Geological Society of America
Special Paper 409
2006

Tectonic control on mud volcanoes and fluid seeps in the
Anaximander Mountains, eastern Mediterranean Sea

Tiphaine A.C. Zitter* **
Vrije Universiteit, Amsterdam, De Boelelaan 1085, 1081 HV Amsterdam, The Netherlands
Caroline Huguen**
Géosciences Azur, UMR 6526, BP 48, 06235 Villefranche-sur-Mer cedex, France
Johan ten Veen
John M. Woodside
Vrije Universiteit, Amsterdam, De Boelelaan 1085, 1081 HV Amsterdam, The Netherlands

ABSTRACT

Deep-tow sidescan sonar and subbottom profiler data (from the 1999 MEDINETH
survey), together with observations from the submersible Nautile (from the 1998
MEDINAUT survey), have been used to examine the occurrence of mud volcanoes in
the Anaximander Mountains and along the Florence rise in the eastern Mediterranean
Sea. This area, located at the intersection of the Hellenic trench and the Cyprus arc,
is undergoing complex crustal deformation as a result of transpressional and trans-
tensional tectonics, in response to collisional plate interactions. Widespread fluid
escape through mud volcanoes and cold seeps occurs within the main wrench zones
along the western branch of the Cyprus arc. Fault zones are inferred to provide path-
ways for overpressured mud and fluids. Mud volcanoes are spatially associated with
both major and secondary faults within the regional stress field. This analysis reveals
the fundamental role of transcurrent and extensional faulting in the extrusion of mud
and the formation of mud volcanoes.

Keywords: mud volcano, strike-slip faulting, sonar mapping, submersible observations,

eastern Mediterranean Sea

INTRODUCTION

Mud volcanoes and fluid vents occur worldwide, predomi-
nantly in areas undergoing collisional tectonics, and are com-
monly observed in close association with active faulting (Barber
et al., 1986; Brown and Westbrook, 1988; Reed et al., 1990;
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Hieke et al., 1996; Robertson and Kopf, 1998b). However, a re-
lationship between the types of faulting, the mechanisms of mud
extrusion, and the distribution of mud volcanoes is not clearly
established in the literature. It is inferred that the principal
mechanism responsible for the development of mud volcanoes
within convergent margins is lateral shortening (Limonov et al.,
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1996). In accretionary prism, thrusts and backthrusts are re-
ported to provide natural pathways for mud, either extruded from
the décollement level (Camerlenghi et al., 1995) or squeezed
from higher levels in the accretionary wedge (Robertson and
Kopf, 1998b). The significance of extensional and strike-slip
deformation for the extrusion of mud within compressional en-
vironments is less well known but has been discussed with re-
spect to mud volcanoes in Indonesia (Barber et al., 1986),
Barbados (Faugeres et al., 1997; Sumner and Westbrook, 2001),
the Carribean Colombian margin (Vernette et al., 1992), the
Alboran Sea (Pérez-Belzuz et al., 1997), and the Mediteranean
Ridge (Rabaute et al., 2003; Huguen et al., 2004).

In the eastern Mediterranean Sea, the initial stages of con-
tinental collision between the Africa and Eurasia plates, and the
resulting lateral escape of the Anatolia platelet into the Aegean
domain (Taymaz et al., 1991; Le Pichon et al., 1995), led to the
development of two highly curved arc systems along which con-
vergence takes place: the Hellenic arc to the west and the Cyprus
arc to the east. The study area discussed in this article (i.e., the
Anaximander Mountains and the nearby Florence rise) is lo-
cated at the cusp of these two arcs (Fig. 1) and forms a zone that
accommodates the different tectonic regimes. The complex tec-
tonics there is associated with various types of evidence of mud
volcanism, release of methane, seep-related chemosynthetic
communities, and the development of authigenic carbonate
crusts (Woodside et al., 1998; MEDINAUT/MEDINETH ship-
board scientists, 2000; Lykousis et al., 2004; Zitter, 2004).

