across the co-seismic slip plane at 589.2 m, with the bellow
117 m true depth manifests as a prominent gas anomaly zone. Gas concentrations in this zone are much higher
and vary more violently than the upper 200 m. The low P-wave velocity and resistivity imply that the strata are
highly fractured, and gases intruded the borehole mainly by dissolving in water. We suggest that the gas distri-
butions are partially lithology affected, but mostly fracture constrained according to the lithology variations, sub-
sidiary fault zone and fracture distribution retrieved from the core. Considering the low deformation rate and
seismicity in this region before the earthquake, together with the ductile behavior of the clay-rich fault gouge
under slow tectonic loading, and the decreasing gas anomalies away from the slipping plane, we propose that
the fractures were mostly generated during the Wenchuan earthquake. It indicates that the Wenchuan earth-
quake damaged the footwall more than the hangingwall, and the 117m depthmarks thewidth of the fracturing
zone. The differential mechanic property between the hanging wall and the footwall, and the asymmetric stress
during the rupturing may contribute to the asymmetric fracture distribution.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

The fault zone plays a critical role in controlling crustal fluid migra-
tion, and affects fault zone hydrogeological properties profoundly
(Caine et al., 1996; Evans et al., 1997). Studying it is of great importance
to understand the fault weakening mechanism, earthquake nucleation
and propagation and mineral deposition and facilitate nuclear waste
and greenhouse gas disposal (Dockrill and Shipton, 2010; Kuo et al.,
2014; Micklethwaite and Cox, 2004; Scholz, 1998; Wilkinson and
Johnston, 1996). It is recognized that a typical fault zone usually em-
braces one or several impermeable fault core surrounded by a perme-
able damage zone (Caine et al., 1996; Chester and Logan, 1986; Evans
et al., 1997), and the damage zone could be symmetrically or asymmet-
rically distributed around the core (Sibson, 2003). The width of the
inese Academy of Geological
hina. Tel.: +86 10 68990581;
damage zone is proportional to the accumulated fault displacement
while the fracture density in the damage zone decreases as the distance
to the fault core increases (Faulkner et al., 2011; Mitchell and Faulkner,
2009; Savage and Brodsky, 2011). However, most of these studies are
based on ancient structure statistics, they are results of multiple
paleoearthquakes or more or less affected by regional stress distribu-
tion. How exactly the fault zone expands during one large earthquake,
i.e., symmetrically or asymmetrically grow, the width of the affecting
zone, are poorly reported due to a lack of opportunities to observe the
fractures after large faulting events, and to distinguish the new fractures
from the ancient ones.

Mechanically crushing rocks and disturbing aquifers during the dril-
ling will release gases trapped in pore space and cracks either as free
gases or by dissolving in fluid. It is successfully applied in commercial
applications and scientific fault and volcano drillings (Erzinger et al.,
2004; Hunt, 1996; Luo et al., 2004; Tretner et al., 2008; Wiersberg and
Erzinger, 2007, 2008, 2011; Zimmer and Erzinger, 1995), and is proved
to be useful for identifying the geological weak, fluid-gas bearing zones.
Erzinger et al. (2004) reported two shear zones in the San Andreas pilot
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hole, which deduced from geophysical logs (Boness and Zoback, 2004)
were associated with enhanced gas concentrations, as well as the cleav-
age-rich veins and cracks in the Unzen volcano (Tretner et al., 2008).
The co-seismic fractures are believed to be highly permeable, which
could promote upward or horizontal discharge by local hydraulic gradi-
ent before resealing (Sibson, 1992), and thus detectable by scientific
drilling if at drillable depth. As a rapid respond fault zone drilling to
large earthquakes, the Wenchuan earthquake Fault Scientific Drilling
Hole-1 (WFSD-1) was launched 178 days after the devastating
Mw 7.9 Wenchuan earthquake and reached the final 1201 m depth at
December 2009. It provides us an opportunity to study the fracturing
processes associated with large earthquakes.

In this paper, we report the 1201mborehole depth real time drilling
mud gases inWFSD-1, and relate these data to lithology, secondary fault
zone and fracture distribution retrieved from the core as well as geo-
physical logs to probe the fracturing process during the Wenchuan
earthquake. The real-time data was originally described by Tang et al.
(2014) with an emphasis on time-variability. Here we focus on the geo-
logical interpretation and implications of the fault hydrological system.

