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A B S T R A C T   

Multi-well pressure data from the Magnolia Field, located on a flank of the salt-bounded Titan passive mini-basin 
in the Garden Banks area of the continental slope of the Gulf of Mexico, indicate remarkably high overpressures 
that vary, at similar depths, by up to 10 MPa between sand bodies 1 km apart. In the present paper, we integrate 
geological and geophysical analysis with 2D forward hydro-mechanical evolutionary modelling to assess the 
contribution of both disequilibrium compaction and diapir-related tectonic loading to the observed overpressure 
and to understand controls on pressure compartmentalisation. The 2D finite element evolutionary model 
captured the sedimentation of isolated sand channels bounded by mud-dominated sediments close to a rising salt 
wall which led to tectonic loading on sediments. Comparison of results from the 2D and 1D models shows that 
disequilibrium compaction can explain most of the overpressure as a result of very rapid deposition of mainly 
mud-rich, low permeability sediments; tectonic loading contributes around 7% of the observed overpressure. The 
models also show that linked to the high sedimentation rates, small variations in the permeability and con
nectivity of the mud-rich sections that bound the channel sands result in highly compartmentalised pressure 
distributions in adjacent sand bodies.   

1. Introduction 

Overpressure, i.e., pore fluid pressures in excess of the hydrostatic 
gradient, exerts a major influence on a range of major geological pro
cesses including subsidence, slope failure, faulting and folding (e.g., 
Dickinson, 1953; Hubbert and Rubey, 1959; Dugan and Flemings, 2000; 
Ostermeier et al., 2000; Saffer and Tobin, 2011; Berndt et al., 2012). 
From a geoengineering perspective, a quantitative understanding of 
overpressure also underpins the safe design of wellbore drilling opera
tions, as well as the injection rates and maximum volume of geological 
CO2 storage without compromising the integrity of the overburden. 

Overpressure in sedimentary basins can develop via several mecha
nisms, often in combination, including disequilibrium compaction 
(Swarbrick, 2012), tectonic deformation (Luo et al., 2007; Couzens-
Schultz and Azbel, 2014), lateral transfer (Yardley and Swarbrick, 2000; 
Heaton et al., 2020), diagenesis (Lahann and Swarbrick, 2011; Nguyen 

et al., 2016), hydrocarbon generation and hydrocarbon-related buoyant 
pressure (Liu et al., 2019; Li et al., 2021), and aquathermal expansion 
(Osborne and Swarbrick, 1997; Luo and Vasseur, 1992). 

In many cases, pore pressure must be estimated indirectly, either 
because the information is required before drilling is undertaken and/or 
because it cannot be directly measured, especially for lithologies with 
low permeabilities that would require unfeasibly long measurement 
times. Estimates and predictions can be made using a range of methods 
including well log analysis, (Zhang, 2011; Azadpoura et al., 2015; 
Goulty and Sargent, 2016), seismic interval stacked velocities (Sayers 
et al., 2002; Brahma et al., 2013; Bahmaei and Hosseini, 2020), and 
numerical basin modelling (Flemings and Lupa, 2004; Broichhausen 
et al., 2005; Hantschel and Kauerauf, 2009; Neumaier et al., 2014). 

Forward geomechanical modelling over geological time scales is a 
type of basin modelling that relies on physical principles to capture the 
evolution of the basin due to the constitutive response of the geological 
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materials to the imposed boundary conditions. It can simulate the evo
lution of geological structures, stress, strain, and pore pressure states 
during basin history, from a target paleo time to present day. This 
technique has been used to investigate the controls on the development 
of geological structures (Crook et al., 2006; Vidal-Royo et al., 2011; 
Albertz and Lingrey, 2012; Thornton and Crook, 2014; Roberts et al., 
2015; Ruh, 2017), and the impact of the evolutionary deformation 
structures in the stress-strain and pore pressure fields (Albertz and Sanz, 
2012; Smart et al., 2012; Obradors-Prats et al., 2016, 2017b). It also 
facilitates a better understanding of stress fields and pore pressures in 
systems influenced by salt tectonics (Nikolinakou et al., 2014, 2018; 
Heidari et al., 2016, 2021; Luo et al., 2017; Lovely et al., 2018). 

In this paper we build fully coupled hydro-mechanical forward 
models to understand the development and distribution of overpressure 

in the Magnolia Field. This field is located on a flank of the salt-bounded 
Titan mini-basin, in the Garden Banks area of the continental slope of 
the Gulf of Mexico (Fig. 1a). Overpressure in this region is complex; 
multi-well pressure data indicate remarkably high overpressures that 
vary significantly between spatially close sand bodies at similar depths 
(Sathar and Jones, 2016). 

A 3D seismic cube, log-based interpretation, core analysis and 
reservoir characterisation were used to derive the present-day structural 
configuration and build a detailed sedimentary model. Petrophysical 
analysis using wireline log data is used to assess mechanisms contrib
uting to overpressure formation in the Magnolia Field. This information 
is then used to build the coupled geomechanical model, including a 
geomechanical restoration that informs the depositional inputs for the 
forward model in a qualitative manner. The model captures the 

Fig. 1. (a) Location of the Titan min-basin, Magnolia Field, seismic cubes, and location of the N–S seismic cross-section (Source BOEM, 2021). (b) S–N seismic cross- 
section used in the geomechanical models showing wells GB783-A4, GB873-A5 and GB783-2ST, the top of the reservoirs A-40, B-25, a bright reflector, top Pliocene 
and top of the salt wall. 
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structural evolution of the sediment formations as well as the adjacent 
rising salt wall and is calibrated to predict a geometry consistent with 
the seismic interpretation. Overpressure generation mechanisms 
captured by the models are disequilibrium compaction, salt-induced 
tectonic strain, and lateral transfer. Porosity-permeability curves used 
in the geomechanical models are calibrated to predict an overpressure 
magnitude consistent with measurements for the target reservoir B-25 
(Fig. 1b). 

Finally, the modelling results are used in conjunction with the pet
rophysical analysis to first quantify the relative contribution of the 
different mechanisms in generating the observed overpressure and to 
then understand potential factors contributing to overpressure com
partmentalisation in the Magnolia Field sand reservoirs. 

2. Geology 

For this study, a set of well logs, 3D seismic cubes in time and depth, 
check shots, pressure tests as well as core and drilling reports were used 
(Table 1). Well correlation, seismic and lithofacies interpretation, 
pressure analysis and definition of static models were performed with 
Petrel software (version 2022). Techlog software (version 2018) was 
used for petrophysical interpretation. 

2.1. Geological setting 

The Magnolia Field spans blocks 783 and 784 within the Titan mini- 
basin in the Garden Banks area of the continental slope in the Gulf of 
Mexico (Fig. 1a). This field is under a water column of 1424 m (4674 ft) 
(Stomp et al., 2004; Eaton et al., 2005; Colwart et al., 2007). The Titan 
mini-basin depocenter has a thickness of approximately 11 km of Upper 
Miocene to Pleistocene sediments deposited on top of the allochthonous 
salt sourced from the Louann Jurassic salt formation (Fig. 1b) (Weis
senburger and Borbas, 2004; Sathar and Jones, 2016). 

Fig. 2. Well log and core images highlighting the sedimentary structures, well GB783-2ST2 (Source: CoreLab, 2003).  

Table 1 
Summary of the data used in this study.  

Data Number of 
Wells 

Wells and deviation trajectory 25 
Drilling reports 8 
Logs GR (2400 m TVDSS - TD), DT (~2850 m TVDSS– TD) and 

resistivity (~3760 m TVDSS - TD) 
2 

Logs GR, DT, resistivity, RHOB and NPHI (reservoirs) 22 
Check shots (include data from other fields in the area) 30 
3D seismic cubes (time and depth) with an area of 130 km2 1 
Pressure data (Reservoirs B-25) + (other reservoirs) 12 + 5 
Core data report 1  
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In the Magnolia Field the sediments are mud-dominated, Pliocene to 
Pleistocene in age and up to 5 km thick (Fig. 1b). Most of the lithofacies 
within the reservoir section correspond to deepwater channel systems 
which contain silt- and sand-rich sections. 

Twenty-five wells were drilled in this field during exploration and 
development to a maximum depth of 5200 m (17,060 ft) below sea level, 
targeting nineteen fine sand and siltstone intervals for oil and gas pro
duction. Reservoir B-25 was the most prolific reservoir with an expected 
recovery factor of sixty percent (Procyk et al., 2007). 

