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Methane Derived Authigenic Carbonate (MDAC) concretions have been recently exposed in the Pleis-
tocene Argille Azzurre Fm. outcropping along the Enza riverbanks, Northern Apennines foothills, Italy. The
relations between the sediment deposition, the coeval tectonic deformation and the MDAC concretions
have been investigated to unravel the mechanism of methane migration through the sediments and the
processes leading to MDAC occurrence. The biogenic methane responsible for the formation of MDAC
chimneys and slabs has been generated in the organic rich Pliocene sediments located in the Po Plain
subsurface. The gas migrated up dip towards the Northern Apennines foothills. The MDAC cements are
mainly composed of dolomite, whose precipitation requires thousand years and the absence of SO4 in the
pore fluids. According with the sedimentation rates of the MDAC hosting Pleistocene succession, the
Sulphate Methane Transition Zone migrated upwards faster than time required for dolomite precipita-
tion. Therefore, the connate water migrating together with the methane could have acted as second DIC

source, allowing the MDAC formation also in the methane rich zone.

1. Introduction

Natural fluid emissions occur in a wide range of geologic and
geodynamic settings, with new seepage sites being discovered all
around the world. Their study has been mainly addressed to the
classification of the emission related structures, often represented
by mud volcanoes (e.g. Bonini, 2007; Mazzini et al., 2009), to their
role in the degassing of deeply buried sediments (e.g. Dimitrov,
2002 and references therein) and to the emission of greenhouse
gases in the atmosphere (e.g. Kvenvolden and Rogers, 2005).
Several studies have been recently done on the relations between
the evolution of local petroleum systems and the development of
fluid emissions (e.g. Aslan et al., 2001; Bonini, 2007; Capozzi and
Picotti, 2010; Sun et al., 2012; Oppo et al., 2013, 2014). Moreover,
attention has been addressed to the microbiological communities
associated with the cold seeps (e.g. Heller et al., 2012) and to their
role in degrading the occurring hydrocarbons (e.g. Oppo et al.,
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2013). The role of the microbe consortia that promote the Anaer-
obic Oxidation of Methane (AOM), together with Sulphate Reduc-
tion (SR) (Boetius et al., 2000), has been also studied to understand
the formation of the Methane Derived Authigenic Carbonates
(MDAC). These latter represent the main by products of the AOM

SR process in marine environment (e.g. Reitner et al.,, 2005 and
references therein).

The MDAC occurrence is reported in various present day marine
settings, such as passive and active continental margins, as well as
in the geological record (e.g. Magalhaes et al., 2012 and references
therein). Their morphologies include crusts, mounds, conduits and
irregular bodies. Various pipe like and cylindrical concretions are
described in the recent literature (e.g. Mazzini et al., 2003; Clari et
al., 2004; Conti et al., 2004; Hovland et al., 2005; Nyman et al.,
2010), with diameters typically ranging from centimetres to few
decimetres. Exceptionally large struc tures are also documented,
reaching more than 10 m in length and 4 m in diameter (Nyman
et al., 2010). The pipe like concretions, defined in this paper as
MDAC chimneys, usually develop in pelitic marine sediments.
There is a lack of knowledge about the pro cesses leading to the
chimneys precipitation in different time and



geologic setting. The modern MDAC chimneys form within the
sediment pile below the seafloor, thus limiting their direct
observation. A single example of authigenic carbonate chimneys
developing above the seafloor has been documented in the Black
Sea, due to the persistent anoxic condition of the bottom water
(Michaelis et al., 2002). Therefore, the onshore fossil records could
provide new evidences to reconstruct the fluid migration, in space
and time, in relation with the sedimentological and stratigraphic
setting where they occur. Moreover, a detailed reconstruction of
the processes of MDAC formation into the sedimentary pile could
be achieved.

The objective of this work is the study of MDAC chimneys and
slabs recently exposed in the Pleistocene deposits along the Enza
riverbanks in the Northern Apennines foothills, Italy (Fig. 1). The
nearby present day activity of mud volcano fields, where hydro-
carbons and saline waters are emitted on the surface, allowed
defining the local Miocene petroleum system (Oppo et al., 2013).
They could provide a first indication to understand the relation
between the Enza MDAC field formation and the active petroleum
system. Mineralogy and stable isotope analyses of the MDAC and of
their hosting sediments (described in detail in Viola et al., in this
volume) have been considered to reconstruct the Enza MDAC field
evolution. The relations between the MDAC formation, the
sediment deposition and the coeval tectonic deformation have
been investigated to unravel how the methane diffuses in the
pelitic sediments and control the formation of authigenic
carbonates.
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2. Materials and methods

The study of the Enza River chimney field is based on the
detailed reconstruction of the local geologic evolution by means of
seismic data interpretation and field surveys. The seismic
interpretation has been calibrated by field data (e.g. Ponza, 2010;
Ponza et al.,, 2010; Gunderson et al.,, 2014) and by the strati-
graphic log of San Polo d'Enza 1 hydrocarbon exploration well (Fig.
1).