2. Geological background and drilling setting

The ongoing Indian–Eurasian collision started ~55 Ma ago, which
shaped the Cenozoic geomorphology and tectonic framework in the
Longmenshan (LMS) thrust belt, leading to the anomalous high relief
along the eastern plateau margin either as the result of tectonic extru-
sion or crustal flow (Royden et al., 1997; Tapponnier et al., 2001). The
initial age of the LMS as a thrust belt can be dated back to the Late Trias-
sic, and the current three faults Wenchuan–Maoxian fault, Yingxiu–
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Fig. 1. Tectonicmap ofmajor active faults in the Longmenshan area and theWFSD-1 drilling site
the co-seismic surface rupture zone. The red star denotes the epicenter of the 2008 earthquakem
encounters the principal slip zone at a depth of 589.2 m.
Beichuan fault and Guanxian–Anxian fault are recognized as reactivated
faults along the ancient Triassic faults (Burchfiel et al., 1995; Wang and
Meng, 2008). The 2008 Mw 7.9 Wenchuan earthquake ruptured both
the Yingxiu–Beichuan and Guanxian–Anxian faults (Fig. 1a). The
WFSD-1 drilling site is located at the southern part of the Yingxiu–
Beichuan fault, on the hanging wall and 385 m west to the co-seismic
surface rupture zone (Fig. 1b). Lithology retrieved from the core is con-
sistent with the surface distribution. The hanging wall consists of Late
proterozoic volcanic Pengguan complex and the footwall is composed
of Late Triassic sedimentary rocks pertaining to the second group of
the Xujiahe formation. The Pengguan complex is mainly composed of
granite, granodiorite, tonalite, mafic–ultramafic intrusive rocks and a
few green schist metamorphic rocks. By contrast, the sedimentary
Xujiahe formation is mostly comprised of sandstone, siltstone and
coal-line bearing shale (Li et al., 2013). The co-seismic slip surface is en-
countered at a depth of 589.2 m (Fig. 1c).

3. Methodology and data processing

Weusemudgas data as a proxy for fracture density in this study. The
field gas measurement equipment are set on the drilling site to provide
timely information as described by Erzinger et al. (2006), except that
slight alterations were made to make the instruments function well
based on field conditions (Tang et al., 2014). Gases are extracted via a
separator which is comprised of a steel cylinder, a low-speed electrical
moor and a group of impeller. The extracted gases are then sent to the
field laboratory via PTFE tubes. Before conducting sample analysis,
water vapors are also removed by a refrigerator at 1–4 °C. Two gas
datasets are reconstructed separately during the drilling. Ar, CH4, CO2,
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He, H2, N2 and O2 are collected with a quadrupole mass spectrometer
made by Pfeiffer every 5 s. 222Rn is detected using a RAD-7 detector
with a sampling interval of 5 min. For more details about the mud gas
reconstruction and on-site instruments, please see Tang et al. (2014).

All gases are initially recorded in time series. We adjust them to
borehole depth based on the rate of penetration and lag time, and aver-
age them on 1 m or 0.01 m intervals with trip gas (Wiersberg and
Erzinger, 2011) removed depending on the resolution requirements.
Radon is only available at depths ranging from 200 to 800m (Fig. 2) be-
cause a disastrous debris flow destroyed the radon detector. A complete
core sampling is also available to find the relation between the lithology
and mud gas variations. Fault rocks, sub-fault zones and fracture distri-
bution identified from the core are carefully analyzed to provide further
information about the structure controlled gas fluctuations. Moreover,
geophysical logs, particularly P-wave velocity and formation resistivity,
which contain damage andfluid information are presented at important
sections (Figs. 4–6), for details about the logging parameters, please see
H.B. Li et al. (2014).

4. Results

The depth profiles of He, CH4, CO2, H2, O2, N2, Ar, Rn and the ratio of
N2/Ar, as well as the lithology and fault related rocks are presented in
Fig. 2.

