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Executive Summary
Study Overview


This study by Ikon GeoPressure was commissioned by Nalcor Energy in order to examine
and interpret pressure and related data from all data-rich wells drilled on the Labrador Shelf.



The area studied included the Saglek, Hopedale (including Nain, Hamilton and Harrison
sub-basins) and Orphan Basins, and additionally the newly identified deep-water Henley,
Chidley and Holton Basins in which there are no wells drilled to date.



The objective is to provide (a) a framework for future drilling by helping to define the
elements of the drilling window (pore and fracture pressure) and (b) to examine how
pressure data may improve the quantification and exploration risk of future prospects by, for
example, analysis of the risk for mechanical seal failure.



Ikon GeoPressure have extensive worldwide experience of regional pressure analysis and a
further objective of this study has been the use of analogues from other either present or
ancient deep-water settings globally to help understand how relationships in the shallow
water manifest in the deep-water

Database Summary


Data from a total of 30 wells were used in the study: petrophysical logs, wireline test data
(e.g. RFT, MDT), DST and Leak-Off Test data plus mudweight and other data from end-ofwell reports were compiled for each well.



Petrophysical conditioning of the wireline logs led to improvements in the well log analysis
and the ability to properly define a V-shale (with appropriate cut-off) to delineate shales
which would be used for pore pressure prediction.



Analysis of available direct pressure data reveals many normally-pressure reservoirs to
depths of 3500m, some reservoirs which are variably overpressured from depths of 1400m
and deeper, and the highest overpressure recorded in Pothurst P-19 of 34246 kPa. Many
mudweights are low, however, in those wells with thick shale packages Kicks are taken.
Mudweights show rapid increase in the wells with Kicks and a degree of under-balance is
implied.



Only in the Orphan Basin is there sufficient data to explore the potential for
stratigraphic/structural isolation of pressures into “cells” with the suggestion of stratigraphic
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zonation

of

pressures.

In

all

other

basins

the

results

were

inconclusive.

Compartmentalization is considered more likely, certainly by faults, in syn-rift deposits such
as the Bjarni Formation. This faulting can result in preferential down-thrown structural
closure. As sediments are progressively younger in the deep-water, the development of synrift deposits will reduce.

Pressure Mechanisms


Overpressure mechanism analysis using velocity-density cross-plot techniques show only
disequilibrium compaction as the primary mechanism to create overpressure. However, the
plots do show chemical compaction trends in three wells in the Saglek Basin. No velocity
reduction is observed suggesting little contribution to overall overpressure. However, it
should be noted that only 13 wells have temperatures in excess of 80oC (a potential lower
threshold for thermally-driven processes).



There remains the potential for long-distance lateral transfer along connected reservoir
systems could contribute overpressure generated from deep processes not encountered in
the wells drilled to date, although reservoir data so far have not revealed this process.

Well Planning


For the overburden, and following basin-by-basin analysis of the available density data, a
three-layer model (Sea-floor to Top Bjarni; Top Bjarni to Top Basement; Basement) was
created for the Saglek and Hopedale Basins, but with northern and southern variations. A
separate overburden was generated for the Orphan Basin.



In the deeper-water more volcanics are expected and less glacial tills; both may affect the
overburden. From global analogues, deep-water overburdens are less than those in the
shallow water thus the provided overburden may, if anything, over-estimate shale pressure
to a small degree.



Normal compaction trends (NCTs) were developed for the study area, and applied to
velocity and resistivity data to estimate the magnitude of overpressure in shales in each
basin. There is a common NCT which can be applied to most basins and sub-basins. In
West Greenland, compaction models based on shallow water well-data were applied
successfully in the deep-water.



The resulting overpressure trends in the shales reveal the following characteristics:
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o

Thick shales exhibit overburden-gradient parallel profiles of increasing overpressure
with depth, consistent with disequilibrium compaction as the primary source of
overpressure in those shales;

o

Many shale-reservoir contacts have trends of decreasing overpressure in the shales,
consistent with lateral drainage (loss of overpressure due to leakage) in the reservoirs.

o

The Fluid Retention Depth or “FRD” method of estimating overpressure in shales using
average sedimentation rates provides a good test of the overpressure estimated from
the shales as well as matching the “Kick” data in several wells providing a means of
estimating theoretical shale pressure in the deep-water.

o

Lateral drainage affects most of the reservoirs (all stratigraphic ages) and is most
prevalent in the Hamilton Sub-basin (Hopedale Basin). Hydrodynamic trapping is to be
anticipated where laterally draining reservoirs exist.

o

Lateral drainage characteristics (i.e. shale pressures in excess of reservoir pressures,
coupled with overpressure trends which show decreasing lateral drainage effects with
distance from the contact with the reservoirs) are present in 19 of the 30 wells
analysed.



A variety of traditional methods (e.g. Matthews and Kelly (1967), Eaton (1969)) were used to
estimate fracture gradient in each of the basins, calibrated where applicable with available
LOT data, which are generally sparse.



An alternative approach, termed the Swarbrick and Lahann (2008) method, was also
applied, which related fracture pressure (FP) to overburden (Sv) but also includes a pore
pressure-stress coupling (PP-FG) term. The relationship of FP to Sv is 0.87 when normally
pressured, with a PP-FG coupling term of 0.38.



A set of five theoretical vertical pore pressure profiles were modeled, four in the deep-water.
The pore pressure profiles were based on (a) theoretical pressure build-up based on offset
well analysis, and (b) seismic interval velocity. In both cases, pore pressures were predicted
to be high and parallel to the overburden. Below the 120-130oC isotherm, pore pressures
were modelled to converge on the overburden to reflect additional pressure generating
mechanisms acting. The seismic velocity data tending to drift to lower pressure with
increasing depth below the Top Lower Kenamu. Seismic velocity data appears to be a
useful tool for first-approximation pore pressure estimation in Labrador, certainly in the
Tertiary.

Regional Pore Pressure Analysis of Offshore Newfoundland and Labrador:
Unlocking the Shelf to Deep-Water Transition

15

High Pressure Trap Risking


The dataset was insufficient to demonstrate a relationship between pore pressure and
fracture strength which suggests potential seal failure. Lateral drainage, identified in the
majority of wells/reservoirs, has the effect of strengthening the effectiveness of the top seal.



There is no evidence of seal failure or other fluid flow escape phenomena identified above
any of the drilled structures for those wells where seismic data were examined, although
gas chimneys have been report close to wells such as Blue H-28 in the Orphan Basin.



Blue H-28 had the lowest seal capacity calculated at 3900kPa In several other Sub-Basins
e.g. Hopedale, Saglek, comparing the seal capacity of a dry hole and a discovery in close
geographical proximity may provide a useful set of threshold values for breach.



The risk of breach was considered high in the modelled TPP’s in the Markland and
Cartwright Formations only below the 120-130oC isotherm.



Dry holes in the well database are therefore unlikely to be without hydrocarbons on account
of top seal failure due to hydraulic leakage. Other possible explanations include lack of
charge, and lack of overall structure/stratigraphic geometry to ensure adequate trapping at
the well location.

Deep-Water Analogues


The report includes an overview of the geological evolution of the Labrador Shelf region
offshore Eastern Canada, based on a literature review.



Analogues for the Labrador Shelf have been examined the following comparisons with many
different types of analogues ranging from current deep-water exploration areas both close to
(Scotian Slope) and far from (Mid-Norway) the Labrador complex to shallow water wells
than penetrate deep-water facies that provide useful analogue information. Additionally,
some areas are analogous to the challenges of deep-water exploration, such as the deepwater Gulf of Mexico



Mid-Norway proves the presence of both laterally drained deep-water reservoirs via basin
floor fan complexes that link to the shelf and isolated highly overpressured reservoirs. The
same observations can be made in East Canada, Nova Scotia, Niger Delta and the Central
North Sea.



A lack of structural faulting is expected in the deep-water therefore a lack of structurally
controlled pressure compartments is expected. Polygonal faulting, which tends to form in
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layer-bound, shale-dominated environments and may be expected in the deep-water of
Labrador.
o

In the Ormen Lange Field in Mid-Norway, polygonal faulting is present, which has
implications on the likely behaviour of the field fluid dynamics. Interestingly, this style of
complex faulting does not preclude hydrodynamics (laterally drained reservoirs).



Stratigraphic isolation is more likely to be common in the deep-water, however,
communication in-board is possible as demonstrated in the deep-water West Greenland
where the Cretaceous Fylla Formation is normally-pressured; the implication is that the
deep-water, sands such as the Freydis in the Markland Formation can drain laterally and
lose pressure despite the distal nature of the sands.



Narrow Margin Drilling (NMD) is a common feature of deep-water environments world-wide.
As the facies is likely shale-dominated in the deep-water Labrador the onset of overpressure
will be shallower than on the Shelf for comparative stratigraphy. Pore pressure profiles will,
therefore, build relatively shallow overpressure parallel to the overburden and continue for
the remainder of a well.



Rates of sediment loading will strongly influence the depth at which no more fluid can
escape from the shale (“FRD”), and overpressure builds by disequilibrium compaction. FRD
modelling has been used successfully in deep-water settings world-wide such as Niger
Delta and Nile Delta to produce overburden-parallel shale pore pressure profiles. Applying
this approach to wells with deep high pressure on the Labrador Shelf, produces a pressure
profile that matches closely the Kicks taken in these wells.
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1

Introduction

This pressure study is a comprehensive regional pressure analysis of the offshore areas adjacent
to the Labrador and Newfoundland coast. The study area spans from the top of the Labrador
Peninsula to the northern Flemish Pass Basin and includes all basins in the area of interest
including the Saglek, Hopedale and Orphan Basins. This study aims to offer a definitive and
comprehensive analysis of the pressures in the region in order to provide enhanced confidence in
the understanding of risk and pressure distribution to interested parties.
The Labrador Sea is a largely unexplored region for hydrocarbons, specifically in the deep-water;
although a few significant discoveries have been made on the shelf (Hekja O-71, Snorri J-90,
Hopedale E-33, North Bjarni F-06, Bjami H-81 and Gudrid H-55) which have provided confidence in
a viable petroleum system.
In recent years, a revival of interest in exploration activity was marked by the acquisition of new
seismic data (C-NLOPB, 2011). The seismic surveys tie some of the earlier gas discovery wells
with extended deep-water Cretaceous play areas. Furthermore, promising new deep-water seismicbased exploration work, initiated by Nalcor Energy, has resulted in the identification of new basins
in the deep-water Labrador region, namely the Henley Basin, Chidley Basin and the Holton Basin
(Figure 1.1). The petroleum potential in the area has had confidence built through the identification
of slick and seepage locations using 2D seismic data and satellite imagery, the importance being
that surface slicks are likely related to subsurface hydrocarbon migration.
All the recent regional analysis coordinated through Nalcor Energy shows strong evidence for an
active petroleum system in the deep-water with early seismic interpretation indicating the presence
of trapping geometries. There is a clear need to understand the controls on deep-water pressure
regimes and the experience of drilling similar targets from global analogues is key to helping de-risk
the newly interpreted basins.
A key component of this study will be the integration of analogues from other basins where
Ikon Science have produced regional studies involving both shelf and deep-water wells.
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1.1

