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Abstract Seafloor seepage of hydrocarbon-bearing fluids has been identified in a number of marine fore
arcs. However, temporal variations in seep activity and the structural and tectonic parameters that control
the seepage often remain poorly constrained. Subduction zone earthquakes, for example, are often dis-
cussed to trigger seafloor seepage but causal links that go beyond theoretical considerations have not yet
been fully established. This is mainly due to the inaccessibility of offshore epicentral areas, the infrequent
occurrence of large earthquakes, and challenges associated with offshore monitoring of seepage over large
areas and sufficient time periods. Here we report visual, geochemical, geophysical, and modeling results
and observations from the Concepcién Methane Seep Area (offshore Central Chile) located in the rupture
area of the 2010 Mw. 8.8 Maule earthquake. High methane concentrations in the oceanic water column and
a shallow subbottom depth of sulfate penetration indicate active methane seepage. The stable carbon iso-
tope signature of the methane and hydrocarbon composition of the released gas indicate a mixture of
shallow-sourced biogenic gas and a deeper sourced thermogenic component. Pristine fissures and fractures
observed at the seafloor together with seismically imaged large faults in the marine fore arc may represent
effective pathways for methane migration. Upper plate fault activity with hydraulic fracturing and dilation is
in line with increased normal Coulomb stress during large plate-boundary earthquakes, as exemplarily
modeled for the 2010 earthquake. On a global perspective our results point out the possible role of
recurring large subduction zone earthquakes in driving hydrocarbon seepage from marine fore arcs over
long timescales.

1. Introduction

The Central Chilean continental margin is known for widespread marine gas hydrates and gas-bearing sedi-
ments [e.g., Bangs et al., 1993; Grevemeyer et al., 2006] and for some locations, methane seeps at the seafloor
have been reported [Sellanes et al., 2004; Coffin et al., 2007; Jessen et al., 2011; Scholz et al., 2013]. The best
studied seep area is the Concepcion Methane Seep Area (CMSA in the following) at about 36°S (Figure 1)
where methane seepage has been proposed based on dredged fragments of chemosymbiotic clams and
carbonate blocks [Sellanes et al., 2004], sediment pore water data [Scholz et al., 2013], and acoustic and visu-
al observation of seep communities [Klaucke et al., 2012; Zapata-Hernandez et al., 2014]. On 27 February
2010 the CMSA was part of the margin segment affected by the Mw 8.8 Maule earthquake that ruptured a
~500 km long stretch of the plate-boundary offshore Central Chile [e.g., Vigny et al., 2011; Moreno et al.,
2012] (Figure 1A). The Maule earthquake initiated at ~36.5°S and ruptured bilaterally with peak slip of
~15 m in the north [e.g., Vigny et al, 2011]. The CMSA, which experienced moderate coseismic slip
(~6-9 m), is located between two large slip patches (Figure TA).

Pore-fluid pressure affects the strength of faults considerably [e.g., Hubbert and Rubey, 1959]. This applies to
the plate-boundary thrust as well as to faults within the fore arc [e.g., Saffer and Tobin, 2011]. Elevated fluid
pressure lowers the effective stress along a fault, thus reducing its strength. For many convergent margins
such as Nankai, Barbados, and Central America, a lack of seismicity at the shallow region of the plate-
boundary fault has been related to fluids that weaken the fault zone [Moore et al., 1998; Tobin et al., 2001;
Screaton et al., 2002; Ranero et al., 2008; Bangs et al., 1999, 2004, 2015]. In contrast, deeper regions of the
plate-interface that tend to rupture during large earthquakes usually are made up of rocks having
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considerable cohesion and potentially high friction [e.g., lkari et al., 2011; Schumann et al., 2014]. However,
by providing potential pathways for fluid-migration, fore-arc faults themselves affect fluid pressure and thus
the degree of coupling along the underlying plate-boundary [Saffer and Tobin, 2011]. The interplay of fault-
ing and fluid flow is further complicated by the different stress states that a fore arc undergoes during a
seismic cycle. The normal mode of horizontal compression that dominates in most of the marine fore arc
during the interseismic period tends to obstruct fluid flow along faults. In contrast, the same fault zones
may become conduits for fluids during the short coseismic and postseismic phase of horizontal extension
[Husen and Kissling, 2001; Grevemeyer et al., 2006]. Good knowledge on the relation of faulting and fluid
flow is crucial to better understand the structural and tectonic controls on fluid seepage in marine fore arcs.

