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State of the Nankai Trough seismogenic zone inferred from thermal and hydrological regime
of the mud volcanoes
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Submarine mud volcanoes along the plate convergent margins represent "natural pipelines" that
vertically transport low density, deformable sediments and gaseous compounds from several
kilometers below the seafloor to the overlying hydrosphere. For example, methane is supplied
through upward fluid advection via the mud volcanism from the deeper hydrocarbon reservoir and
microbial communities near the seafloor consume a large fraction of methane through their aerobic
and anaerobic oxidation activities on the seafloor. However, the vertical dispersal of microbial
components from the subseafloor habitat to the overlying seawater remains unknown.

Since 2012, using the AUV "Urashima" and ROV "Hyper-Dolphin", we performed an intensive seafloor
survey of the submarine mud-volcanic structures off Tanegashima Island, showing well-preserved
mud-flow channels suggestive of the recent mud-volcanic activities. During the KH-15-2 cruise in
2015, we obtained sediment core and water samples from the summit of MV#1 and MV#14 using a
Navigable Sampling System (NSS). The profiles of methane concentrations in the water column showed
a small peak (1-2 nM) at about 40 m and 60 m above the top of MV#1 and MV#14, respectively,
indicating the existence of methane plume discharged from the submarine mud volcano. To study
taxonomic composition of microbial communities in sediment and water-column habitats, we extracted
DNA and then sequenced 16S rRNA genes using a next generation sequencer. The sequence analysis
demonstrated that microbial community structures are overall very different above and below the
seafloor. However, interestingly, we found some common species, such as "Atribacteria”-relatives,
which are widely distributed in anaerobic subseafloor sedimentary habitats. Moreover, the
distribution patterns of those common species correlate with the peaked methane profiles. Our
geochemical and microbiological observations suggest that a small fraction of deep-biosphere
microbial communities are geomechanically dispersed with methane from submarine mud volcanoes to
the overlying hydrosphere.
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Shallow marine mud volcanoes in the Miocene Tanabe group, Kii Peninsula
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The component material and intrusive structures of several mud diapirs in the Miocene Tanabe Group,
southwest of the Kii peninsula were examined to reveal the fluid intrusion style and processes. To
examine factors controlling the intrusive styles, tank experiments were also performed. Three types
of intrusive structures such as cylinder, dome, and sill types were observed in ascending order in
the Shirahama Formation overlying the muddy Asso Formation of the Tanabe Group. (1) Cylinder type:
The Ichieminami mud diapir, the about 2@m in diameter, intruded into bedded sand and siltstones
almost vertically. The majority matrix is siltstone, with subordinate sand and quartzose sand in
inner part. (2) Dome type: Ichiezaki mud diapir has a dome shape of about 150m in diameter
including blocks and sand grains of host sediments by stoping. Many mud dykes radially intruding
into hostrocks are clayey in the early stage and sandy in the later stage. (3) Sill type: The mud
diapir of the Migusa represents the lens shaped lacolith with at least 200m in diameter, mainly
consists of pebbly mudstone involving blocks of surrounding strata. There are small-scale mudstone
sills and dykes around the diapir. As a result of tank experiments, it was observed that a series
of lenticular intrusive slurry body with dome like upheaval, transforming into the mud chamber
expanded involving blocks and particles of the host sediments. As it collapsed, a conduit of upward
escaping muddy fluids, sill and dyke structures are formed above the chamber. Based on the
correlation between the diapiric structures in the Tanabe Group and intrusive features in the tank,
(1) Cylinder type intrusion is indicative of conduit of the fluid to the chamber. Such a vertical
path shows a concentrated fluid flow cut through permeable sedimentary strata without any muddy
impermeable intercalation. (2) Dome type diapir corresponds to a mud chamber or the upper most part
of a cylinder type intrusive body where the stoping process is most predominant. (3) Sill type
intrusive body is thought to represent the mud chamber intruded into layered sedimentary sequence
with remarkable permeability contrast. These diapirs of the Tanabe Group show a variety of
intrusion by a single event that a high-pressured fluid with small amount of mud injected through a
narrow conduit to the level where a large mud chamber expands one after another, by which different
types of intrusive structures are formed in accordance with permeability contrast and the degree of
solidification of the host sediments. Subaqueous debris flow depsits erupted from a mud volcano
(Nakaya and Hamada, 2009) more than 10@m in thickness have been reported from middle to upper
member of the Shirahama Formation. Small scale (less than 20m) fluid intrusion structures were also
found in several horizons of the upper member of the Shirahama Formation. At least, some of those
structures display characteristic deformation style suggesting the fluid as gas phase. Carbonate
nodules and chimneys were found in from the uppermost Asso Formation. The carbon stable isotope
ratios of calcite and dolomite in nodules and chimneys ranges from -22 to 7 permil. (PDB), and the
oxygen stable isotope ratios ranges from -20 to @ permil. (PDB). Pyrite nodules less than 10 cm in
diameter are formed in the fluid intrusion structures in several horizons of the upper member of
the Shirahama Formation. The sulfur stable isotope ratios of the pyrite nodules are ranging from
-4.3 to +1.4 permil. (CDT), which are similar of those in carbonate nodules and chimneys. Thermal
or deep-seated fluid with CH4/C02/H2S gases might have been erupted to the shallow water area at
the time of regression stage of the Tanabe Group.
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On early Mars (Noachian to Hesperian Periods with approximate absolute age ranging from 4.1 to 3.1
Gyr [1]1), groundwater/hydrothermal systems, estimated from the presence of clay minerals on a
global scale [e.g., 2], may have occurred, with diverse evidence including a number of putative mud
volcanoes being reported in both the northern lowlands [e.g., 3] and relatively old, southern
highlands [e.g., 4, 5]. However, the spatial extent of potential mud volcanism on Mars has yet to
be fully understood. Moreover, criteria for distinguishing between mud volcanoes and other analogs
(e.g., cinder cones, tuff cones, rootless cones, pingos) has yet to be established.

