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MUD VOLCANOES vs TECTONIC STRUCTURES

Although widely studied, mud volcanism remains a debatec
relationships with seismic activity, which has been shown to ¢

In general, the activity of MVs may be influenced by both nea
directly the mud volcano system (i.e. being linked with it),
lengths away, and their seismic activation can only perturb th

We aim to analyse the near- and far-structure control.
combination with interpretation of available seismic sections

We intend to address some research questions:
- are the investigated MVs related to near- and possibly a
- Can tectonic and seismic activity of far structures influe
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METHODOLOGY
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STRUCTURAL AND MORPHOLOGICAL ANALYSIS

We carried out a fieldwork structural survey with the aim to

The feeder dyke can be defined as a system of faults and frz
orientation can be estimated from morphological features

Sub-orthogonal joint sets associated with fold anticlines (“ac
“bc” joints, Hancock 1985) are exploited by the rising fluid
mix (e.g. Bonini 2012).

We aimed to map structures in the field and measure frz
orientation around the MVs.

We used seismic profiles to illuminate the subsurface belo
MVs, and to correlate them with the potential fluid reservoi
structures at depth.

We used aerial photos and satellite images to investigate
recent (historical) activity of target MVs.

Feeder dyke
system
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To the reservoir

Not to scale

Definition of MV feeder dyke system (from Maestrelli, 2018)



STUDY AREA

EMILIA-ROMAGNA AND MARCHE MVs

We investigate onshore mud volcano systems from Emilia-Rom

MVs in Emilia-Romgna localise along the Pede—
Apennine margin, a sharp morpho-structural
feature that separates the inner and
outcropping portion of the fold-and-thrust
belt, from the more external, active thrust and
folds that are considered seismogenic sources.
Beside, Marche MVs are more widespread
along the broader Marche Apennine foothills.

Both areas have in common the presence
mudstone sequences in which the MVs find
favourable conditions for their development,
due to the sealing characteristics (Bonini, 2007).

MV systems (red areas hihlighted in Fig. 1) are
shown from NW to SE in the upcoming slides.

w Consigle Nozans o

de = Ricarche

43°

Fig. 112 I
N, 27N g' éa NN
= 4 h

N
\ \ 2
San Vo=

elulpleS (

TECTONIC
SKETCH

EPI
LIG

umu

APENNINES UNITS
Quaternary deposits (Q)

[:l Plio-Pleistocene deposits (PLI)

- Magmatic rocks (M)

LIGURIAN UNITS AND
EPILIGURIAN SEQUENCE
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external sediments
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Simplified geology of the Northern Apennines, showing the position of studied mud volcanos.
Red rectangles mark the area of investigated mud volcano systems (from Maestrelli et al., 2019)



REGNANO AND CASOLA-QUERZOLA MV SYSTEMS @
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ALYSIS & RESULTS

Interpretation of seismic line SS1 crossing the Pede-Apennine
Margin. (from Maestrelli et al., 2019).



EMILIA MVS

ANALYSIS & RESULTS

NIRANO AND MONTEGIBBIO MV SYSTEMS
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Interpretation of seismic line SS2 crossig the Pede-Apennine
Margin (from Maestrelli et al., 2019).
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EMILIA MVs
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ANALYSIS & RESULTS

The Dragone di Sassuno is a gryphon located in the Pede-
Apennine Margin SW of Bologna (Fig. 5a, d).

Capozzi et al. (1994) documented its recent eruptive
activity, and Calindri (1781) described some large eruptions
occurred in July 1780 during a period of large earthquakes
coccurence.

The MV lies at the top of Ligurian Units and the Epiligurian
Sequence (Fig. 5a). The MV is settled along a ca. N145E°-
striking anticline axis.

Fractures from the Epiligurian outcrop (Fig. 5a,b) are
organised with respect to the main anticline, with a system
of joints oriented along-strike (set ‘bc’) and a system of
joints orthogonal to the anticline axis (set ‘ac’).

Analysis of historical activity of this MV may provide
information about the presence of aligned vents, which can
be used to reconstruct the possible orientation of the
subsurface feeder dyke.
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EMILIA MVs

ANALYSIS & RESULTS

THE DRAGONE DI SASSUNO MV
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Using aerial photos, we identified periods of activity or inactivity
of MV even though the dataset is scattered and a continuous
investigation was not possible.

Photos image periods of high activity, such as for 1954, 1956,
1981 (Fig. 6a-c), 1989, and 1993 (Fig. 6e, f), and 2003 (Fig. 6); in
contrast, in recent years (Fig. 6i-k), the activity was modest. At
the time of the survey, only a single mud cone was visible in the
field, with two minor emission points at the cone apex, ligned
along a N40°E direction.

Aerial photos from 1954 to 1981 (Fig. 6a-c) show two distinct
vents. Their location varies through time, as shown by emission
points collectively plotted on Fig. 6l.

