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I INTRODUCTION

Statement of Motivation
Pressures in pore spaces of rocks are crucial for petroleum exploration and production. However, the sudden onset of excess pressure when drilling is a potentially dangerous situation if not
properly identified, understood, and managed. Increased understanding of the geological context and contributing factors to excess pressure in pressure cells or compartments can reduce
drilling and environmental risks, and financial costs during exploration and development of offshore resources. Excess pressure has been identified as a poorly understood risk element in the
Porcupine Basin, with limited previous study. Pressure data has been collected in several wells, providing a preliminary dataset to begin investigating pressure behaviour in the basin. The results
for the Porcupine Basin have then been compared to a previously completed study on the Sable Subbasin, which had a more robust dataset for analysis.
Study Area
The Porcupine Basin is a deep water basin located on the continental margin, southwest of Ireland, and is part of a series of interconnected basins related to a failed rift structure associated with
the opening of the North Atlantic Ocean (Ryan, Helland-Hansen, Johannessen, & Steel, 2009). The basin trends north-south and is an area of approximately 60,000 km2. It is bordered to the
north by the Slyne Ridge, to the west by the Porcupine Bank, and to the south by the Goban Spur. Water depth in the basin ranges from 400 m in the north to over 3000 m in the south (Dorschel,
Wheeler, Monteys, & Verbruggen, 2010). The Porcupine Basin sits on the Caledonian metamorphic basement and comprises up to 12 km of sedimentary material from Late Paleozoic to
Quaternary (Ryan, Helland-Hansen, Johannessen, & Steel, 2009).
Objectives
The objectives of this study were to: (1) resolve the behaviour of excess pressure within the Porcupine Basin, (2) determine how excess pressure may be migrating and dissipating, and (3) clarify
the role of faults and fault juxtaposition of permeable units with respect to (1) and (2). This study utilized Petrel™, Techlog™, and Microsoft Excel™ to complete the analysis.

II GEOLOGICAL SETTING

The Porcupine Basin (or Seabight) is a deep water basin located on the continental margin, southwest of Ireland, and is part of a series of interconnected basins related to a failed rift structure associated with the opening of the North Atlantic Ocean
(Atlantic Borderland Basins) (Ryan, Helland-Hansen, Johannessen, & Steel, 2009). The basin trends north-south and is an area of approximately 60,000 km2. It is bordered to the north by the Slyne Ridge, to the east by the Celtic margin, to the west by the
Porcupine Bank, and to the south by the Goban Spur. Water depth in the basin ranges from 400 m in the north to over 3000 m in the south (Dorschel, Wheeler, Monteys, & Verbruggen, 2010). The Porcupine Basin sits on the Caledonian metamorphic
basement and comprises up to 12 km of sedimentary material from Late Paleozoic to Quaternary (Ryan, Helland-Hansen, Johannessen, & Steel, 2009). The basin was formed during multiple subsidence and rifting periods during the Late Carboniferous to
Late Cretaceous. The numerous phases of uplift and subsidence resulted in the sedimentation, accommodation, and steep basin margins (Shannon, McDonnell, & Bailey, 2006). In the Triassic, initial rifting occurred with a series of minor rifting episodes.
Main rifting happened during the Middle to Late Jurassic, lasting approximately 20-30 million years. This was then followed by major thermal subsidence or uplift, or a combination of these. Minor rifting occurred during the Early Cretaceous, which was
followed by irregular subsidence in the Cenozoic. The irregular subsidence may have been a result of lithospheric stretching by rifting, or from a mantle plume (Calves, Torvela, Huuse, & Dinkelman, 2012).
The Goban Spur divides the Porcupine Basin from the northwest-trending Celtic margin. The Celtic margin is the conjugate margin (in pre-rifting reconstructions) to the Flemish Cap of the Newfoundland margin (Canada). Water depths range from 300 2000 m, similar to the Porcupine Basin. The same early Mesozoic rift system that extends from the Grand Banks (Newfoundland) and across the Celtic shelf then divides around the Goban Spur. The northern branch of this split created the previously
described Porcupine Basin, and created incredible complexity in the Goban Spur. The Goban Spur comprises a series of half graben that are surrounded by structurally high basement blocks (Cook, 1988). Three fault trends contributed to the formation
and development of the Goban Spur: NW-SE, NE-SW, and E-W. The basin horsts and rotated fault blocks served as prospective hydrocarbon traps.