Hydrocarbon indicators such as flat spots were not identified in any 
of the reservoirs during seismic interpretation, but pressure data show 
different oil and gas water contacts in each reservoir. Bright reflectors 
are present at different depths (as seen in Fig. 1b) although they are not 
continuous. 

An indication of active salt tectonics during the deposition of Plio
cene and Pleistocene sediments is observed in the thickness variation 
and the angle of the reflectors. Near the salt wall, seismic reflectors are 
almost vertical, and the thickness is reduced in comparison to the sed
iments towards the centre of the Titan mini-basin where the reflectors 
are approximately horizontal with greater thickness (Fig. 1b). 

Interpretation of the 3D seismic survey was performed in time and 
depth to derive the structural configuration of the area. Seismic attri
butes such as structural smoothing, variance, chaos, sweetness, and RMS 
were created to facilitate the interpretation. Due to the quality and 
chaotic nature of the seismic data the interpretation close to the salt wall 
could differ from other interpretations (Fig. 1b). 

2.2. Sedimentary column analysis 

The overburden was characterised with well logs and reports from 
two wells, GB783–1 and GB783-A8 with data available from 2777 m 
(9000 ft) and 2386 m (7820 ft) TVDSS respectively (Fig. 3a and b and 
Fig. 5a). The mud-dominated sediments consist of thin intercalations of 
sandstone, siltstone, and shale (mudstone). 

The Pleistocene B-25 reservoir (focus of this study) has a thickness 
variation between 67 m (220 ft) and 265 m (870 ft), with net to gross 
(NTG) ratios ranging from 0.13 to 0.92 (fraction). Potential vertical and 
horizontal barriers to fluid flow have been interpreted in ~74 m 
(242.85 ft) of core images from Well GB783-2ST2, located approxi
mately 1433 m (4700 ft) towards the north from the main diapir wall 
(Fig. 3a). These include features such as high angle crossbedding, frac
tures, small scale faults and lithological heterogeneity (Fig. 2). 

Core measurements indicate porosity values between 0.04 and 0.37 
(fraction) and permeabilities between 0.001 and 487 mD. No features 
indicative of clay mineral or quartz diagenesis were identified on photos 
and thin sections of the B-25 and B-20 reservoirs. 

A field scale analysis using pressure tests, seismic and well log data 
was performed, and the results show both, high compartmentalisation 
and hydraulic connection between different wells. 

Fig. 3a shows a structural map of the B-25 reservoir top and salt wall 
surfaces displaying the location of the thirteen wells where B-25 pres
sure data was available. A line from points A to A’ defines a seismic 
section shown in Fig. 3b intersecting six of the seven wells which are 
hydraulically connected. Isolated reflectors can be observed within the 
seismic data, but their connectivity could not be fully established due to 
insufficient seismic resolution, which is ~20 m (~65 ft equivalent to 16 
ms). In Fig. 3c the corresponding well correlation with GR, lithologies 
and sonic logs is provided. An interpretation of the thin sand-silt inter
calation of the B-25 reservoir is also presented. However, there is no 
clear indication of connectivity between these thin intercalations. No 
production data were available to calibrate the volume, size, or shape of 
each reservoir in this study. 

2.3. Measured fluid pressures 

MDT pore pressures in these wells are up to 76 MPa (11,000 psi) at 

approximately 5000 m TVDSS (16,400 ft), at which depth temperatures 
are between 60 and 70 ◦C (Sathar and Jones, 2016). Due to the low 
temperatures and rapid sedimentation of mud-dominated lithologies, an 
initial hypothesis is that most of the overpressure has been generated by 
disequilibrium compaction (Ostermeier et al., 2000, 2001; Sathar and 
Jones, 2016). However, other overpressure generation mechanisms 
cannot be excluded, such as the impact of salt tectonics and lateral 
transfer along potentially laterally extensive, dipping, permeable hori
zons (e.g., pressure transfer from deep sediments located in the 
mini-basin depocenter towards the Magnolia Field, Fig. 1a). 

From the pressure-depth plot, it is observed that all nineteen reser
voirs (i.e., A-63, A-80, A-85, A-90, B-10, B-12, B-13, B-15, B-17, B-20, B- 
25, B-30, C-30, C-40, C-50, C-60, C-70, D-10 and Miocene) in all wells 
are overpressured, with measurements indicating a high degree of ver
tical and horizontal fluid compartmentalisation (Fig. 4a). 

Reservoir B-25 was chosen for a detailed analysis due to the number 
of tests available. Gas, oil, and water pressure gradients were identified 
(Fig. 4b). Hydraulic connectivity was interpreted in the GB784-A6, 
GB784-A8, GB783-1ST1BP1, GB783–1, GB784-A7, GB783-A9 and 
GB783-3 wells (Fig. 3). On the other hand, high pressure compartmen
talisation was identified in the GB783-A4, GB783-A5, GB783-2ST, 
GB783–2 and GB783-3ST wells. It is noted that these wells, which 
have larger overpressure values than the hydraulically connected wells, 
are located closer to the salt wall. For example, well GB783-A4, which is 
the closest well to the salt wall (Fig. 3a), also has the highest pore 
pressure ~79 MPa (11,500 psi), which is approximately 28 MPa (4000 
psi) above the hydrostatic pressure (Fig. 4b). 

3. Log-based assessment of pore pressure 

As porosity loss by mechanical compaction is driven by effective 
stress, the analysis of porosity (or porosity proxies such as transit time 
and density) as a function of depth allows estimates to be made of 
effective stress and thus pore pressure. Overpressure is inferred when 
sediments have porosities that are higher than those consistent with an 
effective stress where pore pressures are hydrostatic, defined as a 
“normal compaction trend” (NCT). In this study, it is reasonable to as
sume that mechanical compaction is the main cause of the overpressure 
because temperatures are below 70 ◦C and non-mechanical (chemical) 
compaction, related to clay mineral diagenesis or quartz cementation, is 
very unlikely to be important. 

The definition of an NCT or, more broadly, a relationship between 
porosity and effective stress, is not straightforward in this study because 
there are neither porosity nor porosity-related log data (transit time; 
density) in the top 1600 m (5185 ft) of the sediment column and drilling 
data suggest that overpressure occurs at depths greater than 300 m (972 
ft). NCTs have therefore been defined based on sonic and density logs 
which had been developed for mechanically compacted sediments from 
the Gulf of Mexico. 

Normal compaction trends based on sonic and density logs were 
generated using Wyllie et al. (1956) and Athy’s (1930) equations (1) and 
(2): 

ΔtNC =Δtma + (Δtml − Δtma) ∗ e− c∗Z 1  

= ρma + (ρml − ρma) ∗ e− c∗Z 2  

where ΔtNC is the transit time of the normal compaction, Δtma is the 
matrix transit time (67 μs/ft), Δtml is the mudline transit time (seabed) 
(188 us/ft), z is the depth below sea level (m), c is the compaction co
efficient (0.0005 m-1) after Hansen (1996) and Tingay et al. (2009), ρNC 
is the density of the normal compaction, ρma is the matrix density (2.67 
gr⁄cm3) and ρml is the density at the mudline (1.73 gr/cm3). 

Porosities were estimated from the sonic and density logs using 
equations (3) and (4): 
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Fig. 3. -(a) Structural map at top of the B-25 reservoir showing wells location, A-A′ seismic and well correlation and the S–N cross-section used for the geomechanical 
models. (b) Seismic-cross section showing the connected wells at the B-25 reservoir. (c) Well correlation showing GR and DT logs presenting the tops of the reservoirs 
A-40, B-15, B-25, B-30 and Pliocene and the interpretation of the thin sand-silt intercalations. 

J. Obradors-Prats et al.                                                                                                                                                                                                                        



Marine and Petroleum Geology 155 (2023) 106352

6

ØDTcp =

Δt− Δtma
Δtf − Δtma

Cp
3  

Ødensity =
ρma − ρb

ρma − ρf
4  

where ØDTcp is the corrected porosity from sonic log, Cp is the correction 

factor considered to be 1.8 after Raymer et al. (1980); Issler (1992); Hart 
et al. (1995); Schlumberger (1989) and Tingay et al. (2009), Δtma is the 
matrix transit time (67 μs/ft), Δt is the measured transit time (us/ft), Δtf 
is the fluid transit time (188 us/ft), Ødensity is the porosity from density 
log, ρma is the matrix density (2.67gr/cm3), ρb is the bulk density 
measured (g/cm3) and ρf is the fluid density (1.03 g/cm3). 