We interpret vents as located on two different fractures, along
which they can migrate. Although their current distribution
suggests a N40°E alignment, sub-orthogonal to the anticline axis
(‘ac’ set), we cannot exclude the possibility that another feeder
dyke is aligned along with the average direction of “bc” joints
(N145°E).
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MARCHE MV:s
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S. PAOLO DI JESI AND MAIOLATI SPONTINI MV SYSTEMS
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Lower Pliocene - Lower Pleistocene
%esm Solfifera Formation
Vessinian
1 Monte Laga Formation
MeSsinian

’%\ FAA : ! Schlier Formation

Burdigalian - Lower Messinian

Maiolati Spontl/r/))o 7% 3 . Anticline axis v

\ A . . \
/ ] Syncline axis ™ J System

/
Majolafi mud A S :
volcano'sys ! Tectonic contact
1 ! Vi 4\ -A

Buried and/or Inferred
structures

\ >~ Imaged areain b
and direction of view

A Mud volcano location
O Village \6 Bedding

Staffolo

o ———
e

’S. Paolo di Jesi

iolati MVs. (b) The S.
€5 ‘i~:“ dl., 2019)-




S. PAOLO DI JESI AND MAIOLATI SPONTINI MV SYSTEMS

* Seismic profile SS3, image a thrust system buried belo
the Pliocene marine succession, located few kilometre

forward from the outcropping anticline (Fig. 8a).
| Staffolo village

We interpret the Bagno MV as settled at the top of agno Syste

minor back-thrust associated with the major thrus : ! Syste m Villanuova 01 (pr.) Esino 01 (pr.)
related anticline corresponding to the exposed San Pao e Y ¥
anticline.

MARCHE MV:s

* The Bagno MV is apparently connected to a seconda

o; structure of the outcropping San Paolo anticline (Fig. 8a)
|:. * The Maiolati Spontini MV is located at a greater distanc
D from the San Paolo anticline axis, and its position is like
.79 still controlled by the buried backthrust associated wit
'&" the main ramp anticline (Fig. 8a).
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MARCHE MV:s

Latitude N [°]

ANALYSIS & RESULTS

MONTELEONE DI FERMO MV SYSTEM
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Geological setting of the Monteleone di Fermo MV systems (

These MVs were proven to
dynamic stress changes in
Central Italy seismic sequenc

| Monteleone di Fermo village
ste™ ste™  onico
°oN R
A e

Section SS4 showing the structural setting of Monteleone
di Fermo MVs (from Maestrelli et al., 2019).
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THE CONTRADA S. LAZZARO (OFFIDA) MV SYSTEM QI

* Many small MVs occur around Offida, in southern Marche.
Among them, the most interesting is the Contrada S. Lazzaro
MV (Fig. 9), not visible in the field anymore. It is reported to
have erupted violently in 1959 (Fig. 9b, c).

* Damiani (1964) describes the effects of the 15t December

1959 eruption, reporting that this MV had been inactive for a
_ long time, except the small eruptions of 1956 or 1957 that
[FAn] Avgle maton g b preceded the large one.

‘ Buried and/or inferred structure
'

\ Uncertain
\ Normal fault \ normal fault

MARCHE MV:s

* Alignment of vents, as measured from the morphological
" survey of Damiani (1964) indicates a N100°E trending

A Mud volcano location Beddin,

O Viege o Awiibiswed J L direction, an orientation similar to the average trend of

,"' + |~ Opened fractures <. Mud flow P - oy )| fractu res.
< |- Uplifted areas 4 Building T )
(-) Depressed areas e.174 Elevation (m)

ABC Vents el e = * Interpretation of aerial photos, covering a time span (yet
" 2% scattered) of almost 70 years, does not show any other
evidence of activity.

Seismic section trace

0
—
2
L
Q<
o
2
0
;:',
<
<

& ® m a0

e



MARCHE MV:s

ANALYSIS & RESULTS

w Consigle Nozane o

THE CONTRADA S. LAZZARO (OFFIDA) MV SYSTEM

Seismic sections SS5, SS6 and SS7 (Fig. 8c-e) show the
Contrada S. Lazzaro MV as associated with a buried, ca.
N345°E trending thrust anticline hosting a ca. 1-2-km-deep
fluid reservoir.

No evidence of the mentioned structure is visible at surface,
the outcropping structural setting being a gently NE-dipping
monocline. We, therefore, exclude the idea of a main shallow
reservoir and we infer the presence of a subsurface reservoir
associated with the interpreted thrust-related anticline.

The anticline corresponds to the compressive structure
hinted to have generated the Mw = 5.7 earthquake of 3™
October 1943. The N100°E oriented vent alignment trends at
high angle to the anticline axis and may represent the feeder
dyke system of MV.
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Sections SS5, SS6 AND SS7 showing the structural setting of the Contrada S. Lazzaro
MV (from Maestrelli et al., 2019).
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DISCUSSING THE ROLE OF NEAR-STRUCTURES

Our MVs are |
< : _ Apennine marg
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DISCUSSING THE ROLE OF FAR- STRUCTURES

¥ M, 5.06 - 6" February 1780
XM, 4.7 - 23¢ November 1779
K M, 4.16 - 20" August 1779
* M, 5.22 - 4" June 1779

o Triggered Mud volcanoes
(from literature)

Epicentral Distance (km)

Relavent Earthquakes o
(DBMI15q)u S O M, 5.85- 12" March 1873
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Fig. 10. (a) Epicentres of 1780-1790 earthquakes near the Dragone di
Sassuno MV. (b) Magnitude vs Epicentral distance analysis (from
Maestrelli et al., 2019).

*  With regard to the Dragone di Sassuno, we identify four signific
the 1780 eruptions, Fig. 11a)

Three seismic events have an epicentre near the Pede—-App

a short-term effect of the transient
d by thi ated fluid pressure v




CONCLUSIONS

...SOME REMARKS

Structures of the Emilia-Romagna and Marche Pede-
genetically influenced fluid migration processes, whose m
mud volcano systems.

Generally, mud volcanoes tend to localise on top of thru
(e.g. backlimb, hinge or forelimb) that can be controlled b
anticlines, or secondary discontinuities, when anticlines ho
a shallow/thick sedimentary sequence not affected by the

Thrust faults along the Emilia Romagna and Marche footh
indirectly influence mud volcano activity through stress pe

In this way we define a direct link, represented by the role
driving the evolution of MVs, and an indirect one, represe
triggering MVs.
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