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Abstract

Fluid venting poses clear risks to various industrial applications including carbon dioxide
sequestration. To assess these risks, a detailed understanding of the conditions for fluid
venting is required. While in-situ measurements of these conditions are scarce, recent ob-
servations of natural fluid vents in the Eastern Mediterranean provide robust constraints
for the validation of predictive models. In this thesis, I develop a general theory of fluid

venting and test it against these observations.

I begin by examining episodic fluid venting. Venting is widely interpreted to occur
via hydraulic fracturing, requiring near-lithostatic pore pressures. I propose that fluid
expulsion causes a local pressure drop that is gradually recharged by ongoing basin-wide
pressurisation and by pressure diffusion, whereby fluid flows from neighbouring regions.

Pressure diffusion is predicted to be a major contributor to episodic venting globally.

I compare the predictions from my theory with the geological record of episodic
fluid venting from the Levant Basin, where venting has been estimated to occur every
~100 kyr. Tinvert these venting observations for a pressure recharge rate of ~30 MPa/Myr.
To explain this rate, I quantify and compare a range of candidate mechanisms. I find that

pressure diffusion from neighbouring mudstones provides the most plausible explanation.

Remobilised mudstones are commonly expelled from fluid vents known as mud volca-

noes, a significant geohazard. However, the mechanisms by which mudstones are remo-



Abstract

bilised remain unclear. Observations of mud volcanoes from the Nile Deep Sea Fan reveal
thinning of the mudstone unit in bowl-shaped zones at the base of each vent, resulting
from mud depletion. I present a model of mud volcanism, whereby rapid fluid expulsion
drives mudstone remobilisation. The model predicts that remobilisation spreads radially
from the base of the vent, forming a bowl-shaped mud-depletion zone. I show that the

predicted size of depletion zones is consistent with observed sizes.



CHAPTER 1

Introduction

Sedimentary basins can provide the capacity to sequester carbon dioxide and store hydro-
gen fuel. Current approaches to determining the feasibility of, and the risks involved in,
subsurface fluid storage rely on accurate fluid and solid mechanical models. Subsurface
fluid storage has been modelled extensively as the lateral, buoyancy-driven migration of
the injected fluid through a porous aquifer (Huppert & Neufeld 2014). The majority of
such models assume the presence of an overlying, impermeable sealing rock preventing
the vertical migration of pore fluids. However, natural fluid vents in sedimentary basins
demonstrate that even vanishingly low-permeability salt seals can be breached, allowing
fluids to escape. Consequently, there is a need to better understand the conditions lead-

ing to seal failure.

To this end, the geological record of natural fluid vents provides a rare opportunity for
testing related hypotheses using quantitative models. In particular, recent high-resolution
3-D seismic data from across the Eastern Mediterranean reveal a comprehensive record of
venting over the past ~6 Myr. Hitherto, there are few existing quantitative models of fluid

venting; these existing models are computationally expensive as they typically include



Chapter 1. Introduction

additional physical, chemical and thermodynamical machinery (Dewers & Ortoleva 1994,
L’Heureux & Fowler 2000). As such, these models cannot fully explore the associated
parameter space governing fluid venting and thus are limited to the study of specific
settings. Rather, a comprehensive overview of the dynamics of fluid venting can be
obtained with a minimal model that incorporates the fundamental physical processes

involved.

In many areas of the Eastern Mediterranean, fluid vents expel subsurface sediments
such as remobilised mudstones (i.e., mud); these vents are known as mud volcanoes.
Mud volcanoes produce massive effusions of hydrocarbon-rich mud and thus present a
significant geohazard as the growing mud edifice can threaten both people and infras-
tructure. One notable example is the Lusi mud volcano, a drilling-induced environmental
disaster in East Java that has been erupting since 2006 at an economic cost of billions
of USD (Tingay et al. 2015, 2018). The broad consensus is that the remobilisation of
subsurface sediment during mud volcano eruptions occurs during the rapid expulsion of
gas-saturated fluids (Kopf 2002, Mazzini & Etiope 2017). However, the mechanism by
which the sediment is remobilised and expelled remains understudied, and thus is an

ideal target for investigation.

In this thesis, I develop a simplified theory of fluid venting from sedimentary basins
that incorporates ongoing, basin-wide pressurisation and fluid flow between sedimentary
layers. I show that the predictions of this theory are consistent with observations of
episodic fluid venting from the Levant Basin, Eastern Mediterranean. I then extend this
theory to include the subsurface remobilisation of sediment during mud volcano eruptions.
Predictions from the extended theory agree with observations of mud volcanoes from the

Nile Deep Sea Fan, Eastern Mediterranean.

In this introductory chapter, I summarise observations of fluid venting phenomena,
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including recent observations from the Eastern Mediterranean, and state the open ques-
tions raised by these observations. I then discuss the strategy for using models to address
these questions and the basic assumptions that are needed to build such models. Finally,

I outline the structure of the remainder of this thesis.

1.1 Observations of fluid venting phenomena

Fluid venting phenomena have been frequently observed in sedimentary basins globally
since they were first identified from seismic images in the 1980s (Hovland & Judd 1988).
Seismic images are produced by propagating seismic waves into the Earth and recording
the returning waves that result from reflection or refraction by distinct subsurface features
(Yilmaz 2001). The returning waves are recorded by detectors that are distributed along
the surface. The recorded waves that have been disrupted by these vents therefore reveal
their presence. The vents themselves are localised vertical pathways known as fluid-
escape pipes, named after the columnar zones of disrupted reflections that they produce
on seismic images (Figure 1.1a). The diameters of fluid-escape pipes are estimated using
the lateral extents of these disrupted reflections, commonly of order tens of metres.
However, this length-scale corresponds to the lateral resolution of conventional seismic
images, which is typically limited by the spacing of the surface detectors. Therefore, such
measurements of pipe diameter may be significantly exaggerated. These limitations due
to resolution are less problematic for measurements of the vertical extents of pipes. Fluid-
escape pipes can extend over kilometres vertically (Cartwright & Santamarina 2015) and

thus enable the transport of fluid through thick successions of low-permeability rock.

Fluid-escape pipes are commonly observed in sedimentary basins that consist pri-
marily of fine-grained sedimentary rocks known as mudstones. Mudstones generally have

low permeabilities due to their fine grain sizes. Therefore, an increase in pore pressure
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Figure 1.1: Examples of fluid venting phenomena. (a) Seismic image of two fluid-escape
pipes from the Levant Basin, Eastern Mediterranean; adapted from Oppo et al. (2021). (b)
Seismic image of a mud volcano from offshore Trinidad; adapted from Deville et al. (2010). (c)
Relict sandstone pipe in the Kodachrome Basin, Utah; adapted from Huuse et al. (2005). (d)
High-resolution bathymetry of the Septagram pockmark, offshore Norway, showing a 15 m-deep
circular depression with a flat interior; adapted from Mazzini et al. (2017) (e) Ikonos satellite
image () CRISP, NUS (2007) of the Lusi mud volcano and the nearby buried city in Sidoarjo,
Indonesia, May 2007.

within a mudstone will dissipate slowly and, as a result, mudstones are often highly

pressurised. This tendency for pressure build-up in low-permeability rocks is generally
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thought to be connected to the formation of fluid-escape pipes, as pipes typically source
fluids from highly pressurised rocks. Indeed, drilling in a region of active venting has
revealed near-lithostatic pore pressures (Reilly & Flemings 2010). The above reasoning
is frequently used to support the hypothesis that pipes are formed by hydraulic frac-
turing. Hydraulic fractures open when pore pressures exceed the stresses that hold the
overlying rock together. While there is a lack of direct evidence from in-situ pipes, field
observations of relict pipes (e.g., Figure 1.1c) consistently show evidence of fracturing

(Huuse et al. 2005, Roberts et al. 2010, Lgseth et al. 2011).

Offshore, fluid-escape pipes typically terminate at the seafloor either as pockmarks
(Figure 1.1a,d) or as edifices (Figure 1.1b). Such edifices are commonly built with ex-
truded sediment from the subsurface, in which case the pipe feeding the edifice is a conduit
for a sedimentary volcano. Mud volcanoes, for example, expel a slurry of remobilised mud
sourced from subsurface mudstones. Mud volcanoes are capable of continuously expelling
mud at rates of ~10° m?3/day, as measured at the Lusi mud volcano, where the resulting
mud flow has buried twelve nearby villages (Tingay 2010, see also Figure 1.1e). Such
measurements are a direct consequence of the remobilisation of mud at depth. However,
the mechanism by which mud is remobilised remains poorly understood, as the source of
mud in mud-volcanic systems is rarely exposed at surface. Thus, our understanding of
the source regions of mud volcanoes has mainly relied on indirect inferences made from
surface measurements or, more recently, by direct observation of relict source regions

with seismic imaging.

Seismic imaging of fluid vents has documented repeated fluid venting from a fixed
locus in a subset of cases (Deville et al. 2010, Andresen & Huuse 2011, Cartwright et al.
2018, Oppo et al. 2021, Kirkham et al. 2022). In each of these cases, venting occurs in
discrete episodes separated by long quiescent periods. During quiescence, the fractures

comprising the venting conduit heal by solid creep, swelling and mineral precipitation
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(Bock et al. 2010, Chen et al. 2013). Hence, each venting episode initiates with the for-
mation of new hydraulic fractures. It follows that episodic venting requires the repeated
recharge of pressure to the original point of failure, implying that the mechanism of pres-
surisation remains active across venting episodes. Sedimentary basins can be pressurised
by various mechanisms (Osborne & Swarbrick 1997), including sedimentation. Evidence
of episodic venting behaviour is best illustrated by seismic images from offshore Trinidad
(Figure 1.1b), which show vertically stacked mud edifices formed by repeated episodes
of mud expulsion contemporaneous with sedimentation. However, the dominant controls
on the frequency of episodic venting have remained uncertain due to a previous lack of

observational evidence.

The spatial distribution of fluid vents in sedimentary basins sheds additional light on
the dynamics of venting. The majority of documented fluid-escape pipes occur in clusters
(Cartwright & Santamarina 2015), often correlated with topographic highs (Oppo et al.
2021) and can align with features such as faults and underlying sandstone channels (Gay
et al. 2006a,b). Furthermore, Moss & Cartwright (2010) showed that for pipes in the
Namibe Basin, offshore Namibia, new pipes tend to form far from nearby active (or
recently active) pipes. They hypothesise that this is a result of hydraulic connectivity
between the fluid sources of these vents, though additional observational constraints are

required to support this hypothesis.

Recent, high-resolution 3-D seismic observations of a wide variety of venting phe-
nomena from across the Eastern Mediterranean provide crucial constraints on the fun-
damental physical processes that control venting (Figure 1.2). The majority of sedimen-
tary basins in the Eastern Mediterranean comprise a kilometres-thick clastic succession
overlain by a ~1.5 km-thick layer of impermeable salt. This salt layer enables large
overpressures to accumulate in the clastic succession by preventing pressure dissipation

via vertical fluid flow. Thus, fluid-escape pipes and mud volcanoes typically form from
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Figure 1.2: Overview of observations of fluid venting phenomena in the Eastern Mediterranean.
(a) Map of the Eastern Mediterranean, showing documented evidence of venting (compiled from
Bertoni et al. (2017), Oppo et al. (2021) and Cartwright et al. (2023)), the study area used in §§2
and 3 of this work, and the study area used in §4. (b) Summary diagram illustrating the variety
of venting phenomena observed in the three main sub-basins of the Eastern Mediterranean across
a representative cross-section, adapted from Bertoni et al. (2017). The scale indicated is only a
rough guide.

this clastic succession, penetrate through the salt and terminate at the seafloor (Fig-
ure 1.2b). This simple structure is in contrast to venting phenomena from many other
regions, which commonly source fluids and sediment from multiple stratigraphic layers
(Planke et al. 2003, Davies et al. 2011, Deville et al. 2010). An understanding of venting
in these complex systems is facilitated by the study of simple systems like the Eastern

Mediterranean, which allows for broad applicability.

In the North Levant Basin (Figure 1.2a), more than 300 fluid-escape pipes have been
documented by seismic data, recording trails of episodic fluid vents originating from 13
fixed locations across the region. Each pipe forms vertically but the viscous flow of salt
advects existing pipes away from their initial positions, such that subsequent venting from
the same location requires the formation of a replacement pipe. Repetition of this process
leads to a linear trail of sea-floor pockmarks at each of the 13 venting locations. From the
lateral spacings of these pockmarks, the time of formation of each pipe can be estimated,
revealing that for each trail, pipe formation typically occurs every ~100 kyr. These
observations provide an unprecedented opportunity to distinguish between hypotheses of

fluid venting. More broadly, since fluid-escape pipes record critical subsurface pressures,
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the Levant pipe trails enable us to distinguish between hypotheses for the long-term
pressure dynamics of sedimentary basins. Furthermore, the Levant fluid-escape pipes
are spatially clustered, correlated with the crests of folded sandstone reservoirs (Oppo
et al. 2021). Many pipes originate from the same fold and thus may be hydraulically
connected. Therefore, the time-transformed venting observations will enable analysis of

the spatiotemporal controls on episodic venting.

Finally, a recent high-resolution 3D seismic survey in the Nile Deep Sea Fan provides
statistically robust observations of the plumbing systems of hundreds of mud volcanoes
(Cartwright et al. 2023). In particular, this seismic data reveals that the expulsion
of subsurface sediment by mud volcanoes leads to localised thinning of the mudstone
source; these regions of localised thinning are known as mud-depletion zones. These mud-
depletion zones are consistently bowl-shaped with a squat aspect ratio, with 340 + 150 m
reliefs and 790 4+ 240 m radii. However, no existing quantitative theory exists that can

explain the observed morphometrics of these depletion zones.

1.2 Key questions
These observations raise several important questions, particularly the following:

1. What are the fundamental physical processes that control the dynamics of fluid

venting?
2. What governs the episodicity and spatial clustering of fluid-escape pipes?

3. What is the mechanism, material prerequisite and driver of sediment remobilisation

during venting?

4. What physical factors determine the volume of sediment extruded over the lifetime

of a mud volcano?
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To address these questions, observations of fluid venting phenomena provide empirical
data for the testing of related hypotheses. For hypothesis testing, mechanical models
can provide a simplified and manipulable representation of physical systems like fluid
vents. In particular, continuum mechanics provides a rigorous theoretical framework for
analysing these systems based on established constitutive models. I thus propose an
overarching hypothesis, that fluid venting phenomena can be explained in the context of

a minimal continuum mechanical theory that accounts for the key processes involved.

1.3 Constitutive models of sedimentary rocks

Sedimentary rocks are formed by the deposition and compaction of mineral and organic
matter. The most common sedimentary rock types are sandstones and mudstones, where
sandstones consist predominantly of silicate grains (Figure 1.3a) and mudstones consist
predominantly of clay grains (Figure 1.3b). The mechanical behaviour of sedimentary
rocks varies dramatically depending on their composition and their degrees of compaction
and cementation. These varied mechanical behaviours arise from the intergranular forces
maintaining each grain in its position. These forces resist any attempt to move the
grains from their equilibrium positions and typically give rise to the macroscopic elas-
tic behaviour of rocks. The strength of these intergranular forces can be quantified by
measuring the fractional change in volume of the solid per unit applied stress, i.e., the
compressibility of the solid. The compressibility of a sedimentary rock depends on the
degree of compaction and cementation of the rock. However, neither compaction nor
cementation change significantly during fluid venting. Therefore for models of fluid vent-

ing, it is reasonable to assume that rock compressibilities remain constant.

Subsurface rocks are filled with cracks and pores that are saturated with one or more

fluid phases (e.g., water or gas). These pore fluids flow through rocks towards regions
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Figure 1.3: Typical microstructures of various sedimentary rocks. (a) Sandstone deposited by
a turbidity current, composed of poorly sorted and angular silicate grains (yellow) supported by
a mud matrix (brown, see (b)). The pore space is filled with brine (blue). Turbiditic sandstones
are common in the Eastern Mediterranean. (b) Mudstone, composed of fine and well-sorted
clay grains (brown). (c) Salt, a crystalline rock with a usual effective porosity of less than 1%.
Strain-free salt grains (boundaries in black) have formed from strained subgrains (boundaries in
grey) by dissolution and precipitation.

of low pore pressure, according to Darcy’s law. The mobility of these pore fluids is
determined by the viscosity of the fluids and the permeability of the rock. Permeability
is a measure of the conductivity of a porous material to fluid flow. Permeability scales
with the square of the grain size, as smaller grains tend to constrict flow through smaller
pores. For a given grain size, rocks with larger proportions of pore space, i.e., larger
porosities, are typically more permeable. However, changes in porosity caused by fluid
flow generally tend to be small and thus during venting it is reasonable to assume that

permeability remains constant during flow.

Despite only causing small deformations, pore fluids can still have a major influence
on the mechanical behaviour of a rock mass. The mechanical deformation of a rock is
therefore coupled to the pore fluid pressure. Porous flow is not only driven by pressure
gradients, it is also driven by changes in stress from, for example, tectonic forces. Hence,
the mechanical and hydrological behavior of rocks is fully coupled. This is especially
true for compressible pore fluids such as gas, which expand and exsolve in response

to decreases in pore pressure and stress. Exsolved gas bubbles can coalesce to form a
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connected and mobile phase above a critical saturation. However, capillary forces can
prevent the segregation (i.e., differential motion) of bubbles from the resident brine and
thus prevent coalescence. The strength of capillary forces scales inversely with grain size.
Therefore in fine-grained rocks like mudstones, bubble segregation is generally assumed

to be negligible.

The presence of pore fluids may promote the brittle failure of a rock by fracturing.
Rocks typically contain preexisting microscopic cracks which can act as nucleation sites
for failure. These cracks propagate when the effective stress (i.e., the stress that is
associated with deformation of the rock) exceeds the strength of the rock, leading to
fracturing. Elevated pore fluid pressures reduce the strength of the rock and thus can
induce fracturing under lower stresses. Rock failure is not limited to fracturing; the
porous flow of fluids of a sufficient velocity can also induce the failure of a rock by
fluidisation. Fluidisation occurs when the drag exerted by the pore fluid on the solid
exceeds the intergranular forces (e.g., friction and cohesion) and body forces (e.g., gravity)
that resist the motion of grains. Therefore, fluidisation commonly occurs in materials
with weak intergranular forces (Geldart 1973); this is typical for poorly consolidated
rocks. Once the intergranular forces are overcome, the solid grains are free to flow in
suspension with the fluid and thus the rock is remobilised and exhibits behaviour that is

similar to that of a viscous fluid.

However, fluidisation is not required for rocks to behave viscously. While rocks ini-
tially deform elastically in response to a differential stress, sustained stress over a long
timescale causes gradual deformation, or ‘creep’, manifesting macroscopically as slow,
viscous flow. This time-dependent rheology is known as viscoelasticity. One notable ge-
ological example of this rheology is rock salt. Salt is a crystalline rock which, depending
on stress, deforms by either the movement of dislocations (i.e., irregularities in the crys-

tal structure) or by the movement of grain boundaries by dissolution and precipitation
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(Figure 1.3c). These deformation mechanisms enable salt to undergo large strains and
produce striking geological structures such as domes, diapirs and glaciers. The viscoelas-
tic behaviour of salt is critical in understanding the long-term stability and deformation
of salt structures, especially for engineering applications such as subsurface storage and

sequestration.

1.4 Thesis structure

In this chapter, I have highlighted the necessity of models describing fluid venting to
better understand the pressure dynamics of sedimentary basins. It is crucial for such
models to have a basis in material properties to ensure that the predictions deriving
from them are accurate. In the remainder of this thesis, I develop a general theory of
fluid venting from sedimentary basins and test it against observations of venting from

the Eastern Mediterranean.

In Chapter 2, I develop a poroelastic theory of episodic fluid venting driven by tec-
tonic compression. I explore the combined role of compression and fluid flow between
sedimentary layers in episodic venting. In particular, I examine how these mechanisms
set the resulting frequency of venting. I consider the properties of each sedimentary layer
and evaluate their influences on the relative contributions of compression and fluid flow
to venting. I conclude this chapter by considering typical layer properties in sedimentary

basins that host fluid vents. This chapter has been published as:

Kearney, L. M., MacMinn, C. W., Katz, R. F., Kirkham, C. & Cartwright,
J. (2023), ‘Episodic, compression-driven fluid venting in layered sedimentary
basins’, Proceedings of the Royal Society A: Mathematical, Physical and En-
gineering Sciences 479(2274), 20220654. (doi:10.1098/rspa.2022.0654).

In Chapter 3, I compare the predictions of the theory derived in Chapter 2 with ob-
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servations of episodic fluid venting from the Levant Basin, Eastern Mediterranean. I do
so by constructing a stochastic model of pressure evolution during fluid venting. Using
this stochastic model, I infer the rates of pressure recharge between venting episodes in
the Levant Basin. Additionally, I infer the hydraulic connectivity of spatially clustered
vents. I quantify and compare a range of candidate mechanisms of pressure recharge to
determine whether fluid flow from mudstone layers provides the most plausible explana-

tion for these observations. This chapter has been published as:

Kearney, L. M., Katz, R. F., MacMinn, C. W., Kirkham, C. & Cartwright,
J. (2024), ‘Episodic fluid venting from sedimentary basins fueled by pressur-
ized mudstones’, Proceedings of the National Academy of Sciences 121(8),
€2312152121. (doi:10.1073/pnas.2312152121).

In Chapter 4, I develop a novel theory of mud volcano eruptions, whereby rapid fluid
expulsion drives mudstone remobilisation. I examine the dynamics of this process of
remobilisation, known as fluidisation, and the growth of a region of fluidised mud. I
consider the parameters that govern these dynamics and the final size of the fluidised
region. Using estimates of mudstone properties, I test if the predictions of this theory
are consistent with observations of mud volcanoes from the Nile Deep Sea Fan, Eastern

Mediterranean. This chapter is as yet unpublished.

Finally, in Chapter 5, [ summarise my findings and highlight promising directions for

future work.



CHAPTER 2

Episodic, compression-driven fluid venting

The theoretical model, results and analysis presented in this chapter have been published
in Kearney et al. (2023). This chapter constitutes a minor reformatting of that work to

fit within the context of this thesis.

2.1 Introduction

Fluid venting phenomena have been frequently observed in sedimentary basins since
the advent of 3D seismic imaging (Lgseth et al. 2001, Hovland & Judd 1988). The
vents themselves are localised, typically comprising cylindrical conduits known as fluid-
escape pipes that can create pockmarks or feed effusive mud volcanoes (Huuse et al.
2010, Cartwright & Santamarina 2015). Venting is thought to initiate when the seal
of a pressurised reservoir fails through hydraulic fracturing (Huuse et al. 2005, Roberts
et al. 2010, Loseth et al. 2011), creating a high-permeability pathway for the transport
of basinal fluids through kilometres of low-permeability rock (Cartwright et al. 2021).
This mode of seal failure poses clear risks for the subsurface storage of hydrogen and the

long-term sequestration of anthropogenic waste such as carbon dioxide (COz2). Indeed,

16
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unexpected vertical fluid migration at the Sleipner CO4 storage pilot site is likely due to

exploitation of pre-existing conduits (Arts et al. 2004, Cavanagh & Haszeldine 2014).

Repeated fluid venting from a fixed locus has been documented in a subset of cases
(Deville et al. 2010, Andresen & Huuse 2011, Cartwright et al. 2018, Oppo et al. 2021,
Kirkham et al. 2022). In each of these cases, venting occurs in discrete episodes of
fluid expulsion separated by long quiescent periods. In the North Levant Basin, located
in the Eastern Mediterranean, the presence of a flowing salt sheet enables dating of
individual venting episodes (Oppo et al. 2021, Evans et al. 2020, Cartwright et al. 2021),
thus providing a robust basis for investigating episodic fluid venting. More than 300 fluid
escape pipes record episodic venting through this ~1.5 km-thick layer of low-permeability
salt. The salt overlies a ~3 km-thick clastic succession dominated by mudstone. These
fluid-escape pipes are interpreted to form vertically from the crests of folded sandstone
reservoirs, terminating at the seafloor as pockmarks. Viscous flow of the salt layer deforms
the relic pipes over geological time, such that repeated venting leads to a linear trail of
pockmarks along the direction of salt flow (Cartwright et al. 2018). Thirteen pockmark
trails have been observed across the North Levant Basin, each recording up to 45 venting
episodes since ~2 Ma (Oppo et al. 2021). Dating of these venting episodes reveals a
typical time interval between episodes (i.e., venting period) of ~100 kyr (Oppo et al.

2021, Evans et al. 2020, Cartwright et al. 2021).

