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ABSTRACT 
 

Mud volcanism is a widespreaded phenomenon that has been reported both on land and on the 
seafloor. Despite their worldwide occurrence, more than 60% of mud volcanoes are distributed in 
proximity of subduction zones. In these tectonically active areas, the presence of overpressured 
fluids and sediments released through the accretionary prism fuels the formation of such 
piercement structures. Hence, the mud volcanoes act as windows to depth, making available a 
wealth of material that otherwise could not be sampled by scientific drilling due to technical 
limitations. The nature of mud volcano ejecta is various since a lot of different processes interact 
during the ascent to the seafloor. Nevertheless, studies on mud volcanoic products contributed to 
elucidate the dynamics of the so-called subduction factory shedding some light on the fluid cycling 
in subduction zones. At the same time, in order to understand the role of mud volcanoes as fluid 
expulsion structures, their formation as well as evolution has to be constrained. The main 
mechanisms, which have been hold responsible for that, are either diapiric ascent of a buoyant body 
of fluidized mud or hydrofracturing in areas of structural weekness, setting the path to mud 
intrusions. Once they break trough the seafloor, mud volcanoes are subject to numerous internal 
and external triggers, which hamper or enhance their activity. Earthquakes, as well as episodic 
inflation and deflation of an underlying mud reservoir might play a major, concomitant role in the 
release of accumulated pressure at depth. This role as pressure release valves for deeper sediments 
makes mud volcanoes complex, dynamic environments governed from a multitude of different 
processes. 

The aim of this dissertation is to enhance the understanding of mud volcanism by summarizing the 
current knowledge on the matter with new insights from case studies, i) explaining the role of mud 
volcanoes in the Nankai subduction zone offshore Japan, ii) focussing on factors that govern mud 
volcanic activity at the Athina MV, in the Eastern Mediterranean and finally iii) answering the open 
questions regarding origin and evolution of these sedimentary structures through laboratory analog 
experiments. 

Thirteen mud volcanoes have been reported in the Kumano Basin, landwards of the Nankai Trough. 
Their role in the water budget of the Nankai subduction zone have been evaluated creating a model 
of water circulation in the upper and lower plates using constraints from IODP holes of the 
NanTroSEIZE project, in situ geochemical and heat flow data and water isotopes measurements. 
Clay minerals have been identified as an important origin of water release in the region whereas 
mud volcanoes are deemed only minimally responsible for water expulsion, which seems to be 
diffusively emitted through the whole basin. Admittedly, paroxysmal phases in mud volcanoes 
activity could not be taken into account in this study. However this aspect of mud volcanism have 
been tackled with the deployment of a multiparametric observatory on top of the Athina MV, south 
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of Turkey. More than two years of pore pressure, tilt and temperature data revealed an 
unprecedented connection (in the submarine environment) between variations of those 
parameters and earthquake occurrence. Such external triggers of mud volcano activity have been 
linked to magnitude/distance ratio, ground motion and local factors like geology and tectonic 
structures. Moreover, signals not related to external triggers gave hints on the internal dynamics of 
the Athina system. Finally, to assess the existing concepts of formation and development of mud 
volcanoes, a set of analogue experiments on mud breccia samples have been conducted. The unicity 
of these tests lies in the material used to model hydraulic failure: sediment samples from three 
different submarine mud volcanoes (Japan, Costa Rica and Mediterranean Sea). The experiments, 
which showed the characteristics of the plumbing system and the surficial structures forming before 
and after hydraulic failure of the samples, confirmed hydrofracturing as formation mechanism 
responsible for mud volcano formation and demonstrated how episodicity in and around mud 
volcanoes can be the result of inflation and deflation of a mud reservoir at depth. 

 

 



 

 

ZUSAMMENFASSUNG 
 

Schlammvulkanismus ist ein weit verbreitetes, sowohl an Land als auch am Meeresboden 
beobachtetes Phänomen. Obgleich Schlammvulkane weltweit auftreten, befinden sich doch mehr 
als 60% von ihnen in Subduktionszonen. In diesen tektonisch aktiven Regionen befördert das 
Vorhandensein von Fluiden und Sedimenten, die im Akkretionskeil freigesetzt werden und unter 
Druck stehen die Bildung derartiger Wegsamkeiten. Schlammvulkane wirken als Fenster in die Tiefe, 
die der Forschung ein Spektrum von Materialien zugängig machen, welches auch durch 
wissenschaftliches Bohren nicht erreicht werden kann. Die Beschaffenheit des zutage geförderten 
Materials ist vielfältig, da eine weite Reihe von Prozessen beim Schlammaufstieg zusammen wirken. 
Nichtsdestotrotz haben Untersuchungen an den Produkten von Schlammvulkanen bereits dazu 
beigetragen, die Dynamik der sogenannten „Subduction Factory“ und insbesondere der Wege der 
Fluide innerhalb von Subduktionszonen zu verstehen. Darüber hinaus gilt es jedoch die Bildung und 
Entwicklung von Schlammvulkanen zu erforschen, um ihre Rolle für den Ausstoß von Fluiden aus 
der Tiefe zu verstehen. Als wesentliche Mechanismen der Entwicklung von Schlammvulkanen 
werden einerseits der diapirische Aufstieg eines Körpers von Schlamm mit hohem Fluidanteil und 
daher relativ geringer Dichte und andererseits die als „Hydrofracturing“ bezeichnete Zerstörung des 
Gesteinsgefüges angesehen, welche dem Schlammaufstieg Wegsamkeiten schafft. Sobald 
Schlammvulkane zum Meeresboden durchgestoßen sind, unterliegen sie einer Reihe von internen 
und externen Einflüssen, welche ihre Aktivität fördern oder begrenzen. Erdbeben und die 
periodische Inflation und Deflation der unter der Struktur liegenden Schlammreservoirs könnten 
eine wesentliche Rolle bei der Freisetzung von in der Tiefe angesammeltem Druck spielen. Diese 
Rolle als „Überdruckventile“ für tief begrabene Sedimente macht Schlammvulkane zu komplexen 
und dynamischen Erscheinungen, die von einer Vielzahl von Prozessen gesteuert werden.  

Ziel dieser Dissertation soll es sein unser Verständnis über Schlammvulkanismus durch die 
Zusammenfassung von aktuellem Wissenstand mit Ergebnissen von regionalen Studien zu 
erweitern. Studie i.) beschreibt den Einfluss des Schlammvulkanismus in der Nankai 
Subduktionszone offshore Japan. Die Studie ii.) fokussiert sich auf die Faktoren welche die 
Schlammvulkanaktivität am Athina MV, im östlichen Mittelmeer, steuern. Zum Schluss beantwortet 
die Studie iii.), mit Hilfe von analogen Laborexperimenten, wie diese sedimentären Strukturen 
entstehen und wie sie sich entwickeln.  

Insgesamt 13 Schlammvulkane wurden bisher im Kumano Becken, landwärts des Nankai Trogs, 
beschrieben. Deren Einfluss auf die Wasserbilanz der Nankai Subduktionszone wurde mit Hilfe eines 
Models der Wasserzirkulation in der oberen und unteren Plate, mit Hilfe von in situ Geochemie-, 
Wärmestrom- und Isotopendaten aus IODP Bohrungen des NanTroSEIZE Projektes, untersucht. Als 
wichtige Wasserquelle in dieser Region wurden Tonminerale identifiziert wohingegen 
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Schlammvulkane nur minimal für die Wasserabgabe verantwortlich sind, da es diffus über das 
gesamte Becken verteilt abgegeben wird. Aktive Schlammvulkanismusphasen konnten in dieser 
Studie nicht berücksichtigt werden. Dieser Aspekt wurde mit einem Multi-Sensor-Observatorium 
auf dem submarinen Athina Schlammvulkan südlich der Türkei untersucht. Zwei Jahre lange Druck-
, Neigung- und Temperaturzeitreihen zeigen einen bisher nicht bekannten Zusammenhang 
(submarin) zwischen den gemessenen Parametern und Erbebenereignissen. Magnitude/Distanz 
Verhältnis, Bodenbewegung und lokale Gegebenheiten wie Geologie und tektonische Strukturen 
wurden dahingehend untersucht. Signale die nicht durch Erbeben ausgelöst wurden, geben 
Aufschluss über die interne Dynamik des Athina-Systems. Abschließend wurden analoge 
Laborexperimente an Schlammbrekzien durchgeführt, um die Entstehung und Entwicklung von 
Schlammvulkanen zu untersuchen. Die verbauten Sedimentproben, dreier submariner-
Schlammvulkane (Japan, Costa Rica, Mittelmeer) machen die hydraulischen Grundbruchtests 
einzigartig. Die Experimente offenbaren Merkmale der Internen- und der Oberflächenstrukturen vor 
sowie nach dem hydraulischen Grundbruch. Darüber hinaus ist Fracking verantwortlich für die 
Schlammvulkangenese und episodenhaftes Füllen und Leeren des Schlammreservoirs in der Tiefe. 
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INTRODUCTION 

Scientific motivation 
 Overview and open questions 

Mud volcanoes (MVs) are studied from the beginning of the 17th century (Dimitrov, 2002); first 
identified on land and then, during the 1970s with increasing use of the sidescan sonar in marine 
science, recognized on the seafloor in areas of high tectonic activity. The number of these features 
worldwide is not identified exactly but it is estimated to be between 1000 and 100000, confirmed 
and inferred MVs, the occurrence being depicted in Figure 1 (Milkov, 2000; Dimitrov, 2002; Kopf, 
2002; Kolodov, 2002). This broad uncertainty in MVs number estimations gives an idea of how this 
phenomenon is widespread but, at the same time, still poorly defined. MVs are preferential fluid 
escape pathways and are formed due to accumulation of pressure at depth and its consequent 
release to the surface, accompanied by sediments expulsion. In subduction zones, where the 
occurrence of MVs is more prominent because of the presence of overpressured sediments and 
fluids, their manifestation have been observed over back arcs, forearc basins, and within the frontal 
domain of accretionary prisms (Le Pichon et al., 1990; Hensen et al., 2004). 

 
Figure 1: Occurrence of MVs densely populated areas on earth from Mazzini & Etiope (2017). 

 

The venting activity of MVs is related to mud, gas and fluids emissions; they are considered one of 
the most effective way of solid and fluid release from deeper sediments to the surface (Brown, 
1990). According to the viscosity of the erupted mud, MVs manifest mostly as cone-shaped, positive 
seafloor morphologies with shield-like forms (low viscosity, high fluids presence), or more 
pronounced conical forms (high viscosity, low fluids presence) (Kopf, 2002). The edifices are built by 
different mudflows generation which, in a volcano-like style, are piling up on the flanks of the 
structures after every subsequent eruption. A feeder channel or a high permeability micro-channels 
network below the edifice is thought to be the primary way for the deeper materials to reach the 
surface, as confirmed by seismic images (Deville et al., 2010; Chen et al., 2014). Structural 
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deformations of the hosting sediments i.e. folds and faults, may favour the emplacement of such 
feeder pathways (Figure 2) (Huguen et al., 2004). MVs are generated by pressure build-up from 
numerous physical and chemical sources such as mineral dehydration, sediment compaction, fluid 
migration, gas hydrates decomposition, earthquakes shaking or biogenic/thermogenic methane 
production (Dimitrov, 2002; Kopf, 2002). 

These sedimentary features are able to eject large quantities of mud breccia (the most common 
term used for ejecta of MVs), water and gas, generally following episodic patterns related to 
pressure accumulation and release at depth which is frequently associated to eartquakes 
occurrences (MacDonald et al., 2000; Mellors et al., 2006; Manga et al., 2009; Tsunogai et al., 2012). 
Proof of this episodic behaviour is present in the literature but mainly confirmed with only one or 
few methods at the time, without a real integration of the different techniques. A vaste suite of 
methods strongly supports the episodicity concept, which consists mainly on in situ measurements 
(Feseker et al., 2009), bathymetric monitoring (Jerosch et al., 2007), seismic images of “Christmas 
Tree” structures in the subbottom (Yusifov & Rabinowitz, 2004), geochemical analyses of porewater 
(You et al., 2004), modelling of the eruptions cycles (Zoporowski and Miller, 2009) and occurrence 
of consecutive mud flows in sediment cores dated through biostratigraphy (Robertson et al., 1998). 

 

 
Figure 2: Schematic representation of MV growth stages from Mazzini & Etiope (2017). 

 

The material expelled by MVs has a wide compositional range, although the mud breccia matrix is 
mainly made of clay with abundant clast content, which is related to the lithologies encountered 
during the ascent (Figure 3). Expelled fluids are mostly water and methane (Milkov et al., 2003, 
Hensen et al., 2004). The sources can be generally grouped into shallow (0-5 km) and deep (5-15 
km) (Kopf, 2002). The shallow-sourced products (e.g. mud breccias, water, gases) are rather related 
to sediments compaction, gas generation and tectonic features (faults and folds), while the deep-
sourced ones often originate directly from the subducting slab and are mainly associated with 
mineral dehydration, high thermal gradients and buoyancy contrasts. 

Given the interesting role MVs are playing as direct windows to depth and their distribution in 
seismically active areas, a lot of techniques have been developed to study these features in the 
submarine environment, such as: 

• seismo-acoustic measurements: mapping of the surface (high resolution bathymetry data) 
with the help of multi-beam and side-scan sonar surveys performed by AUVs (Autonomous 
Underwater Vehicles) (Zitter et al., 2005; Dupré et al., 2008) and interpretation of multi-
channel seismic (MCS) data (Ligtenberg, 2005); 
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• deployment of in situ long-term monitoring devices, either to measure pore pressure, fluids 
emission, water chemistry or temperature variations (Tryon et al., 2004; Feseker et al, 2009; 
Kopf et al., 2010; Feseker et al., 2014); 

• sampling of bottom sediments and pore water using push corers, gravity corers, osmotic 
fluid samplers and CTDs (Conductivity, Temperature and Depth loggers) (Pape et al., 2010); 

• direct observations and sampling during submersible surveys using ROVs (remote operated 
vehicles) (Bayon et al., 2009). 

What is still lacking at the present time is an extensive study about how MV features evolve over 
time, and how these features react to changing governing parameters in the subsurface (fluid flow, 
pore pressure, temperature). Past publications already investigated physical properties of the mud 
breccia as main product of the MVs activity (Kopf et al., 1998), the morphological evolution of MVs 
(Brown, 1990), quantitative estimations of different mud flows events (Murton & Biggs, 2003) and 
modelling of long-term eruptions cycles (Zoporowski & Miller, 2009), but no correlation between 
these aspects has been actively established. 

 
Figure 3: Possible factors affecting MV formation from Deville et al. (2010). 

Basing on the existing scientific knowledge about MVs, the following research questions still remain 
unanswered: 

1) What is the role of mud volcanoes in fluid budgets of subduction zones? 

It is evident that MVs are mainly distributed along convergent margins and are contributing to the 
fluid expulsion from depth, although is not clear what is actually their quantitative contribution in 
terms of recycling the subducted water volume. 
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2) How do external factors influence MVs evolution? 

In virtue of their dynamic pressure conditions, MVs systems are very sensitive to external triggers 
such as earthquakes, temperature variations, gas hydrate dissociation and changing meteorological 
conditions. The combination of these effects and how they impact on MVs dynamics is mostly 
unanswered for submarine MVs  

3) To which extent is the episodic behaviour of MVs related to their internal dynamics or to 
external governing factors? 

MVs are rapidly changing features, which are subject to both short- and long-term changes in 
morphology (mud flows, mud reservoir inflation/deflation, caldera collapsing), eruptive behaviour 
(feeder channel dynamics, pressure “state”) and products (gas seepage, subduction fluids). How 
these factors develop and their mutual relationships require further insights. 

 

 Research goals and methods 

This PhD thesis made use of a broad range of different techniques employed in marine geoscience 
and, at the same time, developed new methods and ideas on how to integrate them. In order to 
answer to the pressing questions on MVs listed in the previous chapter, different approaches have 
been adopted: 

1) Study the MVs in the Kumano basin, thoroughly mapped during SO222, and integrate their 
fluid production into the water cycle of the Nankai subduction zone, thus defining their role 
in an active subduction area. The high amount of data about both the incoming and the 
overlying plate sediments at Nankai makes it the ideal study area to achieve this goal. For 
this research different methods have been adopted: 

• bathymetry/backscatter maps and subbottom profiles; 
• physical properties of sediments; 
• porewater geochemistry and water isotopes signatures; 
• heat flow measurements and fluid flow calculations; 
• modelling of the water budget in the Nankai subduction zone. 

2) Focus on MVs activity in relation to earthquake occurrence. Although this has been 
hypothesized for numerous MVs around the globe, in the submarine realm this relationship 
has been always flimsy. In order to look for evolutionary patterns, episodicity and external 
triggers in MVs development, we deployed a multi-parameter long-term observatory on top 
of the Athina MV, in the Anaximander Mountains (Turkey). The monitoring of transients in 
physical parameters (e.g. temperature, fluid flow, pore pressure), the processing of large 
time-series datasets and the use of ground motion prediction equations are the key methods 
employed in this study. 

3) Explore the implications of fluid flow changes in and around MVs fields and correlate them 
with varying structural and sedimentary features (e.g. feeder channels, folds, faults) and 
physical properties of subsurface sediments (e.g. grain size, water content, porosity) by 
designing a functional and flexible analogical model which could be easily adapted for 
measuring different kinds of situations (water, temperature and geochemical fluxes). 
Various MV samples (from Costa Rica, Japan, Mediterranean Sea) are tested through long 
lasting seepage experiments that allow us to understand the behaviour of these cohesive, 
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water saturated sediments when subject to changing physical parameters and 
deactivation/reactivation of seepage. This study implies the use of the following methods: 

• manufacture of an analogue experimental setup which consists of a closed circulation 
system hosting the mud breccia samples, in turn subject to an upward water flow 
from the bottom; 

• measurements of physical and mechanical properties of mud breccias; 
• determination of hydraulic conductivity, critical hydraulic gradient, morphological 

features formation and evolutionary patterns of different types of MV samples. 
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Description of the project 
 

This PhD project produced new insights on different areas affected by mud volcanism 
(Mediterranean Sea, Japan, Costa Rica, Barents Sea), mainly focussing on answer questions 
regarding the evolution and episodicity of submarine mud volcanoes, but also aiming to the broader 
link between MVs and the subduction zone water cycle. 

Due to the active role of the Marine Geotechnics group in the study of mud volcanism, I had the 
chance to participate to four expeditions at sea: two south of Turkey (MSM35T, POS498), on the 
Anaximander Mountains MVs (Sahling et al., 2016), one south of Italy (M112), on the Calabrian Arc 
MVs (Bohrmann et al., 2015), and the most recent one offshore Japan (SO251), on the Kumano Basin 
MVs (Strasser et al., 2016). The sediments and data recovered or produced in the aforementioned 
expeditions sum to the material already available for this PhD from old expeditions conducted 
mainly in the Mediterranean and in Japan, thus presenting the possibility to analyse a significant 
amount of information retrieved from MVs in different geodynamical settings. These experiences 
provided me with the necessary knowledge in order to write an updated review on submarine mud 
volcanism (Menapace et al., Chapter I), since the last works on the issue date back to more than 10 
years ago (Milkov, 2000; Dimitrov, 2002; Kopf et al., 2002). 

One of the objectives was to define the role MVs play in subduction zone water balance, acting both 
as a pressure relief valve and as windows into deeper processes. Key points for defining these 
dynamics are subduction zone geometry and thermal regime, type of subducted sediments, 
morphology of the MV edifices, index properties of the MVs mud and depth of their sources. A 
subduction model was applied to the Nankai Trough and the role of MVs in the Kumano basin 
(adjacent to it) was investigated. The study pointed to a slab origin of the water emitted by the MVs, 
mainly released by dehydration of clay minerals(Menapace et al., Chapter II), in broad agreement 
with other works on MVs fluids sources (Kastner et al., 2014 and references therein). 

Another main research focus was to define the factors which can trigger the formation of MVs and 
to determine the physical parameters (pressure, temperature, deformation) contributing to the 
evolution as well as the quiescence of such features with the use of seafloor monitoring devices 
deployed on top of active MVs. Pore pressure and temperature were measured on the Athina MV 
during more than two years. Owing to these long-term deployments, I resolved a direct connection 
between MVs activity and earthquakes in the E Mediterranean Sea (Menapace et al., Chapter III), 
as recently investigated also by Mellors et al. (2007), Manga et al. (2009), Tsunogai et al. (2012) and 
Bonini et al. (2016) for different world areas. 

In the laboratory, I used samples from various ocean expeditions i.e. Japan, Costa Rica and the 
Mediterranean Ridge, to document feeder channel formation as well as temporal changes and fluid 
flow episodicity through MVs sediments, similarly to the past works of Nichols et al. (1994), Mörz et 
al. (2007) and Frey et al. (2009). The final purpose was to get a better picture on MVs changing 
environments. MVs sediments have been analyzed using different methods such as index properties 
(grain size, water content, bulk density, porosity) and mechanical properties measurements (shear 
strength, permeability, viscosity). Long-lasting analogue experiments, unprecedented in case of 
mud breccia samples, monitored seepage evolution and channel development under controlled 
laboratory conditions, revealing rates of specific discharge at the point of hydraulic failure and 
characterizing the morphologies formed in the experimental tank (Menapace et al., Chapter IV). 
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The final phase of this PhD was interested by my participation to IODP x366 “Mariana Convergent 
Margin & South Chamorro Seamount” between December 2016 and February 2017. This experience 
gave me the possibility to apply the knowledge gathered on sedimentary MVs to a different 
“version” of MVs, the serpentine seamounts of the Mariana forearc (Fryer, 2012 and references 
therein). Additionally, owing to the challenging but fruitful scientific discussion which took place 
onboard, the new collaborations developed, as well as the wealth of samples obtained during x366, 
I have now all the ingredients to further continue my scientific career on the study of these amazing 
features which are MVs. 
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Contribution to the manuscripts 
 

This dissertation is structured in a cumulative manner, and is composed by four main chapters 
correspondent to different aspects of mud volcanism which are nonetheless closely related. Chapter 
I serves as an introductory part and is dealing with the state of the art on MVs and their role in the 
submarine ecosystem. Chapter II addresses a global question which can be applied to all the 
subduction zones where MVs are present targeting the Kumano basin (Japan) and defining how 
efficient are actually these structures in dewatering accretionary prisms. Chapter III is focused on 
the Athina MV (E Mediterranean), as significant example of MV in an area with high seismic activity, 
trying to disentangle the relationship between external triggers and mud volcanic activity. Finally, 
Chapter IV is taking a look at episodicity of mud volcanism from a lab perspective, by simulating the 
ideal life cycle of a MV. 

 

Chapter I: Mud volcanism as dynamic sedimentary phenomenon to host marine ecosystems 

W. Menapace wrote the manuscript and the glossary with contributions from all the authors. 
Specifically, D. de Beer contributed to the Haakon Mosby case study and the biology, whereas M. 
Zabel and A. Kopf to the fluid cycling. Some of the new data published are measurements from past 
cruises to which all the scientific party contributed. 

 

Chapter II: The role of mud volcanism and deep-seated dewatering processes in the Nankai Trough 
accretionary prism and Kumano Basin, Japan 

W. Menapace redacted the article with contributions of D. Völker and made the main experimental 
analyses and data processing. W. Menapace and D. Völker designed and assembled the water 
budget models. M. Tryon supplied water isotopes data, and N. Kaul heat flow measurements. A. 
Kopf provided meaningful insights on the Kumano basin. Bathimetric and subbottom profile data 
have been originally collected during the SO222 cruise. 

 

Chapter III: Long-term in situ observations at the Athina mud volcano (Eastern Mediterranean) - 
taking the pulse of mud volcanism. 

W. Menapace compiled the paper and did all the data processing and interpretation. D. Völker and 
W. Menapace performed the PGA analysis; D. Völker further contributed with drafting the 
manuscript. C. Zoellner constructed the observatory, C. dos Santos Ferreira provided AUV high 
resolution bathymetry and valuable input. H. Sahling was instrumental in recovering the 
observatory as well as A. Kopf; the both gave also additional comments and suggestions. G. 
Bohrmann reviewed the manuscript. 

 

Chapter IV: The birth and evolution of a mud volcano. Analog modelling of fluid flow through mud 
breccia samples. 
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M. Lange and W. Menapace designed and constructed the experimental setup. W. Menapace 
drafted the article and did all the lab work with relative interpretation. A. Kopf provided crucial 
information into fluid seepage and analog modeling. 
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Abstract 
Mud volcanoes (MVs) release reduced substances, especially methane, a powerful greenhouse gas 
with the potential to feed deep sea ecosystems. In this chapter we provide basic geological 
information on submarine MVs for the curious non-specialist, who would like to better understand 
how their ecosystems and biodiversities are shaped. Crucial for life is a suitable chemical and 
physical environment, and the temporal dynamics thereof. Here we describe how MVs look, where 
and how we can find them, what the chemistry is of their sediment-water interface is and their 
physical dynamics. We will define how most submarine MVs are formed, and provide a classification 
based on the formation mechanism. Their global distribution is also strongly linked to the same 
formation mechanism, be it driven by tectonics or sedimentation. The formation mechanisms often 
define the depth of origin of the MV products and hence determine the chemical compositions of 
the released fluids and solids. Products of MVs include elevated DIC, methane and ammonium, fine 
mud, breccia and occasionally asphalt. Also the fluid flow velocity shapes the ecosystem: higher flow 
velocities supply more reduced substances but too high velocities suppress supply of oxidant. A 
distribution of fluid flow, with the highest near the venting sites, may control the heterogeneity of 
the ecosystem. Finally, we will issue a few lines on the physical stability of MVs as ecosystems, 
providing the interval of eruptions will determine the maximal age of the ecosystem and its 
inhabitants. Conversely, the inhabitants can provide information on the stability and age of the MV. 
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Introduction 
What are MVs and which types exist: 

definition of MV, expelled products, morphologies and dimensions 
 

MVs are often described as raised sedimentary expulsion features which present inner and outer 
structures very similar to magmatic volcanoes (conical main edifice, feeder channel, secondary 
craters, calderas, stratification; Fig. 1a) (Kholodov, 2002; Zoporowski and Miller, 2009). Their venting 
activity is related to mud-, clasts-, gas- and water emissions. Due to the high volume of these 
emissions and the profound roots of the edifices, they are considered one of the most effective way 
of solid and fluid release from deeper sediments to the surface (Brown, 1990). 

 

Figure 1: a) Schematic cross section of a typical MV structure summarizing the main features likely to occur in such 
setting (Dimitrov, 2002). b) Example of MV sedimentary clasts in a grey mud matrix with the typical moussy structure 

from degassing (Venere MV, Calabrian Arc). 

The ejecta of MVs are generally termed mud breccia, according to Cita (Cita, 2006; Cita et al., 1981), 
who described it as a “structureless pebbly mud with dominantly angular semi-indurated clasts” 
(Fig. 1b). The clast fraction of the mud breccia has a wide compositional range, while the matrix is 
mainly made of silty clay. The high variability of the clasts is linked to the characteristic of the rocks 
that are passed by the ascending mud; they can range in diameter from millimetres to meters, 
depending on the size of the conduit, the viscosity of the mud matrix, the physical properties of the 
clasts themselves,  and the velocity of ascent (Kopf and Behrmann, 2000). The viscosity of the matrix 
and the ascent velocity are both direct functions of the amount of fluids available in a given MV (see 
also next paragraph). 

A B 
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MVs manifest mostly as cone-shaped, positive seafloor morphologies, according to the viscosity of 
the erupted mud (Kalinko, 1964). They form shield-like edifices (low viscosity, high fluids presence, 
flat morphology), or more pronounced conical forms (high viscosity, low fluids presence) (Dimitrov, 
2002; Kopf, 2002). Occasionally there have been reported accumulations of soupy/liquid mud in 
craters of collapsed MVs edifices, which were called mud pools (Dupré et al., 2014). The edifices are 
built by different mudflows generation which, in a volcano-like style, are piling up on the flanks of 
the structures after every subsequent eruption forming mud domes (Kopf et al., 1998). The size 
ranges from tens to hundreds of meters in height and hundreds of meter to few kilometres in 
diameter (Kopf, 2002), although smaller features are often being found in areas subject to mud 
volcanism (Kopf et al., 2012). The conduit diameter could reach tens of meters, according to seismic 
images (Chen et al., 2014; Davies and Stewart, 2005; Medialdea et al., 2009), and several kilometres 
of depth, basing on the geochemical signature of the expelled fluids sampled on top of MVs (Deyhle 
and Kopf, 2001; Martin et al., 1996). Most of the times, however, the singular structures have 
undergone different phases of evolutions, resulting in composite MVs systems. 

Identification on the seafloor (remote/in situ) and classification 
 

MVs are identified through a different suite of methods which evolved in time, from the first 
evidence of submarine mud volcanism obtained with side scan sonar surveys in the 1980s (Stride et 
al., 1982) to the state-of-the-art detailed micro bathymetric mapping using autonomous 
underwater vehicles (AUVs) (Paull et al., 2015). Most of the current techniques are complementary 
and often applied together (Figs 2a-b).  

     

Figure 2: a) Seismic profile through a MV located offshore Trinidad (Deville et al., 2006). B) Example of a gas flare in 
fan and stack view on top of MV#1 (Kumano Basin, Japan) as imaged through multibeam echosounder. 

The location of MVs on the seafloor is obtained through ship based hydroacoustic surveys, which 
include bathymetry mapping, measuring of seafloor backscatter intensity, as well as water column 

A B 
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imaging (locating gas flares by fishing sonars as in Fig. 2b) (Ceramicola et al., 2014; Greinert et al., 
2006; Somoza et al., 2003). Seismic images and AUV high resolution bathymetry, although less 
common, are useful for the remote identification of MVs (Fig. 2a) (Chen et al., 2014; Paull et al., 
2015). 

The in situ techniques applied on MVs are usually aiming to test their current activity, age, depth of 
the source and are constituted by sediment and pore water sampling, heat flow measurements, 
visual inspection with the help of remotely operated vehicles (ROVs) (Feseker et al., 2009; 
MacDonald and Peccini, 2009; Perez-Garcia et al., 2009). An important progress in in-situ techniques 
on MVs are long-term measurements, which are generally focussed on the determination of 
pressure, temperature, water geochemistry and volume of gas emissions (Feseker et al., 2014). 
These measurements, normally conducted through monitoring stations, can provide more 
meaningful insight into MVs evolutionary patterns due to the extended time component. 

Different publications have addressed the issue of classifying MVs, although mostly focussing on the 
terrestrial realm (Guliev, 1992; Kholodov, 2002). One of the first field description of MVs was carried 
out by Shih (1967)(Shih, 1967), who categorized the Taiwan MVs types according to their 
geomorphology. A robust classification system is based on the paroxysms and frequency of the 
eruptions and type of products (Kalinko, 1964) .  

In the submarine realm, various classifications have been compiled with the intent of describing 
these structures, following the subsequent criteria:  

 morphology of the edifice (shape, size)(Yusifov and Rabinowitz, 2004)  
 morphogenesis (tectonic/geophysical correlations) (Fowler et al., 2000) 
 type of emissions (liquid, solid and/or gaseous) (Graue, 2000) 
 evolutional stage (Graue, 2000) 
 seismic reflectors shapes(Yusifov and Rabinowitz, 2004)  

Three main groups of MVs exist: 

(i) MVs in collision zones and compressional tectonic settings (appx 60-70%) 
(ii) MVs driven by compaction (appx 20%) 
(iii) Other MVs (driven by hydrothermal fluids, hydrocarbons leaking, groundwater 

infiltration, permafrost thawing, deep mantle processes) 
For more detailed information about the geodynamical settings see next chapter. 

 

Geological significance 
Mud volcanoes number estimation and distribution 

 
MVs are morphological features known from the beginning of the XVII century (Dimitrov, 2002), first 
identified on land and subsequently (1970s) recognized on the sea floor in areas of high tectonic 
activity. The distribution and number of MVs worldwide is not known exactly but it is estimated to 
be between 1000 and 100000, confirmed and inferred (Kopf and Behrmann, 2000; Mazurenko and 
Soloviev, 2003; Milkov, 2000) (Fig. 3). This phenomenon is widespread and, at the same time, still 
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poorly defined since the large extent of unexplored oceanic seafloor and the lack of a global updated 
census of MVs, as it has recently been done for the Mediterranean Sea (Mascle et al., 2014).  

The occurrence of MVs is more prominent in subduction zones, where there is the convergence of 
two tectonic plates (Kopf, 2002). Plate collision creates overpressured sediments and fluids at 
depth, which tend to escape towards the seafloor, giving origin to MVs. Mud volcanism has been 
observed in the non-subducting plate over back arcs, forearc basins, and within the frontal domain 
of accretionary prisms, where sediments are accumulated; the most affected areas are 
Mediterranean Sea, Gulf of Cadiz, Black Sea, Japan, offshore Barbados and Cascadia Basin, 
(Bohrmann et al., 2003; Hensen et al., 2004; Kopf et al., 2001; Kopf, 2002; Le Pichon et al., 1990). 
Other key areas of mud volcanism are submarine fan and deltaic complexes of very large rivers like 
e.g. the Nile (Dupré et al., 2008; Loncke and Mascle, 2004) or the Niger (Graue, 2000; Hovland et al., 
1997), where the origin of mud volcanism resides in compaction of deltaic sediments under the 
increasing load of the overlying strata or in the production of methane from the decomposition of 
organic material transported through the rivers. Presence of MVs has also been observed on 
continental slopes in the Beaufort Sea (Paull et al., 2015), in the Barents Sea (Perez-Garcia et al., 
2009) and in the Gulf of Mexico (Roberts, 2001); these features are driven respectively by gas 
hydrate decomposition, compaction of glacial deposits or from complex interactions with salt 
diapirs and hydrocarbon reservoirs at depth (possible oil leaking through MVs conduits). 

To a smaller degree, faulting and mud diapirism can also contribute to the formation of MV features, 
e.g. in the Alboran Sea (Sautkin et al., 2003). The Mariana Convergent Margin, with its huge 
serpentinite mud domes (till 50 km diameter and 2 km height, Fryer (2012)), is the typical example 
of a region affected by fracture-controlled mud volcanism, where the subduction of seamounts on 
the Pacific plate is causing the deformation of the overlying Philippine plate, creating preferential 
pathways for the ascent of the serpentine muds (Fryer et al., 2006; Oakley et al., 2007). The driving 
force for the Mariana MVs formation is the release of water from the down-going slab due to 
compaction, which in turn fuels the hydration processes in the mantle creating the serpentine muds. 
Those muds are then pushed upwards through the fracture zones, mainly driven by buoyancy 
contrasts with the surrounding sediments. The expulsion mechanism hypothesized for serpentine 
MVs does not include a major contribution of hydrocarbon gases which, in sedimentary MVs, are 
considered to have an important role in developing overpressure conditions at relatively shallow 
depth below seafloor.  
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Figure 3: Occurrence of MVs densely populated areas on earth(Kopf, 2002). 