Fig. 4. a) Modular dynamic formation tester (MDT) data of thirteen wells and seventeen reservoirs of the Magnolia Field. Hydrostatic pressure gradient was esti
mated to be 0.00105 MPa/m (0.465 psi/ft) and the lithostatic pressure gradient 0.0226 MPa/m (1 psi/ft). b) pressure plots of tests performed in twelve wells, 
reservoir B-25, Magnolia Field. Red, green, and blue discontinuous lines indicate gas, oil, and water pressure gradients, respectively. 

J. Obradors-Prats et al.                                                                                                                                                                                                                        



Marine and Petroleum Geology 155 (2023) 106352

7

Fig. 5. a) Pore pressure interpretation based on well logs data, Well GB783-1. Normal compaction trends for transit time and density are from equations (1) and (2). 
Porosities were calculated from equations (3) and (4). Pore fluid pressure trends are from equations (5) and (6). b) density-velocity cross-plot of eight wells with a 
filter on shale and depth >3700 m 12,000 ft TVDSS). 
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Pore fluid pressure was estimated from sonic logs using relationships 
developed for mechanically compacted Gulf of Mexico mudstones by 
Eaton (1975) (equation (5)) and Bowers (1995) (equation (6)). 

Pf = σL −
(
σL − σHy

)(ΔtNC

Δt

)x
5  

Pf = σL −

⎛

⎜
⎜
⎝106 ∗

1
Δt −

1
Δtml

a

⎞

⎟
⎟
⎠

1
b

6  

Where Pf is the pore pressure fluid, σHy is the hydrostatic pore pressure 
, σL is equal to the lithostatic stress/overburden, ΔtNC is the normal 
compaction transit time for hydrostatically pressured sediment (us/ft), 
Δt is the transit time from sonic log (us/ft), Δtma is the matrix transit 
time (67 us/ft), Δtml is the transit time at sea floor (188 us/ft) and x is the 
exponent 3 (Eaton, 1975). 

Results from the well log analysis are presented in Fig. 5a. The lack of 
log data precludes any analysis shallower than 2777 m TVDSS (~9000 
ft), but the log data at greater depths are consistent with increasing 
overpressure with increasing depth. 

There is a fairly constant density and a slight increase in transit time 
at depths greater than 3953 m TVDSS (12,970 ft). A constant density or 
transit time with increasing depth indicates a constant effective stress, 
which occurs where the rate of additional pore pressure is due to 
sedimentation-related loading being much faster than the rate at which 
pore pressure can decrease due to fluid flow. This occurs at the so-called 
“fluid isolation depth” (Swarbrick, 2012). 

An increase in transit time and decrease in density with depth below 
4127 m TVDSS (13,543 ft), which correlates to one of the bright re
flectors observed on the seismic data, suggests that in well GB783-1, this 
section reached the fluid isolation depth at a slightly shallower depth 
than in the section immediately above (Fig. 1b and 5b). 

Pore pressures measured in the upper parts of the more sand-rich 
reservoir section are similar to those inferred from the Bowers (1995) 
log analysis of the overlying mud-rich section (Fig. 5a). This implies that 
the pore pressures can be largely explained as being generated by 
disequilibrium compaction, which is expected in a sedimentary system 
dominated by the rapid deposition of low permeability mudstones, and 
which has not been subjected to chemical diagenesis. 

The fit is not as good at the base of the sand-rich section (reservoir B- 
25) below a very sharp ramp of pore pressure 4572 m TVDSS (15,000 ft), 
suggesting that overpressure mechanisms in addition to disequilibrium 
compaction may be operating. These could include tectonic stress and 
lateral transfer (Yardley and Swarbrick, 2000), the analysis of which 
requires a more sophisticated approach using 2D hydro-mechanical 
modelling. 

Density-velocity cross-plots are particularly useful to identify situa
tions where unloading has occurred, because for a given decrease in 
effective stress, the relative decrease in velocity is much greater than 
that of density (Bowers and Katsube, 2002). 

Both Bowers (2001) and Gardner (1974) developed density-velocity 
relationships for mudstones from the Gulf of Mexico and Gulf Coast 
where disequilibrium compaction was identified to be the main over
pressure generating mechanism (equations (7) and (8)). 

V = 4790 + 2953 ∗ (ρ − 1.3)3.57 7  

V =
( ρ

0.23

)4
8  

where V is the velocity (ft/s) and ρ is the registered well log density 
RHOB (g/cm3) and the rest are constants. 

Fig. 5b shows mudstone velocity-density cross-plots for wells in 
which such data and pressure measurements were available. Although 
there is scatter as a result of lithological variations and log quality, most 

of the data fall within the boundaries defined by Bowers (2001) and 
Gardner (1974). These data give no clear indication of any unloading 
mechanism. 

There are anomalous low-density/high velocity results that do plot 
outside of the Bowers-Gardner zone, all of which are found in mudstones 
close to or within the salt. These low values were interpreted as poten
tially attributable to the presence of salt, which is associated with low 
density readings within the clastic sediment (e.g. Lopez et al. (2004) and 
Zong et al. (2015)). 

4. Hydro-mechanical models 

4.1. Modelling approach 

The models described in the present paper were developed using the 
finite element geological modelling software ParaGeo (Crook et al., 
2018; Obradors-Prats et al., 2016, 2017a, 2017b, 2019) which enable 
the prediction of basin structural development while capturing the 
evolutionary stress and strain tensors, pore pressure and temperature 
distributions during basin history. 

ParaGeo builds coupled, Thermo-Hydro-Mechanical (THM) models, 
adopting a staggered scheme with the coupling between the solved fields 
being performed at every flow in which each step encompasses on the 
order of a few hundred mechanical steps. The governing equations for 
(a) the mechanical and fluid flow fields are the linear momentum bal
ance for a saturated medium containing a single fluid phase, and (b) 
Darcy’s single phase flow equation (see Appendix). The thermal field is 
modelled via the advective diffusion equation which is not described 
here as we have not accounted for any temperature dependent 
processes. 

Our models simulate the deposition of clastic sediments on top of an 
initial salt volume. Each time a layer is deposited, a new mesh is 
generated to represent the sedimented material, deploying an adaptive 
remeshing algorithm. The gravity loading is gradually applied over the 
sedimentation stage to the new layer. During the evolution of salt and 
sediment deformation, a pinch out algorithm is used to eliminate and 
merge very thin elements, avoiding numerical instabilities. 

The sediments are modelled using the critical state poro-elasto- 
plastic Soft Rock 4 model (SR4, e.g. Obradors-Prats et al., 2019) 
which can capture plastic strain hardening (compaction with strength 
increase) and plastic strain softening (dilation with strength decrease) 
depending on the stress path yielding location relative to the yield sur
face. Salt is modelled using the stress-dependent Herschel and Bulkley 
(1926) viscoplastic model. The equations for the constitutive models are 
provided in the Appendix. 

In forward geomechanical models, salt flows as a result of differential 
topographic loading from the sediments deposited on top of the salt, 
with the predicted structures being difficult to constrain. In order to 
facilitate the prediction of a present-day structure consistent with its 
true geometry, a geomechanical restoration on the interpreted seismic 
section is performed in ParaGeo in order to obtain the shape of the 
depositional profiles required in the forward simulation to define the 
thickness variation of the sedimented layers (for further explanation see 
appendix section 8.4). 

4.2. Model definition 

4.2.1. 2D forward models 
The initial geometry for the 2D plain strain model consists of an 

initial salt volume that is 15 km wide and 6 km high. A roller boundary 
condition is applied to the base and sides of the model so that perpen
dicular displacement to the boundaries is constrained whereas 
displacement tangential to the boundaries is allowed (Fig. 6). During the 
simulation 17 mudstone layers and 2 layers of isolated sand channels are 
sedimented which encompass Pliocene and Pleistocene ages (see ap
pendix Table A 3). The depositional profiles for the sedimented layers 
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were derived from a geomechanical restoration performed in ParaGeo 
(Figure A1) as described in the appendix section 8.4. Every time a new 
layer is deposited, the thickness at each horizontal coordinate given by 
the depositional profiles is added to the current top surface elevation 
(the depositional thickness at each location of the model is independent 
to the compaction of the previous layers). 