4.1. The upper volcanic section

The volcanic Pengguan complex comprises the upper section of
WFSD-1 to a depth of 587.5 m. From top to bottom, it consists of tuff-
rich pyroclastics, porphyrite and diorite with pyroclastic interlayers,
weathered volcanic rocks with diorite and porphyrite interlayers and
cataclasite (H.B. Li et al., 2014). Mud gas concentrations in this section
do not vary strictly with lithology, but can be also further subdivided
in to 4 sections as follows. The uppermost 50 m (70–120 m) is
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Fig. 2.Drillingmud gas concentrations inWFSD-1. The thick dashed line represents theprincipal
zones in Figs. 4, 5 and 6. All gases are averaged on 1 m intervals.
composed of gases with almost constant concentrations. O2, N2 and Ar
are slightly different from the atmosphere, while all gases at depths
ranging from 120 m to 180 m vary considerably except for He and
CH4. Themajor variations in gas composition are possibly caused by ox-
ygen consumption because the concentrations of CO2, N2 and Ar are
strictly opposite to the trend of the decreasing O2. Gases in Section 3
(180–290 m) distribute relatively smoothly compared with Section 2,
a significant N2/Ar ratio rise is also observed. Section 4 is composed of
gases without major oscillations except at depths of 507–510 m. The
main gas anomalies in the hanging wall are detected at depths of
181–186 m, 271–273 m, 285 m and 507–510 m.
4.2. The lower sedimentary section

The Triassic sedimentary basement is comprised of dark-gray silt-
stone, carbon shale with coal-line interlayers and gray sandstone from
586 m to 759 m, below that, the lithology is gray sandstone, dark-
colored sandstone and paleoearthquake induced liquefied breccia
(Gong et al., 2013). Gas concentrations of Ar, H2, He and Rn are much
lower than the overlying volcanic rocks, and reach their maxima up to
1%, 0.019%, 0.0032% and 1750 Bq/m3 respectively. By contrast, the CH4

concentration is a few orders ofmagnitude higher than the upper volca-
nic section. A remarkable CH4 and CO2 rich zone is detected beneath the
2008 Wenchuan co-seismic slip surface, roughly comparable with the
Yingxiu–Beichuan Fault Zone (YBFZ in Fig. 1b). The CH4 concentration
changes conspicuously from ~1.5 × 10−3 vol.% to 2.5 vol.% at depths
ranging from 582 m to 794 m, where the CO2 concentration also in-
creases from 0.05 vol.% to 0.22 vol.%, corresponding H2, O2 and Ar con-
centrations and N2/Ar at the same depth range also deviate strongly
from their background values. Other gas concentration anomalies are
also detected at depths of 970–980 m and 1172–1178 m. Overall the
volcanic section yields highmud gas concentrations except for CH4, par-
ticularly, helium and radon are dramatically higher than the deep
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Fig. 3. The casing scheme of WFSD-1, the uppermost two casing positions are located
at 5 m and 32 m, where no drilling mud gas data were collected. Note that the CO2

concentration decreases at 167 m and 810 m where the casing ended.
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sedimentary formation, with the highest amount up to 3.5 × 10−3 vol.%
and 5000 Bq/m3 at depths of 179 m and 346 m respectively.

5. Discussions

5.1. Gas indicators for fluid invading

Chemical stable gases rich in natural deep fluids but rare in the at-
mosphere are highlighted as trace gases to detect fluid invasion, such
as He, Rn and CH4. Gases like CO2, H2, O2, N2 and Ar are thought to be in-
accurate due to a number of reasons (Erzinger et al., 2004, 2006). The
solubility of CO2 is affected by the drillingmudpH and partially contam-
inated bymixingwith air and so is O2, N2 and Ar. Moreover, O2 is easy to
reactwith the oxidizableminerals encountered and the steel pipe under
mechanic crushing induced high temperature. It always results in a de-
creasingO2 concentration during the drilling (Fig. 2). H2 can be also gen-
erated due to the chemical reactions between mud and the drilling bit
(Zimmer and Erzinger, 1995).

However, the high contents of H2 and CO2 are not only localized in
WFSD-1. It is widespread within the wholeWenchuan earthquake rup-
ture zone. The large-scale soil gas samples collected after the earth-
quake show that the H2 concentrations in the southern part of the
Yinxiu–Beichuan fault rupture zone are overall high. The maximum
value reaches up to 279.4 ppmvwhere the largest surface displacement
is observed (Zhou et al., 2010). Meanwhile, the gas emissions from
Qingzhu River which crosses the northern part of the Yinxiu–Beichuan
fault zone are also dominated by CH4, CO2, N2 and O2, bubbles emerged
in the river shortly after the main earthquake with a duration of five
months (Zheng et al., 2013). It is not unusual to observe a large amount
of CO2 and H2 emissions associated with fault activities (Favara et al.,
2001; Miller et al., 2004; Wakita et al., 1980), the friction induced melt-
ing during earthquake could give rise to an instantaneous carbon diox-
ide burst and lead to significant CO2 production near the slip plane
(Famin et al., 2008). The laboratory experiments have proved that the
intense reaction between the grinded quartz with fresh water could
also lead to a dramatic H2 increase (Saruwatari et al., 2004).