The initiation of a vent via hydraulic fracturing requires fluid pressure in excess
of the minimum horizontal compressive stress (Price & Cosgrove 1990, Scandella et al.
2011). Once initiated, venting continues until this overpressure is sufficiently relieved
that the pathway closes. Subsequently, during quiescence, fractures may self-heal by
solid creep, swelling, and mineral precipitation (Bock et al. 2010, Chen et al. 2013). In
the North Levant Basin, previous pathways are deformed and advected away from their

original trajectory by salt flow. Hence, episodic venting requires the repeated recharge of
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overpressure to the original point of failure, implying that the overpressure mechanism
remains active across venting episodes. The disparity between the rapid drop in pressure
during venting and the slow growth of pressure during recharge suggests that the time-
history of reservoir pressure across multiple episodes resembles a sawtooth pattern, with
the up-slope representing the rate of pressure recharge and the amplitude representing
the pressure drop during venting (Cartwright et al. 2021). Cartwright et al. (2021) take
this pressure drop to be equal to the tensile strength of the sealing rock, estimated to
range from 0.6 to 2 MPa. Using the sawtooth concept and the measured period between
venting episodes, Cartwright et al. (2021) inferred a rate of pressure recharge in the North

Levant Basin of ~9 MPa/Myr.

Overpressure can be generated by various mechanisms (Osborne & Swarbrick 1997).
For the Levant basin, Cartwright et al. (2021) ascribe overpressure generation to re-
gional tectonic compression on the basis of qualitative physical arguments. Previous
studies have used numerical models to predict overpressures due to tectonic compres-
sion and quantify the role of factors such as duration and rate of shortening (Luo 2004,
Obradors-Prats et al. 2017a,b, Maghous et al. 2014). For example, Obradors-Prats et al.
(2017a) showed that an overpressure of ~10 MPa can be generated by a shortening of
~10% over a period of ~100 kyr. However, overpressure will typically be heterogeneously
distributed throughout the sedimentary column. Ge & Garven (1992) showed that tec-
tonic compression pressurises stratigraphic layers at different rates due to their different
elastic properties. These pressure differences equilibrate over time through vertical fluid

redistribution, which can be described mathematically as the diffusion of pressure.

Pressure diffusion between sedimentary layers has been investigated in many previ-
ous works (e.g., Muggeridge et al. 2004, 2005, and refs. therein). The primary concern
of these studies has been to estimate the timescales and mechanisms of pressure redistri-

bution through low-permeability layers. As a result, these studies typically focus on the
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diffusive equilibration of an initially non-hydrostatic pressure distribution while neglect-
ing the origin of that distribution or any ongoing sources of overpressure generation. This
omission may not always be justified, given that mechanisms such as tectonic compres-
sion persist for millions of years and are physically independent of pressure redistribution.
Moreover, these studies generally neglect punctuated effects that modify the pressure,
such as venting. An exception is Luo & Vasseur (2016), who investigated mechanisms of

pressure dissipation including hydraulic fracturing.

Despite the large body of relevant work, most previous studies have neglected at
least one of the three key components of episodic venting: pressure build-up, pressure
diffusion, and hydraulic fracturing. The studies that include all three components predict
episodic venting. However, these models incorporate a variety of additional physics such
as reaction and heat transport, necessitating numerical solution (Dewers & Ortoleva
1994, L’Heureux & Fowler 2000). The complexity and computational expense of these
models limits them to generating a small set of results for a specific setting, making it
difficult to develop more general insight. Such insight is facilitated by a simplified theory
that incorporates only the physical processes needed to describe the general, episodic
dynamics of fluid venting in sedimentary basins. Moreover, measurements of the venting

period are readily interpreted in this analytical context.

Here we develop a poroelastic model of tectonic overpressure generation, diffusive
pressure redistribution, and fluid venting in layered sedimentary basins. We derive
analytical solutions that elucidate the associated pressure dynamics and the paramet-
ric controls on venting. We show in particular that the venting period 7 is given by
T X (AP/éyy)/(1 + v/7), where AP is the pressure drop from each venting event, é,,
is the horizontal strain rate due to tectonic compression and v and ~ are dimensionless
parameters that are defined below. The quantity AP/é,, is proportional to the venting

period in the absence of pressure diffusion, as estimated by Cartwright et al. (2021).
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The dimensionless quantity (1 + v/v) incorporates the additional role of pressure dif-
fusion from mudstones. We refer to this quantity as the venting frequency multiplier
because it reduces the venting period relative to the compression-only case. We show
that this frequency multiplier can be estimated using the thickness ratio of the mudstone
and sandstone layers. In mudstone-dominated basins where fluid venting phenomena are
commonly observed (Cartwright & Santamarina 2015), pressure recharge and venting

period are controlled by pressure diffusion.

The remainder of this chapter is organised as follows. In §2.2.1, we derive and solve
the poroelastic equations governing tectonic compression of, and pressure diffusion be-
tween, sedimentary layers in the absence of fluid venting. In §2.2.2, we explore the
response of the system to fluid venting without compression. In §2.2.3, we combine so-
lutions from §2.2.1 and §2.2.2 to obtain a full model for episodic venting; we then derive
analytical solutions for periodic venting. In §2.3, we discuss the wider implications of
this work, as well as limitations and potential generalisations of the model. In §2.4, we

conclude with a summary and suggestions for promising avenues of future work.

2.2 Model

2.2.1 Compression

We consider two horizontal layers of rock, a sandstone with thickness hs overlying a
mudstone with thickness h,,, as illustrated in Figure 2.1a. To focus on large-scale pres-
surisation from regional tectonic compression, we assume that these layers have a large
lateral extent, such that pressure diffusion occurs exclusively through vertical fluid mi-
gration. The development of large overpressure from tectonic compression thus requires

that compression be rapid relative to pressure diffusion and/or that vertical flow be ob-
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structed.

Sedimentary basins are typically underlain by dense basement rock, so we assume
the existence of an impermeable layer below the mudstone. Furthermore, motivated by
sedimentary basins such as the Levant basin that are capped with an extensive, thick
salt layer, we apply the same assumption above the sandstone. Salt is considered to
be impermeable on geological timescales (though see Ghanbarzadeh et al. 2015). This
model configuration prohibits vertical pressure diffusion across the salt, but allows for
sudden fluid expulsion via hydraulic fracturing. The theory below could be generalised

to allow for a ‘seal’ with a small but nonzero permeability.

As in previous studies that consider pressure diffusion between sedimentary layers, we
assume that flow is single-phase, isothermal and one-dimensional (Bredehoeft & Hanshaw
1968, Neuzil 1986, Luo & Vasseur 1997, Muggeridge et al. 2004). Crucially, we deviate
from these previous studies by modelling the evolution of pressure due to ongoing (rather
than historical) tectonic compression. Tectonic compression has been conceptualised as
a bulldozer imparting sufficient differential stress to deform weaker sediments (Byrne

et al. 1993). It has been modelled mathematically as an imposed, constant horizontal

impermeable layer (e.g. salt) pressure overpressure

sandstone, s € Ihs (b)

77777777777777777777777777 —P_P
—>l—>z < p hyd
€az 3|z <y
-+ <

mudstone, m

impermeable layer (e.g. basement)

Figure 2.1: Schematic cross-section of sedimentary-basin model. (a) We consider the tectonic
compression of two permeable sedimentary layers, sandstone (yellow) and mudstone (brown), at
a constant horizontal strain rate —é,,. The system is sealed by impermeable layers above the
sandstone and below the mudstone. (b) Example pressure—depth plot showing the hydrostatic
pressure (blue), pore pressure resulting from compression (cyan) and lithostatic stress (black).
(c) As in (b), but now showing the lithostatic stress in excess of hydrostatic (black) and the pore
overpressure p (cyan), which is the pressure in excess of hydrostatic Pyyq.
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strain rate —é,,, where é,, > 0 indicates compression; strain rates are routinely used
to quantify tectonic deformation (e.g. Kahle et al. 1998, Kreemer et al. 2014). In the
absence of venting, tectonic shortening is accommodated through compression of the pore

fluid and /or of the solid grains. We refer to this specific process as tectonic compression.

Assuming that the solid skeleton obeys linear elasticity and taking tension to be

positive, the effective stress tensor ¢ is related to the strain tensor e via

o' = Mr(e)I+2pue, (2.1)

where A and p are the drained Lamé parameters and e = 3[Vu + (Vu)?] with u
denoting the solid displacement. The effective stress is related to the total stress o and

pore pressure P by Terzaghi’s principle,
o=0 —aPl, (2.2)

where « is Biot’s coefficient and where we adopt the sign convention that tension is posi-
tive. Mass conservation leads to the storage equation (Verruijt 1969, see Appendix 2.A),

which is equivalent to the classical continuity equation presented by Biot (1941),

Ode oP

where e = tr(e) is the volumetric strain, g is the Darcy flux of fluid through the pore
space and S = ¢cp + (o — P)cy is the storativity, with porosity ¢, fluid compressibility ¢,
and grain compressibility c,. The time derivative of the zz-component of Equation (2.1)

implies that

oo’ Oe
Dae _ \%€ _9¢ 2.4
ot~ or e (24)

and the trace of Equation (2.1) implies that (3\ + 2u)e = tr (o). From these results
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and Equation (2.2), we arrive at
OP  A+pde pu. 1 (Ooyy, 00,
% a0 a2\ o ot ) (25)

Equation (2.5) describes the evolution of pore pressure in response to changes in strain
and total stress. The total vertical stress at a fixed depth can increase (0i0,, < 0) in
response to folding and thrust faulting, which are a commonly a consequence of tectonic
shortening (e.g., the Levant Basin, see Oppo et al. 2021). Furthermore, the height of the
rock column will increase, thus increasing the vertical stress and hydrostatic pressure.
However, we are primarily focused on studying tectonic shortening in the absence of these
secondary processes, so we assume that dio,, = 0. The evolution of the total horizontal
stress in the orthogonal direction, 0io, is less clear. Two endmember assumptions are
that the orthogonal total stress remains constant (0;oy, = 0), or that the associated
strain remains constant (Oieyy, = 0). The former unconditionally allows for hydraulic
fracturing, whereas the latter may not in some cases (Appendix 2.B). For simplicity,
we proceed with the former assumption and take o,, to be constant. Combining these

assumptions with Egs. (2.3) and (2.5) gives

oP Qi€yy A+ p
— = — .q. 2.
ot a?+SA+np) a2+S(A+u)V 1 (2:6)

Thus, two processes drive changes in pore pressure: compression and fluid flow. The
first term in Eq. (2.6) corresponds to compression, which acts to increase pressure every-
where at a rate determined by the compression rate and the poroelastic properties of the
medium. The second term in Eq. (2.6) demonstrates that pressure increase at a point is

impeded by a net export of fluid (V - g > 0) or enhanced by a net import (V - q < 0).

For a system that is both laterally extensive and laterally homogeneous (i.e., no

variations in x or y; Fig. 2.1), fluid flow is limited to the vertical direction, ¢ = qz2.



24 Chapter 2. Episodic, compression-driven fluid venting

Then, applying Eq. (2.6) to each layer,

OP; OlshsCrz As + Hs 8‘]
= — — f —hs, 0], 2.7
ot a2+ Ss(\s +us) a2+ Ss(As + ps) 02 orzel ] (2.72)
0P, QU o € Am + Hm @

- a f 0, ") 2.7h
Bt = a8+ SmOm + i) 0% F SO+ i) 02107 7 € (0 Feml o (2T0)

where the subscripts s and m represent properties of the sandstone and of the mudstone,

respectively.

Sandstones typically have permeabilities that are many orders of magnitude larger
than those of mudstones. Consequently, pressure diffuses much faster in sandstone than in
mudstone. Hence over timescales of pressure diffusion in the mudstone, the overpressure
in the sandstone can be taken to be vertically uniform. From this assumption, the only

relevant fluid flux within the sandstone occurs at the contact with the mudstone,

@ _ Qs fhsCry _ As + Hs Q(Ov t) (2 8)
dt a4+ Ss(As +ps) a2+ Ss(As +ps) hs .
Fluid transport in the mudstone is governed by Darcy’s law,
km [ OPp,
- _m — 2.9
q p ( e peg), (2.9)

where 7 is the viscosity of the fluid and k,, is the permeability of the mudstone, both
assumed to be constant. Equations (2.7a), (2.8) and (2.9) combine to form a coupled

system for the pressure of each layer,

d P Qs lhsCra As + Hs i km, OPp,

At a2+ Ss(\s +ps) | a2+ Ss(\s +ps) hs m 02 |,

for z € [—hs, 0],

(2.10a)

0Py, O, b Cx Am + m ko, 82Pm
- - f 0, hum]. (2.10b
ot a72n+sm()‘m+,um) + 0472n+5m()\m—{—,um) n 022 or z € [ ) ] ( )
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In this system, the hydrostatic contribution to the pressure remains constant. It has no
effect on the dynamics and hence we replace total pressure P with overpressure p. The

overpressure is the pressure in excess of hydrostatic, p = P — Pyyq (see Fig. 2.1b,c),

dps OlsfhsCory As + Hs i km 8pm

dt a2+ Ss(hs +ps) | a2+ Ss(hs +ps) hs m 9z |

for z € [—hs, 0],

(2.11&)
apm O o €z Am + Hm kan a2pm

Ot a2t SO+ fim) | 02 & Bon o + fim) 7 022

for z € [0, hyp]. (2.11D)

Equation (2.11a) is an ordinary differential equation for the time-evolution of the pressure
in the sandstone. Equation (2.11b) is a partial differential equation for the pressure in
the mudstone in depth and time. The latter requires two boundary conditions. The
first boundary condition is that the sandstone and mudstone pressures must match at
the contact, pp,(0,t) = ps. The second boundary condition is that there is no fluid
flux through the impermeable layer at the bottom of the mudstone 9py,/0z|,,, = 0.

Equations (2.11) are simplified by introducing the following parameters,

km, Am + fim km As + s
D, = m , D. =" , 2.12
" n oz, + Sm(Am + pm) ° n a2+ Ss(As + ps) ( )
QU o €0 Qs flsCog
= , I's = , 2.13
a2 4 S+ ) a2 4 S( s + ps) ( )

The parameters I';,,, and I's represent the rates of pressure build-up in the mudstone
and sandstone layers, respectively, due to compression. The parameter D,, represents
the diffusivity of pressure across the mudstone whereas the parameter D, represents the
diffusivity of pressure across the sandstone-mudstone boundary. The full model can then
be written,

Opm pm
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with boundary conditions,

m DS m
8575:F5+h8§ at z =0,
5 s 9% (2.15)
g;n:() at z = hy,,

where ps = p,(0,t). We finally assume that the mudstone and sandstone are initially at
hydrostatic pressure,

Pm(z,0) = 0. (2.16)

This initial condition is chosen for simplicity and is not essential to the model; in many
circumstances, it may be more appropriate to invoke a different initial pressure distribu-
tion. Here, we are interested in the general response to tectonic compression, decoupled

from the basin-specific response due to an initial pressure disequilibrium.

Nondimensionalised equations

We nondimensionalise this system of equations using mudstone properties, introducing

a dimensionless depth z*, mudstone pressure p;, ., and time ¢* defined as

L h? hZ
2 = hp2", P = mp* t= 2t 2.17

Note that time is scaled by the characteristic time for a pressure perturbation to diffuse
across the mudstone. This process typically requires thousands to millions of years and
thus we scale time to study the pressure behaviour over these geological timescales.
Pressure is scaled by the increase in mudstone pressure due to compression over this
characteristic time. This formulation helps to highlight the effects of differences in layer
properties on pressure behaviour. The dimensionless equation for the mudstone is then

N )

=1
ot* + Oz*2

for z* € [0, 1]. (2.18)
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with boundary conditions,
Ol :'y—}—V@pm at 2* =0,
op’ '
8221 = at z* =1,

and initial condition p}, (2*,0) = 0. Two dimensionless parameters v and v emerge to

characterise the system,
Dy hy,
Dm hS '

(2.20)

14

I's
Y a,
The parameter v measures the rate of pressure build-up of the sandstone relative to
that of the mudstone, which depends on the material properties of each rock type and
is independent of strain rate. We refer to the parameter v as the hydraulic capacitance
ratio. The hydraulic capacitance of a layer is given by the product of compressibility
and volume (or thickness, in one dimension); it measures the change in bulk volume
associated with a unit change in the pressure of that layer. If the sandstone layer is
thinner and less compressible than the mudstone, as would typically be expected, then
the sandstone will have a lower hydraulic capacitance than the mudstone (v > 1). As a
result, a transfer of fluid from the mudstone to the sandstone would lead to a pressure
decrease in the mudstone and a pressure increase in the sandstone, but the increase would
be larger than the decrease by a factor of v. This asymmetry is central to our results
here because it implies that a pressurised mudstone can fully recharge a sandstone that

has been depressurised by venting v times, even without further tectonic compression.

We solve the system of equations (2.18) and (2.19) via Laplace transforms (Ap-
pendix 2.C) to arrive at
o~ cos{ (1= 2} 1= exp(-1)

=1+ 2 —1
pm + ]/(/y )]z; COSfj 6]2(1/2+V+§72)7

(2.21)
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Figure 2.2: Early-time compression solution for v = 2. Left: Overpressure versus depth at
times ¢* = (0.01,0.25,0.5,0.75,1) (dark to light colours). Right: Time evolution of the average
overpressure in the sandstone (solid yellow) and mudstone (dashed brown).

where ¢; is the 4 solution to tan & = —&;/v. The first term ¢* is the pressure response
to the compression of the mudstone. The second term expresses pressure communication
between the sandstone and mudstone. Two time-regimes emerge because compression
begins to act instantaneously whereas diffusion takes effect over a characteristic timescale
h2,/Dy,. Our dimensionless time variable t* is scaled by the latter and so diffusion
becomes important for dimensionless times t* ~ 1 and larger. For early times t* < 1,
diffusion is negligible and layer pressures increase independently. It can be shown that

this early-time behaviour is given by (Appendix 2.C)

pr, ~ tF, pa ~At*, for t* <« 1. (2.22)

In this limit, the mudstone pressure is uniform in space. The mudstone and sandstone
pressures will rise in equilibrium if the layers have equivalent elastic properties (7 = 1).
Otherwise, the two pressures will increase at different rates, diverging linearly. Fig. 2.2
illustrates this early time solution for v = 2, meaning that the mudstone is twice as
compressible as the sandstone. In this case, the sandstone pressurises twice as fast as the
mudstone. Mudstones are generally expected to be more compressible than sandstones
(Chang et al. 2013b). However, mudstones are also typically more overpressured than

sandstones (Osborne & Swarbrick 1997), contrary to the model result above. This is
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because sandstones typically leak some overpressure via a baffled pathway; without this

leakage, the sandstone would be more overpressured during tectonic compression.

For times t* ~ 1 and larger, the homogenising action of diffusion becomes increasingly

important. The system evolves toward a late-time (¢* > 1) behaviour characterised by

s ytv viy-1) oy -1 . e Y trv. vy -1
~ - 2 ~ ' .
P~ 15t Yo gt ) Bt TR

(2.23)

In this late-time state, the sandstone pressure increases at a rate given by (y+v)/(1+v),
which is between the independent, early-time rates of the two layers. The mudstone
pressure tends toward a parabolic profile in z. If v > 1, the mudstone pressure will be
maximum at the sandstone and decrease with depth (Fig. 2.3). If v < 1, the mudstone

pressure will be minimum at the sandstone and increase with depth.

Fig. 2.3 illustrates the impact of v on the pressure behaviour at late times, tak-
ing v = 2 for comparison with the early-time in Fig. 2.2. Compression pressurises the
sandstone more quickly than the mudstone, driving fluid from the sandstone into the
mudstone. At v = 5, the sandstone is small compared to the mudstone, thus the mud-
stone pressure will not vary significantly from its compression-driven trajectory while
the pressures equilibrate. In the opposite limit (v = 0.2), this transfer of fluid depres-
surises the mudstone without noticeably pressurising the sandstone. For any v, however,
both pressures grow in time and will eventually reach the minimum compressive stress
(Appendix 2.B), leading to hydraulic fracturing and fluid venting. We incorporate these

phenomena into the model in the next section.

2.2.2 Fluid venting

Fluid venting is assumed to occur by hydraulic fracturing. A vertical hydraulic fracture

forms when the pore pressure exceeds a critical value Py, given by the sum of the mini-
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Figure 2.3: Full compression solution for v = 2, and three different values of v. Left: Over-
pressure versus depth at times ¢* = (0.01,0.25,0.5,0.75,1) (dark to light colours). Right: Time
evolution of the average overpressure in the sandstone (solid yellow) and mudstone (dashed
brown). We use v to indicate the relative thicknesses of each layer, assuming v = h,,/hs. We

also show the corresponding early-time solutions for each layer (solid grey for sandstone, dashed

grey for mudstone).
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Figure 2.4: Schematic diagrams of our conceptual model for venting with corresponding
overpressure—-depth plots. Panels (a)—(d) are as in Fig. 2.1a, but magnified into the sandstone
layer (yellow) and the overlying sealing layer (grey). (a) A microscopic incipient fracture in the
sealing layer will remain closed as long as the sandstone overpressure ps (blue arrows) is less
than the critical fracture overpressure py = omin + o7 (grey arrows), where omin here repre-
sents the minimum compressive stress minus the hydrostatic pressure. (b) Once p, exceeds py,
a fracture will open and grow toward the surface. The fractured rock has no tensile strength,
so only oy acts against the fracture. (¢) An active vent sources fluid from the sandstone layer
and depressurises it until ps falls back to omin. (d) Once ps equals oy, the vent closes, al-
lowing the fracture to heal. Panels (e)—(h) show overpressure—depth plots corresponding to the
incipient-crack scenario in (a), the fracture-growth scenario in (b), the active-vent scenario in
(c) and the closed-vent scenario in (d), respectively. (e) The pore overpressure in the sandstone
ps is less than the critical fracture overpressure at the top sandstone py (grey). (f) The fracture

propagates and opens once p, exceeds py. (g) Venting occurs until p, falls back to omin. (h) At
which point, the vent closes.
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mum horizontal compressive stress oy, and the tensile strength o of the impermeable
rock (Price & Cosgrove 1990),

Pf = Omin + OT- (2.24)

Once venting begins, the sandstone pressure drops rapidly until the fracture closes, which
we assume occurs when Ps reaches oy, giving an overall pressure drop of or. Once
closed, the fracture heals and may be carried away from the venting point by viscous
creep of the salt. Since venting is geologically instantaneous, we incorporate venting into

our model by augmenting the (nondimensional) sandstone boundary condition as follows,

where o7 = o} ['ynh2, /Dy, is a dimensionless tensile strength, t} is the dimensionless
time when the sandstone overpressure reaches p} (i.e., pj,(0,13) = p}), and 6(t* — ¢})
is the Dirac delta function. This boundary condition imposes an instantaneous drop in
sandstone pressure of o at time t}. The solution to the modified system of equations is
separable into two parts: one for compression (i.e., the solution derived above, Eq. (2.21)),
and one representing the response to pipe formation. We derive the latter solution for
the overpressure response to pipe formation, p,, (dimensional), via Laplace transforms

(Appendix 2.D), arriving at

Dm iy Z cos{&;(1 — 2*)} exp{— 52(75* - t?)}

or cos&; Vz—i-V—i-ij-

(2.26)

At late times, the rightmost term vanishes as the layer pressures equilibrate by pressure
diffusion. In transferring fluid to the depressurised sandstone, the mudstone pressure
drops by or/(1 + v), while the sandstone pressure rises by opv/(1 + v). Increasing v,

for example by increasing the size of the mudstone relative to the sandstone, reduces
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the sensitivity of the mudstone to venting from the sandstone (Fig. 2.5). An infinitely
large mudstone will have a constant mean pressure in response to venting. Increasing v
also reduces the time needed for pressure equilibration because depressurisation is more

localised to the mudstone—sandstone boundary.

Even in the absence of further tectonic compression, pressure diffusion from the
mudstone can fully recharge the sandstone layer after venting, potentially multiple times.
However, it is likely that compression continues to act once venting has initiated. In the

next section, we explore the combined system for compression and venting.

2.2.3 Episodic venting

The solution for simultaneous compression and venting is obtained by superposing the
two independent solutions above for compression Eq. (2.21) and Eq. (2.26). In particular,
the linearity of the model allows episodic venting to be represented by a superposition
of venting responses at a set of fracture times. The n'! fracture time tyn must be
determined numerically using the condition p,,(0,tf,) = ps. An example scenario of
continuous compression with venting is illustrated in Fig. 2.6 for v = 2 and v = 5, in

which case the mudstone is larger and more compressible than the sandstone.

Without pressure diffusion (i.e., with compression only), our model reduces to the
sawtooth model proposed by Cartwright et al. (2021) (Fig. 2.6a). With pressure diffu-
sion, our full model produces qualitatively similar sawtooth behaviour for the sandstone
pressure. However, time between venting episodes (i.e., the venting period) is notably
shorter because pressure diffusion from the mudstone provides an additional contribu-
tion to pressure recharge. As the mudstone pressure increases relative to the sandstone
pressure, this diffusive flux into the sandstone increases and the venting period decreases.