Formation models and long-term evolution 
 

MVs are formed due to pressure build-up at depth from numerous physical and chemical sources 
such as mineral dehydration, sediment compaction, fluids migration, gas hydrates decomposition, 
earthquakes shaking or biogenic/thermogenic methane production (Dimitrov, 2002; Kopf, 2002). 
Given the complex nature and inaccessibility of many MVs, only ocean drilling and dating of core 
can provide reliable data on the temporal evolution of MV features (Robertson and Kopf, 1998). 

The sources’ origins can be generally grouped into shallow (0-5 km) and deep (5-15 km). The 
shallow-sourced products (e.g. mud breccias, water, gases) are rather related to sediments 
compaction, gas generation and tectonic features such as faults and folds (Davies and Stewart, 2005; 
Pape et al., 2014), while the deep-sourced ones (mainly water and mud) often originate directly 
from the subducting slab and are mainly associated with mineral dehydration, high thermal 
gradients and buoyancy contrasts (Deyhle and Kopf, 2001; Praeg et al., 2009). 

A feeder channel or a high permeability zone below the edifice is thought to be the primary way for 
the deeper materials to reach the surface, as confirmed by seismic images (Chen et al., 2014; Toyos 
et al., 2016). Structural deformations of the hosting sediments i.e. folds and rocks may favour the 
emplacement of such feeder pathways (Huguen et al., 2004; Medialdea et al., 2009) or on the 
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contrary, presence of more competent strata during the mud ascent could enhance the formation 
of a mud chamber at shallow depths (Praeg et al., 2009; Toyos et al., 2016). 

Different models for the origin of MVs have been considered in the literature, which can mainly be 
driven by buoyancy contrasts, the so called “solid models” or by hydrofracturing of sediments and 
mud fluidization, also known as “fluid models” (Fig.4) (Brown, 1990; Dimitrov, 2002; Kopf, 2002). 
Buoyancy contrasts are formed due to difference in densities between the rising mud (diapir) and 
the surrounding sediments, while hydrofracturing of sediments happens either at depth (plate 
interfaces) or on top of mud intrusions owing to the high fluids pressure released from sediment 
compaction, mineral dehydration or hydrocarbon cracking which breaks apart the overlying strata 
(Deville et al., 2006). Mud fluidization implies rapid and abundant supply of fluids in order to liquefy 
a source layer and foster its rise through the sediment column, thus originating pillar-like structures 
(Deville et al., 2006). These processes are strictly related one another and often interdependent, 
according to the geology of a specific area, the characteristics of the MVs sources and the type of 
hosting sediments. 

 

Figure 4: ideal sketch of MVs genesis according to A) solid models and B) fluid models (Deville et al., 2006) 

MVs are evolving, in a way similar to magmatic volcanoes, through different stages (Fig.5) mainly 
dependent from deep sediments/fluids input and sedimentation rate (Kopf, 2002; León et al., 2007). 
These stages could be essentially divided in four successive phases (see Fig. 5): 

a) Eruption. Hydraulic failure of strata within the over-pressured feeder channel, formation of 
the MV edifice with subsequent mud flows; 

b) Depletion. Migration of fluids to the surface through cracks, gryphons and adjacent high 
permeable surroundings; 

c) Quiescence and build-up. Subsidence of the MV edifice, eventual formation of caldera 
(depending on the presence of a mud chamber) and accumulation of pore pressure. 
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d) Reactivation. Breakout of an eventual “plug” and resume of the activity. 

In addition, these sedimentary features have been found to eject large quantities of mud breccia, 
water and gas, following episodic patterns (Bonini et al., 2016; Deville and Guerlais, 2009; 
MacDonald et al., 2000).  

The principal methods applied on MVs, upon which the episodicity idea is based on, are fluid and 
heat flow measurements (de Beer et al., 2006; Feseker et al., 2009), bathymetric monitoring 
(Jerosch et al., 2007), seismic images of “Christmas Tree” structures in the sub-bottom (Deville and 
Guerlais, 2009; Yusifov and Rabinowitz, 2004), geochemical analyses (You et al., 2004), modelling of 
the eruptions (Zoporowski and Miller, 2009) and occurrence of consecutive mud flows in sediment 
cores (Kopf et al., 2012; Lykousis et al., 2009; Robertson and Kopf, 1998). Every one of this technique 
highlight changing aspects of MVs in time, supporting the occurrence of multiple eruption episodes 
during the lifetime of a MV. 

 

Figure 5: Four fundamental stages of MVs evolution (Kopf, 2002; León et al., 2007). 

 

Mass transfer and fluid cycling fuel ecosystems 
Composition and sources of gas, water, mud and clasts 

 
The compositions of the ejecta from MVs are of interest for the geologists, as it contains information 
on the underlaying geological processes, and for the biologists, who need to understand the 
ecosystems on MVs.  
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In order to unravel the source depths of the various MVs products in a given region, various chemical 
and mineralogical techniques have been used. For the solid phase, one has to distinguish between 
the origin of the muddy matrix and of the clasts that are dragged upward with the mud. Naturally, 
the former is from the same depth or a greater one than the latter, because the clasts usually 
originate from the wall of the diapiric intrusion(Kopf and Deyhle, 2002). There are numerous ways 
to estimate the depth of origin of the clasts, e.g. by comparison to analogue lithologies in 
neighbouring boreholes, onshore and outcrops. Water is liberated from clay minerals in a process 
called smectite-illite transformation, which takes place under elevated pressure and temperature 
conditions (p-T) (>100-150oC and >2000 m depth(Colten-Bradley, 1987)). The illite crystallinity 
measurements that can be done in the ejecta, owing to the smectite-illlite transformation, provide 
information on their depth and pressure of formation. The ratio between smectite and 
diagenetically formed illite is used to calculate the maximum temperature of burial(Pytte and 
Reynolds, 1987). The light reflectance of vitrinite (organic matter residues from plant material) is 
used to determine the p-T conditions of the ejecta’s source. Vitrinite analysis can be used when 
organic matter occurs in sufficient abundance and the geothermal gradient of the area is well 
constrained. All the aforementioned methods have been performed on many MVs, however, a 
particularly good example are the MVs on the Eastern Mediterranean Ridge, where the whole suite 
of methods was extensively applied (e.g. Schulz et al., 1997). 

For the aqueous fluids, a large number of studies attested that both mineral desorption and 
dehydration of hydrous clays (smectite group) are the main causes for the formation of deep-seated 
MV fluids (Kastner et al., 2014). Both processes are closely coupled to the burial and heating of 
sediments in subduction zones. During dehydration, clays lose their interlayer water or change 
mineral phase (smectite-ilite transformation, cf. glossary and Fig. 6).  

The release of hot and usually weakly ionized water (with exception of fluid venting related to brine 
seepage(Cita, 2006) has other, secondary reactions as results. These range from the release of 
solutes (e.g. due to cation exchange, which could result in increase in Na+ and decrease in NH4+ 
concentrations.) to kinetic or equilibrium-driven processes of isotope fractionation. Although many 
of these chemical reactions seem well understood, at least theoretically, the interpretation of 
distinct chemical signatures is quite complicated and often a challenge due to the effects of 
alteration processes and mixing during advective migration of the fluids. Last but not least, the 
progressing degradation of organic matter has to be considered (e.g. associated with NH4+ and 
carbonate alkalinity increase, SO42- decrease and the release of reduced constituents like Fe2+). Of 
course, compositions of the initial rock/sediment, nature of burial/subduction process, and p-T 
conditions of the source have a significant influence on the characteristic of the primary fluids. 
Below some of the main geochemical markers are described. Further information on fluids in 
subduction zones can be found in a recent detailed overview (Kastner et al., 2014). 

For the gaseous phase, methane accounts for >95% of all MV gases found in the various geological 
settings (Kopf, 2002). As a result of either burial to several kilometres depth or tectonic processes 
such as underthrusting, sediments rich in organic matter are exposed to elevated p -T conditions so 
that methane and, to a much smaller extent, higher hydrocarbons, will form (e.g. (Pape et al., 
2014);(Kastner et al., 2014)). By far, the most abundant hydrocarbons are the ones of thermogenic 
origin. These gases are identified by characteristic δ13C ratios, showing a relatively higher content 
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of 13C than those from biogenic processes (Claypool and Kvenvolden, 1983). The reason is that 
enzymatic processes have a slight preference for isotopically lighter substrates. In settings with 
hydrothermal fluid circulation (e.g. at the flanks of Mt. Etna, Mediterranean Sea), CO2 may be the 
dominant gas phase in MVs, due to magma degassing that provides the buoyant phase, not 
maturation of organic matter as elsewhere (Etiope et al., 2007). It has also been reported that 
contributions of mantle gases such as He are found in MVs, highlighting that the source of MVs 
ejecta could be as deep as the mantle (Kopf and Deyhle, 2002). 

General indicators of a freshening (decrease in ionic strength) in MV fluids, mainly by melting 
methane hydrates and entrapment of ions in clay are (i) depleted K+ concentrations when poorly 
hydrated K+ is incorporated between crystal layers during smectite-illite transformation(Mancinelli 
et al., 2007), (ii) low chlorinity and (iii) enrichment in δ18O (both due to the dissociation of methane 
hydrates, which are enriched in H218O and strongly depleted in ions). In combination, the 35/37Cl 
isotope ratio variations in Cl-concentration can also be used to distinguish between different source 
reactions (clay dehydration, gas hydrate dissociation and formation of high temperature hydrous 
serpentine minerals). For similar purposes, the comparison between δ18O and δD, as well as boron 
and lithium concentrations together with δ11B can also be used (Chao et al., 2011; Kastner et al., 
1991; Seyfried et al., 1984; Vils et al., 2008). Some of these parameters also serve as 
geothermometers (e.g. δ11B ratios; see (Kopf and Deyhle, 2002)), so that the origin of the fluids can 
be estimated as long as the geothermal gradient in a determined MV area is known. Episodic 
expulsion of fluids may also be recorded by isotope composition (87Sr/87Sr) in mineral clasts 
((Bickford et al., 2008); cf. Section 7). 
 

 
Figure 6: Temperature distribution vs. different sources of fluid expulsion in a subduction zone, after (Dielforder et al., 

2015). 
 
Whereas the isotope ratios are of interest for geologists seeking the origin of the ejecta, decisive for 
life is the presence of reduced species, trace elements/metals and nutrients, which are also 
transported to the uppermost sediment layers and the seafloor. Their origin/release is mainly 
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associated with the transformation of organic compounds, either via microbially mediated 
degradation, and the accompanied reduction of electron acceptors (e.g. release of NH4+, Fe2+, H2S, 
biogenic CH4), or via thermally-activated breakdown under high p-T (thermogenic CH4). However, 
except methane, efflux rates of these reduced constituents are usually very low or below detection 
(e.g. (Fryer et al., 1999; Hulme et al., 2010)). In most cases, the reasons for this observation may be 
a combination of two factors: the availability of oxidizing agents (primarily free oxygen), and the 
transport mechanisms of the fluids – slow vs. fast. As a consequence, not only the composition of 
released fluids can be crucial for the nature and diversity of benthic habitats on MVs, but also the 
velocity of the advective flow can shape the ecosystem. Especially the latter controls the balance 
between the release of reduced substances and the availability of oxidants. Additionally, fluid 
compositions vary from MV to MV in subduction zones (Fryer, 2012; Fryer et al., 1999; Mottl et al., 
2003), but also within one single structure on relatively short distances. In a study on the Håkon 
Mosby MV (Lichtschlag et al., 2010) could show that microbial communities in the center of the 
active area depend on the oxidation of methane, while in the surroundings, with lower flow rates, 
biologically oxidation of sulphide is much more important than chemical anaerobically oxidation. 
We will come back to the critical factor of upwelling speed in the next two sections. 

Seafloor and sub-seafloor ecosystems on MVs 
 

Except CO2 seeps, most MVs eject reduced substances into an oxidised water column, thus a 
thermodynamic disequilibrium is generated at the sediment-water interface. This can drive primary 
production by chemosynthetic bacteria, which is the reason why MVs can be considered as oasis of 
life. We will explain shortly how the chemical energy in MVs can lead to primary production and fuel 
an ecosystem.  

Primary production by chemosynthesis is the energy consuming incorporation of CO2 into biomass, 
where the energy is supplied by oxidation of inorganic compounds. The MVs harbour complete 
foodwebs analog to those in the photic zone that rely on solar energy, where radiation is the energy 
source for primary production. The main oxidants in seawater are sulfate (28 mM) and oxygen (~0.2 
μM)(Stumm and Morgan, 2012). Most common chemolithoautotrophic substrates autotrophic 
microorganisms are CH4, H2, CO, sulphide, sulfur, Fe2+, and ammonium. Whereas all these 
compounds are formed by thermal processes, not all will reach the surface. H2 is readily converted 
by methanogens to methane (4H2+CO2 -> CH4 + 2H2O)(Schlegel, 1985). CO is anaerobically converted 
(CO+ H2O->H2 + CO2)(Schlegel, 1985), and the produced hydrogen forms again the substrate for 
methanogens. Typical reductants in surficial mud fluids are methane, sulphide, Fe2+ and ammonium, 
which can all be oxidised biologically(Schlegel, 1985).  

The most abundant reductant in MV fluids is normally methane, which can be oxidised with either 
oxygen or sulfate as e-acceptor. The C-atoms from methane can be directly inserted into biomass 
(Strom et al., 1974), however, old and new evidence suggest that many strains produce their cellular 
biomass from CO2 fixation (Kellermann et al., 2012; Romanovskaia et al., 1980). Methane oxidisers 
are autotrophs, as they generate biomass from C1 compounds. Although aerobic methane oxidation 
has a high yield (1 gram dry weight as biomass/gram methane), the areal conversion rates are 
limited by low oxygen supply (approximately 0.2 mM in seawater), making this process a weak basis 
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for a food web. Most methane is oxidised by anaerobic methane oxidation (AOM) using the 
abundant sulfate (28 mM in seawater) as e-acceptor.  

The net process is: 

CH4 + SO4
2-+2H+->H2S+CO2+2H2O 

The process is driven by a symbiosis between Archea (Anaerobic Methane oxidisers: ANME), that 
convert the methane, and sulphate reducers that transfer the electrons to sulfate (Boetius et al., 
2000). It is still debated how the redox equivalents are transferred between the Archea and the 
sulfate reducers. Evidence was presented for direct transfer via electrical conductive 
wiring(McGlynn et al., 2015; Wegener et al., 2015), while also diffusive transfer via chemical redox-
mediators was shown possible(Scheller et al., 2016). A concept that avoids electron transfer 
between populations was proposed by F. Widdel(Milucka et al., 2012). In this model the Archea 
perform both the methane oxidation and the sulfate reduction, however, only to the level of S(0), 
that then in the population of sulfate reducers is converted by sulfur disproportionation to sulphide 
and sulphate. Whatever the details of the process are, AOM was shown to have a very low biomass 
yield and the involved microbial consortia have very slow growth rates with doubling times of 
months(Nauhaus et al., 2007), which is not a good basis for a food web. However, AOM produces 
sulphide, and aerobic sulphide oxidation is coupled to rapid biomass growth with high yield. 
Therefore, sulphide oxidation is an important process for primary production and the basis of the 
food webs in marine seeps. Secondly the combination of AOM and sulphide oxidation shields the 
biosphere from methane and sulphide input(Boetius et al., 2000). An overview of these processes 
is given in Fig. 7. 

 

Figure 7: Pathways of methane oxidation. Anaerobic methane oxidation is visualized by the red and green consortium, 
respectively ANME archaea and sulfate reducing bacteria. When AOM is well established, no methane passes the 

methane-sulfate transition zone and aerobic methane oxidation does not occur (From F. Stams, Wageningen 
University) 
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Sulphide oxidisers form often conspicuous mats that are white from intra- and extracellular sulfur 
globules. Typical mat forming organisms are Arcobacter (Grunke et al., 2009) and the so-called Big 
Bacteria(Schulz and Jørgensen, 2001). In fact, cold seeps are often found by searching for these 
white mats. Arcobacter is an aerobic organism and their mats can develop in hours(Taylor et al., 
1999). Examples for Big Bacteria are the long filamentous Beggiatoa and Thioploca of up to 160 μm 
thick. Their slime jets provide a rapid gliding motility in the 2-5 cm thick suboxic zone of sediments. 
Most of their cell volume is a vacuole that can be filled with up to 0.5 M nitrate(Schulz and 
Jørgensen, 2001). By respiring the nitrate, they can 'scuba-dive' in sulfidic sediment up to 40 days 
long before refuelling at the surface(Preisler et al., 2007). Access to deeper sources of sulphide 
provides an obvious competitive advantage over aerobic sulfur oxidisers. 

Interestingly, aerobic sulphide oxidisers often live in symbiotic associations with marine animals like 
tube worms, snails, bivalves, crustaceans and nematodes(Dubilier et al., 2008a). These symbiontic 
animals can reach enormous densities near or on seeps. Their fossil remains can be used to 
recognize extinct cold seeps. Energetics predict that, based on yields and reductant supply, most 
growth in such environments is based on sulphide oxidation. Nevertheless, a bewildering diversity 
of symbionts in one host can be found, occasionally combining sulfate reducers, hydrogen-, 
methane- and sulphide oxidisers in one host(Dubilier et al., 2008b). The importance of each of these 
processes for the host is not easy to assess. Remarkably, the growth rates of these organisms are 
highly variable. For example, Riftia tubeworms can colonize a seep area in a few weeks to months, 
whereas Vestimentiferan tubeworms can be 250 years old(Fisher et al., 1997).  

Cold seeps are thought to follow a sequence of colonizers upon its start: first aerobic microbial mats 
develop followed by Beggiatoa mats, then relatively fast growing bivalves that harvest sulphide from 
up to 10 cm bsf, followed by the very slow growing tube worms that 'mine' for sulphide up to 2 m 
deep(Hsing, 2010). The latter can reach ages of at least 250 years, thus if these are found, the seeps 
are old and stable. Such a sequence will restart after each eruption, when the sediment surface is 
strongly perturbed. 

 

Dynamic environments 

Mud volcanoes episodicity 
 

The episodic activity of MV starts basically with the formation of the features and is highly episodic. 
As stated in Ch. 4, MVs may evolve rather suddenly and rapidly form a cone of clast-bearing mud 
and breccia. Since the majority of the features occur in convergent margin settings, the geodynamic 
forcing governs mud volcanism. Similar to earthquakes within the seismic cycle, mud volcanic 
eruptions, mudflows or even variations in seepage rates are driven by the overall tectono-
hydrological regime. On many occasions, stress changes at depth have been made responsible for 
mud extrusion, most importantly because there is a causal link between MV activity and 
earthquakes. In the Caucasus, historic eruptions of MVs at the Caspian Sea coast occurred prior to 
large earth quakes (EQs). Chemists also attested that the chemistry of waters and gases changed a 
few days before a given EQ. Such studies are easier to perform onshore, where detection of Radon 
anomalies has become a powerful tracer for EQs (Igarashi and Wakita, 1990), sometimes even prior 
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to EQs (Igarashi et al., 1995). Similarly, methane gas may migrate shortly before, during and shortly 
after EQs through sedimentary bodies, especially in pockmark areas on the shelf (Hasiotis et al., 
1996) or MVs(Kopf et al., 2010). Also, ionic concentrations of some elements have been shown to 
vary in case of fault slip events in sub-seafloor pore waters(Solomon et al., 2009; Tsunogai and 
Wakita, 1995). The wealth of processes sketched above all rely on the enhancement of permeability, 
which is causally connected to seismic wave propagation (Elkhoury et al., 2008) and subsurface fluid 
flow onshore (e.g. (Rojstaczer et al., 1995) and offshore (Johnson et al., 2000). One such recent 
example is the massive release of methane from a submarine MV in the Kumano Basin, Japan after 
an EQ (Tsunogai et al., 2012). However, non-tectonic triggers of mud volcanic activity have also been 
reported (Håkon Mosby, Nile Delta) and include Earth tides, thermal pulses or discontinuous 
dewatering. 

Very scarce direct observations exist on the development of submarine MV, but MVs on land can 
develop within days, then stay stable for days, weeks, or even years or much longer. The longevity 
is believed to be a function of mud breccia physical properties (i.e. clast-rich ejecta withstand 
erosional forces more efficiently; Kopf, 2002) or the near-stress field and mud reservoir/source layer 
volume (which may keep the conduit open and flux alive). This perception is indirectly supported by 
scientific drilling into multi-Myr mud domes(Robertson, 1996; Talukder et al., 2003) in the Eastern 
Mediterranean Sea. Drilling as well as seismic reflection surveying attest that episodic, as apparent 
for the X-mas tree structure (See Fig. 2a), where each mud flow event represents a branch of the 
tree while hemipelagic background sedimentation takes place during periods of MV quiescence. 
ODP expedition 160 drilled two such MVs in the Eastern Mediterranean sea where mud flows and 
interbedded hemipelagites were recovered and dated to be several Million years old (Robertson, 
1996). Grain size distribution of the oldest mud breccia recovered further allowed to associate the 
initial deposits with clast-supported sediment while the youngest flows showed fine-grained, gassy 
strata (Flecker, 1996). This mechanism is typical for deep-seated MVs in subduction settings since 
the mud has first to clear the fault zone from breccia and gouge before mud may ascend. Once 
completed, ascent of gassy mud may be more rapid and scarce of clasts, which will only be collected 
as wall rock samples on the mud mass’ way to the seafloor. Note that both the dating of core utilizing 
biostratigraphic methods (using indicative microfossils) or from stratigraphic correlation and 
assuming certain sediment accumulation rates work at best in the range of Myrs to several kyrs, and 
help only to understand the most important episodes in MV evolution (as described in Ch. 4).  

Mud volcanoes short term evolution 
 

If we regard more recent variations in mud volcanic activity, there are two fundamentally different 
approaches: (i) to study sites where mud extrusion occurs suddenly for the first time, or (ii) monitor 
transient changes on existing, well-known MVs. As for category (i), sites of first-time mud eruption 
are usually spectacular and are associated with a large volume of extruded mud (breccia) since the 
reservoir/layer of origin is tapped into for the first time. Very recent examples of massive mud 
extrusion occurred in the Caspian Sea, offshore Pakistan (Makran margin), or Indonesia where the 
mud pierced the seafloor at shallow water depth and accumulated sufficient volume to form an 
island. These islands, however, were built of homogenous, fine-grained mud almost free of clasts 
and usually lasted only a few weeks after extrusion ceased and wave action eroded the island. 
However, one prominent example that has now been active since 2016 is Lusi MV in NE Java, 
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Indonesia (e.g.(Mazzini, 2007). The mud flow rate reached up to 180000 m3/d, covered a region 
>7km2, and forced the evacuation of several villages. Several factors may have contributed to the 
sudden outburst: nearby drilling activity(Davies, 2008) or reactivation of a fault after a M6.3 EQ in 
May 2006 (Mazzini, 2009), the latter fluidizing some deeper strata and triggering mud ascent. As for 
category (ii), which represents also the sites where eruptive activity is less violent and, thus, 
biological inhabitation is likely, changes on time scales longer (kyrs to months) than those of 
category (i) rely on two techniques: monitoring devices deployed on MVs (see list below), and 
repeated seismic/bathymetric mapping of the subsurface/seafloor to identify micro-morphological 
changes, new mud flow deposits, etc. Both approaches are powerful and may be used in 
combination. The monitoring devices, which have proven to be effective on measuring several MVs 
parameters, can mainly be grouped in those categories: 

Osmotic pumps, which sample MVs fluids (on the seafloor or deployed in boreholes) for further 
geochemical analyses (Feseker et al., 2014; Jannasch et al., 2004; Kopf, 2013) – here changes in fluid 
geochemical signature may be indicative of the depth of origin and hence attest variability over 
time. 

P-T sensors or sensors strings, normally inserted in the sediment or in boreholes for measuring 
anomalies or gradients in those two parameters (Feseker et al., 2009; Henry et al., 1996; Sahling et 
al., 2009; Sahling et al., 2016) – here the episodic increase in P and T is usually associated with 
hydraulic connectivity to deeper levels, as experienced in EQs. Pore pressure fluctuations provide 
possible links between earthquakes and MV episodicity (Kopf et al., 2010; Mellors et al., 2007) and 
ongoing studies are refining those(Sahling et al., 2016). High temperature gradients around MVs are 
in the order of several hundreds of °C/Km, whereas typical marine sediments background values are 
less than 40°C/Km (Feseker et al., 2009) – note that high gradients do not represent the geotherm 
at the site, but are rather a measure of how recent the flow is and if continuous fluid discharge from 
depth takes place. 

Flow meters and benthic chambers, lying on the seafloor, mainly dealing with quantification of flow 
rates (Kopf, 2013; Linke et al., 2005; Tryon et al., 2001) – similar to the previous point, higher flux is 
associated with stress changes at depth, with the MV basically acting as a valve to deformation 
episodes. Flow rate quantifications by using flow meters or by inverse modelling from geochemical 
or thermal measurements gives typical values of fluid flow on MVs are in the order of tens of cm/yr 
(Henry et al., 1996; Linke et al., 2005; Feseker et al., 2009), whereas quiescent features may show 
less than 1 cm/yr (e.g.(Martin et al., 1996). 

Sonars or ROV observations, essentially bubble quantification of seeping gases, but also visual 
variations of surface sediments (Sahling et al., 2009; Sauter et al., 2006) – bubbling may be 
associated with tectonic forcing, but has also been reported to be linked to temporal dissociation of 
gas hydrate in MVs in the Beaufort Sea. Quantitative estimates are scarce, however, the methane 
flux out of MVs obtained from visual observations and amount of anaerobically oxidized CH4 ranges 
from 104 to 106 mol/yr-1 for single features(Sahling et al., 2009; Wallmann et al., 2006). 

Another powerful mean to determine short-term episodicity on MVs is repeated mapping of the 
seafloor (Feseker et al., 2009; Foucher et al., 2010; Jerosch et al., 2007) to use differential 
bathymetry to identify the most active zones of mud deposition. In two recent expeditions in the 
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Kumano Basin, Japan, it was shown that a gas-hydrate bearing MV had massive mud flows between 
summer 2012 and fall 2016, which filled most of the moat around the feature (Fig. 8). Evidence for 
mud extrusions further came from in situ T measurements and coring next to the mud volcano, 
which also showed gassy mud breccia and elevated heat flow. If ground truthing is not available, 
changes in Multibeam backscatter intensity of the surficial sediments may also attest mud breccia 
deposition (owing to high clast content) or consolidation patterns (i.e. high or low backscatter values 
corresponding to a younger/older mud flow (Van Rensbergen et al., 2005; Zitter et al., 2005)). Both 
the in situ measurements and the geophysical mapping provide hints for episodic hydrological or 
geological activity and have repercussions for biological activity on MV features. 

 

Figure 8: Example of mud volcano #2 in the Kumano Basin, Japan: a) differential bathymetry map, indicating an 
increase in the fill of the moat around the dome by several meters; b) in situ HF data across the mud dome, showing 

anomalously graphs with depth that indicate gassy mud flow deposits even outside of the moat. (N. Kaul, unpublished 
data). 

 

Methane in mud volcanoes: the Håkon Mosby case study 
 

The release rate of methane is a critical parameter as it is a greenhouse gas and a food source for 
the local ecosystem. Methane is released as gas bubbles and in dissolved form. The gas plumes are 
clearly visible on fishing sonar and disappear at approximately 300-400 m below the ocean 
surface(Sauter et al., 2006). This is coinciding with the methane hydrate stability depth. Below 400 
m depth a methane hydrate skin protects the bubbles from dissolution. The fate of the dissolved 
methane is of interest, where it seems that under normal conditions only a minor fraction reaches 
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the atmosphere and most is converted by aerobic methanotrophs (Artemov et al., 2005; Gentz et 
al., 2014). It is however argued that strong eruptions of MVs can lead to climate change(Kopf, 2002). 
To contribute to methane in the atmosphere, submarine MVs must have episodes of enhanced 
activity, so that the plume reaches the sea surface. Such episodicity, periods of eruptions, was 
directly shown by direct observations on the Håkon Mosby MV. Also, studies on this MV showed 
how the mud volcanism, transport of methane rich mud from large depth, can shape the ecosystem 
of its surface.  

 

Figure 9: Biogeochemical and ecological zonation of the Håkon Mosby MV (Jerosch et al., 2007). 

Methane arrives at the surface of MVs mostly dissolved in porewater, and is then saturated. 
Occasionally fountains of bubbles are found. The release of methane from a MV is not 
homogeneous, because the fluid flow velocities are not constant; it is often the highest in the central 
area of a MV edifice, or where the main vents are situated. The warm fluids that are flowing upwards 
from large depths gradually loose heat to the cold surrounding sediments. The resulting 
temperature gradient causes a higher viscosity near the wall of the mud volcano than in the middle 
of the fluid stream. This leads again to the observed velocity gradient in the pore water upflow. 
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AOM was thought to form an effective biofilter that protects the biosphere from significant 
methane input(Boetius et al., 2000). The upflow velocity of pore water determines how effective 
this filter can be. At very high flow velocities of 3-6 m/year, as observed in the center of the Håkon 
Mosby Mud Volcano, the sulfate penetration is limited to the upper few mm of the sediments and 
no AOM can occur(de Beer et al., 2006). Most methane that is dissolved in the upwelling pore water 
will escape to the water column, and where the warm fluids destabilize hydrates, bubble streams 
are observed(Sauter et al., 2006). Only in zones where the flow velocity is reduced to less than 1 
m/year anaerobic methanotrophic archaea (ANMEs) are abundant at 2-3 cm depth and the AOM 
rate is so high that all methane is converted(de Beer et al., 2006). It was however argued that even 
under calm conditions, in between eruptions, a large fraction may escape the biofilter(Niemann et 
al., 2006).  

The relation between flow velocity and structure of the ecosystem, fuelled by the sulphide produced 
by AOM, requires some further explanation. AOM is only possible in the sediment zone where 
sulphate and methane overlap. The rate of AOM is determined by methane and sulphate supply 
into that zone. Where the upflow velocity of the pore water is very high, sulfate cannot penetrate 
into the sediments. Conversely, when the upflow is very low, the methane supply becomes 
limiting(de Beer et al., 2006). This concept is used to explain the ecological structure of the Håkon 
Mosby Mud Volcano (Fig. 9).  

The center of this very large MV (1 km in diameter) is colonized only by aerobic methane oxidisers 
and most methane escapes into the water column. The upflow velocity is too high for sulfate 
penetration and no AOM can develop. Further to the outside the upflow velocity decreases and 
sulfate penetration to 3-4 cm bsf is possible(de Beer et al., 2006). The periphery of the volcano is 
sealed by methane hydrates and the upflow is blocked. The large areas of hydrates are colonized by 
Vestimentiferan tubeworms (called pogonophorans in Fig. 9) that reach up to 70 cm bsf, to the 
surface of the methane hydrates. The worms pump oxygen and sulfate rich seawater down their 
tubes, supplying the ANME near the methane hydrates with sulfate. The worms are autotrophic, 
with symbionts growing on sulphide produced by ANME from the hydrates(Lösekann et al., 2008). 
The worms cannot live in the center of the mud volcano, as they are too weak to pump water 
downwards against the upflowing pore water and would suffocate. A second hypothesis for the 
absence of ANMEs and AOM in the central part of the Håkon Mosby was that this area is too often 
disturbed by eruptions so that the ANMEs cannot colonize the sediments (de Beer et al., 2006). 
Whereas the absence of AOM in the central area was explained by the high upflow velocity, the 
second hypothesis could not be disproven. 
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Figure 10: Temperature data from a 12 m long temperature lance with 8 sensors along the shaft. The drastic 

temperature changes on Dec 12, 2005 indicate an eruption. The eruption leads to a turnover of the sediments, thus 
warm material goes up and cool surface layers can move downwards. (T. Feseker and J.P. Foucher, unpublished data). 

 

A critical point of the studies towards possibly dynamics of MVs is that observations during 
expeditions are snapshots. Eruptions may well be missed, or ongoing eruptions may not even be 
recognized by the scientific party that is present. The only method to document episodic events is 
found in long-term observations. First data of such kind were collected from a 12 m long 
temperature sensor deployed on the Håkon Mosby MV. Drastic temperature changes indicate 
massive sediment movements due to eruptions (Fig. 10). 

A detailed data set was obtained by an observatory deployed between 2009 and 2010(Feseker et 
al., 2014). Time series data for pressure, temperature, pH and seafloor photography were collected 
over 431 days using a benthic observatory at the active Håkon Mosby MV. At least 25 pulses of hot 
subsurface fluids were observed, accompanied by eruptions that changed the landscape of the mud 
volcano. Four major events triggered rapid sediment uplift of more than a meter in height, 
substantial lateral flow of muds at average velocities of 0.4 m day-1, and significant emissions of 
methane from the seafloor (Feseker et al., 2014). The uplifting, 60 cm in a few hours, occurred so 
quickly that the driving force has been supposed to be gas driven. It was calculated that over 40000 
m3 methane (at 120 atm) was released during the eruptions. Most of the gas must have passed the 
biological AOM filter that can oxidise at maximum 3% of the released methane. For the assessment 
of the importance of MVs in the global climate it is of great relevance to determine if during 
eruptions the gas plume can reach the sea surface. The timing of such measurements is then of 
critical importance. Whether the methane reaches the surface also depends on how quickly it is 
released. Uplifting could happen in hours and mostly subside again in a few days. Conservative 
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estimates for such sediment dynamics required 10000 m3 methane at 120 atm. Such amounts may 
be able to reach the atmosphere (Kopf, 2002). 

 
Figure 11: Contour plot of the seabed temperature (24 h mean) along the thermistor chain during the deployment 

time. Red colours represent the normal bottom water temperature range (-0.9 to -0.7 °C), while yellow colours show 
seabed temperatures > -0.7 °C, attributable to mud volcanic activity. The latter are only found 12 m or more from the 

frame. The lines indicate trails of hot spots, which are interpreted as sediment movement. Clearly, sediments 
movements appear episodic. 

The hot pulses formed flares that could be followed while they travelled along a string with T-
sensors (Fig.11). Typically, the sediments moved once per month during a few days and then a few 
meter. Total distance travelled in a year was about 175 m. Although tempting, no clear link with 
lunar phases could be shown. 