The alkalinemud pH is strictly constrained between 9.2 and 9.5 dur-
ing the drilling in WFSD-1, and it indicates that the drilling mud itself
would not cause serious CO2 variations. The casing cement can increase
the drillingmud pH significantly, and this is particularly recognizable at
depths of 167 m and 810 m in WFSD-1. Sharp CO2 drops occur at the
end of the casing positions (Fig. 3). Nevertheless, the casing induced
pH change cannot explain the major CO2 bearing zone beneath the
PSZ. The quartz-rich sandstone in the whole Xujiahe formation also
meets the prerequisite of the H2-releasing reaction. Therefore, drilling
mud gases likeH2 and CO2 inWFSD-1 are not purely artificial outcomes,
but are more likely controlled by the earthquake itself.

Ar andN2 are inevitably contaminated by air, yet they are intrinsical-
ly stable. The ratio between N2 and Ar should be constant around 80
(Keeling et al., 2004) if no fluids have invaded (Erzinger et al., 2004;
Mariner et al., 2003). For reasons above, we put all recorded gas data
in Fig. 2, and focus on CH4, He, CO2, H2, Rn and N2/Ar in the following
discussion.

5.2. Gas variation constrained by lithology

Lithology and structural pathway can both lead to considerable mud
gas variations. The lithology usually controls the background value but
more subtle variations are constrained by structures within the forma-
tion (Erzinger et al, 2004). InWFSD-1, the overall high He concentration
in the Pengguan complex is attributed to the highU and Th contents and
porosity in the volcanic rocks. A thorough geophysical logging inWFSD-
1 studied by H.B. Li et al. (2014) proves that themedium porosity of the
Pengguan complex is 31.21 compared with 10.54 in the sedimentary
basement. The natural gamma index does not make a huge difference
because mudstone occupies a large volume of the Xujiahe formation,
they usually contain high radioactive element content due to their
strong absorbability. However, the quartz rich granite and andesite in-
deed yields gamma index larger than 60 API reaching a maximum
value of 100 API. Similar He distribution patterns were also found in
the lower SAFOD pilot-hole granodiorite section (Erzinger et al., 2004).

The Xujiahe formation is recognized as a large scale hydrocarbon
reservoir which features low to ultra-low porosity and permeability
(Guo et al., 2012; Zou et al., 2009), CH4 from the second group of the
Xujiahe formation yields δ13C ranging from −30.3‰ to −31.97‰
which pertains to coal-derived gas (Wu et al., 2008), the high CH4 con-
centration detected in WFSD-1 may come from the coal line bearing
mudstone nearby (Fig. 2). Long term soil gas survey across the fault
zone shows, however, that no detectable CH4 is observed in the south-
ern Yinxiu–Beichuan fault zone (Zhou et al., 2010). This confirms the
low CH4 production in the Pengguan complex and indicates that the un-
derlying sedimentary CH4 bearing zone is essentially unconnected with
the surface at the drilling site. Themain fault zonemay serve as a barrier
for vertical flow.

5.3. Fracture dominated gas variation

An elaborate fault rock analysis is conducted during the drilling,
aiming to find out the fault zone distribution. A series of subsidiary
fault zones are thus clarified at borehole depths of 232.2–233.9 m,
575.7–595.5 m, 602.7–610.8 m, 611.4–621.1 m, 621.1–634.2 m,
635.6–639.5 m, 639.5–647.1 m, 649.6–656.3 m, 656.3–669.1 m,
669.1–680.9m, 753.1–759.0m and 970.3–971.8m (Table 1),with relat-
ed fault rocks include fault gouge, cateclasite and fault breccia (Fig. 2).
To clarify the relation between fractures and drilling mud gases, we
focus on FZ233, YBFZ (from FZ590 to FZ759, see H.B. Li et al., 2014)
and FZ970. They include both the Pengguan complex and Xujiahe for-
mation and the transition zone between them.

