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ABSTRACT

Mud volcanism consists in the surface extrusion of gases,
saline waters and mud breccias, which produce conical
edifices of various sizes with morphology similar to that
of magmatic volcanoes. In this work, DInSAR technique
has been used to investigate the ground deformation
related to the activity of Azerbaijan mud volcanoes
during the period October 2003-November 2005. This
work focuses on two important deformation events at the
Ayaz-Akhtarma and Khara-Zira mud volcanoes. The
ground deformations at mud volcanoes are generally
originated by fluid pressure and volume variations in the
reservoir. The observed deformation pattern is
characterized by pre-eruptive inflation that reaches a
cumulative value of up to 20 cm at Ayaz-Akhtarma in
about two years. Similar pre-eruptive bulging has been
observed at magmatic volcanoes, where uplift is
typically associated with magma intrusion. We conclude
that mud and magmatic volcanoes display some
similarities in the behavior of ground deformation during
pre-eruptive stages.

1. INTRODUCTION

Mud volcanism is a process that leads to the extrusion
to the topographic surface of material originated from
buried sediments, such as saline waters, gases (mostly
methane), mud, and fragments or blocks of country
rock. This phenomenon is typically linked to in-depth
hydrocarbon traps [1], and it builds up a variety of
features, the most typical of them being the conical
extrusive edifices that may vary in size from
centimeter-scale to a few hundred meters in height and
some kilometers across.
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Mud volcanoes usually occur in fold-and-thrust belts
and submerged accretionary prisms [1, 2]. The Greater
Caucasus in Azerbaijan hosts the greatest number of
mud volcanoes on Earth [3, 4]. Some mud volcanoes
may be tall up to 400 m, and long as much as 4-5 km,
with dimension and morphological characteristics
similar to those of magmatic volcanoes. Satellite based
Synthetic Aperture Radar Interferometry (InSAR) have
been commonly used to investigate the ground
deformation connected to the eruptive phases of
magmatic volcanoes. In particular, the satellite
interferometry is a powerful tool for monitoring ground
deformations produced by different processes at active
magmatic volcanoes. A few studies have been carried
out using the InSAR technique to analyze the mud
volcanoes of Azerbaijan. Reference [5] focused on the
analysis of the Absheron Peninsula and the Lokbatan
mud volcano, but they did not observe any large-scale
movement (>10 cm line-of-sight) during the analyzed
period. Reference [6] found preliminary indications of
deformation in the dataset analyzed.

InSAR techniques have also been employed to explore

the ground deformation associated with the LUSI mud

volcano in Indonesia [7, 8, 9]. Using similar

techniques, the deformation of mud volcanic systems

has been analyzed using the differential interferometry

(DInSAR) technique [10].
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Figure 1. (a) Simplified structural sketch map of the
Greater Caucasus—eastern Caspian Basin (modified
from Jackson et al., 2002). (b) Main mud volcano
fields around the Greater Caucasus front and
Absheron area (adapted from [3, 11, 12]).
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2. GREATER CAUCASUS MUD VOLCANOES

Mud volcanoes are closely associated with petroleum
systems, and the development of overpressures in
reservoir rocks is a necessary condition for triggering
mud volcanism [12]. This process has often been
considered to manifest subsurface intrusive processes
such as mud or shale diapirism [2]. The overpressure
is produced by the organogenic activity and the
subsequent methane production at depth [e.g., 1]. The
expansion and degassing of the methane dissolved in
the mud further increases both the overpressure and
buoyancy of the rising diapir [2]. Mud volcanoes and
magmatic volcanoes display very similar morphologic
features, and for this reason, many terms used for mud
volcanism are often borrowed from the terminology of
magmatic features. Mud volcanoes often localize in

correspondence of anticlines where sealing layers in
the fold core may efficiently trap the rising
hydrocarbon fluids and readily built-up overpressures
[12]. Tectonic stress provides an important source of
overpressure, as highlighted by the widespread mud
volcano occurrence in many active compressional
belts worldwide [e.g., 12].

In the Greater Caucasus, mud volcanoes are typically
associated with hydrocarbon traps in thrust anticlines
[3,13, 12]. Mud volcanoes often pierce the crest of the
fold anticlines bounding the eastern Kura Basin (Baku
and Apsheron Peninsula areas (Fig. 1) [3, 4], the
southeast ending of the Great Caucasus (Gobustan
area, Absheron Peninsula) and adjoin offshore the
submerged Apsheron Sill in the South Caspian Basin
(Fig. 1) [13]. Most of these mud volcanoes are thought
to have begun their activity in the Pliocene around 3.5
Ma [14], thereby in close connection with the
development of onshore and offshore folds that
probably started to form during Early—Late Pliocene
times [e.g.,14] and that are generally considered to be
active.