From bathymetric maps the most active area could be estimated, which covered most of the central 
part of the MV. During the 431 days a sediment slab of at least 20 m thickness moved in total about 
175 m over a front about 200 m wide. Over 660,000 m3 of gaseous mud moved from the center to 
the periphery, where it eventually sank down into the MV caldera. This irregular conveyor belt has 
drastic consequences for life on the MV surface: the organisms must grow fast enough to allow 
colonization of the surface. AOM with a doubling time of weeks cannot colonize the surface, as 
within a few doubling events the sediments are turned over and the process must start from the 
beginning. Thus the absence of ANMEs in the center can be explained by two mechanisms, which 
act in concert: too high upflow velocity and regular habitat destruction by eruptions.  

In conclusion, the ecological structure reflects the stability of the seafloor of the MV. The center is 
replaced a few times per year while the hydrates on the periphery, with the 70 cm long tubeworms, 
probably have a stability of centuries (Fisher et al., 1997). An important global implication of these 
findings is that the most active areas of MVs, thus with the highest supply of methane, are not 
shielded by the biofilter of AOM and sulphide oxidation. Rather most of the methane brought to the 
surface from marine MVs is ejected into the water column(Feseker et al., 2014). 
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Conclusions 
Whereas the general mechanisms of mud volcanism are reasonably well understood, the 
importance of marine mud volcanoes for global cycling of elements is poorly constrained. They form 
interesting ecosystems that are based on anaerobic methane oxidation and sulphide oxidation. 
However, these 'biological filters' do not prevent large methane emissions in the water column. 
Their contribution to global or even regional budgets is difficult to determine. Firstly, the real 
number of active volcanoes is not known, secondly, mud emission is typically not a constant process. 
Although recent improvements in sea floor acoustic surveys and increasing use of optical methods 
and long-recording sensors have led to considerable advances in our knowledge of understanding 
mud volcanoes, the extent and frequency of eruptions can hardly be constrained. During eruptions, 
emissions increase very drastically. Likely, most measurements during cruises are performed in 
periods of inactivity, resulting in underestimated emissions.  

What triggers an eruption is not fully understood. Eruptions may not even be recognized when we 
look at one, as we need to know the difference with background activity. The only way to deepen 
our knowledge on the activity of mud volcanoes are long-term observations, by autonomous or 
cabled observatories. Which technique is better depends on economic options and methods used. 
Cabled observatories have practically unlimited power-supply and data transfer, and in principle can 
be interactive: when activity is observed special instruments can be moved in or remotely controlled 
mobile platforms can be deployed to the most active areas. Disadvantages of cabled observatories 
are costs and lack of flexibility. The technology for data storage and transmission, power supply and 
instrumentation (sensors, lab-on-chip) has drastically improved in the last decades, strongly 
enhancing the usefulness of autonomous observatories. Ideally, a few different types of mud 
volcanoes should be selected for a concerted large project, e.g. mud volcanoes driven by tectonics, 
compaction and/or hydrocarbons. Moreover, microbiological studies resulting in knowledge on 
growth rates, colonization rates and spatial distributions of key species, will help to better constrain 
the spatial and temporal variability of mud and fluid flow as well as distribution of methane seepage 
at the scale of the whole MV.  

 

GLOSSARY: 

AOM = anaerobic oxidation of methane. A microbial process where the e-acceptor is sulfate. The 
process is thought to be conducted by a consortium of an Archaea that oxidises methane and a 
sulfate reducing bacteria that passes the electrons to sulfate. 

Accretionary prism = sediment wedge offscraped from the subducting plate during the collision 
between lower and upper plate 

ANME = Anaerobic Methane oxidising Archaea. The member of the AOM consortium that oxidises 
methane. 

Areal conversion rate = process rate expressed per sediment surface area (mol m-2 s-1). 
Autotrophy = production of biomass from CO2 or methane. It is primary production that forms the 

basis of ecosystems, where other (heterotrophic) organisms are thriving by degrading this 
formed biomass. Energy for biomass production is, in the deep sea, supplied by oxidation of 
anorganics like sulphide (see chemolithoautotrophy). In the photic zone primary production is 
mainly driven by photosynthesis, so using light to generate biological energy. 

Backarc = part of a subduction zone landward of the volcanic arc 
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Caldera = rimmed depression affecting the whole MV edifice, formed due to compaction of 
sediments by overloading of fresh erupted material and depleting of an underlying mud 
chamber 

Chemolithoautotrophy = Metabolic regime where the carbon for biomass is obtained by CO2 
fixation and the energy is genmerated by oxidation of inorganic compounds such as ammonium, 
hydrogen, iron, or sulfide. 

Christmas tree = sedimentary structure identified in seismic profiles which resembles a pine tree 
formed by the interdigitation of mud flows and hemipelagic sediments 

Clast = fragment of a sedimentary rock detached from its original sedimentary unit 
Fold = geological structure created by tectonic forces which deforms the strata in bent surfaces with 

a various degree of curvature 
Forearc basin = area of a subduction zone seaward of the volcanic arc; often terrigenous sediments 

are accumulated here 
Fault = fracture through the different layers of a lithospheric plate mainly caused by the inter-plates 

movements  
Geotherm = temperature gradient in geological strata 
Geothermometer = indicator of the temperature at which a geological or geochemical event 

occurred. Reliable geothermometer are stable isotopes, mineral phase transformations, fluid 
inclusions and mineral alterations 

Gryphon = secondary, minor emitting structure forming on the flanks or at the crest of MVs 
Heavy/light hydrocarbons = hydrocarbons with, respectively, higher or lower viscosity and density, 

e.g. crude oil Vs methane 
Hemipelagic = muddy sediment deposited in the deep-sea close to continental margins due to 

settling of fine particles, composed by a mix of biogenic and terrigenous material 
Hydrocarbon cracking = endothermal chemical process which breaks heavy hydrocarbons into light 

hydrocarbons 
Hydrofracturing (also fracking) = drilling in rock that is fractured by a pressurized liquid. 
Hydrothermal fluid circulation = movements of fluids in the sediments driven by the presence of a 

heat source nearby 
Illite = A non-expanding  crystalline clay mineral belonging to the phyllosilicates group. Illite is a 

secondary mineral which, in marine sediments, is often formed after dehydration of smectite. 
Illite crystallinity = measure of X-Rays angles and intensity of reflection upon the illite mineral, which 

provides information about the metamorphic facies and pressure/temperature of formation of 
the mineral itself 

Marine subsidence = sinking of the seafloor surface due to compaction of sediments in response to 
increasing load (burial) 

Mineral dehydration = inorganic chemical reaction where water is subtracted from the crystal 
structure of a mineral forming another one 

Mud breccia = main ejecta of MVs, formed by a clay matrix of varying viscosity within rock pieces 
and sediments clasts of different provenance and characteristics are included 

Mud chamber = relatively shallow reservoir where an amount of overpressured sediment is stored  
ODP = Ocean Drilling Programme 
Outcrop = subaerial exposure of bare rock 
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Overpressured sediments = sediments having porosities higher than predicted from compaction law 
under a defined lithostatic load  

Paroxysm = set of events which constitutes the maximum intensity phase of a MV´s eruptive period 
Underthrusting = characteristic of the subducting plate of sliding beneath the upper plate 
Salt diapir = geological structure in form of a plume intruding the overlying strata by pushing them 

upwards or piercing them due to overpressured conditions 
Salse = satellite crater filled by a low viscosity pool of bubbling mud and gases 
Seafloor backscatter = signal received from an echosounder or a sonar representing the seafloor 

interaction with the emitted sound waves. Different signal intensities, if supported by ground 
samples, could provide a rough surficial sediments classification 

Sedimentation rate = rate of sediment accumulation on the seafloor in a specific sedimentary 
environment  

Slime jets = A molecular motor for locomotion of filamentous bacteria (Beggiatoa and 
Cyanobacteria). A row of very small, spiralling around the filaments along its axis, excrete slime 
at an angle. The viscosity of the slime causes gliding motion in the opposite direction. The slime 
jets are coordinated, as the gliding motion can suddenly be reversed by switching the angle of 
the motor.  

Smectite = An expandable, water-rich clay. It is the main source of deep water in mud volcanoes. 
The most prominent representative may be the phyllosilicate montmorillonite, which 
precipitates from water as microscopic crystals e.g. during weathering/alteration of basaltic 
rocks. When dehydrated under high p-T it forms illite. 

Subduction zone = region of convergence between two lithospheric plates, with the lower plate 
being subducted below the upper plate 

Sulfur disproportionation = A recently discovered metabolic process to generate energy, splitting 
one S-containing compound into sulphide and sulfate. This can be either elemental sulfur, 
sulfite, or thiosulfate to produce both hydrogen sulfide and sulfate. 

Symbiosis = a close interaction between two different biological species, to their mutual benefit. 
Near seeps many symbiontic relations developed between bacteria and animals, where 
autotrophic bacteria are housed inside or on top of animals that harvest the produced biomass. 

Vitrinite = one of the main organic component of coal, derived from cell-wall material or woody 
tissue of plants. Its chemical composition comprises polymers, cellulose and lignin. 

Vitrinite reflectance = estimation of the maximum temperature history of vitrinite (maturity) 
through the measurement of percentage of reflected light on the latter. The vitrinite glass-like 
gloss increases with increasing degree of coalification. Therefore, this measurement can be used 
to estimate maximum p-T conditions. 
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Abstract 
Circulation of water at moderate depths in subduction zones is dominantly driven by clay mineral 
dehydration over distinct pressure and temperature gradients. The signature of these dehydration 
reactions is found in mud volcano pore waters, however, it is largely unknown, how much of the 
deep-seated fluids are emitted at mud volcanoes. To unravel this relation for the region off the Kii 
Peninsula, Japan, we calculated the water volume that is subducted in the Nankai Trough using input 
data from IODP holes C0011 and C0012 and the correspondent water volume released from the 
subducted plate under the Kumano Basin, in an area where 13 mud volcanoes are located. 
According to our model, water released at depth in the mud volcano area is derived almost entirely 
from basaltic saponite and sedimentary smectite transformation (up to 96%). Nonetheless, the mud 
volcanoes themselves expel <<1% of the total volume. To test the contribution of the accreted strata 
and the Kumano Basin fill to the water budget, we run a second model. Water loss due to 
compaction of sediments and smectite-illite transition below the basin floor have been calculated. 
The results were compared with salinity measurements on background cores scattered in the study 
area to extrapolate the volume of water loss at depth. The comparison of the two methods yielded 
similar results and led us to conclude that the bulk part of the deep-seated fluid re-enters the 
hydrosphere via the basin floor, a mechanism rarely taken into account in fluid budgets in the 
literature. 

 

Key points: 

 Water subducted in the Nankai Trough (Japan) and expelled over the Kumano Basin has been 
calculated 

 Clay minerals, both in subducted sediments and in the basaltic crust, play a major role in 
water release at depth 

 Contribution of mud volcanism to the water budget appears marginal compared to diffuse 
flow throughout the basin 
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1. Introduction 
 

The origin and fate of subducted and expelled fluids in the forearcs of subduction zones is still poorly 
constrained, although tremendous efforts have been made to describe the fluids destiny along the 
subduction path (Jarrard, 2003; Saffer and Tobin, 2011; Völker and Stipp, 2015). 

Water enters subduction zones either trapped in the pore space or incorporated into hydrous 
minerals over the different layers of the subducting slab. The porosity of subducting sediments 
varies between ≈70% (at the seafloor) and e.g. ~30% at 1-2 km below the seafloor in the trench, and 
the general and further decrease in pore space with depth can be described as an exponential trend 
in the case of normal compaction (e.g. Athy, 1930; Brückmann, 1989; Hart et al., 1995; Screaton et 
al., 2002).  

Sedimentary constituents that carry significant amounts of water are clay minerals such as of the 
smectite group on one hand (Vrolijk, 1990) and biogenic opal in the form of diatom or radiolarian 
tests on the other (Moore and Vrolijk, 1992). In this manuscript, when referred to smectite, the term 
will always imply a sedimentary origin (detrital or authigenic) of the minerals assemblage 
constituting this clay group (mainly montmorillonite). Detailed information on the abundance of 
these constituents can be derived from IODP/ODP holes on the incoming oceanic plate. The 
different layers of the basaltic oceanic crust undergo alteration processes that change both the 
porosity and the content of hydrous reaction products. An alteration product that has been reported 
to be of particular importance for fixation of water in the basaltic crust and later release thereof is 
saponite, a Mg-rich phyllosilicate from the smectite group (Jarrard, 2003; Kameda et al., 2011; 
Hashimoto and Yamano, 2014). Likewise, when referred to saponite in this manuscript, the term 
will always imply an origin from alteration of basaltic crust. 

If deep faulting permits circulation of water through the upper mantle at mid-ocean ridges, at 
fracture zones or at the outer rise of the trench, hydration and transformation of mantle peridotites 
into serpentinites occurs. Outer rise serpentinization at subduction zones seems to be a common 
phenomenon (e.g. Ranero et al., 2003; Contreras-Reyes et al., 2007; Ivandic et al., 2010). Upper 
mantle serpentinite has been calculated to potentially carry a volume of water that can be as large 
as chemically bound water in the igneous crust and subducting sediment (Grevemeyer et al., 2007; 
Völker and Stipp, 2015). 

The first large portion of water leaves the system as the subducting sediment is rapidly loaded by 
the upper plate over the first kilometers of overriding. Much of the water released this way is 
supposed to migrate up-dip along the plate boundary thrust, or the permeable turbidite sequences 
underneath, and to escape close to the toe of the continental slope (e.g. Kimura et al., 1997; Brown 
et al. 2001; Saffer et al., 2003). 

The increase of pressure and temperature (P and T) along the subduction path triggers a series of 
metamorphic reactions in the subducted sediments that release fresh water by breakdown of 
hydrous minerals. Water released from the crust is expected further landward e.g. under the marine 
and continental forearc, or even further arcward and beyond the arc (e.g. van Keken et al., 2011; 
Völker and Stipp, 2015). Kameda et al. (2011) stress the importance of the saponite as a source of 
water due to its abundance in the uppermost levels of the altered basaltic crust and because its 
decomposition occurs at higher temperatures than that of other hydrous clay minerals. 

De-serpentinization of the upper mantle is the last of major water-releasing reactions to occur and 
is expected to feed the arc volcanism, while considerable amounts of that water should theoretically 
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dive deeper and get released behind the arc (Rüpke et al., 2004; Freundt et al., 2015).  

The total amount of water is controlled by the sedimentary thickness and mineralogical composition 
of the subduction inputs, the age and related thermal state of the oceanic crust, and the 
convergence rate. The product of slab age and convergence speed, the slab thermal parameter φ 
[km] (Kirby et al., 1996; van Keken et al., 2011) is small for slow subduction of young lithosphere 
and large for fast subduction of old lithosphere, so that "hot" and "cold" subduction zones can be 
distinguished. In general, old (cold) and fast subduction zones (of high φ) transport a large fraction 
of the mineral-bound water across the forearc and into the deeper mantle, whereas young (15-30 
Ma, see Kobayashi and Nakada, 1978) and hot incoming lithosphere such as Nankai (with a low φ 
value of 430 km) can be dehydrated to a large extent over the forearc. 

The progressive dewatering of the subducting slab gives rise to a variety of venting systems at the 
seafloor such as seeps (e.g. Davis et al., 1990), mounds (e.g. Hensen et al., 2004) as well as MVs (e.g. 
Martin et al., 1996; Kopf et al., 2001). Slab temperatures that favor water-releasing transformations 
such as of biogenic opal to quartz and smectite to illite (illitization) appear to coincide spatially with 
active seep sites on the lower and middle continental slope at continental margins where faults 
connect the plate interface with the seafloor (e.g. Le Pichon, 1992; Sahling et al., 2008; Barnes et 
al., 2010). 

Mud volcanoes are venting systems that manifest as mostly cone-shaped, positive seafloor 
morphologies. They are considered the most effective way of solid and fluid release from deeper 
sediments to the surface (Brown, 1990). In subduction zones, MVs have been observed over forearc 
basins as well as within the frontal domain of accretionary prisms (Le Pichon et al., 1990; Kopf et al., 
2001; Kopf, 2002; Hensen et al., 2004). MVs are able to eject large quantities of fluidized sediments 
(i.e. mud breccia), water and gas, generally following episodic patterns (MacDonald et al., 2000; 
Tsunogai et al., 2012), as documented by fluid and heat flow measurements, bathymetric 
monitoring, seismic images of “Christmas Tree” structures in the subbottom, geochemical analyses 
and occurrence of consecutive mud flows in sediment cores (Robertson et al., 1998; Kopf, 2001; 
Yusifov and Rabinowitz, 2004; Kopf et al., 2010; Feseker et al., 2014). 

The material expelled by MVs has a wide compositional range and is brought to the surface by 
various processes, which we will shortly mention in the next paragraphs. The sources can be 
generally grouped into shallow (0-5 km) and deep (5-15 km) (Kopf, 2002). The shallow-sourced 
products (e.g. mud breccias, water, gases) are rather related to sediments compaction, gas 
generation from organic matter and tectonic features (faults and folds), while the deep-sourced 
ones often originate directly from the subducting slab and are mainly associated with mineral 
dehydration, high thermal gradients and buoyancy contrasts. As stated by Dimitrov (2002), Boetius 
and Wenzhöfer (2013) and Pape et al. (2014), methane from thermogenic and biogenic processes 
also plays an important role in the formation of fluid expulsion structures such as seeps and MVs 
for the shallow sources. 

In this work, we try to quantify the different components of the water budget across the Nankai 
accretionary margin, offshore Japan, stressing on the water sources from mineral dehydration and 
the water release via mud volcanoes (MVs) that are observed in the Kumano forearc basin. The 
hydrogeology of the Kumano Basin, if fully comprehended, could contribute to a more complete 
understanding of the mechanics of subduction zones, especially the role of MVs in the so called 
subduction factory. 
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2. Study area 

2.1 Geological settings of the Kumano Basin and the Nankai Trough 
The Philippine Sea Plate converges towards the Eurasian Plate at a rate of 8.7 cm yr-1 and a direction 
of 290° (Seno et al., 1993; DeMets et al., 1994). Owing to the curved deformation front, offshore 
eastern Japan this motion produces subduction rates (perpendicular to the trench) that range 
between 4.1 and 6.5 cm yr-1 (Seno et al., 1993; Miyazaki and Heki, 2001), forming the Nankai Margin, 
one of the most intensely studied subduction zones in the world (Figure 1). Seaward of the trench, 
the incoming plate carries a 1.0-1.4 km thick stack of sediments. The sediments are mainly 
composed of hemipelagic facies (mud/mudstones interbedded with volcanic ashes and siliciclastic/ 
volcaniclastic turbidites) and were dated to range from present to 18.9 Ma (Underwood et al., 2010). 
The igneous basement is largely composed by tholeiitic basalts, representative of the Shikoku Basin 
(Underwood et al., 2010). 

 

 
Figure 1: Bathymetric map of the Nankai Trough SE of Japan with the locations of the Ashizuri, Muroto and Kumano 
transects, as well as the MVs in the Kumano Basin, the study area and some relevant IODP holes. FAB=Forearc Basin; 

PSP=Philippine Sea Plate; PP=Pacific Plate; EAP=Eurasian Plate; NTR=Nankai Trough; AT=Ashizuri Transect; 
MT=Muroto Transect; KT=Kumano Transect. Bathymetry: SRTM30_PLUS (Becker et al., 2009). 

 

The Kumano region has been a focus of geodynamic interest over the past ten years by the Nankai 
Trough SEIsmogenic Zone Experiment (NanTroSEIZE; Tobin and Kinoshita, 2006; Kinoshita et al., 
2006), a complex drilling project which aims to access, log and sample fault rocks and fluids in this 
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active seismogenic zone. The ultimate purpose of this IODP (formerly Integrated Ocean Drilling 
Program, now International Ocean Discovery Program) initiative is to better characterize great 
subduction earthquakes through instrumentation and long-term monitoring of the excavated 
boreholes drilled in multiple expeditions all the way to the plate boundary thrust. The in situ 
measurements in and above the seismogenic zone will reveal pressure-temperature (P-T) conditions 
and physical properties at the fault interface necessary for the initiation of subduction earthquakes. 

In interpreting the seismic images from the NanTroSEIZE transect, Moore et al. (2009) identify a 
sediment wedge of ≈1.3 km thickness in the trench, which is overlain by ≈1.1 km of Shikoku Basin 
deposits. Bangs et al. (2009), instead, recognize a 1-2 km thick zone beneath the extent of the 
megasplay fault (Figure 2) as the core of the underthrust material.  

On the marine forearc, the Kumano Basin stretches between 35 and 100 km landward from the 
Nankai Trench, NE of the Kii peninsula (Figure 1) at a water depth of ≈2000 m. It covers an area of 
about 5000 km2 and is of relative recent formation (2-4 Ma, Tsuji et al., 2015). The basin has a mean 
infill thickness of ≈2 km (Ramirez et al., 2015), receiving terrigenous material via submarine canyons 
associated to the Tenryu and the Kumano rivers at its northern end (Usman et al., 2014). The rivers 
carry sedimentary input from the Shimanto Belt (Cretaceous) and the Kumano-Omine Acidic Rocks 
(Miocene), which form the current alternation of hemipelagic mud intercalated by turbiditic and 
volcaniclastic sands/silts in the basin facies (Shirai et al., 2010; Usman et al., 2014; Moore et al., 
2015). 

The Quaternary basin fill is underlain by units of the inner accretionary prism, mainly composed of 
highly deformed, Miocene to Pliocene sandstone and claystone (Strasser et al., 2014) that extend 
down to the plate interface at 10-20 km depth (interpretation of seismic profiles from Marcaillou et 
al., 2012). The compressive tectonics of the forearc area faulted (Moore et al., 2013) and folded 
(Morita et al., 2004) these units, preparing ideal conditions for the onset of mud volcanism in the 
Kumano Basin. 

 

2.2 Kumano Basin mud volcanism 
According to recent publications (Kopf et al., 2013; Pape et al., 2014) at least 13 observed MVs exist 
in the study area, mainly clustered between 55 and 90 km landward of the deformation front 
(Figures 1 and 2). The clusters, following different theories, are either located on top of anticlines 
oriented parallel to the trench direction (Morita et al., 2004) or, alternatively, in correspondence to 
the ancient splay fault position, which is in turn associated to the extension of the backstop prism 
at depth (Tsuji et al., 2015). Attempts have been made to constrain source depths and ages of MVs 
extrusives, dating the clasts to Early Miocene (Morita et al., 2004), determining the depth of 
thermogenic and biogenic methane generation between 2.3 and 4.3 km (Pape at al., 2014) and 
establishing a period of inactivity that ranges from 4427 to 30391 yr BP (Sawada et al., 2002; 
Nakamura et al., 2007; Hammerschmidt, 2014).  

The activity of the individual MVs appears to vary. A number of attributes that could indicate present 
activity or lack thereof have been published for specific MVs in the Kumano Basin (Table 1), such as 
high temperature gradients, anomalous backscatter signals, discontinuity of bottom simulating 
reflectors (BSRs) and presence of gas hydrate as well as chemosynthetic benthic communities. 
Taken together in their complexity, these data sets point towards still ongoing fluid emissions. 
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Figure 2: interpreted seismic profile through the Kumano Transect with some IODP boreholes dug in the frame of the 

NanTroSEIZE Project and MVs positions near the trench. 

 

In the present study we quantify the mass of water that is being subducted across the Nankai Trench 
to below the Kumano Basin and describe the role of pore water release and individual mineral 
dehydration processes with regard to the formation of MVs in the area. Complementary, we 
constrain the water masses that leave the subduction system via the MVs and by diffuse seepage 
over the Kumano Basin. The comparison of the relatively continuous input and the supposedly 
episodic MV output provides quantitative constraints on the importance of mud volcanism and 
diffuse seepage for the fluid budget of the Nankai Margin as well as some insights into the 
periodicity of these features. 

The different fluid sources that might contribute to the MV fluid expulsion can be divided in shallow, 
relatively near to the trench (0-40 km, sediment compaction, opal-quartz and smectite-illite 
transformations) and deep, far away from the trench (40-80 km, e.g. basaltic saponite 
decomposition). Another possible factor that could enhance the emission in active MVs is 
hydrocarbon generation (Boetius and Wenzhöfer, 2013). De-serpentinization should not be an issue 
in the Kumano Basin since, even according to hot thermal models (Hyndman et al., 1995), the 
reaction would happen way landward of the Kumano Basin (serpentine minerals are stable up to 
550°C and 2GPa, Ulmer and Trommsdorff, 1995). For the same reason, the opal-quartz 
transformation is normally taking place in a ≈50-100°C temperature window (Pytte and Reynolds, 
1988) and should happen then in the very first kilometers behind the trench (colder thermal model 
of Marcaillou et al., 2012). Moreover, the amorphous silica content in the Philippine plate at Sites 
C0011 and C0012 is <1.1 wt% in all samples, as reported by Spinelli and Hutton (2013). 

 
MV 

number 
Age of the 

last eruption Measurement technique Notes Reference 

#2  gas analysis, gravity 
coring, thermal profiling 

presence of GH and 
Calyptogena colonies, 
thermogenic methane 

origin, high thermal gradient 

Kopf et al., 2013; Pape et al., 
2014 

#3  

seismic, carbon dating, 
acoustic mapping, 

gravity coring, thermal 
profiling 

continuous BSR, 
hydrocarbons seepage, high 

backscatter, high thermal 
gradient 

Kuramoto et al., 2001; 
Nakamura et al., 2005, 

2007; Kopf et al., 2013; Pape 
et al., 2014; 

Hammerschmidt, 2014 
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#4  gas analysis, gravity 
coring, thermal profiling 

presence of GH and 
Calyptogena colonies, 

thermogenic methane origin 

Morita et al., 2002; Kopf et 
al., 2013; Pape et al., 2014 

#5 25000 yr BP 

seismic, carbon dating, 
thermal profiling, 

biological sampling, 
gravity coring, gas 

analysis, water analysis 

discontinuous BSR, low 
thermal gradient, presence 
of GH and of Calyptogena 

colonies 

Kuramoto et al., 2001; 
Nakamura et al., 2005, 

2007; Tsunogai et al., 2012; 
Pape et al., 2014 

#6 22000 yr BP seismic, carbon dating continuous BSR Sawada et al., 2002; 
Nakamura et al., 2005, 2007 

#8  
gas analysis, gravity 

coring, heat flow, 
seismic 

hydrocarbons seepage, 
continuous but shallow BSR 

Miyazaki et al., 2009; 
Hamamoto et al., 2011 

#9  seismic, thermal profiling discontinuous BSR Morita et al., 2004; Kopf et 
al., 2013 

#10  gas analysis, gravity 
coring, thermal profiling 

presence of GH, 
thermogenic methane origin 

Kopf et al., 2013; Pape et al., 
2014 

#13 22139 yr BP carbon dating, thermal 
profiling high thermal gradient Kopf et al., 2013; 

Hammerschmidt, 2014 
Table 1: Compilation of data available from the Kumano Basin MVs and techniques those data have been obtained 

with. 

 

3. Methods 
 

The methods applied in this manuscript are divided into (i) numerical modelling, integrated with 
volume estimation and in situ heat flow measurements of MVs, and (ii) pore water geochemistry of 
Kumano Basin sediments. 

Two numerical models were set up: the first was set to simulate the cycle of the water subducted 
at the Nankai trench in correspondence to the Kumano Basin, and to quantify the water released in 
the MVs area at depth (between 55 and 90 km from the trench); the second one was used to 
determine the water expelled from compaction and clay dehydration in the Kumano Basin 
sediments and in the inner accretionary prism below the Kumano Basin. The model results were 
related to MVs and background water outputs, obtained from volume of the erupted material and 
relative freshening of the water in background cores (compared to the bottom water salinity), 
respectively. They hence help to clarify if the MVs are able to expel all the water coming from the 
underlying subducting sediments or if other water-releasing mechanisms are required and, 
potentially, more efficient (e.g. diffuse seepage proper or even recycling of water in the deeper 
mantle, Rüpke et al., 2004). The link between the salt concentration measured in the core’s pore 
water and the fresh water released at depth has been determined through oxygen and hydrogen 
isotopes measurements. As a complementary constraint, flow velocities from in situ heat flow 
coupled with subbottom profiles are used to elucidate the current emissions of MV#2, one of the 
most active MVs, discerning if it is acting as an episodic emission source or if it exhibit a more 
continuous fluid discharge pattern. 

Regarding the fluid geochemistry, we have used concentration of chlorine/salinity, which has been 
measured on board through portable refractometers, while pore water splits got later measured in 
the laboratory for water isotopes. 
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3.1 Fluid release at depth  

3.1.1 Fluid subduction model setup 
In the following we deal with the different potential fluid sources that might contribute to the mud 
volcano fluid release, namely (1) sediment compaction, (2) smectite - illite (S-I) transformation and 
(3) decomposition of saponite from the altered basaltic oceanic crust.  

The calculations are performed over a 2D model space of nx by nz cells that represents the 
subducting sediment stack from the deformation front at the wedge toe to 100 km landward of the 
trench in direction of subduction and from the plate interface to 1 km below it (Figure 2). We assume 
a thickness of the subducting sediments of 1 km basing on the original seismic profiles of Park et al. 
(2002), the paper of Ike et al. (2008) about the Shikoku Basin geohistory, as well as the stratigraphy 
of IODP hole C0011 (Underwood et al., 2010). 

Each cell is attributed values of (1) temperature, (2) porosity, (3) bulk density, (4) vertical load, (5) 
rate values for the illite-smectite reaction, (6) smectite content. The saponite decomposition 
happens at the base of the subducting sediment stack. Integrating over z, we derive the variations 
along x of the pore water content, the content of water bound to smectite and the content of water 
bound to saponite. The changes in these parameters along x relate to fluid production rates when 
combined with the horizontal component of the convergence rate (assuming that the subducting 
sediment stack moves at the same velocity as the respective oceanic crust).  

The calculations are realized in a MATLAB script in the following order: 

 setup of geometry and discretization of the model space, plate convergence, thermal 
sediment properties, porosity models, S-I reaction and saponite decomposition 

 set up of the thermal t(x,z) and the porosity p(x,z) matrixes according to the chosen model 
 import and interpolation of bulk density values over z for the trench side of the model (x=0) 

from INFILE (derived from ODP/IODP sites) 
 recalculation of bulk density matrix dens_b(x,z), using the porosity matrix and vertical load 

matrix sigma(x,z) 
 import and interpolation of smectite and saponite content values over z for x=0 from INFILES 

(derived from IODP sites); prescription to the first columns of matrices dens_b(x,z), smec(x,z) 
 calculation of S-I reaction rates, relative proportions of S to I and content of water bound to 

smectite from the trench landward for every increment of z. As the reaction rates depend 
on the smectite concentration the calculation is done stepwise in the direction of subduction 

 integration over z of pore water, smectite and saponite-bound water contents for every 
increment of x 

 derivation of fluid production rates from the differentials of the latter in x and for the time 
step, represented by the increments in x according to subduction rate and trench extension 
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Parameter Reason Source Value ranges 

Taper angles α (slope) and β (subduction 
angle) 

Influence on the vertical load and therefore on 
porosity evolution with x and z in porosity models 

Seismic images of the prism and calculated slab 
geometry from Marcaillou et al., 2012 

β=3.4-10.8° 

Surface heat flow near the trench Relate to smectite and saponite consumption Extremes values from Marcaillou et al., 2012 90-140 mW/m2 

Mean values from Hamamoto et al., 2011 (used 
in the base model) 

110 mW/m2 

Thermal conductivity of incoming sediments Determine heat flow IODP C0011; Underwood et al., 2010 1.0-1.7 W/mK 

Convergence Rate Influence on rates of fluid expulsion Base case of Saffer et al., 2008 (used in the base 
model) 

4.0 cm/yr  

Extremes from Seno et al., 1993; Miyazaki and 
Heki, 2001 

4.1-6.5 cm/yr 

Bulk density of incoming sediment at depth Effect on load and compaction IODP C0011; Underwood et al., 2010 Bulk: 1.5-2.1 g/cm3 

φ0, hstart, b Porosity trend prediction with depth and 
distance from trench  

Fit to values at ODP/IODP sites 
1173/1174/C0011 modified from Saffer and 
Bekins, 1998 

φ0=0.65 
hstart=0.02 
b=0.18 

Smectite abundance in incoming sediments 
with z 

Smectite-bound water output IODP C0011; Underwood and Guo, 2013 45%wt of the bulk sediment 
sample 

Saponite content of the incoming crust, 
distribution with z 

Saponite-bound water output and extent of 
saponite presence in the altered basement 

C0012; Kameda et al., 2011 20%wt of the bulk sediment 
sample 

Base case of Jarrard, 2003 300-600 m 
Mean thickness of the subduction channel Influence on masses/volumes of water Moore et al., 2009 500-1500 m 

Park et al., 2002 (used in the base model) Mean (from seismic):  
1000 m 

Length of the trench for the Kumano Basin 
and extension of the MVs area 

Calculation of the total mass balance Measurement from the topographic map 100 km, 3500 km2 

Smectite/saponite temperature stability 
fields 

Define where the dehydration process is taking 
place 

Smectite: Saffer et al., 2008 60-150°C 
Saponite: Kameda et al., 2011 150-260°C 

Smectite/saponite initial water content Determine volume of expelled water Smectite: Saffer et al., 2008 20%wt of the bulk sediment 
sample 

Saponite: Kameda et al., 2011 20%wt 
Table 2: Parameters and constrains for model calculations of water input/output.  
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3.1.1 Constraints and input 
Slab and subduction channel geometry 
The simplified geometry of the plate interface was calculated corresponding to Marcaillou et al., 
(2012), with a landward-increasing subduction angle. The depth of the seafloor along the profile 
was extracted from a gridded bathymetric dataset that extended from 32° 55' 42" N, 137° 25' 32" E 
to 33° 47' 21" N, 136° 19' 16" E, parallel to the main subduction vector (Figure 1, profile A-A’). The 
main parameters used in the model are listed in Table 2. 

Temperature field 
The temperature field along the Nankai Trough has been modeled by a number of authors 
(Hyndman et al., 1995; Yoshioka and Murakami, 2007; Hamamoto et al., 2011; Marcaillou et al., 
2012; Harris et al., 2013) and backed by a wealth of surface heat flow data. The models of 
Hamamoto et al. (2011) propose plate interface temperatures underneath the Kumano Basin (35 to 
100 km from the subduction front) that start between 135-150°C at the seaward basin end and 
increase landwards towards 190-220°C. Marcaillou et al. (2012), however, suggest a lower 
temperature range (100°C, increasing towards 150°C) for the same region and the latter authors 
justify this marked difference by more precise estimates of crustal age, slab dip and sedimentation 
rates, as well as a more precise geothermal gradient of the incoming Philippine Sea Plate. 