Fig. 4 zooms in the mud gases and the geophysical logs in FZ233
from 232.20 m to 233.94 m. It shows that FZ233 generally possesses
low electricity resistivity and P wave velocity. The electrical resistivity
is extremely sensitive to water (Brace, 1971; Scholz et al., 1973), and
it will greatly drop if the fractures are filled withwater. Similarly, earth-
quakes will greatly reduce rock strength as numerous fractures will be



Table 1
Secondary fault zone characteristics in WFSD-1.
Modified from Li et al. (2013).

Lithology unit Fault zone Top depth (m) Bottom depth (m) Fault zone width (m) Fault gouge width (m)

Pengguan complex FZ233 232.2 233.9 1.7 0.72
Yingxiu–Beichuan Fault Zone (YBFZ) FZ590 575.7 595.5 19.8 3.79

FZ608 602.65 610.8 8.12 3.62
FZ621 611.4 621.1 9.7 1.24
FZ628 621.1 634.2 13.12 2.9
FZ639 635.63 639.5 3.84 2.91
FZ646 639.47 647.1 7.66 1.31
FZ655 649.64 656.3 6.66 1.95
FZ669 656.3 669.1 12.8 1.31
FZ678 669.1 680.9 11.83 0.85
FZ759 753.13 759 5.9 1.94

Xujiahe formation FZ970 970.26 971.78 1.52 0.86

113Z. Gong et al. / Tectonophysics 639 (2015) 109–117
generated, thus a low seismic velocity will be recorded. Li et al. (1990)
successfully used the low shear wave to detect the active Oroville and
San Andreas fault zone in California, and the recovering seismic velocity
may also imply the damage zone healing process (Li et al., 1998). There-
fore, the low resistivity and P wave velocity imply that FZ233 is a frac-
tured, water saturated region. The mud gases probably invaded the
borehole by dissolving in water. Nevertheless, the gases are not uni-
formly distributed. The open fractures dominate their variations. The
upper-most 36 cm gray breccia zone in FZ233 defines a distinct gas
anomaly zone, where all gases, including radon which is highly soluble
in water and the ratio of N2/Ar vary significantly. A conspicuous feature
is that the large-opening fractures are detected only in this section.

The YBFZ is comprised of a series of sub fault zones (Table 1), the
large depth scope makes it difficult to illustrate their relations as in
FZ233, yet they are basically similar. In Fig. 5, formation resistivity
drops dramatically from hundreds to near zero, the corresponding
P wave velocity also decreases sharply from 5 km/s to an average of
3 km/s. Gas concentrations as well as the N2/Ar ratio in YBFZ is also dis-
tinct from the above 200 m (Fig. 2). This is particularly visible for CH4

and CO2. As is discussed above, the lithology may have controlled the
CH4 fluctuations since a large volume of carbon-rich shale and siltstone
are found in this section, yet the CH4 fluctuations cannot be controlled
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Fig. 4. Gas concentrations and geophysical logs in FZ233, gas data are averaged over 0.01 m int
variations in the upper-most 36 cm are dominated by fractures.
by lithology only since fewer or no shale at all are detected at depths
of 695–750 m, 783–795 m and 890 m, the CH4 contents are extremely
high (Fig. 2). Amore convincing explanation is that conductive fractures
have played an important role in transporting the CH4 downward. This
is supported by the fracture density retrieved from the core, at depths
ranging from 681 m to 754 m, all gases, including CH4, fluctuate even
more intensively than in the upper sub-fault concentrated, shale bear-
ing zone. The fracture density shows that it actually possesses an aver-
age higher fracture number than the upper section (Fig. 5). This further
confirms the idea that fractures dominate the gas fluctuations inWFSD-
1,more gas peakswill be observed if a larger amount of conductive frac-
tures exist.