III DATASET & METHODS

The methods used in this study were initially applied to a larger study in the Sable Subbasin (Nova Scotia), which included 28 wells and 2-3D seismic volumes. As a result, a 3D interactive geometrical model
was generated, allowing the relationships between excess pressures, stratigraphy, and basin structure (faults) to be examined. In the Porcupine Basin, 3D seismic volumes were not available within the desired
study area, therefore 2-2D seismic lines were chosen. Five wells were selected for this project: 34/19-1, 35/2-1, 35/19-1, 43/13-1, and 62/7-1. These wells were selected as they form a transect from the
Porcupine Basin to the Goban Spur, allowing for a broad analysis of pressure across the basin. The well logs were provided by the Petroleum Infrastructure Programme (PIP) and the Petroleum Affairs Division
(PAD) as .tiff files that were then digitized by Well Green Tech. Multiple logging runs were reviewed in Techlog™ along with the location of the casings, then manually spliced together at appropriate locations.
Checkshot data were acquired from the well reports, also provided as part of the data package from PIP and PAD, and were digitized into Excel™ before being exported to the Petrel™ project.
Pressure analysis was completed in Excel™, where hydrostatic pressure for the basin was assigned a base value of 10.15 kPa/m. Pressure measurements from wells were digitized, then excess pressures were
calculated from these by taking the difference from the hydrostatic values at the same depth. The resulting excess pressures were plotted against depth to determine at what depth (if any) excess pressure
onset occurs. It was important to identify the data points based on flow unit to assess reservoir connectivity, as location of changes in pressure gradients and magnitude of excess pressure relate to changes in
rock properties (primarily permeability), which are linked to stratigraphy and lithology. These plots were produced after the pressure data had undergone extensive review. Overlapping pressures from two or
more wells, or pressure plotting on a common fluid gradient can be indicators of reservoir connectivity.
The excess pressure values were also exported into the Petrel™ project, were they were compared to well correlations and calculated petrofacies for potential connections. Petrofacies were calculated using a
nested “if this, than do this, if not than do this” statement, which was based on the known lithology curve (used to identify carbonate sections), density curve, and Vsh (shale volume) curve. The shale volume
(Vsh) was calculated two ways: Vsh gamma ray, and Vsh Neutron-density. Two methods were selected to determine whether both methods produced reasonable values. If one method proved more accurate
than the other, then these were used for the petrofacies calculations for each well.

Database Sources:
• Well Reports
• Divestco & Canstrat
• NRCan BASIN Database
• ExxonMobil & SOEP
• PIP & PAD

Petrofacies = If (Lithology = 28, 8, If (Lithology = 27, 7, If (Lithology = 26, 9, If (Vsh <0.55 And DEN >2.55, 5, If (Vsh <0.5 And
DEN > 2.5, 4, If (Vsh <0.6 And DEN >1, 3, If (Vsh >0.5, 2, If (Vsh > 0.65, 1, 0))))))))
EQUATION TERM

LITHOLOGY CODE

LITHOLOGY

PETROFACIES

Lithology = 28, 8
Lithology = 27, 7

28

Chalk

Chalk
use lithology - do not calculate

27

Limestone

Limestone
use lithology - do not calculate

Lithology = 26, 9

26

Marlstone

Marlstone
use lithology - do not calculate

Vsh <0.55 And DEN >2.55, 5

n/a

Tight Sand & Silt

Tight Sand & Silt
(φ <4 %)

Vsh <0.5 And DEN > 2.5, 4

n/a

Sand & Silt

Sand & Silt
(φ 4-9 %)

Vsh <0.6 And DEN >1, 3

n/a

Sand

Sand
(φ >9 %)