Our recent work in this critical area discussed the strain pat-
tern and the recent neotectonic evolution of the region (Wood-
side et al., 2002; Zitter et al., 2003; ten Veen et al,. 2004) and
revealed the predominance of strike-slip tectonics along that plate
boundary. In light of these studies, and specifically the structural
analysis conducted by ten Veen et al. (2004), this article evalu-
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ates the relationships between mud volcanoes and tectonics, par-
ticularly the potential influence of strike-slip faulting. Our study
is based on a wide geophysical data set obtained during various
marine expeditions (ANAXIPROBE, ANAXIPROBE-TTR®,
PRISMED2, MEDINAUT, and MEDINETH), allowing a multi-
scale analysis of the tectonic control on seep areas. The distri-
bution of mud volcanoes within the regional tectonic setting is
observed in the EM12D swath mapping data. Focused high-
resolution sidescan sonar data are used to map the faults in the
vicinity of several mud volcanoes (MV) and cold seeps of the study
area (Fig. 2): Amsterdam MV, Kazan MV, Kula MV, Saint Ouen
I’ Aumoéne MV, Tuzlukush MV, Texel MV, and the Faulted Ridge
seeps. Of special importance in this study is the use of groundtruth
data to obtain direct seafloor evidence for a connection between
tectonic features and seeps using submersible observations.
Finally, we discuss a model for the remobilization and subseafloor
pathways of overpressured fluids and mud for this area.
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Figure 2. (A) Multibeam bathymetric map of the Anaximander Moun-
tains with N90° illumination (created using GMT software; Wessel
and Smith, 1998) with reference to the features cited in the text.
(B) Structural scheme of the study area, interpreted from multibeam
bathymetry and imagery and seismic profiling, and compiled from Zit-
ter et al. (2003) and ten Veen et al. (2004), showing the main faulting,
the mud volcanoes and cold seep areas (1—Amsterdam MV; 2—Kazan
MYV; 3—Tuzlukush MV; 4—St Ouen I’ Aumoéne MV; 5—Kula MV; 6—
San Remo MV; 7—Texel MV; 8—Harderwijk MV; 9—Faulted Ridge),
and the high-backscatter patches inferred to relate to mud volcanism
activity (white stars). Abbreviations are as follows: BD—Bey Daglari;
SZD—Suzuz Dag.
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Figure 1. General geodynamic context
of the Eastern Mediterranean Sea (mod-
ified after Huguen, 2001; Zitter et al.,
S 2003; ten Veen et al., 2004), with the
locations of the main features cited in
the text and those of the study area (Fig.
2). The white arrows indicate the ap-
g5°  proximate sense of motion of the litho-
spheric plates relative to Eurasia, with
) rates in mm/yr (from McClusky et al.,
2000). Abbreviations are as follows: AB
—Antalya basin; AM-—Anaximander
Mountains; FR—Florence rise; LB—
Levantine basin; RB—Rhodes basin.
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TECTONIC FRAMEWORK

The Anaximander Mountains, between the Rhodes and
Antalya basins (Fig. 1), are composed of three distinct sea-
mounts (i.e., Anaximander in the west, Anaximenes in the south,
and Anaxagoras in the east; Fig. 2) rising more than 2000 m
above the surrounding seafloor. Sampling and dredging from the
joint ANAXIPROBE-TTR6 expedition have shown that these
mountains are crustal blocks rifted away from southern Turkey,
because the recovered basement rocks have an affinity with the
Taurus Mountains (Woodside et al., 1997). The two western-
most mountains (Anaximander and Anaximenes) are related to
the autochthonous units, the Bey Daglari and Susuz-Dag car-
bonate platforms, which form a wide anticline structure onshore
(Poisson, 1977; Gutnic et al., 1979), whereas the allochthonous
Antalya nappes complex (Gutnic et al., 1979; Robertson and
Woodcock, 1980; Woodside et al., 1997) extends southward be-
neath Anaxagoras (ten Veen et al., 2004).

The area, situated at the intersection of the Hellenic and
Cyprus arcs, forms a broad zone of deformation defining the
plate boundary (Zitter et al., 2003; ten Veen et al., 2004) and has
been undergoing complex multiphase deformation during its
neotectonic development. During the late Miocene, crustal ex-
tension created N120°-oriented grabens that developed into a
vast subaerial to shallow marine area comprising the southern
Aegean (ten Veen and Postma, 1999), Rhodes (ten Veen and
Kleinspehn, 2002), and the present-day Anaximander Moun-
tains (ten Veen et al., 2004). The Miocene-Pliocene transition
marked a kinematic change within the southern Aegean region
partly related to the lateral extrusion of Anatolia (McKenzie,
1972; Le Pichon et al., 1995). Subsequently, the Anaximander
Mountains area as well as the adjacent Rhodes basin was af-
fected by strong post-Miocene differential subsidence (Wood-
side et al., 2000, Zitter et al., 2003; ten Veen et al., 2004), as
proved by the absence of Messinian evaporites throughout the
area and the unconformably overlying Pliocene sediments.
Since the Pliocene, progressive adjustment to the collisional
plate interaction raised transtensional stresses in the western
Anaximander Mountains and more transpressional tectonics in
the eastern Anaximander (Zitter et al., 2003; ten Veen et al.,
2004). Strike-slip deformation is confirmed by the source mech-
anisms of recent seismic events in the southwestern part of
Cyprus (Ardvisson et al., 1998; Pilidou et al., 2004), showing
mostly right lateral strike-slip faulting but exhibiting as well the
complex characteristics associated with strike-slip, thrust, and
normal faulting, especially for earthquakes with shallow focal
depth (Yolsal and Taymaz, 2004).