Geophysical logs in FZ970 resemble those in YBFZ and FZ233 (Fig. 6),
with a relatively higher resistivity and P wave velocity, yet the mud gas
concentrations are several degrees of magnitude lower. The lithology
boundary separating the upper fault breccia from the underlying silt-
stone coincides with the mud gas interface at a depth of 970.93 m.
The fault gouge zone yields relatively lower gas concentrations
than the siltstone below and without major gas variations. It indi-
cates that fewer effective passages exist in FZ970. A possible expla-
nation is that the relatively intact impermeable fault gouge inhibits
fluids flow.
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5.4. Asymmetric fracturing during the Wenchuan earthquake

5.4.1. Returning mud gas recorded asymmetric fracture distribution
Earthquake generates fractures around the slipping plane and result

in the fault zone permeability transiently increasing. The continuous
1.5 year permeability measurements in WFSD-1 show that it has
ultra-high permeability and an average hydraulic diffusivity of 2.4 ×
10−2 m2/s (Xue et al., 2013). In addition, the fault zone trapped seismic
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waves generated by similar earthquakes before and after theWenchuan
earthquake also displays that the seismic velocity has dropped ~10%
within the fault zone (Y.G. Li et al., 2014). These evidences strongly sug-
gest that a large amount of new fractures exist in the fault zone after the
Wenchuan earthquake.

The question is however, whether those fractures which controlled
the gas variations are produced by theWenchuan earthquake. We pre-
fer they are for reasons below, 1) the Longmenshan thrust belt is
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highlighted as a slow deformation zone which favors low seismicity
(Chen et al., 1994; Densmore et al., 2007; Zhang et al., 2004, 2008).
The old cracks have a favorable tectonic environment and an adequate
time to seal, a positive proof is the widely distributed calcite and quartz
veins in the drilling core and fault zone outcrops along the Yinxiu–
Beichuan fault. 2) The ultra-thick fault related rocks in the upper part
of the YBFZ (578–673 m), particularly the fault gouge (Fig. 1, Table 1),
make the strata more prone to ductile behavior during steady slow tec-
tonic loading (IngramandUrai, 1999). A fracture number as high as 10/m
(Fig. 5) may not happen unless a fast slip is available (Uehara and
Shimamoto, 2004; Wibberley et al., 2008). 3) FZ970 is comprised of the
same lithology as the upper YBFZ, yet gas concentrations are much
lower. This is specifically true for CH4, although carbon rich shale occupies
a large part of the lithology, the CH4 concentrations decrease from
2.5 vol.% to 1.8 × 10−3 vol.%. The greatmud gas decrease probably indi-
cates a decreasing damage away from the principal slip surface, and is
consistent with the earthquake damaging process.

A distinct drilling mud gas asymmetry is observed around the
principal slip zone at 589.2 m. The main gas anomaly zone is
emplaced in the 200 m borehole depth below the slipping plane, of
which the gas concentrations are much higher and varied more vio-
lently than the 200 m above (Fig. 2). As is demonstrated above, the
mud gases, particularly gas peaks are mostly controlled by conduc-
tive fractures. The asymmetric gas distribution implies that the
Wenchuan earthquake generated more fractures in the footwall
than the hanging wall. The 200 m depth is somehow close to the
Yingxiu–Beichuan fault zone width before the Wenchuan earth-
quake (~180 m, H.B. Li et al., 2014), it makes things controversial
since fault zones usually give rise to low seismic velocity and forma-
tion resistivity. It may trap the ancient fluids and thus lead to a rela-
tively higher gas production. However, the currently open fractures
required for the gas to flow suggest a recent activity on this zone.
The gas anomaly of the 200m zone inWFSD-1 should be comparable
with the country rocks above the PSZ like FZ970 or FZ233 (Fig. 2), if
no severe damage happened.

5.4.2. The width of the fracturing zone
The real width of the gas anomaly zone is 117.6 m calculated from

the borehole inclination and fault attitude (Fig. 1c, Li et al., 2013). It is
surprisingly larger than we expected from the empirical equation with
a co-seismic displacement about 7 m at the WFSD-1 drilling site
(Faulkner et al., 2011; Savage and Brodsky, 2011; Shipton and Cowie,
2001). An accumulated fault displacement around 101 m will generally
yield a damage zone of no more than 102 m. The largest value that we
collected is about 30 m in a normal fault in central Utah (Shipton and
Cowie, 2001). However, it should be noted that most of the statistical
data come from sealed faults exhumed from deep crust. The damage
zone should broaden against depth since rock strength decreases at
the surface. InWFSD-1, the damage zone should be wider than the em-
pirically predicted results. Specifically the anomaly zone is comprised of
a large volume of unconsolidated, weak fault related rocks.