Four chimneys (En4, En5A, En5B and Enle) and one dark grey
carbonate concretion (Cr1) have been sampled during a pre-
liminary survey in April 2010. The analysis of their mineralogy and
stable isotopes in the carbonate cements has been conducted at the
Georg August University of Gottingen, Germany. Further four
samples of carbonate concretions, two chimneys (En5 and En10),
one slab (Cr2) and one concretion (Cr3), together with 31 samples
of the hosting sediment, have been collected in May 2013 for their
mineralogical and geochemical characterization at the University of
Bologna. These latter samples are the main subject of the Viola et al.
(in this volume). The concretions have been divided in 29 sub-
samples to be analysed. The samples have been powdered, ho-
mogenized in agate mortar and analysed for mineralogy by X ray
diffractometry (XRD) using a Philips PW 1130 (Cu Ko, radiation Ni
filtered). Estimates of the relative minerals abundance were
determined using MacDiff software packages and carbonate min-
eral compositional limits defined according to Goldsmith and Graf
(1958) and Lumsden (1979). Major and trace elements have been
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Figure 1. Geological map of the investigated area of the Northern Apennines with location of the Enza MDAC field and San Polo d'Enza deep well. The traces of cross section AA’ and
seismic line BB’ of Figures 2 and 3 are indicated. The locations of spontaneous fluids seepage are from Oppo et al. (2013).



determined by X ray fluorescence (XRF) spectrometry on pressed
powered pellets using a Philips PW 1480 automated spectrometer.

The methane gas seeping along the Enza MDAC field has been
sampled and analysed to determine its composition and stable
isotope abundances at the CNR IGG in Pisa, Italy.

3. Geological framework

The Northern Apennines is a fold and thrust belt developing
since the Oligocene as a consequence of the collision between
Adria and the Corsica—Sardinia block. The Po Basin represents
the Northern Apennines foreland basin since the Early Messinian
(e.g. Ricci Lucchi, 1986). The studied sector of the Northern
Apennines shows the wedge shaped closure of the Ligurian
Nappe, which is formed by the Jurassic—Eocene oceanic wedge
(Zattin et al, 2002). This nappe thrusted over the Miocene
foredeep successions that form the main hydrocarbon reservoirs
(e.g. Oppo et al., 2013 and references therein). The folding and
thrusting of the Miocene units occurred during and after the
Ligurian Nappe emplacement, which acted as seal for the reser-
voir structures. The activity of recent normal faults, which cut
through the seal to the Miocene units, contributed to the for-
mation of numerous spontaneous seepages along the Northern
Apennines deformation front (Oppo et al., 2013). The present day
mountain range is characterized by rapid Plio Pleistocene uplift
and exhumation (Balestrieri et al., 2003; Bartolini, 2003), which
led to the transition from exclusively marine to continental en-
vironments, as documented by the successions outcropping
along the foothills (Ghielmi et al, 2010; Scardia et al.,
2012; Gunderson et al., 2014).

The geological setting reconstructed in the cross section AA’ of
Figure 2, which is located few kilometres to the west of the Enza
River (Fig. 1), shows Miocene foredeep units deformed in two
different thrust sheets detaching in the Burdigalian units. This
deformation is responsible for the up dip migration of hydrocar-
bons and saline waters towards the thrust tops. The fluids
presently leaking through normal faults crosscutting the sealing
Ligurian Unit are emitted on the surface by the active mud volcano
fields of Rivalta and Torre (Oppo et al., 2013).

