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Highlights

Carbonate conduits are composed of authigéBiclepleted Mg-calcite and aragonite
Lipid biomarkers reveal involvement of AOM consarin carbonate precipitation

AOM-induced early lithification of burrows formshular carbonate conduits

Abstract

Tubular carbonate conduits (TCC) represent theitation of fluid plumbing systems in environments
of hydrocarbon seepage and play a relevant ralleerdischarge of methane from sub-seafloor sedsrtent
the water column. However, the biogeochemical feastand biological activities involved in their
formation are not fully understood. To address, thiSC samples were collected with a remotely operat
vehicle from the seabed on the SW flank of the Wahmud volcano in the eastern Mediterranean Sea.
Petrographic, mineralogical, stable carbon and emyigotope and lipid biomarker analyses were peréor
to elucidate the formation processes of the tuledanonates. Clotted and fibrous aragonite fornintenal
lining of the cavities, while the outer portion tife tubes is formed by micritic Mg-calcite cemegtin
hemipelagic sediment:*C-depleted Mg-calcite and aragonite (as low as 4-P4& V-PDB) and lipid

biomarkers (archaeol, —-89.8 %0 V-PDB) indicate tbatbonate precipitation was influenced by sulfate-
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dependent anaerobic oxidation of methane (AOM). Akally enhances aragonite precipitation, thereby
facilitating early lithification of the conduits thin the mud volcano sediments. The size and mdoglamf

the TCC comparable with the buried portion of tubaw colonies found in the proximity of the sampling
site. However, our results suggest that TCC likelyned by the action of burrowing organism ratheant
being mineralizations of the tubeworm colonies.sT$tudy provides new insights into the interpretatind
understanding of TCC, highlighting the role of n@aunal activity in the formation of migration pathys

for hydrocarbon-rich fluids on the flank of a mualaano.

Keywords: authigenic minerals, lipid biomarkers, fluid corduhydrocarbon seeps, mud volcanoes,

Anaximander Mountains

Abbreviations

TCC, tubular carbonate conduits. MV, mud volcan@M anaerobic oxidation of methane. SRB, sulfate-
reducing bacteria. ANME, anaerobic methanotrophich@ea. XRD, x-ray diffraction. ROV, remote
operated vehicle. AUV, autonomous underwater vehiGC-MS, gas chromatography-mass spectrometer.
GC-IRMS, GC-isotope ratio MS. HPLC-MS, high perfamee liquid chromatography MS. TMS,
trimethylsilyl. FAMEs, fatty acid methyl esters.Agfclotted and fibrous aragonite. M, micritic Mglcite.

Di, late detrital infilling. V-PDB, Vienna Pee Dd&xlemnite. DIC, dissolved inorganic carbon. TLRato
lipid extracts. GDGT, glycerol dialkyl glycerol taethers. DAGE, dialkyl glycerol ether. PMI, 2,6,1%,19-
pentamethyleicosane. Bp, biphytane. Bp-Cren, cobia&ol-derived biphytane. FA, fatty acid. ai, méthy

branching at ante-iso position3). MI, methane index.

Introduction

Mud volcanoes provide pathways for the expulsionddferent types of over-pressured deep-seated
hydrocarbon-enriched fluids and sediments (Milkbale 2003; Kopf, 2002; Dimitrov, 2002). In thesézrn
Mediterranean Sea, numerous methane seeps areatsgagith mud volcanoes (e.g., Aloisi et al., 2000
Charlou et al., 2003; Olu-Le Roy et al., 2004; Papal., 2010). The sulfate-dependent anaerobidatixin

of methane (AOM; e.g. Hoehler et al., 1994) forhms basis for higher benthic chemosynthetic comriemit
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at methane seeps. In most of the AOM sites studiederobic methanotrophic archaea (ANME) co-occur
with sulfate-reducing bacteria (SRB), suggestirag tOM is mediated according to the following edort
(Boetius et al., 2000; Orphan et al., 2001):