Within our model, the temperature field is generated by taking plate interface temperatures from 
published models - e.g. comparing the "hot" models of Hyndman et al (1995) and Hamamoto et al. 
(2011) with the "cold" model of Marcaillou et al. (2012) - and linear extrapolation from the plate 
interface downwards with a geothermal gradient that is derived from published values on thermal 
conductivity and surface heat flow of the incoming sediments (Harris et al., 2013).  

Porosity and density 
Porosity logs from data reports at ODP sites 1173 and 1174 (Moore et al., 2001) and IODP site C0011 
(Saito et al., 2010) show a wide scatter in porosity values with depth (Figure 3) but also a general 
trend of porosity reduction with z that can be coarsely matched by an exponential decrease as has 
been suggested by Athy (1930) and Brückmann (1989) in the following way:  =  ∗            (1) 
φ0 is a reference porosity (%) at a given depth (e.g. z=0), σ' is the effective vertical stress (kPa) and 
β1 is the sediment compressibility. Values of φ0 and β1 are derived by fitting the curve to the 
borehole measurements. Assuming constant sediment bulk density, σ' is directly related to the 
height of the overlying sediment column, and thus can be replaced by: =  ∗            (2) 
as stated by Screaton et al. (2002). 

An alternative way of describing the porosity reduction in the accretionary wedge is shown by Saffer 
and Bekins (1998, Formula 3). They present a term in which the porosity at the sea bottom decreases 
exponentially from the trench (initial value of 60%), both downwards and landwards: , =  0.6 ∗  ( . . . )        (3) 
with x and z given in km, z positive downwards. The model trends can be roughly adapted to the 
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ODP/IODP data of the reference sites 1173, 1174 and C0011 seawards of the trench (Figure 3), but 
major deviations exist for the upper 300 m (φ larger than predicted by normal compaction models) 
and below 850 m. The slight increase in porosity with depth happens over the Upper Shikoku Basin 
facies, whereas the sharp drop in porosity at around 300 mbsf coincides with the transition from 
Upper to Lower Shikoku Facies (Underwood et al., 2010).  

 
Figure 3: Porosity evolution with depth at ODP sites 1173, 1174 (green and yellow dots, Moore et al., 2001) and IODP 

site C0011 (blue dots, Saito et al., 2010) close to the trench. Fit by the model of Athy (1930). 

 

The evolution of the porosity in the underthrust sediments along the subduction path is poorly 
constrained but essential for the pore water release. The Saffer and Bekins (1998) formula proposes 
an exponential pore space reduction within the prism in the landward direction. The underthrust 
sediments are however expected to show a retardation in compaction, as they are loaded faster 
than the accreted material and thus retain an anomalously high porosity over a certain distance xmax 
from the trench. Arcward of that distance, dewatering can keep up with the increase in load and the 
general Saffer and Bekins (1998) formula holds.  

In our model we describe this retardation by introducing a logistic term into the porosity model of 
Equation (2). This is done by dividing the extent below the seafloor into h (the part of the 
accretionary prism above the plate interface, in m, that acts as the driving force for consolidation) 
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and z (the depth below the plate interface, in m). The retardation is simulated by letting only a 
fraction of h, namely h’, act as consolidating load. h’ is a function of x and equals h after a certain 
critical distance, when the consolidation state is back to normal: ℎ ( ) = ℎ( ) ∗   ( )       (4) 

hstart and b are unit-less parameters of the logistic function that can be tuned to match the critical 
distance over which under-compaction of the underthrust sediments is assumed (xmax) as well as 
the distance over which this state switches back to normal compaction. We calibrate this data with 
porosities found in underthrust sediments by Screaton et al. (2002). The full description of the 
porosity field is then: , =  0.6 ∗  ( . . . )( ( ))     (5) 
Assuming hstart equals 0.02 and b equals 0.18. 

Sedimentary smectite-bound water 
Data reports of IODP site C0011 (Underwood and Guo, 2013) show the smectite abundance in the 
incoming sediments to vary between 25 and 91 %wt over z (mean 45%wt, Figure 4 of Underwood 
and Guo, 2013). We use bulk density logs of the data reports to convert these numbers into masses 
of smectite per volume of rock along z for the sediments at the trench. We then translate this initial 
smectite content into masses of bound water, as smectite in marine sediments has been found to 
bind 17.7 to a maximum of 27 %wt of water (Saffer and Tobin, 2011, Hüpers and Kopf, 2011), 
depending on environmental conditions. We use a value 20%, corresponding to an interlayer 
spacing of 15 Å, in accordance with Brown et al. (2001). This initial smectite-bound water is 
integrated over z for the total mass that enters the subduction channel.  

Basaltic saponite-bound water 
For the extrusive basement, we extracted the saponite content in the uppermost 40 m of the crust 
at site C0012 from Kameda et al. (2011), which calculated a proportion of 20%wt of the basaltic bulk 
sample. The water mass bound to saponite is reported in an older publication (Brown and Ransom, 
1996) which suggests the mineral binds 20%wt of water. During low-temperature diagenesis, the 
formation of clay minerals (mainly saponite) in the crust is accompanied by potassium enrichment 
which we know to act as a proxy for the alteration extent in the basalt (Donnelly et al., 1979; 
Andrews, 1980). To evaluate the depth range of alteration, thus the maximum depth of saponite 
presence, we follow Jarrard (2003) estimations of potassium enrichment in the upper and lower 
extrusives of ODP hole 504B, which reveals that the clay mineral formation reaches 600 m depth in 
the crust.  

 

3.1.2 Model Output 
Pore water 
The initial mass of pore water that is carried within the sediments is directly derived by integrating 
measured porosity (water-filled pore space) at trench reference sites over the height of the 
sediment column. The water loss along x, as proposed by the compaction models, is directly 
proportional to the porosity reduction integrated over the stack of subducted sediment. This loss 
corresponds to a fluid expulsion rate if related to the horizontal component of the convergence rate 
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at which the sediment stack is being underthrust. 

Sedimentary smectite-bound water 
The temperature range over which most smectite is transformed to illite in accretionary prisms has 
been generally observed from ≈60°C to 150°C (Saffer et al., 2008). Models have been established to 
describe the kinetics of this reaction (Elliott and Matissof, 1993; Huang et al., 1993), in which the 
reaction rate is a function of temperature, concentration of remaining smectite and pore water 
geochemistry (free Na+ and K+ ions). Saffer (2008) uses these models to determine the rate of fluid 
production from illitization along the subduction path as a function of subduction velocity, sediment 
thickness, and thermal conditions. The reaction rate (temporal evolution of the relative proportion 
of smectite in a smectite-illite mixture) is described by Huang et al. (1993) in the following way: =  − ∗  ∗ [ ] ∗        (6) 
In which A is the frequency factor (8,08E4 1/S) E is activation energy (1,175E5 J/mol), R is the gas 
constant in [J/mol/°K], T is the temperature in [°K] and n is equal to 2.  

We use this reaction term to calculate the rate of the S-I conversion for every cell of our subducted 
sediment stack and, from that and the initial smectite content, the remaining smectite in the 
subducting sediment stack. The potassium concentration in the pore water is taken as a constant 
with a value of 1e-2 mol in general accordance with the data reports on ODP site 1173 (Steurer and 
Underwood, 2003). The decrease of smectite content with x, integrated over z, is translated into a 
mass of released water along x. As for the pore water, this water loss corresponds to a fluid 
production rate, when combined with (the horizontal component of) the convergence rate.  

Basaltic saponite-bound water 
With a supposed presence to 600 m depth in the basaltic basement, this phyllosilicate is expected 
to release significant amounts of water over a temperature range of 150-260°C (Kameda et al., 
2011). In the absence of an experimentally confirmed kinematic reaction model, these authors 
assume a linear decrease of the saponite content over that temperature range by a constant fluid 
production rate per volume of saponite. The same assumption is also implemented in our model. 

 

3.2 Fluid emissions at the seafloor 
Previous studies on MVs emission rates are scarce and rely on different methods such as heat flow 
(Feseker et al., 2008, Feseker et al., 2009), geochemistry (Martin et al., 1996; Henry et al., 1996; 
Aloisi et al., 2004), direct flow velocities measurements in benthic chambers (Linke et al., 2005), 
volume estimations from erupted mud breccia (Kopf et al., 2001) and physical models (Kopf and 
Behrmann, 2000; Murton and Biggs, 2003).  

MVs volume calculations 
During the cruise SO222 (Kopf et al., 2013), 5 previously unknown mud volcanoes have been 
mapped, which rises the actual number of observed MVs in the Kumano Basin to 13. As these 
features are direct expression of fluid expulsion from depth, it follows that an indirect estimation of 
the total water emitted from MVs throughout their life cycle should be based on the volume of the 
edifices. Therefore, assuming no compaction of the structures (relatively low-lying, small features) 
and a negligible hemipelagic sediment layer draping the MVs (observed in cores from top and flanks 
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of MVs, where available), we measured the mud breccia volumes by means of both the Global 
Mapper® software and with the formula for the truncated cone volume (using base radius, top 
radius and height from topographic data) for comparison. The height of the MV edifices relative to 
the surrounding seafloor ranges between 11-140 m, while the basal radius between 140-927 m and 
the summit radius between 25-371 m. We also note that an undefined amount of water can be 
released during MVs eruptions or phases of quiescence through high permeability feeder channels, 
thus making our water volume calculation from edifice measurements a conservative estimate. 

We determined porosities and densities of the sediment (cores GeoB16771-1 and GeoB16772-1, 
see Kopf et al., 2013 and Figure 4 for location) by laboratory analysis of mud breccia samples taken 
from the top of MV#2 which we assume as representative for all the MVs. Basing on those values 
we calculate the water volume stored in all the edifices. The total volume of water ever expelled by 
the 13 MVs in the Kumano Basin is then directly compared with the fluid emission coming from 
mineral dissociation at depth in the MVs area (55-90 km landward of the trench, see Figure 1) and 
from upper plate compaction and dehydration. 

 

 
Figure 4: Topographic map of MV#2 with the location of the heat flow measurements (red dots) and the gravity cores 

(green dots) analyzed. The black dashed line represents the trace of the seismic line in Figure 7. 

 

Upper plate model  
The diffuse background flow, apart from the subduction-related component, contains a component 
that is exclusively related to the ongoing compaction of the Kumano Basin and the inner 
accretionary prism sediments, as well as with the clay dehydration reaction happening in the upper 
plate. In order to isolate and subtract this component, we ran a second numeric model that 
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calculates the water flow based on the compaction behavior of the Kumano Basin and the inner 
prism sediments and the sedimentation rates at site C0002 corrected for sediment compaction. This 
is done in five steps. 

First, we derive typical values of φ0 and β2 by fitting curves of Equation (2) to the published porosity 
values of site C0002 (Strasser et al., 2014) as representative for the Kumano Basin infill. With these 
values (φ0 = 0.63 and β2 = 5.5e-4), we then determine the decompacted thickness of the sediment 
infill by discretizing the sediment stack into thin layers (5-10 m) and calculating the original thickness 
of each layer at the time of its deposition (restoring a porosity of φ0). When we thirdly relate the 
published biostratigraphic points at C0002 (Ramirez et al., 2015) to the decompacted sediment 
column we arrive at correct sedimentation rates that represent the true sedimentation.  

Due to the lack of data for the inner prism, the sedimentation rate has been assumed as linear for 
its entire age (14 Ma) and extent at depth (9000 mbsf) (Kimura et al., 2014; Tsuji et al., 2015). The 
sedimentary smectite contribution to this model is applied analogously as in the subduction model, 
so that the reaction rate parameters are the same. Heat flow values for the Kumano basin measured 
during SO222 (60 mW/m2) extrapolated linearly at depth and a mean smectite content in the 
sediments of 17 wt% (Takahashi et al., 2014) have been used.  

Lastly, the corrected sedimentation rates and the compaction parameters are used in a forward 
model of basin sedimentation that describes the filling of the basin from a point in the past (3.65 
My, contact between lower forearc basin and upper accretionary prism units, see Ramirez et al., 
2015) to the present. Per time step one layer - the thickness of which depends on the sedimentation 
rate - is added to the sediment stack and the water loss of the underlying layers (from compaction 
and mineral dehydration) is calculated according to Equation (2).  

As a result we obtain the upper plate fluid flow as it develops over time. The calculated volume of 
water for the upper plate can finally be compared to the diffuse water emissions derived from the 
geochemistry, allowing us to focus on the water originating from the incoming plate in the MVs 
area. 

Diffuse flow (salinity)  
A different procedure was performed to calculate the in situ diffuse water flow from the part of the 
Kumano Basin seafloor not affected by MVs emissions. This method implies the use of salt content 
in pore water measured from cores taken onboard RV Sonne, during expedition SO222 (Kopf et al., 
2013) and the most recent SO251-2 (October 2016). The pore water was extracted using rhizon 
samplers (Seeberg-Elverfeldt et al., 2005) on split (SO222) or whole round (SO251-2) cores with a 
sampling density of 20 cm; while the salinity measurements were done with analogic (Thompson, 
1994; SO222) or digital (Krüss DR301-95, SO251-2) handheld refractometers with a resolution of 1 
PSU. 

The cores selected to apply this method are the GeoB16739-1 (33° 36' 46" N, 136° 22' 10") E 
GeoB16758-2 (33° 28' 06" N, 136° 39' 58" E) and GeoB16791-2 (33° 40' 39" N, 136° 25' 07" E) for 
expedition SO222 and GeoB21829-1 (33° 40' 17" N, 136° 47' 21" E), GeoB21833-1 (33° 35' 56" N, 
136° 27' 28" E), GeoB21834-1 (33° 29' 09" N, 136° 33' 43" E); as we consider them to correctly 
represent background values, being situated in areas of the basin significantly far away from MVs. 
The cores show a maximum of ≈8% freshening at around 3-4 m depth (see Kopf et al., 2013 for the 
SO222 salinity measurements). We consequently calculated the volume of water necessary to 
produce this ≈8% freshening we saw on the cores, integrating the volumes of water expelled from 
the subduction model [both fresh (dehydration) and salt (compaction) water] with the volumes of 
water expelled from the upper plate model [both fresh (dehydration) and salt (compaction) water]; 
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thus providing an estimation of the background diffuse flow. 

To establish the source of the freshening trend seen in the cores, we ran stable isotopes analyses 
on δ18O and δD from some of the cores used for salinity determinations (Tryon et al., 2012). The 
fractionation of O and H mainly serves to distinguish between different fluid origin, namely clay 
minerals dehydration direction (Dählmann and De Lange, 2003) or gas hydrate dissociation 
(Mazurenko et al., 2003). 

Flow velocity (heat flow) 
Additionally, specific attention is given to MV#2, which is supposed to be the most active MV in the 
whole forearc. The high heat flow in the area (389 mW/m2 on top of the structure compared to a 
mean background of 60 mW/m2), the presence of moussy mud breccia, chemosynthetic organisms 
and gas hydrates are supporting the recent activity hypothesis (Kopf et al., 2013), making it also the 
perfect case study for calculating the maximum Darcy velocity of water flow. Additionally, 
increasingly low Cl- values with depth compared to mean bottom water values of the Kumano Basin 
were measured in gravity cores pore waters, suggesting ongoing fluid expulsion at MV#2. 

In doing that we opted for an analytical solution of the heat transfer equation (Equation 6), which 
has gained an increasing importance in the literature for measuring steady-state, one-dimensional, 
vertical flow in aquifers (Arriaga and Leap, 2004; Pasquale et al., 2010), in the ocean floor (Foucher 
et al., 1990) and in MVs (Grevemeyer et al., 2004; Feseker et al., 2009). According to Bredehoeft 
and Papadopulos (1965) the heat and fluid flow through an isotropic, homogeneous and fully 
saturated porous medium in a finite sediment column may be written as: − ( ) = 0         (7) 
where  is the temperature measured at different depths z (in °C), 0 is the temperature at z = 0 
(uppermost measurement) (°C), L is the length of the sediment column (m), L is the temperature 
at z = L (lowermost measurement) (°C), z is the depth of the measurement currently analyzed (m). 

Moreover: =            (8) 
where it follows: =            (9) 
being 3 a dimensionless parameter, positive or negative depending on whether vz is, respectively, 
downward or upward. The other parameters are:  and  specific heat and density of seawater 
(J/kg°C; kg/m3),  thermal conductivity of saturated sediment (W/m°C) and  the Darcy velocity of 
water (m/s). 

Using the temperature profiles and the measurements of thermal conductivity performed during 
the SO222 cruise as known values in Equation (7) (Figure 4), the only unknown parameter is 3. The 
calculation of 3 for the different temperature profiles is done using the “Solver” add-on for 
Microsoft Excel®, which implements an iterative numerical method (see Arriaga and Leap (2004) for 
more details). From the resulting set of values, a mean velocity is found which reflects the steady-
state flow conditions at the MV#2. For validation purposes, a graphic comparison is made between 
the real temperature profiles and the simulated ones. 
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4. Results 

 

The results chapter follows the methods chapter by going through the various aspect of the water 
budget for different areas. The transect A-A’, parallel to the subduction direction (Figure 1), is 
initially used to simulate the subduction of a unit column of the incoming plate (1x1x1600 m); the 
total length of the margin in the Kumano Basin area (100 km) is used instead to calculate the overall 
masses of subducted water; while for comparison with the MVs water emissions an area inside the 
Kumano Basin (3500 km2) is chosen which has the highest concentration of MVs. 

 

 
Figure 5: Conceptual sketch of the water cycle through the Nankai Margin, at the Kumano Basin. The numbers in the 

figure are correspondent to different phases of the water cycle and are explained in the text. Colored arrows are 
proportional to the volume of water they stand for and represent the following water sources/expulsion mechanisms: 
blue=main direction of water movement; light green=smectite water; dark green=pore water; orange=saponite water; 

red=MVs water; light blue=compaction flow, lilac=diffuse flow. 

 

We determined at first the mass of water entering the subduction zone at the deformation front [1] 
(x=0 km, Figures 5 and 6). The subduction model attests that 6.2216e+08 g of water are stored in a 
unit column of the incoming plate, of which 70% is pore water, 19% are bound to smectite and the 
remaining 11% are bound to saponite. Setting a convergence rate of 0.04 m/yr these values 
translate to a total water input rate of 2.4886e+12 g/yr for the entire length of the margin. 

With growing distance from the trench, the porosity of the sediments diminishes drastically, thus 
showing that most of the pore water is expelled over the first 30 km landward of the deformation 
front [2] (Figure 6a). Along the same path, the temperature is increasing, setting the initial 
conditions for mineral dehydration (Figure 6b). Smectite to illite transformation is starting already 
at ≈15 km from the trench [3] while saponite dehydration sets in at ≈30 km [4] (Figure 7b). 
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Figure 6: Model results. In Fig. 6a we appreciate the porosity distribution all over the subducting slab, with a zoom in 
on the first 35 km, where most of the porosity loss happens; Fig. 6b shows the temperature distribution according to 

the model parameters in Tab. 2 

 

At the onset of MVs formation [5] (x=55 km), both the total water content as well as the relative 
proportions of smectite water, saponite water and pore water have changed drastically, mainly due 
to the loss of the latter. Here we observe a water content of 4.0640e+07 g in a unit column of the 
incoming slab, of which 6% is pore water, 35% is stored in smectite and 49% in saponite. The water 
input rate to the MVs area from the subducting plate is then 1.6256e+11 g/yr for the total length of 
the margin (Figure 7a). At the landward end of the Kumano Basin (x=90 km) [6], the total water 
content of the slab has further reduced to 6.5894e+06 g per unit column (Figure 7a). The illitization 
of smectite is the smallest source (the reaction already took place at this T and p conditions) as well 
as the pore water emission (because the compaction process already expelled almost all of it) and 
the water loss is almost entirely due to decomposition of saponite (Figure 7b). The flux of water out 



Flow Budget 
 

- 50 - 
 

of the Kumano Basin, driven by the underlying accretionary prism and the downgoing slab, is 
2.6358e+10 g/yr. 

 

Figure 7: Comparison of base (continuous) and extreme (dashed) case model results. In Fig. 7a we appreciate the 
residual water content in the slab all over the Kumano Basin margin length to a distance of 100 km from the trench 

(light green line=TOT water), while in Fig. 7b the residual water content is divided according to its major components, 
with a focus on the MVs area; dark blue line=pore water, green line=smectite water, red line=saponite water. 

 

The difference between the influx at x=55 km and the outflux at x=90 km is 1.3620e+11 g/yr [7] 
(ΔWloss in Figure 7a); this is the mass of water that leaves the slab over the MVs area either by (I) 
diffuse upward flow through the basin sediments towards the seafloor or by (II) formation and 
eruptions of MVs. Assuming a constant input of sediment over the lifetime of the basin (3.65 Ma), 
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we obtain a total water loss of 4.9713e+17 g. From this mass of water, 4% is provided by pore water, 
41% comes from smectite transformation and the 55% from saponite dehydration. 

To assess an error range, the subduction model has been divided in two cases, one base case, which 
is using the parameters listed in Table 2 and in the Methods chapter, and an extreme case (Table 3). 
In the latter case the thickness of the subducted sediment column has been lowered from 1000 m 
to 500 m so as the extent of the basaltic saponite alteration, from 600 m to 300 m, and the surface 
heat flow of the incoming plate has been changed to 140 mW/m2. Those numbers have been 
changed in light of them being the most probable source of uncertainty in the calculations, building 
then a conservative case scenario.  

The total mass of water that we estimate to have left via the MVs is 5.6910e+14 g over the lifetime 
of the basin [8] (3.65 Ma), meaning 0.034 % (base case) or 0.042 % (extreme case) of the total 
emissions to the basin from the underlying slab. This shows that there are no major differences 
between the two models despite the changing parameters (see Table 3). 

 

 Mean input, Mean T (Base case) Low input, High T (Extreme case) 

Water entering the MVs area 1.6256e+11 5.7865e+10 

Constituents (%) Pore water: 6% Smectite: 35% 
Saponite: 49% 

Pore water: 9% Smectite: 40% 
Saponite: 51% 

Water leaving the MVs area 2.6358e+10 9.3592e+09 

Constituents (%) Pore water: 16% Smectite: 4% 
Saponite: 80% 

Pore water: 22% Smectite: 5% 
Saponite: 73% 

Water loss in the MVs area 
(ΔWloss) at depth for 3.65 Ma 4.9713e+17 g 1.770e+17 g 

Constituents (%) Pore water: 3.6% Smectite: 41.4% 
Saponite: 55.0% 

Pore water: 6.8% Smectite: 46.6% 
Saponite: 46.6% 

Table 3: Results summary of the subduction model simulations, base case and extreme case comparison (values in 
g/yr/m of Nankai trench). 

 

To cross check with the subduction model, the mass of water expelled via diffuse flow across the 
Kumano Basin seafloor was also estimated by backward calculation from pore water salinity of the 
cores recovered and the results from the upper plate model [9]. This returned a deep water volume 
of 6.47013E+16, about one order of magnitude smaller than the volume estimated via the base case 
of the subduction model, but only half the volume estimated via the extreme case (Table 3). The 
link of pore water with clay minerals dehydration is given by the isotopes signatures (Figure 8). From 
our measurements, the background samples as well as all the mud volcanoes samples become 
clearly enriched in δ18O and depleted in δD with respect to the  salt water standard, thus leading 
towards a provenance of the fresh water from the smectite-illite reaction, opposite to a gas hydrate 
provenance, which would have given enriched δD and δ18O values. 

Finally, the water released according to our upper plate model over the lifetime of the basin 
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amounts to  6.0411e+18 g [10]. Compared to the water expulsion estimated either with the 
subduction model or with the salinity calculations, this value is respectively one and two orders of 
magnitude higher, highlighting the importance of the upper plate dewatering  processes in the 
diffuse flow budget. 

 

 
Figure 8: Correlation of δD with δ18O for pore water samples from various sediment depths at the Kumano MVs. 

Standards are given as crosses: SW=salt water, HW = hydrate water  and CW = clay water; HW and CW mean values 
are from Dählmann and De Lange (2003) and references therein. 

 

5. Discussion 

5.1 Comparison between modeled and measured data 
The values of diffuse flow (modeled and measured through salt concentration) roughly differ by two 
orders of magnitude which, assuming the model is evaluating all possible sources of water, could 
lead to different explanations: (I) the salinity measurements in the upper meters of the seafloor 
sediment are flawed since other surface processes may interfere thus underestimating the real 
extent of the freshening; (II) we assume a uniform, mean diffuse flow throughout the whole basin; 
(III) we take the present concentrations as representative for the past. These explanations may best 
be justified with a more accurate set of data both in time (long-term measurements) and space 
(scattered measurements in the basin). The upper plate model is in turn subject to a large degree 
of uncertainties due to the poorly constrained physical properties, heat flow and mineralogy of the 
inner accretionary prism units. 
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Moreover, the calculated contribution of the MVs to the water budget is, even if precise, 
conservative, possibly leading to an underestimated volume of water being released by the MVs for 
the following reasons: (I) quantification of MVs edifices volumes is based on the visible part, not 
counting the buried structures for the lack of systematic, deep seismic images; (II) punctual flow 
measurements on MVs represent only a moment in the life cycle of these features, the water 
emissions could have been significantly higher (during eruptions) or lower (during quiescent phases) 
in the past; (III) there could be more MVs in the basin, which are yet to be discovered; and (IV) even 
quiescent MVs have a higher flow rate than the background sediment, probably acting as 
preferential – high permeability pathways.  

 
Figure 9: subbottom profile of MV#2, Fig. 8a; and relative interpretation, Fig. 8b. 

 

To support these theories on MVs we calculated the flow rate at MV#2, the most active in the whole 
basin, according to in situ measurements, which turned out to be 6.1877e-01 m/yr in the range of 
values described by Grevemeyer et al. (2004), Feseker et al. (2009) or Crutchley et al. (2014) for 
MVs. Figures 9a and 9b specifically show how the seismic reflectors in MV#2 are bend towards the 
interior part of the edifice, typical of collapsing, inactive MVs (Yusifov and Rabinowitz, 2004). There 
is no hemipelagic cover on top of the cone, to be taken as a sign of a “relatively young age”, and an 
articulate “Christmas Tree” structure develops all around the feeder channel, which is arguably a 
sedimentary testimony of an episodic behavior (Kopf, 2008; Toyos et al., 2016). The subbottom 
profile coupled with the flow rate and the geometry of the edifice give us the scientific grounds to 
confirm that points (I), (II) and (IV) we hypothesized in the previous paragraph are indeed well 
founded. 

 

5.2 Water cycle 
According to the thermal models produced for Nankai, two end members exist: the hot Muroto 
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transect (180 mW/m2, heat of the incoming crust and 4-5°, slab dip angle) and the considerably 
cooler Ashizuri transect (70-120 mW/m2, 8-10°). In both cases, the onset of illitization is placed close 
to the margin and the bulk of fluid production is completed over the first 40 km landward from the 
trench (Saffer et al., 2008, their Figure 8). 

The Kumano transect could be inserted somewhere between these two end member basins due to 
its thermal and geometrical characteristics (90-140 mW/m2, 3.4-10.8°, Marcaillou et al., 2012). 
According to the competing thermal models (Marcaillou et al., 2012; Harris et al., 2013), we 
encounter the 150°C isotherm on the plate interface at a distance between 30 and 60 km landward 
of the trench, thus stating that the upper temperature limit for the smectite dissociation would be 
almost out of the spatial range where the MV clusters are distributed. Those models are in contrast 
with the model proposed here, which identifies the sources of water emission in the MVs area in 
saponite dehydration (55%), smectite transformation (41%) and pore water discharge (4%), in this 
order of importance. Moreover, the pore water release from compaction was thought to offer no 
contribution to the water emissions at depth, landward from the trench (>20-30 km), whereas the 
results in this paper suggest otherwise, mainly due to the retardation of sediment compaction 
introduced by Equation (4). 

Taking into account the position of the Kumano Basin relative to the Nankai Trench, the main fluid 
source for mud volcanism is, according to our model, dehydration of basaltic saponite from altered 
crust which contributes up to 55% to the water emissions at depth. Specifically, the model suggests 
that the saponite dehydration process starts at about 30 km from the trench, becoming more and 
more important with increasing distance, because of the diminishing contribution of pore water and 
smectite (Figure 7b). 

Temperature distribution under the forearc (Hyndman et al., 1995, their Figure 6b; Yoshioka et al., 
2007; revision by Marcaillou et al., 2012, their Figure 7; own model) coupled with Li reservoir 
temperatures (150-160°C, Toki et al., 2014; 90-110°C and 210-310°C, Nishio et al., 2015) points to a 
deep provenance of the fluids, suggesting that the water-release processes are happening in the 
inner accretionary prism, at the plate boundary. Seismic images too, although not picturing the 
incoming plate because of blankening effects, place the “roots” of the MVs deeper than the forearc 
basin sediments (Morita et al., 2004). 

Still, the subduction model calculations suffer from a variety of imprecisions, most of which are due 
to the poor constraints of input variables. This is particularly true for the saponite content of the 
basaltic crust, while the smectite content and pore water content of the upper crust are relatively 
well constrained. The pore water loss along x follows a general model that is more based on 
reasoning than on exact measurements of the porosities within the subducted sediments. A 
particular case is the present lack of a reaction rate formula for the saponite dissociation, in the 
absence of which we have to assume a simple linear trend.  

One basic assumption that we take into account for the water budget is that the water released in 
the MVs area from the subducting slab is ascending out of the system in a near-vertical direction. 
The structural geology of the forearc basin and the inner accretionary prism, as schematically 
imaged in Figure 5, foster this idea of a direct origin of fluids from the downgoing plate. Specifically, 
the intense fracturation and pronounced folding of the forearc sediments (Morita et al., 2004; Sacks 
et al., 2013; Ramirez et al., 2015), together with the presence of an igneous backstop on the 
landward portion of the Kumano Basin and ancient splay faults associated to it (Nakanishi et al., 
2002; Kimura et al, 2014; Tsuji et al., 2015), provide the permeable pathways for the upflow of deep-
seated fluids. 
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The simulation of two model cases, one base case and one extreme case, and the only slight 
difference in the results, suggest moreover a good definition of the input variables.  

 

5.3 Mud volcanoes 
The water released from the slab before entering the MVs area could be expelled in the frontal part 
of the accretionary prism (toe and lower slope) at sites of intense venting activity, such as deep-
seated thrusts (Le Pichon and Henry, 1991; Henry et al., 2002, Table 4). The existence of such 
extended flow paths is ambiguous at the Kumano transect of NanTroSEIZE. On one hand, the 
majority of the pore water analyses during Stage 1 and Stage 2 operations gave no evidence for 
deep-seated geochemical compositions (e.g. Kinoshita et al., 2009) while only individual studies 
showed iodine concentrations measured at IODP holes (Tomaru and Fehn, 2015) or anomalous 
boron concentrations measured at the Oomine ridge (Toki et al., 2014) that were interpreted in the 
light of their vicinity to branches of the megasplay fault system. Further landward in the Kumano 
Basin, geochemical results from cruise SO222 show huge freshening of pore waters from gravity 
coring in MVs (Kopf et al., 2013), with stable isotope signatures of B and Li being indicative of a deep 
origin (i.e. >10 km below seafloor), which is in line with data from mud volcano #5 of Nishio et al. 
(2015). 

Although water flux values from MVs scatter significantly in the literature (Table 4), MVs have been 
considered to be important emitting structures, or even main actors in the output of water at 
subduction zones (Kopf et al., 2001; Hensen et al., 2004). In water budget calculations for the 
Kumano Basin, however, the role of MVs as preferential pathways for water expulsion seems to be 
rather negligible, amounting to <<1% of the total water emitted at the subducting slab. Our study 
area appears to be, in fact, much more affected by the diffuse flux which, despite considerable 
uncertainty, would be still some order of magnitude larger than that of the MVs. The diffuse flux of 
water could be qualitatively compared to the measurements done by Etiope et al. (2002) on 
microseepage of gas in areas affected by mud volcanism, which showed the diffuse seepage is 
consistently higher than the punctual emission of gas via MVs conduits. At the same time the 
measurements of MV fluxes are minimum estimates and could rise significantly with the availability 
of (1) deep seismic images, as a basis to characterize the buried part of the MV’s edifices and include 
those in the budget; (2) thorough mapping of the whole basin, in order to discern all the hidden 
structures; (3) geochemistry studies, to better define both origin and source depth of the water, and 
(4) long-term measurements of water fluxes, to capture the episodicity in emission rates (impossible 
to be constrained with punctual data).  

To test some of these hypotheses long-term measurements of temperature, pore pressure, fluid 
geochemistry and water fluxes are one way forward to advance our understanding. 
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Type of subduction margin 

Flux in 

Flux out Mean incoming plate parameters 

Accretionary and 
non-accretionary Erosive Volcanoes Mud Volcanoes 

(punctual emissions) 
Seeps (or other 

sources) Porosity Subduction 
rate Age 

Thickness 
of 

sediment 
column 

 
Costa Rica 

(Hensen et al., 
2004) 

7.17E+5 kg/yr  7.68E+5 kg/yr (mud 
mound) 

 0.7 8.8 cm/yr 24 Ma 150 m 

Central America (mean values, 
Freundt et al., 2014) 5.30E+7 kg/yr 

7.14E+6 kg/yr 
(including 

seeps) 
 7.14E+6 kg/yr (including 

volcanoes) 0.65 7.0 cm/yr 15-20 Ma 400 m 

Chile (Völker et al., 2014) 6.80E+7 kg/yr 2.0E+6 kg/yr   0.31 6.6 cm/yr 0-37 Ma 1000 m 

Kumano Basin, 
Nankai (THIS 

STUDY) 
 2.49E+7 kg/yr  8.69E+06 kg/yr  0.55 4.0 cm/yr 15-17 Ma 1000 m 

Barbados (Foucher 
et al., 1990) 

 
1.84E+7 kg/yr; 1.54E+7 
kg/yr (Le Pichon et al., 

1990) 
 

1.02E+9 kg/yr (Le 
Pichon et al., 1990); 

5.63E+7 kg/yr (2 MVs, 
Martin et al., 1996) 

4.10E+8 kg/yr (1.02E+8 
kg/yr; Henry, 2000) 0.5 3.0 cm/yr 90 Ma 800 m 

Nankai (Jarrard, 
2003) 

 7.32E+6 kg/yr (Le Pichon 
et al., 1991) 

  
2.05E+8 kg/yr (clam 

colonies, Henry et al., 
1992) 

0.65 3.0 cm/yr 15-25 Ma 750 m 

Cascadia (Davis et 
al., 1990) 

 3.66E+7 kg/yr (Jarrard, 
2003) 

  
4.10E+8 kg/yr (1.49E+8 

kg/yr bacterial mats, 
Tryon et al., 2002) 

0.50 4.5 cm/yr 6 Ma 2500 m 

Western 
Mediterranean 

Ridge (Kufner et al., 
2014) 

   
1.54E+7 kg/yr (per km 

trench, Kopf et al., 
2001) 

2.36E+7 kg/yr (including 
MVs, Kopf et al., 2001) 0.19 3.5 cm/yr 110-140 

Ma 4000 m 

Table 4: Comparison of the data from the current study with known steady state water fluxes from other subduction zones worldwide. Fluxes are normalized per 1 km trench 
apart where differently specified. In every subduction zone, for references of incoming plates parameters and data without direct reference see first author cited. 
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6. Conclusions 
 

The main outcomes emerging from this paper´s result in a number of conclusions, as follows: 

Basaltic saponite plays a dominant role as source of water in the Nankai Trough subduction 
system, namely releasing almost all its water content in the Kumano Basin MVs area; 

Sedimentary smectite dehydration, always thought to be a minor player in water release far 
away from the trench (>55 km), turned out to be significant, accounting for almost half of 
the total water; 

Fluid emissions at the seafloor have been linked to a diffuse flow throughout the Kumano 
Basin infill, which has rarely taken into account for fluid budgets in the literature; 

MVs contribute to only a minor fraction of these emission (even in the least conservative 
budget estimates); 

In the Kumano Basin, mud volcanism seems to play a less important role than in e.g. the 
Hellenic subduction zone, albeit still representing an efficient mechanism to drain the 
deeper (several km sub-bottom) subduction zone on a local scale. 