To better understand fluid flow and seafloor seepage in a seismically active area, R/V SONNE (cruise SO210)
visited parts of the rupture area of the 2010 Maule earthquake, including the CMSA, 7 month after the main
shock [Linke, 2011]. In this work we link visual seafloor observations (remotely operated vehicle (ROV) sur-
veys), geochemical measurements in the water column and the shallow sediments (methane, sulfate, eth-
ane, and propane), geophysical data, and stress modeling results. We do this in order to provide a
comprehensive evaluation of seafloor methane seepage in the CMSA as well as to investigate the structural
and tectonic controlling parameters.

1.1. Tectonic Setting of the Central Chilean Marine Fore Arc

The Chilean continental margin in the area of the 2010 Maule earthquake is shaped by the subduction of
the Eocene-Oligocene oceanic Nazca Plate under the South American Plate (Figure 1A) [e.g., Tebbens and
Cande, 1997]. With ~2-3 km of trench sediment at the deformation front [Volker et al., 2013], the investigat-
ed segment of the margin is currently in an accretionary phase, which started in middle Miocene or Plio-
cene [Behrmann et al., 1992; Kukowski and Oncken, 2006; Melnick and Echtler, 2006]. The current phase of
accretion was preceded by subduction erosion or nonaccretion in the Paleogene that must have removed
parts of a Paleogene-Mesozoic paleoaccretionary prism [Kukowski and Oncken, 2006]. Perpendicular to the
trench, the marine fore arc is divided into the currently active accretionary prism between the deformation
front and ~2000 m water depth and the paleo-accretionary prism upslope of the active accretionary prism
(Figures 1B, 1D, and 1E) [Bangs and Cande, 1997; Contreras-Reyes et al., 2010; Geersen et al., 2011]. In the
paleo-prism a bright high-amplitude reflector in seismic reflection data represents the top of the metamor-
phic framework rock that is buried under ~1-2 km of slope sediment (Figures 1D and 1E) [see also Bangs
and Cande, 1997; Geersen et al., 2011].

At around 1000 m water depth, the seafloor is offset by a large (800 m seafloor offset) seaward dipping nor-
mal fault (Figures 1B-1E) [Geersen et al., 2011]. Around 36.4°S, at the latitudes where the CMSA is located,
the normal fault scarp is offset toward the continent by about 3 km (Figures 1B and 1C). The offset points
toward the possible presence of an en échelon fault, which likely soles into the same master fault at depth.
Seismic reflection data do not resolve the deep continuation of the normal fault, or a possible intersection
with the plate-boundary fault or its splays, but show that the normal fault penetrates into the framework
rock of the paleo-prism (Figure 1E). Growth strata in the hanging wall of the normal fault indicate that it is
active [cf. Geersen et al., 2011, Figure 3e]. In addition to the normal fault, the paleo-prism in the area of this
study hosts two splay faults, from which the eastern one (the one located closer to the coast), crops out at
the seafloor in the CMSA (Figures 1B, 1D, and 1E) [Geersen et al., 2011].