The sediments’ geomechanical properties were defined to be repre
sentative of each lithology and are summarised in Table A 1 within the 
Appendix. The material properties for the salt (Table A 2) were itera
tively calibrated until the predicted present-day geometry was consis
tent with field observations. 

The porosity-permeability relationships are defined using the 
Kozeny-Carmen model. A typical curve for sand is defined according to 
data from Hantschel and Kauerauf (2009). The curve for the mudstone 
layers was calibrated so that the pressure in the modelled sands matches 
the lowest pressure gradient from the multi-well data for B25 at the 
selected well location (Fig. 7, Figs. 8 and 9) because 1) those are the only 
data points that follow a water gradient and 2) most of the wells 
considered are consistent with such pressure regime. Water density was 
set as 1070 kg/m3 so that the hydrostatic gradient is consistent with the 
gradient estimated from pressure data. A water level boundary condition 
with a height relative to the seafloor surface is defined to provide the 
seafloor pore pressure prescribed value at each horizontal (X) coordinate 
of the model. 

In addition to the base case model, four additional cases are simu
lated, considering heterogeneous permeability in Pleistocene03 and 
Pleistocene05 layers, which bound the isolated sand channels. In those 

cases, for coordinates X < 5900 m (the left-most part of the layers), 
permeability is defined as being higher than that of the base case, 
whereas the permeability for coordinates such that 5900 m < X <
11,000 m (central part of the layers) is lower than in the base case. The 
permeability at the right-most part of the layers (X > 11,000 m) is the 
same as in the base case. The four cases considered permeability ratios 
between the high and low permeability regions of 2, 5, 10 and 100, 
respectively. 

4.2.2. Column model 
The 2D evolutionary model defined to reproduce the present-day 

field geometry incorporates the effect of disequilibrium compaction 
and salt-related tectonic deformation in generating overpressure. 
Furthermore, it incorporates the effects of the structural geometry in 
fluid-flow. To assess the relative contribution of disequilibrium 
compaction and tectonic deformation in both the present-day over
pressure and porosities we developed a column model representative of 
the sedimentation at the well location in the 2D model. Such model does 
not include tectonic deformation and therefore will provide an 
approximation of the disequilibrium compaction component in the 
predicted pore pressure by the 2D model. In order to ensure that the 
same amount of sediments are deposited in both the 2D and the column 
models (ensure consistent amount of solids) the porosities predicted by 
the 2D model at the well location were decompacted to calculate the 
depositional thicknesses for each formation in the column model. All the 
remaining parameters and material properties are kept identical to the 
2D model hence enabling comparisons. 

5. Results 

5.1. Results in base case model 

5.1.1. Structural evolution 
The predicted structural evolution by the 2D model is shown in Fig. 9 

which is a result of the evolutionary salt deformational response to the 
weight of the sediments. The black arrows indicate the displacement 
directions within the salt body. At the start of simulation, the sediments 
do not cover the entire length of the salt top horizon so that as new layers 
are being deposited, the sediments sink downwards and salt evacuates 
from locations below the sediments, flowing towards the southern part 
of the model and then upwards following a pseudo semi-circular 
pathway. This leads to the formation of a salt wall/diapir adjacent to 
the mini-basin flank, with flow mainly in the upward direction until the 
last three deposition events during which sediments cover the whole of 
the model length. 

The eight isolated sand channels, deposited in two sets of four 
channels with a mudstone layer in between (Table 2), span approxi
mately half of the model length (the region included in the seismic 
section) as defined by the sedimentation thickness profiles in Figure A 2 
c. 

Our model has captured the observed diapir/salt wall covered by 
young sediments next to the mini-basin flank, a salt bulge at the base of 
the diapir wall and a synclinal shape of the sediments with onlap on the 
salt wall. The model overpredicted sediment sinking, resulting in a 
larger amount of salt flowing towards the diapir/salt wall top and 
generating additional horizontal push from the salt towards the north. 
Also, the thickness of the sediments covering the top of the diapir/salt 
wall plateau is overpredicted. Nonetheless such degree of mismatch is 
expected when considering the degrees of freedom in a predictive 
evolutionary geomechanical modelling approach involving salt 
rehologies. 

5.1.2. Stress and overpressure distributions 
The predicted overpressure distribution in mini-basin sediments is 

shown in Fig. 11 (c) and (e). The maximum overpressure developed in 
the deepest sections of the mini-basin depocenter at the northern model 

Fig. 6. Schematic of the initial model and boundary conditions.  

Fig. 7. Kozeny-Carmen porosity-permeability curves for sand and mudstone 
lithologies. Sand curve is defined using typical parameters from (Hantschel and 
Kauerauf, 2009). Mudstone curve is calibrated to fit pressure data at well 
location. Permeability anisotropy is considered with a horizontal to vertical 
permeability ratio of 5.0 for the sand and 1.5 for the mudstone. Typical curves 
for shale and siltstone according to (Hantschel and Kauerauf, 2009) are plotted 
for reference. The box plotted around the mudstone curve at porosities between 
0.1 and 0.2 indicate the maximum (blue) and minimum (red) range of 
permeability contrast simulated for the cases run to explore the effect of het
erogeneous permeability. 
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boundary is 40.8 MPa. In this location, the sedimentation rate is faster 
relative to other model locations, leading to larger overpressure due to 
disequilibrium compaction. This is reflected in the convex-up shape of 
the overpressure contours, so that if overpressure is measured across a 
layer following a direction parallel to the bedding, overpressure de
creases from North to South. 

The vertical and horizontal effective stress distributions in the sedi
ments are shown in Fig. 11 (a) and (b) respectively. Both plots show a 
general trend of effective stress increase with depth, with a lower stress 
gradient towards the North (e.g., the 30 MPa value is reached at ca. 
4600 m depth at a location close to the middle of the model length, 
whereas at the model’s northern boundary, it is not reached until 5400 
m depth, consistent with the relatively larger overpressure gradient to
wards the North (overpressure decreases the effective stresses). 

The red boxes in those figures show locations where there are local 
reductions in effective stress. The horizontal effective stress contours 
show a local reduction of 3 MPa above the salt bulge. This is due to the 
stress arching effect that the bulge induces on sediments. On the other 
hand, the vertical effective stress contours show a reduction in the 
sediments adjacent (<700 m distance) to the salt diapir wall. For 
example, the white point within the red box in Fig. 11 (a) is at 2.2 km 
depth below mudline, has a vertical effective stress of 15.0 MPa and an 
overpressure of 12.9 MPa whereas the pink point which is at the same 
dept, located adjacent to the salt wall at a distance of 673 m, has a 
vertical effective stress of 10.3 MPa with an overpressure of 11.6 MPa 
(lower overpressure and lower effective stress than the white point). 
Such reduction in vertical effective stress is attributed to the drag that 
the salt exerts on adjacent sediments as the salt diapir raises upwards. 

The horizontal to vertical effective stress ratio contours reveal that 
most of the basin sediments are in horizontal compression, showing 
values larger than the value for uniaxial burial conditions (k0 value of 
0.81 in Fig. 11 (d)). In addition, sediments next to the salt diapir wall 
show values larger than 1.0 (hot colours in Fig. 11 (d)), meaning that 
horizontal effective stress exceed the vertical effective stress in those 
locations. This is supported by the maximum principal stress directions 
which display a sub-horizontal direction in locations with warm colours 
and a sub-vertical direction otherwise. It can be observed that the sed
iments above the diapir top (southern part of the model) are in hori
zontal extension, which is attributed to the horizontal stretch generated 
by both (a) the diapir top expanding horizontally in the most recent 
period in the basin history and (b) the arching-related stretch resulting 
from the opposite kinematic directions of the sediments sinking in the 
mini-basin flank and sediments being held by the rising diapir top. 

5.1.3. Overpressure, porosity and stresses in sand channels 
In this section the discussion will focus on the pore pressures in the 

isolated sand channels. To that end the results at each mesh element 

within sand channels have been extracted for processing. 
In Fig. 12 (a) and (b) porosity and overpressure in the sand channels 

are plotted with depth. The overpressure is the same for all elements in 
each individual sand channel because the high permeability and the 
relative short distance facilitate a rapid distribution of overpressure 
within each sand body. The overpressure in different sands ranges from 
16.5 MPa in sand08 to 27.9 MPa in sand01. Larger overpressure is 
observed for older and deeper sands (e.g., sands 01 to 03 in cold colours) 
compared to younger, shallower sands (e.g., sands 06 to 08 in warm 
colours). In addition, overpressure increases for sands located towards 
the North, consistent with the overpressure contours shown in Fig. 11. 
The plot shows that the model has captured overpressure compart
mentalisation in that different sand channels have different overpressure 
magnitudes at the same depth. The maximum difference in pressure for a 
given depth is 5.6 MPa between sands 04 and 05 which are located at 
2.55 km from each other. The porosity plot shows that porosities in all 
sand channels are larger than the NCT. The high overpressure generated 
by disequilibrium compaction facilitated porosity preservation with a 
maximum difference between the average porosity for a given sand 
channel to the NCT of 3 porosity units observed for sand01 (Sathar and 
Jones, 2016). 