Recent Simrad EM12D multibeam swath mapping and
seismic profiling (from ANAXIPROBE and PRISMED?2 expe-
ditions) have provided essential new information about the pre-
vailing strain pattern in the Anaximander Mountains (Fig. 2) and
along the western branch of the Cyprus arc (Woodside et al.,
2002; Zitter et al., 2003; ten Veen et al., 2004). The Cyprus arc
is an arcuate feature strongly dominated, bounded, and tran-
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sected by N150° and N70° lineaments and scarps (Fig. 2) ex-
tending from the Anaxagoras seamount to the north to the Flor-
ence rise southward (Woodside et al., 2002; Zitter et al., 2003).
The N150°E-trending fault zones are probably related to pre-
existing thrust faults from the middle Tortonian Aksu phase that
emplaced the Antalya nappes complex (Poisson, 1977; Glover
and Robertson, 1998). Along the Florence rise, these N150°-
oriented lineaments are characterized on the seismic profiles by
anastomosing subvertical patterns and pop-up structures, indi-
cating strike-slip faulting (Woodside et al., 2002; Zitter et al.,
2003). The plate boundary there is thus characterized by pure
sinistral wrench tectonics (Woodside et al., 2002; ten Veen et al.,
2004). The strike-slip component decreases northward toward
Anaxagoras, and the N150°-trending faults are mainly charac-
terized by normal offset in bathymetry and seismic profiling.
The NO70°-trending faults are related to the development of
N70°-trending sinistral strike-slip fault zones along the western
branch of the Hellenic arc, in the Rhodes basin, and in the west-
ern Anaximander Mountains since the late Pliocene (ten Veen
et al., 2004). The NO70° strike-slip faults extend largely into the
Anaxagoras domain (eastern Anaximander), where a stepwise
northwestward increase in relief along the NO70°-oriented
scarps suggests a normal component along these faults. In the
western part of the Anaximander Mountains, the onset of the
N70° shear was associated with extensive N020° normal fault-
ing in the early Pliocene and followed by N120° dextral strike-
slip in the late Pliocene (ten Veen et al., 2004). Large-scale
N20° extension-related structures are absent in the eastern
domain, but short north-south extensional faults are segmented
by N150° faults and are therefore probably secondary Riedel
faults associated with them (ten Veen et al., 2004).

MUD VOLCANO DISTRIBUTION
IN THE ANAXIMANDER MOUNTAINS

Structural Distribution of Mud Volcano Deposits

The mud volcanoes are identified on the EM 12D multibeam
acoustic data as high-backscattering patches (Volgin and Wood-
side, 1996), associated with subcircular positive relief in the
multibeam bathymetry (Fig. 3). From these data, more than
thirty mud volcanoes were identified (Fig. 2b) in the Anaxi-
mander Mountains and along the Florence rise. They are espe-
cially concentrated on the Anaxagoras seamount and south of
Anaximenes.

Six mud volcanoes (numbered 1-6 in Fig. 2B) were the tar-
gets for numerous detailed surveys (Zitter et al., 2005). The
largest one, Amsterdam MYV, is up to 3 km across, with high-
backscattering mud flows to the south, covering an area of more
than 50 km?. It is located on the southeastern flank of Anaxi-
menes seamount, along a N70°-trending fault zone (Fig. 2).
This fault zone has a pronounced morphological expression in
the multibeam bathymetry and merges to the northeast with the
Faulted Ridge, which is one of the major scarps shaping the
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Figure 3. Multibeam imagery map of the
Anaxagoras seamount with the locations of
the mud volcanoes and the deep-tow side-
scan sonar lines (plain—O.R.E.Tech lines;
dashed—MAK line), modified after Zitter
et al. (2003). High backscatter is shown as
darker shades of gray; thus, the mud volca-
noes appear as black patches.

Anaxagoras seamount (Fig. 2A), with a vertical relief of more
than 500 m (Woodside et al., 1997). On the basis of high
backscattering in the sonar imagery and acoustic wipeouts in
deep-tow subbottom profiles, it was identified as a potential
dredging target during ANAXIPROBE because of the likely
presence of basement outcrops. Dredging here during the TTR6-
ANAXIPROBE cruise recovered basement rocks and some
tubeworms, and a Nautile dive confirmed the existence of nu-
merous seeps along this scarp (number 9 in Fig. 2B). Eastward,
the mud volcanoes of the southeastern part of Anaxagoras—i.e.,
Kazan MV, Tuzlukush MV, and Saint Ouen 1I’Auméne MV—are
located at the intersection of the major N150° and N70° strike-
slip faults. To the north, Kula MV and San Remo MV are sited
at the northern end of the Anaxagoras seamount, in an area dom-
inated by short north-south-oriented normal faults. Several small
mud volcanoes are clustered on a small plateau there (Fig. 3).