Figure 1. (A) Overview map of the Central Chilean continental margin. The epicenter of the 27 February 2010 Mw. 8.8 Maule earthquake is
indicated by the red star. Slip contour lines are given in meters [Vigny et al., 2011]. (B) Bathymetric map of the study area with the approxi-
mate location of the Concepcién Methane Seep Area (CMSA) outlined by the black dashed ellipse. The main structural elements perpen-
dicular to the slope are the trench, the active accretionary prism, and the paleo-accretionary prism (compare Figures 1D and 1E). A
prominent seaward dipping escarpment (up to 800 m seafloor offset) that can be traced over about 50 km along the upper continental
slope indicates the seafloor outcrop of a large normal fault. The red box in the footwall of the normal faults indicates the area where the
seafloor fractures where documented during ROV dives 2 and 8 (compare Figure 1C). Black dots indicate locations of gravity cores (GC)
and push cores (PC). Blue dots show CTD locations and white dots highlight locations where water samples have been taken with the ROV
(Niskin bottles) directly above the seafloor. (C) Shaded relief map showing the tracks of ROV dives 2 (green dots) and 8 (red dots). The
exact locations of the seafloor fractures (purple dots) is shown in the small inset in the bottom left corner. Black circles indicate locations
of gravity cores (GC) and push cores (PC), blues circles are CTD locations and white circles are water samples taken during ROV dives (Nis-
kin bottles) directly above the seafloor. (D) 2-D sketch across the continental margin showing the main structural and tectonic elements of
the study area (not to scale). (E) Seismic reflection line RC2901-727 (ENAP-2) across the study area (compare Figures 1B and 1C for location)
highlighting the main structural and tectonic elements of the marine fore arc discussed in this study [cf. Bangs and Cande, 1997; Geersen
etal,2011].
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2. Data and Results

2.1. ROV-Video Observations From the CMSA

The ROV (remotely operated vehicle) KIEL 6000 is a 6000 m rated electric work class ROV manufactured by
Schilling Robotics LLC (www.geomar.de/en/centre/central-facilities/tlz/rovkiel6000). Tools standardly
installed on the vehicle include a HDTV camera, two high-resolution color zoom cameras, and one digital
still camera as well as three black and white observation cameras. Besides the video capabilities, the two
manipulator arms are the major tools used on the platform. Further tools include a DIGIQUARTZ depth sen-
sor, a SBE49 FastCAT CTD, a SIMRAD sonar system, a PNI TCM2-50 compass, a motion reference unit (MRU)
containing a gyro compass, and an RDI Doppler velocity log. For navigation, the USBL-based IXSEA POSIDO-
NIA™ system was employed. The tool sled in the lowermost part of the vehicle is dedicated to take up the
scientific payload. During cruise SO210, the port side sample tray was rigged for sampling push cores. On
the front plate of the drawer, two 5 L Niskin bottles for water samples were mounted.

Two ROV dives conducted in the CMSA in the footwall of the large normal fault (compare Figure 1C for loca-
tion) revealed a series of elongated fractures with diameters in the range of 0.05-0.5 m and along-slope
lengths between 0.5 and 5 m (Figure 2, also see videos in Supporting Information). The fractures occur
about 100 m landward of the scarp that likely represents an en écholon structure merging into the large
normal fault at depth (compare inset in Figure 1C for exact location of fractures). They trend N-S to NW-SE
and are, thus, subparallel to the large normal fault scarp. At one location a prominent ~N-S striking escarp-
ment that may represent the top of the normal fault scarp was documented, with a parallel striking fracture
located directly behind (fracture D; Figure 2). All fractures show little to no signs for degradation with sharp
edges and partly overhanging cliffs. Unfortunately, the total area covered by the ROV video observations is
limited to less than <0.5 km?. However, the fact that we found multiple fractures within this limited area

Fracture A Fracture B

N
ROV dive 2 o) ROV dive 9

Fracture C D) Fracture D §
ROV dive 9 SHOMAR — ROV dive 9 GEOMAR

Figure 2. Seafloor fractures documented during ROV dives in the footwall of the large normal fault (compare the inset in the bottom left
corner of Figure 1C for the exact locations of the fractures). All fractures trend N-S to NW-SE with diameters in the range of 0.05-0.5 m and
along-slope lengths between 0.5 and 5 m. In case of fracture D a prominent escarpment that may represent the normal fault scarp, is
visible just westward (seaward) of the fracture.
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Figure 3. Methane concentrations in the water column from the

Concepcién Methane Seep Area (CMSA) and a reference site (CTD-2) glass bottles fOHOWing the degassmg meth-

about 50 km farther north (compare Figures 1B and 1C for sample od described in Keir et al. [2008]. The gas
locations). Circles indicate water samples obtained with the CTD and stars released by the vacuum degassing tech-
indicate samples obtained with the ROV (Niskin bottles) directly above
the seafloor. Upper black horizontal line indicates the average depth of nique was stored in septum-stoppered glass

the seafloor in the CMSA and lower black horizontal line indicates the vials for subsequent onboard concentration
depth of the seafloor at the location of CTD-2. .
measurements. Methane concentrations
were determined by using a “Thermo Trace
ultra” gas chromatograph with a precision of 3% (RT Alumina bond-KCL capillary column; He carrier gas,
FID detector).