Project Objectives

The project objectives have been to provide the following;



A regionally consistent petrophysical interpretation of available well data for the purpose of
pressure analysis



An understanding of the pressure regime and causes of overpressure generation



A de-risking of traps for hydraulic top-seal failure



Recognition of new exploration opportunities via understanding the extent and potential for
lateral drainage and hydrodynamic reservoirs



The key components for safe well-planning: reservoir pressure, shale pressure, overburden
and fracture pressure models



A robust deterministic well-tie to five wells (one well per seismic line) for the purposes of
seismic velocity calibration



A pressure and overpressure profile for each seismic line supplied



An understanding of the overall pressure magnitudes and distributions that are considered to
represent the deep-water Labrador environment

1.2

Study Area

The study area focuses on key wells within the Saglek, Hopedale, Hawke and Orphan Basins
(Figure 1.1), offshore Newfoundland and Labrador, Eastern Canada; the newly identified Chidley,
Henley and Holton Basins in the deep-water are also shown. The Hopedale Basin has been divided
into the Nain, Harrison and Hamilton Sub-Basins and the majority of drilling has occurred within
these three sub-basins. The location data used in the project were supplied by Nalcor Energy and
are publically available from the BASIN database maintained by Natural Resources Canada
(Geological Survey of Canada, Geoscience Data Repository). The location of the wells is shown in
Figure 1.1. Stratigraphic nomenclature referred to throughout the report and well markers used in
this study were provided by Nalcor Energy based on the scheme proposed by Balkwill et al. (1990).
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Figure 1.1 Geographical overview of the study area with basin outlines (adapted by Nalcor Energy) and locations of all
wells included in the study.
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1.3

Project Database

Data for 30 wells were originally supplied by Nalcor Energy. South Hopedale L-39 from the
Harrison Sub-Basin was initially included but removed during the data review phase due to very
limited log data and the proximity to other data-rich wells. Hekja O-71 was then added to the study
to replace South Hopedale L-39 to increase the geographical range of the study to the north of the
Labrador Shelf.
The majority of the wells have complete digitised suites of log data (Gamma Ray (GR), Resistivity,
Sonic, Density and Calliper) and an adequate amount of pressure and pressure-related data given
the age of the wells, a summary of which is provided below. Additional ancillary data including
deviation surveys, temperature data, Canstrat lithology logs and End of Well Reports were also
incorporated into the study.



Canstrat logs provided for 12 wells across all Basins and Sub-Basins allowing a good regional
understanding of lithology.



20 wells have direct pressure data (WFT) data such as RFT, DST.



17 wells have fracture pressure data such as LOP-LO (14 wells) and LOP-LT (4 wells).



Mudweight data are available for all wells which are of varied detail.



Gamma ray, resistivity and sonic logs available for all wells with good coverage to TD for most
wells.



Density logs available for all wells except South Labrador N-79 with good log coverage for the
majority of wells (23 wells).



Good coverage SP logs available for all wells except those located in the Orphan Basin.

A more detailed summary of all available offset well data is provided in Table 1.1.

Five 2D seismic lines (2156, 2116, 2100, 2000 and 3083) with both velocity and amplitude data
were also provided by TGS/PGS via Nalcor Energy (see Chapter X for more details). Additionally
the following seismic horizons were supplied: ‘Seabed surface’, ‘Late Miocene surface’, ‘Onlap
surface’, ‘Mokami surface’, ‘Lower Kenamu surface’, ‘Base Cenozoic surface’ and ‘Acoustic
Basement surface’.
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Table 1.1 Data summary for all wells included in the study
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1.4

Quality Control of Data

The database was assessed to check that it was fit for the purpose of a regional pressure study
including wireline log-based predictions of overburden pressure and pore pressure.
The following issues were noted:-



Several logs showed evidence of poor merging of different log runs (e.g. Rut H-11, Ogmund E72, Roberval K-92) and were manually corrected. Other logs contained anomalous “shifts” that
aren’t associated with log run merging and were manually corrected (e.g. Leif M-48).



Many logs were particularly noisy or spikey, especially the density logs, and required part
removal (e.g. Indian Harbour M-52) or application of a smoothing filter (e.g. Freydis B-87, Hare
Bay E-21).



Some wells with calliper logs exhibit evidence whereby hole size is far in excess of drill bit size
indicating zones of borehole collapse and breakout. Such examples of anomalously high
calliper readings are mirrored by low values in the density log (e.g. Karlsefni A-13) and to a
much lesser extent sonic and resistivity logs.

Examples of borehole instability are prevalent at the shallowest depths in the Saglek Formation and
most notable in the Upper Kenamu Formation indicating a consistent lithological or pressure-related
bias, hence these sections were preserved from log editing. However, spikes in the density logs
prevent a density-based shale pore pressure model although the data will be used to estimate
overburden (lithostatic profile).



Lithology logs identify the Bjarni Formation as predominantly sandstone. However in the
Saglek Basin, Hamilton Sub-Basin and Harrison Sub-Basin (e.g. Skolp E-07, Gudrid H-55,
Bjarni O-82) gamma ray (GR) is anomalously high relative to a typical sandstone. Sandstones
need to be excluded from shale pressure prediction and therefore a filter was applied in the
volume log to ensure the Bjarni Formation was not identified as shale.
o

It is noted that this anomaly was not seen in the Orphan Basin or Nain Sub-Basin,
presumably a consequence of lower feldspar content (The Upper Bjarni Formation is
described as Arkosic; Balkwill et al., 1990).

The correction process discussed above is described in Section 5.2 and all corrected logs are used
in the study.
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2

Data Sources

A regional pressures study is heavily dependent on the interpretation pore pressure and fracture
pressure in boreholes. The section below reviews the data sources available and the methods used
to acquire usable data.

2.1

Reservoir Pressure Measurements

A range of tools and methods is available to measure or estimate pore pressure in sediments.
Some tools can perform accurate measurements directly, whilst some methods rely on
interpretations using empirical solutions. Indirect methods use observations from operations during
drilling, or post-drilling such as wireline. A hierarchy of data types and their reliability is illustrated in
Figure 2.1.

Figure 2.1 Hierarchy of fluid pressure data, the position on the chart of a specific data type may vary from area to area
depending on data quality. Note “Equivalent depth” here refers to relative comparison of data and not the pore pressure
prediction technique outlined in Chapter 9.
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2.1.1

Direct Measurement

In the Labrador region, the principal source of pore pressure data is from Wireline Formation Tests
(WFT), which include tools such as the Repeat Formation Tester (RFT). WFT tools offer the most
reliable and efficient method for acquiring multiple pressure measurements in open-hole conditions.
Pressure data can be acquired quickly from any permeable unit and the repeatability of the
measurement is high. Problems that typically arise include seal failure (packer fails to provide
isolation of the probe from the borehole mud) and supercharging (in low permeability formations as
influx of borehole fluid inflates the formation pressure in the vicinity of the borehole prior to testing).
Low permeability rocks (generally less than about 1.0 mD) in which a test cannot be conducted in
less than about 20 minutes are sometimes referred to as a “tight” formation. Some pressures
measured require corrections for downhole temperature, which are provided automatically for
modern tools. When a ‘Kick’ is detected, the build-up pressure at the surface can be used to yield a
good estimate of pore pressures. The limitation is that the interval which is flowing into the borehole
must be assumed to be at the drill bit. A less reliable estimate of pore pressures comes from using
the mudweight used after the ‘Kick’ was detected to ‘kill’ the well.

2.1.2

Indirect Measurement

Indirect measurement or estimation of pore pressures can be obtained from a variety of sources,
including:



Mudweight history



Gas monitoring at the well



Drilling parameter analysis (e.g. dc-exponent)



Interpretation of “porosity” trends from wireline or LWD/MWD data

Pore pressure can be inferred from a variety of sources of data, collected before, during and after
the drilling operation. Safe drilling practice involves constant adjustment of the drilling mud system
to prevent the well becoming unstable. The record of mudweights used in drilling can be a useful,
albeit imprecise, indicator of pore pressure. Gas recordings can also be interpreted as a pore
pressure indicator, especially where high background gas peaks coincide with connections, an
indication of drilling near-balance or underbalanced (Holm, 1998). The gas peak occurs because
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the pressure drawdown while lifting the bit to make a connection induces temporary gas influx from
the formation and is also referred to as ‘swabbing’. Swabbing occurs because the mud pumps are
shut down during a connection causing a reduction in effective bottom-hole pressure. The Dxc
exponent involves continuous monitoring of drilling parameters (weight on bit, rotation speed,
penetration rate and bit diameter), i.e. “dc” exponent, is also used to indicate overpressure,
although recent changes in drilling practice (controlled drilling) and new bit technology have
rendered this method less helpful.

2.2

Constructing a Pressure-Depth (P-D) plot

Pore pressure data (both direct and indirect) are best visualized on Pressure-Depth (P-D) plots,
either a single-well P-D plot with the digital log data displayed alongside (Figure 2.2, Figure 2.3), or
a multi-well plot comparing values from two or more related wells (Figure 2.4). The single-well P-D
plot for North Bjarni F-06 (Figure 2.3) shows data by pressure type, including multiple direct pore
pressures measurements (RFTs) taken in the reservoir sections and Leak-Off Tests (LOP-LO)
which help describe the fracture gradient for the well. The multi-well P-D plot (Figure 2.4) shows
data by well name, rather than pressure type; the plot shows that below 3000 mTVDss pressures
are highly overpressured. Being able to visualise pressure data in using multi-well P-D plots allows
regional comparisons to be made and trends to be identified. Leak-Off Test data are also shown in
Figure 2.4. Both single-well and multi-well pressure plots by depth can also be plotted in terms of
overpressure variation with depth (Figure 2.5). The overpressure is defined as the difference
between the pressure at that depth and the hydrostatic gradient. It is often useful to plot a singlewell plot as an equivalent mudweight (EMW)-depth plot in order to visualise pore pressures in
kPa/m (Figure 2.6). Finally, changes in mudweight (mud profile) are also shown (Figure 2.7).