CH, + SO3~ — HCO3 + HS™ + H,0
The reaction product hydrogen sulfide sustainsda#dbxidizing bacteria, frequently occurring at peas
free-living bacterial mats or as endosymbiontshef tnacrofaunal seep-related species (Sahling, €0f12)
such as tubeworms (Sibuet and Olu, 1998; Levin5R0BOM-produced bicarbonate increases the pore
water alkalinity and thus induces the precipitatidrauthigenic carbonates which df€-depleted based on
the stable carbon isotope nature of methane cords(#eisi et al., 2000; Peckmann et al., 2001; Betral.,
2009; Himmler et al., 2015). Correspondingly, thentass of AOM consortia is likewise characterized b
strongly negatived'*C values of specific lipid biomarkers, corroborgtiassimilation of methane-derived
carbon (e.g. Hinrichs et al., 2000; Elvert et 4999, 2000). AOM lipid biomarkers are preserved in
authigenic seep-carbonates, revealing further Idetai the biogeochemical processes during carbonate
precipitation (e.g. Thiel et al., 1999; Pancosilet2000; Peckmann and Thiel, 2004; Birgel et2408).
Authigenic seep-carbonates have been described ddem and fossil seep-deposits with different
morphology and texture, including tubular condugigpbs, crusts, chemoherms, breccias and strotestoli
(Bohrmann and Greinert, 1998; Michaelis et al.,2@@ampbell, 2006; De Boever et al., 2009; Bayoal et
2013; Conti et al., 2014; Zwicker et al., 2015; Hdilar et al., 2018; Argentino et al., 2019). Whereas
chemoherms and stromatolites are associated withl-a€livity at or above the sediment-water interface
under oxygen-deprived bottom water conditions (Blighaelis et al., 2002; Bayon et al., 2013; Himnge
al., 2018), breccias and tubular carbonate condUd<) are typical of sub-seabed formation condgi@De
Boever et al., 2006; Nyman et al., 2010; Contile2®14; Zwicker et al., 2015).
The aim of this study is to assess the formatiomditmns of TCC from the Athina MV in the eastern
Mediterranean Sea (Fig. 1). We combined seaflo@entations with a set of data collected from the
subsamples of a main specimen TCC (size, morphplagfyography, mineralogy, stable isotopes, and lip
biomarkers) to discuss the two main possible mesee for TCC formation: (1) activities of burrowing

organisms and (2) mineralization of tubeworm cotgduiihe results highlight a relevant role of AOMtlire
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formation of TCC and provide insights to disceratfges and details related to their origin, whiohtdbute

to the understanding of processes during fluid atign at hydrocarbon seeps associated with MVs.

Geological setting

Athina MV is situated in the eastern Mediterran8aa, at the junction of the Hellenic and the Qgpkrcs
(Fig. 1A; ten Veen et al., 2004). Three main seam®muAnaximander s.s., Anaxagoras and Anaximenes,
compose the Anaximander Mountains (Zitter et &06). Numerous MVs are associated with Anaximander
Mountains, including the Athina MV, which occurs e SE flank of the Anaximenes.

Since the Miocene, the Anaximander Mountains haygegenced an intense tectonic activity, recently
expressed by strike-slip faulting with transtenalostresses (Aksu et al., 2009),controlling theritigtion

and activity of MVs in the Anaximander Mountainsit{&r et al., 2006). The seepage associated to the
Anaximander Mountains MVs is sustained by thermagérydrocarbon, migrated upwards during the
tectonically-driven formation of the MVs (Pape kt 2010).

Athina MV forms a circular structure on the slapiethe Anaximenes seamount at around 1780 m water
depth. An AUV-derived bathymetry shows that mosttted mud flows were directed downslope to the
southeast (Fig. 1B). Separated rims identify som#e youngest generations of mud flows, propagatin
from the emission spot near NE peak, where gasalgsirhave been sampled (Bohrmann et al., 2014;
Lykousis et al., 2009); an in situ observatory nmneid the activity of the Athina MV over two years
(Sahling et al., 2016; Menapace et al., 2017). dFlemission sites in the area of Athina MV were
documented during MARUM ROV Dive 135 in 2006 (Bolamm et al., 2008). Nearby our sampling site,
methane seepage and seep-dwelling communities deedify dense colonies of tubeworms were found at

the rim of the SW peak of Athina MV (Fig. 2).

Materialsand methods

The TCC was sampled at the SW peak of Athina M¥h(da GeoB11319-1; 35°23.279'N, 30°12.644'E) at
1794 m water depth (Fig. 1B), using the manipulaion of the ROV MARUM QUEST during the RV

METEOR M70/3 expedition (Bohrmann et al., 2008)b&mples for the different analytical investigasion

have been prepared from GeoB11319-1 (Suppl. MEtih-sections were prepared from cut slabs embedded
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in epoxy resin for standard petrographic analyses &Zeiss Axioskop 40A microscope equipped with a
digital camera. Thin sections were partly staindth Weigl’s solution in order to highlight texturahd
mineralogical features.

