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Pe3iome. ATpakTUBHUTE HMJIMHIAPUYHM KOJIOHHU (C BUCOUYMHA 10 10 m M OKOJIO METHP B AMAMETBhp) B MPUPOJIEH HapK
,,I1o0uTH KaMBbHHU“ ce pa3KpUBAT Cpel JOJHOEOIEHCKU MAChUM U machuHMIM (Jukunuraimika cButa), Ha okosio 20 km
3amaaHo oT rp. Bapua, CeBepoustouna bwirapus. Te ca Ounn 06eKT HA MHOTO I'€0JIOKKH M3CJICABAHUS KATO OCHOBHUST
BBIOPOC € OWJI HauyMHA, MO KOWTO ca dhopmupanu. B HacTosmaTta CTaTésl Ceé OUCKYTHUPAT PE3YJITATHTE OT HSKOJIKOIO-
IUIIHO (M BCE OIE MPOIBJDKABAIIO), [EJIEHACOUYEHO M3C/IeABAHE HA FeHEe3KMCca Ha Te3W KAJIUT-IMMEHTUpaHu obpasysa-
HUsl (KOHKpEUXHU) OT IIeHA TOYKA HA BPb3KaTa UM C MajeOMETaHOBU U3BOpU. CHCTEMAaTHUYHOTO KapTUpaHe Ha Mopdo-
jorusata U 2D-IpOCTPaHCTBEHOTO pasmpeje/ieHhne Ha KOJOHUTE MOKa3axa, ue: a) MaJCOreHCKUST CTPYKTYpEH IUIaH e
Wrpaj BaKHa POJIs, HANMPABJISIBAWKY MHUrpaunusTa Ha (Gayuou KbM IBHOTO Ha CHLISCTBYBAIIMs TOraBa majeobaceitH u
6) MopdoJiorusATa Ha Pa3IMYHUTE TUIIOBE KOJOHHM C€ € KOHTPOJHMpaJia OT CyOBEPTHKAJIHA MUTPALMOHHU IIBTUINA HA
oborateHu ¢ ra3 GUIyuIu Ipe3 HEKOHCOJIUIUPAHUTE CEIUMEHTH, KAKTO M OT JIMTOJIOKKHTE OCOOEHOCTH Ha BMECTBAIINTE
CKaJIi ¥ JIaTepaJIHUTE PA3JIMKU HA CaMHUTe M3BOpU. ba3upaiiku ce Ha pe3yJTaTUTe OT JeTAMJIHU MEeTPOJIOKKH, TEOXUMMY-
HU U JTAOUI-OMOMAapKepHH M3CIeIBAaHKS HA KOJOHHUTE € JOKa3aHO, Y€ HICKOMAarHe3najHaTa KaJUWTHA [UMEHTALMs Ha
MACHUUTE OKOJIO M3XOAMIIATA HA U3JUTALIUTe Ce OOOraTeHN C MeTaH (QIIyUaAM Ce € OCHINECTBUIA HA OTHOCUTEIIHO MaJjika
IbJIOOYMHA MOJ] MOPCKOTO ABHO M € OujIa HPOBOKMpPaHA OT MUKPOOHMAIHO, aHAEPOOHO OKHUCJISBaHE HA METaHa.

Karwouosu dymu: MeTaHOBH M3BOPH, aBTOT€HHM KapOOHATH, FeOXUMUS, MUTparys Ha ¢urynnu, Eonen, BapHa,
CU Bparapust.

Abstract. In the Pobiti Kamani area, up to 10 m high and meter-diameter tubular concretions (so-called columns) are
exposed within Lower Eocene sands and sandstones (Dikili Tash Formation) about 20 km west of Varna (NE Bulgaria).
These calcite-cemented sandstone concretions have been a subject of many geological studies addressing their formation.
In the present contribution a short review is presented as result of a recent (and still ongoing) study about the origin of these
structures in relation to past methane seepage. The systematic mapping of the morphology and 2D-spatial distribution of
the tubular concretions indicated that: a) the Paleogene structural framework likely played an important role in directing
fluid movement to the paleo-seafloor and b) the morphology of different types of tubular concretions was controlled by the
subvertical path of ascending gas-bearing fluids through the unconsolidated host sediments as well as by the characteristics
of the host lithology and lateral differences in seepage conditions. Based on a detailed petrographical, geochemical and
lipid biomarker study, it was furthermore shown that interparticular low-magnesian calcite cementation of the unconsol-
idated host sediments around the rising methane-bearing fluid plume, occurred at shallow depth below the seafloor and was
triggered by the microbial mediated anaerobic oxidation of methane.