To determine water column methane concentration in the CMSA, we conducted five CTD casts along a
10 km long transect with CTD-6 located in direct vicinity (~100 m) of the juvenile fractures (Figures 1B and
1C). The CTD data were complemented with water samples from about 1 m above the seafloor that were
taken during ROV dives by means of Niskin bottles (white dots in Figures 1B and 1C). For comparison we
also conducted a CTD cast ~50 km farther north, outside of the outcrop area of the large normal fault (CTD-
2, Figure 1B). Far above the seafloor (0-450 m water depth), water column methane concentrations in the
CMSA usually range between 0.1 and 10 nM (Figure 3). However, during the two CTD casts located closest
to the fractures, concentrations of up to 8 nM (CTD-6, at 55 m water depth) and 56 nM (CTD-7, at 203 m
water depth) are also observed. Below ~450 m water depth (CTDs-7, —10, —12) or ~550 m water depth
(CTDs-5, —6) methane concentrations increase everywhere in the CMSA to values up to 169 nM (CTD-6) and
3776 nM (Niskin bottle) close to the seafloor. Outside of the CMSA at CTD site 2 a maximum methane con-
centration of 15 nM is observed at about 800 m water depth and the concentrations decrease toward the
seafloor (Figure 3).

2.3. Sediment Sampling for Pore Water Sulfate and Hydrocarbon Data

Sediment samples were obtained by the aid of a gravity corer and ROV-guided push cores. Upon recovery,
gravity cores (GC) were cut into 1T m sections and split into halves. One half was used for visual inspection
and description, the other half was used for sediment subsampling and pore water recovery. Push cores
(PC) were stepwise extruded from the core liner and sectioned in 1-4 cm thick discs. The pore water was
recovered using a sediment squeezer at pressures between 3 and 5 bar. After squeezing, pore waters were
filtered through cellulose acetate membrane filters. Sulfate (SO3 ) concentrations were determined by ion
chromatography. For pore water hydrocarbon analysis, 3 mL of undisturbed sediment were disaggregated
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Figure 4. (A) Pore water sulfate concentrations from sediment samples obtained by gravity cores (GC) and push cores (PC). Stars represent samples from within the CMSA and circles
represent samples from farther north or downslope (compare Figures 1B and 1C for sample locations). The depth of sulfate penetration ranges from ~0.1 to 0.4 m in cores from within
the CMSA to ~2-5 m in cores from further downslope (also compare Table 1). (B) Stable carbon isotope composition of sedimentary methane plotted against the ratio of methane over
ethane and propane in a modified Bernard diagram (according to Faber et al. [2015]). To exclude fractionation effects associated with microbial hydrocarbon oxidation within the sedi-
ments, only samples from below the sulfate penetration depth are considered. A two-end-member mixing line calculated with a microbial end-member (PC05) and a postulated thermo-
genic end-member is shown as a dashed line (plotted numbers indicate the fraction of microbial methane, 1 = 100%).

and dispersed in 20 mL sealed glass vials, immediately after core retrieval. The glass vials also prefilled with
9 mL 1.0 M sodium hydroxide were stored and shipped at 4°C for subsequent laboratory analyses at GEO-
MAR. The hydrocarbon concentrations in the head space of the vials were analyzed by gas chromatography
(Thermo Trace Ultra, FID detector, capillary column RT-Alumina bond-KCl). Stable carbon isotope ratios of
methane (reported in delta notation 9/, relative to Vienna Pee Dee Belemnite, VPDB) were determined by
“continuous flow GC-combustion isotope ratio mass spectrometry” (Thermo Trace GC coupled to Thermo
MAT253) with a reproducibility of =0.3 9, (2 standard deviations). Sedimentary total organic carbon (TOC)
concentrations were determined with a Carlo Erba Element Analyzer after separation of inorganic carbon
through treatment with 1.0 M hydrochloric acid. Detailed information about the methods applied during
and after the SO210 cruise are given in Scholz et al. [2013] and http://www.geomar.de/en/research/fb2/fb2-
mg/benthic-biogeochemistry/mg-analytik/.