3. THE DINSAR DATA AND PROCESSING

The analysis of ground deformation at volcano
edifices is usually disclosed by observations of the
seismic or the eruptive activity, in which case the
location and timing of the events are already known.
However, in the case of the Azerbaijan mud
volcanoes, detailed information are lacking. Satellite
based DInSAR technique has allowed us to look back
on time and to document the deformation processes of
four volcanoes during the period 2003 to 2005.

3.1  The DInSAR data analysis

The interferometric phase contains information related
to the difference on the sensor-target path at the two
times. This difference can be geometrically ascribed to
two main contributions: the different position of the
satellite at each acquisition time, and the movement
along the Line of Sight (LOS) of the measured target
respectively. The former is known as the topographic
component and can be removed if the topography of
the measured area is known. The DInSAR phase can
be also affected by other two components; the
atmospheric phase component (¢4,,), that is the delay
of the phase due to the different atmospheric
conditions at the two acquisition times, and the phase



noise of each measured target (¢u,i), related to the
radar response changes occurred in between the two
acquisitions to the target.

Finally, it has to be considered that the interferometric
phases are measured modulus 2n and in case of
deformation larger than half radar wavelength,
unambiguous estimate of the deformation is possible
only after ‘“unwrapping” procedure. Hence the
relationship between the measured interferometric
phase and the occurred movement demands the use of
the following, DInSAR equation:

A(pIm = (¢Tnpn + ¢M0v + (pAtm + (/)Noixe) MOd 277: (1)

In the literature are described different approaches to
solve the equation (1) [15, 16, 17]. However, these
approaches were discarded for this work because all of
them are based in processing large data stacks (a
minimum of approximately 15 images are required).
In this work, a simpler approach is based on the
simultaneous analysis of small sets of interferograms
where the contribution of the non-deformation
components of the phase is assumed to be negligible.
The first step of the applied procedure is to fully
screen each interferogram in order to detect phase
spatial variation located in mud volcano areas. Once a
phase spatial variation is detected, the significance of
the contribution of each one of the non-deformation
components is evaluated by using a pairwise logic
criterion [18] as briefly described here:

@ropo:  This component is linearly related to the
perpendicular baseline of the interferogram [19].
Hence the way to decide whether the observed phase
variation is ¢, i to observe the same area in two
interferograms with opposite perpendicular baseline.
If the phase variation has opposite gradient, then the
observed pattern is mainly due to @yp,. Otherwise the
(ropo contribution is discarded.

Pawmo. Let's assume that we observe a phase variation
in an interferogram A@,; = @, — ¢; and that the phase
variation is mainly due to the atmospheric contribution
of ¢,. Then, the same phase variation should appear in
an interferogram A, = ¢ — @, but with opposite
sign. Therefore, analyzing different combinations of
¢; and ¢, makes possible the discrimination of a
significant @, contribution.

Onoise:.  This contribution is evaluated for each
interferogram by means of the coherence. The
coherence threshold has been chosen iteratively for
each interferogram and each mud volcano separately.

The final coherence threshold is based on a trade-off
between the level of noise and the spatial point
density, in order to obtain a reliable phase
unwrapping. It is worth noting that the reliability of
the unwrapped phase is qualitatively evaluated
comparing the unwrapped interferogram with its
corresponding wrapped version.

The phase unwrapping step consists on the
determination of the absolute cycles of the phase that
leads to a correct interpretation of the measured
deformation. Only those interferograms with a trade-
off between coherence and spatial density have been
used. This criterion limited, in our case, the use of a
maximum temporal baselines of 105 days. Longer
temporal baselines show poor correlation in most of
the cases. The phase unwrapping have been performed
by an implementation of the minimum cost flow
algorithm described in [20]. To conclude, it is
important to underline that the final deformation maps
are represented in Line of Sight direction, i.e. the
measured deformation at one point is the projection of
the actual deformation along the satellite to view line.

3.2 The used SAR dataset

In this study a dataset of 9 ENVISAT descending
images with a time span from October 2003 to
November 2005 have been processed. Data have been
provided by the European Space Agency (Cat-1
Project 13866). In detail, we surveyed an area of 100
km® in which the majority of the Azerbaijan mud
volcanoes (about 300) are included. The available
interferometric pairs were processed by using software
developed at the Centre Tecnologic de
Telecomunicacions de Catalunya (CTTC). The DTM
used was form the STRM (Shuttle Radar Topography
Mission). A subset of 8 interferograms was selected
for the analysis, which showed a good phase
unwrapping and covered the entire period of
observations was selected for the analysis.