Here we focus on clusters of mounds within an elongated basin floor (~181 km x <~47 km, centered at
203.4°E, 27°S) in the northern Terra Sirenum region (mapped as early to middle Noachian terrain
[1]) of the southern highlands, and analyze their spatial distribution, morphological
characteristics, and morphometric parameters using high-resolution images recently acquired by
NASA's High Resolution Imaging Science Experiment (HiRISE; 25 or 5@ cm/pixel spatial scale [7]) and
Context (CTX; ~5 to 6 m/pixel [8]) cameras onboard the Mars Reconnaissance Orbiter (MRO), and
high-resolution (2 m/post) digital elevation models (DEMs) created from HiRISE stereo pairs.
Mapping of more than 600 mounds, based on a mosaic of CTX images, reveals the alignment of mounds
along regional structures, and spatial concentration of ~150/1000 km’. Using HiRISE images,
geomorphological characteristics, such as summit pits, meter-size boulders and dune deposits on
their flanks, and smoother surface textures relative to the surrounding terrains, can be commonly
observed from most of the mounds. Preliminary morphometric analysis of four mounds, calculated from
our DEM, show that they have basal widths ranging from~300 m to 80@ m, heights of up to ~40 m,
height-to-width ratios of 0.04 to 0.07, and cross-sectional topographic profiles exhibiting
convex-upward slopes.

The resultant values are comparable to those of some mud volcanoes on Earth [9], and the slope
geometry is highly consistent with the emplacement of yield-strength fluids [10] (e.g., slurries of
water and mud or lava flows) rather than deposition of pyroclastic fragments. Though a volcanic
origin cannot be ruled out, the combination of their distribution and meter-scale morphology with
their morphometry favor a mud volcano origin. If the mud volcano hypothesis is true, their
relatively young surfaces suggest that the formation of source reservoirs and conduit openings
along regional fissures for erupting mud and water might have occurred during more recent times
than Noachian age. This is consistent with other post-Noachian features in the region such as
valley networks and collapse depressions which are linked to faults [11]. Additional
high-resolution spectral data coverage obtained by the MRO spacecraft in the future will improve
mineralogical characterization of the mounds and further discussions of possible diagenetic
processes and/or hydrothermal alteration.