We present pore water sulfate and hydrocarbon data for two PCs (PC-02 and PC-05) and two GCs (GC-13
and GC-18) from within the CMSA as well as three GCs (GC-17, GC-20, and GC-21) from farther north or
downslope (Figure 4A and Table 1). Pore
water data of GC-17-GC-21 were previous-

Table 1. Depth of Sulfate Penetration (Compare Figure 3) and Mean TOC |y published by Scholz et al. [2013]. All pore
Concentrations for Cores Discussed in This Study [cf. Scholz et al., 2013]
i water sulfate profiles show a downward

Penetration Mean TOC Standard decrease from bottom water values around
Core Depth (cm) (wt %) Deviation 28 mM close to the seafloor to values near
PC02 8 0.93 0.10 zero at greater depth. The sulfate penetra-
PC05 12 48 02 tion depth ranges from ~0.1-04 m in
GC13 43 0.66 0.29 o .
GC18 4 084 028 cores from within the CMSA to ~2-5 m in
GC17 444 1.30 0.74 cores from further downslope. The carbon
GC20 443 1.07 0.27 . . .
— 32 269 025 isotope composition of dissolved methane

is plotted against the ratio of methane
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over ethane and propane in Figure 4B (“Bernard Diagram” after Bernard et al. [1978] and Faber and Stahl
[1984]). To exclude fractionation effects associated with hydrocarbon oxidation, only samples from below
the sulfate penetration depth are considered in Figure 4B. All data plot within the field defined by microbial
methane formation, however, CMSA data (5'*Ccs = —60 to —66%,; star symbols in Figure 4B) are slightly
shifted toward a thermogenic origin when compared to samples from outside the CMSA (0"3Ccna = —70 to
—86Y,,; circles in Figure 4B). Neither sulfate penetration depth nor §'*Cc4 data show a significant correla-
tion with the TOC content of the cores (Table 1).

2.4. Coulomb Stress Induced Into the Upper Plate by the 2010 Maule Earthquake

During a large plate-boundary earthquake, the part of the marine fore arc landward of the maximum rup-
ture area, experiences a reversal in the stress state from predominantly horizontal compression to predomi-
nantly horizontal extension [Klotz et al, 1999; Hardebeck, 2012]. To investigate if the extensional stress
induced into the upper plate by the 2010 Maule earthquake was sufficient to trigger normal faulting and to
support hydraulic fracturing and fault dilation in the area of the CMSA, we compute the coseismic Coulomb
stress change [e.g., King et al., 1994]. Our calculations are made in an elastic half-space with uniform isotro-
pic elastic properties following Okada [1992] and the coseismic rupture model of Vigny et al. [2011]. We
investigate the stress change for optimal oriented normal faults at 10 km depth with the optimal orientation
defined by the maximum value of Coulomb stress change modeled at each grid.

Coulomb stress change computations show that the 2010 Maule earthquake induced an extensional stress
regime in the marine fore arc at 10 km depth in the area of the CMSA (Figure 5). Aron et al. [2013] investi-
gate the Coulomb stress change for the Maule rupture using a variety of different coseismic slip models.
Consistent with our modeling results, they postulate that the Maule earthquake induced an extensional
Coulomb stress increase in the marine fore arc at distances larger than ~20 km landward from the trench.