Further studies on MVs and a better characterization of the diffuse seepage are required to narrow 
down the uncertainties. 
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Abstract 
 
Long-term monitoring on mud volcanoes is fundamental to unravel episodic processes and transient 
changes that might otherwise be missed by using snapshot observations during research 
expeditions. We deployed a pore- and seafloor-pressure observatory over the main conduit of the 
Athina mud volcano, south of Turkey (Eastern Mediterranean Sea), for a period of 26 months 
between February 2014 and April 2016. The observatory recorded 32 seismic events (out of 625 
earthquakes with Mw ≥ 2.5 during the monitoring period), which resulted in pore pressure 
excursions occurring a few minutes after an earthquake in a radius of 1000 km, and a number of 
other effects related to mud volcanism. The data helped to define a threshold for earthquake-
triggered changes in mud volcano pore pressure, thus delineating possible pore pressure-distance 
relationships for different magnitudes ranges. Peak ground accelerations, as representative for 
earthquakes ground motion at the observatory have been calculated with different empirical 
equations. Using a conservative approach, a value of 0.0008 g has been identified as the lowermost 
PGA necessary to induce a change in pore pressure record at the Athina mud volcano. Moreover, 
internal variations of the mud volcano system recorded through the pore pressure signal have been 
described for the first time for such a submarine feature. 
 
Key points: 

 Pressure variations measured within the conduit of a deep-rooted MV system provide 
insights on how such structures respond to ambient pressure changes  

 Earthquake events with a certain magnitude/distance ratio show up in the record, while 
other similar events do not, in relation with different factors 

 Peak ground acceleration can be used as a proxy to estimate triggering thresholds of mud 
volcanoes activity 

 Signals not related to external triggers give hints on the internal dynamics of MVs systems 
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1. Introduction 
 

Over the past decades, the study of ocean seafloor processes has been greatly improved due to the 
use of long-term monitoring techniques (Person et al., 2006; Favali & Beranzoli, 2006; Favali et al., 
2015; Wallace et al., 2016). The technological developments for data storage, microsensors, power 
supply and data transfer is now permitting to deploy autonomous instruments which can reliably 
record long-lasting, high-frequency datasets in the most adverse conditions (Farr et al., 2006; Farr 
et al., 2010). Stand-alone observatories are cheap to build and maintain, have a high resolution and 
offer a longer recording time span than data acquired from oceanographic vessels. 

In the submarine environment, numerous attempts have been made to obtain long-term data 
series, both using autonomous observatories, mainly in the frame of the International Ocean 
Discovery Program (IODP), represented by the CORKs (Circulation Obviation Retrofit Kits, Davis et 
al., 1992; Becker & Davis, 2005); or implementing monitoring networks on the seafloor as offshore 
Japan (Kawaguchi et al., 2008) or Cascadia (Delaney et al., 2001). The major efforts have been 
concentrated on detecting geochemical fluxes (Jannasch et al., 2003), temperature and pressure 
transients (Becker et al., 1997; Davis & Villinger, 2006) and deformation of the host formation (Davis 
et al., 2001; Davis et al., 2015). 

The assessment of pressure anomalies at the seafloor has been introduced originally for 
hydrothermally or volcanically active areas to constrain deformation rates due to uplift or 
subsidence, using ocean bottom pressure meters (OBPs) (Fox, 1990; Chadwick Jr et al., 2012). Other 
early applications of OBPs were monitoring tsunami propagation, tide signals, microseisms and 
weather disturbances at depth in the open ocean (Latham & Nowroozi, 1968; Wunsch & Dahlen, 
1974; Filloux, 1980; Kulikov et al., 1983). 

One of the most powerful physical parameters measurable in marine sediments is pore pressure as 
a proxy for strain (Davis et al., 2009; Davis et al., 2015). Pore pressure monitoring may serve to 
identify and quantify in situ slope stability, formation properties, earthquake signals and fluid 
exchange processes (Schultheiss, 1990). In the deep-sea, short-term measurements have been 
usually performed with piezometer probes lowered from research vessels (Sultan et al., 2010; 
Stegmann et al., 2011), whereas increasingly more data exist from long time deployments, mainly 
related to geotechnical, fluid flow or seismological studies (Fang et al., 1993; Davis et al., 2001). 

Ideal research settings, concerning the sensibility to pore pressure changes in seafloor sediments, 
are areas affected by mud volcanism. Mud volcanoes (MVs) are sedimentary expulsion features, 
found both on land and the ocean floor, which emit a wide variety of overpressured deep-seated 
fluids and sediments (Kopf, 2002; Dimitrov et al., 2002). These overpressure conditions in and 
around MVs fields make them prone to experience a vast suite of effects related either to their 
internal dynamics, as mud flows, gas outbursts, temperature shifts (Feseker et al., 2008) or to the 
overprint of external factors, i.e. earthquakes and meteorological conditions (Tsunogai et al., 2012; 
Chaudhuri et al., 2012; Franek et al., 2014). 

In the past, monitoring campaigns on MVs have led to important results about the episodicity of 
these features, with the efforts mainly focussed on measuring morphological variation, gas 
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emissions, temperature, chemical fluxes and pore pressure (Shakirov et al., 2004; Yang et al., 2004; 
Jerosch et al., 2007; Abidin et al., 2009; Albarello et al., 2012). Of all these studies, only the works 
of Kopf et al. (2010) and Feseker et al. (2014) concentrated on pore pressure monitoring on MVs. 
The outcomes of those papers hypothesize on possible connections between the pressure signals 
and the internal dynamics of mud volcanoes (Feseker et al., 2014), as well as external triggers (Kopf 
et al., 2010). Such hypotheses pose the scientific grounds for the research presented in this 
manuscript. 

The internal dynamics and episodicity of MVs are fundamentally unexplored, mainly due to the lack 
of long-term data and repetitive monitoring campaigns. Local studies at MVs in different settings 
have shown pronounced periodicity in the eruption patterns over geological time scales; high 
activity phases alternates with long phases of quiescence, often accompanied by diffuse gas 
emissions and minor activity (Leon et al., 2007; Perez-Garcia et al., 2009; Feseker et al., 2014). It is 
not known, if the periodicity is a property of the system, comparable to the sealing and eruption 
cycles of volcanoes, or if it is resulting from episodic forcing by external sources.  

What is instead known, is that MVs mainly occur in settings where pressures in excess of hydrostatic 
occur in sediments of subduction zones or rivers deltas, and are influenced by tectonic structures 
such as faults and folds (Milkov, 2000; Kopf, 2002; Huguen et al., 2004). MVs have been interpreted 
as “deep rooted” structures, in light of the nature of their ejecta, i.e. clasts belonging to formations 
at several kilometres depth were found on their surface (Schulz et al., 1997; Deville et al., 2003); 
and their geochemical fluids signatures, which trace back as deep as the subducting slab interface, 
like in Costa Rica or Japan (Hensen et al., 2004; Nishio et al., 2015). Such a direct conduit to depth 
favours the channelling of pressure anomalies into MVs features, making them a valid scientific 
target for monitoring the responses to ambient (triggered) pressure changes. 

The way deep-rooted MVs react to near- and far-field seismic events has been investigated through 
historical data of earthquake occurrence and associated MVs eruptions (only on land) by the 
pioneering work of Manga & Brodsky (2006) and Mellors et al. (2007). MVs experience different sort 
of effects in relation to earthquakes, mainly depending on distance and magnitude of the seismic 
event (Manga et al., 2009; Bonini, 2009). The activity increase of MVs have also been linked to peak 
ground velocity and acceleration (PGV and PGA, Manga et al., 2009), and to earthquakes’ focal 
mechanism (Bonini, 2012).  

Variations of the stress field in MVs produced by earthquakes have also been reckoned to directly 
cause or favour eruptions (Bonini, 2009; Manga et al., 2009). These disturbances can be summarized 
in two types: I) static stress changes, produced by either contraction or relaxation of the crust 
through fault slip and normally associated to long-lasting effects, and II) dynamic stress changes, 
due to transiting seismic waves, which can cause perturbations at great distances and are orders of 
magnitude higher than the static stress changes (Bonini et al., 2016). 

To the best of our knowledge, few efforts have been previously made to install long-term 
observatories to measure pore pressure variations in submarine MV sediments (Kopf et al., 2004; 
Brückmann, 2011; Kopf et al., 2013). We therefore present one of the rare dataset of this kind, 
obtained by deploying an autonomous pressure lance (p-lance) on the probable location of the 
Athina MV feeder channel (determined by AUV bathymetry and heat flow measurements), as the 
most active MV in the Anaximander submarine mountain range (SMR).  
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The purpose of this observatory was to monitor pressure variations, both related and unrelated to 
external forcing (i.e. earthquakes and weather effects), in order to characterize their particular 
shape and temporal patterns. The final goal is to elaborate a conceptual model that can explain the 
observed MV dynamics. Moreover, the connection between source events and observatory 
responses, as well as the form of the responses themselves would tell about the sensitivity of MVs 
to such events. This question is related to another of high practical and societal relevance, namely 
whether stress changes in the deep subsurface preceding earthquakes are in some way transmitted 
to the surface expression of MVs. If such precursor signals could be detected, they could turn out a 
basis for early warning systems.  

 

2. Geological setting of the Anaximander submarine mountain 
range 

 

The Anaximander submarine mountain range is located at the contact between the African and 
Aegean-Anatolian Plates south of Antalya (Eastern Mediterranean), bounded by the Hellenic Arc in 
the west and the Cyprus Arc in the east (Figure 1). The Anaximander SMR is constituted by the 
Anaximander SMR sensu strictu (s.s.), the Anaxagoras SMR and the Anaximenes SMR, which are 
oriented in an angular structure, mimicking the geometry of the Isparta Angle in the north, on 
mainland Turkey (Johan et al., 2004; Aksu et al., 2009). These SMRs have been interpreted to be 
tilted and faulted blocks that originated from the same Isparta Angle region (Zitter et al., 2003) and 
are affected both by normal faulting as well as by strike-slip neotectonics, resulting from plate 
convergence (Zitter et al., 2006). 

Since 1995, the year of their discovery during the ANAXIPROBE mission, numerous expeditions 
repeatedly mapped these SMRs, with increasing coverage and resolution (Woodside et al., 1998; 
Zitter et al., 2006). The investigations included side-scan sonar and seismic surveys, submersible 
dives, sediment coring and gas/pore water sampling (Zitter et al., 2005). 

During extensive surveys in the Anaximander SMR, a conspicuous number of potential MVs have 
been inferred, through bathymetry, backscatter and subbottom data (Zitter et al., 2006). To current 
date, the MVs confirmed by sediment sampling are the Amsterdam MV, Kazan MV, Kula MV, 
Tuzlukush MV, Saint Ouen l’Aumóne MV, Athina MV, Thessaloniki MV and San Remo MV (Zitter et 
al., 2005; Lykousis et al., 2009) (Figure 1). The retrieval of sediment cores from these sedimentary 
features led to the first finding of gas hydrates in the Mediterranean Sea, increasing the economic 
importance of the area and fostering subsequent scientific publications (Woodside et al., 1998; 
Lykousis et al., 2009; Pape et al., 2010; Perissoratis et al., 2011). 

The presence of mud volcanoes in such a transpressional setting is uncommon both globally and in 
the Mediterranean, where e.g. the MVs of the vast Olimpi field are associated with compressional 
tectonics (Huguen et al., 2004). A condition favouring mud volcanism is that Messinian evaporites, 
an impervious unit thicker in the western Mediterranean where the depths during the Messinian 
salinity crisis were higher, are absent throughout the region, enhancing the occurrence of fluid flow 
(Mascle et al., 2014).  
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Figure 1: Bathymetric map of the study area with the main tectonic lineaments and locations of all the confirmed 

MVs.  

This paper is focussing on the Athina MV, a feature located at the foothill of the Anaximenes SMR 
north-west of the bigger Amsterdam MV (see Figure 1). According to the data collected mainly 
during the MARUM cruises M70/3, POS462 and POS498, this MV is one of the most active in the 
whole Anaximander SMR. The enhanced activity is supported by the identification of numerous gas 
seepage sites, presence of siboglinid tubeworms, recovery of gas hydrates and mud breccia and high 
heat flow compared to Mediterranean background values (Bohrmann et al., 2014; Sahling et al., 
2016) (Figure 2b-c). 

As shown in the microbathimetric map (Figure 2a) acquired during the POS462 expedition with the 
AUV MARUM SEAL (Bohrmann et al., 2014), the two mounds constituting the Athina and believed 
to be the main MV edifices by Lykousis et al. (2004), are in fact just topographic highs. The main 
mud emission spot is clearly located at the base of the north-eastern mound, identified by the 
concentric mud flows that are stretching from its geometrical center. The high resolution 
bathymetry also highlights two key details: a) there are different generations of mud flows, clearly 
separated by rims, and b) a bigger, caldera-like structure encompasses all the north-western side of 
the MV. Like the two mounds, the caldera is stretched in a northeast-southwest direction, aligned 
with the main tectonic structures of the area. 
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Figure 2: a) Location of the observatory on the Athina MV with main morphological features highlighted; b) siboglinid 
tubeworm and c) gas hydrate chip found at the observatory location 

 

3. Instrumentation and data handling 
 

We report on a continuous time series dataset that was recorded by a multifunctional observatory 
(p-lance) deployed within the center of the Athina MV, in the Anaximenes SMR. The time window 
of deployment was 26 months, from February 2014 till April 2016. The p-lance measured pressure, 
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both at the seafloor and at 3 mbsf, temperature and tilt (in x and y directions) at the seafloor. This 
is to date the longest continuous record of pore pressure on a submarine MV. Our main interest is 
to see how the MV system responded to external triggers such as earthquakes, of which 41 of Mw ≥ 
5 (625 of Mw ≥ 2.5, USGS earthquake catalogue, See Figure 1 supplementary materials) happened 
within a radius of 1000 km around the test site over the time period and storm events of which 45 
with significant wave height (SWH) ≥ 2 m are observed (CYCOFOS model, Zodiatis et al., 2014). On 
the other hand, we are looking for signals that are independent of external triggers and might 
provide insights into the internal dynamics of the deep-rooted fluid systems that feed the MV. 

3.1 Instrument description 

  
Figure 3: a) Schematic of the p-lance observatory as deployed on the seafloor, b) and c) different phases during 

instrument retrieval. 
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The p-lance is mainly composed by sensors, electronics, logger and an osmotic sampler within an 
instruments housing; a large circular base, to provide stability and prevent further sinking; and a 
metal rod, which connects the sensors with a depth of 3 mbsf (Figure 3a). The instrument has been 
deployed in free-fall mode after being acoustically released during expedition MSM35T, on board 
R/V Maria S. Merian and subsequently retrieved during the POS498 expedition by means of the ROV 
MARUM-SQUID (Sahling et al., 2016) (Figures 3b,c). 

The scientific payload constituted a MCP9700 thermistor, two Keller Series 33X pressure sensors 
and two ADXL103 accelerometers, which are sending the recorded data to a five channel RBR 
Concerto logger for storage. The data logger recorded at 1 minute interval for the entire monitoring 
period and all the sensors. The Keller sensors provide an accuracy between 0.1-0.01 %FS (Full Scale) 
with a resolution of 0.002 %FS (2 Pa) and the values are mathematically compensated by an 
integrated micro-processor for a range of temperatures between -10/80 °C.  

No water samples were obtained with the osmotic device due to malfunctioning. In this 
manuscript, the pore pressure dataset will be presented and discussed thoroughly, whereas the 
other datasets will only be mentioned in addition to the latter, in case of major effects detected. 
The sampling rate of 0.017 Hz (1 reading/ 60 secs.) made identification of seismic waves arrival 
times subject to a certain degree of uncertainty. 

 

3.2 Data processing  

In order to distinguish between the plethora of diverse effects present in the dataset, we firstly 
analysed the pressure series of the seafloor sensor (absolute pressure). This series showed tidal 
signals with a maximum of 4 kPa amplitude and was processed to remove the tidal component with 
the Matlab-based toolbox T_Tide (Pawlowicz et al., 2002). T_Tide makes a harmonic analysis and 
predicts the tidal effects for a time series using a set of astronomic parameters, thus permitting to 
separate tidal information from the rest of the signal. However, we found this procedure 
unnecessary in up to 3 mbsf since the values were directly computed as differential pressure 
(formation pressure minus seafloor pressure), hence showing little or no tidal effects (max 
amplitude 0.06 kPa in parts of the dataset). Seafloor pressure data before and after the detiding 
process are presented in Figure 4.  

In case of sustained high pressures (e.g. this observatory deployment), sensors that employ 
piezoelectric systems are subject to drifts in the measurements (Wearn & Larson, 1982; Watts & 
Kontoyiannis, 1990). As modelled by Watts & Kontoyiannis (1990) the drift accounts for an initial 
exponential decrease due to sensors adjustment to in situ conditions, followed by a linear phase. 
The mathematical expression that describes the drift behaviour is as follows:  ( ) =  (  ) + +        (1) 

where  (kPa) is the pressure measured from the sensor during the time  (s) and the coefficients   to  are calculated by fitting Equation (1) to the pressure data. In case of the absolute 
pressure, the formula for drift estimation was applied to the data after the detiding process. The 
fitting led to an estimate of a linear drift in the order of -0.08 kPa/yr for the differential pressure 
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and -1.01 kPa/yr for the absolute pressure, highlighting how the differential pressure is much less 
affected by sensor drift. These drift rates are in good agreement with the mean ones estimated by 
Polster et al. (2009) from a dataset of 96 sensors, which are -0.88 ± 0.73 kPa/a with a maximum 
range of ±8 kPa/a. Even though the drift formula was extrapolated from long-term deployments of 
Digiquartz Paroscientific sensors, the applicability to the Keller sensors used in this study is still valid, 
since their piezoresistive parts, which measure the pressure variations, are the same. 

 
Figure 4: Absolute pressure dataset before and after removal of tides effect with T_Tide 

Both pressure signals present a marked decrease in absolute values right after deployment on the 
seafloor till May 2014. After drift correction, these months-lasting trend are most likely explained 
with two interpretations. In case of the differential record the overpressure might originate from 
settling of the observatory frame on the seafloor, which is then being gradually dissipated. Change 
of the initial pressure field caused by insertion of the observatory rod into the ground is excluded, 
since the effect would have lasted in the order of hours not months, as in our data (Strout & Tjelta, 
2005; Seifert et al., 2008; Chow et al., 2014). For the absolute record instead, the trend is most likely 
connected to winter sea conditions which caused the high values, and lead to a gradual decrease till 
the beginning of summer.  

Finally, to facilitate the identification of minutes- to days-long transients such as seismic waves, 
weather-related signals and mud volcanoes effects, a high-pass butterworth filter was applied, with 
a cut-off frequency of 0.002 Hz (8.33 minutes period) (Figure 5).  
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Figure 5: High-passed (0.002 Hz) absolute and differential pressure datasets. Pressure spikes, mostly related to 

earthquakes, are clearly visible in the differential signal whereas only few events emerge from the absolute pressure 
due to the high background noise in the seafloor record. 

 

3.3 Historical catalogues of earthquakes and weather  

Transients in pore pressure records have often been connected with earthquakes, seafloor height 
variations or weather perturbations (Davis et al., 2001; Davis et al., 2009; Hammerschmidt et al., 
2013a). In order to identify signals related to seismic or meteorological events in the high-pass-
filtered dataset, we adopted two strategies. By crosscheck with the USGS earthquake catalogue, all 
earthquakes with moment magnitude exceeding 2.5 (Mw ≥ 2.5) in a radius of 1000 km from the 
observatory were identified. Of the 625 earthquakes that occurred in the monitoring period (of 
Mw≥2.5), 32 have been visually identified in the records, for being related to a pore pressure 
transient (in a 1-5 minutes time-window). 

It is widely accepted that high wave heights on the sea surface leads to correspondently increased 
pressures on the seafloor (Latham & Nowroozi, 1968; Wunsch & Dahlen, 1974; Filloux, 1980). This 
effect mirrors then the records of seafloor observatories, with the pressure being recorded at a 
monitoring station directly linked to the height of the overlying water column. The correlation of 
the absolute pressure dataset with the weather-induced signals has been made by means of the 
CYCOFOS system (Zodiatis et al., 2014). The system was used to hindcast the significant wave height 
(SWH) for the entire monitoring period, allowing for a comparison between the sea state and the 
conditions at the seafloor. The CYCOFOS wave data are based on a numerical model that uses the 
wind as forcing and are in turn periodically validated against buoys, satellite and research vessels 
measurements (Zodiatis et al., 2008). 

 

3.4 Peak ground acceleration, empirically derived and measured 

Estimation of peak ground acceleration (PGA) and peak ground velocity (PGV) values in relation to 
magnitude and location of earthquakes is a set of calculations used by earthquake and civil 
engineers to define earthquakes’ ground motion. This approach helps to prevent and assess 
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damages to buildings, infrastructures, and possible human losses. PGA and PGV attenuation 
relationships for MVs have been used in the past by Davies et al. (2008), Manga et al. (2009) and 
Rudolph & Manga (2012), with the main purpose to find a link between ground motion and either 
peak strain or pore pressure variations. Along the same line we propose the use of the PGA as a 
qualitative proxy to identify earthquakes that triggers MVs responses. 

In this paper we apply two different sets of Ground-Motion Prediction Equations (GMPEs): i) the 
Campbell & Bozorgnia (2014) GMPEs, based on the Pacific Earthquake Engineering Research Center 
(PEER) strong motion database, which comprise California and worldwide earthquakes and have a 
range of applicability between 0-300 km distance and 3.3-8.5 Mw; and the Akkar & Bommer (2010) 
GMPEs, which are using a dataset of Europe and Middle East earthquakes and are applicable for 
distances up to 100 km and Mw between 5 and 7.6.  

Even if the two equations are based on different datasets, previous studies of Campbell & Bozorgnia 
(2006) and Akkar & Bommer (2007) confirmed the validity of the GMPEs based on the PEER 
database when applied to Europe. This allows then for comparisons between two simplified forms 
of the models, where only the geometric attenuation (distance) and magnitude terms are taken into 
account, regardless the applicability of the GMPEs, in order to qualitatively look for a relationship 
between earthquake ground motion and pore pressure responses in our records. 

4. Results 
 

Visual inspection of the dataset allows us to interpret the variety of signals identified and to 
categorise individual events. The major trends observed are either signals that have a long duration 
(days to months) or produce a permanent shift in the dataset values (tilt and pressure; see the 
following two sections below). In contrast, the observations of minor significance have a shorter 
duration (minutes to months) and show sudden variations in the dataset. All the recognised major 
and minor trends will be described below. 

Long-term pressure shifts, related and unrelated to EQs 

The absolute pressure data show a discrete correlation with the SWH hindcast, were the highest 
values of SWH correspond to high values of absolute pressure, in relation to an augmented weight 
of the water column above the observatory and vice versa lower SWH values link to low absolute 
pressure (Finn et al., 1983; Moum & Nash, 2008). Moreover, the absolute pressure in the months 
of July-August 2014 is subject to a decrease of 4 kPa, which finds no correspondence with the SWH 
in the same period (typical low values during summer), attributed to possible heave of 30 cm linked 
to oscillation of a mud chamber at depth (Figure 6). Another decrease in absolute pressure 
measurements in early February 2015, again on the order of 4 kPa but on a much shorter time span, 
is instead clearly linked with weather conditions, thus ruling out an eventual connection with mud 
volcanism. 

 

 



In Situ Measurements 
 

- 77 - 
 

 
Figure 6: Detided and dedrifted absolute pressure (in black moving average for a 3 hours window) compared with 
SWH hindcasted with the CYCOFOS system. Winter periods of high SWH associate well with high seafloor pressure 

values; blue and red areas correlate high SWH with high seafloor pressure and low SWH with low seafloor pressure, 
respectively. 

The differential pressure instead, is highly influenced by earthquakes, the most important of which 
created shifts in background pressure values in the order of 0.1-0.3 kPa (Figure 7a). This background 
pressure shifts are often referred as static stress changes in the literature and are either positive or 
negative, in correspondence to, respectively, an increase (contraction) or a decrease (dilation) in 
volumetric strain caused by an earthquake (Davies et al., 2008; Davis et al., 2009). Other changes in 
background values, either related to punctual events or spread in a time-window of days to months 
(as towards the end of the differential pressure record, November 2015-March 2016), can also be 
observed and are most probably linked with MV dynamics (e.g. seepage, mud chamber fluctuation) 
(Figure 7b). 
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Figure 7: a) Differential pressure background shifts following two earthquakes situated close in time but with different 
focal mechanisms (dip slip - W of Cyprus vs strike slip - E of Crete); b) change in background signal not related to any 

earthquake 

Tilt changes with EQs and as long-term trend 

The accelerometers in the instruments casing do show a major change in inclination in 
correspondence of the 24 May 2014 earthquake (Mw = 6.9; Anatolian Trough; Saltogianni et al., 
2015), where the observatory is shifting from a stable condition to a continuous decrease in tilting. 
The divergence, which can be graphically appreciated in the general tilt trend after the 24 May 
earthquake (Figure 8a), also implies a change in the main inclination direction, forced by the 
earthquake (Figure 8b). 

Several other earthquake signals can be identified in the tilt record, but none of them is strong 
enough to permanently change the inclination trend. The 24 May Greece earthquake is also 
correspondent to the highest recorded signals in differential and absolute pore pressure, whereas 
the empirical PGA equations provide a value for the event that is not the highest in our earthquake 
record. This could be explained with the fact that not only the earthquake waves shook the 
instrument (computed arrival velocity Vs = 1.55 km/s), but the mud volcano amplified this effect 
possibly through e.g. gas hydrate dissociation or liquefaction (Mau et al., 2007; Wang, 2007), leading 
to a volumetric change in the subsoil which initiated the variation in tilt. 
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Figure 8: a) Inclination of the observatory in the X and Y directions with respect to the seafloor, for the entire 

recording period. Change in inclination trend following the 24 May earthquake is clearly noticeable. b) schematics of 
the change in tilt 
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Pressure decay curves as EQ effects, pre- and post-EQ signals 

Numerous differential pressure signals in the dataset show either positive or negative spikes, in 
relation to the stress change induced by concurrent earthquakes (Davis et al., 2001; Davis et al., 
2004). Those signals have been linked to earthquakes that happened within a 1000 km radius from 
the observatory position. The initial response of the pore fluids (amplitude of the pore pressure 
signal) as well as the decay of the signal immediately after are directly related to the coseismic 
volumetric strain and the permeability of the formation, respectively (Davis et al., 2001). A 
comprehensive calculation of the poroelastic properties regarding the Athina MV sediments is not 
the purpose of this paper, but for a broad characterisation of these parameters from a formation 
pressure dataset we refer to Hammerschmidt et al. (2013b). 

 
Figure 9: Episodic tremors preceding and following two major earthquakes in the Mediterranean region as observed 

in the high-passed differential pressure record. Zoom-in of a seepage event. 

As briefly mentioned in the previous chapter, 32 earthquakes events have been identified in the 
differential pressure data; correspondence between earthquakes waves travel time and pressure 
spikes have been obtained through the USGS website. Peak to peak amplitude data, at the first 
visual sign of seismic waves arrival, are reported in Table 1 (supplementary materials). In the same 
table, all the events that caused a change in background pore pressure, absolute pressure and tilt 
have been accounted for. Focal mechanisms for the earthquakes with Mw≤5 are not given. 
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Interestingly, before and after two specific earthquakes in the dataset, the 24 May 2014 and the 4 
September 2014 ones, we can observe two sets of signals that are not directly linked to earthquakes 
nor with weather conditions (Figure 9). The two earthquakes are, respectively, the highest 
magnitude one (Mw 6.9, Anatolian Trough) and the closest (≤200 km; Mw 5.3, Antalya Basin) with 
the highest magnitude in the recording period. These signals last between 6-10 days and both 
precede and follow the earthquakes of 6-13 days. One possible explanation for these intense activity 
periods is an increase in mud volcanic tremor in preparation to or in response of these two mayor 
events, as also hypothesised by Brown et al (2005) for diffuse flow transients in the Caribbean plate 
forearc, offshore Costa Rica. 

Pressure signals triggered by or unrelated to earthquakes  

Long periods (hours to days) of oscillating differential pressure values in the order of 50 Pa can be 
found repeatedly in the dataset, but the most remarkable of such sequences is between 10-18 July 
2014 (Figure 9, zoom in). A Mw=4.3 earthquake at 77 km distance at the beginning of the sequence 
could be the reason of its onset. The event itself appears as if a periodical gas release is passing 
through the observatory tip (pressure decrease) and then the conditions go back to normal 
(pressure increase). Links between MVs gas releases and earthquake triggering has already been 
hypothesised in the literature, but the effects on the pore pressure have not been fully described 
(Kopf et al., 2010; Tsunogai et al., 2012; Chaudhuri et al., 2012). 

On the other hand, high frequency, low amplitude signal disturbances that cannot be associated 
with an earthquake, might be related to mud volcanic tremor and/or continuous gas seeping. The 
signals are more concentrated in the first part of the dataset, until December 2014. If evaluated 
along with the high temperatures recorded in the same period by another observatory on the Athina 
MV, these pore pressure excursions suggest an elevated degree of activity in the area, probably 
related to the dissociation of gas hydrates (endothermic process). Visual confirmation of gas 
hydrates presence in gravity cores retrieved at shallow depths in the Athina sediments during the 
cruise POS498 (Sahling et al., 2016), together with unusually high temperatures at/in the seafloor 
foster the hypothesis of melting gas hydrates as likely seepage source (Figure 2c). 

 

5. Discussion and conclusion 
 

5.1 Correlation of pore pressure signals with earthquakes occurrence 

Mud volcanoes sensitivity to earthquakes 

Mud volcanoes eruptions following earthquakes have been hypothesised by numerous studies in 
the literature (Manga & Brodsky, 2006; Manga et al., 2009; Bonini, 2009; Rudolph & Manga, 2010; 
Bonini et al., 2016). This connection is not always univocal though, and the lack of defined criteria 
to directly associate the paroxysmal activity with the seismic one leaves room for large 
uncertainties. Important efforts to link triggered soil liquefaction effects with earthquakes were 
originally undertaken by Wang et al. (2006), who also produced an empirical formula to determine 
the liquefaction limit related to distance and magnitude of the earthquake from the investigated 
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effect. The same threshold has been employed by Manga et al. (2009) to explain a wealth of other 
earthquake-induced effects (MV and magmatic volcanoes eruptions, streamflow changes, 
liquefaction) with a particular focus on MVs. The major uncertainties we notice in the catalogue of 
triggering factors by Manga et al. (2009) are both a lack of coherence in timing, the events are 
spanning from minutes to months after the earthquake occurrence, and in the definition of the MV 
state preceding the earthquake. These authors are also basing their studies on peer-reviewed 
effects or historical records that mainly reflect surficial changes in MV activity, whereas Delle Donne 
et al. (2010) expand the criteria by taking into account the heat flux increase subsequent to an 
earthquake as a deeper, not directly observable, effect.  

 
Figure 10: Distribution of the observed earthquake effects and comparison with the empirical criterion defined by the 

dashed line after Delle Donne et al. (2010). Bold line is the empirical trigger equation as extrapolated from the data 
presented in this study. Light blue area represents the instrument sensitivity to changes in pore pressure. 

The problems listed above are obviated in our dataset since the Athina MV responses to 
earthquakes during the monitoring period have been connected with seismic wave velocities (in the 
order of minutes to hour) and the state of the MV itself is monitored through the background pore 
pressure values. Furthermore, pore pressure variations are mostly not directly observable on the 
surface thus characterising them will improve the definition of MVs’ triggers. The existing equations 
for dynamic stress triggering of MVs activity induced by earthquakes, extrapolated from different 
catalogues by Wang et al. (2006) and Delle Donne et al. (2010) are, respectively: = −4.56 (±0.02) +  2.22 log       (2) 
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= −6.4 +  2.17 log         (3) 

where  is the moment magnitude and  is the maximum distance (in meters) to which the 
effect of a given earthquake with  magnitude can be observed. 

Since neither between Equation 2 or 3 offers a good prediction of the effects observed on the Athina 
MV, we formulated a new empirical equation which improves the preexisting ones by including the 
outliers: = −4.0719 +  1.5873 log        (4) 

The earthquakes recorded by the differential pressure sensor are well represented through 
Equation 4, whereas earthquakes with Mw<4.5 might be out of detectability range of the 
observatory. The enhanced definition of triggering threshold is observed in Figure 10 where the 
earthquakes effects, represented by pressure spikes in the differential pressure record (Figure 5), 
are well above the criteria defined by the data of both Manga et al. (2009) and Delle Donne et al. 
(2010). 

 
Figure 11: Amplitudes of pressure spikes at different distances from the observatory, labels stand for Mw of the 
earthquake responsible for the pressure signal. Some outliers in the magnitude grouping can be explained with 
uncertainties in determine the peak to peak amplitude due to background noise and low recording frequency. 