Where wells available to the study only had fracture pressure data i.e. Leak-Off Test, Limit Test
(also widely known as Formation Integrity Test), and no fluid pressure data are available, displaying
the mudweight (if available) in these wells as single-well plots can be of use to gauge potential pore
pressures. It is also useful to plot mudweights from a number of wells (Figure 2.7) to assess drilling
responses from multiple wells.
Geological

information including

stratigraphic

markers

(e.g.

biostratigraphic markers

or

unconformities) and lithological data (e.g. sandstones, shales etc.) help in the visualisation of pore
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pressures in relation to the distribution of reservoirs and potential seals. Interpretation of pore
pressure data is very difficult without its geological context. Location of changes in both pressure
gradients and magnitude of abnormal pressure relate to changes in rock properties and primarily
permeability, which are frequently linked to chronostratigraphic and lithological boundaries.
Stratigraphic and lithological data can usually be displayed on a Pressure-Depth (P-D) plot for
single wells only (example shown in Figure 2.8). Compilations of data for multiple wells do not lend
themselves to lithological comparison on P-D displays because of structural and stratigraphic
complexities.

2.2.1

Definitions of Pressure Gradients

Hydrostatic Pressure Gradient
Pressure exerted by a continuous column of water extending to the surface. The actual gradient
depends on the salinity (density) of the formation water. Although often drawn as a single pressure
gradient from sea-bed to total depth, the hydrostatic pressure gradient changes whenever water
salinity alters.
The fluid reference line is termed the Hydrostatic Pressure Gradient and is the pressure gradient
based on average density of the pore waters, a regional “Labrador Hydrostatic” has been used in
this study (Figure 2.8).
Examples of typical hydrostatic gradients:



North Sea:

10.066 kPa/m

45,000 ppm NaCl



Gulf of Mexico

10.993 kPa/m

182,000 ppm NaCl



Labrador Sea

10.100 kPa/m

39,000 ppm NaCl

Note: In the Labrador Sea study, a constant hydrostatic gradient of 10.1 kPa/m has been
used throughout. Hence all measurements of overpressure have been calculated from
subtraction of this hydrostatic pressure gradient calculation at the depth of interest.
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Lithostatic Pressure Gradient
Pressure exerted by the weight of the overlying sediments (including fluids). The gradient is based
on integrated densities from surface to depth, or estimated densities (e.g. from seismic velocities).
The rock reference line is termed the Lithostatic Pressure (or “Overburden”) Gradient (i.e. the red
pressure trend; shown in Figure 2.8) and is the vertical stress from the surface (onshore) or sea
bed (offshore) calculated from the average densities of the bulk rock. Accurate determination of the
lithostatic gradient requires availability of a density log or a reliable estimation of density. In practice
a default gradient of 22.6 kPa/m (1.0 psi/ft) is often used, based on an average sediment bulk
density of 2310 kg/m3 (Mouchet & Mitchell, 1989). The greatest error in an assumed 22.6 kPa/m
lithostatic gradient is in the shallow, upper part of the sedimentary column, especially in young
Tertiary basins.

Note: All standard Pressure-Depth (P-D) plots in this report display a lithostatic gradient
determined from measured bulk density and the default 1.0 psi/ft lithostatic gradient is only
used where bulk density data were not available. For a more complete description of the
overburden (lithostatic gradient) in the Labrador Sea, see examples in Chapter 6, whereby
bespoke overburden profiles have been derived on a well-by-well basis using well log
density data.

Fracture Pressure Gradient
The pressure required to generate fractures where minimum compressive stress and tensile
strength of the rock is exceeded. The gradient is based on the regional compilation of Leak Off
Pressure data, where available, or empirical solutions.
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Figure 2.2 Pore pressure (RFT & DST) and Leak Off (LOP-LO) data for a single well (North Bjarni F-06) visualised on a
Pressure-Depth (P-D) plot with markers and log suite shown.
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Figure 2.3 A single well P-D (North Bjarni F-06) plot showing the benefits of being able to display data to define pressure
gradients. A series of RFT data exhibiting two gradients and allowing identification of fluid contacts.
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Figure 2.4 Pore pressure data for multiple wells visualised on a P-D plot. Each well is shown by use of colour, and
pressure type by use of contrasting symbol. Shown are pressure data for Mizzen L-11 and Lona O-55 from the Orphan
Basin. This plot illustrates the difficulty in plotting data when water depth varies significantly. The Leak-Off data, which
related to fracture pressure, of Lona O-55 plot below the pore pressure of Mizzen L-11 due to variation in water depth.
Also the overburden shown is an average of the two wells and explains which LOT data plot above this average for the
shallower well.
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Figure 2.5 Overpressure-Depth plot of the same data displayed in Figure 2.4 allowing rapid assessment of overpressure
compartments. For example the blue triangles of Mizzen L-11 record approximately 5000 kPa overpressure whereas the
pink triangles of Lona O-55 record approximately 8000 kPa overpressure clearly demonstrating separate overpressure
compartments
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Figure 2.6 Pore pressure data for Blue H-28 visualised on an Equivalent Mudweight-Depth plot.
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Figure 2.7 Mudweight profiles displayed on a P-D plot with corresponding fluid pressure data. Shown is the variability of
mudweight (representing drilling response) for two wells within the Orphan Basin.
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Figure 2.8 A single well P-D plot with lithology and stratigraphic markers. All WFT data are taken from within the Bjarni
Formation, which is predominantly sand.
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2.2.2

Use of Pressure-Depth (P-D) Plots

P-D plots can facilitate identification of pore fluids and hydrocarbon-water contacts, lateral and
vertical “seals” and pressure compartments. Combining geological information in the display of
single-well P-D plots provides a low-cost solution to the determination of vertical seals in
overpressured basins, and the identification of vertical pressure stratification. Single-well plots are
used to analyse the relationship between pressure transition zones and lithology. Input for the
lithology comes from wireline and cuttings data with the highest level of detail required where direct
pressure measurements are available. For this study Canstrat lithology was supplied for 12 wells
and used in conjunction with the wireline data to build a model that can be used in the wells where
only wireline and no Canstrat data are available.
Multi-well plots do not simultaneously display geology, but permit recognition of pressure
compartments in the subsurface. Wells where the same magnitude of overpressure is found at a
common reservoir/stratigraphic level are likely to be located in a shared pressure compartment.
Common magnitude of overpressure is frequently used to demonstrate reservoir continuity (and
vice versa) or connectivity through lateral or vertical drainage via reservoirs and faults/fractures.
Multi-well P-D plots can be combined with 2-D and 3-D basin modelling profiles to assess the
contribution of lateral transfer to pressure distribution in connected reservoir units. Multi-well P-D
plots therefore challenge the geoscientist to explore for the lateral and vertical seal boundaries,
using available structural and sedimentological data.

2.3

Leak-Off Pressures and Limit Tests

Oilfield practice when drilling deep boreholes is to line the open borehole with steel tubing (known
as casing) and to cement the casing into place, thus protecting the borehole from erosion and
potential collapse. The design of a well therefore involves decisions to set casing to permit efficient
but safe drilling to the depth of the main objectives. Drillers prefer to set casing in fine-grained (low
permeability) lithologies, such as shales and chalks, as well as above a zone which has either
particularly high or low amounts of overpressure. The plan for drilling across a transition zone is
likely to be to drill as far as possible into a pressure transition. The advantage of this approach is
that running casing close to a high pressure reservoir provides more favourable conditions for
drilling into a high pressure reservoir beneath, and may save a casing run.
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At each casing depth the integrity of the cement/formation around the base (shoe) of the casing is
tested by running either a Leak-Off Test (LOT) or Limit-Test (also known by the acronym FIT
meaning Formation Integrity Test). The Leak-Off Test assesses the maximum mudweight, which
can be used before mud losses occur due to hydraulic fracturing of the formation, likely to be in the
vicinity of the casing shoe. The Limit Test has a pre-determined pressure limit, below the pressure
of the Leak-Off Test, and hence does not evaluate the strength of the formation, but provides a
lower limit.

2.3.1

Fracture Pressure

The fracture pressure is the pressure at which the rock fractures, usually when the minimum
compressive stress and tensile strength are exceeded by the pore fluid pressure. In practical terms
in the oil industry this pressure is the upper limit of pressure which the rock around the borehole
can withstand from the mud column. The fracture gradient in extensional basins is lower than the
lithostatic pressure gradient.
Evaluating the fracture pressure requires information on the in-situ stresses, i.e. the stress
conditions existing in the formation prior to drilling. These stresses will be a function of the
sedimentation and tectonic histories of the region during the development of the basin.
Three principal compressive stresses act on a rock mass at depth, each orthogonal to one another;
in sedimentary basins one of the principal compressive stresses is assumed to be vertical (Sv),
making the other two horizontal (Sh and SH, where Sh is the smaller and SH the larger horizontal
compressive stress).
Knowledge of Sv comes from the estimate of the lithostatic pressures (see Chapter 6), Sh from
Leak-Off Test (LOT) data where Sh < Sv (see below), but SH is generally poorly known. In
extensional basins, SH may be assumed to have a value between Sv and Sh; in strike slip and
compressive basins, rock mechanical models indicate that SH will be greater than Sv.

2.3.2

Leak-Off Test (LOT)

Leak off tests are measured after casing is cemented into the borehole. The procedure involves
drilling a short length of new formation (about 3-6 m typically and known as the “rat hole”), and then
increasing the mud pressure. A series of pressures are recorded on surface pressure gauges and
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plotted against the volume of mud pumped into the borehole (Figure 2.9). The change of slope, to
slower pressure increase per unit of mud pumped, is called the Leak-Off Pressure (LOP), and the
change of slope is interpreted as small fractures opening up against the minimum stress in the
vicinity of the borehole.
The LOP is interpreted as an approximation of the minimum stress, as is the instantaneous shut in
pressure (ISIP) (White et al., 2002) observed when the pumps are turned off (Figure 2.9). The point
where the pumps are turned off in a standard leak-off test occurs between the Leak-Off Pressure
and the Formation Breakdown Pressure. In many cases, the interpretation of the Leak-Off Pressure
is not a trivial process as the recorded pressures may not form a linear gradient in the build-up
phase nor show a clear change in gradient as illustrated in Figure 2.10.
The Fracture Breakdown Pressure (FBP) is the point at which the mud has reached the far-field
horizontal stress, plus the tensile strength of the rock. At this point the pressure drops to the
fracture propagation pressure (FPP), when this happens the test is termed an “Extended Leak Off
Test” (XLOT; Figure 2.9), however these types of Leak-Off Test are rarely performed. The fractures
close when the pumps are switched off. The Instantaneous Shut In Pressure (ISIP) occurs when
the fracture first closes and is higher than the Fracture Closure Pressure (FCP) which is the
pressure when there is no more loss of fluid from the fracture, which is now completely sealed.
Most workers use the ISIP as the estimate of minimum compressive stress (White et al., 2002).
An example of a pressure vs. cumulative mud volume for a typical Extended Leak-Off Test and an
interpretative schematic diagram is shown in Figure 2.9.
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Figure 2.9 A schematic diagram of a typical Extended Leak-Off Test highlighting all the potential stages of an extended
test procedure.