At late times, the venting period tends towards a constant as the mudstone pressure os-
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Figure 2.5: Pressure evolution after a venting episode for three different values of v in the
absence of tectonic compression. Left: Pressure-depth curves at different times with time in-
creasing from dark to light. Right: Average pressure evolution of the sandstone (solid yellow)
and mudstone (dashed brown). The late-time equilibrium pressure is also shown (grey).



Chapter 2. Episodic, compression-driven fluid venting

35

compression only

compression and diffusion

1.0 - 1.0
sandstone //
% 0.8 4 —— mudstone e 0.8 1
; /// s AAAA
Z S e
172} e
2 0.6 S 0.6 P )
5 7 b
= /) 4
o 047 v 0.4 7
0 ~ /.
] v 7 Pt — ok
g ! T
z 0.2 // 029 7
e
//
7 4
0.0 T T T T T T 0.0 T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0 1.2 14 0.0 0.2 0.4 0.6 0.8 1.0 1.2 14
time ¢* time ¢*

Figure 2.6: Comparison of average overpressure evolution of the sandstone (solid yellow) and
mudstone (dashed brown) layers with compression only (left) and with both compression and
pressure diffusion (right). Early time solutions without venting are plotted in grey for each layer.
Here, vy =2, v =5, p’J’Z = 0.5 and o} = 0.25.

cillates around its asymptotic mean value. In this periodic limit, we can recover explicit

solutions for behaviour of this system.

Periodic venting

To express the periodic solution for pressure in the sandstone, we assume that venting

initiates at time t* = 0 and occurs thereafter at times t* = 7*,27*, ..., N7* (N + 1)7*
where 7* is the dimensionless venting period to be determined. To simplify the solution,
we further assume that tectonic compression initiated long before venting, such that the
corresponding initial transient response is negligible. We note, however, that including
this transient in the solution does not affect our results. Then, using the principle of

superposition, the periodic solution for pressure in the sandstone is, for N7* < t* <

(N +1)7r*
c_atv. v i Zexp{ T1Ckiia0) A,
Ps =977 3(1+v)? oT 1/‘ 1/2—|—1/—|—§2 ’ '
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where 7*

is the dimensionless venting period, scaled with the characteristic time for
pressure diffusion h2,/D,, (and hence the dimensional venting period is 7 = 7* h2,/D,,).
The periodic venting solution (2.27) is a function of two dimensionless parameters, v and

7*. Figure 2.7 shows how these parameters control the periodic recharge pathway.

Solving (2.27) for 7* (Appendix 2.F) gives

S (2.28)
YtV

If 7 <« 1 (i.e., if the dimensional venting period 7 is much shorter than the diffusive time
h2./Dy,), tectonic compression is the dominant contribution to pressure recharge and we
recover a sawtooth; this is shown by the dashed black curve in Fig. 2.7a. If instead the
venting period is much longer than the diffusive time, 7% > 1, diffusion equilibrates the
sandstone and mudstone pressures to ps/or = pm/or = v/(1 + v); both then rise at the

same rate, due to tectonic compression (solid black curve in Fig. 2.7a).

These diffusive effects are also controlled by the capacitance ratio v of the two layers.
If the hydraulic capacitance of the mudstone is negligible relative to that of the sand-
stone (v < 1), we again recover the sawtooth model (dashed black curve in Fig. 2.7b).
Increasing v (i.e., increasing the mudstone size) leads to faster diffusive pressure equili-
bration and a higher equilibration pressure, much like in Fig. 2.5. However, increasing
v also decreases the compressive pressurisation rate of the equilibrated sandstone and
mudstone layers, as shown in Fig. 2.3. This means that a family of compressive and
diffusive pressure recharge rates can produce the same venting period. Consequently,
observational measurement of the mean venting period alone is insufficient to determine
the dominant recharge mechanism. However, the dominant recharge mechanism can be

inferred using the expression for venting period in combination with estimates of basin
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Figure 2.7: Sandstone pressure recharge behaviour during periodic venting, with varying 7*
and v. We normalise dimensionless time t* by the dimensionless venting period 7*, such that
t*/7* € [0,1] over one period. Similarly, the dimensionless sandstone pressure p?* is scaled by
the dimensionless tensile strength o.. With this normalisation, Eq. (2.27) is explicitly controlled
by two dimensionless parameters, v and 7*. (a) Varying 7* = (0.01,0.1,0.5,2.5) at v = 5
with limiting behaviours for 7* <« 1 (dashed black) and 7% > 1 (solid black). (b) Varying
v =(0.2,1,5,50) at 7* = 5 with an limiting behaviour for v < 1 (dashed).

properties. To this end, we rewrite Eq. (2.28) in dimensional terms as

o /T

_ , 2.29

showing that the period is determined by the tensile strength of the impermeable seal, the
tectonic pressurisation rate in the sandstone and (1 4 v/+). This denominator is termed
the venting frequency multiplier, where v/7 is a dimensionless number that quantifies
the effect of diffusion. Without pressure diffusion (i.e., for v/y < 1), the frequency
multiplier is unity and the period reduces to the compression-only (sawtooth) period,
or/Ts (Fig. 2.8). Considering the role of pressure diffusion divides the compression-only
period or, equivalently, multiplies the compression-only frequency by a factor of (1 +
v/v). If the frequency multiplier is much greater than unity, neglecting its effect will
lead to an erroneous diagnosis of the tectonic compression rate from an observed venting

period.
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The results above enable us to estimate the contribution to pressure recharge from
compression relative to that of pressure diffusion over a single period 7. In the absence
of diffusion, compression will generate a pressure of v7* per period. By definition, the
overpressure at the end of one period is the amount needed to trigger venting, o7, so
the relative contributions from compression and diffusion are y7* /0% = (1+v/v) ™!, and
(0% —y7*) /0% = v/y (1 +v/y)~!, respectively, having used Eq. (2.28). The ratio of the

contribution from diffusion to the contribution from compression is then

Vo hmoam 1+ A/ ps

v hs s 14+ A/ tim,

(2.30)

This dimensionless ratio is the ratio of fluid volumes expelled from each layer during tec-
tonic compression at constant pore pressure. Remarkably, this quantity is independent
of strain rate and permeability; it depends only on the thicknesses and poroelastic prop-
erties of the layers. Permeability plays an important role in the timescales associated
with compression and diffusion, and thus in the shape of the recharge curve, but does not
affect the overall contributions. The dimensionless quantity (1+A/u) can be rewritten as
1/(1—2v) where v is the Poisson ratio (not to be confused with the hydraulic capacitance
ratio v). We can simplify Eq. (2.30) by recognising that in most mudstone-sandstone
successions, vs ~ Uy, implying that (1 4+ A\p,/pm)/(1 + As/ps) ~ O(1), and the ratio of

Biot coefficients is ay,/as ~ O(1) so that

>

~ 2.31
h (2:31)

=R

In other words, the role of pressure diffusion relative to compression is controlled primarily
by the thickness of the mudstone relative to that of the sandstone. This equation means
that for a mudstone unit that is thick compared to the adjacent sandstone, diffusion

dominates the pressure recharge. Fluid venting phenomena are frequently observed in



Chapter 2. Episodic, compression-driven fluid venting 39

mudstone-dominated basins (Cartwright & Santamarina 2015), so pressure diffusion is

likely to be a major contributor to pressure recharge for fluid venting phenomena.

compression-
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diffusion-dominated
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Figure 2.8: Venting period (left axis) and fraction of total pressure recharge from compression
(right axis) as functions of the venting frequency multiplier, (1 + v/7), where the dimensionless
ratio v/~ measures the contribution of pressure diffusion relative to that of compression. The two
quantities have the same mathematical relationship with (1+v/+) and therefore follow the same
curve. The same function is the pressure recharge contribution from tectonic compression. Insets
show example compression-dominated (green dot) and diffusion-dominated (blue dot) pressure
evolution curves for the sandstone.

2.3 Discussion

The expression derived above for the venting period can be used to interpret observations
of episodic venting and to infer the history of tectonic compression. As a prototype of
such analysis, we consider the Oceanus pockmark trail located in the North Levant Basin
(Cartwright et al. 2018). Cartwright et al. (2021) performed a similar analysis, beginning
with the assumption that the associated reservoir was hydrostatically pressured (i.e., zero
overpressure) immediately after the Messinian Salinity Crisis. They then estimated that
~30 MPa of overpressure must have been generated over a period of ~3 Myr to exceed the

critical fracture pressure and initiate the first venting episode, implying a pressurisation
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rate of ~10 MPa/Myr prior to initiation of venting. They attributed this pressurisation

rate solely to tectonic compression.

The Oceanus trail records 21 venting episodes from ~1.7 Ma until recent, suggesting
a mean venting period of ~80 kyr. During each venting episode, the Messinian salt layer
is re-fractured and fluid is expelled until the sandstone pressure drops by the tensile
strength of the salt, as described above. Extended leak-off tests suggest that this tensile
strength is in the range 2 + 1 MPa (Bérest et al. 2015). Consequently, a pressurisation
rate of 25 + 13 MPa/Myr would be required to recharge the reservoir to failure every
80 kyr. At Oceanus, the pre-salt clastic succession from which the fluid is sourced is
predominantly mudstone, with h,,/hs ~ 20 £ 7 (Cartwright et al. 2021). Using typical
sandstone and mudstone properties from Table 2.1 in Eq. (2.30), we estimate the venting
frequency multiplier to be (1 + v/v) ~ 24 £ 12. With this result, we use Eq. (2.29) to
calculate the pressurisation rate due to tectonic compression during the periodic-venting
phase to be I's ~ 1.4 + 0.9 MPa/Myr. This result is much lower than the total inferred
pressurisation rate during periodic venting because the major recharge contribution is
from pressure diffusion, with a rate of 24 + 14 MPa/Myr. Additionally, the inferred
pressurisation rate due to tectonic compression during periodic venting is much lower
than that obtained by Cartwright et al. (2021) for the period prior to the onset of
venting. One possible explanation for this discrepancy is that tectonic compression has
eased since the initiation of venting. However, it is also plausible that the Messinian
Salinity Crisis left the Oceanus reservoir significantly overpressured (Al-Balushi et al.
2016), rather than hydrostatically pressured, and that the rate of tectonic compression

has been roughly constant since that time.

Tectonic compression of the North Levant Basin stems from activity on the Dead

1

Sea Transform fault, where geodetic strain rates of order 10716 s~1 are observed (Palano

et al. 2013). From the pressurisation rate calculated above, we can infer the strain
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rate associated with tectonic compression at the Oceanus pockmark trail. Using typical
sandstone properties (Table 2.1), we use Eq. (2.13) to estimate a horizontal strain rate
of 1.6 + 1.1 x 1074 Myr~! = 5.1 4 3.7 x 1078 s~!. This value is much smaller than
the observed rate of regional shortening because folding and thrusting across the basin
(Oppo et al. 2021) accommodate a large portion of the shortening. Only the much smaller
fraction accommodated by compression is relevant to our model. Strain rates typically
vary laterally across sedimentary basins, so this measurement only provides a local strain

rate at the Oceanus pockmark trail.

The above analysis of the Oceanus pockmark trail relies upon the assumption that the
transition to periodic venting is complete. This transition occurs after the onset of vent-
ing over the characteristic poroelastic timescale of the system h2,/D,, (Appendix 2.E).
For the Levant Basin, using estimated values from Table 2.1, we calculate an expected
poroelastic timescale of 23 kyr. Within the 95% confidence interval, however, the poroe-
lastic timescale could be an order of magnitude higher or lower. This range is primarily
due to the uncertainty in the mudstone permeability. For the typical ~100 kyr venting
period, this implies that the transition to periodic venting is complete by the second
venting episode or, at most, after a few episodes. Venting observations from the Oceanus
trail and other trails across the North Levant Basin show no evidence of an initial tran-
sition to periodic venting. This suggests that the regional poroelastic timescale is similar
to or less than the ~100 kyr venting period and that our assumption of periodicity is

justified.

Oppo et al. (2021) documented a set of 12 pockmark trails across the margin of the
North Levant Basin, where venting initiates at a similar time to Oceanus. Mean venting
periods vary between trails, ranging from ~30 to ~220 kyr. Equation (2.29) suggests
that these spatial variations in period can most likely be attributed to spatial variations

in layer thicknesses and the local tectonic strain rate. Moreover, the time of the first
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venting episode varies significantly between trails; this is controlled by the local tectonic
strain rate and the residual overpressure from the Messinian Salinity Crisis. The time of
the last observed venting event also varies between trails, potentially associated with the
time that compression ceases locally. However, a given reservoir may continue to vent
after tectonic compression ceases, driven by pressure diffusion alone (Appendix 2.H). The
number of excess venting episodes depends on the local hydraulic capacitance ratio and

salt tensile strength.

Oppo et al. (2021) showed that pipe trails have formed exclusively above anticlines
across the North Levant Basin. From this, one might infer that folding generates sufficient
overpressure for venting, despite our assumption of the contrary for the present model.
Cartwright et al. (2021) estimate that growth of the Oceanus anticline has increased
the reservoir trap capacity by 320 m since the initiation of venting. Anticline growth
generates overpressure in a high-permeability reservoir through the lateral transfer of
pressure to its crest from the surrounding overpressured, low-permeability rock, which
is the mudstone in this case (Flemings et al. 2002). If the reservoir has a parabolic
fold geometry with constant thickness, then the corresponding increase in overpressure is
%(pm —pg)gAh, where p, is the density of the mudstone, p, is the density of gas, g is the
acceleration due to gravity, and Ah is the increase in trap capacity. Using density values
from Cartwright et al. (2021), we obtain an increase in overpressure by lateral transfer
of ~2 MPa. Additionally, an increase in trap capacity will enable the accumulation of a
thicker gas column, increasing overpressure due to buoyancy by (pg — pw)gAh ~ 1 MPa,
where p,, is the density of water. The overpressure generated in the sandstone due to
fold growth is thus negligible, merely supplying enough overpressure for one additional
venting episode. Despite this, the additional overpressure (and high topography, hence
reduced compressive stress) associated with anticlines make them preferential sites for

venting.
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However, the overpressure generated by fold growth is comparable to that generated
by tectonic compression, inferred to be 2.4 4+ 1.5 MPa since the initiation of venting. The
fundamental difference between these overpressure mechanisms is that tectonic compres-
sion also pressurises the mudstone. For example, an overpressure increase in the mudstone
of 1 MPa can provide an increase in overpressure in the sandstone of ¥ MPa via pressure
diffusion. In mudstone-dominated basins v > 1, thus a small amount of mudstone over-
pressure can drive many venting episodes. This suggests that overpressure mechanisms
that pressurise the mudstone, e.g., tectonic compression, disequilibrium compaction and

sea-level change are potent drivers of episodic fluid venting in other sedimentary basins.

Our model can speculatively be applied to basins containing mud volcanoes, where a
sandstone layer may not be present. To do so, the modelled sandstone layer can be recast
as a fluidised mud region that depressurises during venting. The thickness of the depres-
surised region depends on details of the fracture mechanics of venting, and may vary
as mud is expelled. If this region is much smaller than the overall mudstone thickness,
then it is likely that pressure diffusion provides the dominant contribution to recharge.
In the Eastern Mediterranean, the West Nile Delta hosts linear trails composed of fluid
escape pipes and mud volcanoes. Sandstone reservoirs are not observed, in contrast to
the North Levant Basin. The West Nile Delta is likely pressurised by hydrocarbon gen-
eration and lateral pressure transfer rather than tectonic compression (Kirkham et al.
2022). Despite these differences, similar ~100 kyr periods are observed in the West Nile
Delta (Kirkham et al. 2022). This timescale is comparable to the poroelastic diffusion
time for the North Levant Basin, suggesting that recharge in this region is also controlled

by pressure diffusion.

The model is readily generalisable to other settings and scenarios. For example, the
impermeable sealing layer could be replaced with a permeable unit (e.g., mudstone) to

study the effect of pressure dissipation due to fluid migration through an imperfect seal.
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The model could also be reformulated to include disequilibrium compaction as the active
overpressure mechanism (Appendix 2.G). Disequilibrium compaction is a prevalent driver
of overpressure in low-permeability sediments (Osborne & Swarbrick 1997), especially in
basins with high sedimentation rates (e.g., the South Caspian Basin, see Stewart & Davies
2006). For this mechanism, an increasing vertical stress acts on the system, rather than a
horizontal compression. Much of our qualitative findings will also apply for disequilibrium

compaction.

Despite the widespread occurrence of venting phenomena, there are many basins
comprising overpressured mudstones that have not vented. Venting requires a mecha-
nism that generates overpressure faster than fluid flow can dissipate it, and that is active
for long enough to achieve critical overpressures. Therefore, lateral reservoir connectivity
and/or poor vertical sealing can inhibit fluid venting. Venting is also less likely to initiate
at larger depths, where the critical fracture pressure is larger. Once venting initiates,
further episodes require pressure recharge in the reservoir unit, from either sustained
overpressure generation or by pressure diffusion from an adjacent overpressured mud-

stone.

Our model invokes a variety of simplifying assumptions. These assumptions make
the model tractable and transparent, but also carry limitations. In reality, tectonic com-
pression is unlikely to be a constant-strain-rate process and compression may not be the
sole overpressure mechanism in a basin. Furthermore, basin stratigraphies seldom consist
of uniform, horizontal layers; layer topography and heterogeneity will affect the spatial
distribution of overpressure and fracture pressure, and thus also of venting loci. The sed-
imentary layers themselves are composed of rocks with porosity-dependent permeability
that do not behave perfectly poro-elastically. For example, many sedimentary rocks may
partially fluidise during sudden fluid expulsion. We have assumed that the vented fluid is

water, but in reality it is a mixture of water, natural gas and sediment. However, we do
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not expect any of these features to change the key qualitative implications of our model.

Many open questions remain regarding fluid venting phenomena that are not ad-
dressed by this work. The mechanics of venting are not explicitly stated in the model;
the high permeability of the sandstone layer enables us to circumvent this. If the sand-
stone is also overlain by mudstone, then we might expect that hydraulic fracturing occurs
through the mudstone. But the mudstone is also predicted to be overpressured and to
recharge the reservoir during episodic venting. It is unclear how a hydraulic fracture
could propagate through a unit with a higher overpressure; perhaps the presence of nat-
ural gas and fluidised sediment enables this. This lack of clarity in the conditions for
venting motivates incorporation of fracture mechanics and mudstone fluidisation into our
model. Furthermore, since the model contains only one spatial dimension, it cannot be
used to address observations such as the strong correlation of venting sites with areas of
high reservoir-layer topography. This strong spatial dependence can lead to clusters of
multiple venting sites in close proximity. For example, in the North Levant Basin margin
(Oppo et al. 2021), four pockmark trails originate along the crest of the same folded
sandstone reservoir and thus may be hydraulically connected. A model that considers
these spatial variations may be capable of inferring basin properties such as reservoir

architecture from dates of venting episodes.

2.4 Conclusions

We have developed and solved a one-dimensional model of pressure evolution of sedimen-
tary layers subject to horizontal tectonic compression, leading to episodic fluid venting.
Our main goal was to elucidate the interactions between the three fundamental ingredi-
ents of episodic venting: pressure build-up, pressure diffusion and hydraulic fracturing.

The main conclusions from the study are as follows.
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e In the absence of hydraulic fracturing, two time regimes emerge. At early times,
the pressure of each layer rises independently at a rate determined by the elastic
properties of the layer. At timescales corresponding to mudstone fluid flow (¢ >

h,Qn /D), layer pressures equilibrate by pressure diffusion and rise at the same rate.

e Sustained tectonic compression will generate extreme overpressures required for
hydraulic fracturing of the sealing layer. Once hydraulic fracturing initiates, the
sandstone pressure drops rapidly. The sandstone pressure is then slowly recharged
by tectonic compression and pressure diffusion from the mudstone layer, leading

to repeated venting episodes.

e During episodic venting, the time interval between episodes tends towards a fixed
period, given by 7 = o7 /I's/(14v/7v), where o7 is the tensile strength of the seal,
T'; is the pressure build-up rate in the sandstone layer due to tectonic compression,

and (14 v/7) is the venting frequency multiplier.

e The venting frequency multiplier (14v/7) is determined by the dimensionless ratio
v/, which is independent of strain rate and permeability. When v/v is small,
diffusion is negligible compared to compression and the sandstone pressure evolves
as a sawtooth wave with a venting period 7 ~ o7 /T's. The period decreases with
increasing v/~ as the additional contribution to pressure recharge from diffusion
increases. Based on estimates of sandstone and mudstone elastic properties, v/ is
controlled by the ratio of thicknesses of the mudstone and sandstone layers. Fluid
venting phenomena are commonly found in mudstone-dominated basins; we have

shown that in these settings, pressure recharge will be dominated by diffusion.

e More generally, we have shown that tectonic compression cannot be decoupled
from pressure diffusion. Episodic expulsion depends on more than simply the rate

of tectonic compression — pressure diffusion can markedly reduce the time interval



48

Chapter 2. Episodic, compression-driven fluid venting

between episodes.



Appendices

2.A Storage equation

Here, we follow the derivation of the storage equation by Verruijt (1969). Starting from

conservation of mass of the fluid ¢ and solid g phases,

0
% + V - pppvy =0, (32)
WD G (1= 6)py0, =0 (33)

where ¢ is the porosity of the medium, p; is the phase density and v; is the phase velocity.

Assuming spatial variations in phase densities are negligible, then

1 O¢pe B
1 9(1—¢)py _
PR T +V - (1—¢)v, =0. (35)

For the solid phase, ¢, is the compressibility of the solid grains such that for the pure
solid material, ¢, = 1/py Opy/Op. However, in poroelastic materials, grains compress in

response to changes in both total isotropic stress ¢ and pore pressure p.

We determine this relationship by considering an undrained compression of Ap fol-
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lowed by a drained compression of (—Ac) — Ap such that the overall change in pore
pressure is Ap and the overall change in isotropic stress is —Ao (stress is tension-
positive). For an undrained deformation of magnitude Ap, the change in grain density
Apg = cgpgAp, by definition. For a drained compression of magnitude (—Ao) — Ap, the

grains experience an amplified stress increase of —(Ap + Ac)/(1 — ¢), so

Ap + Ao
Apg = —Cgpg 1—¢ (36)
Superposition of these two responses gives the change in grain density,
_ _ %Py
Apy = {2 (08D + o). (37)
If these changes occur over a time At, the limit as At — 0 is
Opg cgpg [, Op Oo
— = — — 4+ — . 38
o - 1-6\"a "o (38)
Using (38), we can simplify the solid mass conservation equation (35) to
foler dp do
—5f 9 g; ~Cogy + V(1= v =0. (39)
Applying the definition of fluid compressibility ¢, = 1/p; Ope/0p to (34) gives
0 dp
E + (ﬁCZE + V . (z)/vé - O (40)
We add (39) and (40) to eliminate the porosity derivative terms, resulting in
Oe dp do
— —Cy)= —¢cg—=-V"- 41
g Tl )y —eg =V (41)

where g = ¢(v—vy) and Je/0t = V-v,. We can eliminate the isotropic total stress from
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the equation using Terzaghi’s principle, 0 = ¢’ — ap where the effective stress o/ = ¢/c

and o = 1 —¢,4/c with ¢ denoting the compressibility of the solid skeleton. It follows that

Oe Op
i . 42

where the storativity S = ¢cg+ (o — ¢)cg. Equation (42) is termed the storage equation
by Verruijt (1969). The only assumptions made in deriving this equation are that spatial

variations in phase densities are negligible and that each phase is linearly compressible.

2.B Stress conditions for hydraulic fracturing

For this analysis, we assume that the initial compressive stress in the y-direction is less
than the lithostatic stress. As compression is acting in the z-direction, a vertical fracture
will open aligned with the y-direction. In this case, the condition for hydraulic fracturing
is

P> —oyy +o7. (43)

Assuming a steady-state, hydraulic fracturing thus requires that the sandstone pressure

P, increases faster than —oy,,
0P, - _8ayy

. 44
ot ot (44)

We use this condition to predict if hydraulic fracturing will occur under different stress
conditions. If we assume 0;0,, = 0, then vertical hydraulic fracturing will always occur.

However, if we instead assume d;eyy, = 0, then

de _ 0P,
ot %ot

(As + 2ps) — 25y (45)
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From the storage equation for the sandstone,

0P, _ 2005 45 Cas As + 2

q
ot a2+ Ss(\s+2us) a2+ Ss(As + 2us) hs’

(46)

where ¢ < 0 indicates flow from the mudstone into the sandstone. From the condition

for vertical hydraulic fracturing, we obtain

Qtsbanlcrs(1 — aus) — SsAs] — [\s + 241s(1 — as)]hi > 0. (47)

S

To simplify interpretation, we assume a ~ 1, giving

q/hs

— . 4
21155 (48)

Crg <

If the mudstone is impermeable, ¢ = 0, thus vertical hydraulic fracturing will never occur.
Indeed, an additional flux from the mudstone is required for fracturing when d;e,, = 0.
This only occurs when the sandstone is more compressible than the mudstone, which is
not commonly observed. Furthermore, if the sandstone is highly compressible, i.e., Sy is

large, a higher flux may be required to satisfy the inequality.