References: [1] Tanaka K. L. et al. (2014) U. S. Geol. Survey Sci. Invest. Map 3292. [2] Ehlmann B.
L. et al. (2013) Space Sci. Rev., 174, 329-364. [3] Tanaka K. L. et al. (2005) U. S. Geol. Survey
Sci. Invest. Map 2888. [4] Pondrelli M. et al. (2011) Earth Planet. Sci. Lett., 304, 511-519. [5]
Okubo C. H. (2016) Icarus, 269, 23-37. [6] Tanaka K. L. et al. (2014) U. S. Geol. Survey Sci.
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Invest. Map 3292. [7] McEwen A. S. et al. (2007) J. Geophys. Res., 112, E05S02. [8] Malin M. C. et
al., (2007) J. Geophys. Res., 112, E@5S04. [9] Kioka A. and Ashi J. (2015) Geophys. Res. Lett.,
42, 8406-8414. [10] Hulme G. (1974) Geophys. J.R. Astron. Soc., 39, 361-383. [11] Anderson, R. C.,
et al, (2016) J. Geophys. Res., in review.
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C,/C,kb (400-4000) & X3 >ME7C (-75%) £6D (-150%)(F. MVE14D XS~ DKRERI HEC & B KRR
B ZEBULIRFTBTTR) XS VEBRBICL > TERS N EETERT 3,

F—D— R {ETIEMOBK. XY, BFEH

Keywords: dehydration from clay mineral, methane, off Tanegashima
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Investigation of distribution of mud volcanoes in East China Sea using distribution of
methane concentrations in seawater
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AKRHFDAIUE, ZBEERZRDOHNMEDRRIUERE I DBNITREMNR I XND—DOTH S

(IPCC, 2007) . EFDAREEMVAREIEE, ASTOXS VOMEEE L THISMNTULS (Bange et al.,
1994; Bange, 2006; Holmes et al., 2000) . I FEICHULTE, BEOMICERINICKEREICH(TSE
KPDAI VR, Z2OREBOFRECH > TRRICHETNDCEMRBRINTULS (Tsurushima et al.,
1996) » @5(C, BIFBTIE, REMEREMNBEICSVWTRBANLRG D VERY OV —0ROMENRRE S
NTHO (Yin et al., 2003) , RERIEBICSUVWTHHEZEREMBFEDFENREZRINTLIS (Kuhara et
al., 2014) . TS5V OZHEARVERCH(FTDI AT VOREENFEL, KKRFOXIIADOEEEEZXS
nNdcens, Z0RMEESHMCTIMNENRD D, AT CTIE, R FTBICH(TBIRERD S BEARALEIC
WMMIT, SBEBKPOXS VEEERN, KEBHICHSTIEENSDAS VOMISEODMICDOVTHESMITS
cecEBmMELTLS,

201TEMS2015F(CHMT T, 5~6RBICNITHTTONBSRIBRICEIBEMEB (CHULT, BRI THBOBHDMR
[CHEVWTHKERIZRI U2, BAERIE, ZXFVEKSEEAVTERERL, MEICEVWTESIC/AT7IVR
[CPEU Tz, BENIKEEBARER/RNL CEMEBERBE LI, N7 7IVRIGERE, BELICFESRO>TAIY
DEREAEETSET, REFAICEVWTIRE LR, FE, FKRCEDEEHEINTSD, FKERARIC, B
B, BEh, BXMcBELEEIRLUI,

SEKYT Y TIVRDOX S VEER, BAERAXMHEETASI VERMHL, KRR U ERIRHBERE LA
200O0VETST (B2 6C-2014A) ZAVTAIRE LU, BEFRIEIXS VBB ppnllHBINTULSIRY
REBVT, REREFR LU CRESEZT 2, AERBEISUIATH o1,