Traversetolo 3

4. Results

4.1. Geological setting of Enza River MDAC field

The Enza MDAC field succession is related to the evolution of
the Northern Apennine foothills, shown in the seismic line of
Figure 3. The seismic line strikes SSW—NNE along the floodplain of
the Enza River, across the mountain front and the Ghiardo plateau,
an E—W elongated hill located a few kilometres to the north (see
trace BB'in Fig. 1). To the South of the Enza MDAC field, the Ligurian
Nappe over thrusts the deformed Miocene foredeep units. This
structure, named Quattro Castella anticline, is the leading edge of
the fault related fold that propagates from a detachment plane
within the Ligurian Nappe and locally defines the present day
mountain front (Gunderson et al., 2014). The Plio Pleistocene
reflectors overlying the Ligurian Nappe show growing geometries
(Fig. 3), evidencing the tilting of the Quattro Castella anticline
forelimb during this time interval. The Enza chimneys field is
located in the outcropping stratigraphic section of this forelimb.

To the North, the geometry of the seismic reflectors documents
that the Ghiardo plateau is an actively growing fold, related to blind
thrust propagation. In the southern limb of the anticline, the Tor
tonian foredeep succession shows parallel reflectors, possibly with
an erosional truncation at the top. The activity of the Ghiardo
anticline in the Late Tortonian is also marked by the onlap of the
Messinian units above the structure. The Pliocene units within the
hanging wall syncline and above the structural high show parallel
and continuous high amplitude reflectors, documenting a draping
phase that rule out further deformation during this time interval.
At the top of the Ghiardo anticline, the Pleistocene deposits, on the
contrary, progressively thin and onlap the structural high. This fold
activity is also documented at outcrop by deformed Middle to
Upper Pleistocene continental deposits (Cremaschi and Papani,
1975; Ponza et al., 2010).

4.2. The stratigraphic section of Enza River MDAC field

The MDAC slabs and chimneys outcropping along the Enza
riverbanks are located in a fine grained succession belonging to
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Figure 2. Cross-section along dip of the Northern Apennines on the NW of the study area (see Fig. 1 for location). The spontaneous emissions of Rivalta mud volcanoes are associated
with the ramp anticlines forming the Miocene reservoir along the Northern Apennines foothills. The sealing Ligurian Units are disrupted by normal faults. (Modified after Oppo et al.,

2013).
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Figure 3. Depth-migrated, high-resolution seismic profile showing the geological setting across the mountain front and the Ghiardo plateau. The location of the Enza MDAC field is

shown. For further explanation see text.

the Lower Pleistocene Argille Azzurre Fm. (Fig. 4). The outcrop-
ping section of the Argille Azzurre is formed by ca. 140 m of inner
shelf blue grey silty clays, with intervening sandy layers that are
more frequent moving towards the top of the section. This suc-
cession represents the last marine interval before the transition to
continental deposits (Gunderson et al., 2014). Detailed strati-
graphic analyses revealed that the Argille Azzurre Fm., between 0
and 64 m, encompasses the Lower Pleistocene (ca. 1.65 to 1.4
Ma) and has been deposited at an average sedimentation rate of
0.28 m/ky (Gunderson et al, 2014; A. Negri, personal
communication).

In the MDAC field section, the bedding planes of Pleistocene
marine deposits, striking NW—SE, show dips ranging from 55° to 42°
moving upsection (Fig. 4), indicating a mean deformation rate of
0.05°/ky. At the top of this interval a 2 m thick calcarenite horizon
marks a major depositional change. In this horizon, a corallinaceous
assemblage has colonized dark micritic carbonate concretions,
chimneys fragments and reworked coarse siliciclastics (Fig. 5). The
calcarenite horizon dips 35°, defining a significant angular uncon-
formity. Considering conservative deformation and a sedimentation
rates of 0.28 m/ky (Gunderson et al., 2014), the 7° angular difference
between the last pelitic strata and the calcarenite hori zon allows
estimating a hiatus of about 140 ky in the sedimentary record.

4.3. The Enza River Methane Derived Authigenic Carbonates

4.3.1. Field observations

Slabs and chimneys occur between 30 m and 64 m in the section
(Fig. 4). Their appearance corresponds to the initial occurrence of
sandy horizons and their frequency increases toward the top of the
section, where they are abruptly interrupted by the angular un-
conformity. The slabs are interlayered in the succession and their
thickness varies from a few centimetres in the lower part to various
decimetres near the top (Figs. 4 and 6a,b). The slabs are generally
discontinuous, even if they show progressively more lateral conti-
nuity moving upsection, where the sand content increases. They are
highly cemented and massive, without evidence on internal
structures. The contact between the slabs and the not cemented
hosting sediments is always sharp and well identifiable. Channel like
tracks, ca. 1 cm wide and probably representing invertebrate
bioturbation are clearly visible on the external surfaces of the slabs in
the upper portion of the section (Fig. 6¢).