However, assuming die,,, = 0 is likely less physically realistic as pore pressure in-
creases of, for example, ~10 MPa would lead to predictions of ~10 MPa differential
stresses; these stresses are typically relieved by faulting in natural systems. For this

reason we assume 0;0y, = 0 in the main text.
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2.C Compression solution
The Laplace transform F of a function f is defined as
F(s) = / f(t) exp(—st)dt. (49)
0

Transforming equations (2.18)—(2.19) to Laplace space using p;, (z*,0) = 0 gives a second-

order ordinary differential equation,

Py L 1 .
dz*;n — sy, = - for 2* € (0,1), (50)
with boundary conditions
dP*
Pr = 724—1 o at 2* =0,
S* 5* dz* (51)
dPx
3 o= at z* = 1.
z

The solution to this system of equations is

p* _L+fy—1 cosh(1 — 2*)y/s* (52)
me %2 5*2 cosh\/si*qtysinh\/si*/\/si*'
The inverse Laplace transform can be expressed as
1 G+iT
f(t) = — lim F(s)exp(st)ds, (53)

271 T—o0 G—iT

where G is greater than the real part of all the singularities of F(s). Assuming that the

integrand is single-valued, it follows from the Cauchy residue theorem that the integral



54 Chapter 2. Episodic, compression-driven fluid venting

equals the sum of the residues at all the poles s1, s2, ..., 55,

Zéges?{ 55) exp(sjt)} (54)

Equation (52) has poles at s* = 0 and at the zeros of the denominator of the second

term, i.e.,

tanh V/s* = \ﬁ (55)

The solutions to this equation are imaginary, so by substituting v/s* = i we obtain the

transcendental equation

§
tan& = —>.
an ¢ ” (56)
For the pole at s* = 0, using Taylor expansions we obtain the late-time solution
Y +v * V= 1 v 1 _x* *
— 2" (2 - .
(2%, 00) = 1+1/t +1+y{3(1+1/) 52" ( z)} (57)
The residue of a quotient f(s)/g(s) at a simple zero, sy is given by
Res(f/g) lim 1(s) = fl(80>, (58)
s=s0 g(s)  g'(s0)
hence the residues at s* = s}'f can be expressed as,
2. cos{&;(1 — z* exp(—&7t*)
—2V(’}/ o 1) Z { J( )} J (59)

= cosé; EWrtrv+&)

Combining residues gives the desired solution,

R s Y S W o~ cos{§(1—2")}  exp(—E71")
Pm =13, +1+y{3(1+y)_2z (2= )}_2”(7_1)2 éosgj gf(u2+uy+§§-)’

(60)

J=1
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which can be expressed more compactly, with
A t o~ cos{éj(1— 27)} 1 — exp(=§3t")
=t —1)q——+2 . 61

Early-time compression

At early times, exp(—gjzt*) ~1- szt*,

[e.e]

* * 1 COS{&j(l _Z*)} 1 *
i~ t +(v—1){1+y+2u; e u2+u+g§}t' (62)

Therefore, the mudstone overpressure initially increases linearly with time. By applying
the initial condition p},(z*,0) = —H(—=z"), where H is the Heaviside function, to the

fluid venting solution (2.26), we find that

i cos{§;(1 —2%)} 1 _ (1+v)H(—=2*) -1 (63)
= cosé; Vit & 2v(1 +v)
Therefore,
P~ {1+ (v = D H(=2")}t7, (64)
e, pt=pk(0,t) ~~4t* and, for z* > 0, pf, ~ t*.
2.D Fluid venting solution
For fluid venting, we assert that at t* = t? the sandstone instantaneously drops in
pressure by o7 such that
op; op:
m = o —opo(t* —t%). 65
o |y~ e |, o ) (65)
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Transforming the augmented system of equations to Laplace space using p}, (z*,0) = 0,

we have
d’P 1
o2 =P o (66)
with boundary conditions
0P 1ol
pro— v ope ey,
s* s* dz* |,._g s* (67)
dPy,
= 0 t * - 1.
e at z
The particular solution to this system of equations is
Pt — 1 L= 1 cosh(1 — z*)y/s* a}e_s*tj’ cosh(1 — z*)y/s*
e gx2 5*2 cosh\/37+usinh\/37/\/s7 s* cosh\/s»*—&—vsinh\/(s»*/\/s»*‘
(68)

We know the inverse transform of the first two terms from the solution for compression
in the absence of venting (Appendix 2.C). The third term describes the system response
to venting, thus we discard the former two terms for the present analysis. We denote the
venting response with pf . The third term of Eqn. (68) has residue at s* = 0, giving the
late-time solution

*

~x * g
Pz 00) = =71 (69)

Adding the residue at the poles of the denominator s7, we get

s op oo i cos{§;(1 —2%)} eXP{—SJZ(t* —t3)}

_ 70
Pm 1+v cos & Vv & (70)

j=1

where §; is the j-th solution to tan& = —¢§/v.
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2.E Transition to periodic behaviour

To understand the pressure evolution without oscillations due to venting, we take the
sandstone pressure to be a constant. For simplicity, we set pf = 0 so the system of

equations become
W _ ., 0P

e 5252 for 2* € [0, 1]. (71)
and
pr, =0 at z* =0,
. (72)
?;;T =0 at z* = 1.

Solving this system in Laplace space gives

1 {— cosh(1 — z*)y/s*

= 73
meo g2 cosh v/s* (73)

Equation (73) has a pole at s* = 0, with residue representing the steady-state solution
Pl 00) = —Lz*(2 = 2°). (74)

The remainder of the poles are at the zeros of the denominator of the second term,
i.e. 5% = —(2n — 1)?72/4 for n € Z. Combining residues gives the full solution,
16 o= (—1)"
P =172 -2+ - n; B 1P cos{(1 — 2*)(2n — 1)7/2} exp{—t* (2n — 1)?x2/4}.
(75)

Therefore, the average mudstone pressure evolves such that,

— 1 32 2. exp{—t* (2n — 1)?7%/4}
Pm =3 = 71 nz::l (2n — 1)4 ‘ (76)
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We compare the constant-pressure solution with the full solution for an example scenario
in Fig. 9. There is good agreement between the two solutions for the mudstone overpres-
sure, with the constant-pressure solution generally following the full solution but without
the oscillations produced by venting. Minor deviations between solutions at early times

(t* ~ 0.4) are explained by differences in their initial states.

1.0
%, 0.8
e | e S
Z T
£ 0.6 s
=3 ool *
% ‘/// f
2 041
%ﬂ
g Py —or
% 0.2 - !
0.0 ; . . . .
0.0 0.5 1.0 15 2.0 2.5

time t*

Figure 9: Average overpressure evolution of the mudstone layer (brown dashed) assuming that
the sandstone layer (solid yellow) has a constant pressure. We compare this constant-pressure
solution with the full solution from Fig. 2.6b, plotted in grey, with v = 2, v = 5, py = 0.5
and o} = 0.25. The sandstone overpressure is fixed at the time-average of the periodic venting
solution, p¥ ~ 0.4147. We initiate the constant-pressure solution at the time of the first venting
episode t* ~ 0.3917.

2.F Venting period

The system tends towards a state of periodic venting, with a (dimensionless) time interval
7* between episodes. We assume that this periodic state is achieved at late times of
tectonic compression, where the sandstone pressure increases linearly with time. We note,
however, that including the initial transient corresponding to tectonic compression does

not affect the results of this section. Using the principle of superposition, we represent
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this system as

. YU, exp{—&F(t* — n7*)}
= T TZ<1+V+ g crvve )T

for N7* < t* < (N 4 1)7*. The sandstone pressure is periodic if p%(t* 4+ 7%) = p(7*) for

a constant venting period 7*. We thus write

VY o SPEEGT)

ps( +T) ps( ) ]."_VT 1+V

The right-most term in equation (78) tends to zero for large t*, i.e., after the system has
been venting for a duration that is much larger than the timescale of poroelastic pressure

diffusion through the mudstone. Solving equation (78) in this large-time limit gives

=0T (79)

as the dimensionless venting period.

2.G Disequilibrium compaction

Disequilibrium compaction in this system will act to increase the total vertical stress o,,.
We assume a constant rate of compressive vertical stress generation —d,, (with ., > 0)

so from Terzaghi’s principle,

do’, dp
8t - _O-ZZ + aa- (80)

Assuming sedimentation does not affect total stresses in the x and y directions,

Oe Op
2 g — 1
(BA+2u) = % = —0,, + 3 TR (81)
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Using the storage equation and Darcy’s law, we obtain

dps 05 3Xs + 20 1 ky, Opm
= + —— at 2z =0, (82a
dt 3024 Ss(BXs +2us) 302+ Ss(3Xs +2us) hs m 0z |, (82a)
= — f € |0, hy.
ot 3a2, + Sm(3Am + 2pm) + 3a2, + Sm(BAm + 2um) n 022 or z € [0, hn]
(82b)
In a similar way as done for tectonic compression, we introduce
k A 2 k As +2
Dm:ﬂ 2 St Hm ’ Ds:ﬂ 2 ths fe ) (83)
n 3a2, + Sm (3 + 20m) N 3a2 4+ Ss(3As + 2us)
OO 2y 050,
I, = , I's = . 84
" 302, 4 S (3N + 21tm) * 302 4 Ss(3Ms + 2pus) (84)

This selection of parameters recovers the same governing equations as for tectonic com-
pression, Eqns. (2.14) and (2.15). This allows us to provide solutions to both physical

problems by solving one set of equations.
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2.H Residual venting

If compression suddenly stops, venting may continue due to pressure diffusion. We take
the example presented in Fig. 2.6b, and assert that compression stops at t* = 1.4,
plotted in Fig. 10. Five further venting episodes are observed before the mudstone and
sandstone layers reach pressure equilibrium. The time interval between residual venting
episodes increases exponentially as the mudstone pressure approaches p;. The number of
residual venting episodes will decrease by increasing the pressure drop in the mudstone
per episode. This is achieved by increasing the tensile strength of the impermeable layer

o or decreasing the capacitance ratio v. In some cases, no residual episodes are observed.
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Figure 10: Average overpressure evolution of the sandstone (solid yellow) and mudstone (brown
dashed) layers with compression stopping at t* = 1.4. The solution for the mudstone with
ongoing compression is plotted in grey. This example scenario follows Fig. 2.6b, with v = 2,
v =25, p;‘c = 0.5 and 0} = 0.25.
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CHAPTER 3

Venting in the Levant Basin

The model, results and analysis presented in this chapter have been published in Kearney
et al. (2024). This chapter constitutes a minor reformatting of that work to fit within the

context of this thesis.

3.1 Introduction

Sedimentary successions often include high-permeability sandstone units enveloped by
thick, low-permeability mudstone units. Because the surrounding mudstones can act
as barriers to fluid leakage, these sandstones are often viewed as sealed reservoirs and
therefore as targets for the large-scale sequestration of waste or storage of sustainable
fuels (Krevor et al. 2023, Heinemann et al. 2021, Ringrose et al. 2021). However, fluid
injection can pressurise such a reservoir to the point of triggering hydraulic fractures
that breach the mudstone seal, enabling rapid depressurisation by fluid venting. This
mechanism of sediment depressurisation has been recognised for several decades (Noble
1963, Cathles & Smith 1983, Roberts & Nunn 1995). It is generally believed that pres-

sures below this failure threshold will dissipate by poroelastic diffusion through sealing

63
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mudstones over thousands of years (Muggeridge et al. 2004, 2005, Chang et al. 2013a,
Luo & Vasseur 2016). However, this slow depressurisation relies on the assumption that
the mudstones themselves will remain at low pressure over these long timescales, whereas
a variety of natural mechanisms are known to gradually pressurise the entire sedimentary
column (Osborne & Swarbrick 1997). Luo & Vasseur (2016) showed that overpressured
mudstones can, in theory, act as a pressure source rather than as a pressure sink, re-
pressurising a sandstone reservoir after natural fluid venting. They proposed that this
mechanism could fuel further episodes of venting. Kearney et al. (2023) recently de-
veloped a poroelastic model of episodic venting that supports and extends this basic
concept. However, the predictions of these theoretical studies are difficult to test against
observational evidence due to the long timescale associated with mudstone pressure evo-

lution.

Here, we test the hypothesis that mudstones can act as sources of pressure, fuelling
fluid venting from sedimentary basins. The geological record of episodic fluid venting
in the Levant Basin (Fig. 3.1A) provides a rare opportunity to elucidate the role of
mudstones in the pressure evolution of sedimentary basins. These vents release over-
pressure in localised fluid-expulsion events that transport fluid through kilometres of
low-permeability rock via cylindrical conduits known as fluid-escape pipes (Cartwright
et al. 2018). These pipes provide a high-permeability pathway to the surface, where they
terminate as pockmarks, each recording a discrete episode of venting. Field observations
of relict fluid-escape pipes consistently show evidence of fracturing (Huuse et al. 2005,
Roberts et al. 2010, Lgseth et al. 2011), suggesting that these pipes form by hydraulic
fracturing (Cartwright & Santamarina 2015). Hydraulic fracturing typically requires the
pore pressure to exceed the local compressive stress; indeed, drilling in a region of active
venting has revealed near-lithostatic pore pressures (Reilly & Flemings 2010). Further-

more, the resulting pockmarks enable stratigraphic estimates of the time of each venting
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Figure 3.1: Fluid-escape pipe trails in the Levant Basin. (A) Overview of base-salt surface,
showing sub-salt anticlines and the elevated margin platform, adjacent to the normally faulted
deeper basin; adapted from Oppo et al. (2021), where lighter colours indicate larger depth.
(B) Study area located on the North Levant Basin margin, offshore Lebanon. (C) General
mechanism for fluid escape pipe trail formation, adapted from Cartwright et al. (2018), with (4)
as the formation of the initial pipe at 1.7 Ma and (i) as the present-day arrangement. (D) Pipe
trails labelled 1-12 and Oceanus from panel (A) when corrected for relative salt translation rates
(Oppo et al. 2021).

episode and thus constrain the rate of pressure recharge between episodes.

3.2 The Levant Basin

In the North Levant Basin, located in the Eastern Mediterranean (Fig. 3.1B), more than
300 fluid-escape pipes have been documented, recording episodic fluid venting from 13

fixed locations across the region. For one of these locations, named Oceanus (Fig. 3.1C),
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Cartwright et al. (2021) calculated that the initiation of venting via hydraulic fractur-
ing requires ~30 MPa of overpressure. Tectonic compression and marginal uplift have
been proposed as the main overpressuring mechanisms in the region (Oppo et al. 2021,
Cartwright et al. 2021). The Levant Basin resides within a compressive tectonic regime
stemming from the collision of the African and Eurasian plates. We estimate the strain at
Oceanus to be less than 10% (Appendix 3.A). Within the Levant Basin is a ~3 km-thick
Oligo-Miocene clastic succession consisting of turbiditic sandstones of Late Oligocene to
Early Miocene age that are encased by mudstone. Many of these sandstone reservoirs
host biogenic methane accumulations in NE-SW trending anticlines. The Levant pipes
source methane and water from these anticline reservoirs and terminate at the seafloor
as pockmarks (Fig. 3.1A). The pipes penetrate through a ~1.5 km-thick layer of salt de-
posited during the Messinian Salinity Crisis (Ryan 2009). Recent activity of the Levant
Fracture System has been uplifting the eastern margin of the basin, leading to gravity-
driven, basinward salt flow since ~2 Ma, contemporaneous with the formation of pipes

in the area.

Each pipe forms vertically but the basinward viscous flow of salt advects existing pipes
away from their initial positions, such that subsequent venting from the same reservoir
requires the formation of a replacement pipe (Fig. 3.1C). Repetition of this process leads
to the 13 observed trails of pipes in the North Levant Basin (Cartwright et al. 2018,
Oppo et al. 2021). Thus, each pipe trail records episodic fluid venting from a single
reservoir, suggesting that these reservoirs are repeatedly repressurised. From the spatial
distributions of pockmarks within each pipe trail, the time of formation of each pipe
can be estimated (Fig. 3.1D) using the methods of Oppo et al. (2021) and Cartwright
et al. (2021). These approaches reveal that for each trail, pipe formation typically occurs
every ~100 kyr. Since fluid-escape pipes record critical subsurface pressures, the Levant

pipe trails enable us to distinguish between theories for pressure redistribution between
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sedimentary layers. The timings of the pockmarks of the isolated Oceanus pipe trail are
particularly well constrained as it is situated in a less tectonically-active region of the
basin. Oceanus is therefore less susceptible to local stress changes that might affect the
recharge mechanics. We thus focus our analysis on the Oceanus trail. The remaining 12
trails are distributed along the active basin margin and are used to extend our inferences

from Oceanus to a more complex system.

To test the pressure-source hypothesis, we develop a novel stochastic model of reser-
voir pressure evolution and use it to invert the Levant pipe trail data under a Bayesian
framework for model parameters such as the pressure-recharge rate. Using basic physical
arguments, we then estimate recharge rates for each candidate overpressure mechanism
and compare with the inferred rates. In particular, Kearney et al. (2023) showed that
pressure diffusion from mudstones amplifies the rate of pressure recharge generated by
tectonic compression. In mudstone-dominated basins like the Levant Basin, pressure-
recharge rates can be amplified by a factor of ~10. Therefore if this hypothesis is cor-
rect, then we expect that the inferred recharge rate is a factor of ~10 greater than that

predicted for tectonic compression alone.

3.3 Stochastic model of pressure evolution

We assume that a fluid-escape pipe forms via hydraulic fracturing when the pore pressure
exceeds the critical fracture pressure py, which is the sum of the minimum horizontal
compressive stress opin and tensile strength op of the overlying mudstone (Price &

Cosgrove 1990, Scandella et al. 2011),

Pf = Omin +or, (31)
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where we take compression to be positive. Once venting begins, the pressure drops rapidly
until the pathway closes, which we assume occurs when the pressure reaches opin. Once
closed, we expect fractures to self-seal via swelling and mineral precipitation (Bock et al.
2010). Roberts & Nunn (1995) predict fluid venting durations of order years, which may
be considered instantaneous relative to recharge times, of order 100 kyrs. Over the latter
timescale, pressure will become spatially uniform within a high-permeability reservoir.
We thus assume that reservoir pressure depends on time only. For multiple venting
episodes to be sourced from the same reservoir, the reservoir pressure must recharge
between episodes. We consider generic pressure recharge at an average rate I', such that

the corresponding time At between events is

_ Py — Omin _ O'l (32)

At
r T

Fractures exploit pre-existing rock weaknesses that change over geologic time, such that
op will vary between events. We model this variability by asserting that op is a normally
distributed random variable with mean o7 and standard deviation sp. Equation (3.2)
then implies that At ~ N (a7 /T, sp/T'). Thus, the mean and standard deviation of inter-

event times of a trail of pockmarks can be used to infer the underlying recharge rate.

As this is a limited dataset that has been produced by an inherently stochastic
process, Bayesian inference is used to invert the pipe trail data for the full probability
distribution of each parameter and quantify their uncertainty. Our prior estimates of each
parameter (I',o7, s7) are updated by evaluating the data with a likelihood function to
recover the posterior probability distributions of each parameter. The likelihood function
provides a statistical measure of model-data agreement by calculating the probability of
observing the data given a set of model parameters. The simplicity of our physical model

enables the likelihood function to be expressed analytically (Appendix 3.B). We apply a
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Figure 3.2: Results of Bayesian inference applied to the Oceanus pockmark trail. (a) Lower
panel: Time-transformed pockmark data (blue) and stochastic model instances of venting history
using inferred posterior mean (dark green) and sample parameters (translucent green). Upper
panel: Stochastic instance of linearised pressure evolution using inferred posterior mean param-
eters (dark green), with pressures in excess of the minimum compressive stress corresponding to
the mean tensile strength (dashed line) and corresponding to tensile strength values within one
standard deviation of the mean (grey shaded area). (b) Posterior mean (dark green) and sample
(translucent green) time interval distributions compared with Oceanus data.

conservative Gaussian prior for a7 ~ N(2.0,1.0) MPa, since mudstone tensile strengths
are typically a few MPa (Okland et al. 2002, Raaen et al. 2006); in particular, Roberts &
Nunn (1995) predict a pressure drop of ~2 MPa from venting. The posterior distributions

of each parameter are sampled using the Metropolis-Hastings algorithm (Hastings 1970).

3.4 Oceanus pockmark trail

From the posterior distributions inferred for the isolated Oceanus trail (Appendix 3.D),
we use the mean posterior parameter values as input for our stochastic model to simulate
an instance of linearised pressure evolution (Fig. 3.2A). The qualitative similarity between
the pockmark data and the model output is apparent (Fig. 3.2A, lower panel). For
statistical comparison, we use samples from the posterior parameter distributions to
calculate a range of posterior time interval distributions (Fig. 3.2B) that agree well with
the data; variations between samples indicate the level of uncertainty in the inference.

We note that as we have inferred the time-averaged recharge rate, this linearised pressure
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Figure 3.3: Results of Bayesian inference applied to Levant margin data. (a) Time-transformed
data from Oppo et al. (2021). Dashed lines divide pipe clusters that are separated by more than
10 km. (b) Violin plot of posterior recharge rate distributions for each pipe trail. (c) Bayes
factors of pairwise pipe analysis, where a value greater than one implies the coupled model is
more likely.

evolution resembles the sawtooth behaviour that is predicted for recharge from tectonic
compression only (Cartwright et al. 2021, Kearney et al. 2023). However, our statistical
model makes no physical assumptions regarding the mechanism or dynamics of pressure

recharge between venting episodes.

3.5 Levant margin pockmark trails

To the east of Oceanus are 12 other trails distributed along the basin margin (Oppo
et al. 2021). Some of these trails originate from the same anticline, separated only by
~1 km, and thus may be in hydraulic communication. To account for this possibility,
we introduce pressure coupling as a feature of the model. For a coupled system of
pipes, after any one pipe vents, the pressures of all pipes coupled to it reset to omin
and a new op is sampled for each. Therefore, the pipe that vents pressure temporarily
inhibits any coupled pipes from venting. Consequently, the pipes in a coupled system
form complementary pockmark series (Appendix 3.E). If a group of pipes are instead
uncoupled, each pipe behaves independently. This contrast between independent and

complementary venting behaviour is a qualitative diagnostic for pressure coupling.



Chapter 3. Venting in the Levant Basin 71

To evaluate whether a pair of adjacent trails are coupled, we calculate the Bayes
factor of the coupled model M. and uncoupled model M, (Appendix 3.B). The Bayes
factor B, of two models M. and M, is given by the ratio of probabilities of observing

the data t given each model, i.e.,
t
B, = PEI ML) (3.3)

For example, if B, > 1 then M, is preferred over M,,. Kass & Raftery (Kass & Raftery
1995) state that Bayes factors in the range 10-100 are ‘strong’ and above 100 are ‘deci-

sive’. We use this interpretation to assess the couplings of the pipe trails.

For the Levant margin pipe data (Fig. 3.3A), we infer similar recharge rates to those
inferred for Oceanus, although mean recharge rates range up to 66 MPa/Myr for pipe
trail 8 (Fig. 3.3B). Fig. 3.3C shows Bayes factors of pairwise analysis of adjacent trails.
Triple-wise analysis leads to the same conclusions, but has been omitted to simplify the
interpretation (Appendix 3.F). The model identifies all adjacent pipes that are greater
than 10 km apart as decisively uncoupled. Furthermore, the inverted model indicates
hydraulic connectivity between pipes 3, 4 and 5, each located along the same anticline,

as well as trails 7 and 8 (Fig. 3.3C).

The inferences for pressure coupling are in agreement with the qualitative diagnostic
behaviour. For example, the complementary venting behaviour of trails 3, 4 and 5 is
visually evident. Conversely, trails 10, 11 and 12 are statistically inferred to be uncoupled
and exhibit independent venting behaviour. Bayes factors with magnitudes between 0.1
and 10 exist for trail pairs {1, 2}, {2, 3} and {5, 6}, indicating a lack of preference
for either coupling or not. We attribute this neutrality to features in the data that
obscure the underlying recharge mechanics. These features are likely due to local stress

variations caused by, for example, faulting. Nonetheless, since the majority of results
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do have strong preferences to one model or another, we assert that the physical model
captures the main pressure behaviour, both spatially and temporally. This result lends

support to our statistical inferences of pressure-recharge rates.