Figure 2.10 Example of a poor quality Leak-Off Test in which selecting a value for the Leak-Off Pressure is difficult to
assess.
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2.3.3

Limit Test

In some cases a pre-defined maximum pressure is reached without mud loss and "leak off" is not
reached, but rather, a particular pressure is considered high enough to continue drilling ahead
safely. This process is referred to in this study, and on the accompanying plots, as a Limit Test
(LOP-LT). Another term, commonly used for a LOP-LT test is Formation Integrity Test (FIT), but to
distinguish between Formation Interval Tester, the forerunner of the RFT, and Formation Integrity
Test the term LOP-LT is used for fracture pressure tests.

2.3.4

Plot of Leak-Off Test (LOT) and Limit Test

A variety of ways exist to determine/model fracture gradient (Mouchet & Mitchell, 1989). Most of
these methods involve empirical formulations relating to rock properties such as Poisson’s Ratio
and the magnitude of the lithostatic pressure. An alternative approach involves a compilation of
Leak-Off Pressures to determine the regional fracture gradient, and the left- hand bound of the data
can be used as a proxy for the minimum horizontal stress (Gaarenstroom et al., 1993).
Figure 2.11 shows the entire Labrador Sea Leak-Off Test dataset. Caution should be exercised in
interpretation of fracture pressure from Leak-Off Test data, since leak-off can result from a poor
cement bond at the casing shoe as well as from true formation Leak-Off. In addition, as well as
inaccuracies in the recording of the data the rate of mud pumped, hole geometry, lithology change
and variations in the in-situ stresses can all contribute to scatter in the data (White, 2001; White et
al., 2002). When both Leak-Off Pressure and pore pressure data are plotted, (Figure 2.12) the
upper limit of pore pressure data can be greater than the minimum value for the LOT data due to
pore pressure - fracture pressure stress coupling (Chapter 11) if there is a significant range of pore
pressure for a given depth. There is always a scatter of LOP data, up to 80,000 KPa, for any depth
but the scatter often decreases once you are into high overpressure. The reduction in scatter is due
to the coupling of pore pressures to fracture pressures and because highly overpressured reservoir
data tends to form tightly grouped cells of data, not scattered data, hence tightly grouped fracture
pressure data result. Leak-Off Pressure data are plotted relative to sea-floor to remove the effects
of water depth variation. One technique is to assume that the minimum stress corresponds to best
fit through the minimum value data (Gaarenstroom et al., 1993). This estimate is most likely
conservative as a basis for determination of the fracture gradient for a well prognosis (see
discussion in Chapter 11).
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Figure 2.11 Leak-Off Pressure database for Labrador Sea. Leak Off and Limit Tests are plotted and referenced to
mudline due to variable water depths.
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Figure 2.12 Leak-Off Pressure dataset for the Labrador Sea plotted relative to mudline, including pore pressures (RFT,
DST) and other measured pressures. The upper limit of pore pressures extends into the range of the Leak-Off pressures
at around 3800 mTVDml.
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2.4

Mudweights

Mudweights form part of the data that can provide an indirect indication of the magnitude of pore
pressure. Drilling mud needs to be heavy enough to provide a static pressure in the uncased
borehole which is higher than the formation pressure at all depths. If this condition is not met in high
permeability units, then the formation fluids will invade the borehole, leading to mud gains and the
potential for a blow-out. However, in low permeability units, such as shales, these units can be
drilled “underbalanced” i.e. the mudweight may be less than formation pressures, but low
permeability prevents measurable gains. Across the entire basin the mudweights may vary
substantially in response to variation in pressure for the same stratigraphy and as such can only be
considered as a proxy to pore pressure in the immediate vicinity of the well for which the
mudweight is applicable.

2.5

Stratigraphy of the Labrador Sea

The stratigraphy of the Labrador Sea (Figure 2.13) can be described by reference to three rifting
stages:
1. Pre-Rift; mainly comprising crystalline basement of Pre-Cambrian age, although Ordovician-age
carbonate sediments are known to exist in the region.
2. Syn-Rift; Rifting dominated the Early Cretaceous period and is represented by the volcaniclastic
Alexis Formation which is overlain by the Bjarni Formation comprised of inter-bedded sequences of
fluviatile and lacustrine sediments.
3. Post-Rift; the Markland Formation represents the change from rifting to seafloor spreading and is
unconformably overlain by the Cartwright Formation comprised of marine clays and siltstones. The
Kenamu Formation on top of the Cartwright Formation is characterised by marines shales and
siltstones dissected by fine-grained sandstone members. The younger Mokami Formation
represents the cessation of seafloor spreading with the deposition of marine siltstones and shales
moving stratigraphically upwards into the Saglek Formation, comprising fine- to coarse-grained
sands and conglomerates.
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Figure 2.13 Stratigraphic column for the Labrador Basin Complex showing all major and non-reservoir formations (image
supplied by Nalcor Energy).
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3

Overpressure: Principles and Concepts

3.1

What is Overpressure?

The pressure in a column of fresh or salty water increases from the surface downwards along the
hydrostatic pressure gradient, the exact slope depending on the salinity and hence density of the
water. The pressure gradient is known as the “hydrostatic” or normal pressure gradient (Figure 3.1).
The overpressure is confirmed from pressure data where water is present as the pore fluid in a
reservoir, and when the gradient is offset from the hydrostatic pressure gradient, the difference at a
particular depth between the fluid pressure along this gradient (Pp) and the hydrostatic pressure
(Phydr) at the same depth is the amount of overpressure (ΔP), i.e.

Equation 3.1 Definition of overpressure

The maximum fluid pressures in any area tend to be controlled by the fracture strength of the rocks
in which the fluids are located. In extensional basin settings the fluid pressures are less than the
vertical stress (overburden or lithostatic pressure gradient) but the maximum fluid pressures at
depths greater than 4000 m can be close to the minimum horizontal stress. In compressional
basins, where both of the horizontal stresses exceed the overburden, fluid pressures have been
reported to be above the lithostatic pressure (Traugott, pers. comm.).

3.2

Mechanisms for Overpressure

3.2.1

Principle Mechanisms

3.2.1.1 Compaction Disequilibrium
Compressible sediments such as shales and calcareous muds dewater by compaction, driven by
increases in stress at the grain-to-grain contacts. As compaction proceeds porosity is reduced in
the sediment, and this process of mechanical compaction (by rearrangement and repacking of
grains mainly) is driven by changes in both horizontal and/or vertical stress. A useful relationship
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between total stress (S), pore pressure (Pp) and the grain-to-grain contact stress, which
geoscientists call effective stress (σ’), is:

Equation 3.2 Terzaghi Principle linking the total stress (S) to the pore pressure (Pp) and the vertical effective stress (v’).

Frequently this expression is related only to vertical stress (Sv), pore pressure (Pp) and vertical
effective stress (σ v’):

Equation 3.3 Terzaghi Principle linking the vertical stress (Sv) to the pore pressure (Pp) and the vertical effective stress
(v’).

Rocks in which the fluid pressures are hydrostatic are in near-equilibrium with the confining stress
and do not experience fluid flow. If sediments are not sufficiently permeable to allow complete
dewatering within the time frame that a stress is imposed (for example during and after addition of
load during sedimentation) the increment of additional stress is distributed only partially on the
grains and the remainder on the fluids. Incomplete dewatering leads to the overpressure
mechanism termed “compaction disequilibrium”.
The magnitude of the overpressure from compaction disequilibrium is controlled by:

1. The weight of the added load (vertical stress), and any coupled responses in the horizontal
stresses, or a tectonic push.

2. Rock properties such as compressibility.
3. Fluid and pressure dissipation through the seals.
4. Redistribution of pressure through connected reservoir units or other fluid pathways such as
faults.
The principal control on sediment dewatering is permeability, and rocks prone to ineffective
dewatering are fine-grained rocks, such as shales and chalks. Inter-bedded coarser-grained rock
units, within these fine-grained sediments, such as sandstones, compact at much slower rates for
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the same applied stress, and are influenced by the fluid pressures in the adjacent rocks and will
often share similar overpressures. However, these more permeable sediments can also redistribute
the fluid and pressures laterally along continuous units. Where fluid pressure redistribution occurs,
the reservoirs and the adjacent fine-grained sediments may not be in exact pressure equilibrium,
especially when permeable units conduct excess fluid pressures by lateral drainage (for example
direct communication to the sea bed, either directly or via faults).
During progressive burial (such as the Late Cretaceous and Tertiary history of the Labrador Sea),
there is relatively continuous addition of vertical load, albeit at varying rates. Continuous burial does
not generally favour pressure dissipation from the fine-grained sediments, which remain
overpressured (and often with increasing overpressure magnitude with time).

3.2.1.2 Pressure Profiles with Compaction Disequilibrium
Shallow-buried rocks, even where they are fine-grained, are able to dewater effectively, and remain
hydrostatically pressured. During this period their permeability and porosity reduce as mechanical
compaction occurs. With continued burial and reduction of permeability the fine-grained rocks
cannot dewater completely (i.e. within the timeframe of the stress increase) and at this point
overpressure commences. The point at which overpressure develops is governed principally by the
permeability and rate of loading. The onset of overpressure is shallow when sedimentation rate is
high and/or when sediment permeability is reduced to nanoDarcy levels (10-9 mD; 10-21 m2) early in
the burial history of the rock (usually controlled by the clay-sized fraction of the rock). Conversely
the onset of overpressure is deep for coarser-grained or more slowly buried sediments. It is
observed that many profiles of continuous burial of fine-grained sediments, especially in Tertiary
deltas, exhibit a profile of increasing overpressure which is sub-parallel to the lithostatic pressure
gradient.
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Figure 3.1 Schematic Figure to illustrate the main components of a Pressure-Depth plot and data field for overpressure
(abnormal pressure above hydrostatic).
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Figure 3.2 Typical overpressure patterns in shale (dashed lines). The position of any line on this plot depends on
permeability and loading/sedimentation rate (adapted from Swarbrick et al., 2002).
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3.2.1.3 Fluid Volume Change
A second class of overpressure mechanism involves change in the fluid and solid volumes. An
increase in the fluid volume leads to an increase in fluid pressure above hydrostatic, assuming
constant pore space volume. Several mechanisms of this type are suggested in the literature.
These mechanisms include various mineral changes, including dehydration reactions, as well as
thermal expansion, as sediments are heated during burial. Each of the mechanisms has been
investigated (Osborne & Swarbrick, 1997) and the magnitude of overpressure, commensurate with
typical basin conditions of burial and geothermal gradient, has been estimated (Swarbrick et al.,
2002). With the exception of gas reactions, the contribution from all fluid volume change
mechanisms is relatively small, i.e. measured in <1000 kPa under normal basin conditions. The
magnitude of overpressure associated with gas generation, on the other hand, either during
secondary reactions in kerogen or by in-situ oil to gas cracking, can be an order of magnitude
higher (i.e. 10000 kPa; Swarbrick et al., 2002).