Key words: methane seepage, authogenic carbonate, geochemistry, fluid flow, Eocene, Varna, NE Bulgaria.
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Introduction

The columnar structures of the Pobiti Kamani area,
located about 20 km west of Varna (Fig. 1A), have at-
tracted the attention of many scientists since the early
1800’s, sparking off various theories for their origin (e.g.
Nachev et al., 1986; Iliev et al., 1998; Nachev, Nacheyv,
2001, and references therein). The mostly cylindrical
sandstone “columns”, enveloped within the Lower
Eocene Dikili Tash Formation (Fig. 2) are often up-
right standing and can reach heights in outcrop of up
to 10 m. They are entirely composed of carbonate-ce-
mented host sands and occur within a 70 km? area
around the village of Beloslav (Fig. 1B), often with over
100 individual columnar structures together in differ-
ent “clusters”, jointed into so-called “groups”. Theo-
ries addressing their origin can be roughly subdivided
in non-biogenic models (e.g. “Infiltration theory”) and
more favored biogenic hypotheses invoking the role of
algae (and microbiota) in the column build-up (e.g.
the “Algal bioherm model”) (Nachev et al., 1986; Nach-
ev, Nachev, 2001).

One of the later models (Botz et al., 1993; Walther,
1994) suggested the key-role of oxidation of hydro-
carbon-bearing fluids in carbonate precipitation.
This link between methane seepage, and the forma-
tion of the carbonate-cemented sandstone columns
was recently confirmed by the strongly depleted 6'3C
signatures (as low as —44.5%o. VPDB) of the colum-
nar carbonate cements (De Boever et al., 2006, De
Boever et al., in revision). Noteworthy is that similar
active methane seepage occurs at present along e.g.
the Bulgarian Black Sea shelf (Dimitrov, 2002).

Hydrocarbon seep systems are locations where re-
ducing hydrocarbon-bearing fluids migrate upwards
to the seafloor and affect geological, hydrological
and (micro)biological processes (Suess et al., 1999;
Campbell et al., 2002; Birgel et al., 2006; Bojanowski,
2007). Authigenic carbonate precipitation (calcite,
aragonite, dolomite) and the formation of diverse
carbonate-cemented structures are well-known phe-
nomena at the seafloor and/or shallow subsurface at
these sites. They allow tracing of the fluids involved,
as well as the reconstruction of the fluid migration
patterns and unraveling the unique geobiological
interactions (Ritger et al., 1987; Peckmann et al., 2001;
Peckmann, Thiel, 2004).

Fig. 1. Geological framework. 4, Schematic structural map
of NE Bulgaria (after Bokov et al., 1993; Georgiev et al.,
2001). The square west of Varna indicates the Pobiti Kamani
study area; B, Simplified geological map of the study area
(modified after Cheshitev et al., 1992) with location of the
groups of tubular concretions mentioned in the text

@ur. 1. A — CxemaTtuuHa cTpykTypHa kapra Ha CU Bwara-
pus (mo Bokov et al., 1993; Georgiev et al., 2001), Ha KOSTO €
[OKa3aH M3CJIEIBAHUAT PalloH (IPaBOBI'BIHUKET); B — om-
pOCTeHa reoJIoKKa KapTa Ha paiioHa Ha U3cjeABaHe (MOIHU-
¢dunupana mo Cheshitev et al., 1992) ¢ mecTtononoxenue Ha
pa3KpUTHIATA, YIOMEHATH B TEKCTa
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The aim of this contribution is to present a short
review of an ongoing study of the Pobiti Kamani
methane seepage-related tubular concretions. At first,
controlling factors on the morphology and 2D-spa-
tial distribution of the tubes were investigated (De
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Boever et al., in press). Secondly, a detailed study of
individual tubes aimed at revealing the process of
carbonate cementation based on an integrated pet-
rographical, geochemical and lipid biomarker study
(De Boever et al., in revision). This research frames
within an overall study that aims at a better under-
standing of processes and controlling factors on
methane-bearing fluid migration and related carbon-
ate diagenesis at different evolution stages of a meth-
ane seep system, based on the study of the ancient
Pobiti Kamani seep system.