Sample powders for X-ray diffraction (XRD) and fstable isotope measurements were obtained from
surfaces of the polished slabs, using a handhetdonhill (Fig. 1-2S). The XRD measurements were
performed on a X’PERT PRO diffractometer equippéith & copper anode = 1.54 A at 40 mA and 40 kV
current. Qualitative and quantitative analyses veareied out applying the Rietveld method using EXR-
GSAS (Rietveld, 1969; Larson and von Dreele, 1994y, 2001). The accuracy was estimated + 1 wt.-%.
The Mg-content in calcite was determined usingnie¢hod of Titschack et al. (2011).

Oxygen and carbon stable isotopes were analysédawinnigan MAT 251 mass spectrometer connected to
a Kiel I automated carbonate preparation devicenghba powder was reacted with 100% phosphoric acid a
75° C. Accuracy and precision were checked by regemeasurements of an internal standard (ground
Solnhofen limestone) calibrated against the NBSaAdard. Long-term standard deviation was estimted
be smaller than 0.05%:°C, and 0.07%&'°0. The ratios ot?0/*°0 and**C/**C are reported in th&notation

in %o relative to the Vienna-Pee Dee Belemnite (VBPBtandard.

Total lipid extracts (TLE) of samples A and B (Fi§S) were obtained applying the preparation,
decalcification, extraction, and separation proceslpublished by Birgel et al. (2006; 2008). Amjatit of

the TLE was separated into different lipid compoutasses (i.e., hydrocarbons, ketones, alcohdity, fa
acids) by solid phase extraction based on columanchtography using amino propyl columns. Prioras g
chromatographic analysis, alcohols and fatty asidee derivatized by forming trimethylsilyl (TMS)hatrs

and methyl esters, respectively. For preparatiomiphytanes from glycerol dialkyl glycerol tetraeth
(GDGTs), an aliquot of the alcohol fraction wasjsated to ether cleavage via HI treatment and raoluc

of the intermediately formed iodides with LiA]JHinder argon atmosphere. The fractions were examine
using a Thermo Electron Trace gas chromatographysrspectrometer (GC-MS) equipped with a 30 m
Restek Rxi-5MS fused silica capillary column (0r2fn i.d., 0.25um film thickness). The carrier gas was
helium and the GC temperature program used wasllag/é: 60 °C, 1 min isothermal; from 60 to 1504C

10 °C min®; from 150 to 320°C at 4° mih 22 min isothermal. Compound identification wasdshon

relative GC retention times and mass spectra inpamison with published data. Compound-specific aarb
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isotopes were measured using a GC-isotope ratig®CSIRMS; Thermo Scientific V Delta Plus with Trace
GC ultra-connected via GC Isolink and ConFlo IVerfiices) with GC conditions being identical to #hos
above described. Carbon isotopes are givednasues §'°C) in %o relative to the V-PDB standard with a
precision of <1%. based on regular analysis of-afkane lab standard:’C values of TMS-ethers and fatty
acid methyl esters (FAMES) were corrected for adidétl carbon atoms introduced during derivatizatiton
aliquot of the underivatized alcohol fraction wased for high performance liquid chromatography-MS
analysis (HPLC-MS) of core GDGT distributions whiefas conducted using the detailed protocol and
equipment described in Becker et al. (2013). Thewarhof cyclopentane rings in GDGT was monitored by

applying the Methane Index (MI) according to Zhat@l. (2011).

Results

Seafloor observations

The seafloor observations of the SW peak of At showed widespread authigenic carbonate crusts
with abundant colonies of the siboglinid tubewormgviously identified asamellibrachia anaximandri
(Southward et al., 2011), including a high-densangicolony, the largest so far discovered in the
Mediterranean sea (Fig. 2). The sample under siady collected from a cluster of TCC forming a ueiqu
arrangement of conduits (ca. 60cm high, 1.5 m wi#kdgy. 3), a few meters from living.anaximandri
colonies, enclosed under the border of a carbarasts. The sampled TCC is about 18x10x7cm (orilgina
ca. 30 cm long, Bohrmann and and cruise particgp@®08) and is composed of numerous elongatetlygen
curved empty tubes of cemented sediment (Fig. BBgrnal diameters vary from 1 to 9 mm. The relalfiv
larger tubes (6 to9 mm in diameter) are intercotetewith and branched by relatively smaller tuldz$o@
mm in diameter), forming overall a rigid though g porous framework. Occasionally, tubes wereiglyt

filled by unconsolidated fine sediment

Mineral ogy and petrography
Carbonates and minor silicates (quartz and clayerals) are main mineral components of the TCC
subsamples (Table 1). Magnesian calcite (Mg mol886} is the major authigenic carbonate mineral (57—7

wt.-%) that cements the outer portion of the tuligther minor carbonate phases are represented by Mn



164  carbonate kutnahorite (2—-25 wt.-%), aragonite (2w1L.7#%0), and calcite (6—10 wt.-%). Calcite maintyrhs
165 the detrital infilling (0-Al subsample) (Table 1).