Co-seismic deformation

-3-2-10 1 2 3

Figure 5. (A) Coulomb stress change induced by coseismic rupture of the 27 February 2010 Mw. 8.8 Maule earthquake (slip model from Vigny et al. [2011]) calculated for optimally orient-
ed normal faults at 10 km depth. The fore arc in the study area shows positive values of Coulomb stress change thus favoring normal faulting oriented subparallel to the plate boundary
(see Aron et al. [2013] for an in-depth discussion). Marine fore arc compression in the area of the lowermost slope, as indicated in the conceptual drawing, is not resolved in the model
due to the intersection of the plane at 10 km with the subducting slab. Green lines indicate coseismic slip contour lines (5 m intervals). (B) Conceptual drawings illustrating the stress
change in the marine fore arc during the coseismic phase.
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3. Discussion

3.1. Activity of Seafloor Methane Seepage in the CMSA

The water column overlying the CMSA shows a significant positive methane anomaly (factor 10-1000
above background) indicating active methane release from the seafloor (Figure 3). With 8 nM at 55 m
water depth (CTD-6) and 56 nM at 203 m water depth (CTD-7) it seems plausible that some of the
methane in the CMSA even reaches the atmosphere. For the shallow water we can, however, not ulti-
mately distinguish if the high methane concentrations result from a plume that rises from the seafloor
or if they originate from a different water mass enriched in methane. In addition to the methane anom-
alies in the water column, the sulfate penetration depth in surface sediment, which is controlled by
microbial sulfate reduction coupled to anaerobic methane oxidation [Niewohner et al., 1998; Hensen
et al, 2003], can be used as a proxy for the methane flux from subsurface sediment strata [Borowski
et al., 1996]. The comparably shallow sulfate penetration depth in the CMSA (<0.4 m), compared to the
cores from farther north and downslope (2-5 m) further indicates a higher seafloor methane flux (Figure
4A and Table 1).

From the methane and the sulfate data we classify the seepage activity in the CMSA in fall 2010 as high.
Methane concentrations of up to 3776 nM directly above the seafloor and the observed spatial variations
over 3 orders of magnitude are for example comparable to other prominent active margins seep systems
such as Hydrate Ridge off Cascadia margin [e.g., Heeschen et al., 2005]. However, in contrast to other active
seep areas, which have been visited by multiple measurement campaigns, we are lacking data to quantify
temporal changes in seep activity. The only other direct measurement of seep activity from the CMSA are
side-scan sonar data collected in 2008 [Klaucke et al., 2012], 2 years before the 2010 Maule earthquake.
Based on their data, Klaucke et al. [2012] report an obvious enigma between widespread evidence for fossil
cold seeps in the form of high backscatter anomalies on the seafloor that reflect authigenic carbonate pre-
cipitates, and little evidence for active seepage. Within their ~800 km? of side-scan data they found only a
couple of gas flares in the water column. Nevertheless, the different techniques used in 2008 (side-scan
sonar) and 2010 (water column and sediment sampling) do not allow to draw a final conclusion if seepage
has increased within the 2 years.

3.2. Origin of the Methane

To investigate the origin of the methane that is released in the CMSA, we measured its stable carbon iso-
tope signature (5'3C-CH,) (Figure 4B). The methane could be exclusively produced at shallow depth (tens of
meters) and transported into the SMTZ by diffusion or it could be derived from greater depth (hundreds to
thousands of meters) and transported into the shallow sediments through advective transport along faults
or other weak zones [Schmidt et al., 2005]. If shallow microbial methane production was the exclusive rea-
son for the high methane flux in the CMSA, one would expect sulfate penetration to correlate with the cur-
rent rate of organic matter delivery which can be roughly estimated from TOC concentrations (Table 1). We
do not observe such a correlation. In fact, TOC concentrations in slope basins further downslope are sub-
stantially higher than in the CMSA, despite a greater sulfate penetration depth (Table 1) [cf. Scholz et al,
2013]. This observation suggests that at least some of the methane released in the CMSA must derive from
deeper strata.