The chimneys are hosted within the pelitic sediments and
crosscut or originate from the slabs. At present, most of the chim-
neys are in situ and have a sub vertical orientation (Fig. 7), although
a few are roughly perpendicular to the stratification (Fig. 6a). The
chimneys are generally cylindrical or pipe like in shape (Fig. 7a,b),
even if conical and bulbous morphologies also occur (Fig. 7c). Their
diameters range from 5 cm to 35 cm and their observable lengths
are comprised between a few decimetres and 2.5 m. An open
conduit can be observed along the centre of the cylindrical con-
cretions (Fig. 7a). However, there are numerous examples where it
is completely closed either by carbonate cements or semi-
consolidated pelitic sediments (Fig. 7b). The bulbous features show
irregular conduits, which have smaller diameters than the pipe like
chimneys. The internal structure of chimneys is homo geneous,
with the texture composed of fine grained siliciclastics dispersed in
the carbonate cement.

4.3.2. Mineralogy and stable isotopes

The detailed mineralogical and geochemical characterization of
the carbonate samples form the Enza MDAC field is discussed in
Viola et al. (in this volume) and is beyond the purposes of this
paper. However, a brief summary of these data is presented here
due to their importance for the spatial and temporal reconstruction
of the Enza MDAC field evolution.

In the Enza outcrop, the carbonate mineralogy does not signif-
icantly vary among the different sampled concretions. The car-
bonate chimneys are mainly composed of authigenic dolomite
(>60% bulk weight) with low and variable amounts of calcite (up to
13%). Dolomite content is higher into the internal parts of the
chimneys, whereas in the external portions increase the calcite
cement and the detrital fraction. The detrital fraction (up to 41%) is
similar in all the samples: major components are quartz, feldspars,
plagioclase, clay minerals and micas. The mineralogy of the detrital
fraction reflects the characteristics of the hosting pelitic sediments
(Viola et al,, in this volume). The slabs are composed of authigenic
dolomite (up to 80% wt). Calcite is present only in a small area of
the Cr2 slab (4% wt), collected close to the calcarenite horizon. The
dark grey concretions enclosed in the calcarenite horizon (Cr1 and
Cr3) are mainly composed of dolomite, with calcite (11% wt)
concentrated in a sector of the Cr3B sample (Viola et al., in this
volume). Sulphur is strongly enriched (32,000 ppm) in the dark
grey concretions and is associated with high contents of pyrite and
arsenopyrite (5% wt).
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Figure 4. Representative sketch of the section in the Pleistocene Argille Azzurre Fm. that hosts the MDAC along the Enza riverbanks. a) The lower interval of the section does not
include carbonate concretions. b) The majority of chimneys occurrence is located in the central interval of the section, along with thin slabs (few centimetres thick). The chimney in
the foreground is ca. 50 cm high. The chimneys mainly have a vertical orientation. c) Detail of a calcarenite horizon deposited after an erosive unconformity, exposing the MDAC
concretions on the seabed. Note the corallinaceous algae encrusting the slabs (ca. 20 cm thick).

In the Enza MDAC chimneys and slabs the 3'°C ranges between
8.6%0 and 28.56%0 VPDB (Fig. 8). More negative values (from 35%o

to 40%0 VPDB) have been found in the Cr1 and Cr3 concretions
enclosed in the calcarenite horizon at the top of the studied section.

The 3'80 is generally relatively heaV}(/,l up to +6.24%0 VPDB.
Methane gas is presently seeping in the MDAC field, together with
a minor fraction of C2+ hydrocarbons, and has been sampled and

analysed. The determined §'3C of CH, shows a 13C depleted value
( 72%0 VPDB).