166 Combined thin section microscopy and XRD resultgead three distinct microfacies (Fig. 4): (i)
167  microcrystalline Mg calcite (M) forming the exteriof the tube cementing enclosing hemipelagic sedim
168  with abundant foraminifera and silt-sized quartaigg; (ii) clotted and fibrous aragonite (cfA) g the
169 internal tube wall, and (iii) poorly-lithified latgetrital infill (Di) partially filling the cavityof the tubes. (Fig.
170 4B, C). The cfA-Di boundary is sharp, marked byke&ddish minerals, while observations in stairted-t
171  section show interfingering of cfA with the micdtinicrofacies (M) (Fig. 4B, C).

172

173 Carbonate 5*°C and §°0

174  The 3"°C ands'®0 values of the carbonate phases range betweed ahd.+2.7%. and +2.4 and +3.4%o,
175  respectively (Fig. 5). The lowest’C values —14.4 and —10.2%. were obtained from tteior tube coating
176  cfA cement (n=2). Mg-calcite-cemented hemipelagidiment was slightly les§C-depleted, withd"*C
177  values ranging from —12.9 to -5 %o (n=12). T values of the Di (n=4) are positive in the rafrgen 2.2
178  t0 2.7%.. Overall, all samples exhibit similar po&it5'%0 values between 2.5 to 3.5%o.

179

180  Lipid biomarker

181 The two TCC subsamples analysed contain varioig tipmarker compounds related to multiple putative
182  sources including those specific for anaerobic anattrophs (ANME) and sulfate-reducing bacteria (pRB
183  (Table 2). Overall, representative compounds eklihbivide range iB**C values from —89.8 to —20.2%o.
184  Most strongly°*C-depleted signals were measured for ANME-derivetiaeol and SRB-derived DAGE{C
185  containing twoai-15:0 side chains. PMI and ether-cleavage derived Bnd -1 yielded less negati#€C
186  values between —49.3 and -40.2%. and between —-84.2%34.4%o, respectively. The samples also showed a
187  high quantity and variety of lipid biomarkers derivfrom marine algae, planktonic archaea, teredgifants
188 and other anaerobic bacteria (i.e., phytane antestewol, Bp-Cren, & n-alkane andai-Cys fatty acid,
189  respectively) withs**C values, ranging from —32.2 to —20.2%.. The intéesiof lipid biomarkers derived
190 from AOM-consortia are minor compared to other sear(Fig. 6).

191 HPLC-MS analysis of the alcohol fraction revealee highest abundance for GDGT-0 and 5



192 HPLC-MS analysis of the alcohol fraction revealadelatively high abundance of GDGT-0 (caldarchaeol
193 and 5 (crenarchaeol), a GDGT distribution indicatof planktonic archaea (Fig. 6; e.g. Koga et1893;
194  Sinninghe Damste et al., 2002). However, we alsmdorelatively elevated amounts of GDGT-1 and -2 as
195 indicators of ANME species (e.g. Blumenberg et 2004), resulting in Ml values between 0.52 and0.5
196  and thus highlighting intense methane cycling ingamples (Zhang et al., 2011).

197

198  Discussion

199  Carbonate mineralogy and isotopic composition

200 Two “C-depleted carbonate phases form the TCC: midvitiecalcite (M) building the external surface of
201 the tubes and cementing enclosing sediment antedlaind fibrous aragonite (cfA) lining the innebéu
202  surface (Fig. 4)°*C-depleted Mg-calcite has been frequently foundaaged with active cold seeps at
203  various MVs and widely reported for the eastern tegchnean (Aloisi et al., 2000; Bayon et al., 200he
204  micritic microfacies (M) includes planktonic foramifera, therefore, it can be considered partially
205  microbioclastic, (Fig. 4). Th&'*C values of the Mg-calcite (=12.9 to —5.0 %0) anotteld aragonite (—14.4
206 and —10.2%o0) are markedly lower than #1&C values of the detrital infilling (Di) (2.2 to 266), identifying
207 different carbon sources for carbonate precipitathlOM produces®C-depleted dissolved inorganic carbon
208  (DIC) in the pore-water, driving the precipitatiohauthigenic carbonates wid°C values as low as —25 %o,
209 whereas carbonates that form mainly from seawatercharacterized by highé*C values ofx 0-1 %o
210 (Irwin et al., 1977; Swart, 2008). TIé’C values of Athina MV conduits therefore point k2 tAOM as a
211  relevant DIC-forming process, although mixed witbret*C-enriched sources (i.e. seawater DIC).