Geological setting

The Pobiti Kamani area is located within the north-
eastern Bulgarian part of the Moesian Platform,
forming the relatively stable foreland of the
Cretaceous-Paleogene Carpatho-Balkan chain
(Bokov et al., 1993) (Fig. 1A). The Cretaceous to
Neogene sediments in outcrop are subhorizontally
bedded. The tubular sandstone concretions are
confined to the Lower Eocene (Upper Ypresian)
unconsolidated silt- to sand-sized sediments of the
Dikili Tash Formation (Aladjova-Khrischeva, 1984)
(Fig. 2) and occur over its entire stratigraphic thick-
ness. The poorly to well sorted, rather homogeneous
to parallel-bedded sands reflect deposition in the
shallow mid to outer ramp zone of an open epi-
continental sea along the northern Tethys border.
Often poor stratification relates to intense bio-
turbation. Foraminifera (e.g. nummulites) dominate
the bioclast content. The unconsolidated sediments
are interbedded with cemented, decimetre to meter-
thick subhorizontally elongated sandstone con-
cretions and continuous cemented beds, corres-
ponding to e.g. marine hardgrounds and cemented
lag deposits. More distal facies can be found to the
south where the ramp rapidly deepened to the Balkan
foredeep basin (Aladjova-Hrisceva, 1991; Sinclair et
al., 1997). The overlying Aladan limestones prograded
southwards over the Dikili Tash sediments marking
a distinct and traceable relative sea level lowering
(Aladjova-Hrisceva, 1991; Sinclair et al., 1997).
Superimposed Mesozoic-Cenozoic extensional,
compressive, transpressive and transtensional tectonic
events created and reactivated the deeper block-fault-
ed structure of the Moesian Platform unit. NS ori-
ented normal faults (with deviation from NNE to
NNW) actually predominate the structural pattern
of the study area (Fig. 1B), whereas at depth major
N-S and E-W-running faults cross-sect each other
(Bokov et al., 1978). Tube clusters can both be posi-
tioned in the hanging and footwall of the present-
day outcropping faults in the study area. The major
Alpine tectonic events, culminating in large-scale
sinistral transpression during the Middle Eocene
(Doglioni et al., 1996; Sinclair et al., 1997; Georgiev
et al., 2001) resulted in a N50E to EW left lateral
and a N20E to N20W right lateral conjugate strike
slip faults and a system of conjugate N10W to N20E
trending normal faults in the central-eastern Moe-
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@ur. 2. O6o6mena JurocrpaTurpadcka KoJIOHKA HA M3CJIeN-
BaHHuA paiioH (Moaudpunupana nmo Aladjova-Khrischeva,
1984; Sinclair et al., 1997)

sian Platform (Bergerat et al., 1998). The present struc-
tural pattern of the study area also reflects at least
the latter fault system.

Methodology
Morphology of tubular concretions

A morphological study of the tubular concretions al-
lowed defining four main field-based types (Fig. 3). Two
locations, i.e. the Strashimirovo group and Central group
(Fig. 1B), were selected for a more detailed and system-
atic study of the spatial variations in morphology and
the 2D-spatial distribution of the tubes. The former
Beloslav sand extraction quarry (Fig. 1B) was included
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for descriptive purposes because of the exceptional lat-
eral and vertical exposure of tubular concretions with-
in the hanging wall block of a major N-S oriented
fault contact.

2D-field mapping and geostatistics

For each individual tube, the longitude-latitude po-
sition (N43° — E27°) was documented during a sys-
tematic survey by means of a portable GPS (1£0.2 m

precision). Data handling within a Geographical
Information System (GIS) allowed investigating
whether the distribution of tubular concretions is
random or shows a spatial pattern. Details on the
analysis procedure are given by De Boever et al. (in
press).