Fig. 12 (c), (d) and (e) shows cross plots of porosity, overpressure, 
and effective stress ratio values within the sand channels. Those provide 
information that helps to interpret the effect of tectonic deformation on 
porosity and overpressure generation, and the relative contribution of 
tectonic deformation and disequilibrium compaction in generating the 
observed overpressure magnitudes. In Fig. 12 (c), it is clear that porosity 
decreases as effective stress ratio increases for each set of sand channels 
of the same age (cold colours for the oldest set of sand channels and 
warm colours for the youngest one). This indicates that the compres
sional tectonic deformation due to salt halokinesis (which increases 
horizontal effective stress and hence increases the effective stress ratio) 
has a role in decreasing porosity in the sand channels. 

From the overpressure and effective stress ratio cross plot (Fig. 12 
(d)) no clear correlation can be established, indicating that tectonic 
deformation may be of second order importance as an overpressure 
generation mechanism in the present scenario. In Fig. 12 (e), the average 
values show a correlation of porosity preservation with high over
pressure for each set of sand channels of same age, which is indicative of 
disequilibrium compaction. Nonetheless it is noted that sands 04 and 08 
do not follow the same trend. Sands 04 and 08 are the channels most 
proximal to the flank for each respective sand channel set and have 
relatively high reliefs. The flow pathways (Fig. 11 (e)) reveal that sand 
04 receives flow from the younger sand 07 and at the same time sand 04 
transfers some pressure to sand 08. This transfer of pressure has influ
enced the overpressure-porosity relationship for those sands so that they 
do not follow the simple disequilibrium compaction trend. The complex 

Fig. 8. Comparison of predicted pore pressure after calibration with pressure data in sands. The colours in the pressure data correspond to different wells as indicated 
in Fig. 4. The yellow horizontal lines show the top and bottom depths of the two sand channels intersected by the well in our model. The well location in our model is 
shown in the present-day geometry of Fig. 9. 
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regime involving fluid flow between different sand channels is a result of 
the increasing overpressure towards the North and the increasing dip of 
the sand channels towards the salt wall. Hence fluid flows from sands 
with larger overpressure (e.g. Sand 07) to sands with lower overpressure 
(e.g. Sand 04) and the relatively large dip of the sands adjacent to the 
salt facilitates pressure transfer between different depths. 

5.2. Comparison with 1D: Disequilibrium compaction vs. tectonic 
Deformation 

To enable assessment of the relative contribution of disequilibrium 
compaction and tectonic deformation in overpressure generation and 
porosity preservation, a uniaxial compaction column model for the well 
shown in Fig. 9 is simulated. This model accounts solely for disequilib
rium compaction generated overpressure. 

The results for this model, in terms of overpressure and porosities, 
are compared to the 2D model results in Fig. 13. It is observed that the 

2D model predicts 1.4 MPa more overpressure than the uniaxial 
compaction column model at the top of the younger sand (~4400 m 
depth), which is seven percent of the total overpressure in the 2D model. 
This indicates the relatively low contribution of tectonic deformation 
compared to disequilibrium compaction as an overpressure generation 
mechanism at the well location. 

The porosities predicted by the uniaxial compaction column model 
are larger than the porosities in the 2D model. For example, at 3.3 km 
depth the porosity for the column model is 0.186 compared to 0.143 for 
the 2D model. This is because of the additional tectonic compaction that 
is uniquely captured in the 2D model and contributes to porosity 
reduction. Because the same mass of solids are deposited in the two 
models (required to enable quantification of the contribution by 
disequilibrium compaction and tectonic-induced overpressure genera
tion), the lack of tectonic compaction resulted in a slightly thicker, less 
compacted mudstone overburden above the youngest sand channel in 
the column model (and hence a slight increase in the sand channel depth 

Fig. 9. Predicted geometries at selected times. The black arrows indicate the displacement directions within the salt. The isolated sand channels in the model are 
numbered here to facilitate reference in the text. The predicted present-day geometry is compared to the present-day geometry defined from the seismic inter
pretation in Fig. 10. The model has predicted a first order approximation of the observed salt-sediment interface and sediment features, although some differences 
are noticeable. 
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relative to the 2D model). 

5.3. Effects of heterogeneous permeability 

Four cases considering heterogeneous permeability in the Pleisto
cene03 and Pleistocene05 mudstone layers are simulated to investigate 
the potential effect of permeability distribution in overpressure com
partmentalisation between the sand bodies. In these cases, the perme
ability at locations close to the salt wall is increased relative to the base 
case, whereas permeability at locations further from the salt wall is 
decreased relative to the base case (Fig. 14 (a)). 

Fig. 14 (b) and (c) shows the porosity and overpressure results in the 
sand channels, for the case with the largest maximum to minimum 
permeability ratio. By comparing the results in Fig. 14 with the results 
for the base case shown in Fig. 12 (a) and (b), it is noted that the het
erogeneous permeability has generally led to larger overpressures and 
larger porosities in sand channels located in the low permeability zone 
relative to the base case, whereas for sand channels located in the high 
permeability zone, overpressure and porosities are decreased relative to 
the base case. 

The maximum overpressure difference at the same depth between 
two sand channels has also increased relative to the base case. In this 
case the heterogeneous permeability has enhanced overpressure com
partmentalisation leading to a maximum overpressure difference of 
18.14 MPa between sand 01 and sand 03. 

Table 2 summarizes the results in terms of the maximum over
pressure difference at a given depth between two sand channels for the 

different cases with heterogeneous permeability considered. It is 
observed that as the maximum to minimum permeability ratio increases 
the maximum overpressure difference also increases. This indicates that 
permeability distribution is a key factor controlling overpressure com
partmentalisation in isolated sand channels. The results show that a 
permeability ratio of 5 is required to obtain an overpressure difference of 
10 MPa, equivalent to the maximum overpressure difference measured 
in the data. 

6. Discussion 

6.1. Overpressure generation mechanisms 

The well data from Magnolia field suggest that there are different 
mechanisms that contributed to generate the observed overpressure. 
The well logs show trends that are consistent with disequilibrium 
compaction which is interpreted to be of first order of importance in the 
region. This is expected given the fast sedimentation rates and the 
mudstone-dominated sedimentary column. The presence of oil and gas 
pressure gradients in the considered B-25 sands indicate that there is a 
component of buoyant pressure due to the presence of hydrocarbons. 
Nonetheless, log-based interpretation could not give accurate quantifi
cation of the different overpressure generation mechanisms. Diagenesis 
and aquathermal expansion may be ruled out given the low maximum 
bottom hole temperature reached in the field (~70 ◦C) and the short 
time frame for the diagenetic reactions to develop. The data shows that 
some sand levels are hydraulically connected because the pressure 
measurements plot on a common hydrostatic-parallel or hydrocarbon 
gradient, so that pressure transfer (potentially both lateral and vertical) 
is present. Assessment of the quantitative contribution of the different 
processes in the observed overpressure is rather difficult via analytical 
or data-driven methods and hence we use our numerical models to 
provide additional insight. 