Within the Florence rise area, the mud volcanoes also ap-
pear to be associated with the main strike-slip fault system (Fig.
2B). Two of them were sampled during the MEDINETH cruise
in 1999 (numbers 7 and 8 in Fig. 2B). Texel MV is situated on
a plateau at the top of the highest part of the Florence rise, to-
gether with another small, rounded dome inferred to be a mud
volcano. This topographic high is an angular block bounded
by N150° and N70° faults and referred to as the DSDP block
(Woodside et al., 2002) because of the existence of DSDP
(Deep Sea Drilling Project) drillholes there (Hsii et al., 1973).
However, Texel MV appears to be more closely related to short
north-south normal faults transecting the summit of the block,
in a similar fashion to Kula MV and San Remo MV on Anaxago-
ras seamount. Harderwijk MV is situated in a small depression
at the intersection of two strike-slip faults trending N70° and
N135°.
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Geological Distribution of Mud Volcano Deposits

The variation of clast lithologies within the mud breccia of
the Anaximander Mountains mud volcanoes indicates that the
erupted material has passed through different lithological units
during mud ascension. Kula and San Remo MVs are situated
above the extension of the Antalya nappes complex because
their erupted mud breccia contains some ophiolite clasts gath-
ered during mud ascension through the ophiolite-bearing
allochthonous units. In the Kula mud breccia, some limestone,
sandstone, chert, serpentine, and serpentinized peridotite were
recovered (Woodside et al., 1997). Some clasts from Kula ex-
hibit a dense network of fractures with calcite recrystallization
and are dated as Campanian from nannofossil analysis (Huguen
et al., 2001b). Cross-cutting veinlets and calcite joints observed
on the surface of the clasts are inferred to indicate the hydro-
fracturing that formed with the release of pressure during the
eruption of mud volcanoes (Robertson and Kopf, 1998a). In the
San Remo mud breccia, red and green cherts were recovered as
well (Woodside et al., 1997). In contrast, the clasts from the Am-
sterdam and Kazan mud breccia show an affinity with the typi-
cal succession of the Bey-Daglari massif (Woodside et al.,
1997). The Amsterdam clasts include detrital limestone, silt-
stones and sandstone, and black claystone and marlstone, at-
tributed to a middle Miocene (Serravalian) flysch and Eocene
neritic limestones (Woodside et al., 1997, 1998). Clasts from
Kazan MV show similar lithologies, but with ages as old as
Maastrichtien (Huguen et al., 2001b). Dredging on the Faulted
Ridge also recovered similar lithologies, with the predominance
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of dark marlstones (Woodside et al., 1997). The Tuzlukush and
Saint Ouen 1I’Aumodne mud flows contain clasts of limestone,
sandstone, siltstone, claystone, and volcanic rock fragments
(Woodside et al., 1997).

MORPHOTECTONIC ANALYSIS
FROM DEEP-TOW SIDESCAN RECORDS

High-resolution sidescan sonar data consist of 2-km swath
profiles acquired with MAK1 and O.R.E.Tech deep-tow side-
scan sonar devices during the TTR6 and MEDINETH cruises
(Fig. 3). The technical details of these devices are given else-
where (Zitter et al., 2005). On deep-tow sidescan records, many
linear features can be detected, commonly associated with shad-
ows that reflect small-scale relief on the seafloor or enhanced
backscatter, indicating scarps or inhomogenities of the insoni-
fied ocean bottom (Fig. 4). The enhanced backscatter could also
be caused by the cementation of sediments by Mg-calcite within
cracks and fractures (Hieke et al., 1996). The features may show
a morphological expression on the seafloor, with scarps and
small steps associated with a hyperbolic acoustic facies on the
subbottom profiler (SBP). Although the SBP cannot resolve the
continuation of these features at depth, they can be interpreted
as an expression of faulting on the basis of analogies with fea-
tures seen on both EM12D acoustic imagery and seismic pro-
files; they also show a good correlation with the main regional
fault directions.

The lineaments observed on the sidescan sonar records
were mapped across and in the vicinity of different mud volca-

Figure 4. (A) Sidescan sonar image and (B)
sub-bottom profiler record of a section of
line MNLDTO06 south of the Anaximenes
seamount illustrating the acoustic signature
of the faults on sonar records.
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noes. Across Amsterdam MV, they were mapped on a section of
line MAK46 and along the O.R.E.Tech sonar lines MNLDT04
and MNLDTO06, respectively, running to the north and to the
west of the mud volcano. They were mapped along line
MNLDTOS5 for Kula MV. For Kazan MV, Saint Ouen I’ Aumoéne
MYV, and Tuzlukush MV, they were also mapped from sections
of line MAK46. The length and frequency distribution of all the
mapped lineaments are presented as rose diagrams for each mud
volcano (Fig. 5).