3.2.1.3.1

Gas Generation from Source Rocks/Oil to Gas Cracking

Most hydrocarbon accumulations are supported by aquifers whose volumes are large relative to the
petroleum in the reservoir. For this reason gas generation is only likely to be a secondary source of
overpressure in Mid-Norway. Small, fault-bounded, reservoirs with high petroleum to aquifer ratio
would represent the best candidates for high magnitude overpressure from gas generation.

3.2.1.4 Load Transfer from Framework Weakening
Chemical changes in sediments has led to the concept of framework weakening leading to load
transfer (e.g. Lahann et al., 2001; Lahann, 2002, Lahann & Swarbrick, 2011). The mechanism
involves modification of the load-bearing part of the sediment such that the rock becomes
weaker/more compressible. To accommodate the vertical and horizontal compressive stresses
previously borne by the grain-to-grain contacts the sediment now requires additional compaction,
and hence fluid expulsion. If the fluid cannot escape the load previously borne by the grains is
transferred onto the fluid phase leading to overpressure.
The framework weakening may be a transient phenomenon during transformation (for example,
when smectite recrystallises as illite; or more permanent; for example, when kerogen transforms to
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oil/gas and residual kerogen). Smectite conversion has been closely associated with overpressure
observed in several basins (e.g. Bruce, 1984). No clear evidence exists that the transition involves
any increase in fluid volume (Osborne & Swarbrick, 1999). Lahann, (2002) has offered an
alternative explanation for the association between overpressure and the transition, namely that the
transformation induces temporary framework weakening, whereby ultimately the new mineral
achieves a closer packing density of mineral grains and the expulsion of fluids. Only where the
permeability of the shales, where this occurs, is low relative to the transformation rate, will
overpressure result. Lahann, (2002) shows, using Gulf of Mexico examples, the magnitude of
overpressure can be many 10000’s of kPa. Other processes involving framework weakening and
load transfer include source rock maturation, quartz and calcite dissolution at grain-to-grain
contacts, and many clay mineral reactions in shales during deep burial. Ikon Science believe the
likely temperature threshold for significant contributions to overpressure by load transfer is around
100 - 120oC.

3.2.1.5 Uplift
When uplift takes place, gas at constant temperature expands as pressure reduces. This gas
expansion cannot take place easily when the gas is associated with a relatively incompressible fluid
such as water. Consequently, the overall system will increase in pressure until the fluid can escape.
The post-Jurassic burial history of Labrador does not involve significant uplift (without reburial)
except close to the northern edge of the shelf (northern Saglek Basin).

3.2.2

Other Mechanisms

3.2.2.1 Hydraulic Head
Overpressure can result from a hydraulic head in an adjacent highland area. The magnitude of
such overpressure can be easily assessed, and highland regions of Labrador are unlikely to
contribute to overpressure in the offshore Labrador plays.

3.2.2.2 Lateral Transfer
When reservoirs are tilted and the surrounding fine-grained rocks governing the reservoir pressures
are at different pressures, there is a transfer of fluids from downdip to the crest, a process known
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as lateral transfer (Yardley & Swarbrick, 2000). Lateral transfer is not a mechanism as such, but
rather a redistribution process. If the reservoir is surrounded in the crestal position by rocks which
do not permit dissipation of the excess pressures, reservoir pressures are enhanced relative to the
surrounding rocks, and are out of equilibrium with expected pressures relative to depth of burial. In
the downdip position, the reservoir overpressure will be lower than the overpressure in the
associated fine-grained rocks (Figure 3.3). The point of pressure equilibrium between the aquifer
and confining beds is known as the centroid (Traugott, 1996). If the reservoir can communicate and
dewater to the surface, however, the entire reservoir will have lower pressures than expected for
the depth of burial and referred to as a “laterally draining” reservoir.

3.2.2.3 Hydrocarbon Buoyancy
Overpressure always occurs in the hydrocarbon phase of a petroleum accumulation, but the
magnitude is readily assessed from knowledge of fluid densities, and the length of the hydrocarbon
column. As an example, the 3120 ft (950 m) gas column, in the Jade Field, Central North Sea
(Jones et al., 2003), creates an overpressure in the hydrocarbon phase of 5500 kPa. The
hydrocarbon buoyancy pressure is at its maximum at the crest of the trap, reducing to zero at the
free water level, and is in addition to any overpressure in the aquifer (Figure 3.4). The only well to
display a clear hydrocarbon and water gradient intersection is North Bjarni -06 in the Bjarni
Formation.
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Figure 3.3 Principles of lateral transfer (also known as 'Centroid effect'). (A) Static model. (B) Dynamic model.
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Figure 3.4 Hydrocarbon buoyancy increases with column height above hydrocarbon-water contact. Hydrocarbon
buoyancy pressure is the difference between the hydrocarbon phase pressure and the water at the same depth on the
aquifer gradient.
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3.3

Compaction and Fluid Drive at Basin-Scale

Compaction involves fluid expulsion, which in turn involves movement of fluids from higher to lower
pressure areas. During progressive burial, compaction maintains normal formation pressures by
effective fluid expulsion. Generally, fluid movement is upwards out of the basin, though pressure
reversals due to lateral drainage of continuous reservoirs may also involve local downwardsdirected flow. Rates of fluid flow from compaction are typically slow relative to the hydrodynamic
drive mechanism where a hydraulic head is driving fluid from highland regions of rainwater
recharge into the adjacent basin. Ikon Science believe that compaction-driven flow along surfaceconnected reservoirs, which have experienced recent rapid burial, has not received due attention,
and is an important component in the pressure distribution of the study area. When sediments are
overpressured, it is the pressure differential, which drives the rate of fluid flow. In sediments,
Darcy’s Flow Law is assumed to apply:

⁄
Equation 3.4 Darcy’ Flow Law, where Q is the rate of flow; k is the intrinsic permeability; ΔP is the difference in pressure;
A is the cross sectional area of flow; L is the length over which flow takes place, and µ is the fluid viscosity.

Darcy’s Flow Law might not apply to very low permeability shales in which a large percentage of
the water is bound to the clays. Migration of hydrocarbons is controlled principally by buoyancy,
and the process of migration is separated into two stages:

1. Primary migration from overpressured source rocks driven by a combination of buoyancy
(minor) and internal pressures (major).

2. Secondary migration in a carrier bed, driven exclusively by buoyancy.
One aspect to consider is how migration may be influenced by overpressure. The rate of fluid flow
in a hydrodynamic reservoir at basin scale is not generally considered to have a significant impact
on secondary migration. However, such reservoirs may be bound above and below by more highly
overpressured low-permeability sediments. In that case the hydrocarbons trapped beneath higher
overpressure seals will have the ability to establish a longer hydrocarbon column (i.e. higher
hydrocarbon buoyancy pressure) before migration through the seal by membrane leakage (Section
3.4.2.1 and see Underschultz, 2007).
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3.4

Seals and Seal Failure

The term “seal” is applied both to petroleum movement in the subsurface as well as to restriction on
the flow of water in basin aquifers. Some definitions and comments about seals are included below.

3.4.1


What is a Seal?

A seal is a rock preventing natural buoyancy-related upward migration of hydrocarbons (Watts,
1987).



Hunt (1990) extended the definition of a seal to any rock capable of preventing all pore fluid
movement (oil, gas and water) over substantial periods of geologic time.



Deming (1994) argues that rocks are not capable of sustaining zero effective permeability to
water over extended periods of geological time.

Question: Do zero or near-zero permeability rocks exist?
In this study all sediments are considered to have some potential for flow. Only evaporites may
provide such low permeability as to act as pressure seals in the sense of Hunt (1990). Local
restriction of flow may be enhanced by two-phase fluids (water and petroleum or non-hydrocarbon
gases) for example in a source rock or pervasive gas-saturated reservoir. The present
understanding of permeability of fine-grained rocks (such as shales), which act as effective baffles
to fluid flow, is that they have values in the nanoDarcy range (Yang & Aplin, 1998; Swarbrick et al.,
2000).

3.4.2

Seal Failure

3.4.2.1 Membrane Leakage
Membrane leakage involves buoyancy forces exceeding the capillary entry pressure of a sealing
lithology, allowing further upwards migration of hydrocarbons. Higher overpressure in the reservoir
relative to the seal may enhance the ability of hydrocarbons to migrate vertically into and beyond a
sealing lithology, and would reduce the hydrocarbon column height potential beneath. However,
experimental data by Nordgård Bolås and Hermanrud, (2003) would suggest that higher pressures
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in the reservoir relative to the seal do not affect the ability of hydrocarbons to be retained in the
reservoir. Higher overpressure in the seal relative to the reservoir likely enhances the capacity of
the sealing lithology, creating favourable sealing for longer hydrocarbon column heights than
otherwise possible.