3.6 Comparison of candidate overpressure mecha-
nisms

Qualitatively, these venting observations could plausibly be explained by various over-
pressure mechanisms that have been previously proposed. We next show that these
mechanisms, other than tectonic compression with pressure diffusion from mudstones,
are inconsistent with our inferred recharge rates. Tectonic compression has been pro-
posed as a major contributor to overpressure in the region (Cartwright et al. 2021).
Previous numerical modelling of tectonic compression indicates that overpressures of 11—
14 MPa in total can be generated from 10% strain (Obradors-Prats et al. 2016). At
Oceanus, the strain accumulated since at least the Messinian Salinity Crisis, 5—6 Ma, is
less than 10%. This implies a maximum recharge rate of ~3 MPa/Myr from tectonic
compression in isolation, which is insufficient to reproduce the observations (Fig. 3.4).
However, Kearney et al. (2023) showed that pressure diffusion from mudstones amplifies
the tectonic pressure-recharge rate in adjacent sandstones by a factor of (1 +v/+). This
factor is termed the venting frequency multiplier and v/~ is a ratio of dimensionless
numbers that quantifies the relative effects of diffusion and compression. The dimension-
less quantity v measures the tectonic pressure-recharge rate of the sandstone relative to
that of the mudstone, whereas v is the hydraulic capacitance of the mudstone relative
to that of the sandstone, where the hydraulic capacitance of a layer is the product of
compressibility and thickness. Typically, v/ > 1 in basins composed primarily of mud-

stone (Kearney et al. 2023), like the North Levant Basin. Due to the large uncertainty in
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Figure 3.4: Comparison of pressure-recharge rates inferred from Levant pipe trail data with
estimated recharge rates from candidate mechanisms.

mudstone permeabilities (Yang & Aplin 2007, Chang et al. 2013a), it might be expected
that the uncertainty in the recharge rate from mudstone pressure diffusion would span
many orders of magnitude. However, the venting frequency multiplier is independent
of the mudstone permeability (Kearney et al. 2023). This result enables us to calculate
the recharge rate from the combined effect of diffusion and compression using prior dis-
tributions of each constituent parameter, giving a probability distribution that largely

overlaps with inferred recharge rates (Fig. 3.4).

Other candidate mechanisms predict much lower recharge rates than those inferred
from the data (Fig. 3.4). The details of how we estimate the pressure-recharge rates
from each mechanism can be found in Appendix 3.G. Oppo et al. (2021) proposed that
marginal uplift generates significant overpressures at the basin margin by driving lateral
fluid migration from the highly overpressured deep basin. If pressure is transferred later-
ally along a connected, high-permeability sandstone unit, the venting periods would be
several orders of magnitude lower than are observed. However, it is likely that there is
poor lateral reservoir connectivity in the area (Cartwright et al. 2021) and our analysis
above supports this idea, indicating that many relatively nearby pipes are likely to be
hydraulically independent (Fig. 3.3C). As a result, the only pathway for lateral fluid
migration is via mudstones, thus implicitly requiring pressure diffusion from mudstones

for reservoir recharge. Marginal uplift may also generate overpressure by flow focusing
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(Flemings et al. 2002), though this mechanism likely produces insufficient recharge rates
(Fig. 3.4). Flow focusing due to fold amplification (Flemings et al. 2002) generates over-
pressures at a rate of less than ~1 MPa/Myr. Furthermore, hydrocarbon generation
likely cannot generate the required recharge rate since the additional head required from
buoyancy is greater than ~1 km/Myr and most thermogenic gas generation was likely
complete by 5-6 Ma (Al-Balushi et al. 2016). We cannot rule out the possibility of weak
pressure recharge from biogenic gas generation, though petroleum systems modelling of
the region favours biogenic gas accumulation via lateral migration from the deep basin
(Bou Daher et al. 2016, Ghalayini et al. 2018, Nader et al. 2018). However, due to poor
lateral reservoir connectivity, lateral gas migration is rate-limited by pressure diffusion
(as for the case of marginal uplift). While lateral transfer produces insufficient recharge
rates, vertical pressure transfer from a deeper reservoir along faults or fractures has been
associated with fluid venting in other regions (see Grauls & Baleix 1994, Tingay et al.
2007, Cathles 2019). In the Levant Basin, however, there is no evidence to support
vertical fluid migration. Moreover, vertical transfer cannot explain the observed regular
periodicity of venting. Disequilibrium compaction due to the small, post-salt sediment
accumulation of ~300 m (Cartwright et al. 2021) creates a negligible pressurisation rate
of ~1 MPa/Myr. Sea-level fluctuations may trigger venting episodes (see Scandella et al.

2011), though this mechanism alone provides no net pressure recharge.

The venting observations from the Levant fluid-escape pipe trails are consistent with
predictions deriving from the hypothesis that pressure diffusion from mudstones fuels
episodic venting in the region. Therefore, the Levant pipe trails provide strong spa-
tiotemporal evidence supporting this hypothesis. In doing so, the pipe trails support
the more general idea that pressure diffusion from mudstones plays an important role in
pressure redistribution between sedimentary layers and provide observational evidence

that was previously lacking from the theoretical literature (e.g., Muggeridge et al. 2004,
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2005, Luo & Vasseur 2016, Kearney et al. 2023). It is likely that tectonic compression
and marginal uplift were the main mechanisms for slowly pressurising the basin to near-
lithostatic by ~2 Ma. This pressurisation initiated basin-wide fluid venting by hydraulic
fracturing, sourced by high-permeability, pre-salt sandstone reservoirs. Tectonic com-
pression continued to slowly pressurise (~3 MPa/Myr) the entire sedimentary succession
while poroelastic pressure diffusion from mudstones recharged the sandstone reservoirs
back to failure at a rate of ~30 MPa/Myr. This combination of pressure diffusion and
tectonic compression, with minor contributions from hydrocarbon generation and dis-
equilibrium compaction, led to episodic fluid venting with a typical venting period of
~100 kyr. While this is not a universal result for pipes in any basin, pressure diffu-
sion exists wherever the corresponding reservoir unit is encased by highly overpressured,
low-permeability rocks. Furthermore, the effect of pressure diffusion is intensified in sed-
imentary basins composed mostly of mudstone (Kearney et al. 2023), where fluid venting
phenomena are commonly observed (Cartwright & Santamarina 2015). In many cases,
liquefied mudstone is vented in addition to basinal fluids (e.g., Cartwright et al. 2023).
The diverse roles of mudstones in pressure-driven, focused fluid venting provides an im-

petus to improve our mechanistic models of such venting phenomena.

3.7 Broader implications

Because understanding subsurface pressure is crucial to prevent unwanted fluid leakage,
these results have wider implications for risk assessment during borehole drilling and the
sequestration of waste such as COs. Fluid leakage resulting from reservoir pressurisation
by mudstones may be a risk in a broad range of geological settings, requiring only that
the mudstones are overpressured relative to the reservoir. This overpressure can be

retained even after several episodes of fluid venting (Kearney et al. 2023), and can be
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generated by various means, not limited to horizontal compression. Indeed, Kearney
et al. (2023) show that disequilibrium compaction (i.e., vertical compression) leads to
mathematically equivalent behaviour. Therefore, even tectonically inactive regions like
passive margins are prone to episodic venting if they are subjected to, for example, high
sedimentation rates. Indeed, fluid-escape pipes are commonly observed in passive margin
settings (Cartwright & Santamarina 2015). Passive margins also provide the largest and
likely most cost-effective large-scale COg2 storage resource (Ringrose & Meckel 2019).

Therefore, fluid-escape pipes may pose a significant threat to offshore storage projects.

This work highlights the importance of considering pressure diffusion from mudstones
when assessing reservoir overpressures. This is especially true for sequestration sites with
evidence of previous fluid venting, like the Sleipner field (Arts et al. 2004, Cavanagh &
Haszeldine 2014). While the relict fluid-escape pipes at Sleipner are unlikely to be a
result of COsz injection (Cavanagh & Haszeldine 2014), they serve as an example of the
risks to containment associated with fluid venting. Although the dissolution of injected
COg can act to depressurise a storage reservoir (Akhbari & Hesse 2017), evidence from
a natural COs reservoir suggests that the rate of depressurisation from COs dissolution
is ~1 MPa/Myr (Sathaye et al. 2014). This is much less than the recharge rates from
pressure diffusion that we infer in the Levant Basin, suggesting that COs dissolution is
unlikely to prevent leakage in regions where pressure diffusion from mudstones is active.
Thus, for storage projects in regions with pressurised mudstones, our results indicate
that reservoir pressure monitoring over several millenia may be required to ensure con-

tainment.



Appendices

3.A Oceanus strain

We estimate the horizontal strain at the Oceanus pipe trail from the depth-converted
cross-section in Cartwright et al. (2021). We do this by measuring the arc length of
one of the folded Mid-Miocene sandstone layers (Fig. 5). We assume that this layer was
initially horizontal, such that the arc length of the layer measures the initial horizontal
extent of this section Lyg. We calculate the horizontal strain by comparing this initial

horizontal extent to the present-day horizontal extent of this layer L, using

Tr — 5 4
o === (@)

where compressive strains are taken to be positive. This gives a horizontal strain of 2%
at Oceanus. While the majority of strain in the region is accommodated by folding, we
recognise that this calculation does not account for strain accommodated by faulting
or volumetric compression. Further uncertainty in this calculation stems from potential
errors in the depth migration of the seismic data. Accounting for this uncertainty con-

servatively, we assert that the maximum possible horizontal strain at Oceanus is 10%.

7
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Figure 5: Comparison of the present-day geometry of the folded sandstone layer at Oceanus
(blue curve) with its likely initial state (grey curve), i.e., before the onset of tectonic compression.
The horizontal strain at Oceanus can be calculated by comparing the horizontal extent of the
present-day fold L with the horizontal extent of its initial unfolded state Lg.

3.B Bayesian inference

One can use a Bayesian framework to invert for the parameters. Bayes’ theorem is given

by
P(x | 0)P(6) P(x|0)P(6)
P4 = =
(1) P(x) Jo P(x[0)P(8)d0’ 5)
or in words,
posterior = likelihood x pI‘lOI" (6)

evidence

Maximum-likelihood estimation methods such as ordinary least-squares aim to maximise
the likelihood, the probability that the model generates the data. This is equivalent to
maximising the posterior under the assumption of a uniformly distributed prior. How-
ever, Bayesian methods place a prior distribution on the parameters and calculates the
posterior distribution using the observed data. We achieve the statistical equivalent to

regularisation by enforcing these prior distributions.
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3.B.1 Likelihood function

Given a model, the likelihood function is the joint probability of the observed data. Here,
the observed data is the set of all venting times t = {t,}2_,. The likelihood function

can be decomposed in the following way:

N

f({tn}nNzl) = H f(tn ‘ th)> (7)

n=1

where f is the probability density and the history H;, is the set of all event times until
(but not including) ¢,,. Since the proposed model asserts that the pressure resets to opin
after each event, the pressure ‘memory’ of the system extends only from the most recent

event so Hy, = tn—1. We can therefore write

N

Ftahsy) = [ f(Atn), (8)

n=1

where At,, = t, — t,_1. For coupled systems we must additionally consider the mark of
each pipe k, denoting where each event originated. It can be shown that for a set of K

coupled pipes,

: (9)

i| 1—0kKn,k

N K
FQtns i) = TT fun(At0) TT [1 = Fr(aty)
n=1

k=1

where f;, and F}, are the uncoupled probability and cumulative density functions of pipe
Kk = k, respectively, and ¢ is the Kronecker delta. We utilise these likelihood functions

to model the probability density of any coupling configuration of pipes.
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3.B.2 Bayes factor

To evaluate whether a pair of adjacent trails are coupled, we calculate the Bayes factor
of the coupled model M, and the uncoupled model M,. The Bayes factor B, of two
models M, and M, is given by the ratio of probabilities of observing the data t given
each model, i.e,

_ P(t[ M)

For example, if B, > 1 then M, is preferred over M,,. Here, M, is the coupled model and
M, is the uncoupled model. Kass & Raftery (1995) state that Bayes factor magnitudes
between 10-100 are ‘strong’ and above 100 are ‘decisive’. We define a new parameter
¢ € {0,1} such that ¢ = 1 indicates the coupled model M, and ¢ = 0 indicates the

uncoupled model M,,. The Bayes factor can be rewritten in terms of ¢ as

(11)

In this form, the Bayes factor can be calculated with MCMC methods. We assume a
prior distribution for ¢ ~ Bernoulli(%). Using the likelihood functions of the coupled
and uncoupled models, the posterior distribution P(t | ¢) can be sampled (using e.g., the

Metropolis-Hastings algorithm) from which the Bayes factor can be calculated.

3.C Inversion tests

Inversions are performed on synthetic data to test the accuracy and sensitivity of our
inversion method. Here, we apply uniform prior distributions to assess the effectiveness
of the likelihood function alone. We nondimensionalise the parameters (I', o7, s7) to

I' =T'/or and sk = sy /o7.



Chapter 3. Venting in the Levant Basin 81

3.C.1 One pipe

Inversions of a single pipe trail perform well if the true s3 < 1. When s7 > 1, the
distribution of At begins to be significantly truncated for At < 0 and tends towards a

uniform distribution for larger s7.. Henceforth, we analyse simulations with s7, < 1.
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Figure 6: Showing inversion results for simulated synthetic data. Each simulation uses a pair of
values for I'* and s to generate a sequence of 1000 venting times. (a) Predicted mean I'* versus
the true assigned I'* for that simulation. (b) Predicted mean s versus the true assigned s¥. for
that simulation. Black points represent inversion results from simulations with true s* < 1 and
red points with true s* > 1.

3.C.2 Two pipes

We similarly perform inversions on synthetic data from simulations of two uncoupled
pipes, shown in Fig. 7, and two coupled pipes, shown in Fig. 8. In these figures, each
point represents results from Bayesian inversion applied to a simulated sequence of 40
venting times from two pipes. The number of venting times was chosen to investigate the
level of uncertainty in the inversion for a pair of Levant pipe trails, which each typically
comprise ~20 venting times. In each case, the predicted I'* is in agreement with the true

value; the uncertainty in the inference of s* increases with increasing true s*.
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Figure 7: Showing inversion results for simulated synthetic data of two uncoupled pipes. Each
simulation uses a pair of values for I'* and s%. to generate 40 events in total. The inversion of each
simulation generates two points, one for pipe 1 (blue) and one for pipe 2 (orange). (a) Predicted

mean I'* versus the true assigned I'* for that simulation. (b) Predicted mean s’ versus the true
assigned s’ for that simulation.
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Figure 8: Showing inversion results for simulated synthetic data of two coupled pipes. Each
simulation uses a pair of values for I'* and s7. to generate 40 events in total. The inversion of each
simulation generates two points, one for pipe 1 (blue) and one for pipe 2 (orange). (a) Predicted

mean I'* versus the true assigned I'* for that simulation. (b) Predicted mean s’ versus the true
assigned s’ for that simulation.
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Figure 9: Results of Bayesian inference applied to Oceanus trail. (a) Prior and posterior dis-
tributions of the recharge rate, I, with posterior mean 28 MPa/Myr. (b) Prior and posterior
distributions of the mean tensile strength, o7 with posterior mean 2.3 MPa. (c) Prior and pos-
terior distributions of the tensile strength standard deviation, sp with posterior mean 1.3 MPa.
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3.E  Pressure coupling

Whether pipe trails are coupled or not leads to profound changes in the resulting pattern
of pockmarks. Fig. 10 demonstrates this clearly with a pair of pipes in each scenario.
The uncoupled pipes have independent pressure histories hence the pattern of pockmarks
leads to an alternation between each pipe venting. In contrast, for a system of two
coupled pipes, after either pipe vents both pressures reset to Ap = 0 and sample new
tensile strengths. Therefore, if one pipe vents, the other is temporarily inhibited from
venting. This leads to a complementary pockmark series, where the periods of quiescence
of one pipe correspond to activity in the second pipe. In comparison to the field data
(Fig. 3.1d), uncoupled behaviour is exhibited by pipe trails 10, 11 and 12, while coupled

behaviour is most pronounced in trails 3, 4 and 5.
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Figure 10: Stochastic realisations of two pipes, each with I' = 20 MPa/Myr, s = 0.5 MPa and
or = 2 MPa. Top plots show pressure evolution, where Ap = p — opin and bottom plots show
the corresponding pockmark patterns. Left: uncoupled, right: coupled. Dashed horizontal lines
indicate the mean tensile strength or; grey bars contain tensile strengths within one standard
deviation of the mean (o7 £ sr).

3.F Triple-wise inference

Figure 11 shows the results of Bayesian inference applied to each adjacent triple of pipes,
e.g., {1,2,3}, {2, 3,4}, etc. Recharge rates and Bayes factors for each pipe are obtained

by averaging the results from each associated triple.
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For a given triple of pipes, there are four possible combinations of hydraulic coupling
(excluding non-adjacent couplings) and thus four models to consider. Given these four
models, there are six possible Bayes factors. To simplify our analysis, and to more directly
compare with the results from the pair-wise analysis, we desire the Bayes factor given
by equation (3.3) for each pair of pipe trails. As an example, for the coupling between

pipes 2 and 3, denoted by ¢o3 € {0, 1}, we therefore seek to calculate

_ P(t[¢3 =1)

Bey= —2—
P(t | d23 = 0)

(12)

To calculate this Bayes factor from the triple of pipes {1,2,3}, we marginalise over the

coupling between pipes 1 and 2, denoted as ¢12, to give

P(ti23 | p23 = 1) = P(t123] d12 = 0, 23 = 1)P(¢p12 = 0) (13)

+ P(t123 | P12 = 1, 23 = 1)P(¢12 = 1),

where t;;;, denotes the venting data of pipes ¢, j, k. We enforce unbiased prior probabilities
for each model, i.e., P(¢12 = 0) = P(¢12 = 1) = 3. Therefore by considering the triple of
pipes {1,2,3}, the Bayes factor is

23y _ P(t123] 12 = 0,023 = 1) + P(t1o3 | d12 = 1,03 = 1)
P(t123] p12 = 0, 23 = 0) + P(t123[ 12 = 1, h23 = 0)

BE) (14)
Similar results to equations (13), (14) for the coupling ¢,3 are obtained from the data tos4.
We then approximate the Bayes factor that considers all four relevant trails {1, 2, 3,4} by

averaging the Bayes factors from triples {1,2,3} and {2,3,4} using the geometric mean

log BL* M ~ §(log BLA? + log BESM). (15)

1
2
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Figure 11: Results of triple-wise Bayesian inference applied to Levant margin data. (a) Time-
transformed data from Oppo et al. (2021). Dashed lines divide pipe clusters that are separated
by more than 10 km. (b) Violin plot of posterior recharge rate distributions for each pipe trail.
(c) Bayes factors of pairwise pipe analysis, where a positive value implies the coupled model is
more likely.

3.G Candidate overpressure mechanisms

3.G.1 Tectonic compression

The model for tectonic compression developed by Kearney et al. (2023) is highly sim-
plified; to ensure an accurate estimation of I's we use results from previous numerical
modelling of tectonic compression (Obradors-Prats et al. 2016). Obradors-Prats et al.
(2016) estimate overpressures between 11-14.2 MPa from 10% strain at different rates,
implying that 1.1-1.4 MPa of overpressure is generated per % strain. Using seismic imag-
ing, we estimate the strain at Oceanus to range from 1% to 10%, which we assume has

been accumulating since the Messinian Salinity Crisis, between 5 Ma to 6 Ma.



87

Chapter 3. Venting in the Levant Basin

(1202) T8 10 JySumyre) 9 G G0 GG UOT)RIND UIRI)S (1AN) 71V

01 T ré G ureIj}s [eJUOZLIOY Tray

(9102) T 10 syerg-s10peIq() 0% c0 20 ¢’ 1 urens 9 1od emsserdieso (RJN) "oV /IV
90UQJI9JO}] ‘Xewl ‘UMW ‘Adp 'Pjs UeBaW uor}driosa(g I9jouwrered



Chapter 3. Venting in the Levant Basin

88

Parameter Description mean std. dev. min. max. Reference

hs (m) sandstone thickness 150 50 50 200 Cartwright et al. (2021),
Ry (m) mudstone thickness 2500 250 2000 3000

Qg sandstone Biot coefficient 0.62  0.17 0.38 0.83  Ge & Garven (1992)
O, mudstone Biot coefficient 0.68 0.35 0.30 0.98

Vg sandstone Poisson ratio 0.24 0.04 0.20 0.30

U, mudstone Poisson ratio 0.25 0.05 0.15 0.30

K, (GPa) sandstone bulk modulus 18 8 8 30

K,, (GPa) mudstone bulk modulus 15 17 5 33

Os sandstone porosity 0.22 0.01 0.19 0.24  Ortega et al. (2018)
Om mudstone porosity 0.20 0.05 0.05 0.30  Yang & Aplin (2007)
logioky, (logipm?) (log) mudstone permeability -19 0.5 -22  -18

n (mPas) water viscosity 0.3 0.1 0.1 0.5 Abramson (2007)

ce (1071 Pa~t) water compressibility 4.0 0.1 3.7 4.3 Fine & Millero (1973)
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3.G.2 Pressure diffusion

3.G.3 Flow focusing: marginal uplift

Flow focusing due to marginal uplift can lead to overpressure generation. For a flat
sandstone of length Lg in a mudstone with pressure gradient p,,g, uplifting one side by
dz leads to an equilibration of pressures at the new sandstone centroid, dz/2 (Flemings

et al. 2002). Therefore, tilting the sandstone by an angle 6 gives an overpressure of

Ap = 3(pm — pe)gLssin, (16)

at the top of the reservoir. The corresponding overpressure rate is

9p

o = 3(om — pr)gLst cos Ot (17)

where 6 is the angular tilting rate. For simplicity of interpretation, we take the time-

average of this overpressure rate, given by

r— (Pm = po)gLssind
2AL, '

(18)

3.G.4 Flow focusing: folding

If the sandstone reservoir has a growing parabolic profile, then the overpressure rate

generated at the crest by flow focusing is given by (Flemings et al. 2002)

2(pm — pe)gAhy

F pu—
3AL;

(19)
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where the factor of 2/3 appears because the sandstone and mudstone pressures equilibrate

at Ah/3.

3.G.5 Disequilibrium compaction

Disequilibrium compaction due to post-salt sedimentation contributes to overpressure in
the North Levant Basin. For a change in post-salt sediment thickness Ahy,s over a time
At. with density pps, the maximum overpressure rate is given by the change in total

stress,

_ PpsgAhps

r
At

(20)
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CHAPTER 4

Subsurface sediment remobilisation during

venting

4.1 Introduction

Mud volcanoes are a key avenue for the natural relief of pressure and emission of green-
house gases from sedimentary basins globally. They produce massive effusions of hydrocarbon-
rich mud, and the resulting mud edifice can present a significant hazard to people and
infrastructure. This hazard is most strikingly exemplified by the Lusi eruption in Indone-
sia, which has been ongoing since 2006 at an economic cost of billions of USD (Tingay
et al. 2015, 2018). Estimates of the degree of hazard depend on the quantitative forecast-
ing of the rate and duration of eruption. Current forecasts carry significant uncertainty
as long-term measurements of eruption rates and durations are scarce (Davies et al.
2011, Rudolph et al. 2011); however, they are a direct consequence of the evolution of

the sources of fluid and mud at depth.

In many cases, the fluids are sourced from a separate, deeper stratigraphic layer than

95
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the mud (Bristow et al. 2000, Kopf et al. 2003, Planke et al. 2003, Deville et al. 2010,
Davies et al. 2011). As a simple example, the Lusi mud volcano comprises a deep source
of overpressured fluid that drives upward flow through a mudstone unit, remobilising
it (Davies et al. 2011). In other regions, however, mud and fluids are extracted from
multiple separate stratigraphic layers. This may include the cannibalisation of buried
mud edifices to form later extrusions (Planke et al. 2003, Deville et al. 2010). This
distributed nature of the source region—and the lack of information about the source
of fluids in particular—makes it difficult to constrain the mechanisms by which these

materials are remobilised and expelled.

A recent high-resolution, three-dimensional seismic survey in the Nile Deep Sea Fan
provides statistically robust observations of hundreds of mud volcanoes that source mud,
water and gas from a single mudstone layer (Cartwright et al. 2023). The assertion of
a single source layer is consistently evidenced by direct sampling at the sea-floor from
mud volcanoes in the region (Giresse et al. 2010, Prinzhofer & Deville 2013, Pierre et al.
2014, Dupré et al. 2014, Mascle et al. 2014). Because the fluids and the sediment are
both sourced from the same stratigraphic layer, the geologic record preserves qualitative
and quantitative information about both the driver for the eruption and the source of
the erupted material. And because the mud volcanoes are from a single basin, these
observations do not have the structural and geological variability of a global dataset,
enabling a focus on fundamental processes. Therefore, these observations constitute an
unprecedented opportunity for studying the mechanisms of subsurface sediment mobili-

sation during mud volcano eruptions.