(MDF—9h5, KEMEASKDEEZZ(TTULSBRERMORBE (LR TEICEMTE, ZNSOFEDK
TINS5, EiEE REMRE, KEREE, EMEO=DICRITERZCEE LR, &F, KEMRZOEK
&, REBNSFEBICHNITEZBEEL CTHEINEWXSI VDBEETRLZ, N5, XEHNSDEEYINE
BISKBEDRAN, EBINSDASI VY OHIEOFETHDEEZXS5ND, RIC, KEREEICHELTIE, K
E100~200 MfAICHEVTAXI VEEREV. —7A, BHORETIE, REBBEKICSLWTAKRFEIERDEEZ
U, 7KFE600 mfHE X TE1~2 nmol/kglEEDIEZE TR T, KFE600 mEURTIEX S VEE(ET nmol/kgZE T @
D, BHERMNAE T T D, KEREIZOAEI00~200 MHANDASY VEEDRE(X, KEMESKDE
EEtHOTHD, KEMEICHHIIEEEXTI VDORETHIEERXS5ND,

KRERIEEIC(E, AKEEH100 mCHEVTEXIVDBEEENMRE INSIMREH Oz OV EMRE, &
NFETHECBRBANLESHIZREKPBEIEKRZLE DEERBEINTUEWNMERES D, X5 VDOHEEG
REUVTIIBETETTCLVEL. TIORZvIEY T VIEZRI NG, BEBKRODEFEEFEZERICLS, A
BHICRDOMN D> TUBRBALPOGEEKREVDIZX S VOEISRENRZLEEE V. BETICE, BEYINEELE
REBEGDVENAELEBERADHLTUDICENREZ SN, HINERANDY J MEHCHESERBLEE R, BE
THSDXS Y DEIEERICE D TULDAREMRE X 5ND, ZDV DB T, —EDREMREX (AL
m, BICE@RYOV—OR, ZUTRER—IVIFRRELTE, BEARREIZIEEZ5ND, N5
DRBEPTEME, HDOEIHIEMEIC KD TIE, KEFDAS IAQOKSIEEIGEE U TEVTUL S AIEEENRE
I5NB, CHCENS, S8, TSITHKPOAI VEBESHDFMOBEKRABETL, BEICH(TEIXS
VBHREKROFMERESHNCITIHRERD D,
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The Ascension Process of the Fluid from the Mud Volcanoes along Anticline and Fault Zones
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SEANLDIE L ERTPRAD EREBECHE - MEBENEXIFECDODVLWT—RIEISICEZBRNELT, &
EEmEBOEEREREaVORAL (KMY) CHELEERVOTRBAL (M) ([CHVTHIRBEERVIELHT S
K, AZDMEZERRSET oz, Tz, BELUKERWICHULT, (SAMTEZE AV T TOHIETSMZE KD
z.
BEmAREMEIC(E, FHFitDRs, Wa, HERtOIILEERDTHTS. /T, NE-SWAMICERERID
EW‘TE (KEILBTE) ML, NNW-SSEAE(CErhEhE £ DEMEENROHS5NSD. ZL TEBRmASDIRBALL
EREHMRFBICE > TADDIr FIcHFe. I—VEBEF Ml EOBERFOA#ROBLETOTHD, 7
DUBE MU TOEZEF DOA#EIROBEZ D THSD. VL—I—BEIRSICERRESNS L, T—ILBIZ
SEDEFLEEVWT—ILTENENEBL(ToNSD. ZOHRTEI—VEEMDHFICESNDCEMREASHE
oz, MIBAVWTIEREN LRI IBET, BOMIZERDIATC ETEKEMES<EOD>TLBREEZXISN
3. IMVHSIERT S TRKOBERMUALLSKMVDEDICEERTEL. D ElF, BERVTIEXKDREBD
WEDEVER TR EMAKRBARC o EERIEBTSD. MHNSIEHRT D HXDIERIE, BIFIERT
HD. KWOHIDERIE, MEMRREADFERRENESLUZEDTHD, MEYMRRD IR T REBTER
TN, KOFBHS EREUTCSREADRBERAXEEBEL TV EEXSND. TS5(CHEEMARDIBAILA
S5EHIT A XEEENICHEMPRESZ(TTED, IWTREZDERE(CERHFSNSD. —F, KMTIE—ERIC
WEMPBRESZ(TTUVD. Tz, BZEASDRBANLNSERTIRICETIND, ELUT 1 FORARICK
SHMENSEEINIRXKIEZREE(E, (MDEDIFH3,500 mTHD, $12,500 mDKMVDED LD EF
V). CSAMTIRIC K DB ONLBI S MmN\ 5, BERARREME T, EUMBE AV ICEIERFENRD AR L
TULBCERBHASHELED, MIBAWCHRIENERELTULWSCERBEASHEL DL,
fﬁ%%(iH?(T%Sﬁﬁﬁjﬁﬁﬁgti%ﬁtﬁll(CH?(T%SE%fio)EﬂjmﬁEEE%E15&:(C, XL TOTMED ERBERZEUTDLDIC
HELURZ. TF, REOEBFEE KB AVDRBANLNASEREAVDBANLIDERVWC EMRBASHE
oz, # ﬁ—lﬁﬂilﬁb\kﬁ?ﬁg—%ﬁ.ku—lt(g RIS T RO F v NN—C—BRBEBL, ZDE, BAXIC
KBDAXREICLD, FMKEZ<DENBEEDLENRS ERTS. 2L THREAEHEZETHLUSELL, BALE
ERTD. T, RAODEBEHEZCHEZBENERINSD. —7A, BBAVICAHT BIRBANLTIE, FEEHLT
BOWEN DI EEUCHBRRE(CAD THIVRERNDIAH LIRS LRETSD. 2L CHEBERFEOHRESE
TFERETLERL, FEALEDRAGHEAVICHRTREOHNCELEITZIEEZSNS.