4. RESULTS

DInSAR observations have allowed us to detect
significant deformation at some volcanic edifices in
the Absheron Peninsula, and in the Baku Archipelago.
No  dedicated  monitoring  networks  exist,
consequently, the present-day mud volcanic activity
remains poorly documented, and the associated hazard
is basically neglected. After a general screening of the



used ENVISAT frame, we focused our study on the
Ayaz-Akhtarma and the Khara-Zira mud volcanoes
(Fig. 1b) because the deformation at these sites clearly
stands out. A geological-structural field survey was
carried out at the Ayaz-Akhtarma mud volcano during
June 2013 to collect morphological and structural
data. The results are described below.

4.1. Ayaz-Akhtarma mud volcano

The Ayaz-Akhtarma mud volcano is a large edifice
characterized by an elliptical, flat top surface (major
axis about 2700 m) that is interpreted as a filled mud
caldera depression [12] (Fig. 2a, b and d). Significant
surface ground displacement inside the caldera is
registered in the interferograms from October 2003
and November 2005 (Fig. 3), connected to a strong
eruptive activity (recorded eruptions of 2005, 2006
and 2007) [21]. Assuming a purely vertical
deformation, the eastern part of the volcanic edifices
has lifted and the western sector has subsided,
although with lower rates. This is shown in Fig. 4,
where the cumulative LOS displacements for the two
orthogonal cross-sections (marked in the last panel of
Fig. 3) are represented.
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Figure 2. Ayaz-Akhtarma mud volcano. (a) Panoramic
view. (b) Google Earth image (March 2004). (c)
Fracture observed during the field survey carried out
in June 2013. (d) Aerial photograph. (e-f) Fault
segments showing dominant vertical displacement
(maximum vertical throw ~1 m) and en-echelon
fractures. Images in (b-d) are extracted from Google
Earth®; http.//earth.google.it/download-earth. html.

The panels on the right column of Fig. 3 represents the
sum of the contributions of the interferograms. The
measured ground uplift (LOS displacement) from
October 2003 to November 2005, increased up to
about 20 cm in 2 years. In the assumption of a
continuous deformation, the final cumulative ground
uplift is likely underestimated because it was not
possible to measure the deformation for
interferograms with low coherence values (January-
November 2004 and April-July 2005 interferograms,
white panels in Fig. 3). From July until November
2005 the uplift has indeed increased in rate (up to 6
cm in 70 days) and has been focused in a specific
semicircular zone showing a larger diameter in
comparison to the previous interferograms (Fig. 3).
This observation suggests that the zone of highest
uplift probably corresponds to the center of inflation.
The western area of the mud volcano is affected by a
lesser subsidence which decreases in the last
interferograms. Volumetric deformation rates of the
order of those measured in this case may be associated
with some surface brittle fracturing. In order to
investigate this possibility, a geological-structural field
survey was carried out in June 2013 aiming to detect
and map the main fractures. The field survey allowed
the identification of a ca. 600 m-long main
fault/fracture zone with average direction N42°E (Fig.
2c). The north-eastern part of the fracture is
characterized by a normal vertical throw varying
between 25 cm and 1 m (Fig. 2e). It was possible to
recognize the same fault/fracture zone (observed in
2013) in the Google Earth images dating back to 2004
(Fig. 2c), thereby suggesting that fault/fracture zone
has been active since 2004.
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Figure 3. Wrapped (left column), unwrapped (central

column) and cumulative (right column) interferograms

of the Ayaz-Akhtarma mud volcano (after [10]).

Unwrapped and relative cumulative interferograms with

low coherence are not reported (white panels). The
mean coherence threshold for all the used

interferograms is 0.1%0.05. Blue color and negative sign

in the chromatic scale indicate uplift as the sensor-
target distance decreases, red color and positive sign
indicate subsidence, as the sensor-target distance
increases.
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Figure 4. Observed cumulative LOS displacements
along cross-sections of the Ayaz-Akhtarma mud

volcano(after [10]). The traces A-A’ and B-B’ are
indicated in Fig. 3 (bottom right panel).

4.2. Khara-Zira Island

The Khara-Zira island occurs offshore south-
southwest of Baku and is one of the islands built by
mud volcanoes in the Caspian Sea [22, 21]. The
Khara-Zira island is elliptical in shape (with maximum
length of ~2.4 km) and is topped by a rather flat
surface.

According to the catalogue of recorded mud volcano
eruption, a major paroxysmal phase occurred on 20™
November 2006 [21]. The time span covered by the
interferograms with good coherence values (October
2003-November 2005) ends one year before the
eruption and therefore it can be used to observe the
initial stages of pre-eruptive deformation.