Another possibility is that the pastfluids trapped in YBFZmasked the
co-seismic damage zonewidth signals.We do not favor this because the
anomaly zone is actually ~12mwider than that in YBFZ. The extra 12m
is located in the intact country rocks; fluid data in this section (780–
792 m) highly resemble those in the YBFZ (Fig. 5). A reasonable expla-
nation is that fractures in this area are well connected with YBFZ, and
it also implies that the YBFZ is growing downward. More robust evi-
dence comes from the empirical relation itself, the fracture density
should decrease as the distance to the fault core increases (Faulkner
et al., 2011; Savage and Brodsky, 2011). This contradicts with what we
observed in YBFZ (Fig. 5). The fracture density in the lower sandstone
is far larger than the upper fault gouge rich zone. The fracture distribu-
tion pattern should follow the decreasing trend in WFSD-1 if no distur-
bance, such as earthquakes happened. In fact, the low porosity
sandstone in the Xujiahe formation (Zou et al., 2009) is more prone to
brittle failure than the gouge rich zone under fast slip. Consequently,
we conclude that theWenchuan earthquake created a 117mwide frac-
turing zone, at least in the WFSD-1 drilling site.

5.4.3. Factors control the fracture pattern in WFSD-1
It has been long observed that the asymmetric damage zone encom-

passes the fault core (Ben-Zion and Shi, 2005; Berg and Skar, 2005;
Flodin and Aydin, 2004; Molli et al., 2010; Sibson, 2003), related expla-
nations include fault zone geometry, asymmetric stress condition dur-
ing the rupture propagation and lithology (Berg and Skar, 2005). In
WFSD-1, we propose that asymmetric lithology and stress contributed
to the fracture distribution.

The earthquake induced static and dynamic stress changes can be
asymmetrically distributed across the fault plane. It is supported by
both the aftershock distributions and numerical simulations (Di Toro
et al., 2005; Freed, 2005; Lin and Stein, 2004; Rubin and Gillard,
2000). The extension field during the earthquake is strongly affected
by rupturing velocity, when the ratio between the rupturing velocity
and the Rayleigh wave velocity is approaching 1.41, the extension
field at the strike-slip fault tip would preferentially be distributed in
only one side of the fault plane, and this is particularly noticeable within
the 200 m region beneath the fault plane (Di Toro et al., 2005). The
200 m extension field is somehow comparable with the observed dril-
ling mud gas anomaly zone in WFSD-1. Furthermore, the slip surface
in WFSD-1 is quite close to the boundary between the hard volcanic
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Pengguan complex and weak sedimentary Xujiahe formation (Fig. 1b).
As is recorded by the P wave velocity logging (H.B. Li et al., 2014; Y.G.
Li et al., 2014), the Pengguan complex possesses an average 3.8 km/s
compared with 2.6 km/s in the Xujiahe formation, the volcanic rocks
are stronger than the sandstone below. The mechanic properties of
the two different geological unitsmay also contribute to the asymmetric
fracture distribution. Fig. 7 is the conceptual model of the mud gas dis-
tribution pattern. Fractures are preferentially distributed in the 200 m
borehole depth below the PSZ, and lead to more fluid activities than
those in the upper region.
6. Conclusions

We examined the returning drilling mud gases of the Wenchuan
earthquake fault from a 70 to 1200 m string depth in Hole-1 soon
after the earthquake. Gas profiles such as He, CH4, CO2, H2, Ar, Rn with
limitation, N2 and N2/Ar are obtained. The volcanic Pengguan complex
yields higher He and Rn than the underlying sedimentary Xujiahe for-
mation while its CH4 content is much lower. The high He and Rn back-
ground values are attributed to the conventional high Th andU contents
in volcanic rocks. The sedimentary footwall generates the highest CH4

and CO2. They are believed to be partly lithology constrained but more
controlled by conductive fractures generated during the Wenchuan
earthquake. Asymmetric drilling mud gas distribution is observed
across the co-seismic slip surface at a depth of 589.2 m. The main gas
anomaly zone is located at the 117 m region right below the PSZ.
Sharp resistivity and P-wave velocity drops are also observed in this
zone. It indicates that the 2008Mw7.9Wenchuan earthquake damaged
the footwall more than the hangingwall, andmore conductive fractures
were generated in the upper 117m of the Xujiahe formation. The asym-
metric stress distribution during the fault propagation and the different
rock mechanic properties may control the fracture distribution.
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