Our 2D coupled models incorporate overpressure being generated by 
two main mechanisms: disequilibrium compaction and tectonic defor
mation. Pressure transfer is also allowed in the simulations but given 
that our models considered isolated sand channels bounded by low 
permeability mudstones, this mechanism is of secondary importance in 
the results as it mainly occurs within each sand channel. As disequilib
rium compaction and halokinesis-related tectonic deformation are 
coeval during the history of the basin, we built a column model simu
lating the sediment deposition at the well location (without tectonic 
deformation) to enable assessment of the relative contribution of 
disequilibrium compaction and tectonic-induced overpressure in the 
predicted overpressure by the 2D model. The difference between the 
results from the 2D mini-basin model and the column model suggests 
that tectonic deformation has a secondary role in generating over
pressure and that disequilibrium compaction is the dominant over
pressure generating mechanism. This is reinforced by the shape of the 
predicted overpressure contours, which show a trend of increasing 
overpressure towards the depocenter (where there is more disequilib
rium compaction) and did not show any local overpressure increase near 
the salt wall. Furthermore, it should be noted that the interpreted salt 
geometry from seismic data suggests a rather moderate salt-related 
tectonic compression to the adjacent sediments. Such low-degree of 
tectonic strain combined with the synchronous fast deposition of mud- 
dominated lithologies facilitated any potential effects of the salt- 
related tectonic deformation on overpressure to be overridden/masked 
by disequilibrium compaction. It would be expected that a salt diapir 
with more growth and more diapir head expansion in the horizontal 
direction than the case considered here would lead to a larger amount of 
tectonic strain in the adjacent sediments and hence more overpressure 
generation. There are other examples in the literature that used nu
merical modelling to demonstrate the importance of salt-induced tec
tonic deformation as an overpressure generation mechanism in passive 
basins where the diapirs have experienced more growth than in the 

Fig. 10. Comparison of predicted geometry (black lines) with the present-day 
geometry defined according to a seismic interpretation on the N–S line shown 
in Fig. 1 (red solid surface). 

Table 2 
Summary of results for the simulated cases considering heterogeneous perme
ability in Pleistocene03 and Pleistocene05 mudstone layers with different 
maximum to minimum permeability ratios. For reference, the permeability for 
the cases with the maximum and minimum permeability ratio values are plotted 
in Fig. 7 with blue and red lines, respectively.  

Minimum 
Permeability (m2) 

Maximum 
Permeability (m2) 

Permeability 
Ratio 

Maximum 
Overpressure 
Difference (MPa) 

1.40E-19 1.40E-19 1 5.61 
1.40E-20 1.40E-18 100 18.14 
4.20E-20 4.20E-19 10 12.25 
5.60E-20 2.80E-19 5 10.03 
9.32E-20 1.86E-19 2 7.66  
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scenario considered in the present paper (e.g. Luo et al., 2017; Nikoli
nakou et al., 2018). In those examples there is a greater impact of salt 
tectonics on adjacent sediments and hence the role of salt-related tec
tonic deformation as an overpressure generation mechanism becomes 
more important. 

Comparison of the results from the 2D model and the column model 
has also shown that salt-induced tectonic deformation leads to porosity 
decrease, driven by the increased horizontal effective stress. This has 
implications for pore pressure prediction in salt-tectonics scenarios 
using porosity-based methods (e.g., the Equivalent Depth Method) 
because tectonic compaction has contributed to decrease porosity 
beyond that predicted by purely vertical effective stress; this results in a 
porosity-depth trend that is closer to the normal compaction trend, 

leading to a lower predicted pore pressure by those methods (Obra
dors-Prats et al., 2016, 2017a; Luo et al., 2017). 

6.2. Pressure compartmentalisation 

Pressure data for Magnolia field wells shows that there is pressure 
compartmentalisation between some sand intervals (i.e., different 
pressure magnitude in relatively proximal sands measured at the same 
depth) as well as hydraulic connectivity between some sands at different 
depths (the pressure data points follow the same pressure gradient). 
Both scenarios have been observed between sand layers from different 
formations (Sathar and Jones, 2016) as well as between different sand 
layers in the same formation, as discussed in the present paper for B-25. 

Fig. 11. Vertical effective stress (a), horizontal effective stress (b), effective stress ratio contours (c) and overpressure (d and e) in the mini-basin sediments. Pink and 
white points in figure (a) are displayed to facilitate discussion in the text. Lines in figure (c) indicate direction of the maximum principal stress. Arrows in figure (e) 
indicate flow direction vectors. 
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The reservoirs of the Magnolia Field consist in deepwater submarine 
sand channels deposited on a mudstone dominated environment (Kane 
et al., 2012). 

The configuration of deepwater channel systems can in principle 
allow both connectivity and compartmentalisation in all directions. This 
is the case with the reservoirs in the Magnolia Field where the measured 
pore pressures indicate both scenarios. To better establish the connec
tivity between these channels, higher resolution seismic data are 
required. 

We have simulated the deposition of isolated sand channels bounded 
by mudstones to allow modelling of pressure compartmentalisation and 
investigate the required permeability contrasts in bounding mudstones 

to explain the observed pressure differences in the sands. Our base-case 
model has captured overpressure compartmentalisation with a 
maximum difference of 5.6 MPa in overpressure between sand channels 
at the same depth with overpressure increasing towards the North (to
wards the depocenter). The pressure differences are attributed to the 
faster sedimentation rates and increasing overburden thickness towards 
the North. In our model the overburden thickness measured from the top 
of the youngest sands at the centre of each sand channel is 3370 m for 
sand 5, 3273 m for sand 6, 3095 m for sand 7 and 2728 m for sand 8. 
Given that the overburden above the youngest sand channels is depos
ited over a period of 1.98 Ma, this leads to sedimentation rates varying 
from 1700 m/Ma in sand 5 to 1377 m/Ma in sand 8, thus generating 

Fig. 12. Results obtained at each sand channel finite element. Cold colours are assigned for the oldest set of sand channels whereas warm colours show the results for 
the youngest set of sand channels. Empty diamonds show the average value in each sand channel. Porosity (a) and overpressure (b) as a function of depth in each sand 
channel. Porosity as a function of effective stress ratio (c), overpressure as a function effective stress ratio (d) and overpressure as a function of porosity (e). The 
arrows in figures (c) and (e) indicate the trends discussed in the text. The two ellipsoids in (e) indicate the sands considered to determine trends (these exclude sand 
04 and sand 08 which are located at the mini-basin flank as shown in Fig. 9). 
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more overpressure due to disequilibrium compaction for sand channels 
closer to the depocenter. The sand channels are bounded by mudstones 
which have low permeability leading to a poor hydraulic connectivity 
between isolated sand channels. This, in addition to the relatively short 
timescale (less than 2 Ma), drives significant pore pressure differences 
between reservoirs located at relatively short distance. 

The pressure data for B-25 formation in the Magnolia Field show a 
difference of 10 MPa in different wells at the same depth. Our calibrated 
model has shown a pressure difference of 5.6 MPa assuming a homo
geneous porosity-permeability relationship for mudstone formations in 
all the domain. We have undertaken four extra simulation cases which 
considered heterogeneous permeability across the two formations that 
bound the sand channels. The modelling shows that, given the fast 
sedimentation rates, relatively small permeability contrasts lead to an 
increased difference in the overpressure between different sand chan
nels (see the variations in permeability considered indicated by the blue 
and red lines in Fig. 7). In our study a permeability ratio of 5 is sufficient 
to produce the observed pressure difference of 10 MPa between different 
sand channels. Heterogeneity of permeability can result from variations 
in mudstone clay fraction, changes in mineralogy, changes in fabric, etc. 
It should be noted that the cases analysed are rather conservative as 
heterogeneity in permeability is considered only in two formations 
(Pleistocene03 and Pleistocene05). 

The simulation of isolated sand channels in our models has enabled 
the analysis of trends among various parameters such as depth, over
pressure, porosity and effective stress ratio from sands located at 
different structural locations in the mini basin. The results have 
confirmed significant role of fast sedimentation rates in generating 
overpressure by disequilibrium compaction and highlighted the impact 
of tectonic deformation and horizontal effective stress in decreasing 
porosity. It should be noted however that these trends are to some extent 
influenced by the complex fluid flow patterns between the different sand 
channels at different structural locations within the mini-basin, with 
varying overburden thicknesses and dips. This is reflected by the vari
ability in the values obtained for each sand channel. 

6.3. Additional considerations on the modelling results 

Pressure data shows a buoyant component in pore pressure due to 
the presence of hydrocarbons (both oil and gas). However, the models 
presented in this work do not account for overpressure as a result of 
hydrocarbon generation and migration. This is because the simulations 
were conducted at a time when petroleum system modelling and 
multiphase flow functionalities were not available in ParaGeo. In addi
tion, we lack data to constrain the location and timing of hydrocarbon 
generation as well as the migration pathways. However, it is unlikely 
that hydrocarbon generation and migration, in our case, make 

significant contributions to overpressure beyond buoyancy. This is 
because local hydrocarbon generation is unlikely near the reservoir 
units, given the reservoir temperature of 70 ◦C. 