5. Discussion
5.1. Origin of methane gas in the Enza MDAC field

The extensive carbonate precipitation in the Enza MDAC field
required a constant leakage of methane over several thousands of

years. The assessment of methane origin is fundamental to recon-
struct the hydrocarbon migration in the area and the MDAC for
mation. In the Northern Apennines foothills close to the Enza River
section, the present day cold seeps activity and mud volcano edi-
fices are correlated to the regional petroleum system (Oppo et al.,
2013). This is characterized by a mature source rock, which is
located deeper than the deformed Miocene foredeep sediments
forming the hydrocarbon reservoirs (Oppo et al., 2013). The pro-
gressive migration of oil and thermogenic gas in the Miocene
successions led to their accumulation in the ramp anticlines. The
hydrocarbon migration mechanism towards the surface is mainly
provided by normal faults disrupting the sealing units (Fig. 2)(Oppo
et al., 2013). However, this migration system could not be
considered as responsible for the formation of the Enza River
MDAC field. The fluid migration from the Miocene reservoir and
the Quattro Castella anticline can be ruled out due to the absence of



Figure 5. Erosive unconformity at the top of the studied section. a) A corallinaceous assemblage (CA) colonized the hard substratum, here represented by a well-developed slab (ca.
20 cm thick) (SI) and a chimney (ca. 1 m long) (Ch). Fragments of MDAC within the calcarenite horizon are also evidenced. The chimney develops perpendicularly to the strata and to
the slab. Its exposure on the seafloor due to the erosive event is testified by its inclusion in the calcarenite horizon. b) Detail of the chimney crosscutting the slab. Note the lateral
continuity between the two concretions. ¢) MDAC fragment enclosed in the calcarenite horizon. The dark-grey colour is due to the high amount of sulphide minerals. The numerous
holes on the surface are due to boring organisms. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

suitable pathways, such as normal faults or up dip carrier beds,
connecting this structure with the Pleistocene succession hosting
the MDAC field (Fig. 3).

The Messinian and Pliocene foredeep successions are often the
source rocks of large volumes of biogenic gas, now exploited in
more central and eastern areas of the Po Plain. They are composed
of turbiditic successions, including a Piacenzian age sapropel
bearing interval about 60 m thick (Capozzi and Picotti, 2003, 2010).
Mean Total Organic Carbon (TOC) contents of 0.4% and 1.0%occur in
the turbiditic and sapropel sequences, respectively (Capozzi et al.,
2006). Such low TOC are due to the dilution of the organic matter in
the thick successions, therefore high generation potential is still
provided. The analysed methane gas presently seeping in the
MDAC field has 72%0 '3C (VPDB), which is indic ative of its biogenic
origin. This gas matches the stable isotopic signature of the
biogenic methane generated by the described Pliocene successions
that occur in the Romagna Apennines and Adriatic Sea (Mattavelli
et al.,, 1983; Capozzi and Picotti, 2010). Therefore, the leakage of
biogenic methane should be considered as responsible for the
formation of the MDAC field. The absence of suitable pathways that
could have conveyed thermogenic gas from the Miocene reservoirs
and the origin of the methane presently seeping along the Enza
River are sustaining this interpretation.

The syndepositional strata growth in the forelimb of the Quattro
Castella Anticline provided the up dip carrier beds for the migra-
tion, toward the Enza MDAC field, of hydrocarbons and connate
saline waters from the Pliocene strata located to the North (Fig. 3).
The activity of Quattro Castella and Ghiardo anticlines is respon-
sible for the progressive deformation and uplift of the Plio-

Pleistocene sediments, now outcropping along the Enza river
banks (Boccaletti et al., 2010; Ponza et al., 2010).

5.2. Origin of the Enza MDAC concretions

The geochemical processes regulating the precipitation of
methane derived carbonates are governed by the establishment in
the sedimentary succession of bacterially mediated Anaerobic
Oxidation of Methane Sulphate Reducing (AOM SR) conditions,
according with the net reaction (Reeburgh, 1980):

CH4+S03~ —HCO3 + HS™ +H,0 (1)

The AOM therefore increases the bicarbonate in the system and
produces the concentrations of dissolved inorganic carbonate
species necessary to the MDAC precipitation. The mineralogy of
carbonate cements that precipitate as a consequence of AOM SR is
influenced by the geochemistry of the environment where they
form. Despite the exact pathway by which dolomite precipitates in
sediments affected by AOM is still under debate, we can consider
the general reaction (Moore et al., 2004):

Ca’* + Mg?* +2C0%~ < CaMg(CO3), (2)

This condition is encountered when AOM reaches its maximum
at the Sulphate—Methane Transition Zone (SMTZ), which is a thin
horizon (ca. 20—30 cm thick) where the SO4 is almost totally
removed and the HCO3 reaches its maximum concentration (e.g.
Rodriguez et al., 2000; Ussler and Paull, 2008; Paull and Ussler,



Figure 6. Examples of slabs occurring along the Enza riverbanks. a) Thin and discontinuous slab occurring in the upper part of the section (Fig. 4b). The slabs develop according
with the strata bedding, also visible in the image, whereas the chimneys mainly show a perpendicular orientation. b) Thick slab occurring in the upper part of the section. c¢) Some of
the thicker slabs present channel-like track on the surfaces, probably representing former bioturbation.