Trying to fit the morphotectonic directions into the regional
tectonic setting (Zitter et al., 2003; ten Veen et al., 2004; Table
1), we deduce that:

1. The most important types of faults observed in connection
with the mud volcanoes are related to the N70° sinistral
strike-slip faults (Figs. 6, 7, and 8). They were recognized

A

MNLDT04
Amsterdam Mv

MAK46
Amsterdam MV

Total fault Iengths (m km)

C

MAK46
Tuzlukush MV

NO

20w 90E

2 1 0 1 2
Total fault lengths (in km)

MNLDTO05
Kula MV

NO

20w 90E

4 3 2 1 0 1 2 3 4
Total fault lengths (in km)

MNLDTO06
SWAmsterdam Mv
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on all of the deep-tow records, though not always with the
same significance (Fig. 5), and thus they appear the prefer-
ential path for mud extrusion.

2. N120°-oriented faults are commonly observed in relation-
ship with mud volcanism. They are best expressed in the
southern part of the Anaxagoras seamount, especially at the
junction of Anaxagoras with Anaximenes, and therefore
may relate to the major dextral transtensional faults occur-
ring in the western part of the Anaximander Mountains (ten
Veen et al., 2004).

3. A third trend, commonly observed in connection with the
mud volcanoes, is N40-50°; these faults could correspond
to synthetic faults (R-shear) associated with the N70° sinis-
tral strike-slip faults.

. The N150° faults are less commonly observed on the deep
tow records, as seen along line MNLDTOS running across

MAK46
Kazan MV

Total fault Iengths (in km)

D

MAK46
St Ouen I' Aumdne MV

NO

90w 3

2 1 0 1
Total fault lengths (in km)

Figure 5. Directional analysis of the lineaments observed
(A) across and in the vicinity of Amsterdam MV from
O.R.E.Tech sonar line MNLDTO04, O.R.E.Tech sonar line
MNLDTO06, and MAKT1 line 46; along sections of MAK line
46 across (B) Kazan MV, (C) Tuzlukush MV, and (D) St
Ouen I’Aumone MV; and (E) along O.R.E.Tech sonar line
MNLDTO5 crossing Kula MV. The black triangles indicate
the orientation of the sonar lines.
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Kula MV, or southwest of Amsterdam MYV, on line
MNLDTO06. They may be more difficult to see, because
they relate to prior thrusting (i.e., the last emplacement
phase of the Antalya nappes complex; Poisson, 1977; ten
Veen et al., 2004). However, these faults are presently re-
activated as normal or transcurrent faults and have a clear
expression in both the multibeam bathymetry and imagery.

5. North-south to N10°-oriented faults are of less importance
with respect to the mud volcanoes, but they are worth men-
tioning because they are the dominant faults associated with
the emplacement of Kula MV in the north of Anaxagoras.
They show significant vertical offset on the SBP (up to 8 m
of vertical displacement) and are inferred to be secondary
normal faults related to the N150° faulting.

6. Large-scale N20° normal faults occurring in the western
Anaximander domain are observed only in connection with
Amsterdam MV.

7. Although thrust tectonics is inferred to occur in the area,
thrust faults do not seem to be linked with mud volcanoes
and may be restricted to the small N90° faults observed in
connection with some of the mud domes (e.g., Kazan and
Kula MVs).

SEAFLOOR EVIDENCE FOR TECTONIC
CONTROL ON MUD VOLCANOES

Mud Flows

Mud flows are commonly emplaced along tectonic linea-
ments (Mascle et al., 1999; Kopf et al., 2001). Mud breccia may
fill faults and fractures, and the resulting backscatter enhance-
ment makes them easier to distinguish in the sidescan sonar data.
Kula MV is the best example of such tectonically driven mud
emplacement (Fig. 9), because a network of crosscutting high-
backscatter lineaments can be observed on the deep-tow record
on the top of this MV. These lineaments, associated with small
steps on the seafloor, are inferred to be faults. They control the
repartition of the high-backscattering patches and are thus in-
ferred to channel the extrusion and flow of the mud breccia.
They act as pathways for mud ejection as well as for the release
of fluids and gases. The injected mud flows along faults can also
be observed on Texel MV, near the western termination of a
high-backscattering tongue-shaped mud flow, a 1-km-long nar-
row high-backscattering lineament suggests that the mud brec-
cia is filling up a fault (Fig. 10). On Saint Ouen I’ Aumbne MV,
several high-backscattering spots are lineated in a N85° direc-
tion, suggesting tectonic emplacement of the mud flows as well
(Fig. 7).