Systematic measurements of tube circumferences
(m, £3%) (Fig. 3A) in the Strashimirovo and Central
group were furthermore used in a geostatistical anal-
ysis (see Isaaks, Srivastava, 1989) to investigate the
2D-spatial structure of tube circumferences, based

tube circumference

Fig. 3. Four morphological types of tubular concretions

A, cylindrical type 1 tube (Central group); B, cross-section of type 1 tubular concretion, black arrow — well-cemented peripheral
tube wall, white arrow — partly cemented axial tube conduit (Central group); C, bulbous type 2 tube. A central conduit is less
clear compared to type 1 tubes. Hammer for scale (Banovo group); D, strongly clustered, more irregular shaped type 3
concretions (Slanchevo S group); E, strongly clustered, entirely cemented type 4 tubes (Banovo group)

®ur. 3. UeTnpn ocHOBHH MOP(OJIOKKH THIA HA KAJIUUT-IUMEHTHPAHUTe 00pasyBaHHUs

A — murHapuYHE KoyioHK oT tull 1 (LenTpanHa rpyma); B — pa3pe3 Ha NMIMHOPUYHA KOJIOHA OT THH 1, ¢ YepHA CTpeJka e
[IOKa3aHa CHJIHO IMMEHTHpaHaTa BBHIIHA CTEHa, ¢ Osyla CTpeska — 4aCTHYHO NMMEHTHPAaHAaTa CTEHa OKOJO BBTPEIIHATa
kyxuHa (LlenTpanna rpyna); C — re6000pa3Hu HUCKM KOJIOHW OT Tl 2. LleHTpanHaTa BETpeNIHa KyXuHa € MO-cjabo pa3BuTa
OTKOJIKOTO Ta3m mpu tun 1. Teonoxku uyk 3a mamab (rpyna banoBo); D — cTporo rpynupaHyu HACKM KOJIOHH C HENPaBUJIHH
¢opmu — tun 3 (rpyna CipHueso Or); E — cTporo rpynupasy, U310 HUMEHTUPAHN HUCKK KOJIOHM — Tull 4 (rpyna banoBo)
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Fig. 4. Strashimirovo group

A, geological map with tube cluster geometry and mapped
individual tubular concretions; B, rose diagram with the
orientations of connection lines between all possible tube pairs
(n = 11460; tube spacing >24 m; strike accuracy: £1.6°). The
grey shaded area marks the most prominent directions of tube
alignment, which coincide with the tube cluster length axis
(modified after De Boever et al., in press).

®ur. 4. CtpamuMupoBCcKa rpyna

A — xapTa Ha MECTOINOJIOKEHUETO Ha 98% OT KOJIOHUTE BBPXY
Te0JIOXKa OCHOBA; B — pos3a muarpama Ha OpHEHTAaIUATa Ha
KOJIOHUTE 10 BCUYKU BB3MOXHHU ABOiKkH (n = 11460; pascros-
HHUE MEXIy IBOMKUTE >24 m; TOYHOCT Ha HANPaBJICHUSITA:
11,6°). 3oHaTa B CMBO Mapkupa Hai-3HaYMMOTO HalpaBJIeHHE
Ha OpHEHTAaIWs, KOETO HAIIBJIHO CHBIANA C OPHEHTAIUsATa Ha
paskputusTta (BupousMmeneHo o De Boever et al., in press).

Fig. 5. Microscopic characteristics of the investigated tubular
concretions. Qz = quartz grain; Fsp = feldspar grain. 4, the
reddish-stained, interparticular granular calcite (GCa) cement
is cloudy. GCa crystals are replacive with respect to the al-
tered feldspar grain and its overgrowth. Plane polarized light,
Central group. B, cathodoluminescence image of interparticle
porosity, cemented by dark brown dull luminescent GCa ce-
ment, sometimes with a non luminescent crystal core. Inter-
particle, euhedral ECa crystals are characterized by alternat-
ing dull brown luminescent and brighter orange-yellow zones
(Beloslav quarry group).