Figure 7. Examples of the three main chimney morphologies. a) Well developed pipe-like concretion with an open central vent. b) Cylindrical chimney where the central vent is
absent due to the complete cementation of the inner portions. ¢) Conical chimney with a cemented central vent.

2008). The magnesium can form complexes with the SOg4; then,
concentrations of sulphate even less than 5% in the pore water
could inhibit the dolomite precipitation (Douglas, 2005; Magalhaes
et al,, 2012). Therefore, the chimneys and slabs in the Enza MDAC
field, which are almost entirely composed of dolomite, formed in
sulphate depleted waters and in absence of marine water supply
from the sediment—water interface.

The authigenic carbonates formation exploits the dissolved
inorganic carbon (DIC) present in the pore water, without a sig-
nificant isotopic fractionation (Diaz del Rio et al., 2003; Paull and
Ussler, 2008). Therefore, the MDAC could preserve the 3'3C values
representative of the DIC sources, which include decomposing
organic matter, marine shells, thermogenic and biogenic methane

and residual CO, from methanogenesis (e.g. Nyman et al., 2010)

and also of their mixing. In the Enza River chimneys the 8!3C varies
randomly along the section and ranges from about 8.6%oto 28.56%o
VPDB. These values are often found in similar con cretions and are
indicative of origin from AOM processes (e.g. Rodriguez et al., 2000;
Diaz del Rio et al., 2003; Capozzi et al., 2012). Despite the range of

3'3C values measured in the Enza MDAC is commonly interpreted
as fingerprint of thermogenic methane, it has been demonstrated
that this is not always true if the geological and petroleum histories
of the area are considered (Capozzi et al., 2012). In the Enza MDAC
the '3C enriched cements, with respect to the original biogenic
methane, indicate that this methane is not the only carbon source.
Therefore, other DIC sources could have
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Figure 8. Carbon and oxygen stable isotopes diagram, modified after Nelson and Smith
(1996), based on generalized isotopic fields for a selection of different carbonates ty-
pologies from New Zealand. The isotopic values of carbonates analysed in this study are

plotted. The plot evidences the origin of the 3'C in the carbonate cements from both
AOMS-SR and the mixing with different sources of DIC.

contributed to the precipitation of the carbonate concretions, such
as the DIC in the connate waters migrating together with the
hydrocarbons.

Reducing condition, occurrence of pyrite and arsenopyrite and
more negative 8'3C values have been found in the dark grey con-
cretions sampled within the calcarenite horizon at the top of the
studied section. In these concretions a slight increase of calcite
cements has been also documented. These evidences suggest that
further circulation of fairly different fluids, where marine sulphate
can be used for AOM, occurred through this sedimentary horizon
deposited after a 140 ky stratigraphic hiatus.

Despite previous works identified the dissociation of gas
hydrates as the source of heavy 3'30 in worldwide MDAC fields (e.g.
Aloisi et al., 2000; Pierre and Rouchy, 2004; Dela Pierre et al., 2010),
this process cannot be taken into account for the Enza River
concretions. The whole thickness of the Argille Azzurre succession
hosting the MDAC has been unable to reach the gas hydrates
stability zone, even during glacial periods, as it was deposited in a
shallow continental shelf at ca. 80 mwater depth and far from
polar latitudes. The studied succession encompasses the Early
Pleistocene climatic intervals that show average values of 30 in
the marine water of about +3% VPDB (Zachos et al., 2001).
Moreover, the dolomite phase in the carbonates usually shows an
increase of the oxygen heavy isotope of +2—4%.with respect to the
initial water values (Budd, 1997). Considering the initial value of
water and the enrichment due to the dolomite pre cipitation, the

total +4to +6%0 8'%0 in the Enza MDAC concretions could be
easily explained.

5.3. Model of chimneys formation

Between 30 m and 45 m in the section, the mostly pelitic sed-
iments host narrow pipe like conduits. Only a few discontinuous

and thin (about 5 cm thick) slabs occur in this interval where the
silt and very fine sand content increases.