Our 2D models have successfully captured pressure compartmen
talisation in isolated sand channels and improved our understanding of 
the potential factors influencing pressure compartmentalisation in the 
Magnolia field. However, the data reveals a more complex scenario 
where certain sand intervals are compartmentalised whereas others are 
hydraulically connected. This complexity falls outside the scope of this 
work and has not been accounted for in our model. To capture this 
complexity a 3D geometry with sand connections at different depths 
would be necessary. It should be noted however that this level of 
complexity cannot be observed through seismic data and is rather 
difficult to anticipate. Therefore, models that incorporate such scenarios 
may be useful for proof of concept but are unlikely to be available for 
predictive purposes. 

The analysis of the pressure data for reservoir B-25 shows that wells 
closer to a salt wall have a larger reservoir overpressure. This indicates 
that salt exerts a first order control on overpressure. However, our model 
has not captured a notable tectonically-induced overpressure increase 
near the salt wall despite predicting an evolutionary geometry that 
overestimates the horizontal push from the salt to the adjacent sedi
ments at present day (as illustrated in Fig. 10). Consequently, the model 
likely overestimates the impact of tectonic strain. This suggests that salt 
may have a local impact on overpressure beyond the tectonic strain 
induced by salt, potentially through a mechanism that is not accounted 
for in our models. One possible explanation could be the presence of sub- 
seismic thin salt beds in the overburden, which may have formed due to 
salt precipitation in small fractures, leading to a decrease in perme
ability. This could result in a greater degree of disequilibrium compac
tion and an enhanced pressure compartmentalisation. However, to 
support the plausibility of this hypothesis, additional data is required. 

7. Conclusions 

We have investigated overpressure development and overpressure 
compartmentalisation in the Magnolia Field, Gulf of Mexico using a 
multidisciplinary approach including petrophysical analysis, reservoir 
characterisation, seismic interpretation and coupled, forward geo
mechanical modelling. We conclude that.  

1) Log-based interpretation suggests that overpressure in the Magnolia 
Field was generated mainly by disequilibrium compaction. This is 
consistent with the fast deposition of low permeability, mud-rich 
sedimentary sequences. However, comparison of 2D model results 
with a 1D column model show that seven percent of the total over
pressure is due to salt tectonics in such scenario with moderate non- 

Fig. 13. Comparison of pore pressure and porosity predictions for the 2D model at the well location shown in Fig. 9 and the corresponding uniaxial compaction 
column model. 
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Fig. 14. (a) Vertical permeability distribution for the case considering heterogeneous permeability in Pleistocene03 and Pleistocene05 layers with a maximum to 
minimum permeability ratio of 100 in such layers. Note that in such layers the permeability is not a function of porosity. Porosity (b) and overpressure (c) results in 
each sand channel for the case with heterogeneous permeability in Pleistocene03 and Pleistocene05 mudstone layers with a maximum permeability to minimum 
permeability ratio of 100 (case with the largest permeability contrast considered in this study). Porosity (d) and overpressure (e) from base case previously shown in 
Fig. 12 are included to facilitate comparisons. 
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vertical salt push to adjacent sediments. Tectonic compression also 
reduces porosity close to the salt dome.  

2) Hydraulic connectivity between sands in channel reservoir packages 
is complex and variable, both laterally and vertically. Vertical com
partmentalisation is related to the presence and extent of inter- 
reservoir mudstone packages, while horizonal compartmentalisa
tion is due to lithological heterogeneity plus variations in small-scale 
sedimentary structures related to the sedimentary environment and 
salt tectonics. Such sedimentological heterogeneities are important 
in terms of fluid flow and overpressure development but are inher
ently unpredictable.  

3) Pore pressure differences of up to 10 MPa are measured in different 
wells at the same depth within the same reservoir (B-25). 2D hydro- 
mechanical models show that pressure compartmentalisation relates 
to local differences in sedimentation rates and the low permeability 
of the bounding mudstones that isolate individual channel sands. 
Slight changes in permeability heterogeneity can lead to increased 
pressure compartmentalisation, implying that local variations in 
sediment grain size or fabric may have a first order control in over
pressure compartmentalisation in rapidly deposited, geologically 
young sediments. 
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Appendix 

Governing Equations 

For the mechanical field we solve the linear momentum balance equation for a saturated porous medium containing a single fluid phase which is 
written as Lewis and Schrefler (1998). 

LT ( σ′

− α(φ)mpf
)
+ ρbg= 0 A1  

Where L is the standard continuum mechanics differential operator, σ′ is the effective stress tensor defined as: 

σ′

=
{

σ′

x σ′

y σ′

z τxy τyz τzx
}T A2  

σ′

x, σ′

y and σ′

z are the normal stresses orthogonal to planes x, y and z respectively, τyz , τzx and τxy are the tangential stresses acting in planes x, y and z 
respectively, α(φ) is the Biot coefficient as a function of porosity which in the present paper is assumed α(φ) = 1, pf is the fluid pressure and m is the 
hydrostatic unit tensor which is defined as: 

m= [ 1 1 1 0 0 0 ]T A3 

ρb is the saturated bulk mass density defined as: 

ρb =(1 − φ)ρs + φρf A4  

ρs and ρf are the solid grain and fluid densities respectively, φ is the porosity and g is the gravitational vector. 
The effective stress is defined as: 

σ′

=σ − α(φ)mpf A5  

Where σ is the total stress tensor. 
We model fluid transport over geological time scales by means of Darcy’s flow equation which is defined in Lewis and Schrefler (1998) as: 

div

(
k(φ)

μf

(
∇pf − ρf g

)
)

=

(
φ
Kf

+
(α(φ) − φ)

Ks

)
∂pf

∂t
+

α(φ)
1 − φ

∂φ
∂t

A6  

where Ks and Kf are the solid grain and fluid stiffness respectively, μf is the fluid viscosity, k(φ) is the permeability tensor which is a function of 
porosity. Note that the last term represents fluid flow due to compaction (porosity change) and provides the coupling between fluid flow and me
chanical fields. 

8.2 Stress invariants definition 

The effective mean stress (p′ ) and deviatoric stress (q) may be defined as a function of principal effective stresses (σ′

1, σ′

2 and σ′

3) as: 
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p′

=
1
3
(
σ′

1 + σ′

2 + σ′

3

)
A7 

and 

q=

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

(σ′

1 − σ′

2)
2
+ (σ′

1 − σ′

3)
2
+ (σ′

2 − σ′

3)
2

2

√

A8  

here we adopt positive sign for compressional stresses and negative sign for tensional stresses. 

Constitutive models 

Mudstone and sand channels 
The mudstone and sand channel behaviour is modelled via the SR4 model (e.g., Obradors-Prats et al., 2019), a non-associative Cam Clay type 

model based on critical state principles. Such poro-elasto-plastic model is capable to simulate strain hardening (increase in strength due to 
compaction), strain softening (sediment strength decrease with dilation) and continuous shear with constant volume and stresses at critical state 
(Wood, 1990). 

The strength of the material is represented by the yield surface which is defined in the p′ -q plane as: 

f
(
p′

, εp
v

)
= g(θ, p′

)q+(p′

− pt)tan β
[
(p′

− pc)

(pt − pc)

]1
n

for p′

≤ ppeak A9  

and 

f
(
p

′

, εp
v

)
= [g(θ, p

′

)]
2q2 − M2ppeak

2

[

1 −
(
ppeak − p′)2

(
ppeak − pc

)2

]

for p
′

> ppeak A10  

where pt in the tensile intercept of the yield surface with the hydrostatic axis, pc is the pre-consolidation pressure or compressive intercept of the yield 
surface with the hydrostatic axis, ppeak is the effective mean stress corresponding to the peak q value of the yield surface, M is the slope of the line that 
intersects the origin and the yield surface at peak q value, β and n are material constants defining the shape of the yield surface on the p′ -q plane, θ is 
Lode’s angle and g(θ, p′

) is a function that controls the shape of the yield surface in the deviatoric plane defined as: 

g(θ, p)=
[

1
1 − βπ(p′

)

(

1 + βπ(p
′

)
r3

q3

)]απ

A11  

with 

βπ(p
′

) = βπ
0 exp

(

βπ
1p

′pc0

pc

)

A12  

Where απ , βπ
0 and βπ

1 are material constants defining the shape of the yield surface in the deviatoric plane and pc0 is the initial pre-consolidation 
pressure and 

r3 =
9
2

s⋅s : s =
27
2

J ′

3 A13  

where s is the deviatoric stress tensor. 
The non-associative flow potential surface is defined with a function similar to the yield surface with different material constants and no deviatoric 

plane correction term as: 

ψ
(
p′

, εp
v

)
= q+(p′

− pt)tan φ
[
(p′

− pc)

(pt − pc)

]1
m

for p′

≤ pψpeak A14  

and 

ψ
(
p′

, εp
v

)
= q2 − M2

ψ pψpeak
2

[

1 −
(
pψpeak − p′)2

(
pψpeak − pc

)2

]

for p′

> pψpeak A15  

where φ and m are material constants defining the shape of the flow potential surface and Mψ is the slope of the line that crosses the origin and the flow 
potential surface at q peak value and pψpeak is the effective mean stress value for the flow potential surface at q peak value. Note that if n = m then 
ppeak = pψpeak and therefore the critical state is located at the peak q value of the yield surface. 