Vsh >0.5, 2

n/a

Shale

Shale

Vsh > 0.65, 1, 0

n/a

Shale

Shale

4.5 km

IV RESULTS & DISCUSSION

The excess pressure-depth graph for the Porcupine Basin shows that the encountered
reservoirs are generally at hydrostatic pressure until -3000 m TVDSS. At this depth, pore
pressure measurements are observed moving away from the hydrostatic curve, showing the
pressure gradient is increasing. The fracture pressure at this depth is also demonstrating
similar behaviour, with an increase at similar depth. A second increase in both the pore
pressure and the fracture pressure is observed at approximately -3750 m TVDSS. Neither of
the increases observed is large enough to be considered a “hard” top to excess pressure; the
increases in the pressure gradient are within 10 % of the original gradient, and are therefore
considered “soft” tops to excess pressure. The “soft” excess pressure tops suggest a diffuse
zone where the pressure goes from greater excess to hydrostatic through a series of failed
seals - top seal is insufficient or fault capillary pressure is exceeded and they behave as
migration routes. The excess pressure is not able to equilibrate as quick as the pressure
formed. It should be noted that the observations above are based on data from 3 wells.
The excess pressure-depth graph for the Sable Subbasin is quite different from the Porcupine
Basin, and shows significant variability in the increases in pressure. There does not appear to
be a consistent depth or formation/reservoir unit where pressure consistently increases. Most
of the gradient increases appear to be rapid and “stair step” with increased depth. The
observations are based on the plotted data from 18 exploration wells.
For both the Porcupine Basin and Sable Subbasin graphs, a common interpretation is that
data plotted on the same pressure gradient is considered to be in communication – there is
reservoir connectivity present.

Excess pressure generation can occur for several reasons, but is broadly
catagorized into 2 groups: (1) stress related, and (2) fluid expansion. The two main
causes interpreted to be responsible in the Sable Subbasin and suspected in the
Porcupine Basin are hydrocarbon generation and undercompaction. Hydrocarbon
Generation: increased pressure as a result of the addition of hydrocarbon fluids
and gasses to a confined compartment. Shales deposited with significant organic
material will produce hydrocarbons as the shale is exposed to temperature and
pressure. Types of hydrocarbon generated (oil vs gas) contribute to overpressure,
but generally gas generation leads to higher pressure. Organic by-products can
also form salts, which will precipitate in the pore space – these reduce porosity
and can form seals (baffles and barriers to flow).
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The faults were interpreted on the seismic
data by identification of vertical offset subhorizontal seismic reflections in inline and
crossline sections. The top left image shows
a small seismic transect with 2 faults
interpreted. The bottom left shows this
same image with 3 horizons interpreted. The
yellow horizon is above the interpreted
faults and does not have any visible offset,
the orange horizon in within but near the
tops of the faults and has some offset, while
the red horizon is deeper and has the most
offset due to the fault. It is important to
remember that the vertical resolution
depends on the wavelength, and the best
case scenario expected for this data is
approximately 15-40 m.
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Undercompaction: pressure formed due to rapid burial (typical of deltaic system)
coupled with low-k sediments, where dewatering does not occur at the rate
required for normal compaction, trapping fluids in pores. The weight of overlying
sediments is supported partly by rock matrix and partly by pore fluid, resulting in
an overpressured formation. Manifestations on well logs may appear as ‘reversals’
of resistivity and sonic data when overpressure is penetrated. Transgressive and
regressive cycles associated with deltaic depositional environments can produce
reservoir-seal pairs, which act as baffles and barriers to flow, and that contribute
to overpressure preservation.

High excess pressure can produce indicators in wireline logs, specifically sonic
velocity, resistivity, and density measurements. The data will “reverse” and
decrease below normal trend values. Resistivity can reverse for reasons other then
pore pressure including changes in temperature and salinity. It is important to
complete temperature corrections to logs before using reversals as potential
indicators for excess pressure.

After careful examination of the wells logs for the wells in the Porcupine Basin and
the Sable Subbasin, no indicators for excess pressure were observed. Reversals
were not noted in the resistivity, velocity, or density logs. In both basins, the
lithology of the wells is fairly well established through core logging, well cutting
analysis, and petrofacies calculations. The lithologies for the basins shows that the
sealing shales are generally thin – 10’s of meters at the most. This is important as
the reversals (if present) are expected in the overlying shales above the excess
pressured sections. Given the overall thinness of the shales, this could be the
reason that the reversals are not seen.
The wireline reversals may also not be observed because there is insufficient
excess pressure present to generate enough change in the physical properties of
the rocks to be measured. There is a minimum threshold of excess pressure that
must be exceeded to create measureable changes in the wireline logs. If there is
excess pressure present but it does not surpass this, then no reversals occur.