3.4.2.2 Hydraulic Failure
Hydraulic failure occurs when the pore pressures exceed the fracture strength of the seals
(Engelder, 1993), which may involve overlying sealing lithologies or faults, depending on the nature
of the trap. Hydraulic failure occurs by two main mechanisms: shear failure (in which slip
displacement takes place on a fault or fracture plane) and tensile failure (in which fractures are
reopened or new fractures created and fracture development occurs without slip displacement).
Whether shear or tensile failure (also known as dilational failure) occurs depends on the relative
magnitude of the minimum and maximum effective normal stresses, and the position of the shear
failure envelope on a Mohr Diagram (Figure 3.5). Faulting can occur when pore pressures act to
reduce the shear strength of the rocks in the fault plane and slippage occurs (often associated with
an earthquake). Examples of this type of activity are found in many active deltas, where growth
faults are facilitated by high pressure shales near the base and highly overpressured sediments in
the lower portion of the hanging wall sequences.
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Figure 3.5 Mohr Circle Diagram; with increasing overpressure the Mohr Circle is shifted to the left and intersects with the
shear/tensile failure envelope.
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3.5

Fracture Theory in Relation to Overpressure

Pore pressures have an upper limit, determined by the strength of the rock in which they occupy
the pore space, and the ability of the fluids to exit the rock via faults and fractures and small pores.
Assuming fluid flow via small pores is insufficient to prevent the pore pressures rising, then failure
occurs through either faults (shear failure referred to above) or tensile fractures. Tensile fractures,
also known as Griffiths Cracks, are generated when the pore pressures are high enough to force
grains apart. The direction in which the tensile fracture opens is in the direction of least resistance,
i.e. the direction of minimum compressive stress (rocks are subjected to three principal stresses,
one vertical, Sv, and two horizontal, SH and Sh). In extensional basins the relative magnitude of the
stresses is: Sv > SH > Sh
When Griffiths Cracks open in a homogenous medium, they open and extend parallel to the
direction of the intermediate and maximum principal stress (Hillis, 2001). These are sometimes
referred to as Penny Cracks (on account of their coin-like dimensions). Experience of fracture
development in layered sedimentary rocks, however, is that the dominant direction of propagation
is the direction of the intermediate principal stress, i.e. fractures are layer bounded. An illustration of
the type of fractures possible in deep basins is shown in Figure 3.6 from outcrops in the Catskill
Mountains, Upstate New York.
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Figure 3.6 Fracture development in layered sedimentary rocks (Catskill Mountains).
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4

Overview of the Labrador Sea Petroleum System

4.1

Introduction

The Labrador Sea is a largely unexplored region specifically in the deep-water (>500 m depths), as
are the conjugate margins of Baffin Bay, Canadian Beaufort basins, East and West Greenland and
the Faroe-Shetland Basin. Significant technical and operational challenges have arisen during the
exploration history of the Labrador Shelf due to short drilling periods, deep-water, heavy sea swell
conditions, severe weather conditions and lack of infrastructure. Despite these challenges a few
significant discoveries have been made (Hekja O-71, Snorri J-90, Hopedale E-33, North Bjarni F06, Bjami H-81 and Gudrid H-55) which have provided confidence in a viable petroleum system
(Bell et al., 1989).
With on-going improvements in seismic technology and a better understanding of the shallow water
(<500 m depths) geology in the Labrador region Chapter 0 will seek to test the probability of further
successful plays in the deep-water by using analogue models. In this instance the term ‘analogue’
is used to describe the ability to compare deep seismic sections from the Labrador Sea with
seismic sections from other passive margins. Non-passive margin settings will also be used if they
retain geological features that help to unlock the deep-water Labrador Sea region.
The implication when using analogues is that in known passive margins where there is a good
understanding of the pressure generating mechanisms and the distributions of overpressure in the
shelf and, if, the structure is similar to those observed at the Labrador passive margin then the
relationships and interpretations derived should be applicable to the deep-water Labrador Sea. The
approach described here is simplistic since the kinematics and formation of each basin will vary
dramatically, but the discussion will give an insight into the deep basin plumbing of an unexplored
area (i.e. by assessing vertical and lateral connectivity using pressure data) and will help increase
the prospectivity in the area.

4.2

Exploration History

Exploration in the Labrador Sea began in the mid-1960s with the acquisition of seismic data. These
surveys suggested that seismic refractions results were consistent with the presence of a thick
Mesozoic-Tertiary sedimentary wedge overlying Palaeozoic/Phanerozoic basement (Miller et al.,
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1988; DeSilva, 1999). Similarities with other basin configurations worldwide with successful plays
provided initial excitement (Verstralen et al., 1995).
In 1971 the first well, Leif E-38, was spud in the Labrador Sea Basin and drilling continued
throughout the 1970s (Enachescu, 2008). During these times discoveries were made and the most
significant discovery well was Bjarni H-81, drilled in 1973, which had a Drill Stem Test (DST) that
produced gas from an Early Cretaceous sandstone reservoir (Enachescu, 2008). Since that
discovery four further significant discoveries have been made in the Hopedale Basin and a single
discovery in the Saglek Basin.
Following the initial interest, exploration in the Labrador Sea ceased as research focused on
lithostratigraphic

nomenclature

of

the

Labrador

Shelf

sequence,

which

established

a

lithostratigraphic chart for the region (Umpleby, 1979). Additionally, the general structural and
tectonic framework was also discussed (Roest and Srivastava, 1989). Recently the new activity in
the region by Nalcor Energy has led to a re-evaluation of the stratigraphic column and the
lateral/temporal equivalents in the Grand Banks and West Greenland areas (Figure 4.1).
In recent years a revival of interest in exploration activity was marked by the acquisition of new
seismic data (C-NLOPB, 2011). The seismic surveys tie some of the earlier gas discovery wells
with extended deep-water Cretaceous play areas (Enachescu, 2008). Furthermore, promising new
deep-water seismic-based exploration work initiated by Nalcor Energy has resulted in the
identification of new, potentially oil bearing, basins in the deep-water Labrador region, namely the
Henley Basin, Chidley Basin and the Holton Basin (Figure 4.2). The petroleum potential in the area
has been encouraged by the identification of slick and seepage locations using 2D seismic data
and satellite imagery. The importance being that surface slicks are likely related to subsurface
hydrocarbon migration.
All the recent evidence collated together shows strong evidence for an active petroleum system in
the deep-water with early seismic interpretation indicating the presence of trapping geometries,
hence, the need to understand the controls on deep-water pressure regimes and the experience of
drilling similar targets from global analogues is key to helping de-risk the newly interpreted basins
(Figure 4.2).
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Figure 4.1 Stratigraphic column for the Labrador Basin Complex showing all major reservoir and non-reservoir
formations. Also shown is the stratigraphic columns for the Grand Banks and West Greenland regions. Image courtesy of
Nalcor Energy (2013).
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Figure 4.2 Base map of the West Greenland, Labrador and Newfoundland regions showing the latest basin outlines
based on interpretation by Nalcor Energy of the new seismic acquired by TGS/PGS. The newly Chidley Basin (CH),
Henley Basin (HN) and the Holton Basin (HT) as well as the extended outlines of the Saglek Basin (SG), Orphan Basin
(OP) and the Hawke Basin (HK) are indicated. The major structural features are shown as a series of NW-SE trending
normal faults and NE-SW trending fracture zones. Image courtesy of Nalcor Energy (2013).
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4.3

Geological Overview

The Labrador Sea is located to the northwest of the North Atlantic Ocean, restricted by the Jeanne
d’Arc and Flemish Pass Basins towards the South and the East Coast Greenland Basins toward
the North (Figure 4.2). The Labrador Sea contains a number of northwest-trending sub-basins that
evolved along the northwest of the Labrador Province, as a result of multi-phase rifting and
extension that occurred during the Cretaceous (Roest and Srivastava, 1989; Bell and Campbell,
1990; Chalmers et al., 1993; Chain et al., 1995; DeSilva, 1999; Louden 2002; Enachescu, 2008)
(Figure 4.2).

4.3.1

Tectonic Framework

The Labrador-West Greenland margin is a rifted continental margin, the development of which
initiated the opening of the Labrador Sea in the late Mesozoic-early Cenozoic (Chalmers et al.,
1993). The present day plate organization and structure of the Labrador Sea has characteristics of
non-volcanic Atlantic-type margins similar to the Mesozoic basins that trend along North America,
North Africa and Europe (Enachescu, 2006).
Mesozoic times were dominated by intra-continental east-northeast to west-northwest extensional
movements and the exhumation of the continental mantle (unproven by drilling) that resulted in the
development of two main basins, the Saglek Basin towards the north and the Hopedale Basin in the
central and south of the Labrador Sea (Chain et al., 1995; C-NLOPB, 2000; Louden, 2002;
Chalmers and Pulvertaft, 2001; Enacheschu, 2006, 2008) (Figure 1.1). These basins are separated
by easterly-trending basement highs (Okak Arch in the north and the Cartwright Arch in the south)
with thinned Mesozoic cover. The principal depo-centres are the Saglek Basin and the Hopedale
Basin and hence the majority of hydrocarbon discoveries are located in these basins (Figure 4.2).
Early Cenozoic times were characterized by continued sea floor spreading and attachment of the
oceanic crust to the previously formed transitional crust (Enachescu, 2006, 2008). By late Cenozoic
times sea floor spreading had ceased and thermal subsidence became predominant (Enachescu,
2006, 2008).
Most of the faults in the Labrador Sea are normal in orientation, roughly trending north-northwest to
south-southeast, perpendicular to the extensional stress axis. The extensional faulting gives rise to
a typical rifted basin geometry of rotated fault blocks with horsts and grabens, much the same as
basins worldwide (North Sea, Malay, West of Shetland, and Mid Norway) (Figure 4.2 & Figure 4.3).
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Listric thrust faults connect these normal fault blocks (Beidbach et al., 2009). The horst-graben
structures are offset by fracture zones oriented orthogonal to the normal faulting (Figure 4.2).

Figure 4.3 Schematic cross-sections of the Mesozoic Labrador sequence based on a 2D seismic line showing main
stratigraphic and structural relationships from shelf to deep-water. Internal framework based on well ties from the shelf.
Line A-A’ runs from the northern Hopedale Basin into the northern Chidley Basin/southern Saglek Basin. Line B-B’ runs
from the southern Hopedale Basin out past the southern extent of the Henley Basin. Line C-C’ runs from west of the
Hawke Basin to north-east of the Holton Basin. All three lines run approximately NE-SW orthogonal to the Labrador
coast. Images courtesy of Nalcor Energy (2013).

4.3.2

Stratigraphy

There are multiple Mesozoic basins located in the Atlantic Canada region (Figure 4.2), the most
well-known include Georges Bank Basin & Sable Basin (Nova Scotia); Laurentian Basin (LA on
Figure 4.2) in Nova Scotia-Newfoundland; South Whale Basin (SWH), Jeanne d’Arc Basin (JD),
Flemish Pass Basin (FP), Orphan Basin (OP) in Newfoundland and the Hopedale Basin (HD) and
Saglek Basin (SG) in Labrador. Palaeozoic basins include the Maritime, Sydney and Anticosti
Basins (Nova Scotia-Newfoundland) and the St. Anthony Basin (Newfoundland).
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Hydrocarbon exploration offshore Labrador is much less active than the exploration carried out in
the Jeanne d’Arc Basin and Flemish Pass Basins and hence, a detailed quantitative understanding
of the stratigraphy and its regional classification is largely incomplete, and will remain so until
further exploration is carried out.
However, knowledge of the geology of the shallow-water shelf offshore Labrador is predominantly
based on the earlier exploration cycles, lithostratigraphic charts and tectonic evolutions and seismic
sections described in the literature (Umpleby, 1979; Bell et al., 1989; Enachescu, 2006, 2008).
These results are summarised here.

4.3.2.1 Crystalline Basement
Crystalline basement rocks have been encountered in several wells along the Labrador Shelf. The
crystalline rocks are of Pre-Cambrian age (Grenville, Makkovik and Nain orogeny’s) and consist of
weathered and fractured metamorphic and igneous rocks (Ermanovics and Ryan, 1990).