The majority of the mud volcano surface is
characterized by a relative ground uplift that is
detected in all the interferograms (Fig. 5, panels on the
left and on center columns). The cumulative ground
uplift, for the entire time span analyzed, exceeds 10
cm in 2 years (Fig. 6). At the north-western part of the
island the displacement appears with opposite sign in
two interferogram pairs, namely n.19-n.27, and n.51-
n.08 (Fig. 5). The two interferogram pairs share a
common master or slave date. This suggests that the
change of displacement sign can be the result of
peculiar atmospheric conditions on two dates (25
November 2004 for the first pair, and 1 September
2005 for the second pair). Such rapid signal changes
likely represent a local atmospheric disturbance, and
thus may not represent actual ground displacement.
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Figure 6. Observed cumulative LOS displacements
along cross-sections of the Khara-Zira mud volcano
(after [10]). The traces A-A’ and B-B’ are indicated in
Fig. 5 (bottom right panel).

5. Discussion and conclusion

In the absence of monitoring systems and detailed
historical information about mud volcanic activity,
satellite-based observation could play a relevant role
in assessing the superficial deformation patterns and
therefore the hazards related to mud volcanoes.

The analyzed interferograms showed two deformation
events that can be directly related to pre-eruptive
deformation phases at two mud volcanic edifices: the
Ayaz-Akhtarma and the Khara-Zira Island. In
particular, the deformation phases are connected to the
2005 eruptive event of the Ayaz—Akhtarma mud
volcano, and to the activity up to one year before the
eruption of the Khara-Zira Island on 26 November
2006. The deformation shows a relative uplift of the
main active zone of the mud volcano for both
examined cases. The deformation of both the Ayaz-
Akhtarma and the Khara-Zira Island mud volcanoes is
likely linked to an increase of internal pressure. This
hypothesis is supported by the fact that it has long
been recognized that mud volcano activity is driven by
internal fluid pressure changes [e.g., 2, 23, 24, 22]. It
is worth noting that at least a part of the mud volcano
undergoes bulging before an eruption. At the Ayaz-
Akhtarma mud volcano, the deformation is
characterized by two adjacent zones of local uplift and
subsidence. The uplift phenomenon predominates and
continuously grows in intensity, especially in the last
two interferograms (Fig. 3). In general, the eruption is
accompanied by a clear signal of subsidence due to the
discharge of material and release of gas pressure, as
occur at the LUSI mud volcano [e.g., 7, 8, 9] and at
magmatic volcanoes [e.g., 25, 26]. By contrast, a



nearly continuous uplift of the main active zone is
observed at the Ayaz-Akhtarma mud volcano,
probably because the eruption (associated with
subsidence) occurred after the date of the last
interferogram (10 November 2005).

The simultaneous presence of subsidence and uplift
has been reported during the eruption of LUSI mud
volcano [7]. In this case, the subsidence is caused by
the removal of mud from the subsurface and by the
collapse of the overburden, while the uplift aligns with
the Watukosek fault system. The fault/fracture system
plays a fairly important role in producing the
deformation  pattern at the  Ayaz-Akhtarma.
Specifically, this system downfaults the sector affected
by the highest subsidence, which could correspond to
a deflation zone, and may be a response to a
redistribution of fluids. The fault/fracture zone may
thus represent a shallow structure originated to
accommodate differential ground displacement.
Uplift-subsidence patterns have also been observed in
magmatic volcanoes, where uplift is typically
associated with magma intrusion in the shallow crust
or with hydrothermal fluid injection and circulation. In
several large calderas and magmatic volcanoes, such
as Yellowstone and Campi Flegrei, volcanic uplift can
generate complex patterns of ground deformation,
which may be concurrent with the presence of areas of
subsidence [e.g., 27, 28]. The uplift-subsidence
patterns identified at the Ayaz-Akhtarma show some
similarities to those observed in the Yellowstone
caldera, where the area affected by subsidence could
correspond to a deflation zone and the brittle
fracturing/faulting accommodates the differential
volumetric variations [28]. Similarly, reference [29]
identified deformation patterns of the Cerro
Blanco/Robledo Caldera during a resting phase period.
There, the caldera subsides with decreasing velocity
while a positive velocity field is detected in the
northwestern part of the system outside the caldera.

To conclude, important deformation events, driven by
fluid pressure and volume variations, can happen in
connection with main eruptions. The pre-eruptive
deformation consists of marked uplift and occasional
minor subsidence that is probably related to
subsurface redistribution of pressurized fluids. Ground
uplift has been detected to manifest up to one year
before the eruption (e.g., Khara-Zira Island). The
similarities in the time-space evolution of ground
deformation evidenced for the studied mud volcanoes
of Azerbaijan thus strengthen the notion that similar

processes may be expected to govern both igneous and
mud volcano systems. The present study indicates that
satellite radar interferometry represents a suitable tool
for studying mud volcano activity, and the results
contribute to a wider understanding of the processes
driving ground deformation at mud volcanoes.
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