3 interpreted section through the Sable Subbasin best exemplify how high excess pressure in a region may be both compartmentalized and
connected, leading to highly variable drilling conditions. The section is from the South Venture to Venture fields of the subbasin, with well South
Venture O-59 tied to the seismic. The main fault in the centre of all the images is the bounding fault between the fields. In the left image, the seismic
has been interpreted with the faults and flow units (reservoirs are yellow, shales are grey, carbonates are blue). It is easily observed that there are
several juxtaposition relationships: permeable-permeable, permeable-impermeable, impermeable-impermeable. This begins to suggest how
permeability may be the ultimate control on pressure migration, and that this level of connectivity of these permeable units is highly variable even
within a single fault of a basin. In the centre image, the flow units have now been coloured according to (available) pressure data, with cooler colours
inidcating higher pressures and warmer colours indicating lower pressures. Here, pressure can be observed that as the fault offset of reservoirs
decreases, the pressure decreases. This is because of the increased lateral extent of the reservoir due to permeable-permeable relationships across
the fault. Finally, in the right image, the flow units have been coloured based on their calculated petrofacies. The petrofacies were plotted through the
model by the sequential indicator simulation method. This method created a stochastic distribution of the petrofacies property using the pre-defined
histogram, while honouring directional settings and extensional trends. A parallel deterministic algorithm was completed that populated the model
through indicator kriging, where values are optimally interpolated based on regression against observed values of surrounding data points and
weighted according to spatial covariance. The petrofacies modelling confirms interpretations from the previous 2 models, permeability controls excess
pressure.

V CONCLUDING REMARKS

The distribution and dissipation of pressure in the Porcupine Basin is controlled by reservoir connectivity, which is ultimately dependent on the permeability and a result of the relationship between regional basin morphology, stratigraphy, and seal integrity. Whatever the absolute timing of movement through shales,
migration of water and hydrocarbons from one pressure cell to another also occurs (and probably much faster) if fault juxtapositions windows between (sufficiently) permeable units are present. However, if the reservoir quality is poor or the juxtaposition connections are choked, Darcy-type flow of water (irrespective of
capillary leak) will likely be impeded. Considering hydrocarbons, if the threshold capillary entry pressure is reached, capillary leak of hydrocarbons through a water-wet seal occurs (when hydrocarbons reach sufficient buoyancy to displace water in fine capillaries). Hydrocarbons have limited miscibility with formation
water due to interfacial tension. If the threshold capillary pressure is reached but pressure is not dissipating as fast as it is being generated, then mechanical failure of the rocks will occur. If there are no hydrocarbons present, capillary leak is irrelevant, mechanical leak will happen if Darcy-type flow of water between
shales is slow and pressure builds up to fracture pressure. Substantial research has been done on the role of faults in compartmentalization, where faults “must have sealed” or “must have leaked”. However, the behavior of a fault is not homogeneous along its’ surface, with significant variability due to shale gauge,
cataclasis, and mineralization; these are occasional, very local phenomena. Simply, “stair stepping” occurs where permeable units are juxtaposed; each permeable unit is filled before migration continues up to the next. Based on work by Neele et al (2012), four potential connections are possible along faults: partial self
juxtaposition; full self juxtaposition; non-juxtaposition (juxtaposition seal); and cross reservoirs juxtaposition. The location of the faults in each expansion trend can also make a significant difference in the ability of pressure and associated reservoir fluids to “stair step” through juxtaposed permeable units. Faults more
distally located tend to encounter lower permeability lithologies, which in turn have lower Darcy flow. The cross sectional area remains the same, however the permeability is reduced so the effective or available area for migration is also reduced and the system will be slower to equilibrate
In order to more fully understand pore pressures, formation mechanisms, and basin plumbing, studies must investigate what happens in three dimensions. Future work should focus on developing geometrical models populated with petrofacies, permeability data, pressure data, and hydrocarbon contacts. This would
enable analysis of the calculated pore space and the permeability product in the reservoir overlap area along fault planes, and investigation into possible links with rates of fluid and reservoir pressure migration. The model created for this study is a two dimensional static model; a dynamic model would better serve to
recreate and better predict excess pressure in undrilled sections of the region. Thermal modelling of wells would provide further insight on the thermal and maturation history of the region, which in turn could increase knowledge surrounding excess pressure mechanisms in the Porcupine Basin.
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