An admixture of methane from greater depth in the CMSA is further consistent with previously published
calculations of the stoichiometry of sedimentary sulfate consumption to bicarbonate production across the
Chilean margin [Scholz et al., 2013]. Moreover, the elevated 8"3Ccna values in sediments of the CMSA (stars
in Figure 4B) are indicative for a higher proportion of thermogenic hydrocarbon gas compared to cores
from outside the CMSA (circles in Figure 4B). Thermogenic hydrocarbon gas production requires tempera-
tures beyond the 5-60°C [Claypool and Kvenholden, 1983] that prevail within the hemipelagic sediments
overlying the paleo-accretionary prism [Scholz et al., 2013]. We therefore assume that the methane released
in the CMSA is a mixture of shallow biogenic methane with thermogenic methane that is derived from
deeper strata. A mixing line calculated by using a microbial hydrocarbon end-member (PCO5 in Figure 4B
and Table 1) and a thermogenic end-member (5'3Ccpys ~ —35%,, C1/(C2+C3) ~ 100) joins all the CMSA
data in the modified Bernard plot (Figure 4B) [Faber et al., 2015]. The rough calculation may indicate possi-
ble admixing of up to 20% of mature thermogenic methane to shallow microbial methane within the CMSA
(i.e., “0.8" in Figure 4B). A possible thermogenic methane source at greater depth could either be organic-

GEERSEN ET AL.

METHANE SEEPAGE OFF CENTRAL CHILE 8



@AG U Geochemistry, Geophysics, Geosystems 10.1002/2016GC006498

rich compacted framework rock of the paleo-accretionary prism or subducted sediments along the plate
boundary, or a combination of both.

3.3. Possible Links Between Seafloor Methane Seepage and the Seismic Cycle

Coulomb stress change calculations (Figure 5) suggest that the transfer of stress into the upper plate caused
by the coseismic rupture of the 27 February 2010 Mw. 8.8 Maule earthquake could have caused extensional
faulting in the marine fore arc in the area of the CMSA. In fact, extensional rupture in the upper plate in the
wake of a large plate-boundary earthquake has been documented in the northern termination of the rup-
ture area of the 2010 Maule earthquake [e.g., Farias et al., 2011; Lange et al., 2012] as well as after the giant
2011 Mw 9.0 Tohoku-Oki earthquake [Tsuji et al., 2013]. In the case of the 2011 Tohoku-Oki earthquake com-
parable open fissures and fractures were visually documented at the seafloor overlying seismically imaged
upper plate normal faults [Tsuji et al., 2013]. There, repeated video observations conducted between 2002
and 2012 showed that the fractures were not present in the years before the earthquake suggesting that
they formed due to coseismic rupture during the 2011 Tohoku-Oki earthquake.

The location of the large normal fault in the CMSA and its strike direction parallel to the trench (Figure 1B)
makes this structure an ideal candidate for the release of some of the stresses transmitted into the upper
plate prior to large plate-boundary earthquakes, and released during the earthquakes. The uneroded edges
of the fractures and lack of sedimentary infill (Figure 2) suggest that they represent relatively young (days
to couple of years) extensional features, possible related to extensional rupture across the underlying large
normal fault during or shortly after the 2010 Maule earthquake. We therefore expect similar seafloor frac-
tures elsewhere in the CMSA. However, we are not able to proof this with the limited spatial coverage
(<0.5 km?) of the ROV video observations.

In addition to normal faulting, the extensional stresses that prevail in the upper plate in the area of the
CMSA during large plate-boundary earthquakes (including during the 2010 Maule earthquake) may support
hydraulic fracturing and dilation of existing faults. This results in an increase in permeability along both
large upper plate faults that crop out in the CMSA; i.e., the normal fault and the eastern splay-fault. The
reopening of faults in an extensional stress regime is one viable mechanism to enhance the permeability of
accretionary wedges to considerable depth [Behrmann, 1991]. In the case of indurated lithologies (cohesion
of 5 MPa), reopening of weakly cemented hydraulic fractures is possible to depths of over 1 km and an
even greater depth of reopening is possible in overpressured environments [see Behrmann, 1991, Figures 3
and 4].