4.3.2.2 Ordovician
The oldest clastic sediments in the Labrador area are Ordovician in age. These sediments are
carbonates and underlie all the Mesozoic-Tertiary successions. These sediments are largely
localized to the north of the Labrador Sea Basin off Baffin Island (Balkwill et al., 1990)

4.3.2.3 Early Cretaceous
Rifting dominated the Early Cretaceous and hence the sedimentary sequences are exclusively
intra-continental deposits. Basaltic lava flows and volcaniclastics that form the Alexis Formation
were generated. These volcanic sequences were largely erupted from a number of extensive
fissure systems in the centre of the basin, as identified by linear gravity lows, (Chalmer and
Pulvertaft, 2001) into a marine environment. The volcanism resulted in laterally and vertically
overlapping volcanic sequences, with interbedded sequences above of fluviatile and lacustrine
sediments, which form the Bjarni Formation. The intercalation of sedimentary and igneous material
is common in these types of environments as exemplified by the Faroe-Shetland Basin (Naylor et
al., 1999; Japsen et al., 2005).
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4.3.2.4 Late Cretaceous
The Late Cretaceous is dominated by the Markland Formation; a widespread succession of marine
shelf shales of Cenomanian to Danian age with some sandstone and dolomite beds (Chalmers et
al., 1993). It has a sharp but transitional boundary with the Bjarni Formation and oversteps the
Bjarni Formation onto the basement. The Markland Formation represents the change from rifting to
seafloor spreading and is interpreted to have been deposited in a subsiding basin (Chalmers, 1991;
Chalmers and Pulvertaft, 2001). Although not widespread, parts of the Markland Formation contain
shallow marine quartzose sandstones that make up the Freydis Member (DeSilva, 1999;
Enachescu, 2007).

4.3.2.5 Palaeocene
The Lower Tertiary is characterized by the Cartwright Formation, which comprises marine clays
and siltstones that unconformably overlie the Markland Formation. The Cartwright Formation is a
lateral equivalent to the Gudrid Formation that is comprised of submarine sandstones. The Gudrid
Sandstone is interpreted to represent re-deposited eroded material from the Markland delta during
a global sea-level low-stand (DeSilva, 1999).

4.3.2.6 Eocene
The Kenamu Formation overlies the Cartwright Formation and the Gudrid Formation, consisting of
marine shales and siltstones. The top of the Kenamu Formation is characterized by fine-grained
sandstones named the Lief Member. The Leif Member is interpreted as a shallow marine
sandstone deposited toward the latter stages of seafloor spreading (DeSilva, 1999; Chalmers and
Pulvertaft, 2001).

4.3.2.7 Eocene-Recent
After the cessation of seafloor spreading a period of thermal subsidence commenced in the OligoMiocene, during which the Mokami Formation and the Pliocene Saglek Formation were deposited.
The Mokami Formation is comprised of marine siltstones and shales, while the Saglek Formation
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consists of fine to coarse-grained conglomerates and sandstones (DeSilva, 1999). These are
overlain by unnamed glacial beds (Chalmers and Pulvertaft, 2001).

4.4

Petroleum System

4.4.1

Source Rocks

Historically the Markland Formation shales were considered as the primary source rock for the gas
accumulations within the Hopedale Basin (Chalmers, 1993). The Markland Formation shales are a
terrestrial dominated source rock with some marine organic content (Type II & III source rock) with
high TOC content (1-4%) (Enachescu, 2008).
More recently the Bjarni Formation has come under scrutiny and is now considered to be the main
source rock in the Labrador Sea (Enachescu, 2008). Detail quantitative analysis has been derived
from rock cuttings, geochemical analysis of organic rich intervals and organic petrology. The Bjarni
Formation shales consist of high organic content, TOC 5%, with distributed Type III terrestrial
organic content. The Bjarni-equivalent source rock presence increases on outer shelf and slope
(Enachescu, 2008).
Older Palaeozoic rocks in the region are thought to be over-mature and, therefore, unlikely to have
formed any of the hydrocarbon shows in the Labrador Sea. However, data from North and West
Greenland, the Arctic Platform and the Hudson Platform in eastern and northeast Canada describe
a lower Palaeozoic carbonate succession (Jaspen et al., 2010). Indications of a thick succession of
pre-Cretaceous strata offshore are provided by the so-called deep sequences (Chalmers and
Pulvertaft, 2001), and are observed as a thick succession of reflections below the lower to midCretaceous sequences. There is still debate as to whether the Late Jurassic Kimmeridgian source
rocks extend into the region extensively but marine samplings by Dalhoff et al. (2006) date a
marine carbonate oil-stained sample to late Ordovician age leading to the suggestion that this
sequence may contain a source rock horizon capable of generating oil (Jaspen et al., 2010).
In summary source potential is proven for gas in the study area, but a source potential for
oil has yet to be demonstrated.
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4.4.2

Reservoirs

Gas, condensate accumulations and oil shows have been discovered so far in the Bjarni
Sandstone, Gudrid Sandstone and Ordovician carbonates (DeSilva, 1999).
The Early Cretaceous Bjarni Sandstone is the most widespread reservoir unit and is predominantly
found as thick deposits located in half grabens with much thinner deposits on the ridges, as
expected during syn-tectonic deposition. The Bjarni Sandstone represents a good quality reservoir
sandstone, with an average of 12% porosity and permeabilities of 100 milli-darcies (Enachescu,
2008).
The Late Cretaceous Freydis Member also has reservoir potential with an average porosity of 15%
and permeabilities in the range of a few 100’s milli-darcies (Enachescu, 2008). Younger low-stand
deposits and turbidites remain yet untested in the Hopedale Basin. Note that the interval was
measured with 18% porosity in Snorri J-90.
The Late Ordovician Carbonate acts as an important reservoir as two large gas discoveries have
been made in the pre-rift basement. The Gudrid discovery was made in Ordovician dolomites with
924 bcf recoverable, while the Hopedale discovery was in Ordovician Limestone and has 105 bcf
recoverable (Enachescu, 2008). The Palaeozoic reservoirs are present mainly in the south of the
Hopedale Basin.

4.4.3

Seals

The existence of numerous widespread tight intervals in all post-rift formations suggests that seals
should but sufficient to prevent vertical movements of fluids. There is evidence of exhumation on
the flanks of the basin, which may have resulted in palaeo-seal breach due to high pore pressure
existing at depths with low confining stress. Despite the potential for palaeo-seal breach, the
Hopedale Basin has a large percentage of very fine clastic facies in all marine sequences. The finegrained Markland Formation provides an excellent regional seal in combination with the overlying
Kenamu Formation.
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4.4.4

Traps

The Hopedale Basin has many of the classic types of structural and stratigraphic traps that
characterize half-graben basins. Those traps that have been identified from drilling are anticlinal
features within the Bjarni Formation located inside fault-bounded horsts or as drape structures over
basement ridges (Enachescu 2006).
Seismic analysis of the region has shown a large number of classic fault block geometries, horsts
and grabens, stratigraphic onlap, drape structures and lateral pinchouts of the Bjarni Formation
(Enachescu, 2008). In the deeper shelf there are also compression-modified extensional anticlines
that could provide possible hydrocarbon traps.

4.4.5

Maturation and Migration

Gas discoveries within the Hopedale Basin prove that there is an operating petroleum system in the
Labrador Sea and that maturation and migration of hydrocarbons to trapped reservoirs has taken
place in the region (Enachescu, 2008). The Hopedale Basin has a geothermal gradient of
2.71˚C/100m. Calculations indicate that source rocks should start expelling wet gas at burial depths
of ~2.5 km and adequate source maturation for the Bjarni and Markland shales ought to occur at
depths of ~3.3 km (Enachescu, 2008). Gas accumulations in horst blocks and drape anticlines are
known to have benefited from lateral migration from deeper matured Cretaceous rocks. There is a
proven petroleum system operating within the Hopedale Basin (DeSilva, 1999; Enachescu, 2006)
that is also present in the Saglek Basin.

4.4.6

Heat Flow

Sedimentary basins along the North Atlantic margin can be characterized by extensive igneous
activity related to basin-wide extension (Green et al., 1999); hence, there will have been high basal
heat flows during rifting. Elevated heat flows would exert a control on the thermal histories for
hydrocarbon generation. The implications being that heating, regional or localized, may affect
regions that were previously thought to be relatively thermally stable and, therefore, regions that
were previously considered immature based on their source rock may in fact be mature.
Determining heat flow anomalies in petroleum exploration is a well-established technique; methods
include, utilizing Bottom Hole Temperatures (BHT) from drilled wells ensuring the data is corrected
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for mud weight temperature, basin modelling, Apatite Fission Track Analysis (AFTA) and Vitrinite
Reflection (VR) analysis (Figure 4.4).
Based on seismic refection data the Labrador Sea basement has similar structure to those
observed in other rifted basin margins, e.g. seaward dipping reflections, volcanic plateaus and lava
deltas (Chain et al., 1995; Chalmer and Pulvertaft, 2001; Keen et al., 2012). The volcanic
structures, that are Palaeocene in age, are localized to the north of Saglek Basin near the Davis
Strait and widespread across West Greenland.
The importance of the extensive volcanism on the source rock in the region is largely unclear;
however, there are indications from seismic of a thick succession of reflections directly below the
Mid-to-Low-Cretaceous sequences that are considered to have source rock potential (Chalmers
and Pulvertaft, 2001). If the source rock extends regionally across the Labrador Sea, as shown on
seismic, then the possibility of heating may impact the migration and re-migration of fluids and may
give rise to thermal-related diagnetic burial effects in the reservoirs (Green et al., 1999). Therefore,
it is vital to ascertain the origin of regional heating and cooling in order to understand these
mechanisms. The impact of the varied regional heat flow is unclear in the deep-water but given the
effect known to have occurred in West Greenland a better understanding in the Labrador deepwater basins is warranted.

4.5

Regional Controls on Pore Pressure

4.5.1

Glaciation

Glacial (ice sheet build up) and interglacial (melting) cycles are all preserved in the marine
sedimentary record, whereas onshore evidence is less complete because successive glaciations
tend to wipe out evidence of their predecessors. For example, there are five Pleistocene
glacial/interglacial cycles recorded in deep-sea sediments from the last half million years, but only
two classic interglacial are recognized on land (Kukla, 2005).
The onset of Northern Hemisphere glaciations occurred between 10-6 Ma with a significant build-up
of ice on Southern Greenland (Jansen and Sjøholm, 1991; Maslin et al., 1998). However, the ice
build-ups did not intensify until 3.5-3 Ma when the Greenland ice sheet expanded to include
Northern Greenland (Maslin et al., 1998). Following this expansion, the ice-sheets moved rapidly
southward as identified by episodes of widespread increase in iceberg activity (Kleiven et al., 2005)
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and progressive

18

O enrichment of deep-sea isotope records (Shackleton et al., 1995). These

transitions were at 2.74 Ma (Eurasian Arctic and Northeast Asia; Jansen and Sjøholm, 1991), 2.70
Ma (Alaska; Shackleton et al., 1995) and 2.54 Ma (North America; Shackleton et al., 1995). The
last glacial and interglacial period is defined as occurring ~18-30 Ka (Clark and Mix, 2000).