Tectonic control of mud flow emplacement is best observed
on mud volcanoes displaying weak or limited areas of back-
scattering. It is probable that massive and recently extruded mud
flows have the tendency to cover and attenuate the visibility of
deep-seated faults except where the faults are clearly observed
on either side of the mud volcano.
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Seeps and Scarps

Fault scarps observed during the Nautile dives attest to the
intense tectonic activity. The largest one is the Faulted Ridge,
explored by submersible between 1760 and 1280 m water
depths (Fig. 11). Different parts of the scarp observed during the
dive include (1) steep slopes with large pieces of fallen rocks,
commonly associated with shells and debris of tubeworms; (2)
scarps with outcropping stratified rocks, disrupted by fractures
and dusted by hemipelagic sediments; and (3) actual cliffs or
walls, up to 100 m high, displaying intensively fractured layered
dark rocks. Fluid seeping through the scarp is indicated by
patches of concentrated chemosynthetic-based fauna. Shells are
observed in several different places, but are particularly con-
centrated at the base of the cliffs. More intensive fluid emissions
are inferred to occur in two places (Fig. 11): (1) between 1660
and 1560 m water depth, along a cliff displaying tubeworms and
active seeps characterized by purple reduced sediments and bac-
terial mats, and (2) at 1440 m water depth, on a wall where the
greatest abundance of living vestimentiferans can be observed.
The tubeworms are commonly located within the fractures or
along the bedding planes, suggesting active fluid seepage along
them. In some places, bunches of hundreds of living vestimen-
tiferans are settled along fractures (Fig. 11).

On a smaller scale, many scarps from a few tens of centi-
meters to a few meters were observed. On Kazan MV, at least
two linear N55°-trending scarps disrupt the seafloor with ~20-
and 50-cm offset (Fig. 12), showing the present-day activity of
the faults. The importance of active tectonics on this mud vol-
cano is also indicated by numerous ridges on the seafloor,
mainly corresponding to the regional tectonic direction: N120°
and N50-70°. Kula MV also reveals some scarps and surface
deformation that correlate with the fault directions observed on
the sidescan sonar record (Zitter et al., 2005).

The majority of the scarps result from regional faulting, but
some of them are related to local deformation within the mud
volcanoes. Mass wasting processes are commonly found in as-
sociation with mud volcanoes (Vogt et al., 1999). The dive ob-
servations indeed reveal scarps or faults developing from mass
destabilization in response to the volume change of the mud
volcano or due to the creeping on the steep flanks of the
mud volcanoes (MEDINAUT/MEDINETH shipboard scien-
tists, 2000; Zitter et al., 2005). This destabilization process is
well imaged on Amsterdam MV, with the numerous concentric
ridges and crevasses developing in the outer part of the summit
(Fig. 6). Although not related to deep-seated tectonics, the fold-
ing and crevassing induced by the mud movement within the
mud volcano control the local seep distribution. Active seeps
with massive carbonate crusts and tubeworms were frequently
observed on top of the ridges developing around Amsterdam
MYV (Zitter et al., 2005). These ridges, located in the inner part
of the alternating high- and low-backscatter ring surrounding
the summit, were probably built initially as eruptive ridges, but
the faulting related to peripheral collapse structures may also
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Figure 6. (A) Map of Amsterdam MV and its surroundings, with the interpreted mud flows and tectonic lineations ob-
served from the sidescan sonar, superimposed on multibeam bathymetry with the major regional faults mapped from
EM12D data. Note the relationship between the faults @, the mud flows and the structuring of the slope @, or the tec-
tonically controlled eruptive parasitic center ®. (B) Sidescan sonar record of part of O.R.E.Tech line MNLDT04 show-
ing the mud flow and the eastern side of the summit of Amsterdam MV. Note the very high-backscattering dark patch

of the feeder channel.

facilitate superficial focused fluid flow. However, active seeps
are not observed in the external part of the mud volcano in rela-
tionship with the outermost crevasses, except on a parasitic
eruptive cone that is associated with the interaction of N20° and
N50° regional faults (Fig. 6).

DISCUSSION
Tectonic Control of Distribution of Mud Volcano Deposits

In the Anaximander Mountains, mud volcanism occurs in
the strongly tectonized eastern domain, along a former thrust

belt (i.e., along the Cyprus arc). Compression appears as an
important parameter for overpressuring sediments at depth.
However, this thrust belt is now reactivated as a normal or trans-
current system (Zitter et al., 2003; ten Veen et al., 2004). In ad-
dition, most of the surveyed mud volcanoes of the Anaximander
Mountains show a close relationship with strike-slip and normal
faults (Tablel). Compression alone is thus insufficient for the
occurrence of mud volcanoes; a good plumbing system must ex-
ist as well.