Based on the spatial correlation between the large upper plate faults (normal fault and eastern splay fault),
the juvenile extensional fractures, the high water column methane concentrations, and the shallow sulfate
penetration depth, we propose a conceptual model (Figure 6) to link seafloor hydrocarbon seepage in the
CMSA to the frequently recurring plate-boundary earthquakes:

1. Large subduction earthquakes induce a regime of extension in the marine fore arc in the area of the
CMSA, large enough to reactivate the normal fault and to create extensional fractures at the seafloor.

2. Extension of the upper plate further results in hydraulic fracturing and dilation of the normal-fault and
the eastern splay fault that both underlie the CMSA. This together increases the permeability along the
faults, allowing them to become hydraulically communicative with the deep fore arc-strata and possibly
the plate boundary.

3. As a consequence, fluid pulses from the upper plate and/or the plate boundary move upward along the
faults resulting in the observed seepage.

The model can well be transferred to other subduction zone settings such as Makran, where the 1945 Mw.

8.1 earthquake seems to have triggered hydrocarbon seepage from the continental slope [Fischer et al.,

2013] and where huge upper plate normal faults have been seismically imaged [Grando and McClay, 2007].

Furthermore, the model may also explain basic differences in the spatial distribution of seep sites at the

accretionary margin of Central Chile, relative to an erosive plate margin as for example Costa Rica. In the lat-

ter case, tectonic erosion at the base of the overriding plate causes widespread subsidence and related nor-
mal faulting all over the continental slope. As a consequence, fluid seepage distributes over most of the

continental slope, locally extending down to the deformation front [Hensen et al., 2004; Ranero et al., 2008;

Sahling et al., 2008]. In central Chile, however, viable conditions for extensional tectonics are only met in the

coseismic phase. Here fore-arc extension, and therewith also seep activity, is spatially limited to the upper
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Figure 6. Conceptual model illustrating how seismic rupture during the 2010 Maule earthquake governed extensional faulting, fluid flow, and hydrocarbon seepage in the Concepcion

Methane Seepage Area (CMSA).

continental slope and shelf area landward of the area of peak rupture during large plate-boundary earth-
quakes (compare Figure 5B).

In the case of a single earthquake one would expect progressive recementation and healing of the faults
and the extensional fractures and concurrent cessation of fluid flow after the earthquake. However, the
recurrence rate of large plate-boundary earthquakes in the study area is only in the range of 100-150 years
[Lomnitz, 2004]. Even if not every single earthquake induces extensional stresses large enough to trigger
activity of the large upper plate faults, the interseismic period is possibly not long enough to allow for a
complete healing of the fluid pathways. It is thus likely that fluid flow along the faults and related seafloor
methane seepage continue to some extent over long timescales and do not cease completely during a seis-
mic cycle. This is further supported by the local occurrence of gas flares in the water column in the CMSA,
which Klaucke et al. [2012] reported from their thorough investigation of side-scan sonar data collected in
2008, about 2 years before the 2010 Maule earthquake. Continuously high seep activity over multiple seis-
mic cycles is further in-line with the widespread evidence for fossil cold seeps in the area reported by
Klaucke et al. [2012]. However, repeated measurements in between large plate-boundary earthquakes are
needed to quantify a possible temporal variability of fault-related methane seepage on the Central Chilean
marine fore arc in relation to the seismic cycle.

4. Conclusion

We here present evidence for active seafloor methane seepage in the rupture area of the 2010 Mw. 8.8
Maule earthquake about half a year after the earthquake. Coulomb stress calculations and the visual obser-
vation of juvenile extensional cracks at the seafloor suggest that the upper plate in the area of the seepage
is exposed to an extensional stress regime during large plate-boundary earthquakes; as exemplarily mod-
eled for the 2010 Maule earthquake. The recurring extensional stresses result in activity, hydraulic fracturing,
and dilation of large upper plate faults, therewith supporting the upward movement of fluid pulses and the
seepage of hydrocarbon bearing fluids from the marine fore arc. Repeated measurement campaigns over
multiple years/decades are however needed to quantify changes in seep activity over a complete seismic
cycle. In line with recent findings from the Makran margin [Fischer et al., 2013] our results suggest that large
subduction zone earthquakes have the potential to alter hydrocarbon export to the ocean and possibly the
atmosphere.
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