212 Temperature and oxygen isotope composition of seaveantrol the oxygen isotope fractionation
213 during aragonite precipitation. Consequently, tedoal temperatures during aragonite precipitatian be
214  determined using th&®0 values of the aragonitic phase, applying the gouaf Grossman and Ku (1986).
215 Based on thé'®0 value obtained from examined aragonite subsanmgidsthe values d¥*®*Ogyow Of the
216  regional bottom water (1.6%0; Charlou et al., 20@8%, resulting equilibrium temperature is estimatethe
217 =12.6 °C. This is in good agreement with present loaiyom water temperatures of 13°C in the eastern
218  Mediterranean Sea, and confirms aragonite pretinitat seafloor temperatures (cf. Aloisi et a0Q@).

219
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AOM-induced TCC formation

Our results suggest a relevant role of AOM contitiguto TCC formation. The TCC subsamples preserved
specific lipid biomarker information of AOM and assated ANME/SRB consortia (Table 2). Of these,
archaeol and its most negatig€C values of ~—90%. point to the activity of ANMEshile less*>C-
depleted DAGE & highlights the involvement of SRBs (e.g. Hinriakisal.,, 2000; Pancost et al., 2001;
Elvert et al., 2005; Niemann and Elvert, 2008). Phnesence of strongl{fC-depleted archaeol underlines
that AOM was likely inducing carbonate precipitatighus facilitating early lithification of the TCOhe
occurrence of DAGEs has been observed in both ANIMEe. Aloisi et al., 2002; Stadnitskaia et aDQ3;
Bouloubassi et al., 2006). and ANME-2 dominatedesys (i.e. Nauhaus et al., 2007; Chevalier e2all,
2011), although different DAGEs have been foundhie two ANME clusters (Blumenberg et al., 2004;
Elvert et al., 2005). This points towards the pneseof non-AOM-related DAGE-producing SRB, espégial
abundant in ANME-1-dominated environments, probdidyng heterotrophic SRB (Grossi et al., 2015;
Vingon-Laugier et al., 2016), which have been shawmproduce DAGEs others than found in ANME-2
(Nauhaus et al., 2006) and which may potentialiiw¢hon AOM-produced biomass or organic metabslite
thereof. Additionally, some studies elucidating ggomicrobiological processes of AOM tend to highiig
the low and potentially null direct involvement 8RB in methane oxidation (Milucka et al., 2012; Slgr

et al., 2016).

The occurrence of strortgC-depleted PMI is usually ascribed to ANME (Elvetrtl., 2000; Chevalier et al.,
2013; Miyajima et al., 2018), although these isapigs can show highly variabt&®C values (Birgel et al.,
2008), potentially indicating multiple source organs. Indeed, PMI has also been identified in
methanogenic archaea (Tornabene et al., 1979; 8shetial., 1997), thus very likely explaining tieéative
high 8*3C values compared to archaeol found in the TCC fidhina MV (Tab. 2).

GDGTs containing**C-depleted biphytane moieties have been frequeeibprted as major biomarker
components at methane seeps (Pancost et al., BQghenberg et al., 2004; Niemann and Elvert, 2008).
GDGTs have been shown to indicate a high impacmethane cycling when the relative amount of
characteristic GDGTs expressed via the Ml is highan 0.3 (Zhang et al., 2011), as observed ifT€
samples from Athina MV. More specifically, the lack crocetane and the occurrence of a GDGT

distribution with a high abundance of GDGT-1 andas2found in both samples highlights the presefice
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archaea of the ANME-1 cluster (Blumenberg et @004 Birgel et al., 2008; Niemann and Elvert, 2008;
Rossel et al., 2008). ANME-1 archaea are knowretalidle to cope with lower methane concentratioas th
ANME-2 archaea (Blumenberg et al., 2004; Nauhaual.et2005; Stadnitskaia et al., 2005; Rossel ¢t al
2011), which likely gives them advantage at seejis w diffusive methane flow. The occurrence of an
ANME-1 specific GDGT distribution together with aoderate MI value in comparison to many other
methane-impacted environments (Zhang et al., 2€ig suggests that a continuously low methane flux
occurred during the formation of the TCC. The isignof the sub-seafloor hydrocarbon rich fluidsynte
also related to the mineralogy of the seep carlesnaliffusive methane flow is most likely assodiatéth
high-Mg calcite, and effusive turnover is accompdnwith aragonite-predominant seep carbonates (i.e.
Peckmann et al., 2009; Haas et al., 2010; Guah,e204.3; Miyajima et al., 2018). However, in odudy
lipid biomarker analyses have been carried outwk subsamples, thus making it difficult to discetrict
relationships between mineralogy and potentiablfflow. Nonetheless, the lipid biomarker resultsiged
with petrographic and mineral observations, all@eme further considerations. The much higher amotint
lipid biomarkers derived from sources other thanMA\Q.e. algae, planktonic archaea, terrestrial thpig.