In the Nile Deep Sea Fan, the mudstone source layer is overlain by a laterally extensive
impermeable salt layer. This salt layer enables large overpressures to accumulate in the
mudstone layer by preventing pressure dissipation via vertical fluid flow. Sedimentation

and hydrocarbon generation are thought to be the main mechanisms pressurising the
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region (Kirkham et al. 2022). Mud volcanoes enable the release of this overpressure by
venting through cylindrical conduits that penetrate the salt layer; it is widely interpreted
that these conduits are formed by hydraulic fracturing (Huuse et al. 2005, Roberts et al.
2010, Lgseth et al. 2011). Across the Nile Deep Sea Fan, seismic data reveals that the
expulsion of remobilised mudstone leads to localised thinning of the mudstone source layer
(Cartwright et al. 2023); these regions of localised thinning are known as mud-depletion
zones (Graue 2000, Stewart & Davies 2006). These mud-depletion zones are consistently
bowl-shaped with a squat aspect ratio, with 340 + 150 m reliefs and 790 + 240 m radii
(Figure 4.1; Cartwright et al. 2023). However, no existing quantitative theory of mud

volcanoes can explain the consistent morphometrics of these depletion zones.

The closest existing quantitative model was proposed for the Lusi eruption (Rudolph
et al. 2011). This model takes the depletion zone to be a disc that grows laterally as
the elastic stresses in the intact (and impermeable) surrounding mudstone reach a yield
condition. This model is likely to be inappropriate for the Nile Deep Sea Fan since the
model ignores any role of fluids in the remobilisation of the mudstone or the evolution
of pressure within the mudstone. Indeed, the accepted theory for pressure evolution in
sedimentary basins is poroelastic dynamics (Muggeridge et al. 2004, 2005). In this case, a
lava-fragmentation theory is a helpful analogue. Fowler et al. (2010) demonstrates how a
low-pressure front propagating into a poroelastic medium can progressively disaggregate
and carry away the material. Furthermore, experiments on gassy sediments demonstrate
how gas exsolution and expansion promote disaggregation and loss of strength (Blouin
et al. 2019). The presence of natural gas is highly correlated with mud volcanism (Kopf
2002, Mazzini & Etiope 2017) and is well documented in the Nile Deep Sea Fan (Loncke
et al. 2004, Prinzhofer & Deville 2013, Pryce et al. 2023). There, seismic observations
suggest that gas expansion and exsolution play the additional role of supporting the base

of the salt during mud volcanism prior to the viscous flow of salt into the depletion zone
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(Cartwright et al. 2023).

Previous core analyses have shown that the initial phase of mud volcanism is typically
a vigorous eruption of fluids, principally water and methane (Robertson 1996, Kopf et al.
1998, Deville & Guerlais 2009). This is in contrast to the slow venting of mostly fluids
observed during majority of their lifetimes (Deville & Guerlais 2009). These core analy-
ses are supported by eyewitness accounts of newly erupting mud volcanoes in Trinidad
(Barr & Bolli 1953, Higgins 1974). Furthermore, seismic observations from the Nile Deep
Sea Fan reveal the formation of craters at the onset of mud volcanism, which are best
explained by an initial phase of vigorous fluid venting (Pryce et al. 2023). Fluidisation,
whereby consolidated sediments can be mobilised by migrating pore fluids of a sufficient
velocity, has previously been proposed as a mechanism to explain mud volcano formation
(e.g., Brown 1990, Nermoen et al. 2010). In particular, experiments by Rocha (1993) re-
veal that fluid venting from a conduit through an impermeable layer leads to spherical
flow that converges towards the base of the conduit. He suggests that this converging
flow initiates radially spreading fluidisation at the conduit. Indeed, using a similar ex-
perimental setup, Nichols et al. (1994) show that rapid fluid venting induces localised

fluidisation beneath the conduit and, consequently, sedimentary volcanism.

In spite of extensive research, no previous quantitative theory of mud volcanism has
combined the poroelastic dynamics of the source region with sediment remobilisation by
fluidisation. As noted above, the model proposed by Rudolph et al. (2011) assumes that
the mudstone source is impermeable and that remobilisation occurs by plastic failure.
Davies et al. (2011) assume poroelastic dynamics in the fluid source, but they neglect the
mudstone source from their model. An exception is Nermoen et al. (2010), who model
the fluidisation of poroelastic sediments above an active venting conduit, but they neglect
the dynamics of the source region feeding the conduit. A theory coupling the poroelastic

dynamics and fluidisation of the source regions of mud volcanoes is needed in order to
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describe the evolution of their eruptions and explain observations of their mud-depletion

zones.

Here, we develop a poroelastic model of the mudstone source region coupled to a
model of mudstone fluidisation. We solve the governing equations to elucidate the para-
metric controls on fluidisation during venting and the associated pressure dynamics. We
show in particular that the characteristic size of a mud-depletion zone is given by o7 /G,
where o7 is the tensile strength of the sealing rock (salt in the case of the Nile Deep Sea
Fan) and G is the critical pressure gradient required to fluidise the mudstone. We show
that this critical pressure gradient can be estimated using the material properties of the
mudstone. We provide supporting evidence for this theory by showing that the predicted

size of mud-depletion zones is consistent with observed sizes from the Nile Deep Sea Fan.

The remainder of the chapter is organised as follows. In §4.2, we derive a poroelastic
model of fluid venting with dynamic fluidisation; we then solve the model numerically and
use asymptotics to glean analytical solutions. In §4.3, we compare analytical solutions
with observations from the Nile Deep Sea Fan and discuss the wider implications of this

work and the limitations of the model. In §4.4, we conclude with a summary.

4.2 Model

Poroelasticity describes the two-way coupling between the hydrological and mechanical
behaviour of a porous medium. Therefore, a poroelastic model of the flow through and
the fluidisation of a mudstone is fully coupled. To elucidate these coupled dynamics,
in §4.2.1, we first exclude fluidisation from the problem and consider the poroelastic
problem of fluid venting. Then in §4.2.2, we use this solution to inform the derivation of

a fully coupled model of venting with dynamic fluidisation.
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4.2.1 Fluid venting

We consider two horizontal layers of rock, salt overlying mudstone, as illustrated in
Figure 4.2. Motivated by observations from the Nile Deep Sea Fan, we assume that that
the mudstone has a semi-infinite vertical extent and both layers have an infinite lateral
extent. We assume that the salt layer is impermeable, consistent with its behaviour over
geological timescales (though see Ghanbarzadeh et al. 2015). This model configuration
thus prohibits vertical pressure diffusion across the salt. However, we allow for fluid

venting via hydraulic fracturing.

4.2.1.1 Initial and boundary conditions

A vertical hydraulic fracture forms at the base of the salt when the mudstone pressure
exceeds the critical pressure for fracturing Py, which is the sum of the minimum horizontal

compressive stress Y, and tensile strength op of the overlying salt seal, i.e.,

Pj = Soin + 07 (4.1)

This hydraulic fracture propagates towards the surface, driven by gas buoyancy, ex-
solution and expansion. When the fracture breaches the seafloor, it then serves as a

high-permeability pathway, i.e., a conduit, that connects the mudstone to the surface.

Conduit dynamics have been considered by few quantitative models of mud volca-
noes. Zoporowski & Miller (2009) assume a constant flow rate into the conduit, predicting
oscillatory venting behaviour with an hourly frequency; this is consistent with observa-
tions of mud volcanoes in Trinidad (Deville & Guerlais 2009). This oscillatory venting
arises from the inclusion of inertial forces in their model. Oscillatory venting from mud

volcanoes may also be a consequence of the non-linear dynamics of bubble formation
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and segregation during the ascent of the gas-rich slurry in the conduit (see Pereira &
Fowler 2020). Over longer timescales, however, the time-averaged flow rate will decline
as pressure within the mudstone equilibrates with that of the conduit. Davies et al.
(2011) study long-term venting behaviour by assuming a constant pressure at the con-
duit. We adopt the latter assumption in the interest of studying the long-term evolution
of mud-depletion zones. In particular, the conduit will remain open while the mudstone
pressure exceeds the minimum compressive stress Ymin. We therefore expect that, over

long timescales, the pressure at the base of the conduit obeys

Py if t <0,
P= (4.2)

Py —op ift>0,

where we have chosen our time variable ¢ such that the conduit forms at time ¢ = 0.

Conduit formation requires the prior generation of near-lithostatic pore pressures
in the mudstone. Sedimentary basins are usually pressurised over geological timescales
(Osborne & Swarbrick 1997). In particular, the Nile Deep Sea Fan has been regionally
pressurised by sedimentation and hydrocarbon generation since ~6 Ma (Kirkham et al.
2017). We assume that this regional pressurisation is spatially uniform and sufficiently
slow to neglect active pressurisation during venting in the model (Kirkham et al. 2022,
Kearney et al. 2024). We therefore expect that, prior to venting, the pressure in the
mudstone is hydrostatic and the vertical component of the total stress in the mudstone
>, is lithostatic, i.e.,

P = Py +prgz,
(4.3)

Y, = —Xmin — [¢Pf + (1 - ¢)ps]gza

where tension is taken to be positive, ¢ is the porosity of the mudstone, which is assumed
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impermeable salt
conduit dp

p=0 az*O

intact mudstone

Figure 4.2: Schematic cross-section of fluid venting problem. We consider two regions of the
problem, the sub-salt intact mudstone region and the trans-salt conduit region. The origin of
our axisymmetric spherical coordinate system is at the centre of the base of the conduit.

to be constant with depth, p; is the density of the pore fluid of the mudstone, ps is the
density of the solid grains of the mudstone and z is the depth from the base of the salt
layer. Rocks in sedimentary basins are laterally confined, so lithostatic vertical stresses
generate horizontal stresses via the Poisson effect (Lazebnik & Tsinker 1998). For fine-
grained sediments like mudstones with near-lithostatic pore pressures, these horizontal
stresses are approximately lithostatic (Jones 1994, Casey 2014). Therefore we assume
that, initially, the total stress tensor in the mudstone ¥ = —3,inI—[dps + (1 —¢)psg21,
where T is the identity tensor. Furthermore, as these initial conditions for the semi-
infinite mudstone persist at large distances from disturbances at the conduit, they also

act as far-field boundary conditions.

In the remainder of this chapter, for simplicity, we use pressures and stresses that
are defined relative to these initial hydrostatic and lithostatic gradients. Specifically,
we henceforth use the overpressure p, defined as the pressure in excess of hydrostatic:
p = P—pyrgz, where where g is the body force per unit mass due to gravity. Additionally,

we use the total stress tensor in excess of lithostatic: o = X + [¢ppy + (1 — ¢)ps]g=1.
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4.2.1.2 Intact mudstone

The initial drop in pressure at the conduit will drive flow through and deformation of
the intact mudstone. We assume that the solid skeleton of the mudstone obeys linear
elasticity and such that, taking tension to be positive, the effective stress tensor o’ (in

excess of its lithostatic and hydrostatic components) is related to the strain tensor e via
o' = Mr(e)I+2pue, (4.4)

where A and y are the drained Lamé parameters and e = [Vu+(Vu)"] with u denoting
the solid displacement relative to the initial state of the mudstone. The effective stress

is related to the total stress o and overpressure p by Terzaghi’s principle,
o=o0—pl, (4.5)

where we have taken the solid grains to be incompressible. We assume that the pore
space of the mudstone is filled with methane-saturated water and small, isolated bubbles
of methane that travel with the same velocity as the water. The lack of segregation
between the water and methane enables us to treat the bulk fluid in the mudstone as
a single phase. We also assume that, in the mudstone, there is negligible exsolution of
methane from the water (Duan & Mao 2006). Mass conservation leads to the storage
equation,
Oe Op

- L _vy. 4.

where e = tr (e) is the volumetric strain and S = ¢cy is the storativity, with porosity ¢
and fluid compressibility cy. The segregation flux between the fluid and solid phases g

is governed by Darcy’s law,

k
q= —EVp, (4.7)
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where k is the permeability and 7 is the dynamic viscosity of the fluid. Neglecting inertia,
momentum conservation reads

V.o=0. (4.8)

Combining equations (4.4), (4.5) and (4.8) gives
AV|[tr (e)] +2uV - e = Vp. (4.9)

In general, the storage equation (4.6) must be solved simultaneously with equation (4.9)
because the pore pressure and the strain tensor are fully coupled. However, these quan-

tities can be decoupled with an additional constraint on the geometry of deformations.

The geometry of this system is similar to that of a partially penetrating well in an
aquifer (Muskat 1938); such geometries give rise to hemispherical fluid flow towards the
well. This hemispherical flow has also been observed in experiments of mud volcanoes
(Rocha 1993). We thus hypothesise that this geometrical effect produces the approximate
hemispherical and axisymmetric morphologies of the mud-depletion zones in the Nile
Deep Sea Fan. Consequently, we use a spherical coordinate system, where a given point
is parameterised using the radial distance from a fixed point of origin to the point r
and the angle between a fixed reference direction and the line connecting the point to
the origin 6. We orient our coordinates such that the origin is located at the centre of
the base of the conduit and the reference direction is vertically downwards, as shown in
Figure 4.2. Therefore, applying the assumption of spherically symmetric deformations
to equation (4.9) gives

(A +2u) 28 =92, (4.10)

where the volumetric strain is e = tr (e). Equation (4.10) can be solved by integrating

and applying the far-field conditions p(r — co,t) = py and e(r — oo, t) — UT()H—%/L)A,



106 Chapter 4. Subsurface sediment remobilisation during venting

giving

()\+2u)<e >=p—pf. (4.11)

A+ 2p

Combining this solution with equations (4.6) and (4.7) gives

Op k  A+2p 9

_E AT g2, 4.12
ot ni+Sh+op . P (412)

Equation (4.12) is a partial differential equation describing the poroelastic diffusion of
pressure through the mudstone. The diffusivity of pressure (i.e., the pre-factor on the
right-hand side) depends on both the elastic moduli of the solid skeleton and the com-
pressibility of the fluid in the pore space. Clearly, a highly compressible pore fluid, such
as natural gas, can significantly reduce this diffusivity. In this case, which is common to
mud volcanoes (Kopf 2002), solid deformation is negligible and the assumption of radial
symmetry is not required to obtain a decoupled equation for the diffusion of pressure.
Though to preserve the possibility of solid deformation in the model, we proceed with
the assumption of spherical symmetry. Therefore, the model can be written in terms of

r only,
op kX4 2u 1 8<T28p

% = T IS0t o012 0r 87") for r € [R, 00), (4.13)

where R is the radius of the conduit and the boundary conditions are given by

p=ps—or at r =R,
(4.14)

P — pf as r — 0o,

and the mudstone is initially uniformly overpressured (i.e., hydrostatically pressured)

p(r,t <0) = py.
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4.2.1.3 Nondimensionalisation

We non-dimensionalise this system of equations using mudstone properties, introducing
a dimensionless radial distance from the conduit 7*, mudstone overpressure p*, and time
t*, defined as

p— (pf - UT) * R?

r=Rr", sz , tzﬁt*. (4.15)

The radial distance is scaled by the radius of the conduit, which is typically of order
metres to tens of metres (Cartwright & Santamarina 2015). Time is scaled by the char-
acteristic time for a pressure perturbation to diffuse over a length equal to the radius of
the conduit. Due to the low diffusivities of mudstones, this poroelastic process typically
requires years and thus we scale time accordingly to study the pressure behaviour over

these timescales. The dimensionless system of equations is then

op* 1 0 op*
a% = 5 <r*2af*> for r* € [1,00), (4.16)
with boundary conditions,
p* =0 at r* =1,
(4.17)
p*—1 as " — oo,

and initial condition p*(r*,t* < 0) = 1. The solution to this system of equations is well

known (see, e.g., Carslaw & Jaeger 1959):

1 *_1
pr=1— ﬁerfc(rz\/;* ) (4.18)

which has the steady-state solution p*(r*,t* — oco) — 1 — 1/r*. Fig. 4.3 shows that the
pressure gradient in the mudstone is always maximum at the conduit. Differentiating

equation (4.18) with respect to r* and setting r* = 1 yields the pressure gradient at the
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Figure 4.3: Fluid venting solution. Left: Dimensionless overpressure versus dimensionless
distance from the centre of the base of the conduit at times t* = (107%,1072,10°,102) (dark
to light blue). We also show the corresponding late-time solution (black dashed). Right: Time
evolution of the overpressure gradient at the conduit.

conduit (Fig. 4.3),
op* 1
P -1+ .
or* | .4 Vt*

Equation (4.19) predicts that at early times t* — 0, the pressure gradient becomes arbi-

(4.19)

trarily large. This is due to the sudden opening of the conduit enforced by equation (4.2).
Indeed, seismic evidence from the Nile Deep Sea Fan reveals that the earliest phase of

mud volcanism is vigorous fluid venting (Pryce et al. 2023).

Such large pressure gradients imply that large drag forces are exerted on the solid
grains in the mudstone. If these drag forces exceed the resistive forces from the grains,
the grains can become mobilised. This process of sediment mobilisation is known as
fluidisation. Fluidisation initiates at a critical pressure gradient. Since our model predicts
that the maximum pressure gradient is at the conduit, fluidisation is expected to initiate
at the conduit. We anticipate that fluidisation will then spread radially outwards from
the conduit at a rate set by poroelastic pressure diffusion. We show in the following

sections that fluidisation transforms the dynamic behaviour of the venting system.
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4.2.2 Fluidisation

4.2.2.1 Critical force

Fluidisation is assumed to initiate when the drag (i.e., the net force) exerted by the fluid
on the solid grains exceeds a critical interaction force (Richardson 1971). We assume that
the component of force in the direction of flow is effective in driving fluidisation; that is,
fluidisation occurs when F' -n > F -n, where F' is the interaction force per unit volume,
F is the critical value of the interaction force per unit volume, and n = —Vp/|Vp| is
the flow direction. Conservation of momentum for the fluid phase leads to an expression

for the interaction force (Appendix 4.A; Katz 2022),

F =¢Vp+(p+prg)Vo. (4.20)

Common to mud-volcanic systems, natural gas is much more deformable than mudstones.
Thus, we assume that gradients in porosity are small, such that F' ~ ¢Vp. For a cohe-
sionless sediment, it is typically assumed that fluidisation will occur when the divergence
of the effective stress vanishes (e.g., Vardoulakis 2004). This occurs when the interac-
tion force exceeds the negative buoyancy force per unit volume of the fluid, equal to
#(1 — ¢)(ps — pr)g. However, fine-grained sediments like mudstones typically exhibit
cohesive forces between grains that can resist fluidisation. Therefore, we can write that

the critical interaction force for fluidisation JF is given by

F ~ ng =C+ ¢(1 - ¢)(ps - pf)g7 (4'21)

where G is the corresponding critical pressure gradient for fluidisation. The cohesive
force opposes drag and thus always acts in the direction opposite to flow. Therefore, the

maximum cohesive force that must be overcome by drag can be expressed as C = Cn,
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mud chamber liquefaction

front
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Figure 4.4: Schematic cross-section of fluidisation problem. We consider three regions: the
sub-salt intact mudstone region, the sub-salt mud chamber region, and the trans-salt conduit
region. The intact mudstone and mud chamber regions are separated by a dynamic interface
termed the fluidisation front (thick curved line). As in Figure 4.2, the origin of the axisymmetric
spherical coordinate system is at the centre of the base of the conduit.

where C > 0.

Solid grains in consolidated rocks are held in place by forces from neighbouring grains.
At an interface, however, one side is exposed, so there are approximately half as many
grain—grain contacts. As such, there is an imbalance between such cohesive forces and
the viscous forces driving fluidisation. Furthermore, the solution in §4.2.1 suggests that
fluidisation initiates at the interface between the conduit and the mudstone, where the
pressure gradient is largest. Therefore, we assume that fluidisation of the intact mudstone
is localised to a discrete interface, which we term the fluidisation front. The fluidisation
front is a moving interface at which intact mudstone is transformed to fluidised mud. The
advance of the front thus generates a region of fluidised mud, which we term the mud
chamber (Figure 4.4). During this transformation to a fluidised state, the solid grains
of the mudstone are broken apart at this interface and, as such, the intact mudstone is

eroded.

Prior to fluidisation, the mudstone is critically overpressured and the solid grains are
initially in a tensile effective-stress state. Fluidisation breaks apart the solid grains; the

pressure energy in the fluid is transferred to the solid grains in order to disaggregate
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them. We assume that the energy required to disaggregate a given volume of grains is
a constant material property; therefore, the pressure drop across the front is constant,
denoted as Ap. Experiments have shown that gas expansion and exsolution promotes
the disaggregation of porous materials (Blouin et al. 2019). Indeed, the gas expansion
and exsolution corresponding to this drop in pressure will both localise deformation and
moderate the advance of the front. While the presence of gas is not essential to the model
(Appendix 4.C), we include it in the model due to its presence in the Nile Deep Sea Fan
(and other mud volcano provinces) and its demonstrated role in sediment disaggregation.
However, additional physics is required to constrain the rate of advance of the front, i.e.,

the rate of fluidisation of the intact mudstone.

4.2.2.2 Rate of fluidisation

The intensity of fluidisation typically increases with the amount by which the interaction
force exceeds the critical value (Bell 1983). We thus expect that if the interaction force is
below the critical value, the rate of fluidisation is zero and if the interaction force is above
the critical value, the rate of fluidisation increases with the excess interaction force. We
assume a linear relationship between the rate of fluidisation (i.e., the rate of erosion of
the intact mudstone), and the excess force. Since we expect that the normal component

of force is effective in driving fluidisation, we write that

—a(F—F)-a if F-a>F-nq,
Up = (4.22)

0 if F-h<F-n,

where vy, is the rate of fluidisation in the flow direction and the constant of proportionality

« > 0 is a kinetic coeflicient. Therefore, the front advances into the intact mudstone as
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fluid is expelled. Since F' ~ ¢Vp, we can rewrite equation (4.22) as,

—¢a(Vp—G)-a if Vp-n>G-n,
vy = (4.23)

0 if Vp-n<@G-n,

where the factor ¢« is then the effective mobility of the fluidisation front. Experiments
on the erosion of mudstones by tangential viscous flow viscous shear stresses (i.e., by
flow that is tangential to the front) suggest an analogous linear relationship between
the erosion rate and the excess shear stress (Shaikh et al. 1988). Moreover, similar
linear erosion relationships are used to predict the equilibrium shapes of river channels
(e.g., Abramian et al. 2020). In the context of viscous flow, shear stresses and pressure
gradients are closely related. For example, during Poiseuille flow through a pipe, the
shear stresses experienced by the solid walls are linearly related to the pressure gradient
driving flow (Bird et al. 2002). Considering these similarities to established laws, we

assert that Equation (4.23) is valid for predicting the dynamics of fluidisation.

Equation (4.23) effectively couples the rate of fluidisation with the process of poroe-
lastic diffusion through the mudstone via the pressure gradient at the front. The solution
for pressure diffusion during fluid venting (e.g., equation (4.19)) implies that, during a
mud volcano eruption, fluidisation will slow as pressure diffuses radially. This radial
spreading of the fluidisation front generates a region of fluidised mud, which we term the
mud chamber. In the mud chamber, we envision that the solid grains that have been
disaggregated by fluidisation form a suspension in the fluid. While accurate rheological
models of granular suspensions exist (e.g., Jerolmack & Daniels 2019), such models carry
significant complexity and computational expense. Henceforth, we assume a uniform
poro-viscous rheology to show that the behaviour of the mud chamber does not signifi-

cantly impact the dynamics of the system.
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4.2.2.3 Mud chamber

In the mud chamber, we envision that the disaggregated solid phase flows as well as
the water and gas bubbles. As in the intact mudstone, we assume that there is no
segregation between the water and the gas bubbles and no gas exsolution. We assume
that the disaggregated solid phase behaves as a Newtonian fluid, allowing us to relate

the effective stress tensor o’ to the strain-rate tensor é via

o' = Atr(e)I+2Me, (4.24)

where A is the volume viscosity (related to the bulk viscosity ¢ = A + %M ) and M is
the dynamic shear viscosity of the disaggregated solid. Following the same approach as

in §2.1.2, momentum conservation under spherically symmetric conditions gives

op 0é
p (A + QM)E’ (4.25)

where é = tr(é). As we are interested in modelling the long-term dynamics of mud
volcano eruptions, we consider the case of the mud chamber becoming large. In this case,
we expect that the strain-rate tends to zero at the conduit (r = 0). Then integrating

equation (4.25), applying mass conservation (4.6) and Darcy’s law (2.9), we obtain

op _kl_, p—(ps—or)
ot 0S¥ T SIA o) (4.26)

where S(A + 2M) emerges as a characteristic timescale of pressure relaxation. This
timescale is analogous to the Maxwell timescale of viscoelastic materials. This effec-
tive viscoelastic rheology of the slurry is produced by a viscous component from the
solid phase and an elastic component from the compressibility of the fluid phase. Equa-

tion (4.26) suggests that pressures in the mud chamber exceeding the pressure at the
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conduit py — or decay exponentially over this timescale. The viscoelastic timescale is
likely less than seconds since S = ¢cy ~ 1078 Pa~!, and we expect that the viscosity
of the mud is much less than 108 Pas (Manga et al. 2009). Therefore, viscous pressure
losses are generally only significant at times of order seconds or less. This allows us to
assume that the pressure is hydrostatic throughout the mud chamber during the majority
of an eruption. From Darcy’s law, this assumption implies that segregation between the

solid and fluid phases is negligible in the mud chamber.