The N70°-oriented strike-slip faults appear most significant
in controlling the occurrence of mud volcanoes, probably be-
cause they are the most active faults in the area. They have a
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Figure 7. (A) Multibeam bathymetric map of Saint Ouen I’ Aumoéne MV with interpreted faults (lines), folds, high-backscattering patches
(gray scale), and acoustic shadows (hatched) outlining the edges of the old mud flows. For legend, see Figure 6. (B) Corresponding

sidescan record.

strong topographic expression in the multibeam bathymetry
(e.g., the Faulted Ridge bathymetric offset), and they are the
youngest faults, for they are observed to crosscut the other
faults. Although the precipitation of authigenic carbonates from
circulating fluids tends to reduce the permeability within fault
zones, fault activity will obviate this and create or rejuvenate
such conduits for fluid flow. Therefore, active faults are impor-
tant to control mud and fluid expulsion. The N70° strike-slip
faults probably also facilitate the mud extrusion when compared
to thrust faults that are tighter because of the compression across
the fault. Finally, these faults relate to the plate boundary defor-
mation and are likely to be deep-seated faults reaching both the
source of the fluids and the level of remobilized mud (Zitter,
2004).

The source of the fluids is constrained by pore water geo-
chemistry to originate from a depth zone where formation
water temperatures are calculated to be between 80 and 150 °C
and to relate to clay mineral dehydration (Haese et al., 2006).

The solid phase of the mud breccia is, in contrast, derived from
shallower units, which can be remobilized episodically although
the source of the fluids is persistent (Zitter, 2004). Over-
pressured mud then uses the pre-existing faults to reach the sur-
face, as in the case of Kula MV, which is associated with short
north-south extensional faults that are secondary to the N150°
oblique faulting in the northern part of Anaxagoras. This sug-
gests that mud volcanoes are linked not only with major faults
but also with smaller and probably shorter faults or fractures that
may be under less compression, acting as a better conduit for
mud extrusion.

In the Anaximander Mountains, mud volcanoes are also fre-
quently located at the intersection of strike-slip and extensional
faults. The interaction between different faults, and the fractur-
ing resulting from this interaction, is an important factor in lo-
calizing the mud extrusion. In the southern part of Anaxagoras,
where Amsterdam MV and Kazan MV occur, the observed
faults indicate complex deformation related to the interplay of
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Figure 8. (A) Multibeam bathymetric map of Tuzlukush MV with the interpretation from the sidescan sonar
record (B). The lines represent tectonic lineations, and the different patterns indicate different mud flows (gray
scale) and acoustic shadows (hatched). For legend, see Figure 6.

both transpressional and transtensional tectonic regimes. The
faults involved in this are mainly N120° dextral strike-slip faults,
N150° oblique faults, and N50° synthetic Riedel faults. Active
fracturing occurs where the stresses, especially tensile stresses,
are more concentrated (Scholz et al., 1993). These regions of
concentrated stresses, also called the breakdown regions, are
found (1) at the termination of faults; (2) in the area of inter-
action between two or more faults, where the fault terminations
are in close proximity or overlap (e.g., zones of relay); (3) at the
intersection of several faults; or (4) along the fault trace, because
friction during slip can form localized fracturing along the fault
zone (Scholz et al., 1993; Curewitz and Karson, 1997). Accord-
ing to Curewitz and Karson (1997), fluid flow occurs preferen-
tially within an interaction zone such that the three first
structural settings are more permeable for focusing the fluid
flow than the fracturing along the fault zone. Recent studies on
the central domain of the Mediterranean Ridge (Huguen et al.,
2004) as well as within its western branch (Rabaute et al., 2003;

Chamot-Rooke et al., 2005) also emphasize the correlation of
the shear strain component with mud output and the importance
of the relay zones between the strike-slip faults for the localiza-
tion of mud volcanism.

Tectonic Control on the Nature of
Fluid Emissions and Mud Volcanism

A wide diversity of mud volcano morphologies is repre-
sented in many areas around the world (see Higgins and Saun-
ders, 1974). For example, on the Barbados accretionary prism,
several main types of observed mud structures include (1) ac-
tive circular mud volcanoes that show extruded mud flows, (2)
concentric flat-topped “mud pies” settled below the seafloor
within subsiding basins, (3) piercing mud diapirs or mud
mounds, and (4) up to 18-km-long mud ridges extruded from
thrust faults and anticlinal crests (Brown and Westbrook, 1988;
Henry et al., 1990; Le Pichon et al., 1990). The parameters that
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TABLE 1. FAULT DIRECTIONS MAPPED ALONG THE SONAR LINES INTHE
SURROUNDINGS OF THE DIFFERENT MUD STRUCTURES