®ur. 5. MUKpPOCKONCKa XapaKTepPUCTUKA Ha KaJIUT-IH-
MeHTHPaHUTe 00pa3yBaHHsA

Qz — xBapu, Fsp — denmmmnar

A — amoptuuTe GCa KpUCTaU ca OLBETEHH B YEPBEHO M Ca
pemwukupanu ¢ ¢engmnart; B — KaTOXHOJIYMHUHHUCIEHTEH
o6pa3 Ha MOPOBOTO NMPOCTPAHCTBO, 3ambiaHeHO oT GCa
nuMeHT. EBxenpanaure ECa kpucranm ce xapakTepusupar
C pelyBaHE Ha MAaTOBO-Ka(sBH U MO-SIPKH, OPAHKXEBO-XBJITH
30HM (kapuepa Bbeiocinas).



on a three-stage exploratory variogram analysis (De
Boever et al., in press). Variogram values are calcu-
lated as half of the average squared difference be-
tween variable values (circumferences) over the en-
tire studied area, separated by a distance h (m) (lag
spacing) (Isaaks, Srivastava, 1989). The presence of
a spatial pattern in the distribution of tube circum-
ferences is shown by increasing variogram values with
increasing distance between two tubes. This demon-
strates that the similarity between the tube circum-
ferences decreases with distance and that closer-
spaced tubes tend to have more similar dimensions.

Petrographical and geochemical
techniques

Half-stained, epoxy-impregnated thin sections are
studied by conventional microscopy, UV fluorescence
and cold cathodoluminescence microscopy. Point
counting was carried out to quantify the volume per-
centage of different authigenic and detrital compo-
nents. A scanning electron microscope (SEM)
equipped with an energy dispersive detector (EDX)
was used for detailed observations and qualitative
chemical analyses. Individual carbonate cement
phases were analyzed for their Ca, Mg, Sr, Fe and
Mn content by electron probe microanalysis (EPMA).
The relative standard deviation is generally <20%.
The detection limits (3c) are 0.05 wt.% for MgO and
SrO and 0.10 wt.% for MnO and FeO. Drilled car-
bonate samples were analyzed for their stable carbon
and oxygen isotopic signature at the University of
Erlangen (Germany). All values are reported relative
to VPDB. Reproducibility is better £0.06%. for 5'*C
and 8"80 (1o). For details on the procedures of the
different techniques, the reader is referred to De
Boever et al. (in revision).

Lipid extraction and analysis

Analysis of lipid biomarkers was done on pooled
samples from the Beloslav quarry and Central group
(Fig. 1B), containing several hand-drilled plugs. Fol-
lowing sample crushing, a cleaning procedure and
subsequent dissolution was applied to extract pris-
tine signatures. An extended description of the meth-
odology can be found in Birgel et al. (2006) and De
Boever et al. (in revision). The four separated frac-
tions, i.e. 1) hydrocarbons; 2) ketones/esters; 3) alco-
hols and 4) carboxylic acids were examined using
gas chromatography-mass spectrometry (GC-MS)
with a Thermo Electron Trace MS equipped with a
30m RTX-5MS fused silica column. Identification
of compounds was based on GC retention times and
published mass spectral data. Compound specific
carbon isotope analysis (standard deviation <0.4%o
VPDB) was performed with a Hewlett Packard 5890
series II gas chromatograph connected via a Finni-
gan combustion interface-II to a Finnigan MAT 252
mass spectrometer.