Since the overpressure throughout the mud chamber equals p; — o7 and the pressure
jump across the fluidisation front is a constant Ap, it follows that the pressure in the

mudstone at the fluidisation front is constant, equal to

p=p—or+ Ap. (4.27)

4.2.2.4 Intact mudstone
The equations governing the intact mudstone can then be written,

op k  A+2u 9

T T T o T o 4.28
ot nl+SA+2p) b, (4.28)
where at the fluidisation front (on the mudstone side),
p=ps—or+Ap, (4.29a)
Up = —¢amax (0, (Vp—G)- ﬁ), (4.29b)

and, initially, p = p; and the fluidisation front grows from the centre of the base of
the conduit. Since the fluidisation front is a surface of constant pressure, flow is always

perpendicular to the front. Therefore at the fluidisation front, the flow direction n is
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equivalent to the inward normal direction to the front. As such, v, can equivalently be

interpreted as the normal velocity of the front.

In the absence of fluidisation, the pressure field has spherical symmetry (see §4.2.1).
Thus, it will prove useful to recast the system of equations using the spherical coordinate
system defined in §4.2.1. To do so, we define the position of the fluidisation front using
the radial distance of the front from the origin r = s(6,t). Therefore, equation (4.28)
becomes

op k A+ 20 1 0 /([ ,0p 1 o( . Op
9 _E__Aten 12 920 2 (sno)| 0,1),50).
ot nl+SA+2p) {7‘2 or <r 87‘) * r251n089(sm )] or 1 € [s(6,1),00)

(4.30)

and we can use equation (4.21) to rewrite equation (4.29b) as

excess force in radial direction

C 1
or (1 —9¢)(ps — pr)gcost — d)\/m)

- ¢048;9 Cﬁp + (1= @) (ps — py)gsinf + C__sols >, (4.31)

6 \/1+ 592/5°

excess force in hoop direction

where we have expressed the critical pressure gradient using equation (4.21) and sy =
0s/06. Equation (4.31) shows the contributions to fluidisation from components of ex-
cess force in the radial and hoop directions, labelled accordingly. The excess force in the
hoop direction is modulated by a factor sg/s, which quantifies the deviation of the flu-
idisation front from a sphere. Thus, fluidisation will be primarily driven by forces in the
radial direction if the front is near-spherical. Note that, the gravitational force resisting
fluidisation acts downwards and thus varies with 6; gravity provides no resistance against
horizontal fluidisation (f = w/2). To generate further insight into the dominant physical

mechanisms, we nondimensionalise this system of equations.
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4.2.2.5 Nondimensionalisation

We non-dimensionalise this system of equations by introducing a dimensionless radius

r*, mudstone overpressure p* and time ¢*:

or—Ap . p—(pf—or+Ap) _ .,

. 2
, P, t (JT Ap) t*
(1—=¢)(ps — pyr)y or — Ap

(1—)2(ps — ps)2g*D "
(4.32)

r=

The radius is scaled by the length of a characteristic pressure disturbance in the mud-
stone. Namely, if the pressure gradient at the front were at the critical value for a
cohesionless mudstone. Time is scaled by the time for pressure to diffuse across this
characteristic length. Poroelastic pressure diffusion through mudstones typically occurs
over thousands of years and thus we scale time to study the pressure behaviour over
these geological timescales. Pressure is scaled by the initial pressure drop at the conduit.
This formulation helps to highlight the differences in behaviour from fluidisation. The

dimensionless system of equations is then

55— 25, <r 87‘*) + 71000 <Sln9 50 for r* € [s"(0,t"),00), (4.33)

where, at the fluidisation front,

p"=0 at r* = s*(0,t*),

0s Op —cosf — Co !

ot or* /1 + 552 /5% (4.34)
1 op*

* %/ ok
89( P +sin9+CoS€/s> at r* = s%(0,t"),

S* 89 /1+822/5*2

S*
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with initial conditions s*(6,0) = 0 and p*(r*,0,0) = 1. Two dimensionless parameters
Co and St emerge to characterise the system,
C/¢ D

=) ps —p7)s and St= —qba(JT A (4.35)

Co=

The cohesion number Co measures the resistance to fluidisation from cohesive forces rel-
ative to the resistance from the buoyant weight of the solid phase. The cohesion number
has been previously used to classify the fluidisation behaviours of different powders (Mut-
sers & Rietema 1977, Rietema 1984). For example, fine-grained powders tend to exhibit
significant cohesion and are generally difficult to fluidise. This suggests that fine-grained
sediments like mudstones have strong cohesion. However, the mudstones that feed mud
volcanoes tend to be highly overpressured and thus are generally underconsolidated (Yas-
sir 1989); this is the case in the Nile Deep Sea Fan (Kirkham et al. 2017). Therefore,
cohesion may be approximately as strong as gravity Co ~ 1. The Stefan number St
measures the diffusivity of pressure through the mudstone relative to the diffusivity of
the fluidisation front, which depends on the material properties of the mudstone and the
excess force required to propagate the front at a given rate. If pressure diffuses through

the mudstone faster than the fluidisation front, then St > 1.

The Stefan number is named by analogy with the classical Stefan problem, which
describes the evolution of the boundary between two phases of the same material under-
going a phase change. More specifically, our model of the fluidisation of an overpressured
mudstone has many similarities to classical models of the melting of a superheated solid.
This superheated Stefan problem describes the diffusion of temperature away from the
melting front, where the temperature at the melting front is fixed at the melting tem-
perature. The rate of melting is governed by an energy balance between the heat flowing

into the front and the latent heat consumed for melting. The various melting behaviours
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that arise from this energy balance are characterised by the Stefan number, the ratio of
the latent heat for melting to the sensible superheat initially contained in the solid. This
initial superheat is analogous to the quantity (op — Ap), which is the extent that the
effective stress initially exceeds the effective-stress requirement for fluidisation. The anal-
ogy to the latent heat is less clear, though equation (4.35) suggests that the analogous
quantity is the characteristic pressure D/(¢a). To further demonstrate the connection
between our model and a Stefan problem, we consider the behaviour of the model at

early times.

At early times t* — 01, the sudden opening of the conduit (4.2) implies that the
pressure gradient at the fluidisation front is much larger than the resistance to fluidisation.
Moreover, the initial condition for the fluidisation front implies that sj ~ 0 at early times.

Therefore,
ds*  Op*
dt*  Or*

St at r* = s*(t*)  for t* — 0. (4.36)

In this limit, the problem exactly reduces to a spherically-symmetric Stefan problem.
This problem admits the classical Neumann solution for the self-similar growth of the

mud chamber,

® 1 ‘I)(é-*) S* _ *
pr=1 3(5) BV, (4.37)

where the self-similar variable £* = r*/v/t*, the fundamental solution to the spherical

diffusion equation ® is given by

*2 *
B(€Y) = w . */;erfci. (4.38)

and the growth rate  is set implicitly by

B3®(3) exp <ﬁ:> _ 2 (4.39)
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Figure 4.5: Solution for growth rate 5 as a function of the dimensionless Stefan number St.

Figure 4.6 shows how the growth rate S depends on the parameter St; the fluidisation
front tends to grow more slowly with larger values of St. Indeed, for St — oo, i.e.,
when the diffusivity of the fluidisation front is arbitrarily slow, equation (4.39) reduces
to 8 — \/m In contrast, the growth rate diverges as St — 11 and there are no real
solutions to equation (4.39) for St < 1 (Fig. 4.6). This St < 1 regime corresponds to the
diffusivity of the fluidisation front being faster than the diffusivity of pressure through
the mudstone. If pressure cannot diffuse faster than the fluidisation front, then pressure
locally builds up. From equation (4.36), this local build-up of pressure drives motion
of the fluidisation front; this positive feedback loop can lead to blow-up of the solution
(i.e., ds*/dt* — oo). Blow-up can be avoided under different initial conditions, where,
for example, travelling-wave solutions s* ~ ¢* can be obtained (see Dewynne et al. 1989,
Dewynne 1990). However in general, this result is clearly unphysical and conflicts with
observations of mud volcanoes. As mud volcanoes erupt mostly fluids for the majority
of their lifetimes (Deville & Guerlais 2009), the rate of fluid flow is typically larger than
the rate of fluidisation St > 1. Thus we do not consider the regime St < 1 to be relevant

to mud volcanism.

Superheated and supercooled Stefan problems have been studied extensively, mainly
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due to their ill-posedness (Mullins & Sekerka 1963, Sherman 1970, Fasano & Primicerio
1981, Howison et al. 1985, Fasano et al. 1989, 1990). Not only does this ill-posedness
lead to blow-up of solutions, the melting front also suffers from the Mullins—Sekerka
instability (Mullins & Sekerka 1963), which is closely related to the Saffman-Taylor
instability responsible for viscous fingering (Saffman & Taylor 1958). In the context of
melting, this instability is physically acceptable as it is consistent with observations of
dendritic growth in supercooled melts (e.g., snowflakes). However, there is generally a
lack of observational evidence for a similar instability during mud volcanism (though
see §4.3), despite the many similarities with our model. Indeed, our model predicts
that the fluidisation front is unstable to perturbations (Appendix 4.D). Such instabilities
typically necessitate complex numerical methods (e.g., phase-field, level-set) for solution.
Furthermore, additional physics must be incorporated into the model since the isobaric
boundary condition does not provide any mechanism for mode selection. We wish to
avoid such complications, as we are interested in developing models that can be tested
against observations. To this end, we simplify the model by considering the approximate
spherical symmetry of the fluidisation front that is observed both in the field and in
experiments. The directional dependence on 6 in equations (4.33) and (4.34) originates
from the anisotropy in the critical pressure gradient for fluidisation. Thus spherical
symmetry can be achieved by assuming that the critical pressure gradient is isotropic,
ie., G =Gn, where G =C/¢p+ (1—¢)(ps — ps)g is a constant. The dimensionless system

of equations becomes

op* 1 0 r*z(?p*
N or*

) for r* € [s*(t%), ), (4.40)
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where at the fluidisation front,

p*=0 at r* = s*(t%),
4.41)
ds*  Op* . s (
Stdt*_ar*_(1+co) at r* = s*(t%),

with initial conditions s*(0) = 0 and p*(r*,0) = 1. We solve this system of equations nu-
merically using a standard finite difference scheme (Appendix 4.E), shown in Figure 4.6.
Figure 4.6 illustrates the impact of St on the pressure and the growth of the mud cham-
ber at various times for a cohesionless mudstone Co = 0. For each value of St, the mud
chamber initially grows rapidly, slowing down as pressure diffuses into the mudstone in
accordance with the early-time solution (4.37). The numerical solution begins to deviate
from the early-time solution when the pressure gradient at the fluidisation front becomes
comparable to the critical pressure gradient; front advance ceases when the pressure
gradient is subcritical. At St = 1.1, the diffusivity of the fluidisation front is slightly
less than the diffusivity of pressure through the mudstone. Therefore, the correspond-
ing timescale of mud chamber growth is similar to that of poroelastic pressure diffusion
t* ~ 1. However for St = 10, the diffusivity of the fluidisation front is small compared

to the mudstone pressure, and growth instead ceases much later t* ~ St.

Furthermore, at large values of St, the mudstone pressure will not vary significantly
from a quasi-steady state due to this disparity in diffusivities. Taking the limit of St — oo
implies that pressure field instantaneously reaches an equilibrium with the position of

the interface (King & Riley 2000), characterised by

pr=1-—. (4.42)

Combining equation (4.42) with the Stefan condition (4.41) gives an ordinary differential
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Figure 4.6: Numerical solution. Left: Dimensionless overpressure versus dimensionless distance
from the centre of the base of the conduit at times ¢* = (10~%,1072,10°,10?) (dark to light blue).
We also show the corresponding late-time solution (black dashed). Right: Time evolution of the
overpressure gradient at the conduit.
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Figure 4.7: Solutions for growth of mud chamber as St — oo for various values of the cohesion
number Co.

equation for the time evolution of the radius of the mud chamber,

St

ds* 1
=——(1+C 4.43
=~ (1+Co), (4.43)

which, when combined with the initial condition s*(0) = 0, has the solution

s*:1+1CO{1+W[—eXp<—(1+C0)2§;— )]} (4.44)

where W is the Lambert W function. Figure 4.7 shows how the growth of the mud cham-
ber depends on the cohesion number. Equation (4.44) shows that a cohesive mudstone
fluidises over a shorter timescale by a factor of (1+ Co)?. At times much larger than this
fluidisation timescale t* > St/(1+ Co)?, the mud chamber tends asymptotically towards
a final size of

St

* 1 *
S — 1+ Co for t* > m (445)

Therefore if Co < 1, then the final size of the mud chamber s* ~ 1 is set by the resistance
to fluidisation from gravity. Conversely if Co > 1, then the final size s* ~ 1/Co is

controlled by the resistance to fluidisation from cohesion. In any case, we can write in
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dimensional terms,
or — Ap
S — .
Clo+ (1 —9)ps —pr)g

(4.46)

Equation (4.46) allows us to predict the final size of the mud chamber, and thus the size

of the corresponding mud-depletion zone, using estimates of basin properties.

4.3 Discussion

The expression (4.46) derived above for the final size of the mud chamber has been ob-
tained via a number of simplifying assumptions. We assume that the initial phase of
vigorous fluid venting during mud volcanism drives rapid porous flow through a poroe-
lastic mudstone. This rapid porous flow overcomes resistance from gravity and cohesion
to fluidise the mudstone; we assume that a large rate of fluid flow is required for a given
rate of fluidisation. Finally, we assume that this fluid flow and thus the fluidisation of

the mudstone are spherically symmetric.

Equation (4.46) can be used to validate our model of mud volcanoes by comparing
the estimated final size of a mud-depletion zone with field observations. For observations,
we consider a set of 86 particularly well-constrained mud-depletion zones from the Nile
Deep Sea Fan located in the Eastern Mediterranean (Cartwright et al. 2023). Most
of the parameters required for estimation using equation (4.46) are known with minor
uncertainty (see Table 4.1). For example, extended leak-off tests suggest that the tensile
strength of salt is in the range 2 + 1 MPa (Bérest et al. 2015). However, cohesive forces in
mudstones have not been studied directly, especially in the context of fluidisation. Some
studies characterise cohesive forces using the cohesive strength (i.e., the shear strength
at zero effective stress) normalised by the grain size (Rietema 1984). Rietema (1984)
state that the cohesive strength of fluidised fine-grained materials with grain sizes less

than ~ 100 pm is typically ~ 4 Pa. Therefore, the corresponding value of cohesion is
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typically ~ 10* Pa/m.

Figure 4.8 shows histograms of the reliefs and radii of 86 mud-depletion zones from
the Nile Deep Sea Fan, with probability distributions estimated using our model and Ta-
ble 4.1. In the horizontal direction, only cohesion resists fluidisation. Thus we can assume
that, to leading order, the horizontal radius of depletion zones is set by or/(C/¢); doing
S0, we estimate a mean horizontal radius of 700 m. This agrees with measurements of the
horizontal radii of mud-depletion zones in the Nile Deep Sea Fan (Figure 4.8). In the ver-
tical direction, both cohesion and gravity resist fluidisation. By substituting estimated
values into equation (4.46), we calculate a mean vertical extent of 150 m (Figure 4.8).
This somewhat agrees with observations (Figure 4.8), but underestimates some of the
larger observed vertical extents, which range up to 1000 m. This underestimation of
the vertical extent may be explained by the common anisotropy in the permeability of
mudstones due to their strong layering. Measurements of mudstones find that the perme-
ability to flow in the direction parallel to layering, typically horizontal, is usually a factor
of 2-3 times larger than for the direction perpendicular to layering, typically vertical
(Yang & Aplin 2007). Flow in the less-permeable vertical direction exerts stronger drag
forces on the mudstone and thus may enhance vertical fluidisation by a similar factor of
2-3, resolving the discrepancy between our prediction and the observations. However,
without solving the full two-dimensional problem, we may only speculate on the relative

importance of these effects on the shapes of mud-depletion zones.

Solving the full two-dimensional model numerically may be difficult due to the insta-
bility of the fluidisation front. There is no observational evidence from the Nile Deep Sea
Fan to suggest unstable, dendritic growth of the mud chamber. However, for example,
earthen dams are known to fail by ‘piping’ (Richards & Reddy 2007), which describes the
formation of an erosive channel beneath a dam, triggered by sufficiently large pressure

gradients. Furthermore, experiments with fluidised beds suggest that highly cohesive
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materials tend to fluidise via a network of fractures that form tangential to the front
and are connected by channels that are oriented normal to the front (Geldart 1973).
Rietema (1984) state that sufficiently strong viscous forces can stabilise this channelling
behaviour towards uniform fluidisation. In the current model we have neglected viscous
dissipation in the mud chamber, justified by the low viscosity of mud in comparison to
the long timescale of poroelastic diffusion through mudstones. But close to the moving
fluidisation front, viscous losses in the mud chamber could provide an important stabilis-
ing mechanism that may be similar to kinetic undercooling in melting and solidification
problems. Moreover, the disruption of intergranular bonds that occurs when a surface
is created is energetically costly. Rigorously including this energetic cost in the model
(using, e.g., the strain energy release rate concept in fracture mechanics; see Rice & Bu-

diansky 1973) will likely stabilise the front to high-frequency perturbations.

We have assumed that the salt behaves as a rigid, impermeable layer throughout the
eruption despite the viscoelastic rheology of salt. Depending on the relative timescales of
viscoelastic stress relaxation in the salt and poroelastic diffusion through the mudstone,
the salt may flow into the mud-depletion zone during the eruption. It is currently unclear
how incorporating the flow of salt may affect the predicted final shape of the mud cham-
ber. Moreover, the resulting local increase in total stress caused by the local increase in

salt thickness may drive further fluidisation than the model currently predicts.

The model may further underpredict the extent of fluidisation due to the simplified
boundary condition applied at the conduit. In reality, the pressure at the conduit is not
fixed open for all time at a constant pressure, but may open and shut periodically, as
suggested by Zoporowski & Miller (2009). This periodic opening may drive additional
fluidisation. It is likely that once the flow rate into the conduit becomes lower than a
critical value, the conduit will seal by viscous creep of the salt. However, we expect that

the time-averaged behaviour of the model is accurate. For example, the model predicts



128 Chapter 4. Subsurface sediment remobilisation during venting

S . 1
R relief
= .
L 9 radius
=
= ~
314
21
<
2
a
O _]

101 102 103 10*
dimension of mud-depletion zone (m)

Figure 4.8: Comparison of model predictions (probability distributions) and observations (his-
tograms) of mud-depletion zone radii (black) and reliefs (blue).

that mature mud volcanoes erupt mostly fluids; this is supported by observations of mud
volcanoes from Trinidad (Deville & Guerlais 2009). The model also predicts that the
composition of the extruded material is most sediment-rich at earliest times. This is in
conflict with eye-witness accounts of the first hours of mud volcanism from Trinidad,
which suggest that mud volcanoes initially erupt fluids. This may be explained by the
formation of a fluid-rich layer at the base of the salt prior to eruption, as suggested by
experiments (Nichols et al. 1994). Another explanation for this may be the thixotropic
(i.e., time-dependent shear thinning) property of mud. The model could capture the
initial fluid-rich eruption by incorporating thixotropy; this could be done by, for example,
following the approach of Hewitt & Balmforth (2013) and introducing a time-dependent

parameter that quantifies the extent to which the mudstone has been fluidised.

In contrast, the assumption of a semi-infinite mudstone layer may overpredict the
extent of fluidisation. Indeed, Cartwright et al. (2023) hypothesise that the size of the
mud-depletion zones in the Nile Deep Sea Fan may be limited by the vertical extent of the
mudstone source unit. In this hypothesis, fluidisation progresses vertically until the base
of the mudstone, later forming a ‘mud weld’ between the base of the salt and the layer
beneath the mudstone. The term ‘mud weld’ was first used by Dupuis et al. (2019), who

document mud-depletion zones from offshore Nigeria which have similar sizes to those
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from the Nile Deep Sea Fan. Cartwright et al. (2023) base their mud-weld hypothesis
with seismic data, by interpreting that the base of the mudstone source unit lies at the
boundary between two major seismic facies. While we cannot rule out their hypothesis,
both seismic facies consist primarily of mudstones and thus the difference in fluidisation

behaviour across the boundary is not expected to be significant.

Our model invokes a variety of further simplifying assumptions. These assumptions
make the model tractable and transparent, but also carry limitations. The equation
for the rate of fluidisation (4.22) assumed in our model determines the dynamic growth
of the mud chamber. Though, in the large-St limit, the final size of mud chamber
(4.46) is independent of these dynamics. Basin stratigraphies seldom consist of uniform,
horizontal layers; layer topography and heterogeneity will affect the spatial distribution of
overpressure and fracture pressure, and thus also of venting loci. The sedimentary layers
themselves are composed of rocks with porosity-dependent and anisotropic permeability
that do not behave perfectly poro-elastically. However, we do not expect any of these

features to change the key qualitative implications of our model.

The model is readily generalisable to other settings, scenarios and geometries (Ap-
pendix 4.F). For many mud volcanoes (including the Lusi mud volcano) the source of mud
and the source of fluids are separate. Thus, a pressurised fluid reservoir could be placed
below the mudstone unit to study the extent of fluidisation from separate source regions.
Moreover, the subsurface remobilisation of sediment is not limited to mudstones; many
geological features have been attributed to the fluidisation of sandstones. Sandstones
are generally easier to fluidise due to their larger grain sizes and thus lower cohesive
forces. Sand volcanoes have been observed globally (Obermeier 1996), though they are
less frequently documented than mud volcanoes as the remobilisation of sand typically
produces intrusive features known as injectites (Huuse et al. 2010). The remobilisation

of sand is highly problematic for industrial processes involving the extraction of fluids
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from poorly consolidated sandstone reservoirs. The production of sand can lead to the
catastrophic collapse of the well and damage to equipment such as valves and pipelines
by erosion. Furthermore, the uncontrolled release (i.e., blow out) of fluids from a well
can fluidise the surrounding geological formations. For example, this can lead to the
formation of craters around the wellbore; many such cases have been compiled by Rocha

(1993).

Many open questions remain regarding mud volcanoes that are not addressed by this
work. We assume in our model that mud volcanism initiates due to rapid fluid expulsion.
It remains unclear, however, how a low-permeability mudstone can initially provide a
rapid supply of fluids to the conduit. Moreover, there is no evidence from the Nile Deep
Sea Fan to suggest the existence of high-permeability reservoirs that could enable such
rapid venting (see Kearney et al. 2023). Experiments by Nichols et al. (1994) suggest that,
prior to eruption, fluids may accumulate in conical voids at the base of the salt. Though
this lack of clarity in the conditions for mud volcanism motivates further experimental
and theoretical studies of the source regions of mud volcanoes. Furthermore, since we
have assumed in our model that the depletion zones are spherically symmetric, we may
only provide rough estimates for explaining their observed non-spherical morphometrics.
These morphometrics motivate the solution of the full two-dimensional, axisymmetric

model.

4.4 Conclusion

We have developed and solved a model of rapid fluid expulsion from an overpressured
mudstone, leading to mudstone fluidisation and mud volcanism. Our main goal was
to elucidate the mechanism of subsurface sediment mobilisation during mud volcano

eruptions. The main conclusions from the study are as follows.
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e In the absence of fluidisation, the sudden opening of the venting conduit drives
hemi-spherical porous flow through the mudstone to the conduit. This porous flow
is initially rapid, but slows towards a steady state over the poroelastic timescale

of the mudstone as pressure diffuses radially outwards from the conduit.

e This rapid porous flow exerts drag forces, i.e., pressure gradients, on the solid
grains that are sufficient to fluidise the mudstone by overcoming the resistance
from cohesive and gravitational forces. The highest flow velocities are encountered
at the conduit, thus fluidisation initiates at the conduit and spreads radially to

create a hemi-spherical region of fluidised mud, the mud chamber.

e Two time-regimes emerge in the growth of the mud chamber. At early times, the
resistance to fluidisation is negligible and the mud chamber exhibits self-similar
growth; the radius scales with square-root time. At timescales corresponding to
mudstone fluid flow, the mudstone pressure relaxes by pressure diffusion. The
resistance to fluidisation becomes important, slowing and eventually stopping the

growth of the mud chamber.

e In the limit of slow fluidisation relative to pressure diffusion, the mud chamber
grows asymptotically towards a final radius of (o — Ap)/G, where o is the tensile
strength of the seal, Ap is the pressure jump across the fluidisation front and G is

the critical pressure gradient for fluidisation.

e Using estimates of mudstone properties, we calculate mud chamber sizes that are
comparable to the sizes of zones of mud depletion beneath mud volcanoes in the
Nile Deep Sea Fan. We thus provide supporting evidence for this theory of flow-

driven fluidisation during mud volcano eruptions.