Fault directions

Signification into

Fault directions regional tectonics

Mud volcanoes observed on EM12D Sonar line observed on sonar (ten Veen et al., 2004)
Amsterdam N70° MNLDTO04 N60°-70° N70° sinistral strike-slip
N20°-30° MNLDTO06 N120° N120° dextral transtensional
MAK1-46 N20°-30° N20° normal faults
N140°-150° N150° oblique faults
N40°-55° N50° synthetic shear
N-S
N90°
Kazan N70° MAK1-46 N50°-60° N50° synthetic shear
N70° N70° sinistral strike-slip
N110°-120° N120° dextral transtensional
N150° N150° oblique faults
N90°
Tuzlukush N70° MAK1-46 N70° N70° sinistral strike-slip
N150° N50°-060° N50° synthetic shear
N120°-130°
Saint Ouen 'Aumbne N150° MAK1-46 N60°-70° N70° sinistral strike-slip
N70° N110°-120° N120° dextral transtensional
N135°-150° N150° oblique faults
Kula N-S MNLDTO05 N-S N-S normal faults
N40°-60° N50° synthetic shear
N90°
N150°

Source: ten Veen et al. (2004) and the present study.

control such diversity are unknown, as is the influence of the tec-
tonic style on the nature of fluid emissions and the morphology of
mud volcanoes. On the Mediterranean Ridge, the mud volcanoes
also occur as highly variable structures, e.g., 2-8 km circular
domelike structures (Napoli MV, Milano MV, and Maidstone
MYV), ridges (Moscow MV), large low-relief structures with
strong acoustic backscatter from mud flows (Gelendzhik MV),
wide flat extrusions of low-backscatter mud flows (“pies” of the
eastern Mediterranean Ridge branch; Huguen et al., 2001a; Kopf
et al., 2001). The viscosity and density of the mud probably
largely control the geometry of the mud volcanoes (Brown, 1990).
However, it is inferred that tectonics partly controls these mor-
phological varieties (Kopf et al., 2001; Huguen et al., 2004).

In the Anaximander Mountains, mud volcanoes are mor-
phologically less differentiated, although they also present dif-
ferences in seeping activity, morphologies, and geophysical
characteristics. Amsterdam MV stands out on account of its par-
ticular size (up to 3 km across), extensive associated mudflow
to the south, and “mud pie” shape. This mud volcano is linked
with large-scale deep-seated N20° normal faulting, providing a
wide conduit for mud ascent. From theoretical calculations

based on fluid dynamics (Kopf and Behrmann, 2000), it appears
that the size and volume of the mud features are a function of
the size of the feeder channel, and that large features generally
relate to wider conduits.

The evidence for the seep activity of the Anaximander
Mountains mud volcanoes, based on their geology (Zitter et al.,
2005), associated chemosynthetic fauna (Olu-Leroy et al., 2004),
and amount of degassing CH 4 (Charlou et al., 2003), indicates
that the intensity of fluid emissions is highly variable. Fluid
emissions appear very active in western Anaxagoras, especially
near its intersection with Anaximenes seamount, at both
Amsterdam and Kazan MV, as well as on the Faulted Ridge. On
the other hand, Tuzlukush, Saint Ouen 1I’Aumoéne, and Kula
MYV appear less active or even dormant. Two parameters might
constrain this difference in the nature of seeping: (1) the com-
plex deformation at the interaction between the western Anaxi-
mander and the eastern Anaximander stress fields and (2) the
differences in lithologies of the underlying units. Autochtho-
nous limestones or other such brittle rocks take a longer time to
become sealed by fluid precipitates, and hence they facilitate
fluid seeps longer compared to more ductile units. Furthermore,
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thrusts separating the nappes sheets may provide a basis for later
faulting and fluid pathways.

CONCLUSIONS

The Anaximander Mountains area displays evidence for ac-
tive mud volcanism in an oblique convergent zone along the
dominant structural trend of the western branch of the Cyprus
arc. This plate boundary is defined by a broad wrench system ac-
commodating precollisional deformation. The relationship be-
tween mud volcanism and neotectonic structures is observed
from multibeam data and deep-tow sidescan sonar, as well as di-
rectly from a submersible. Numerous faults or fissures are ob-
served in connection with the mud volcanoes that serve as
conduits for mud ejection and the release of fluids. The faults
linked with the occurrence of mud volcanoes depend on the tec-
tonic setting, which is more extensional in the western part of the
Anaximander Mountains and more transpressive along the Flor-
ence rise. However, mud volcanoes appear to be associated pre-
dominantly with the interplay of the dominant N70° sinistral
shearing and with some major or minor extensional or trans-
tensional faulting (N150° oblique faults, N120° dextral faults, or
north-south to N20° normal faults). Thus, the extensional con-
straints generated by transtensive faulting appear to be the major
conditions for mud extrusion. We propose a model whereby flu-
ids from deep origin, derived from intraplate diagenetic defor-
mation, are channeled along deep-seated crustal strike-slip faults
(N70°, N120°, and N150°) and whereby remobilization of mud
occurs at a shallower level and uses secondary faulting (north-
south, N40-50°, N90°) and hydrofracturing as pathways.
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