Results and interpretation

Morphology and spatial distribution
of tubular concretions

Tubular concretions are well-known products de-
scribed from different ancient seep systems where they
are interpreted as part of the focused, shallow sub-
surface plumbing system of past methane seepage
(Clari et al., 2004). For this study, the tubular con-
cretions were classified in four main field-based types
of which the regular cylindrical type 1 tubes (the so-
called “columns”) are the most common (Fig. 3A).
They are often characterized by a central uncement-
ed or only partly cemented “conduit” zone, which
contrasts with an outer, decimetre-thick, well-cement-
ed peripheral wall (Fig. 3B). Tube circumferences
are rather constant along the tube length axes, vary-
ing between 0.5 m and 12 m, with the majority being
between 2 and 4 m. The tubes are mostly in upright
position with their length axes at high angles to the
subhorizontal bedding plane (Fig. 3A), indicating
their preservation in original position. When visible,
the bedding can be traced with minor modifications
through the tube-sediment contact. Large and rath-
er bulbous type 2 (Fig. 3C) and densely grouped type 3
(Fig. 3D) tubular concretions are less common, but
may occur within the same stratigraphical level as
type 1 structures, in contrast to the small, entirely
cemented type 4 tubes (Fig. 3E). The latter can often
be found below type 1 or type 2 structures.

The orientation of the length axis of seepage-re-
lated tubular concretions documents the direction
of the focussed, advective fluid flow that passed
through it. Carbonate will precipitate around the
methane-bearing fluid plume where it meets the
marine porewater, becomes oxidized anaerobically,
inducing carbonate supersaturation (Kulm, Suess,
1990). It is therefore suggested that the regular, cy-
lindrical morphology of most tubular concretions is
primarily the consequence of cementation around
the buoyancy-driven, vertically upward directed flu-
id path of a gas-bearing fluid through the Dikili Tash
host sands, which lack significant hydraulic con-
ductivity contrasts over several meters vertical dis-
tance. The large, meter-scale dimensions of the tu-
bular concretions, especially of the type 1 tubes like-
ly relates also, at least partly, to the large hydraulic
conductivity of the host sediments (Peckmann et al.,
2001; Clari et al., 2004). In addition to the charac-
teristics of the host lithology, differences in seepage
conditions (e.g. fluid volume, flux) might explain the
co-occurrence of different tube types within the same
stratigraphic horizon.

Mapping of each individual tubular concretion
in the Strashimirovo and Central group shows that
clusters of tubular concretions are systematically
aligned and elongated along N-S to NNW-SSE di-
rections (Fig. 4A). These directions fall within the
range of orientations of post-Paleocene normal and
strike-slip faults in the central-eastern Moesian Plat-
form area (Bergerat et al., 1998), strongly suggesting
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that the locations of Early Eocene focused fluid mi-
gration were controlled by the structural framework.
Furthermore, when looking at the scale of a single
cluster, tubes occur at distances up to 80 m away
from the assumed master fault contact. In addition,
tubes are aligned over distances of up to 50 meters
along certain directions, which deviate <36° from the
assumed fault-parallel cluster length axis (Fig. 4B). Also
the geostatistical analysis of the tube circumferences
(m) from the most common type 1 tubes underlines
this spatial structure. The computed directions of
maximal spatial correlation of tube circumferences
over distances >100 m fall within the range of direc-
tions of preferential tube alignment. The tube cir-
cumference can be considered as a measure of the
general dimension of the past fluid plume, suggest-
ing that along these directions, consistent fluid flow
could be maintained over a certain distance and time.
A model is proposed whereby the spatial distribution
of the tubular concretions within a single tube clus-
ter might relate to the complex geometry of deforma-
tion structures such as subsidiary faults and frac-
ture sets in the fault damage zones surrounding the
master fault. Especially where fault segments inter-
act and link, subsidiary deformation structures can
have orientations oblique or at a high angle to the
master fault (e.g. Davatzes, Aydin, 2003; Balsamo et
al., 2008). These locations have indeed been previ-
ously described as sites of preferential hydrocarbon
escape to the surface (Peacock, Sanderson, 1994).

Methane-related calcite cementation
in tubular concretions

Microscopic observations reveal a subarkosic sand-
stone, cemented by non-ferrous calcite cements (Fig.
5A). The fabric and sequence of diagenetic phases
are similar throughout a single tube and between
various tubes from different locations. Altered feld-
spar grains are locally surrounded by an authigenic
K-feldspar overgrowth, which precedes the predom-
inant interparticular dull luminescent granular cal-
cite cement (GCa) (Fig. 5). Bulk stable isotope val-
ues of predominantly GCa-cemented tube samples
indicate calcite cementation in equilibrium with
Lower Eocene seawater at ambient seafloor tempera-
tures (8'%0 = -0.5 to +0.5%0 VPDB).