FoO—R UBAL. B Tk SR KIES. SAMDE

Keywords: mud volcano, Taiwan, fluid, anticline, fault zone, CSAMT method
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Fig. 1. The ascending model of the fluid erupted from the mud volcano in shallow
underground. A: Anticline axis, B: Fault zone
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Diapiric melange of the Shimanto belt in sowth Kii peninsula
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Pebbly mudstone melange, called "Sarashikubi beds", locally constitute the upper member of the
Oligocene to Lower Miocene Shimanto belt in southern Kii peninsula. It is lithologically subdivided
into three units, A, B and C in ascending order (Hisatomi et al. 1980). Unit A and C show of
block-in-matrix texture in which clasts sandstone and conglomerate are in muddy matrix. Crusts size
widely varies, and contains a large amount of mudstone fragments other than larger (~10m) the
sandstone blocks, mud matrix is very few in amount. Although Unit A is a massive without any
layering, while in Unit C shows stratification due to both size and amount of clasts. Unit B
consists of layered sandstone and conglomerate beds with evidence of shallow-marine normal
sediments. Conglomerates shows grain supported texture with sandy matrix. That melange has been
interpreted as olistostrome formed by large-scale subaqueous slope failure. However, the
involvement of mud diapirism is suggested by the following reasons, 1) Distribution of Unit A is
discordant with the peripheral surrounding strata. 2) Preferred orientation of the blocks long axis
in Unit A is predominant than in the debris flow deposits of the Unit C, which suggests the
possibility of clast rotation due to shear at the time of intrusion. 3) Unit A and Unit C includes
characteristic disaggregated sandstone block which characterize the Tako mud diapir (Lewis & Byrne,
1996). 4) The elastic-wave velocity and density of sandstone clasts included in melange is larger
in sthan those surrounding strata. 5) Near the “Sarashikubi beds” there is often a clastics
injections. In particular, the 30m scale mud diapir was found at the Tanosaki, 1km east from the
“Sarashikubi beds”. 6) Carbonate nodule were found from the “Sarashikubi beds” as well as
surrounding strata. They are several centimeters to 0.5m in diameter. In cross-section, they show
concentric structure of dark gray calcite, with euhedral pyrite crystals (~1mm).

F—O—R BITTEI. XZVTa1, BE+F. BFEE KBE/ J1-)b
Keywords: mud diapir, melange, Shimanto Belt, Kii Pninsula, carbonate nodule
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