Among the identified pressure spikes, the calculation of peak-to-peak signal amplitude after arrival 
of the seismic wave led to recognise magnitude thresholds. According to intensity of the signal, 
distance from the observatory and magnitude of the earthquake, equal magnitudes areas are 
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detected, for which an effect in pore pressure at the Athina MV can be found (Figure 11). This 
relationship, which is most probably intrinsic for every MV since it depends on morphological, 
tectonic, sedimentological and geophysical factors, can be the key to resolve MVs responses to 
earthquakes but admittedly needs further applications on other MVs edifices. 

Empirical peak ground acceleration vs magnitude 

To identify which, between the Campbell & Bozorgnia (2014) and the Akkar & Bommer (2010) 
GMPEs would better fit to our dataset, we tested them on PGA data from a station of the “Strong 
ground motion database of Turkey” situated in the city of Finike, ≈100 km away from the 
observatory location. Following the comparison in Figure 12, we noticed that the Campbell & 
Bozorgnia (2014) is providing a better fit for Mw≤4.7 or distances >100 km, whereas the Akkar & 
Bommer (2010) performs better for 4.8≤Mw≤5 or events at <100 km distance with Mw≥5.2. 
According to these criteria and basing on its bigger earthquake database (as described in Paragraph 
3.4), the Campbell & Bozorgnia (2014) has been selected as the most accurate to be applied to our 
dataset. 

 
Figure 12: Comparison between horizontal PGA measured at the Finike station and PGA estimated with the Campbell 

& Bozorgnia (2014) and Akkar & Bommer (2010) empirical relations for different events through the monitoring 
period. Labels represent earthquake distance from the Finike station in kilometres. 

After application of the GMPEs by Campbell & Bozorgnia (2014) to the earthquake dataset 
considered in this study, we observe how the PGA values reflect the influence of earthquake shaking 
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on pore pressure at the Athina MV (Figure 13). The PGA calculated values for the monitoring period 
are connected to pore pressure spikes, which are situated in a well-defined area (Figure 13). This 
area, according to the Campbell & Bozorgnia (2014) equation as applied in this paper with its 
simplifications, is delimited by earthquakes having threshold Mw≥4.5 (lower limit of sensor’s 
detection) and is described by the following equation: = 10.5559 + 1.4644 log       (3) 

where  is the moment magnitude and  is the maximum peak ground acceleration (in 
g) to which the effect of a given earthquake with  magnitude can be observed. 

 
Figure 13: Earthquake events in the dataset presented as PGA values. In light-blue the range of earthquakes 

detectable by the observatory in the differential pressure dataset. 

The “response” areas defined in Figures 10-13 present selected earthquakes that were not visually 
recognised in the pore pressure record. These missing effects may be explained by taking into 
account the connection of dynamic pore pressure changes with the location of every earthquake in 
relation to the local geology. Moreover, the earthquake’s focal mechanism governs whether the 
seismic signal reaches the observatory or not. In this sense, MV activity/emissions might be 
triggered by earthquakes when aligned with the fault in direction of the rupture while no response 
should be expected for MVs that are offset from the fault trace, as hypothesised by Delle Donne et 
al. (2010) and Bonini et al. (2016).  
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An example of geological structures and focal mechanism influencing the pore pressure signal 
arrival at the observatory is provided by the three earthquakes in Figure 1 and Table 1. All the 
earthquakes have approximately the same distance from the observatory and similar magnitudes 
but only #3 shows up in the data, whereas they all fall in the more conservative Delle Donne et al. 
(2010) triggering criterion. The reason why we suppose this is happening is because earthquakes #1 
and #2 are situated in the area of the “Great Slide”, a thick debris flow unit NW of the Anaximander 
SMR s.s. (Woodside et al., 1998), which in turn could have a dumping effect on the earthquake 
signal. Earthquake #3 instead, is located on the same fault passing through the Athina MV, thus 
having a direct connection and being aligned with the MV structure. In case of earthquake #3, the 
arrival of the seismic waves is enhanced and it can consequently be detected in the pore pressure 
dataset even below instrument sensitivity. 

 

Date and Time 
of event (UTC) Latitude Longitude Depth 

(km) 
Magnitude 

(Mw) 

Hypocentral 
distance 

(km) 

Signal 
observed 

Effect possible 
(Delle Donne 
et al., 2010) 

#1 09-13-14 
04:23 35.7500 30.1700 12 4.1 41.704 no yes 

#2 09-20-14 
18:23 35.7110 29.9575 6.2 4.3 42.788 no yes 

#3 12-24-14 
18:11 35.7435 30.3332 7.8 4.1 41.223 yes yes 

 

Table 1: Main data about the three earthquakes in Figure 1. 

 

5.2 Non earthquake-related signals 

Since the literature on MVs pore pressure measurements is scarce at best, the following reasoning 
is mainly based on past work focusing on gas seepage and fluid flow monitoring in and around areas 
affected by mud volcanism. It is well known that MVs can host gas hydrates and further confirmation 
has also been found at the Athina MV on the exact location of the observatory (Figure 2b-c, this 
study; Sahling et al., 2016). Gas hydrate stability in the submarine environment is in turn affected 
by pressure and temperature changes in the seafloor, contributing to physical variations of MVs 
sediments i.e. permeability, temperature and pore pressure (Henry et al., 1996; Chand & Minshull, 
2003; Sauter et al., 2006; Solomon et al., 2008). Additionally, MVs have been often described as 
episodic emission features due to different factors qualifying their evolution (Kopf et al., 2002; Linke 
et al., 2005; Menapace et al., in review). Their long-term episodicity is defined by fluid flow from 
depth (Tryon et al., 1999; Dia et al., 1999; Sun et al., 2010) and volumetric changes related to mud 
chamber depletion or replenishment, as per magmatic volcanoes (Planke et al., 2003; Deville et al., 
2010). 

We therefore distinguish two main sets of events in the pore pressure record, which are not directly 
related to earthquake occurrence: i) Events associated to background pore pressure shifts (Figure 
7b), and ii) events not associated to background pore pressure shifts (Figure 9). According to the 
MVs dynamics previously cited, the former ones possibly originate from fluid flow events or 
bradyseism of a mud reservoir at depth (see also surficial evidence in Figure 2a), while the latter are 
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most probably linked to gas hydrates dissociation, being then confined to relatively shallow depths. 
The various events might be interrelated though, since heated and overpressured fluids migrating 
from depth can trigger gas hydrate dissociation on the shallow subsurface (Van Rensbergen et al., 
2002; Greinert et al., 2006, Crutchley et al., 2014). 

 
5.3 Conclusions 

The results presented in this paper highlight how the use of differential pressure sensors in a long-
term piezometer is a powerful mean to measure pore pressure fluctuations in marine sediments, in 
virtue of its high resolution and low signal disturbance. The sensitivity of the observatory deployed 
on the Athina MV, despite the low sampling rate, permitted to identify earthquakes with Mw as low 
as 4.1 and at distance >12000 km.  

Table 2 lists the six largest earthquakes worldwide during the entire measuring period, which also 
produced disturbances on the pore pressure signal. This correlation can be explained, in case of 
large magnitude far-field earthquakes, with the fact that only low frequency seismic waves reach 
the observatory. Those frequencies are more easily detectable by the low observatory sampling 
rate, in accordance to the Nyquist theorem, limiting the aliasing of the recorded signal which is 
instead happening with high frequency events. Moreover, the influence of the earthquakes in Table 
2 on our dataset could be explained with their association to long period seismic waves and long-
lasting shaking which, according to Wang & Manga (2010) and Rudolph & Manga (2012), are more 
effective in mobilising trapped gas bubbles, enhancing permeability and stimulating fluid flow in MV 
sediments. Additionally, the deep roots of MVs conduits favor the channeling of the signal along 
connected faults in the near field, permitting to distinctly record low magnitude earthquakes like 
the one in Table 1.  

Even if our conclusions are based on long-term monitoring of a single MV in the seismically very 
active Eastern Mediterranean Sea, the applicability of the empirical formula extrapolated from the 
results to other MVs agrees well with the data shown in Figure 11, which support a distinct 
relationship between magnitude-distance and amplitude of the pore pressure spikes.  
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Date and Time 
(UTC) Latitude Longitude Location Depth (km) Magnitude 

(Mw) 
Hypocentral 

distance (km) 
Seismic waves 

arrival time (UTC) 
Max signal 

amplitude (kPa) 

04-01-14 23:46 -19.6097 -70.7691 NW of Iquique, Chile 25 8.2 12222 04-02-14 00:45 0.09 

06-23-14 20:53 51.8486 178.7352 SE of Little Sitkin Island, 
Alaska 109 7.9 9843 06-23-14 21:06 0.11 

04-25-15 06:11 28.2305 84.7314 E of Khudi, Nepal 8 7.8 5148 04-25-15 06:20 0.06 

05-30-15 11:23 27.8386 140.4931 WNW of Chichi-shima, 
Japan 664 7.8 9898 05-30-15 11:42 0.19 

09-16-15 22:54 -31.5729 -71.6744 W of Illapel, Chile 22 8.3 12955 09-17-15 00:04 0.12 

03-02-16 12:49 -4.9521 94.3299 SW of Sumatra, 
Indonesia 24 7.8 8036 03-02-16 13:02 0.15 

 

Table 2: Earthquakes with Mw≥7.8 occurred during the entire deployment period worldwide. 
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Abstract 
 
In the submarine environment, mud volcanoes are one of the major mechanism of fluid and solid 
expulsion from the seafloor. As such, these features not only represent direct windows to the inner 
crust, but also permit to reach depths that cannot be achieved through scientific drilling. On the 
other hand, in order to interprete the information transported by mud volcanoes, one has to 
understand the dynamics leading to birth and evolution of these piercement structures. We 
explored those dynamics in the laboratory by designing a functional and flexible analogical model 
to simulate fluid flow through mud breccia samples. Three different samples have been tested from 
mud volcanoes of Costa Rica, Japan and the Mediterranean Sea. Fluid flow variations until the point 
of sample failure have been related with changing physical properties and structural or sedimentary 
features formation. Common evolutionary patterns between the different types of samples pointed 
towards the formation of a water reservoir followed by hydrofracturing of the overlying layer and 
local fluidization of the sediment. Variations in water reservoir height (inflation or deflation) led to 
oscillations in flow rates, confirming this as one of the episodic processes responsible for mud 
volcano paroxysm. 
 
Key points: 

 Characteristics of the plumbing system and the surficial structures forming in mud breccia 
sediment before and after hydraulic failure are described 

 Hydrofracturing as formation mechanism responsible for MVs birth is confirmed through 
seepage experiments 

 Episodicity in the flow rate at mud volcanoes can be the result of inflation and deflation of a 
mud reservoir at suprahydrostatic pressure 
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1. Introduction 
Sediment and fluid mobilization from depth to the seafloor is often associated with mud volcanic 
activity (Dimitrov, 2002). Mud volcanoes (MVs), which are very common in the submarine realm, 
take an important role in fluid and sediments expulsion especially in correspondence of subduction 
zones, where the presence of overpressured conditions favours the formation of escape pathways 
and morphologies (Milkov, 2000; Kopf, 2002).  

Despite the almost ubiquitous presence of MVs in the majority of active subduction zones 
worldwide, the mechanisms that lead to the formation of such sedimentary structures are far from 
being fully understood (Hensen et al., 2004; Godon et al., 2004; Feseker et al., 2008). What seems 
to common all the most noteworthy literature studies over this topic is the distinction between two 
main MV growth phases (Brown et al., 1990; Kopf , 2002; Deville et al., 2006): I) an initial one where 
overpressured fluids in disequilibrium with the host sediments are rising by hydrofracturing in 
correspondence of structural weaknesses (i.e. faults and folds) and II) a subsequent one where a 
buoyant mud diapir starts to rise from the overpressured zone, eased by the fractured units 
overlying it. According to this model, once the diapir reaches the surface it settles, shaping a conical 
edifice and eventually, due to sedimentation, subsidence, and decrease of the driving pressure, 
achieve a phase of quiescence (Leon et al., 2007; Mazzini et al., 2009). However, the exposed 
structure and the feeder channel themselves represent high permeability pathways, which are 
prone to convoy subsequent pressure pulses from depth to the surface.  

If external triggering factors such as earthquake-induced liquefaction are disregarded as potential 
triggers of a paroxysmal phase (Davies et al., 2005; Manga et al., 2009), a clear cyclic behaviour 
seems to characterize the evolution of MVs (Deville & Guerlais, 2009; Toyos et al., 2016;). This cyclic 
growth pattern has been proved with different methods such as bathymetric mapping and dating 
of different mudflows (Jerosch et al., 2007; Foucher et al., 2010), seismic images of “´Christmas tree” 
structures (Somoza et al., 2003; Somoza et al., 2012), numerical modelling and in situ monitoring of 
various parameters such as temperature, pressure, or chemical species (Deyhle & Kopf, 2001; 
Murton & Biggs, 2003;. Zoporowski & Miller, 2009; Feseker et al., 2009; Feseker et al., 2014).  

Several attempts have also been made to recreate MVs (or, more generally, fluid escape structures) 
formation in the laboratory using analog models, commonly simulating hydraulic seepage through 
non-cohesive materials such as sand or glass spheres (Nichols et al., 1994; Lance et al., 1998; Pralle 
et al., 2003; Mörz et al., 2007; Frey et al., 2009; Rodrigues et al., 2009; Nermoen et al., 2010; Moffat 
et al., 2011; Gay et al., 2012). This basic approach can be made more representative of in situ 
conditions by using actual mud breccia sediment (term used to define the main component of MVs 
ejecta) which present commonly a cohesive behaviour. Therefore, the main objectives of this study 
are: 

 to reproduce the birth of a MV in the laboratory using mud breccia samples from various 
MVs, in order to confirm or discard the theories relative to the two-phase genesis,  

 to define the characteristic of the plumbing system and the surficial structures formed in 
the experimental tank, 

 to determine flow rates through different mud breccia specimens and compare them to in 
situ measurements (heat or chemical flow), and 
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 to use cycles of active or inactive seepage through the experimental setup, in order to 
explain the episodic activity of MVs. 

2. Materials and methods 

2.1  Experimental setup and sample selection 
Based on the concepts illustrated in previous works which dealt with analog modelling of 
piercement structures such as the ones of Mörz et al. (2007), Frey et al. (2009), Nermoen et al. 
(2010) and Ross et al. (2011), we assembled an apparatus to simulate hydraulically governed 
seepage in MVs samples.  

 
Figure 1: Scheme of the experimental setup and its main parts; in the picture shows the setup configuration in the 

laboratory. 

The setup consists of a closed system which recirculates water, thus being able to run autonomously 
and only occasionally refilled due to evaporation (Figure 1). The sample is placed in a Perspex 
cylinder filled with salt water, which is confined at the bottom by a gravel filter (Ø=3 mm), in order 
to evenly distribute the incoming water flux. During the experiments, the increasing overpressure 
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at the bottom of the sample is applied stepwise by manually raising a recipient situated over the 
cylinder. The constant hydraulic head is maintained through an overflow mechanism coupled with 
an Eheim 5011 pump situated in the water reservoir below the cylinder. The flow out of the tank 
was measured, in contrast with all the other setups listed in the previous paragraph, by weighting 
the water outflow with a Kern® PFB 3000-2 electronic scale (0.01 g precision) in turn connected to 
a PC recording in real time. Additionally, the evolution of the forming structures is monitored by a 
Logitech® B910 HD webcam (1280x720 @ 30 frames per second). Inside the laboratory, the 
temperature is kept constant around 20°C. 

The innovative aspect of these set of experiments is the use of actual mud breccia samples from 
different mud volcanoes around the globe. According to availability from past research expeditions 
we selected 3 representative specimens from MVs that are interested by active seepage. Those MVs 
are the Mound Culebra (MCMV), offshore Costa Rica (Hensen et al., 2004; Grevemeyer et al., 2004); 
the #2 MV (KBMV), in the Kumano Basin offshore Japan (Pape et al., 2014; Menapace et al., Chapter 
II), and the Athina MV (ATMV), in the Anaximenes Mountains offshore Turkey (Lykousis et al., 2004; 
Lykousis et al., 2009 Menapace et al., Chapter III). These MVs are all situated in extremely dynamic 
subduction zones either on the deformation front (MCMV, ATMV) or in the forearc basin (KBMV), 
acting as direct fluid discharge from the decollement (Kopf & Deyhle, 2002; Dählmann & Lande, 
2003; Sahling et al., 2008; Nishio et al., 2015; Tsuji et al., 2015). 

In order to characterize the different mud breccias two main instruments have been used. A 
Quantachrome 5200e He-pycnometer was employed to measure moisture, density and porosity 
whereas a Beckman Coulter LS-13320 laser diffraction analyser to measure particle grain size, both 
chosen because of their time efficiency, large measuring range, and very high measurements 
reproducibility. The samples, which were stored at 4°C in the cold repository at MARUM to prevent 
change in physical properties, have been subject to the same analyses and before the pycnometer 
test they were owen-dryed for 24 hours @ 105°C. 

2.2  Hydraulic failure 
To qualitatively understand the process which leads to hydraulic failure of sediments subjected to 
seepage the concept explained by Terzaghi (1943) must be used. He stated that at the moment of 
soil failure the gravitational stress ( ) which is acting normal to a water saturated soil, has to be 
equal to the sum of the opposite fluid ( ) and buoyancy ( ) stresses: =  +             (1) 

According to Mörz et al. (2007), for our experiment this is equivalent to: =             (2) 

where  is the critical hydraulic gradient at failure (dimensionless), whereas ℎ  and ℎ  are 
respectively critical hydraulic head and soil thickness as measured in the laboratory setup. 

Moreover, the critical hydraulic gradient in a saturated soil can also be written in a simplified form 
following Mörz et al. (2007): =  (1 − ) + ( − 1)         (3) 
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being  and , respectively, grain and fluid unit weight and  the porosity of the tested soil. Finally, 
In order to simplify the setup configuration we chose to investigate the seepage in single layered, 
unconsolidated mud breccia sediments. 

 

3. Preliminary results 
Over the course of this thesis, a total of 3 experiments using mud volcano samples were conducted. 
During the same experiment, after soil failure, the hydraulic gradient was lowered to hydrostatic 
conditions, the sediment left to settle for several days, and then the gradient was increased again. 
The purpose of this second phase was to test the mud breccia for hysteresis and reactivation of high 
permeability pathways formed during previous soil failure. All tests followed the same routines. 
First, we determined grain size, moisture, density and porosity; then we amalgamated 
approximately 5-7 kg of MV sediment and carefully loaded the Perspex cylinder. After 1 week of 
initial settling, we started the experiment at hydrostatic pressure and then increased the hydraulic 
gradient incrementally in 0.5 cm steps. 

From the analyses conducted on the different mud breccia samples, the results for the KBMV and 
for the ATMV get closer to common literature values for mud breccia (Kopf et al., 1998; Casas et al., 
2006), probably reflecting a more careful storage after sampling. Mean grain size of all MV 
specimens are similar, as well as densities, indicating comparable clay-like materials, whereas 
porosities are quite different, especially for the MCMV sample. This is due to the rehydration 
process during preparation, as indicated by the high water content (Table 1). 

Mud breccia sample: MCMV KBMV ATMV 

sample thickness (cm) 12.6 12.4 14.2 

grain density (g/cm3) 2.64 2.72 2.73 

dry density (g/cm3) 0.45 1.06 1.18 

porosity (n) 0.83 0.61 0.57 

bulk water content (%) 65.6 37.3 32.8 

mean grain size (d50; μm) 8.3 8.4 9.6 

experiment duration (weeks) 5 8 3 

Table 1: main physical parameters for the three different types of mud breccia used during the tests. 

The individual seepage tests lasted several weeks (with the ATMV being the shortest one), owing to 
the fact that the hydraulic head has been carefully raised to permit an even distribution of the 
overpressure in the samples, in turn slowed by the mud breccia´s low permeability. For this reason, 
the measurements shown in Figures 2a-c represent only the last part of the recorded data, when 
the beginning of seepage (pre-critical state) and the hydraulic failure (critical state) took place.  
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Figure 2: flow rates are graphed starting from seepage initiation for a) MCMV, b) KBMV and c) ATMV. Inserts show 

samples failure during the critical state. 

A - Mound Culebra MV 

C – Athina MV 

B - #2 MV 
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Before the pre-critical state the samples presented no outflow of water, acting as a completely 
impervious layer. The flow rates from the various tests are varying by two orders of magnitude (pre-
critical state, Table 2), whereas a pattern is arising from the measurements. All the tests showed a 
clear difference between measurements pre and post hydraulic failure (Figure 2), which could be 
associated respectively to the homogeneous seepage and the piping phases described by Mörz et 
al. (2007).  

Mud breccia sample: MCMV KBMV ATMV 
icrit predicted 0.27 0.66 0.73 
icrit measured 0.99 1.52 1.15 

hcrit predicted (cm) 3.4 8.1 10.4 
hcrit measured (cm) 12.5 18.8 16.4 

Qcrit (cm3/s) 0.05 1.39 0.05 

Table 2: values obtained from the seepage experiments on the three samples as well as applying Equations 2-3 to the 
dataset. 

The evolution of the internal and surficial structures during the tests has been strikingly similar for 
all the samples. In the phase prior to seepage, hydraulic fracturing is concentrated in a horizontal 
zone throughout the soil column at variable height (depending on the sample). The fracture expands 
horizontally until it cuts through the whole sample (Figure 3a-b). At that point, the increasing 
hydraulic gradient starts shifting the sediment upwards and, at the same time, small fractures 
(microchannels) are propagating vertically towards the upper part of the soil column (Figure 3c-d). 
Once they reach the surface, seepage occurs, without expulsion of sediments. If seepage continues, 
the microchannels widen until the sediment gets fluidized and drags upwards finer particle together 
with mud lumps as seen in Figure 3e-f. 

  

A B 
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Figure 3: different phases of hydraulic fracturing. Blue colour corresponds to methylene blue, a dye injected as tracer 

in order to highlight flow pathways and dynamics. 

 

4. Initial discussion 
The numerous structures observed and described during the tests could be divided in two main 
types: I) structures developing prior to hydraulic failure inside the sediment column and II) 
structures developing on the surface at the moment of hydraulic failure. The ones are mainly 
represented by the “water reservoir” and the fractures that connect it to the surface (Figures 3a-d), 
while the others are mainly characterized by the burstouts and the material expelled during 
fluidization and hydraulic failure (Figures 3e-f). These paroxysmal episodes of sediment expulsion 
are connected to the high hydraulic gradient required to fail the MV materials and, ultimately, to 
the cohesive behavior of the mud breccia. In fact, as already sustained by Nichols et al. (1993), Mörz 
et al (2007) and Ross et al. (2011) Equation 1 failed to correctly predict the icrit in all tests, since the 
high cohesion of the clay particles makes necessary a higher effective stress to mobilize the 
sediment. 

Finally, if we shift our focus from this set of laboratory experiments, which qualitatively assessed 
hydraulic failure through mud breccia samples, to the literature on mud volcano formation and 
evolution, the analogy is quite striking. In our case, emplacement of a water reservoir followed by 

C D 

E F 
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hydrofracturing is the mechanism responsible for hydraulic failure and piping. The same mechanism 
as responsible for mud volcano formation has been hypothesized from many authors (Kopf, 2002; 
Perez-Garcia et al., 2009; Deville et al., 2010; Mazzini & Etiope, 2017). Furthermore, episodicity in 
our flow rate measurements has been observed during the KBMV test, where, after collapsing of 
the water reservoir and clogging of the pipes, flow rates went back to values prior to hydraulic 
failure (Figure 2b). Fluctuations of a mud reservoir as responsible for episodicity of MVs is also a 
recurrent model to explain this very own process in the literature (Davies & Stewart, 2005; Evans et 
al., 2007; Evans et al., 2008). Fractures that originate in the water reservoir and evolve 
independently relate well with the activity of gryphons in MVs (Planke et al., 2003; Mazzini et al., 
2009; Onderdonk et al., 2011) or with the presence of different MV features in the same geological 
setting (Hovland & Stokes, 1997; Graue, 2000; Yusifov & Rabinowitz, 2004; Menapace et al. Chapter 
II). 

 

Outlook 
Given that this manuscript is still in preparation but the submission of the thesis was mandatory, a 
few important points have not been fully addressed in the Discussion section. These include analog 
modelling scaling (Merle & Borgia, 1996; Garland et al., 2015), cohesion of clay particles (Rodrigues 
et al., 2009; Ikari & Kopf, 2011), shear strength and permeability of the sediments (Shellart, 2000; 
Mörz et al., 2007) and comparison with in situ measurements of flow rate (Henry et al., 1996; 
Hensen et al., 2004; Feseker et al., 2008). 

Also, time constraints have not allowed us to carry out X-Ray Diffraction (XRD) to identify and semi-
quantify differences in mineralogy, in particular for the suite of clay minerals. Similarly, Scanning 
Electron Microscope (SEM) imagery may help us to unravel small-scale differences of structures 
relative to small pipes/channels, microfaults and hydrofractures, which may help to further explain 
our results. We will address these missing points in the near future, in preparation for the 
submission of the full article to the journal Sedimentary Geology.  
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CONCLUSIONS AND OUTLOOK 

 

The goal of this dissertation is to link different aspects of mud volcanism by looking at the 
phenomenon from three different but complementary point of views: i) at the bigger scale, the role 
of mud volcanism in the water budget of the Nankai subduction zone has been assessed, ii) at the 
smaller scale, in situ measurements on the Athina mud volcano linked external and internal triggers 
to various degrees of activity, and iii) at the laboratory scale, mud volcano birth trough 
hydrofracturing and episodicity due to oscillation of a mud reservoir have been confirmed. 

Working on data from the SO222 cruise in the Kumano basin and using the information available 
from the numerous sites drilled by the NanTroSEIZE project, the function of mud volcanism have 
been discovered to be less significant than in other subduction zones, still representing an efficient 
mechanism to drain the deeper accretionary prism on a local scale. Mud volcanoes contribution to 
the total water emissions is only a minor fraction whereas the major part of the water has been 
linked to diffuse flow throughout the Kumano Basin infill, rarely taken into account for fluid budgets 
in the literature. This fluid flow is highly dependent on mineral dehydration and compaction of the 
inner accretionary prism, with the saponite clay dissociation in the basaltic crust being a major 
player in the water budget of the area interested by mud volcanism.  

Further porewater as well as sediment samples have been taken in the Kumano Basin during the 
SO251 cruise at the end of 2016, aiming to better define the diffuse seepage and to performe 
additional isotopic analyses to elucidate depth and source of origin of the fluids. Moreover, long-
term observatories deployed on mud volcanoes in the course of SO222 were retrieved. The 
recorded data are being analysed, in order to reveal transients in mud volcanic activity that could 
influence fluid emissions, thus complementing the water budget calculations. 

A similar kind of monitoring study have been conducted on the Athina mud volcano, offshore south 
Turkey. The >2 years multiparametric time series showed how the use of differential pressure 
sensors in a piezometer configuration is a powerful mean to measure pore pressure fluctuations 
over the long term in marine sediments due to its high resolution and low signal disturbance. The 
sensitivity of the observatory deployed on the Athina MV, despite the low sampling rate, permitted 
to identify earthquakes with moment magnitude as low as 4.1 and at distance >12000 km which 
had an impact on pore pressure. A distinct relationship between magnitude-distance, ground 
motion and amplitude of the pore pressure spikes at the observatory have been identified. Cross 
comparison of this study with data from the long-term observatories in the Kumano Basin would 
help to validate or discard the assumptions made and expand the empitical relations found. 

Contemporary to the deployment of this observatory, another monitoring device to measure 
temperatore distribution over ≈6 mbsf was installed at the same location. Those data are being 
evaluated in order to connect pressure pulses to temperatures excursions and get further insight 
on internal or external triggers of mud volcanic activity. Furthermore, the monitoring of pore 
pressure at mud volcanoes would generally benefit from a supplementary observatory deployed 
outside the area of major activity (i.e. outside the surficial morphology characterizing the main 
edifice) in order to relate all the measurements to background values. 

The sets of laboratory experiments qualitatively assessed hydraulic failure through mud breccia 
samples, an unprecedented study in mud volcano analog modelling. From more than 5 months total 
duration of the experiments, preliminary observations show how emplacement of a water reservoir 
followed by hydrofracturing has been the mechanism responsible for hydraulic failure and piping in 
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the experimental tank. Furthermore, episodicity in flow rate measurements has been observed 
during the tests, and have been connected to fluctuations of water reservoirs formed horizontally 
in all the 3 samples from the different mud volcanoes considered. Being this manuscript still in 
preparation some measurements have yet to be performed (i.e. SEM imaging and XRD analysis) and 
more factors have to be taken into consideration while evaluating the results such as scaling of the 
setup, cohesion of clay particles and shear strength or permeability of the sediments. Once those 
last missing points will be addressed, comparison with in situ measurements of flow rate on mud 
volcanoes and structures related to change of this parameter would be possible. 

Finally, the experience gained during this PhD from working in areas affected by mud volcanism all 
over the world, as well as the integration between well-established and cutting edge techniques 
performed to determine mud volcanoes episodicity and the extensive laboratory work conducted 
on mud breccias led to participation to IODP 366. This two months research expedition onboard R/V 
Joides Resolution sailed through the Mariana forearc, in order to drill on flanks and summits of 
serpentine mud volcanoes to unravel formation and evolution of these giant structures and their 
relation with subduction zone fluid and solid cycling. 
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ANNEXES 

 

Chapter III  
Figure S1: distribution of the earthquakes with Mw≥2.5 occurred in the eastern Mediterranean during the entire 

deployment period. Circles dimensions stand for PGA values calculated according to the Campbell & Bozorgnia (2014) 
GMPEs for the observatory location as in Table 1. Red colour correspond to earthquake detected in the pore pressure 

data. 

 

 

Table S1: main characteristics of the earthquakes with Mw≥2.5 occurred in the eastern Mediterranean during the 
entire deployment period (USGS catalogue), observed pore pressure signal and calculated PGAs. 