813C values as low as —44.5%0 VPDB reveal that
the carbon is predominantly methane-derived. Based
on studies of modern methane seeps, the 33C_ ...
value can be up to 40%. lower compared to the low-
est 8"°C_,.;.. Value (Peckmann, Thiel, 2004). This
would suggest a 8"3C__,,. . signature down to —84%o,
indicating a significant contribution of microbial
methane-derived carbon. A linkage of the methane-
related tubular concretions to a known hydrocar-
bon source in the Eastern Bulgarian — Black Sea
region based on this information is speculative, but
some suggestions can be put forward. In Eastern
Bulgaria known source rocks are the more 2.5 km
thick the Triassic marine clastics and Lower-Mid-
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dle Jurassic turbiditic and black shale lithologies
along the southern Moesian Platform margin and
buried below the thrust sheets in the Eastern Bal-
kan region, up to 50 km south of the study area
(Georgiev, 1996; Tari et al., 1997; Georgiev et al.,
2001). Time-equivalent lithologies in the region of
Varna have reduced thicknesses (generally <lkm),
consisting of shallower clastic and carbonate lithol-
ogies. However, both the Triassic-Upper Jurassic de-
posits have source rock potential and thermogenic
and biogenic gas occurrences along the northern
margin of the Kamchia Depression are believed to
be sourced by these lithologies.

Strong variations in 8*C values (=44.5%o up to
—8%o0 VPDB) and 3'30 values (as low as —9%0 VPDB)
for different samples from a single tubular concre-
tion are presumably partly related to recrystalliza-
tion and cementation by brighter luminescent to cy-
clic zoned equant cements (ECa) (Fig. 5B) due to
the infiltration of meteoric waters through the per-
meable host sediments and the central tube conduit.

The presence of 1*C-depleted archaeal biomark-
ers, such as arachaeol and hydroxyarchaeol (83C
values down to —111%. VPDB), enclosed within the
GCA-cemented tubes, indicates the importance of
the microbially mediated anaerobic oxidation of
methane (AOM) (Hinrichs et al., 1999; Stadnitskaia
et al., 2005) (net reaction 1). These archaeal meth-
anotrophs possibly operated in consortium with sul-
phate reducing bacteria (SRB) but only faint *C-de-
pleted SRB biomarker signals such as terminally-
branched alcohols and dialkylglyceroldiethers (6'3C
values = —103 to —67 %0 VPDB) (Elvert et al., 2003)
could be detected.



CH, + SO* - HCO, + HS- + H,O (1)
Ca?* + 2HCO; - CaCO, + CO, + H,0 (2)

The pore fluid alkalinity and dissolved inorganic
carbon (DIC) concentration increase, resulting from
AOM (net reaction 1), is considered the prime factor
driving early diagenetic *C-depleted calcite precip-
itation (Ritger et al., 1987) (reaction scheme 2).

Conclusions

A review of the results of an ongoing study on the
origin of the “Pobiti Kamani” tubular sandstone con-
cretions near Varna (NE Bulgaria) in relation to proc-
esses of methane seepage during the Early Eocene is
presented (Fig. 6).

The tubular sandstone concretions document part
of the shallow subsurface pathways of past methane
seepage. The large dimensions and subvertical, cy-
lindrical shape of the most common tube type pri-
marily reflects the buoyancy-driven, vertical path of
an ascending gas-bearing fluid through permeable,
mainly unconsolidated sandy host sediments. The
tube morphology might also document differences
in former seepage conditions. Mapping of > 800 tu-
bular concretions showed the NNW-SSE and NNE-
SSW alignment of tubes. This suggests that Paleo-
gene fault and fracture systems played a major role
in channelling the fluids. In addition, within a sin-
gle tube cluster, tubes are preferentially aligned over
distances up to 50 m along directions at an angle
<36° with respect to the inferred, cluster-parallel fault
orientation. Similar directions of alignment are also
documented for cylindrical tubes with analogue di-
mensions. It is hypothesized that this spatial distri-
bution of tubular concretions within tube clusters
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