When stress paths intersect the yield surface plastic strains will develop leading to hardening or softening depending whether the yielding location 
is on the compaction side or shear side of the yield surface, respectively. The evolution of the yield surface during hardening and softening is controlled 
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by the hardening law defined as: 

pc = pc0 exp
[

−
vεp

v

(λ − κ)

]

A16  

and 

pt = pt0 exp

[

−
v
(
εp

v

)

max

(λ − κ)

]

A17  

where v is the specific volume, pt0 is the initial tensile intercept, λ and κ are the slope of the normal compression line and the slope of the unloading- 
reloading line in the v − ln p′ plane, and εp

v is the volumetric plastic strain and (εp
v)max is the maximum dilatational volumetric plastic strain. 

Stress paths moving inside the yield surface are governed by elasticity with the bulk modulus being defined by the poroelastic law: 

K =Kdep +(1 − Aun)
pc

κ
+ Aun

p′

(1 − φ)κ
A18  

where Kdep is the bulk modulus at deposition and Aun is a poroelastic constant. 

Salt 
Salt is modelled using the stress-dependent Herschel-Bulkley viscoplastic model described by the following equation: 

ε̇c =

(
q − qy

3Kvisc

) 1
nvisc

for q > qy A19  

where ε̇c is the effective creep viscoplastic strain rate, qy is the yield strength, Kvisc and nvisc are material constants. In such model the more the 
deviatoric stress exceeds the yield strength, the faster the viscoplastic strain rate thus enhancing salt flow.  

Table A 1 
Geomechanical properties for mudstone and sand lithologies. Porosity-permeability curves are provided in a separate figure. Note that 
mudstone depositional porosity is defined with a low value in order to achieve a depositional bulk density larger than that of the salt and 
therefore promote sinking and avoid unrealistic positive relief in basin sediments at initial stages. Nonetheless the normal compaction trend 
(NCT) is calibrated so that it fits the compaction trend porosity data from (Ewy et al., 2020) at depths below 1000 m.  

Property Symbol Units Mudstone Sand 

Grain Stiffness Kg MPa 30,000 30,000 
Grain Density ρg Kg

m3 
2700 2700 

Depositional Porosity φ0 – 0.35 0.44 
Poisson’s ratio ν – 0.3 0.25 
Depositional Bulk Modulus Kdep MPa 10 10 
Unloading line slope κ – 0.01 0.01 
Poroelastic constant Aun – 0 0 
Normal compression line slope λ – 0.09 0.1 
Depositional pre-consolidation pressure pc0 MPa − 0.5 − 0.5 
Tensile intercept Pt0 MPa 0.05 0.05 
SR4 Friction parameter β ◦ 65.0 67.5 
SR4 Friction exponent n – 1.6 0.95 
SR4 Dilation parameter φ ◦ 45.0 66.5 
SR4 Dilation exponent m – 1.6 0.8 
SR4 Deviatoric plane parameter βπ

0 – 0.6 0.6 
Critical state friction angle φcs 

◦ 29.5 32.4 
SR4 Deviatoric plane parameter 2 βπ

1 – 0.6 0.6 
SR4 Deviatoric plane exponent απ – 0.25 0.25 
Biot constant α – 1.0 1.0   

Table A 2 
Geomechanical properties for salt lithology.  

Property Symbol Units Salt 

Grain Stiffness Kg MPa 30,000 
Grain Density ρg Kg

m3 
2140 

Young’s modulus E MPa 5000 
Poisson’s ratio ν – 0.3 
Yield strength qy MPa 0.1 
Viscoplastic Constant Kvisc MPa⋅Ma 0.01 
Viscoplastic Exponent nvisc – 1 
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Depositional profiles derived from restoration 

A geomechanical restoration on the selected seismic section (Fig. 1a) is performed to obtain the sediment depositional profiles for the forward 
evolutionary model. Only the clastic sediments are explicitly represented in the present-day model for restoration because: 1) salt is expected to be 
weak relative to the sediments and should not impose a constraint in deformation during restoration and 2) salt is expected to experience large 
geometrical changes which may lead to numerical instabilities in elastic geomechanical restorations. The length of the basin is extended beyond the 
seismic section data to the approximate location of the Titan mini-basin centre so that 1) the location of interest is away from the boundary and 2) we 
consider the appropriate salt flow pathway length towards the diapir in the forward model. Six formations are defined for restoration consistent with 
interpreted seismic tops which they terminate laterally where they intersect the salt. The restoration considers a flat restoration datum to which the 
formation tops are backstripped assuming vertical shear with decompaction (Figure A 1). At the end of each restoration a restored formation thickness 
profile for the top formation is obtained. Then the top formation is removed, and the restoration simulation continues with the back-stripping of the 
next formation. At the end of the whole restoration 6 restoration thickness profiles are obtained. Those were later idealised to piecewise linear 
functions using two lines with different slopes to facilitate subsequent calibration (see Figure A 2 a and b). In addition, the thicknesses of each restored 
formation were divided into several layers for the forward simulation (see Table A 3). The depositional thickness profiles for the two sand layers are 
arbitrarily defined to represent 4 isolated sand channels, each of which has a depositional thickness of 120 m and an approximate length of 700 m (see 
Sed_hor_03 and Sed_hor_04 in Figure A 2 c).

Fig. A 1. Geometries at the end of each of the six restoration stages simulated (s1 to s6). In s1 the boundary conditions for the restoration model are indicated.   
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Fig. A 2. (a) Example of a restored formation thickness profile and (b) the same profile idealised to a piece-wise linear function (discontinuous line), with a sub- 
sequent formation sub-division in several layers (continuous line). (c) Calibrated sedimentation profiles used to define the depositional thickness at each X coor
dinate in the forward model. Sed_hor 03 and 04 define isolated sand channels.  

Table A 3 
Depositional formations considered in the numerical models. Sed_hor indicates the sedimentation horizon profile used for defining the depositional thickness of each 
layer (see Fig. 9).  

Layer name Lithology Depositional Thickness Profile Sedimentation Duration (Ma) Top Horizon Age (Ma) 

Salt Salt – – 5.324 
Pliocene01 Mudstone Sed_hor_01 0.55 4.774 
Pliocene02 Mudstone Sed_hor_01 0.55 4.224 
Pliocene03 Mudstone Sed_hor_01 0.55 3.674 
Pliocene04 Mudstone Sed_hor_01 0.55 3.124 
Pliocene05 Mudstone Sed_hor_02 0.55 2.574 
Pleistocene01 Mudstone Sed_hor_02 0.198 2.376 
Pleistocene02 Sand Sed_hor_03 0.099 2.277 
Pleistocene03 Mudstone Sed_hor_02 0.198 2.079 
Pleistocene04 Sand Sed_hor_04 0.099 1.98 
Pleistocene05 Mudstone Sed_hor_05 0.198 1.782 
Pleistocene06 Mudstone Sed_hor_05 0.198 1.584 
Pleistocene07 Mudstone Sed_hor_06 0.198 1.386 
Pleistocene08 Mudstone Sed_hor_06 0.198 1.188 
Pleistocene09 Mudstone Sed_hor_07 0.198 0.99 
Pleistocene10 Mudstone Sed_hor_07 0.198 0.792 
Pleistocene11 Mudstone Sed_hor_07 0.198 0.594 
Pleistocene12 Mudstone Sed_hor_08 0.198 0.396 
Pleistocene13 Mudstone Sed_hor_08 0.198 0.198 
Pleistocene14 Mudstone Sed_hor_08 0.198 0  
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