6) suits well with the high amount of the Mg-cadeiich micritic phase composing the external portid

the tubes. This indicates that a considerable gorof this carbonate phase is unrelated to AOM.
Consequently, the AOM-related biomarkers are likeyncentrated in the authigenic aragonitic cfA
microfacies occurring in the inner tube walls amdeifingering with the micrite (Fig. 4). Indeed,eth
aragonite-rich microfacies is slightly moté&C-depleted compared to Mg-calcite (Fig. 4), busIE€-
depleted than methane-derived aragonite reportexb@p-deposits associated with eastern Meditemanea
MVs (Aloisi et al., 2000; Peckmann and Thiel, 20Bdmmler et al., 2011). These observations supihart
hypothesis that the aragonite-rich phase formedl®€ within a context where methane-rich fluids eux
with seawater. Therefore, TCC at Athina MV may esent the termination of the fluid plumbing system

below the carbonate crusts where they had beenlsdrfifig. 2A).

Ontheorigin of TCC
In order to better constrain processes leadinpaddrmation of the studied TCC, a revision of the

TCC described in literature is necessary. Considetfie definition of TCC as tubular conduits formisd
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the precipitation of authigenic seep-carbonates/el@rfrom upward-migrating hydrocarbon-rich fluids)d
comparing information from seep-associated carlasnat modern and ancient deposits (see compilation
Appendix I, Suppl. Mat.), different formation preses can be outlined. TCCs show a wide variabiity
terms of size, morphology and settings, ascribinthé following types (Fig. 6,): (i) tubeworms fass(ii)
ichnological traces of burrowing organisms; (idafloor chimneys (standing up structures formedrattbe
seafloor), (v) pseudo-chimneys (“chimney-like” stiures formed in the sediment column and late eeghos
by the prevailing bottom regime, in the modern marsettings, or exposed on the field in the fosiss,
due to preferential erosion of the surrounding medits); (vi) sub-seafloor tubular concretions farnaes
fluid migration pathways (mostly observed in thedibrecord).

TCCs described as pseudo-chimneys or sub-seaflbatar concretions show sizes and morphology
(i.e. De Boever et al., 2006; Nyman et al., 201apdéletti et al., 2015) referable to deeper portioha
seepage system, excluding this as potential exjtenéor the formation of the TCC from Athina MV.
Chimneysin sensu stricto have an internal structure and specific conditiohormation (i.e. anoxic
conditions at the seafloor, Peckmann et al., 28@{pn et al., 2013) inconsistent with the formatiwacess
of TCCs in our samples. At Athina MV, most likelget two following processes may account for the
formation of the TCC: mineralization of seep-retatebeworm and lithification of burrows (Fig. 7).
The TCC observed at Athina MV have been previousigrpreted as fossil tubeworms based on different
reasons (Brinkmann, 2007; Bohrmann et al., 2008)VRobservations documented several bush-like
colonies ofL. anaximandri tubeworms near the sampling site (Fig. 2). Haviogdigestive system, the
tubeworms are sustained by exchanging chemical congs with the surrounding environment (McMullin
et al., 2003; Cordes et al., 2005; Bright and kall2010). In particular, the “roots”, the sedimbatied
portion of the tubeworms, are responsible for thmake of dissolved hydrogen sulphide from the
surrounding pore water (Julian et al., 1999; Frgwhal., 2001) while oxygen and carbon dioxidetaken
up from bottom seawater through the brachial pl{Degttagupta et al., 2008). The diameters, the tager
morphology and the cluster aspect of the TCC ampewnable with the buried portion of the roots o th
L.anaximandri colonies, as observed in other Mediterranean geepites (Nile Delta, Romer et al., 2014,
Calabrian Arc, Bohrmann et al., 2015). However, TG&C is a framework composed of interconnected and

dendritic-shaped conduits (branching secondarystubig. 3) and the conduits do not contain anyirubits
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remains, making them unlikely to be remnants ofgthst occurrence of tubeworm individuals (Haad.et a
2009; Southward et al., 2011). Additionally, thddworm physiology requires favourable geochemical
conditions characterized by relatively high prodéutof hydrogen sulphide, guaranteed by high AOkésa
The latter is not consistent with our data, conmémdethe more'*C-enriched composition of carbonates,
specifically cfA, and the low abundance of spedifitd biomarkers of AOM consortia.