Appendices

4.A Momentum conservation

Neglecting inertia, momentum conservation reads

A\ ¢szs + ¢spsg + Fy + Fsg =0, (47&)
V- 005 + dupeg + Fus + Fyg = 0, (47b)
V- 939 + ¢gpgg + Fys + Fgp = 0, (47¢c)

where ¢, is the volume fraction of phase «a, 3¢ is the total stress in phase « per unit
area of phase «, and F,z is the interaction force of phase 3 on phase o. The interaction
forces Fi,3 must satisfy F,3 = —Fp, and ) B F,3 = 0. Momentum conservation for

the bulk mixture then the sum of equations (47a)—(47c),

V- X +75g =0, (48)

where X = ¢, X%+ ¢, 2¢ + @427 is the bulk stress tensor and p = ¢sps+@epe+Pgpy is the
bulk density. We assume that the gas phase consists of small bubbles of methane that
are distributed uniformly throughout the pore space and we therefore neglect segregation

between the gas and liquid phases such that the two fluids can be treated as a single
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phase f with averaged properties. Therefore, momentum conservation reduces to
V-(1-¢)%+(1-¢)psg+F =0, (49a)
V9% +¢prg—F =0, (49b)
where F' = Fy + F,;. We assume that the fluid stress tensor can be approximated as
>/~ —PI1, (50)

where P is the pressure in the fluid and I is the identity tensor. Substituting the expres-

sion for pressure into momentum conservation of the fluid phase gives

F=—-¢(VP—prg) — PV

(51)

4.B Mass conservation

Starting from conservation of mass of the gas g, liquid ¢ and solid s phases,

0sps + V- gspsvs =0, (52a)
Ot
0
%etpe + V- dppeve = =L, (52b)
99gpg

9t + V- dgpgvg =T, (52¢)

where Iy, is the mass rate of exsolution of methane per unit volume. Symbols v* and ¢,
represent the velocity and volume fraction of phase a = s, ¢, g. Similar to Appendix 4.A;

we assume that the two fluids can be treated as a single fluid phase with effective prop-



134 Chapter 4. Subsurface sediment remobilisation during venting

erties; mass conservation for this composite fluid phase f is then

dppy

5 TV dprvr =0. (53)

where ¢ = ¢y + ¢4 and
. Gepe + ¢gpg
pf=———"" "

5 (54)

We assume that the liquid and the gas are linearly compressible, with the compressibility
of the liquid given by ¢, = pzl Ope¢/Op and the compressibility of the gas given by

cqg = p;l 0pg/0p. Tt follows that, for the fluid phase,

8¢ oP

ot T o5 TV orvp =0, (55)
where
— (ZSECZ + ¢gcg (56)
(W + ¢g
We further assume that the solid grains are incompressible, giving
0
—£+V-(1—¢)vs:0. (57)
ot
Summing equations (55) and (57) results in
OF opP

where the segregation flux ¢ = ¢(vy — v,), the volumetric strain-rate 0E/0t = V - v,

and the storativity S = ¢cy.
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4.C Fluidisation front

4.C.1 Jump conditions

Mass conservation across the fluidisation front cannot be expressed using the storage
equation due to discontinuities in the solution. In integral form, mass conservation of

the solid and fluid phases read

8/ Psps AV + / V - pspsvsdV =0, (598“>

0
/ <;5fpde+/ V - ¢rppvpdV = 0. (59b)
ot Jy 1%

For a hemi-spherical fluidisation front, dV = 2mr2dr. Substituting reduces the mass

conservation equations to

o [
Py Gsps dr + [@spsvs)y? = 0, (60a)
o [ )
5 | Grprdr+logpsopliy =0, (60b)
1

where subscripts 1 and 2 indicate conditions upstream and downstream of the front

respectively. Let the solution exhibit a shock at the front r = s(t), therefore

a s 79
a </ Gspsdr + / Gsps d?") + [¢SPSUS]E =0, (61a)
ot 1 st
a s )
S ([ ommrars [ ogprar) + ososuslsi o (610)
1 s

Using Leibniz’s integral rule, noting that dry /0t = dry/0t = 0 and ds~ /Ot = ds™ /Ot =

0s/0t, and taking the limits of r; — s~ and ro — s™, gives the Rankine-Hugoniot-type
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jump conditions

[@Z)SPS]% - [Qbspsvs], (62&)
[¢fﬂf]% = [orprvyl. (62D)

It can be shown that these jump conditions also hold in one-dimensional Cartesian and

cylindrical systems.

4.C.2 Incompressible phases

To demonstrate a simple case of the model, we assume incompressible phases and no gas

exsolution. In this case, [ps] = [pf] = 0, giving
ds
1-6S = (1 - ¢l (632)
ds
[0l = [9vs], (63D)

where we have introduced the porosity ¢. In the mudstone, the velocity of the solid is
negligible v; = 0. Conversely in the mud chamber, the mud slurry is expected to move

as a single phase, i.e., v] = UJT. This allows us to write that

— ot
Substituting Darcy’s law gives,
d kO
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Then substituting the erosion law and rearranging yields

(9] k1 \ds &k
(T2 i) 8 =50 )

At late times when ds/dt — 0, this equation requires that the factor on the left-hand

side becomes arbitrarily large. It follows that ¢~ — 1 at these late times.

At early times when ds/dt is large, this equation requires that the factor on the

left-hand side is small. Therefore,

1— ¢~ neta

This equation implies that the jump in porosity is negative, i.e., the porosity in the mud
chamber is larger than in the mudstone. In an incompressible system, the quantity on

the right-hand side is related to the Stefan number by

k1 or
——— =St—— 68
n ot A+ 2u (68)

where since there is no gas expansion and exsolution in this case, we have set Ap = 0.
This dimensionless quantity depends on the Stefan number, which we typically expect to
be much greater than unity. However, the factor o /(A + 2u) is typically much less than
unity, since for many rocks o ~ 108 Pa and (A + 2u) ~ 10! Pa. Consequently, it is not
clear what the value of this dimensionless quantity is. With this in mind, we rearrange

for the porosity in the mud chamber and substitute the dimensionless quantity to give

_ ¢t +Stop/(A+2p)
1+ Stor/(A+2u)

¢ (69)

If the dimensionless quantity Stor/(A 4+ 2u) > 1, then ¢~ ~ 1. If instead St op/(\ +
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21) < ¢, then ¢~ ~ ¢T. Therefore even in this highly simplified system, there are a

wide range of potential behaviours at the fluidisation front.

4.D Linear stability analysis

Here, we study the stability of the growth of a spherically symmetric mud chamber,
which is governed by the diffusion of pressure through the mudstone,

op*

o = V*p*  for r* € [s*,00), (70)

and at the fluidisation front,

p" =0 at r* = s,
(71)

Stu, = V*p* - n — (1+ Co) at r* = s*.
The growth of the mud chamber depends on gradients in pressure in the mudstone, while
the pressure in the mudstone depends on the position and velocity of the fluidisation
front. Therefore, the pressure diffusion problem and the free boundary problem must
be solved simultaneously. The following stability analysis follows the same approach
as Mullins & Sekerka (1963); they make this analysis tractable by taking the limit of
St — oo (though see Tribelsky & Anisimov 2014). We make the same assumption, which
implies that pressure in the mudstone evolves in a quasi-steady-state and thus obeys

Laplace’s equation V*2p* = 0.

We firstly consider an infinitesimally small perturbation to the interface caused by
a single spherical harmonic. The response to an infinitesimal perturbation of arbitrary

shape can then be obtained by superposition as the system of equations is linear. We
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position of the perturbed fluidisation front is given by

Pt = (1, 6,0) = s3(L) + esi(E)Y7(6,0), (72)

where Y™ is the spherical harmonic function of degree ¢ and order m and the dimen-
sionless magnitude of the perturbation € < 1, such that terms that are higher order in
€ can be neglected. The normal velocity of the interface is then approximately given by
the radial velocity,

_dsg dsy

Un =g T ap

Y™ (0,0) + O(), (73)

and the particular solution of Laplace’s equation is

* * %l
* 50 5150 vm 2
p=1- 2 Y 6,6) + O, (74
where s7 is determined by
ds? sy
St—L = (¢ —1)-L 75
G == (75)

Equation (75) states that all harmonics ¢ > 2 are unstable (harmonics with degree ¢ = 1

merely translate the sphere).

4.E  Numerical method

For improved accuracy, we first apply the transformation w* = r*p*, which transforms
spherical diffusion into Cartesian diffusion,
ow*  9*w*

% = W for T* S [S*,OO), (76)
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and the conditions at the fluidisation front become

w*=0 at r* = s*(t%),
] )
St— =—— — — — (1+ Co) at r* = s*(t%),

with initial conditions s*(0) = 0 and w*(r*,0) = r*. We then fix the moving front with

*

the transformation £* = r* — s*, giving

ow* B ds* ow*  9*w*

— R f *
BT i e + 9 or £* € [0,00), (78)
and
w* =0 at £ =0,
. . . (79)
Stds _ 1 8w —w——(l—i-CO) at 5*:07

dt* — s* 96F  s*2
with initial conditions s*(0) = 0 and w*(£*,0) = £*. We apply standard finite differences
on a uniformly spaced mesh to discretise this system of equations in space. The resulting
set of time-dependent ordinary differential equations are solved by the method-of-lines

approach using the SciPy (Python) solver solve_ivp.

4.F Quasi-steady-state asymptotics

4.F.1 Cartesian system

In a Cartesian coordinate system, the dimensionless system of equations is

31?* o 82]?* * o
%~ hpr? for x* € [s*(t"), 00), (80)
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where at the interface,

p* =0 at ™ = s*(t),
81)
ds*  Op* . e (
Stdt*zax*_l at * = s*(t),
and the initial condition is
P, 0) = 1. (52)

At times t* = O(1) we use the outer solution for pressure, given by

p* ~ erf(z*/2V1) (83)

which corresponds to negligible motion of the boundary, s* = 3/St = O(St™!). For the

inner region, the appropriate rescalings are z* = /St and p* = p/St, such that
g g

9?p
ZL2 00 84
85&2 9 ( )
and at the interface,
ﬁ = 0 a,t CAC — <§,
i _op s (85)
= — a = S
a0z e
Using the outer solution, the leading-order inner solution is given by
P (86)

so that

d§() 1 ~ t* *
= —1 =24/ — -1 87
de* \ Tt ’ %0 ™ ( )

Therefore, the maximum size of the mud chamber is approximately s*(1/7) = (7St)~!,
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4.F.2 Cylindrical system

The dimensionless system of equations is

op* 1 0 op*
= e () o e (), ), (58)
where at the interface,
p*=0 at p* = s*(t%),
A5 0 () )
dtx  Op* r= ’

and the initial condition is

P (p*,0) = 1. (90)

The outer solution for pressure can be obtained using Laplace transforms, where

1 9 oP*
P (p*,q") —1=— *<p* *> for p* € [s*(¢"), 00), 91
() 1= (G 5°(a"),0) (o1)
and the initial condition is
k * 1
B0 = (92)

We must specify that fluidisation initiates from the conduit, which has a finite dimen-
sionless radius R*. Therefore, this system of equations has the solution

i B l Ko(p*/q¥) (93)

Plr) = ¢ ¢ Ko(R*q")
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where K, is the order n modified Bessel function of the second kind. The inverse trans-

form of equation (93) is given by (Goldstein 1932)

du. (94)

s

P 0 J(uR) + Y3 (uR") u

where J,, is the order n Bessel function of the first kind and Y, is the order n Bessel

function of the second kind. Thus, the pressure gradient at the conduit is

4 /°° exp(—u?t*) du (95)
g TER* Jo o JE(uR*) + YZ(uR*) u’

op*
op*

As in the Cartesian system, the appropriate rescalings in the inner region are p* = p/St

and p* = p/St. Thus

4 p [ exp(—uit*) du

g = — Iln — —. 96
Po= "3 30Jo JE(uso) + YE(udo) u (96)
so that
dsg 4[> —u2t)  d
dso _ / 2e>fp(“2)A ) (97)
dtx 7230 Jo  JG(uso) + Y (uso) u

The growth of the mud chamber in this cylindrical system is noticeably more complex
than the Cartesian and spherical systems. This additional complexity stems from the
coupling of the pressure gradient at the front with the radius of the mud chamber and
the lack of a steady state solution for pressure. Consequently, the growth of the mud
chamber differs from the square-root-time scalings of the Cartesian and spherical systems.
In cylindrical systems, numerical methods are generally required to solve for the growth of
the mud chamber. However, analytical solutions can be readily obtained for a constant-

flow-rate condition at the front (Carslaw & Jaeger 1959).
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Conclusion

5.1 Summary of results

Fluid venting phenomena ubiquitously enable the rapid leakage of fluids from the subsur-
face, yet remain poorly understood. This thesis has aimed to elucidate the fundamental
physical processes governing fluid venting from sedimentary basins. To do so, I have
developed theories of fluid venting and validated them using the geological record of
venting from the Eastern Mediterranean. This work lays the foundations for various

exciting future developments, as detailed in §5.2 below.

In Chapter 2, I developed and solved a model of pressure evolution of sedimentary
layers subject to horizontal tectonic compression, leading to episodic fluid venting. I
showed that sustained tectonic compression will generate extreme overpressures required
for hydraulic fracturing of the sealing layer. Once hydraulic fracturing initiates, the
sandstone pressure drops rapidly due to fluid venting. After venting ceases, the sandstone
pressure is then slowly recharged by tectonic compression and pressure diffusion from the

mudstone layer, leading to repeated venting episodes.

144
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During episodic venting, the time interval between episodes is shown to tend towards
a fixed period, given by 7 = o7 /I's/(14v/v), where or is the tensile strength of the seal,
I's is the pressure build-up rate in the sandstone layer due to tectonic compression, and
(1+wv/7) is the venting frequency multiplier. The venting frequency multiplier (14 v/7)
is determined by the dimensionless ratio v/, which is independent of strain rate and
permeability. Based on estimates of sandstone and mudstone elastic properties, v/~ is
typically controlled by the ratio of thicknesses of the mudstone and sandstone layers.
Fluid venting phenomena are commonly found in mudstone-dominated basins; in these

settings, pressure recharge will be dominated by diffusion.

In Chapter 3, I provided evidence for the theory developed in Chapter 2. In partic-
ular, I tested the hypothesis that mudstones can act as sources of pressure, fueling fluid
venting from subsurface reservoirs. To test the pressure-source hypothesis, I used em-
pirical evidence from the geological record of episodic fluid venting in the Levant Basin,
where the times of each venting episode have been previously estimated. I gleaned fur-
ther information from these venting times by developing a stochastic model of reservoir
pressure evolution and using it to invert the venting times for parameters such as the
rate of pressure recharge between venting episodes. I then quantified and compared vari-
ous candidate mechanisms of pressure recharge, which revealed that poroelastic pressure
diffusion from mudstones provides the most plausible explanation for these observations.
Therefore, the Levant fluid vents provide strong spatiotemporal evidence supporting the

pressure-source hypothesis.

This evidence relies on the accuracy of the inferences deriving from the stochastic
model. I used Bayesian inference to invert the venting data for the full probability
distribution of each parameter and quantify their uncertainty. I showed that this method
of inference is effective on synthetic data produced by the model. I then demonstrated

the accuracy of inferences made from real data by analysing the fluid vents at Oceanus,
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which is situated in a less tectonically active region of the basin. This lack of tectonic
activity makes the timings of venting episodes at Oceanus particularly well constrained.
From the Oceanus data, I inferred a mean rate of pressure recharge of 28 MPa/Myr; this

inference produces model outputs with striking similarities to the data.

I then extended the inferences from Oceanus to a more complex system—the 12
venting sites distributed along the Levant margin. Due to their close proximities, I
introduced the possibility of pressure coupling into the model. I showed that vents
in a coupled system form complementary pockmark series, whereas uncoupled vents
behave independently. This contrast between independent and complementary venting
behaviour is a qualitative diagnostic for pressure coupling. The model identifies all
adjacent venting sites that are greater than 10 km apart as decisively uncoupled and
indicates pressure coupling between sites labelled 3, 4, and 5, each located along the
same anticline. Furthermore, the inferences for pressure coupling are in agreement with
the qualitative diagnostic behaviour. I thus asserted that the stochastic model captures
the main pressure behavior, both spatially and temporally. This result lends support to
the accuracy of these inferences and, therefore, to the theory of fluid venting developed

in Chapter 2.

In Chapter 4, I modified this theory of fluid venting to include mudstone remobilisa-
tion, i.e., mud volcanism. I showed that the sudden opening of the venting conduit drives
rapid porous flow through the mudstone to the base of the conduit. This rapid porous
flow exerts drag forces on the solid grains that are sufficient to fluidise the mudstone by
overcoming the resistance from cohesive and gravitational forces. I demonstrated that
fluidisation initiates at the conduit and spreads radially to create a hemi-spherical region
of fluidised mud, termed the mud chamber. At early times, the resistance to fluidisation
is negligible and the mud chamber exhibits self-similar growth; the radius scales with

square-root time. At timescales corresponding to large-scale fluid flow through the mud-
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stone, the drag forces on the solid grains relax by pressure diffusion. It follows that the
resistive forces to fluidisation become important, slowing and eventually stopping the

growth of the mud chamber.

In the limit of slow fluidisation relative to pressure diffusion, the mud chamber grows
asymptotically towards a final radius of (o7 — Ap)/G, where o is the tensile strength
of the seal, Ap is the pressure jump across the fluidisation front and G is the critical
pressure gradient for fluidisation. Using estimates of mudstone properties, I calculated
mud chamber sizes that are comparable to the sizes of mud-depletion zones beneath mud
volcanoes in the Nile Deep Sea Fan. I therefore provided supporting evidence for this

theory of fluidisation during mud volcano eruptions.

5.2 Future work

The models of fluid venting developed in this thesis constitute tractable tools for un-
derstanding the general dynamics of venting. By only including the dominant physical
processes, these models allow for the systematic exploration of the parameter space.
Accordingly, through relatively simple extensions, these models can be tailored to inves-
tigate a wide range of settings. In this section, I propose a number of potential model

extensions and promising avenues of future work.

5.2.1 Dynamics of the venting conduit

In this thesis, I have investigated how fluid flow in the source region influences the
dynamics of fluid venting. However, there is a two-way coupling between the flow in
the source region and the flow in the venting conduit. Venting conduits commonly
transport overpressured hydrocarbons, especially natural gas, from depths of kilometres.

For the high pressures in the source region at depth, gas may be dissolved in liquid
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hydrocarbons (if they are present) or in the resident brine. But the pressure decreases
as the fluid mixture travels up the conduit, allowing for the exsolution of the dissolved
gas (Collignon et al. 2018). This process is similar to exsolving flows in igneous-volcanic
conduits (Fowler & Robinson 2018) and occurs in hydrocarbon-extraction wells (Shoham
2006). Past models of multiphase flow in extraction wells have mainly relied on empirical
correlations (Poettman & Carpenter 1952, Hagedorn & Brown 1965, Beggs & Brill 1973),
which are restricted to the systems where the correlations were made. However, more
recent mechanical models have reduced these restrictions (Cazarez-Candia & Vasquez-
Cruz 2005, Shoham 2006). In particular, Pereira & Fowler (2020) propose a simple
mathematical model of flow in extraction wells that explicitly accounts for the kinetics
of gas bubble nucleation and growth. This tractable well model could be combined with
the models derived in this thesis to investigate the coupled physics of the conduit and
the source region. This combined model may, for example, help to explain the observed

nonlinear venting behaviour of mud volcanoes (Deville & Guerlais 2009).

In the Eastern Mediterranean, venting conduits transport fluids through a thick,
viscous salt layer. Over long timescales, salt flows towards regions of low pressure.
Therefore, pressure losses in the venting conduit will promote the closure of the conduit
by viscous creep. However, this viscous creep is opposed by the dissolution of the conduit
walls (Dupré et al. 2014) and, potentially, the erosive fluidisation of the conduit walls
(Cartwright & Santamarina 2015). A model of venting conduits that considers these
effects may shed light on their radii and the flow rates through them, as well as their
conditions for closure. Such a model may be similar to models of the closure of open
wellbores in salt (Weijermars et al. 2014), englacial meltwater conduits (Dallaston &
Hewitt 2014) and igneous-volcanic conduits (Quareni & Mulargia 1993, Macedonio et al.
1994). Indeed, like igneous-volcanic conduits, fluid venting conduits may close by brittle

collapse; mud volcanoes can form structures analogous to calderas (Evans et al. 2008).
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5.2.2 Extensions to theory of mud volcanism

The results of Chapter 4 provide evidence to suggest that the final size of mud-depletion
zones is governed by the cohesion and buoyant weight of the sediments. These resistive
forces also determine the shapes of mud-depletion zones, though this feature of depletion
zones is only briefly explored in this work. A systematic investigation of the shapes of
depletion zones likely requires the solution of the full two-dimensional model derived in
Chapter 4. However in this two-dimensional model, the growth of the fluidisation front is
unstable to any frequency of perturbation. To correct this non-physical behaviour in the
model, [ suggest a rigorous treatment of the energetic cost of breaking intergranular bonds
during fluidisation. This treatment may be derived using analogous concepts from frac-
ture mechanics and capillarity. For example, a capillary energy suggests that the pressure
jump across the fluidisation front is dependent on the local curvature; this is analogous
to the Gibbs-Thomson effect that is encountered during melting and solidification. It
follows that below a critical mud-chamber radius, all perturbations to the fluidisation
front are suppressed; beyond this radius a preferred frequency of perturbation grows (see
Mullins & Sekerka 1963). Complementary experiments for these two-dimensional simu-
lations could involve the rapid extraction of fluid from a pressurised packing of hydrogel

beads.

The earliest stage of mud volcanism is typically observed to be a vigorous fluid-rich
eruption. The theory of mud volcanism developed in this thesis shows that this initial
fluid-rich eruption drives mudstone remobilisation. However, it remains unclear how a
low-permeability mudstone can initially provide a rapid supply of fluids to the venting
conduit. Experiments by Nichols et al. (1994) suggest that, prior to eruption, fluids may
accumulate in a conical void at the base of the sealing layer. The possibility of prior

voids suggests that fluidisation may initiate from a distributed region at the base of the
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sealing layer, rather than from a point at the base of the venting conduit, as is assumed
in this work. This lack of clarity in the earliest stage of mud volcanism motivates further

experimental and theoretical studies of the source regions of mud volcanoes.

The extrusion of mud from the subsurface reduces the pressure exerted by the source
region on the overlying layer. This pressure reduction drives the subsidence of the over-
lying layer into the source region. Dupuis et al. (2019) propose that the subsidence of
the overlying layer drove the eruptions of a suite of mud volcanoes in offshore Nigeria by
an analogous process to the brittle collapse of magmatic calderas. This brittle collapse
is unlikely in the Nile Deep Sea Fan as the overlying layer is a viscous salt sheet; instead,
subsidence likely occurred by the viscous flow of salt. Cartwright et al. (2023) argue that
the rate of extrusion from mud volcanoes is likely faster than the corresponding salt flow
in the Nile Deep Sea Fan. This justifies our assumption of a rigid salt layer in Chapter 4
if the extrusion of mud is continuous over long timescales. However, seismic evidence
suggests that mud extrusion in the Nile Deep Sea Fan may be episodic (Cartwright et al.
2023). In this case, the salt is able to flow into the mud chamber during long periods of
quiescence. This process has implications for the shapes of mud-depletion zones and may
set the frequency of mud volcano eruptions. An extended model that considers salt flow
would allow the dynamics of mud volcanism in the Eastern Mediterranean to be more

thoroughly investigated.

The model derived in this thesis can be readily tailored for the study of mud volcanoes
in other sedimentary basins. In contrast to the mud volcanoes in the Nile Deep Sea Fan,
other mud volcanoes typically source fluids from a separate stratigraphic layer to the
mudstone. This is the case for the Lusi mud volcano, which has displaced thousands
of nearby families since it began erupting in 2006 (Davies et al. 2011). Management of
this disaster is difficult without an understanding of the likely evolution of the eruption.

Davies et al. (2011) estimate the duration of the Lusi eruption by modelling the evolution
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of the fluid source, but they neglect the evolution of the mud source. Therefore, their
estimates could be improved by modifying the model developed in this thesis to add a

separate fluid source.

A final area of unexplored curiosity is that of sediment production during industrial
processes such as the production of subsurface fluids from a well. At high rates of produc-
tion, the fluids are often accompanied by fluidised sediment sourced from the reservoir
rock (Vardoulakis et al. 1996). This fluidised sediment can impede fluid production by
filling and blocking the wellbore and eroding the production equipment (Subbiah et al.
2021). To understand this risk, numerous models have been developed to predict the
onset and evolution of sediment production (see Rahmati et al. 2013). Many such mod-
els carry considerable numerical complexity, which may delay the determination of an
optimised production strategy and thus its execution. For a much reduced computational
cost, the model developed in this work can be easily adapted to predict the dynamics of

sediment production from wells.
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