The methane migration through fine sand or coarser sediments
rarely leads to the formation of carbonate chimney structures. As a
consequence of the high sediment permeability the fluids could
easily diffuse radially from a main migration pathway. This
scenario does not require the formation of an open central vent
(Choi et al., 2011) and, when a chimney like concretion forms, it
usually results completely cemented. The central portion of the
chimney is the first to cement and acts as a nucleation point for the
carbonate precipitation (Magalhaes, 2007). The fluids continue to
use the same migration pathway below the zone already cemented,
but when they reach this latter they will flow along its external
area and progressively enlarge the concretion. This “inside to
outside” precipitation model does not limit the final size of the
chimneys, which is controlled exclusively by the methane
concentrations and by the AOM SR process.

The gas migration in pelitic sediments can occur by means of
pre existing discontinuities, such as fractures and burrows in the
shallow subsurface (Paull and Ussler, 2008), or by conduit opening
and fracturing by the pressurized fluids, which laterally displace
the particles along zones with lower grain packing density (Choi et
al,, 2011). The latter mechanism of forced intrusion of the fluids in
the pelitic sediments seems the most suitable process to explain
the formation of pipe like concretions. The majority of Enza MDAC
chimneys occur in pelitic sediments and are often charac terized by
an open central conduit generated by the gas migration. Two
models of chimneys growth have been proposed in the literature:

e Magalhaes (2007) identifies a methane rich zone around a
central open conduit. The carbonates precipitation proceeds
radially from this latter towards the external sectors, according
with the capability of the AOM SR reaction front to move away
from the conduit into the sulphate rich zone. Once the inner
portions are completely cemented, the methane is not able to
reach the outer areas and the precipitation stops.
e Nyman et al. (2010) propose a different model of chimneys
formation. The migrating methane initially permeates a cylin-
drical area of sediment. The beginning of carbonate precipita-
tion occurs along the edges of this area, thus delimiting the
maximum diameter of the forming chimney, and progressively
proceeds inwards as a result of AOM SR acting in the inner
zones. This process generates a central vent due to the increased
force of the fluids flow passing through a confined system. Both
the models account that, if the conduit is filled with sedi-
ments and sulphate rich pore water, different methane migration
episodes can lead to the cementation of the inner portion of the
chimney and to the formation of concentric growth layers up to the
complete closure of the central vent. Gradual younger cements
should therefore be documented moving inwards in the concretion.

The Enza chimneys mineralogy shows that the bulk of the ce-
ments are formed by dolomite, with low amounts of calcite
occurring only in the more external portion (Viola et al., in this
volume). Therefore, the formation of the Enza chimneys can be
related with the second proposed model. In fact, the methane dif-
fuses in the sediments radially from a central conduit and the
carbonate precipitates first in the external areas, as testified by the
increased calcite content due to the proximity with the SO4 of
marine water. This partially cemented layer acts as barrier that
limits the fluid exchange between internal and external portions of
the methane permeated zone and, therefore, progressively leads to
the total sulphates removal from the solution in the inner areas. The
absence of calcite in the internal portions of the Enza chimneys



rules out that sulphate rich seawater migrated in the central vent
from above. This mechanism of formation does not require a
widespread SO4 deficiency in the area of chimneys precipitation. In
fact, during the first stages of formation, the Enza chimneys could
have been focused SMTZ into a sedimentary succession containing
sulphate rich pore water, with the main SMTZ occurring in the
deeper succession (Fig. 9). Only after the progressive burial and the
upward migration of the SMTZ they could have entered into a fully
S04 free/methane rich environment, which allowed the precipi-
tation of the bulk of the dolomite cements. Moreover, the connate
water associated with the hydrocarbons in this area is depleted in
SO4 and enriched in HCO3 (e.g. Oppo et al., 2013), thus could pro-
vide an additional DIC source.

5.4. Model of slabs formation

In the upper section, between 45 m and 64 m, the increased
number of MDAC concretions is related with the higher frequency
of fine sand strata in the sediments. The gas migration in water
saturated sandy sediments is controlled by capillary invasion,
which causes the progressive pore water displacement and
methane infiltration in the relatively large pore spaces (Choi et al.,
2011). This allows a widespread fluid diffusion and, possibly, an
increased gas flux and AOM rates. This aspect appears to be
confirmed by the occurrence of thicker and more laterally contin-
uous slabs, often crosscut by chimneys, which cement the horizons
with coarser granulometry. This suggests that the slabs acted as the
main methane migration pathways from depth.