In contrast, the TCC from Athina MV share similadt in terms of size and shape with lithified burso
acting as fluid conduits in the pockmarks of thedMerranean Sea and Congo deep-sea fan (Haas et al.
2010; Taviani et al., 2013). Likewise, in ancieeeg deposits, TCCs have been described as methane-
derived authigenic carbonate cementations of bugn@lated to fluid seepage (Wiese et al., 2015cKari

et al., 2015). The lack of different aragonitic laations filling the conduit, as observed by Zwiclet al.
(2015) could suggests a low discharge of hydrocarmi fluids from the SW peak of Athina, agreeisigh

our results obtained from the carbonate stablemsst and lipid biomarkers. The hypothesis of thgmof

TCC as mineralization of buried portion of tubewsrseems unlikely following the results discussethis
work. The ichnological activity of burrowing orgams (i.e. seep-dwelling decapod, Taviani et al1320
represents the most reasonable process for theafiemof the peculiar framework of interconnected a
branching TCC from Athina MV. Our findings, discadswith observations made at modern seep
environments, highlights how hydrocarbon seepagéenshallow subsurface can exploit structuresedla

to macrofaunal activity as conduits.

Conclusion

Tubular carbonate conduits (TCCs) sampled fromAtiena MV in the eastern Mediterranean Sea likely
represent early-lithified burrow$’C-depleted Mg-calcite and aragonite are the dominarbonate phases
comprising the TCC framework. Stable carbon andgeryisotope composition of the carbonate phases
indicate that sulfate-reduction processes inducethigenic carbonate precipitation at bottom water
temperatures. Specifit’C-depleted lipid biomarkers of ANME-1/SRB consorsaggest that sulfate-
dependent AOM facilitated carbonate precipitationd #he preservation of the conduits. However, AOM
activity was limited due to the minor abundanceA@M-related biomarkers relatively to background

organic matter input. We show how fluid leakagenfrthe sub-seafloor at seepage environments can be



332

333

334

335

336

337

338

339

340

341

342

343

344

345

346

347

348

349

350

351

352

353

354

355

356

357

358

highly influenced by the activity of burrowing omgams. Our observations confirm that TCC likelynfied
by the action of burrowing organism rather thamfgenineralizations of tubeworm colonies, albeitsthare
widely observed at Athina MV. These findings offecomprehensive review for better understanding of

TCC origin and role within a modern and past hydrbon seep settings.
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Figure caption

Figure 1. (A) Simplified geodynamic setting of teastern Mediterranean Sea, showing the locatidgheof
Anaximander Mountains and Athina MV (based on Aletual., 2009). (B) High-resolution micro-
bathymetric map of Athina MV acquired with AUV MARW SEAL (Bohrmann et al., 2014), showing the

recent outflows and its flow directions, as welklas location of GeoB 11319-1.

Figure 2: ROV seafloor observations on the SW flahlAthina MV. (A) Overview of the giant colony of
living Lamellibrachia anaximandri (4-5m x 2 m top area, ca. 4 m high), sitting oruaknown structure. In
the background, carbonate crusts and dark bacteatd are visible. (B) Tubeworm colonies settletiveen
decimetre-sized slab of carbonate crusts at the bashe giant colony and nearby the sampled 6&g.
Close view of the surface on the top of the giasibrmy, where tubeworms show their pinkish brachial
plume. (D) Oblique view at a seafloor terrace diéqmicdark grey TCC (highlighted in green), studiedhe

present work.

Figure 3. (A) Close-up on the framework of TCC oapping at the SW peak of Athina MV. (B) Photograph
of the sample GeoB11319-1 (preliminary work, Brirdem, 2007); note the occurrence of interconnected

carbonate tubes.

Figure 4. Thin section images of one TCC from GeiB-1. (A) Micrograph-mosaic (cross-polarized
light) showing a longitudinal section through a mih wide tube; the exterior of the tube consistd1gf
calcite cemented sediment (M), with scattered fam#era and silt-sized quartz grains; the interhdle
surface is coated with clotted and fibrous arago(utA); the interior of the tube is made up of séthified
detrital infill (Di). (B) and (C) are magnificatien(plane-polarized light) of the tube-wall, highiigng dark-

grey spots produced by Feigl’s staining of cfA.