Date and Time 
of event (UTC) Latitude Longitude Depth 

(km) 
Magnitude 

(Mw) 
Hypocentral 

distance (km) 
Max signal 

amplitude (kPa) 
PGA (Campbell & 

Bozorgnia, 2014) (g) 
PGA (Akkar & 

Bommer, 2010) (g) 

02-09-14 04:34 38.0850 20.3870 14 4.1 925 N/A 4.2183E-06 1.4567E-05 

02-09-14 08:22 38.1862 20.3495 9 4.7 931 N/A 2.3167E-05 5.9890E-05 

02-09-14 21:53 38.1700 20.3400 11 4.2 932 N/A 5.4467E-06 1.8417E-05 

02-10-14 20:46 34.8263 25.2507 61 4.2 460 N/A 1.8490E-05 6.3175E-05 

02-12-14 10:34 38.1682 20.3407 13 4.7 931 N/A 2.3158E-05 5.9867E-05 

02-14-14 00:33 36.7400 36.0800 10 4.7 548 N/A 5.4303E-05 1.4025E-04 

02-14-14 03:38 38.1900 20.4000 10 4.7 927 N/A 2.3332E-05 6.0316E-05 

02-14-14 20:45 35.3463 23.1153 59 4.2 646 N/A 1.0259E-05 3.4876E-05 

02-15-14 07:31 38.3001 20.3902 25 5 932 N/A 6.0746E-05 1.1602E-04 

02-15-14 08:18 38.2500 20.3650 15 4.3 932 N/A 7.1138E-06 2.3466E-05 
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02-19-14 23:08 38.2863 20.4200 12 4.3 929 N/A 7.1589E-06 2.3616E-05 

02-20-14 23:47 38.2010 20.3560 9 4.3 931 N/A 7.1255E-06 2.3505E-05 

02-21-14 15:18 38.2100 20.4000 16 4.6 928 N/A 1.6895E-05 4.7953E-05 

02-22-14 15:42 37.4220 36.3820 6 4.4 596 N/A 1.9714E-05 6.3437E-05 

02-24-14 04:41 34.8328 24.2277 25 4.5 549 N/A 2.9261E-05 9.1073E-05 

02-26-14 01:42 40.2300 21.6400 25 4.1 925 N/A 4.2167E-06 1.4562E-05 

02-28-14 03:51 36.1100 25.1400 13 4.2 465 N/A 1.8140E-05 6.1969E-05 

02-28-14 22:54 37.6640 21.1692 14 4.1 846 N/A 4.9297E-06 1.7051E-05 

03-02-14 04:25 36.7850 35.1750 7 4.1 472 N/A 1.3754E-05 4.8079E-05 

03-05-14 12:49 38.1095 20.3518 12 4.9 929 N/A 4.4269E-05 9.3876E-05 

03-05-14 15:08 38.0612 20.2958 24 4.3 932 N/A 7.1121E-06 2.3461E-05 

03-06-14 15:15 35.9908 31.2739 62 4.5 132 0.022 3.0841E-04 9.6591E-04 

03-07-14 17:43 36.7809 21.6498 15 4.5 785 N/A 1.6166E-05 5.0229E-05 

03-10-14 23:27 38.2097 20.3092 16 4.5 935 N/A 1.2085E-05 3.7517E-05 

03-11-14 10:23 38.3944 31.8096 22 4.2 363 N/A 2.7795E-05 9.5297E-05 

03-15-14 05:29 37.5558 25.6367 28 4.4 475 N/A 2.8842E-05 9.2979E-05 

03-15-14 09:03 34.8577 25.3107 45 4 452 N/A 1.1549E-05 4.1203E-05 

03-15-14 11:57 27.4077 34.6904 14 4 984 N/A 2.8903E-06 1.0142E-05 

03-15-14 15:54 35.9500 24.0000 48 4 567 N/A 7.7230E-06 2.7420E-05 

03-18-14 10:43 37.7050 21.3910 24 4.4 829 N/A 1.1325E-05 3.6344E-05 

03-18-14 10:56 38.3200 20.4120 16 4.2 930 N/A 5.4579E-06 1.8455E-05 

03-21-14 10:59 34.4560 26.2700 31 4.4 376 N/A 4.2876E-05 1.3848E-04 

03-21-14 18:35 38.4212 22.4503 6 3.9 768 N/A 3.4568E-06 1.2367E-05 

03-23-14 11:12 33.9342 25.6036 37 4.4 453 N/A 3.1262E-05 1.0082E-04 

03-24-14 22:40 34.2710 22.4923 10 4.1 716 N/A 6.6200E-06 2.2968E-05 

03-25-14 11:26 36.4980 28.0410 62 4.1 239 N/A 4.5330E-05 1.6040E-04 

03-26-14 11:34 34.7543 25.9335 29 4.3 397 N/A 3.0518E-05 1.0166E-04 

03-26-14 14:00 38.1000 38.6300 10 4.4 808 N/A 1.1832E-05 3.7978E-05 

03-27-14 11:12 34.5415 24.8228 22 4.2 501 N/A 1.5955E-05 5.4446E-05 

03-29-14 05:45 35.0190 22.5030 30 4.2 702 N/A 8.8819E-06 3.0158E-05 

03-29-14 21:50 35.6001 22.8764 43 4.1 666 N/A 7.5121E-06 2.6097E-05 

03-31-14 08:23 34.6120 23.8720 31 4.1 585 N/A 9.4347E-06 3.2853E-05 

03-31-14 11:16 34.5453 23.8630 30 4.2 587 N/A 1.2115E-05 4.1245E-05 

04-04-14 01:59 38.2000 20.4600 5 4.1 922 N/A 4.2393E-06 1.4641E-05 

04-04-14 20:08 37.2833 23.8711 107 5.6 615 0.031 6.4019E-04 6.9155E-04 

04-07-14 01:01 35.9630 31.6384 69 4.1 159 N/A 9.2768E-05 3.3059E-04 

04-10-14 15:46 38.0843 20.2832 49 4.2 935 N/A 5.4129E-06 1.8301E-05 

04-14-14 13:26 33.9031 25.7876 36 4.3 439 N/A 2.5718E-05 8.5572E-05 

04-14-14 20:41 34.0995 25.8660 12 5 423 N/A 2.0409E-04 3.8618E-04 

04-15-14 08:17 34.0160 25.8147 20 4.3 431 N/A 2.6556E-05 8.8378E-05 

04-16-14 14:48 34.0261 25.9344 38 4.1 421 N/A 1.6782E-05 5.8784E-05 

04-16-14 23:49 36.3257 31.3627 81 4.2 168 N/A 1.0595E-04 3.6729E-04 

04-17-14 07:04 38.4210 22.4650 15 4.2 767 N/A 7.6309E-06 2.5877E-05 

04-17-14 13:26 37.8044 20.1204 55 4.1 941 N/A 4.0916E-06 1.4125E-05 

04-18-14 05:07 38.4148 21.8470 18 4.6 816 N/A 2.0830E-05 5.9133E-05 

04-19-14 23:39 37.0712 28.8863 7 4.2 222 N/A 6.5431E-05 2.2594E-04 
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04-21-14 13:05 35.4745 31.6020 63 4.4 141 N/A 2.2246E-04 7.2387E-04 

04-25-14 02:56 35.4785 21.6786 7 4.7 773 N/A 3.1240E-05 8.0733E-05 

04-25-14 17:20 35.5812 21.6664 25 4.5 774 N/A 1.6528E-05 5.1356E-05 

04-26-14 04:04 36.0610 32.0980 85 4.1 204 N/A 5.9785E-05 2.1213E-04 

04-28-14 03:49 38.7000 22.8200 5 4 752 N/A 4.6672E-06 1.6471E-05 

04-29-14 12:37 35.3310 23.1550 41 4.4 641 N/A 1.7437E-05 5.6075E-05 

04-30-14 04:03 38.2300 25.1300 32 4.8 553 N/A 7.2998E-05 1.7078E-04 

05-01-14 07:36 39.4650 37.3510 5 4.2 776 N/A 7.4791E-06 2.5358E-05 

05-01-14 17:33 37.0333 27.4737 11 4.2 306 N/A 3.7346E-05 1.2836E-04 

05-03-14 04:46 36.2214 28.9678 10 4.1 146 N/A 1.0816E-04 3.8601E-04 

05-05-14 05:05 36.0920 31.0650 91 4.5 142 N/A 2.7431E-04 8.5889E-04 

05-06-14 02:00 39.3500 23.8800 29 4.2 712 N/A 8.6678E-06 2.9425E-05 

05-07-14 06:20 37.7955 19.9066 16 4.6 958 N/A 1.6042E-05 4.5529E-05 

05-07-14 14:48 36.0212 31.3503 57 4.2 137 N/A 1.5061E-04 5.2358E-04 

05-10-14 03:04 38.4200 22.4300 10 4.3 769 N/A 9.8689E-06 3.2627E-05 

05-14-14 06:11 34.6981 23.3899 10 4.2 626 N/A 1.0839E-05 3.6867E-05 

05-18-14 12:08 34.8412 26.0836 26 4.3 382 N/A 3.2655E-05 1.0883E-04 

05-20-14 23:30 39.5340 24.1900 12 4.4 703 N/A 1.4936E-05 4.7998E-05 

05-24-14 07:27 30.4765 35.3005 20 4.1 724 N/A 6.4857E-06 2.2497E-05 

05-24-14 09:25 40.2893 25.3889 6 6.9 690 3.072 3.7920E-03 4.7294E-03 

05-24-14 09:34 40.0213 24.2568 14 4.8 734 N/A 4.6535E-05 1.0903E-04 

05-24-14 10:11 40.3892 26.1418 9 4.6 660 N/A 2.9421E-05 8.3550E-05 

05-24-14 10:35 40.4247 26.1357 1 4.1 664 N/A 7.5504E-06 2.6231E-05 

05-24-14 11:33 40.2840 25.6080 5 4.4 678 N/A 1.5897E-05 5.1100E-05 

05-24-14 12:46 40.2410 25.1800 15 4.1 697 N/A 6.9306E-06 2.4057E-05 

05-24-14 14:40 40.0300 24.3100 13 4.1 732 N/A 6.3673E-06 2.2082E-05 

05-24-14 14:49 40.4013 25.9517 2 4.5 671 N/A 2.0973E-05 6.5214E-05 

05-24-14 15:01 40.3795 26.1425 9 4 660 N/A 5.8941E-06 2.0859E-05 

05-24-14 16:50 40.0217 24.3225 8 4.4 730 N/A 1.4020E-05 4.5039E-05 

05-24-14 23:00 40.4092 25.9353 12 4.1 672 N/A 7.3873E-06 2.5659E-05 

05-25-14 00:08 40.0000 24.3400 11 4.5 727 N/A 1.8330E-05 5.6973E-05 

05-25-14 11:38 40.4235 26.1442 13 4.9 664 N/A 7.4721E-05 1.5801E-04 

05-25-14 11:47 40.4103 26.0895 7 4.4 665 N/A 1.6412E-05 5.2764E-05 

05-25-14 12:22 34.1525 35.4736 22 3.8 500 N/A 5.8207E-06 2.1295E-05 

05-25-14 22:42 38.4200 20.6300 17 4.3 916 N/A 7.3300E-06 2.4184E-05 

05-26-14 02:52 34.9568 23.8772 14 4.1 578 N/A 9.6302E-06 3.3541E-05 

05-26-14 13:58 38.1428 20.3012 2 4.1 934 N/A 4.1481E-06 1.4322E-05 

05-26-14 21:28 40.2408 25.1850 14 4 697 N/A 5.3442E-06 1.8891E-05 

05-27-14 11:21 37.5370 22.8590 78 4.4 704 N/A 1.4916E-05 4.7932E-05 

05-27-14 12:20 34.5540 24.3320 21 4.2 544 N/A 1.3807E-05 4.7059E-05 

05-28-14 03:59 40.4220 26.1400 13 4.3 664 N/A 1.2699E-05 4.2055E-05 

05-29-14 06:00 40.0488 24.4112 10 4.5 727 N/A 1.8359E-05 5.7065E-05 

05-30-14 04:06 40.1700 25.5500 10 3.8 671 N/A 3.4013E-06 1.2342E-05 

05-31-14 22:08 34.9200 25.8500 5 4.3 400 N/A 3.0101E-05 1.0026E-04 

06-01-14 12:05 34.7337 24.6177 31 5.1 515 N/A 2.0464E-04 3.4758E-04 

06-04-14 03:54 36.1700 21.8300 27 4.3 761 N/A 1.0044E-05 3.3208E-05 
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06-06-14 12:21 39.1470 23.6940 10 4.1 712 N/A 6.6808E-06 2.3181E-05 

06-06-14 17:10 39.7763 24.0952 16 4.2 727 N/A 8.3721E-06 2.8413E-05 

06-08-14 15:10 38.3613 22.1477 10 4.3 789 N/A 9.4435E-06 3.1211E-05 

06-09-14 03:38 36.7453 36.0505 18 4.6 546 N/A 4.0152E-05 1.1406E-04 

06-09-14 10:29 40.0724 24.4189 17 4.3 728 N/A 1.0839E-05 3.5855E-05 

06-11-14 03:53 34.7176 28.5028 75 5 189 0.119 7.0282E-04 1.3170E-03 

06-13-14 00:34 35.3916 27.0997 73 4.7 292 0.114 1.4976E-04 3.8632E-04 

06-13-14 09:11 38.7130 20.6090 11 4.5 928 N/A 1.2238E-05 3.7993E-05 

06-19-14 20:30 35.8130 32.0600 71 4.5 187 0.045 1.7345E-04 5.4251E-04 

06-20-14 12:34 35.1050 26.6480 16 4.1 326 N/A 2.6357E-05 9.2749E-05 

06-20-14 13:59 36.3955 28.5588 60 4.5 196 N/A 1.6153E-04 5.0513E-04 

06-22-14 12:55 38.2830 20.4670 13 4.1 925 N/A 4.2216E-06 1.4579E-05 

06-25-14 09:21 38.3423 21.7350 5 4 822 N/A 3.9814E-06 1.4024E-05 

06-27-14 16:14 38.2318 25.1192 30 4.8 553 N/A 7.2836E-05 1.7040E-04 

06-29-14 01:15 38.8570 27.1720 14 4 470 N/A 1.0760E-05 3.8355E-05 

06-29-14 11:19 35.3092 27.7557 18 4.3 224 N/A 8.1096E-05 2.7187E-04 

06-29-14 16:59 38.8137 21.9002 9 4 829 N/A 3.9206E-06 1.3807E-05 

06-30-14 00:53 34.0300 25.6200 30 4.3 447 N/A 2.4890E-05 8.2797E-05 

06-30-14 16:35 35.1228 33.9098 55 4.2 341 N/A 3.0978E-05 1.0631E-04 

07-01-14 11:21 36.5990 29.9970 82 4 159 N/A 7.4544E-05 2.7186E-04 

07-02-14 01:49 35.2000 26.4400 32 4.1 345 N/A 2.3877E-05 8.3938E-05 

07-02-14 04:01 35.4896 21.5475 31 4.4 786 N/A 1.2398E-05 3.9806E-05 

07-02-14 23:29 33.9879 25.4111 10 4.1 466 N/A 1.4053E-05 4.9135E-05 

07-03-14 05:04 40.2083 27.9282 12 4.6 572 N/A 3.7207E-05 1.0568E-04 

07-05-14 21:41 33.5865 35.3975 13 4 516 N/A 9.1306E-06 3.2483E-05 

07-06-14 17:01 34.1353 26.0707 33 4.4 405 N/A 3.7809E-05 1.2205E-04 

07-08-14 14:05 35.8663 23.6804 36 4.2 594 N/A 1.1876E-05 4.0424E-05 

07-09-14 23:45 40.4308 26.2658 15 4.4 659 N/A 1.6674E-05 5.3610E-05 

07-10-14 07:58 36.0830 30.2150 5 4.3 77 N/A 4.9895E-04 1.6899E-03 

07-10-14 18:31 36.4553 27.0867 17 4.1 306 N/A 2.9443E-05 1.0373E-04 

07-11-14 09:46 38.4460 23.7080 26 4.6 671 N/A 2.8678E-05 8.1437E-05 

07-11-14 10:47 38.4460 23.7050 25 4 671 N/A 5.7145E-06 2.0216E-05 

07-13-14 11:18 40.8767 21.2405 20 4.1 993 N/A 3.7227E-06 1.2839E-05 

07-15-14 12:25 39.1740 29.0900 5 4.1 432 N/A 1.6054E-05 5.6208E-05 

07-16-14 11:59 40.2592 26.2392 14 4 644 N/A 6.1506E-06 2.1778E-05 

07-18-14 03:58 38.2998 26.6280 11 4.2 454 N/A 1.8882E-05 6.4525E-05 

07-18-14 20:01 30.1728 32.4114 10 4.2 616 N/A 1.1154E-05 3.7946E-05 

07-19-14 01:22 34.1466 24.2500 10 4 562 N/A 7.8355E-06 2.7825E-05 

07-20-14 08:15 37.8154 24.0148 184 4.2 642 N/A 1.0367E-05 3.5246E-05 

07-20-14 14:07 41.7853 35.9395 15 4.1 867 N/A 4.7227E-06 1.6328E-05 

07-22-14 03:03 29.8676 32.4144 10 4.1 648 N/A 7.8802E-06 2.7389E-05 

07-22-14 08:04 34.1625 26.2431 26 4.8 388 0.052 1.2748E-04 2.9770E-04 

08-03-14 22:22 40.6243 29.2073 10 4 588 N/A 7.2214E-06 2.5619E-05 

08-08-14 08:20 34.7347 24.8939 17 4.8 490 N/A 8.8290E-05 2.0643E-04 

08-11-14 18:48 36.1602 23.3180 58 4.6 630 N/A 3.1743E-05 9.0148E-05 

08-11-14 22:23 40.3728 25.8243 7 3.9 674 N/A 4.3679E-06 1.5677E-05 
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08-12-14 15:05 34.3570 22.1229 30 4.2 747 N/A 7.9739E-06 2.7050E-05 

08-13-14 09:42 36.9427 27.6773 1 4.4 286 N/A 6.7956E-05 2.1997E-04 

08-13-14 14:17 34.5177 28.3112 34 4.6 202 N/A 2.0368E-04 5.7932E-04 

08-14-14 12:27 35.7884 28.2775 10 4.1 181 N/A 7.4047E-05 2.6329E-04 

08-15-14 04:00 37.0200 27.4100 10 4.3 310 N/A 4.6526E-05 1.5541E-04 

08-21-14 20:37 35.6447 27.6893 1 4.4 230 N/A 9.7618E-05 3.1651E-04 

08-22-14 04:22 39.9390 23.4440 17 4.2 781 N/A 7.3864E-06 2.5041E-05 

08-22-14 04:27 39.9350 23.4310 14 5.2 782 N/A 1.4997E-04 2.2901E-04 

08-22-14 17:46 35.4228 27.7692 5 4.3 222 N/A 8.2461E-05 2.7648E-04 

08-24-14 19:43 37.6830 30.6288 7 5.1 257 0.119 5.8274E-04 9.7936E-04 

08-29-14 03:45 36.6850 23.7060 80 5.8 608 0.105 8.9843E-04 1.0011E-03 

08-29-14 03:48 36.7500 23.7200 38 4.8 604 N/A 6.3409E-05 1.4842E-04 

09-01-14 20:50 33.7734 36.1504 10 4.4 572 N/A 2.1107E-05 6.7943E-05 

09-03-14 00:58 38.3450 21.9080 1 4 808 N/A 4.1048E-06 1.4464E-05 

09-04-14 03:53 41.6437 32.5123 5 4.5 723 N/A 1.8509E-05 5.7532E-05 

09-04-14 09:04 34.7020 24.1318 32 4.4 560 N/A 2.1916E-05 7.0557E-05 

09-04-14 17:43 40.1042 24.8807 12 4.9 703 N/A 6.8310E-05 1.4452E-04 

09-04-14 21:00 36.2100 30.8200 46 5.3 116 0.918 3.3386E-03 4.3497E-03 

09-07-14 09:56 37.6397 19.8964 10 4.6 955 N/A 1.6123E-05 4.5760E-05 

09-09-14 11:24 38.9210 20.7840 25 4.3 923 N/A 7.2338E-06 2.3865E-05 

09-12-14 21:56 34.5898 23.3328 40 4.4 634 N/A 1.7763E-05 5.7131E-05 

09-12-14 22:55 36.2452 30.9322 29 4.4 118 N/A 2.9803E-04 9.7090E-04 

09-13-14 00:02 34.1673 25.0339 31 4 493 N/A 9.8897E-06 3.5218E-05 

09-13-14 02:45 36.7717 21.1178 31 4.1 832 N/A 5.0815E-06 1.7582E-05 

09-13-14 04:23 35.7500 30.1700 12 4.1 42 N/A 9.5279E-04 3.4525E-03 

09-14-14 06:01 34.3300 25.0500 29 4.3 487 N/A 2.1568E-05 7.1678E-05 

09-14-14 16:04 34.0871 25.0723 10 4.1 492 N/A 1.2792E-05 4.4682E-05 

09-14-14 16:33 35.6261 21.6287 34 4.6 778 N/A 2.2518E-05 6.3931E-05 

09-14-14 22:41 37.1800 23.0100 25 4.2 676 N/A 9.4920E-06 3.2248E-05 

09-16-14 09:41 37.1810 23.0040 25 4.5 676 N/A 2.0678E-05 6.4296E-05 

09-16-14 23:18 38.9980 28.7930 5 3.9 420 N/A 1.0262E-05 3.7265E-05 

09-17-14 12:33 40.7800 21.2600 17 4.6 986 N/A 1.5307E-05 4.3442E-05 

09-18-14 07:24 37.6980 23.0890 25 4.3 686 N/A 1.1989E-05 3.9688E-05 

09-18-14 16:14 34.3560 23.5078 25 4.1 623 N/A 8.4461E-06 2.9377E-05 

09-19-14 09:33 38.3560 21.8250 14 4.2 815 N/A 6.8581E-06 2.3235E-05 

09-19-14 15:35 38.3733 21.8195 18 4.5 817 N/A 1.5133E-05 4.7012E-05 

09-20-14 02:53 39.0900 38.7800 10 4.1 862 N/A 4.7737E-06 1.6506E-05 

09-20-14 18:23 35.7110 29.9575 6 4.3 43 N/A 1.3384E-03 4.5404E-03 

09-21-14 00:43 38.3508 21.8327 11 5 815 N/A 7.4650E-05 1.4235E-04 

09-21-14 01:13 38.3730 21.8140 10 4.4 817 N/A 1.1607E-05 3.7254E-05 

09-21-14 01:43 34.1445 25.0653 10 4.2 490 N/A 1.6540E-05 5.6460E-05 

09-21-14 09:33 35.4159 23.3659 59 4.3 623 N/A 1.4133E-05 4.6837E-05 

09-22-14 07:25 35.3715 35.6011 10 4.1 488 N/A 1.2946E-05 4.5227E-05 

09-25-14 02:04 38.3500 21.8000 18 4.3 817 N/A 8.9012E-06 2.9407E-05 

09-25-14 04:31 33.9598 25.5272 24 4.1 458 N/A 1.4504E-05 5.0729E-05 

09-26-14 04:33 38.3600 22.0300 5 4.3 799 N/A 9.2545E-06 3.0582E-05 
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09-26-14 07:51 34.1900 25.0300 22 4.5 492 N/A 3.4999E-05 1.0899E-04 

09-26-14 19:26 34.1690 25.0273 14 4.4 493 N/A 2.7138E-05 8.7462E-05 

09-29-14 08:15 39.3350 24.0260 15 4.5 701 N/A 1.9502E-05 6.0628E-05 

09-30-14 22:16 35.1500 27.1300 21 4.3 282 N/A 5.4677E-05 1.8283E-04 

10-01-14 07:16 36.9368 29.4619 21 4.1 186 N/A 7.0676E-05 2.5119E-04 

10-02-14 12:06 35.9958 27.0292 33 4.4 297 N/A 6.3566E-05 2.0569E-04 

10-02-14 15:51 35.9136 26.9859 28 4.4 299 N/A 6.3024E-05 2.0393E-04 

10-03-14 15:12 37.9353 21.7652 18 4.7 805 N/A 2.9294E-05 7.5711E-05 

10-03-14 22:20 34.4354 26.3013 15 5.1 373 N/A 3.3380E-04 5.6417E-04 

10-04-14 00:12 37.3889 22.2035 10 4.3 750 N/A 1.0298E-05 3.4055E-05 

10-04-14 05:23 34.2900 25.0600 21 4.4 486 N/A 2.7753E-05 8.9452E-05 

10-04-14 06:40 36.3365 29.1278 21 4.1 145 N/A 1.0909E-04 3.8935E-04 

10-04-14 12:27 35.1004 26.2324 61 4.9 368 N/A 1.8713E-04 3.9373E-04 

10-06-14 18:08 35.0675 26.5217 0 4.4 337 N/A 5.1371E-05 1.6606E-04 

10-07-14 01:19 37.8900 21.4300 27 4.2 831 N/A 6.6303E-06 2.2457E-05 

10-12-14 20:59 35.5532 21.6007 26 4.7 780 N/A 3.0776E-05 7.9535E-05 

10-16-14 06:10 35.9132 30.9895 7 4 91 N/A 1.9914E-04 7.3406E-04 

10-16-14 06:48 35.6487 26.5797 65 4.6 336 N/A 8.8438E-05 2.5139E-04 

10-16-14 12:40 35.8935 31.0187 1 4 92 N/A 1.9740E-04 7.2760E-04 

10-16-14 17:59 37.8798 21.4400 22 4.6 830 N/A 2.0257E-05 5.7505E-05 

10-18-14 13:41 35.8296 30.9990 10 4 87 N/A 2.1810E-04 8.0470E-04 

10-20-14 21:54 35.8358 30.9485 9 4 83 N/A 2.3412E-04 8.6441E-04 

10-21-14 03:03 38.1667 27.1073 15 3.8 415 N/A 8.2067E-06 3.0183E-05 

10-22-14 17:11 40.4047 30.1188 8 4.3 557 N/A 1.7101E-05 5.6746E-05 

10-24-14 23:43 38.9193 21.1252 0 5.3 895 N/A 1.6901E-04 2.3038E-04 

10-26-14 00:30 34.3800 24.9800 32 4.4 491 N/A 2.7279E-05 8.7916E-05 

10-28-14 09:32 39.1040 22.3690 88 4.5 812 N/A 1.5275E-05 4.7455E-05 

11-02-14 03:28 34.4728 23.3729 41 4 633 N/A 6.3380E-06 2.2450E-05 

11-03-14 01:19 36.8762 21.4224 40 4 807 N/A 4.1128E-06 1.4492E-05 

11-05-14 14:22 37.9566 20.2917 39 4.3 930 N/A 7.1408E-06 2.3556E-05 

11-05-14 20:51 39.1400 24.2000 12 4.4 676 N/A 1.5970E-05 5.1336E-05 

11-07-14 07:41 38.1000 20.4400 18 5.1 921 N/A 8.5271E-05 1.4611E-04 

11-07-14 07:53 38.1000 20.4500 17 4 920 N/A 3.2573E-06 1.1445E-05 

11-07-14 17:13 38.3544 22.2658 6 4.9 780 N/A 5.8137E-05 1.2310E-04 

11-08-14 23:15 38.1000 20.4400 18 5.1 921 N/A 8.5271E-05 1.4611E-04 

11-09-14 23:24 34.6800 26.5800 10 4.6 340 N/A 8.6801E-05 2.4673E-04 

11-10-14 06:16 37.1380 28.7850 13 4.8 233 0.064 2.8628E-04 6.6670E-04 

11-10-14 09:20 37.0772 28.6937 7 4.4 232 N/A 9.6502E-05 3.1287E-04 

11-11-14 04:46 37.1435 28.7455 7 4.2 235 N/A 5.9024E-05 2.0365E-04 

11-12-14 06:31 38.2938 20.4572 13 4.4 926 N/A 9.4063E-06 3.0160E-05 

11-12-14 16:25 35.9300 31.4800 14 4.3 130 N/A 2.0524E-04 6.9203E-04 

11-13-14 09:37 38.3817 20.4928 16 4.4 926 N/A 9.4052E-06 3.0156E-05 

11-15-14 20:23 36.4440 28.8307 5 4.3 171 N/A 1.2844E-04 4.3185E-04 

11-16-14 16:37 37.8237 29.4214 5 4.2 279 N/A 4.3772E-05 1.5065E-04 

11-17-14 23:05 38.6709 23.3782 23 5.4 708 N/A 3.2610E-04 3.9201E-04 

11-17-14 23:09 38.6802 23.3105 10 5.1 713 N/A 1.2538E-04 2.1400E-04 
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11-17-14 23:13 38.6258 23.4218 7 4.1 702 N/A 6.8491E-06 2.3771E-05 

11-18-14 00:54 38.6624 23.4053 11 4.2 705 N/A 8.8200E-06 2.9946E-05 

11-18-14 16:43 37.7329 21.3352 10 4.3 834 N/A 8.5947E-06 2.8387E-05 

11-19-14 00:37 38.6514 23.4342 10 4.5 702 N/A 1.9429E-05 6.0400E-05 

11-24-14 07:20 38.3020 20.3630 15 4.5 934 N/A 1.2118E-05 3.7619E-05 

11-24-14 09:16 38.8200 25.6600 15 4.1 555 N/A 1.0333E-05 3.6014E-05 

11-24-14 15:42 38.5150 20.4510 24 4.3 934 N/A 7.0867E-06 2.3376E-05 

11-26-14 00:04 39.3408 29.0512 2 4.1 451 N/A 1.4898E-05 5.2121E-05 

11-26-14 05:05 36.9626 27.8015 10 4.1 278 N/A 3.4750E-05 1.2263E-04 

11-28-14 02:30 39.3200 28.9900 10 4.5 450 N/A 4.0621E-05 1.2655E-04 

11-30-14 16:01 37.3700 26.8200 2 3.8 375 N/A 9.8601E-06 3.6365E-05 

12-01-14 22:48 34.9899 26.7118 24 4.1 322 N/A 2.6867E-05 9.4563E-05 

12-02-14 20:15 40.2452 25.1733 15 3.9 698 N/A 4.1065E-06 1.4726E-05 

12-04-14 05:35 35.8997 29.1858 20 4.1 111 N/A 1.7527E-04 6.2833E-04 

12-04-14 21:16 38.6145 26.1205 16 4.4 511 N/A 2.5590E-05 8.2448E-05 

12-06-14 01:45 38.8940 26.2720 12 5.1 523 0.037 2.0010E-04 3.3994E-04 

12-06-14 06:20 38.8955 26.2693 13 4.9 523 N/A 1.0811E-04 2.2816E-04 

12-06-14 08:36 38.8990 26.2262 10 3.8 526 N/A 5.3041E-06 1.9378E-05 

12-10-14 13:13 38.2957 22.0967 74 4.1 794 N/A 5.5127E-06 1.9090E-05 

12-11-14 05:30 36.6368 20.9340 0 4.2 846 N/A 6.4387E-06 2.1802E-05 

12-11-14 22:24 38.3932 20.4130 18 4.6 933 N/A 1.6746E-05 4.7531E-05 

12-12-14 05:24 37.1457 28.8002 8 4.1 233 N/A 4.7597E-05 1.6850E-04 

12-13-14 21:09 36.8457 20.6584 25 4 873 N/A 3.5748E-06 1.2575E-05 

12-16-14 09:02 40.1480 27.0740 9 4.4 596 N/A 1.9701E-05 6.3395E-05 

12-19-14 17:17 36.8715 20.5463 21 4.3 884 N/A 7.7932E-06 2.5723E-05 

12-19-14 22:40 39.3280 22.6020 20 4.2 802 N/A 7.0529E-06 2.3901E-05 

12-21-14 17:59 34.3800 25.0700 10 4.2 483 N/A 1.7007E-05 5.8067E-05 

12-24-14 18:11 35.7435 30.3332 8 4.1 41 0.033 9.7191E-04 3.5219E-03 

12-28-14 05:40 39.3610 21.4835 4 4.1 888 N/A 4.5303E-06 1.5656E-05 

12-28-14 12:43 35.4417 28.4010 51 3.9 172 N/A 5.1377E-05 1.9066E-04 

12-29-14 08:06 38.8902 26.2770 12 4.4 523 N/A 2.4607E-05 7.9266E-05 

12-31-14 04:49 38.1900 22.5100 20 4.3 753 N/A 1.0233E-05 3.3838E-05 

12-31-14 16:41 34.2103 24.9872 22 4.1 495 N/A 1.2626E-05 4.4099E-05 

01-02-15 06:03 34.2906 23.5404 32 4 622 N/A 6.5440E-06 2.3188E-05 

01-02-15 06:16 37.3800 20.3200 5 4.4 912 N/A 9.6394E-06 3.0911E-05 

01-02-15 18:29 34.2790 24.8675 25 4 504 N/A 9.5158E-06 3.3870E-05 

01-05-15 11:54 34.9600 26.3500 4 4.5 354 N/A 6.0312E-05 1.8811E-04 

01-06-15 22:16 36.9697 34.3995 5 4.3 415 N/A 2.8346E-05 9.4377E-05 

01-08-15 18:44 37.0948 36.8433 9 4.2 624 N/A 1.0905E-05 3.7091E-05 

01-10-15 04:32 38.1695 27.0455 6 4 418 N/A 1.3261E-05 4.7391E-05 

01-10-15 14:00 35.3300 26.1900 14 4.4 365 N/A 4.4941E-05 1.4519E-04 

01-13-15 11:19 36.4400 22.7900 73 4.8 682 N/A 5.2267E-05 1.2241E-04 

01-13-15 22:48 35.6600 27.1600 17 4 278 N/A 2.7360E-05 9.8621E-05 

01-16-15 06:32 38.0290 23.7610 12 3.3 646 N/A 1.0002E-06 3.6278E-06 

01-17-15 00:42 39.8848 30.3955 6 4.3 500 N/A 2.0602E-05 6.8448E-05 

01-17-15 01:59 35.0470 26.6860 0 4.1 323 N/A 2.6791E-05 9.4293E-05 
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01-19-15 22:59 39.3990 26.3202 15 4.1 563 N/A 1.0090E-05 3.5160E-05 

01-20-15 00:58 38.3540 22.0792 10 4.3 795 N/A 9.3377E-06 3.0859E-05 

01-20-15 16:05 34.1931 23.6052 10 4.4 618 N/A 1.8558E-05 5.9701E-05 

01-22-15 04:46 36.4143 26.5578 154 4.3 381 N/A 3.2755E-05 1.0916E-04 

01-22-15 19:27 37.4375 36.3148 7 4.4 591 N/A 1.9992E-05 6.4336E-05 

01-23-15 10:19 40.0650 28.5870 5 4.2 539 N/A 1.4049E-05 4.7888E-05 

01-23-15 15:10 35.9818 31.0277 99 4 140 N/A 9.3434E-05 3.4163E-04 

01-25-15 07:56 34.1259 26.1964 31 4.1 394 N/A 1.8849E-05 6.6105E-05 

01-28-15 15:54 34.4562 25.0882 37 5.1 480 0.045 2.2774E-04 3.8639E-04 

02-02-15 04:41 40.3229 25.9644 9 4.3 663 N/A 1.2721E-05 4.2126E-05 

02-05-15 06:16 42.7257 26.0496 10 4.2 891 N/A 5.8836E-06 1.9907E-05 

02-05-15 16:17 34.8341 25.3939 17 4.4 443 N/A 3.2474E-05 1.0475E-04 

02-08-15 05:29 35.5321 22.7048 55 4.3 682 N/A 1.2112E-05 4.0098E-05 

02-10-15 04:01 36.0495 35.9713 12 4.4 525 N/A 2.4423E-05 7.8671E-05 

02-10-15 05:31 34.6222 28.4337 44 4.2 189 N/A 8.6442E-05 2.9918E-04 

02-10-15 08:56 37.1685 30.0058 5 4.5 198 N/A 1.5766E-04 4.9300E-04 

02-14-15 07:50 35.5400 21.9800 10 4.3 746 N/A 1.0408E-05 3.4420E-05 

02-16-15 11:52 37.2188 30.0841 10 4.7 204 0.156 2.6648E-04 6.8685E-04 

02-22-15 04:39 35.2772 27.7890 14 4 221 N/A 4.1359E-05 1.4981E-04 

02-27-15 12:53 31.8897 31.0969 10 4.3 398 N/A 3.0372E-05 1.0117E-04 

02-27-15 22:25 38.6868 26.4033 17 4 499 N/A 9.6946E-06 3.4515E-05 

03-01-15 12:10 31.9702 29.9986 14 3.8 381 N/A 9.5631E-06 3.5254E-05 

03-08-15 03:42 34.9200 24.9500 5 3.9 481 N/A 8.0286E-06 2.9057E-05 

03-08-15 16:40 35.3618 27.4232 27 4.1 255 N/A 4.0648E-05 1.4367E-04 

03-12-15 00:39 35.4800 27.8200 8 4.4 217 N/A 1.0760E-04 3.4902E-04 

03-12-15 20:24 35.4509 27.8171 10 4 218 N/A 4.2469E-05 1.5388E-04 

03-13-15 13:33 36.4298 23.2178 17 4.4 641 N/A 1.7470E-05 5.6184E-05 

03-14-15 02:55 34.4119 26.5368 28 4.2 354 N/A 2.9116E-05 9.9865E-05 

03-16-15 11:18 37.3938 20.1471 16 4.4 928 N/A 9.3717E-06 3.0048E-05 

03-16-15 20:09 36.5108 27.8732 10 3.9 245 N/A 2.7201E-05 1.0009E-04 

03-17-15 10:11 36.3600 26.5640 119 4.4 366 N/A 4.4791E-05 1.4470E-04 

03-26-15 12:00 39.3357 24.7824 13 4.4 650 N/A 1.7047E-05 5.4816E-05 

03-27-15 01:42 37.9560 27.2190 5 4.2 391 N/A 2.4520E-05 8.3979E-05 

03-27-15 23:34 35.7086 26.6225 67 5.2 334 0.099 5.3032E-04 7.9715E-04 

03-28-15 13:26 36.6300 27.2153 125 4.2 327 N/A 3.3269E-05 1.1424E-04 

03-31-15 15:48 38.3465 20.3897 13 4.7 933 N/A 2.3090E-05 5.9693E-05 

04-01-15 10:42 38.3205 20.4647 15 4 926 N/A 3.2208E-06 1.1316E-05 

04-02-15 02:27 42.1900 26.3200 5 4 828 N/A 3.9349E-06 1.3858E-05 

04-02-15 18:37 40.9173 22.2057 1 4.1 931 N/A 4.1723E-06 1.4407E-05 

04-04-15 04:38 38.3150 20.5250 11 4.6 921 N/A 1.7106E-05 4.8553E-05 

04-06-15 16:42 35.2997 27.5841 17 4.5 239 0.036 1.1560E-04 3.6118E-04 

04-07-15 02:39 38.1400 20.4000 12 4.2 926 N/A 5.5076E-06 1.8625E-05 

04-08-15 13:33 35.3850 27.7199 38 4.4 229 N/A 9.8292E-05 3.1871E-04 

04-13-15 03:49 39.1330 24.4895 10 4.2 655 N/A 1.0014E-05 3.4036E-05 

04-14-15 08:00 34.4300 26.6700 9 4.8 341 N/A 1.5699E-04 3.6635E-04 

04-15-15 08:25 34.8078 32.3311 10 5.3 204 0.448 1.4655E-03 1.9340E-03 
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04-15-15 08:33 34.8340 32.4725 10 4.3 215 N/A 8.6977E-05 2.9172E-04 