The depth of the SMTZ in the sedimentary column could vary
between a few cm and tens of meters below the seafloor, being
directly related to the amount of SO4 diffusing downward in the
phreatic aquifer and to the methane flux from depth (Moore et al.,
2004). High methane flux generates high AOM rates (Luff and
Wallmann, 2003; Moore et al., 2004), which in turn shifts the SMTZ
towards shallower horizons. Moreover, the rate of dolomite
precipitation is relatively constant regardless the depth (Moore
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Figure 9. Vertical profiles of SO, and HCOj3 in the subsurface sediments. The SMTZ
marks the almost complete removal of sulphates from the pore water and the
maximum enrichment of HCOs. In the interval below the transition zone the fluids are
rich in methane. The chimneys can act as focused SMTZ in the sulphate-rich sediments.
The MDAC precipitation begins at the SMTZ and continues within the methane-rich
zone after the SMTZ moved upward due to sediment aggradation. The carbonates
precipitation proceeds, possibly fed by a second DIC source in the connate water
migrating together with the methane.

et al., 2004), indicating that the diffusive fluxes of Mg and Ca from
seawater are not limiting factors.

The time required by the AOM SR process to produce the HCO3
and SO4 concentration profiles lays on the scale of centuries (Ussler
and Paull, 2008) (Fig. 9), as generally observed in the subsurface of
marine fine grained depositional systems. Therefore, when a con-
stant gas flux is present, the SMTZ tends to move upwards ac-
cording with the sedimentation rate, which is normally in the
range of few decimetres per thousand years (Paull and Ussler,
2008; Rodriguez et al., 2000).

Numerical modelling showed that the rate of carbonate pre-
cipitation due to AOM SR could produce a 1 m thick calcite layer
over a period of ca. 20,000 years (Luff and Wallmann, 2003). Taking
into account this model, if the slabs outcropping along the Enza
section were formed only by calcite, they would be cemented
during an interval of thousand years, varying with their different
thicknesses. It is recognized that the dolomite precipitation is
influenced by several factors, including the kinematic velocity of
carbonates dissolution/precipitation and the bacterial activity
mediation. Therefore, the studied dolomite concretions could have
been formed during periods longer than indicated for calcite (e.g.
Misra, 2012). In the Enza section interested by the slabs occurrence,
the sedimentation rate is about 0.28 m/ky (Gunderson et al., 2014),
while the MDAC precipitation rates are slower than 0.05 m/ky (Luff
and Wallmann, 2003). This suggests that the formation of the
concretions initiated in the SMTZ and continued after this moved
upwards in more recently deposited sediments (Fig. 9). Therefore,
the interval characterized by sulphate free and HCOs rich pore
waters has to persist below the SMTZ, where the MDAC dolomite
precipitation continues to occur as long as the carbonate ions are
available. This process could be further supported by the HCO3 rich
and SO4 totally depleted waters migrating together with the
methane from the reservoir.

6. Conclusions

The Enza MDAC field is a quite unique example where the
MDAC precipitation can be correlated to a high resolution strati-
graphic reconstruction and to the formation of the plumbing
system. The MDAC concretions exposed along the Pleistocene age
Enza River section formed as a consequence of the leakage of
biogenic methane generated by a Pliocene source rock buried in
the Po plain nearby the Northern Apennines foothills. The fluid
leakage has been active for several thousand years when the
basinal conditions allowed the sediment deposition in a conti-
nental shelf environment. A major erosive phase, marked by an
angular unconformity, exposed the buried concretions. The
stratigraphic hiatus involves up to 140 ky, however the thickness of
eroded/not deposited sediments could not be calculated. The
change in depositional setting led to gas leakage on the seabed, as
could be inferred by the high amount of pyrite occurring in the
calcarenite horizon. The methane migration in the Enza
sediments varies according with their granulometry, leading to the
forma tion of chimneys mainly in the pelitic sediments and of slabs
where the sand fraction increases.

The sedimentation rate in the Enza Pleistocene sediments is two
orders of magnitude higher than the MDAC precipitation rate.
Therefore, the SMTZ migrated upwards faster than the time
required for the formation of the observed carbonates. Because the
precipitation of authigenic dolomite cements took place during
thousands years and in absence of subsurface exchanges with SO4
rich water, could be hypothesized that the connate water migrating
with the methane acted as second DIC source during the MDAC
formation in the CH4 rich zone. This contribution could be

responsible for the variability of 83C in the carbonates.
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