Figure 5. Stable isotopic compositidgit’C ands'®0) from different phases of the TCC. Abbreviatiorf#,

clotted and fibrous aragonite; M, high-Mg calcitiicrite; Di, detrital infilling.
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Figure 6. A) GC-MS total ion current chromatograrh abcohols as TMS-derivatives extracted from
subsample A. Displayeil’C values (in %o) of selected biomarkers given alated to AOM (green) or algal

input (red). B) Base peak HPLC-MS chromatogram adracteristic GDGTSs in the TLE aliquot obtained
from subsample A. Numbers indicate the number afopentane rings within GDGTS, including ring

(GDGT-2a and 2) and stereo (GDGT-5 and 5’) isor(Besker et al., 2013).

Figure 7. Occurrence and classification of the Ti@@he present-day oceans and in the fossil sedangn

record. The numbers in each site in the figurernef¢he key references in Appendix | (Suppl. Mat.)

Figure 8. Sketch of the formation hypotheses fer TICC at Athina MV: (A) tubeworm fossil hypothesis
(based on (Dattagupta et al., 2008), with the ofeskraragonitic laminations and chitinic tube wall
characterizing the mineralization of the sedimemtaiersed portion of the tubeworms (Haas et al., A9
Lithified burrows hypothesis (based on Zwicker et 2015), with altered minerals at the internatface
(like Fig. 4) of the conduits as potential restltree exposure to the seafloor waters, markingrteruption

of methane-rich fluids seepage through the TCC.
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706

707  Tables

708 Table 1: Mineralogical compositions of the tubutanduit. MgC = Magnesian calcite; Kte = kutnahorite
709  Mn-carbonate; CaC= low Mg-calcite; Ara = Aragoni®fz = Quartz; Fsp = Feldspars; Clays = clay
710 minerals. Quantitative weight fraction: major > &) 5% < minor < 20%; trace < 5%. Further detaiks ar

711  provided in the Suppl. Mat.

Subsampl Mg (mol %) content in
e Lithology M ajor Minor Trace MgC
Al Detrital infilling MgC Kte, CaC Ara, Qtz, 10.1(z0.7)
Bl Micrite MgC, Kte CaC Ara, Qtz 20.9 (x1.2)
F1 Micrite MgC Kte, CaC Ara, Qtz 11.1 (#1.6)
F2 Micrite MgC Kte, CaC, Ara Qtz 15.3 (+0.8)
Ara, Qtz,
F3 Micrite MgC Kte, CaC 17.9 (#1.0)
Clays
0-Al Detrital infilling MgC, CaC Qtz, Clays Fsp, Kte 5.2 (x2.2)
0-A2 Micrite MgC Kte. Ara, CaC Qtz 17.1(x0.7)
0-A3 Micrite MgC Kte. Ara, CaC  Qtz. Clays 14.8 (x 1.0)
0-A4d Micrite MgC, Ara Kt, CaC Qtz, Clays 12.2 (£ 0.9)
0-A5 Micrite MgC, Kte Ara, CaC Qtz 15.6 (#1.2)
Qtz, Kte,
0-A6 Micrite MgC CaC, Ara 11.8 (#1.1)
Clays
712
713

714



715

716  Table 2: Compound-specifi¢*C values and putative sources of selected lipichaisiers and Ml of the two

717  subsamples analysed. PMI = 2,6,10,15,19-pentametisgine; Bp = biphytane; Bp-Cren = biphytane

718  derived from crenarchaeol, DAGE= dialkyl glycerther, FA = fatty acid, ai = methyl-branching atexigzo

719  position p3).

8"°C (%o V-PDB)

Compounds Putative sour ces
A B
Phytane -32.2 =315 Chlorophyll degradation, arahizgut
PMI -40.2 -49.3 Methanogens, anaerobic methanosroph
C,; -29.6 -30.4 Terrestrial input
Bp- 0 -61.2 -54.4 Anaerobic methanotrophs, plariktarchaea
% Bp-1 -60.4 -58.4 Anaerobic methanotrophs, planktenchaea
g 1 Bp-2 -30.7 -30.4 Anaerobic methanotrophs, planktanthaea
° i Bp-Cren -22.3 -20.2 Planktonic archaea
Cholesterol -28.6 -26.9 Algal input
DAGE C . Qo) Bacteria associated with AOM, incl. autotrophic
(ai-Cys:/ai-Cis) and heterotrophic SRB
Archaeol -89.8 -84.0 Anaerobic methanotrophs
FA ai-Cis -29.9 -32.2 Anaerobic bacteria incl. SRB
MI 0.58 0.52

720
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