04-16-15 18:07 35.1891 26.8235 20 6 309 1.335 2.9544E-03 3.2463E-03 

04-16-15 18:21 35.2313 26.7829 32 4 313 N/A 2.2168E-05 7.9707E-05 

04-16-15 18:50 34.8857 26.7637 10 4.2 319 N/A 3.4833E-05 1.1965E-04 

04-16-15 18:52 35.1105 26.7940 10 4.8 312 0.022 1.8003E-04 4.1993E-04 

04-16-15 19:02 35.0647 26.8768 10 5 305 0.019 3.3565E-04 6.3268E-04 

04-16-15 20:15 35.1294 26.7775 29 4.4 315 N/A 5.7726E-05 1.8671E-04 

04-17-15 01:50 34.9915 26.8248 13 4.1 311 N/A 2.8523E-05 1.0045E-04 

04-17-15 02:05 35.0337 26.7848 15 5.3 314 0.227 7.7730E-04 1.0357E-03 

04-17-15 10:23 35.1970 26.6710 15 4.2 323 N/A 3.4139E-05 1.1725E-04 

04-17-15 11:30 35.0510 26.8400 13 4.1 309 N/A 2.8904E-05 1.0181E-04 

04-17-15 16:39 35.1046 26.7181 10 4.4 319 N/A 5.6357E-05 1.8226E-04 

04-17-15 19:20 34.7574 24.7516 23 4 503 N/A 9.5647E-06 3.4047E-05 

04-18-15 03:59 35.0326 26.8921 5 4.1 304 N/A 2.9681E-05 1.0458E-04 

04-18-15 13:36 37.8536 21.3661 28 4.3 836 N/A 8.5686E-06 2.8301E-05 

04-18-15 16:46 36.4768 23.1447 19 4.7 648 N/A 4.1502E-05 1.0722E-04 

04-19-15 02:48 35.0621 26.7664 11 4 315 N/A 2.1911E-05 7.8772E-05 

04-19-15 14:20 35.0135 26.7943 10 4 314 N/A 2.2133E-05 7.9580E-05 

04-19-15 22:09 33.4836 23.6892 19 4.3 635 N/A 1.3691E-05 4.5362E-05 

04-19-15 23:28 35.0163 26.9601 9 4 299 N/A 2.4147E-05 8.6912E-05 

04-19-15 23:36 34.9857 26.9047 10 4 304 N/A 2.3370E-05 8.4080E-05 

04-20-15 07:43 35.1900 26.7540 27 4.3 316 N/A 4.5038E-05 1.5041E-04 

04-21-15 01:57 35.2300 26.7600 9 4 314 N/A 2.2090E-05 7.9424E-05 

04-21-15 09:37 35.1940 26.8030 13 4.1 311 N/A 2.8654E-05 1.0092E-04 

04-22-15 15:55 38.1338 20.3827 29 4.2 927 N/A 5.4908E-06 1.8567E-05 

04-22-15 20:19 35.1067 26.8107 10 4.2 311 N/A 3.6415E-05 1.2514E-04 

04-22-15 22:17 35.0720 26.8860 1 4 304 N/A 2.3358E-05 8.4037E-05 

04-24-15 04:08 35.1370 26.8050 0 4 311 N/A 2.2504E-05 8.0928E-05 

04-24-15 10:27 34.5563 28.3956 10 3.7 190 N/A 2.7147E-05 1.0317E-04 

04-24-15 10:27 34.6210 28.3617 10 4 190 N/A 5.4260E-05 1.9716E-04 

04-27-15 14:16 35.0105 26.8346 10 4.5 310 N/A 7.5256E-05 2.3486E-04 

04-29-15 04:40 42.0393 29.3078 14 3.5 743 N/A 1.2829E-06 4.6832E-06 

05-02-15 08:23 34.4500 25.7800 13 5 418 N/A 2.0771E-04 3.9299E-04 

05-02-15 12:45 40.8708 32.4580 5 4.1 640 N/A 8.0555E-06 2.8005E-05 

05-03-15 16:46 35.0334 26.8771 10 4 306 N/A 2.3145E-05 8.3263E-05 

05-04-15 00:42 38.2583 21.5678 23 4.2 833 N/A 6.6120E-06 2.2394E-05 

05-04-15 04:07 34.4475 25.1227 46 4.7 478 N/A 6.7638E-05 1.7464E-04 

05-04-15 05:48 34.3560 25.8200 14 4 417 N/A 1.3319E-05 4.7599E-05 

05-05-15 13:31 34.9869 26.9559 10 4.2 300 N/A 3.8797E-05 1.3339E-04 

05-05-15 13:33 34.5546 28.4670 30 4 187 N/A 5.5622E-05 2.0217E-04 

05-06-15 03:49 34.7200 25.0200 37 4.4 480 N/A 2.8382E-05 9.1491E-05 

05-08-15 19:14 41.7362 33.3543 16 3.9 756 N/A 3.5509E-06 1.2709E-05 

05-10-15 21:32 34.9500 25.2900 62 4.3 454 N/A 2.4230E-05 8.0589E-05 

05-11-15 05:02 35.0720 26.8700 31 4.3 307 N/A 4.7222E-05 1.5776E-04 

05-11-15 18:10 34.9625 26.7434 9 4 319 N/A 2.1465E-05 7.7151E-05 

05-11-15 23:40 39.9942 33.2448 7 4 577 N/A 7.4803E-06 2.6549E-05 
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05-13-15 15:44 38.1158 20.3535 15 4 929 N/A 3.2039E-06 1.1256E-05 

05-16-15 18:43 35.0603 26.7732 21 4.1 315 N/A 2.7896E-05 9.8225E-05 

05-17-15 04:08 34.5210 26.2895 25 4.4 371 N/A 4.3698E-05 1.4115E-04 

05-18-15 17:35 35.3010 23.2174 10 4.1 635 N/A 8.1745E-06 2.8423E-05 

05-18-15 18:35 36.7436 21.5263 48 4 796 N/A 4.2139E-06 1.4853E-05 

05-18-15 20:40 34.5488 25.0139 18 4.4 483 N/A 2.8058E-05 9.0439E-05 

05-18-15 23:13 34.5198 25.0482 10 4 481 N/A 1.0351E-05 3.6882E-05 

05-21-15 15:31 37.7402 19.9070 10 4.2 956 N/A 5.2049E-06 1.7592E-05 

05-21-15 21:02 36.5371 26.8343 143 4 360 N/A 1.7366E-05 6.2260E-05 

05-22-15 02:56 35.7560 27.2440 0 4 272 N/A 2.8601E-05 1.0315E-04 

05-22-15 06:31 37.5100 19.8300 8 4.3 958 N/A 6.7925E-06 2.2400E-05 

05-22-15 22:09 35.0175 26.8154 6 4.3 312 N/A 4.6119E-05 1.5404E-04 

05-23-15 08:45 38.6750 22.7160 2 4.2 759 N/A 7.7699E-06 2.6352E-05 

05-26-15 17:53 40.2306 21.5639 17 4.4 930 N/A 9.3261E-06 2.9901E-05 

05-28-15 12:56 34.9260 26.7640 9 4.2 318 N/A 3.5003E-05 1.2024E-04 

05-28-15 12:59 34.8942 26.7673 10 4.2 318 N/A 3.4929E-05 1.1998E-04 

05-28-15 16:30 35.4296 27.0867 64 4.2 291 N/A 4.0898E-05 1.4068E-04 

05-29-15 00:03 34.9734 26.7257 10 4 321 N/A 2.1296E-05 7.6535E-05 

05-29-15 08:02 36.9168 27.6070 2 3.9 289 N/A 2.0173E-05 7.3931E-05 

05-30-15 01:56 40.1760 21.6510 0 4 921 N/A 3.2534E-06 1.1432E-05 

06-02-15 14:04 38.1500 20.4500 15 4.6 922 N/A 1.7078E-05 4.8473E-05 

06-04-15 21:15 36.8179 20.5196 10 4.1 885 N/A 4.5596E-06 1.5759E-05 

06-04-15 21:42 36.7686 20.5945 30 4.2 878 N/A 6.0340E-06 2.0421E-05 

06-08-15 22:20 34.2390 26.2331 10 4.7 385 N/A 9.5599E-05 2.4674E-04 

06-09-15 01:09 38.6200 23.3900 13 5.3 704 N/A 2.3994E-04 3.2535E-04 

06-09-15 20:11 38.6195 23.3900 15 4 704 N/A 5.2466E-06 1.8542E-05 

06-09-15 21:49 35.0400 26.7900 16 5.4 314 0.252 1.0463E-03 1.2323E-03 

06-09-15 23:25 34.9950 26.7435 30 4.1 320 N/A 2.7224E-05 9.5831E-05 

06-18-15 01:52 35.0800 26.7000 10 4 321 N/A 2.1225E-05 7.6276E-05 

06-20-15 19:52 34.3082 26.2262 15 5 384 N/A 2.3673E-04 4.4743E-04 

06-24-15 08:37 36.6375 27.1302 147 4.8 343 N/A 1.5510E-04 3.6196E-04 

06-25-15 14:37 36.1585 29.6615 5 3.3 99 N/A 3.9029E-05 1.5369E-04 

06-27-15 15:34 29.0402 34.6672 22 5.5 821 N/A 3.6244E-04 3.8639E-04 

06-29-15 11:36 39.1593 21.7345 22 4.5 859 N/A 1.3917E-05 4.3224E-05 

06-29-15 20:55 39.9248 33.1348 2 3.3 566 N/A 1.2947E-06 4.7237E-06 

06-30-15 06:07 36.7706 21.5351 10 4.6 795 N/A 2.1758E-05 6.1769E-05 

07-06-15 01:03 38.2475 26.5635 19 3.7 455 N/A 5.3982E-06 1.9969E-05 

07-06-15 18:49 37.4040 20.8681 10 4.1 866 N/A 4.7404E-06 1.6390E-05 

07-06-15 21:34 36.1107 21.4041 26 4.6 799 N/A 2.1556E-05 6.1195E-05 

07-07-15 04:53 38.3900 20.6700 16 4.4 911 N/A 9.6559E-06 3.0964E-05 

07-08-15 02:15 28.7532 34.7315 14 3.7 852 N/A 1.6833E-06 6.1051E-06 

07-08-15 22:14 37.6097 29.5202 7 4 254 N/A 3.2162E-05 1.1615E-04 

07-09-15 10:41 36.8330 27.0428 10 4.4 327 N/A 5.4136E-05 1.7505E-04 

07-12-15 08:32 36.9718 28.3600 6 4.1 242 N/A 4.4417E-05 1.5713E-04 

07-12-15 16:10 37.7982 21.8397 19 4.5 794 N/A 1.5859E-05 4.9272E-05 

07-14-15 16:54 34.6125 24.0830 10 4.4 565 N/A 2.1571E-05 6.9442E-05 
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07-15-15 08:30 43.3661 28.5652 20 3.8 898 N/A 1.9941E-06 7.1767E-06 

07-21-15 16:29 34.6918 32.9576 8 4.3 262 N/A 6.2108E-05 2.0786E-04 

07-24-15 01:26 40.2480 26.2970 12 4.4 640 N/A 1.7492E-05 5.6254E-05 

07-24-15 02:39 40.2844 26.2660 10 4.8 645 N/A 5.7147E-05 1.3380E-04 

07-24-15 06:54 40.2527 26.3020 11 4.2 640 N/A 1.0422E-05 3.5435E-05 

07-24-15 09:58 36.7030 26.8098 141 5.1 367 0.107 3.4157E-04 5.7717E-04 

07-25-15 18:35 37.1478 28.7378 6 4 236 N/A 3.6770E-05 1.3300E-04 

07-26-15 18:40 40.4635 23.9647 11 4.1 786 N/A 5.6141E-06 1.9445E-05 

07-27-15 02:23 34.8148 22.8694 29 4.5 672 N/A 2.0919E-05 6.5048E-05 

07-27-15 09:55 36.1065 31.1500 11 4.1 116 N/A 1.6017E-04 5.7372E-04 

07-29-15 22:00 36.5646 34.9787 30 4.9 449 0.038 1.3730E-04 2.8937E-04 

07-30-15 02:39 31.3971 35.4781 13 4.2 660 N/A 9.8805E-06 3.3579E-05 

07-30-15 15:04 34.3172 33.6631 36 4.8 339 N/A 1.5847E-04 3.6979E-04 

07-31-15 16:04 34.9425 24.2765 44 4.5 544 N/A 2.9693E-05 9.2422E-05 

08-01-15 18:48 36.5600 28.2337 76 4 233 N/A 3.7563E-05 1.3590E-04 

08-03-15 00:55 35.2083 27.7821 12 4 222 N/A 4.0966E-05 1.4837E-04 

08-08-15 17:22 39.2450 21.4107 7 4.4 888 N/A 1.0088E-05 3.2358E-05 

08-09-15 21:39 38.1400 22.0500 69 4.4 791 N/A 1.2243E-05 3.9307E-05 

08-09-15 22:31 35.5300 22.6700 52 4.3 685 N/A 1.2024E-05 3.9805E-05 

08-13-15 06:26 34.6424 24.9995 10 4.2 482 N/A 1.7030E-05 5.8146E-05 

08-14-15 04:46 34.1941 26.2427 22 4.2 387 N/A 2.4928E-05 8.5387E-05 

08-14-15 15:20 34.0775 26.2189 19 4.4 394 N/A 3.9610E-05 1.2789E-04 

08-17-15 05:49 33.4157 27.8306 10 4.1 310 N/A 2.8725E-05 1.0117E-04 

08-18-15 16:24 34.0655 25.9640 37 4.2 417 N/A 2.1892E-05 7.4907E-05 

08-18-15 21:19 35.6473 31.2871 47 5 112 0.637 1.5664E-03 2.9155E-03 

08-18-15 21:58 35.5486 31.2887 44 4.1 108 N/A 1.8237E-04 6.5400E-04 

08-20-15 02:56 38.1500 20.4200 18 4.4 924 N/A 9.4312E-06 3.0240E-05 

08-24-15 04:25 40.7015 21.2695 16 4.4 980 N/A 8.5463E-06 2.7389E-05 

08-24-15 16:09 36.9718 30.7296 97 4.2 206 N/A 7.4385E-05 2.5713E-04 

08-26-15 20:41 40.7122 21.2378 8 4.2 983 N/A 4.9638E-06 1.6771E-05 

08-26-15 23:01 37.3040 36.9733 7 4.2 641 N/A 1.0391E-05 3.5331E-05 

08-27-15 00:25 34.3238 25.6252 11 4.8 435 N/A 1.0644E-04 2.4870E-04 

08-27-15 00:47 34.3953 25.6203 18 4.3 434 N/A 2.6242E-05 8.7326E-05 

08-27-15 16:01 40.7787 21.2590 10 4.5 986 N/A 1.1083E-05 3.4399E-05 

08-29-15 04:55 34.5122 26.0553 28 4.2 392 N/A 2.4326E-05 8.3308E-05 

08-29-15 18:12 36.3095 27.6768 81 4 263 N/A 3.0242E-05 1.0914E-04 

08-30-15 13:28 37.7704 21.2755 32 4.6 841 N/A 1.9834E-05 5.6304E-05 

08-31-15 06:02 37.3200 30.7260 129 4.1 254 N/A 4.0767E-05 1.4410E-04 

09-03-15 01:44 30.6289 28.5213 14 4.5 553 N/A 2.8883E-05 8.9894E-05 

09-07-15 00:37 39.1800 40.2800 5 4.5 984 N/A 1.1106E-05 3.4471E-05 

09-07-15 09:59 35.2813 23.3151 54 4.1 628 N/A 8.3229E-06 2.8944E-05 

09-10-15 08:12 38.7907 26.1375 5 4.7 523 N/A 5.8572E-05 1.5126E-04 

09-13-15 02:57 37.1173 28.9672 4 4.5 222 N/A 1.3088E-04 4.0908E-04 

09-14-15 03:21 37.6033 22.0402 11 4.1 771 N/A 5.8124E-06 2.0139E-05 

09-15-15 05:04 34.7732 24.9880 15 4.7 481 N/A 6.7057E-05 1.7315E-04 

09-16-15 03:23 36.1210 30.7873 72 4.3 120 N/A 2.3448E-04 7.9122E-04 
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09-16-15 19:52 35.3458 27.7905 11 4.9 220 0.131 4.1664E-04 8.7271E-04 

09-22-15 06:25 39.1413 29.1262 10 4.1 428 N/A 1.6330E-05 5.7185E-05 

09-29-15 09:12 34.6860 24.5920 25 4.9 518 N/A 1.0978E-04 2.3166E-04 

10-03-15 21:08 38.1790 38.9210 9 4 835 N/A 3.8758E-06 1.3647E-05 

10-03-15 22:47 32.2654 21.0389 10 4.1 916 N/A 4.2941E-06 1.4832E-05 

10-06-15 21:27 36.1682 29.8952 22 5.2 94 0.518 3.4794E-03 5.1035E-03 

10-09-15 14:39 40.6847 36.6897 5 5.1 817 N/A 1.0221E-04 1.7481E-04 

10-12-15 02:16 34.5025 26.3751 14 4.7 364 N/A 1.0490E-04 2.7071E-04 

10-13-15 16:34 36.8100 23.1696 99 4.3 659 N/A 1.2837E-05 4.2514E-05 

10-13-15 23:18 39.0824 28.9876 8 4.2 424 N/A 2.1235E-05 7.2638E-05 

10-14-15 13:17 34.4089 26.5307 37 4.5 355 N/A 6.0121E-05 1.8751E-04 

10-22-15 19:04 35.4856 22.7358 47 4.1 679 N/A 7.2591E-06 2.5209E-05 

10-23-15 17:13 38.0491 20.1471 15 4.5 944 N/A 1.1900E-05 3.6941E-05 

10-23-15 18:29 37.9205 26.8081 26 4.4 415 N/A 3.6300E-05 1.1715E-04 

10-24-15 02:59 35.3021 23.1776 20 4.5 638 N/A 2.2755E-05 7.0772E-05 

10-25-15 15:46 37.5648 22.0829 6 4.7 766 N/A 3.1723E-05 8.1982E-05 

10-26-15 04:43 38.8573 38.2503 4 3.9 810 N/A 3.1412E-06 1.1223E-05 

10-26-15 20:08 39.7905 26.2560 5 4 601 N/A 6.9654E-06 2.4700E-05 

10-27-15 01:25 38.9200 24.3300 25 4.4 653 N/A 1.6928E-05 5.4432E-05 

10-27-15 13:14 35.8575 24.0126 10 4.7 563 N/A 5.2029E-05 1.3438E-04 

10-27-15 13:21 35.8722 24.0590 39 4.6 560 N/A 3.8508E-05 1.0938E-04 

10-28-15 16:20 40.8200 27.7650 13 4.4 640 N/A 1.7477E-05 5.6207E-05 

10-30-15 20:56 34.3646 24.7370 39 4.1 514 N/A 1.1838E-05 4.1318E-05 

11-06-15 23:25 37.8994 21.4291 10 4.3 831 N/A 8.6433E-06 2.8549E-05 

11-10-15 20:29 34.9667 32.0882 14 4.3 177 N/A 1.2063E-04 4.0543E-04 

11-11-15 23:49 37.1300 22.0400 13 4.4 758 N/A 1.3172E-05 4.2304E-05 

11-12-15 22:18 36.3932 22.1675 10 4.3 733 N/A 1.0714E-05 3.5440E-05 

11-16-15 03:58 34.8230 23.3406 30 4.2 629 N/A 1.0748E-05 3.6555E-05 

11-16-15 04:02 34.8832 23.2716 33 4.1 635 N/A 8.1755E-06 2.8426E-05 

11-16-15 15:45 40.8751 28.7644 9 4.4 623 N/A 1.8323E-05 5.8940E-05 

11-17-15 03:00 39.5218 24.1018 12 4.3 708 N/A 1.1366E-05 3.7611E-05 

11-17-15 07:10 38.6700 20.6000 11 6.5 927 0.555 1.6995E-03 1.9279E-03 

11-17-15 08:10 38.6300 20.5900 10 4.4 927 N/A 9.3899E-06 3.0107E-05 

11-17-15 08:33 38.6500 20.5600 9 5.1 930 N/A 8.4051E-05 1.4404E-04 

11-17-15 09:02 38.5400 20.5500 11 4.3 927 N/A 7.1845E-06 2.3701E-05 

11-17-15 10:09 34.6863 22.3627 10 4 719 N/A 5.0546E-06 1.7855E-05 

11-17-15 10:41 38.4800 20.5100 10 4.2 928 N/A 5.4851E-06 1.8548E-05 

11-17-15 11:49 38.4900 20.4900 7 4.2 930 N/A 5.4649E-06 1.8479E-05 

11-17-15 11:57 38.7000 20.6100 10 4.7 928 N/A 2.3306E-05 6.0249E-05 

11-17-15 12:10 38.6900 20.6200 10 4 927 N/A 3.2176E-06 1.1304E-05 

11-17-15 12:37 38.6843 20.5176 10 4.8 935 N/A 3.1769E-05 7.4525E-05 

11-17-15 19:39 38.7076 20.5062 11 4.3 937 N/A 7.0558E-06 2.3274E-05 

11-17-15 20:52 38.7726 20.5147 15 4.2 938 N/A 5.3779E-06 1.8182E-05 

11-17-15 21:11 38.5300 20.5400 13 4.3 927 N/A 7.1781E-06 2.3680E-05 

11-18-15 01:24 38.6660 20.5368 10 4.2 932 N/A 5.4377E-06 1.8386E-05 

11-18-15 05:18 38.5792 20.3775 10 4.7 942 N/A 2.2733E-05 5.8769E-05 
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11-18-15 10:35 37.8170 29.2898 2 4.1 282 N/A 3.3972E-05 1.1986E-04 

11-18-15 12:15 38.8407 20.5551 10 5 938 N/A 6.0155E-05 1.1490E-04 

11-18-15 13:03 38.7200 20.6300 8 4.9 927 N/A 4.4401E-05 9.4155E-05 

11-18-15 14:55 37.8400 29.3000 10 4.2 284 N/A 4.2500E-05 1.4624E-04 

11-18-15 18:30 38.7338 20.5977 5 4.6 930 N/A 1.6830E-05 4.7768E-05 

11-19-15 02:47 38.7200 20.6300 10 4.5 927 N/A 1.2269E-05 3.8091E-05 

11-19-15 17:45 38.4475 20.4777 10 3.9 929 N/A 2.4486E-06 8.7189E-06 

11-20-15 03:01 38.7920 20.5780 10 4.5 934 N/A 1.2116E-05 3.7615E-05 

11-20-15 03:05 38.5000 20.5100 11 4 928 N/A 3.2057E-06 1.1262E-05 

11-20-15 05:12 38.4700 20.4900 12 4.8 929 N/A 3.2073E-05 7.5235E-05 

11-20-15 09:33 38.6300 20.5800 11 4.7 928 N/A 2.3315E-05 6.0272E-05 

11-20-15 23:37 38.7558 20.4745 10 4.7 941 N/A 2.2783E-05 5.8899E-05 

11-21-15 00:41 38.7285 20.4759 10 4.7 940 N/A 2.2829E-05 5.9017E-05 

11-21-15 01:58 38.6170 20.5360 14 4.3 931 N/A 7.1313E-06 2.3525E-05 

11-21-15 07:16 38.7400 20.6600 7 4.2 925 N/A 5.5110E-06 1.8636E-05 

11-21-15 16:17 38.7213 20.5902 11 4.1 930 N/A 4.1768E-06 1.4423E-05 

11-21-15 19:11 36.5808 21.6305 42 4.2 784 N/A 7.3348E-06 2.4864E-05 

11-23-15 09:30 38.4776 20.5422 10 4.3 925 N/A 7.2061E-06 2.3773E-05 

11-23-15 13:39 37.4081 31.3527 10 4.3 246 N/A 6.8852E-05 2.3058E-04 

11-24-15 09:39 38.7310 20.5997 12 4.8 930 N/A 3.2032E-05 7.5140E-05 

11-25-15 03:14 38.5300 20.5500 14 4.4 926 N/A 9.3965E-06 3.0128E-05 

11-29-15 00:20 38.7456 20.5486 5 4.3 934 N/A 7.0820E-06 2.3361E-05 

11-29-15 00:28 38.8236 37.7358 10 4.9 768 N/A 5.9500E-05 1.2597E-04 

11-29-15 08:36 38.7037 20.5348 10 4.1 934 N/A 4.1469E-06 1.4318E-05 

12-01-15 04:21 34.2307 22.4742 34 4.1 719 N/A 6.5665E-06 2.2780E-05 

12-01-15 12:18 35.0811 25.0105 10 4 474 N/A 1.0618E-05 3.7843E-05 

12-02-15 01:44 38.6985 20.5686 28 4.4 931 N/A 9.3100E-06 2.9850E-05 

12-02-15 23:27 39.2826 40.2553 10 5.4 987 N/A 2.0258E-04 2.4557E-04 

12-03-15 00:36 39.2732 40.2855 10 4.3 989 N/A 6.4315E-06 2.1201E-05 

12-04-15 15:37 39.2600 40.2200 5 4.4 983 N/A 8.5041E-06 2.7254E-05 

12-06-15 10:44 39.6413 21.1958 3 4.5 924 N/A 1.2324E-05 3.8261E-05 

12-07-15 02:04 38.2560 21.8277 10 4.4 811 N/A 1.1746E-05 3.7703E-05 

12-07-15 23:27 39.1998 40.2894 10 4.5 986 N/A 1.1076E-05 3.4377E-05 

12-09-15 09:03 38.8387 37.8750 5 4.4 780 N/A 1.2559E-05 4.0326E-05 

12-11-15 18:54 35.1330 33.1961 21 4 273 N/A 2.8338E-05 1.0219E-04 

12-11-15 19:30 35.0387 23.1293 44 4 646 N/A 6.1131E-06 2.1644E-05 

12-12-15 08:34 37.8300 21.1600 29 4.5 852 N/A 1.4096E-05 4.3780E-05 

12-12-15 11:15 34.3600 25.2800 26 4.3 465 N/A 2.3286E-05 7.7427E-05 

12-13-15 01:50 37.7944 21.1176 7 4.2 854 N/A 6.3246E-06 2.1413E-05 

12-14-15 21:13 39.0394 20.5675 10 4.3 945 N/A 6.9486E-06 2.2918E-05 

12-15-15 01:13 42.2378 29.6142 22 4.3 763 N/A 1.0004E-05 3.3077E-05 

12-15-15 23:06 35.9632 21.5322 10 4.3 787 N/A 9.5031E-06 3.1409E-05 

12-24-15 02:31 34.1067 25.1388 10 4 485 N/A 1.0179E-05 3.6262E-05 

12-25-15 02:24 34.6157 25.4552 28 4.6 443 N/A 5.6501E-05 1.6054E-04 

12-26-15 04:51 35.4055 31.2006 10 4.2 90 N/A 3.1006E-04 1.0835E-03 

12-26-15 11:00 35.5164 27.3862 37 5.2 259 0.377 7.7122E-04 1.1538E-03 
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12-29-15 14:15 37.5882 19.9902 4 4.5 945 N/A 1.1873E-05 3.6856E-05 

12-29-15 20:09 36.6189 26.5857 141 4.2 381 N/A 2.5625E-05 8.7796E-05 

12-31-15 02:43 34.9600 23.2900 22 4.2 631 N/A 1.0678E-05 3.6315E-05 

01-01-16 09:11 40.0530 30.5270 5 4.1 519 N/A 1.1638E-05 4.0613E-05 

01-04-16 02:58 36.4613 26.9641 137 4.4 344 N/A 4.9609E-05 1.6034E-04 

01-04-16 07:21 38.3200 20.4000 15 4.5 931 N/A 1.2171E-05 3.7786E-05 

01-04-16 13:36 35.4766 23.1981 27 4 636 N/A 6.2854E-06 2.2261E-05 

01-04-16 18:00 38.6037 20.5917 14 4.7 926 N/A 2.3392E-05 6.0471E-05 

01-05-16 07:17 34.3005 32.7258 20 4.2 260 N/A 4.9539E-05 1.7067E-04 

01-05-16 23:11 36.4972 26.8093 140 4.2 359 N/A 2.8442E-05 9.7533E-05 

01-10-16 17:40 39.5649 34.3373 10 5 590 N/A 1.2254E-04 2.3279E-04 

01-16-16 18:51 35.5479 31.3577 36 4 111 N/A 1.4018E-04 5.1484E-04 

01-19-16 19:04 36.6349 26.9684 142 4.7 353 N/A 1.1034E-04 2.8474E-04 

01-21-16 09:22 34.3728 24.7085 10 4.3 515 N/A 1.9584E-05 6.5044E-05 

01-23-16 04:00 36.6461 29.5691 10 4.2 151 N/A 1.2650E-04 4.3914E-04 

01-26-16 13:03 38.3118 22.0771 5 4.3 793 N/A 9.3704E-06 3.0968E-05 

01-28-16 16:35 34.5959 26.6433 29 4 338 N/A 1.9349E-05 6.9457E-05 

01-31-16 00:50 36.5775 25.6662 12 4.1 430 N/A 1.6192E-05 5.6697E-05 

01-31-16 06:15 38.4368 26.7437 17 3.6 458 N/A 4.1410E-06 1.5385E-05 

01-31-16 23:47 37.7052 21.9785 10 4 779 N/A 4.3816E-06 1.5451E-05 

02-02-16 14:21 38.7613 37.8137 10 4.2 771 N/A 7.5577E-06 2.5626E-05 

02-05-16 23:01 34.8691 25.8123 10 4.7 405 N/A 8.8450E-05 2.2831E-04 

02-08-16 16:15 35.1622 23.6515 10 4.1 596 N/A 9.1205E-06 3.1748E-05 

02-09-16 13:01 34.9082 25.9739 8 4.1 389 N/A 1.9280E-05 6.7629E-05 

02-09-16 18:31 35.1710 23.6362 10 4 598 N/A 7.0267E-06 2.4920E-05 

02-15-16 18:55 37.5665 21.7826 29 5.3 792 N/A 2.0216E-04 2.7483E-04 

02-15-16 23:05 34.9502 26.9336 10 4.2 302 N/A 3.8198E-05 1.3131E-04 

02-18-16 02:40 34.9090 26.2948 38 4.4 362 N/A 4.5549E-05 1.4716E-04 

02-18-16 04:16 35.6008 21.8120 36 4 762 N/A 4.5617E-06 1.6094E-05 

02-18-16 04:34 35.0477 26.3149 49 4.3 360 N/A 3.6129E-05 1.2048E-04 

02-18-16 07:56 39.0192 35.8528 5 4.1 642 N/A 8.0177E-06 2.7872E-05 

02-24-16 14:41 36.0700 23.8500 46 4.1 581 N/A 9.5426E-06 3.3233E-05 

02-26-16 18:32 37.0585 27.6185 4 3.8 298 N/A 1.5060E-05 5.5902E-05 

02-28-16 11:17 41.4946 22.9195 10 4.4 929 N/A 9.3534E-06 2.9989E-05 

02-28-16 23:45 33.9568 26.2387 10 4.4 397 N/A 3.9038E-05 1.2603E-04 

03-01-16 23:54 34.4196 25.4218 72 4.5 456 N/A 3.9756E-05 1.2385E-04 

03-06-16 03:11 40.7425 21.1820 10 4.3 989 N/A 6.4328E-06 2.1206E-05 

03-06-16 23:18 35.1318 23.5021 10 3.9 610 N/A 5.2352E-06 1.8836E-05 

03-07-16 14:25 35.2159 23.8581 10 4.4 577 N/A 2.0823E-05 6.7025E-05 

03-10-16 00:03 34.8972 23.2416 36 4.4 637 N/A 1.7627E-05 5.6689E-05 

03-12-16 12:40 35.3286 23.5170 10 4.7 607 N/A 4.6049E-05 1.1895E-04 

03-12-16 15:44 36.4527 28.0570 91 4.3 245 N/A 6.9626E-05 2.3319E-04 

03-13-16 13:22 35.3026 23.6415 6 4.2 596 N/A 1.1796E-05 4.0150E-05 

03-13-16 23:26 35.1829 23.5867 10 4 602 N/A 6.9357E-06 2.4593E-05 

03-22-16 13:25 35.7611 31.7328 63 4.5 157 0.038 2.3317E-04 7.2983E-04 

03-22-16 14:23 35.4200 32.5400 70 4.1 222 N/A 5.1617E-05 1.8288E-04 
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03-22-16 20:24 34.9721 33.8020 55 4 334 N/A 1.9804E-05 7.1110E-05 

03-24-16 01:22 36.0553 29.6565 5 4.2 89 0.036 3.1368E-04 1.0962E-03 

03-29-16 01:05 37.5169 20.1644 10 5.4 929 N/A 2.2093E-04 2.6739E-04 

03-29-16 21:43 37.7172 20.3405 10 4.2 919 N/A 5.5805E-06 1.8873E-05 

03-31-16 15:38 37.6347 19.8942 11 4.5 955 N/A 1.1680E-05 3.6255E-05 

03-31-16 21:33 36.9400 35.8900 10 4.3 538 N/A 1.8182E-05 6.0357E-05 

04-01-16 14:30 35.9700 25.1800 84 4.6 467 N/A 5.1844E-05 1.4730E-04 

04-03-16 00:46 34.1900 25.7300 9 5.1 431 N/A 2.6819E-04 4.5429E-04 

04-09-16 01:36 38.6061 24.4349 10 4 625 N/A 6.4826E-06 2.2968E-05 

04-09-16 07:23 37.6758 19.8492 23 4.5 960 N/A 1.1578E-05 3.5940E-05 

04-11-16 06:06 39.0590 21.8400 13 3.9 846 N/A 2.9026E-06 1.0360E-05 

04-11-16 07:40 35.0234 22.9513 10 4.2 661 N/A 9.8631E-06 3.3519E-05 

04-11-16 18:53 38.3070 20.3438 10 4.6 936 N/A 1.6667E-05 4.7305E-05 

04-16-16 00:10 34.9371 25.7577 10 5 408 N/A 2.1514E-04 4.0692E-04 

04-17-16 13:54 37.8503 23.4940 18 4.5 659 N/A 2.1587E-05 6.7131E-05 

04-18-16 06:46 42.3999 25.9692 5 4.3 861 N/A 8.1418E-06 2.6882E-05 
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