4.5.1.1 Ice loading and Pore Pressure
Many previous studies have investigated the effects of lithospheric flexure on the stress induced by
ice-loading (Wu and Hasegawa 1996; Wu, 1997; Grollimund and Zoback, 2000 and references
therein), however, only a few studies have investigated the implications on post-glacial rebound on
the distributions of pore pressures (Grollimund and Zoback, 2000; Gyllenhammar, 2003).
It is clear that the load associated with glaciations will affect the underlying sediments. The
lithostatic pressure and the hydrostatic pressure will change during glacial cycles. During
interglacial cycles the hydrostatic and lithostatic pressure gradients are regulated by sea level.
However, during glaciation, water is removed from the system and hence the sea level drops. If the
change in sea level is significant then a basin could be exposed to dry land implying that ice is
directly in contact with land and hence the load is transferred into the system.
Fulton & Prest (1987) provide an overview of the Laurentide Ice Sheet and its significance on the
Labrador area as well as North America. The thickness across the Labrador Shelf is not known but
the extent of the ice sheet matches the present-day coastline (Fulton & Prest, 1987) so it can be
assumed that the ice thickness was reasonably uniform along the coast. Josenhans et al (1986)
inferred that the last glacial episode was the least extensive across the Labrador Shelf, although
the northernmost shelf region and the Hudson Strait may have undergone a local loading event
8000 BP.
The total amount of vertical depression of the coast due to the ice is unknown but on the east coast
of Hudson Bay, the rebound is known to be approximately 300 m. However, the ice sheet margin
was on the shelf in Labrador (Fulton & Prest, 1987) so the amount of loading and isostatic rebound
is interpreted to be minimal-to-zero in the area being discussed in this chapter. The deep-water
area was unlikely to have been loaded by the ice sheet, even if the ice sheet had extended into the
deep-water area, it is likely that the ice never rested on the seabed directly and that a layer of water
separated the rock and the ice; as water is not compressible any loading would have been
absorbed by the water.
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The ice sheet loading may, or may not, have contributed a vertical load on the Labrador Shelf, the
current literature is unclear. Any loading that was present in Labrador was likely to have been fairly
uniform given the ice sheet margin was parallel to the current coast (Figure 12.13Figure 12.13 Ice
sheet extent for the Labrador Shelf showing the estimated glacial limit and glacial till extent to be a)
limited to the shelf and b) to be parallel to the present day coast (Josenhans et al, 1986).). If the
loading was uniform then the resultant flexure during unloading should also have been reasonably
uniform. As the area has a mixed history of dry holes and discoveries (Chapter 12) it appears
unlikely that crustal flexure and associated seal breach can be used as an explanation for the dry
holes.

4.5.1.2 Glacial Sediments and Tertiary Compaction Trends
Glacial deposits are commonly described as tills and are composed of clays and a mixture of
unsorted, non-stratified rock fragments (Trewin, 2002). As an ice sheet progresses, it can transport
a substantial amount of sediment that is redeposited once the ice sheet reaches the continental
shelf. These turbidity flows tend to build out faster during inter-glacial periods. Glacial tills are found
in the Upper Tertiary section in the North Atlantic Sea Basins (Central North Sea, Mid Norway,
Barents Sea, West of Shetlands, East and West Greenland and Labrador).
Most pore pressure prediction techniques rely on measured or inferred porosity. Typically, the
measured porosity indicator (e.g. sonic, resistivity or density) in the normally pressured, clean
shales close to the sea floor establishes a normal compaction trend line that describes the
compaction behaviour of the shales with depth. As the porosity indicator deviates from the normal
trend it implies porosity values higher than expected at that depth suggesting that overpressure is
present. The issue with the Central North Sea and Mid Norway Basins Tertiary sediments, is that
the glacial tills are anomalously fast for their depth of burial (due to the presence of lithic fragments)
making determining a normal compaction trend for the underlying shales very difficult.
The wells on the shelf in Labrador may contain glacial tills in the shallow section but careful wireline
analysis shows no effect of the tills on the log signatures (i.e. high velocity, density, resistivity),
hence they appear to have had no effect on the compaction trend behaviour. In the Labrador Sea,
the sediment provenance is much closer to areas of deposition, most probably sourced from the
volcanic shield further north. A single sediment provenance means that the deposited sediments
are relatively homogenous in composition (volcanic in composition in the Labrador example) and
hence a single normal compaction trend can be fitted to these sediments allowing traditional pore
pressure techniques to be employed (Innocent et al., 1997; Fagel et al., 2002).
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4.5.2

Exhumation

The Labrador Sea was developed by an initial period of extension during the Late Cretaceous times
(Chalmers and Pulvertaft, 2001). The majority of the basin has largely undergone subsidence both
thermally and tectonically (sea-floor spreading), however, the northern margins of the Labrador Sea
and much of the Baffin Bay and West Greenland region were subject to Tertiary exhumation
(Trettin, 1991).
A period of hiatus is commonly shown as a strong reflector on seismic reflection data, however, it is
difficult to evaluate whether a hiatus represents a period of non-deposition or if sediments have
been previously deposited and then removed. Very-low angle unconformities are common across
the Greenland Shelf and much of the Labrador Basin and thought to represent periods of nondeposition (Jaspen et al., 2010).
Seismic sections from West Greenland and in particular through the Qulleq-1 well shows a distinct
angular unconformity (Christiansen et al., 2001) (Figure 4.4). Jaspen et al. (2010) evaluate VR data
from the Qulleq-1 well and suggest that the pre-Neogene successions in the well were more deeply
buried in the past. There remains also the implication that the section has been hotter in the past,
possibly due to deeper burial below a section that was subsequently removed. The extent and
magnitude of exhumation is difficult to ascertain without further VR data and AFTA data analyses.
The Tertiary exhumation of West Greenland is thought, in part, to have provided the sediment
source for the deep-water Labrador basins.
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Figure 4.4 The left-hand image shows a seismic line through Quelleq-1 well offshore West Greenland (after Chirstiansen
et al., 2001 and Jaspen et al., 2010). Note the large angular unconformity that separates the Neogene and older
stratigraphy. The Gamma Ray (green) and Sonic (red) log are also shown for comparison. The right-hand image shows a
VR vs. Depth plot for the Quelleq-1 well (after Jaspen et al., 2010). Black curves indicate the predicted VR trends based
on a range of geothermal gradients (20-30°C). Only the VR value for the sample above the base-Neogene unconformity
matches the predicted history suggesting the Eocene-Miocene hiatus represents removal of sediments of that age.

The importance of identifying exhumation around the margins of the basin could impact not only the
sealing ability of traps in the deeper areas but would also have a strong control on the redistribution
of sediment and fluid flow throughout the basin (Duddy et al., 1994; Medvedev et al., 2008). For
example, multiple phases of burial and exhumation have occurred in the West of Shetlands and
Barents Sea regions (Parnell et al., 1999; IG/IHS, 2010; 2011 and references therein). Variation in
magnitudes of exhumation can lead to varying amounts of fluid expansion particularly in gassaturated systems (e.g. Victory gas field, West of Shetland and Snøhvit gas field, Barents Sea).
Brown (2005) showed that exhumation is more likely to cause significant volumetric expansion
increase where final reservoir depths are relatively shallow (Figure 4.5) leading to a pressure path
determined by the ideal gas equation (Katahara and Corrigan, 2002).
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Figure 4.5 Relative gas volume caused by expansion during exhumation under normal pressure gradients and fixed
linear thermal gradients (redrawn after Brown, 2005). The curves represent the various geothermal gradients that cover
the range of temperatures for all basins worldwide. Data suggest that Jurassic and Triassic aged (or older) traps deeper
than 7000 ft (2.0 km) are “safe” from the effects of gas expansion.

The result of uplift on pore pressure in gas-wet reservoirs is lower absolute pore pressure but much
higher overpressure relative to a decreasing hydrostatic gradient. The pore pressure due to tectonic
uplift of gas may approach the fracture gradient, suggesting that the risk of hydraulic (or
mechanical) seal failure is high. Interestingly, breach is only likely if the reservoir exhumation
approaches shallow depths suggesting that deeper, older reservoirs (e.g. Early Cretaceous) will be
‘safe’, yet the Tertiary and Upper Cretaceous reservoirs have a higher risk factor for hydraulic top
seal failure. Clearly, for gas expansion to be a factor in the Labrador Sea, gas has to be a present
as a free phase. Thermal reconstructions in the Labrador Sea are poorly understood, yet looking at
the significant discoveries made to-date gas is present. It is important to note that the uplift is
considered to be confined to the northern margin and to the West Greenland side of the Labrador
Sea. Therefore, the gas uplift effect would only be expected in these locations and not in the deepwater where uplift has not occurred.
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4.5.3

Depositional Controls on Facies Development

The main control on deposition and facies development is the interplay between accommodation
space and sediment supply. Accommodation space in the Labrador Sea basins is primarily
controlled by faulting along the shelf-margins and slope leading to along-strike variation in facies,
sequence thickness and stacking packing. The fault-controlled accommodation is the key
component in determining whether sediment is deposited in faulted mini-basins, or whether the
sediments are able to bypass the local-fault basin to deliver the sediment to linked deep-water
provinces.
The architecture of deep-water fan systems is largely dependent upon the sediment supply, source
terrain and depositional setting and control. The controls strongly influence the character of clastic
submarine fans such that, mud-rich, mixed sand-mud and sand-rich fans are generated (Figure
4.6). Where net:gross is low as in the case of mud-rich fans, thin isolated reservoirs can lead to
high pore pressures (e.g. Mid Norway). By contrast, where net:gross is high as in the case in sandrich fans, single thick sand reservoirs can be laterally drained either by the feeder channel or by
faulting (e.g. Niger Delta, Lower Tertiary Gulf of Mexico; Figure 4.6).

Figure 4.6 Schematic diagrams to capture the general change in character of a clastic submarine fan as they respond to
changes in sediment supply, source terrain and depositional setting and control (Image courtesy of www.sepmstrata.org).
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5

Petrophysical Analysis

This chapter describes the petrophysical analysis and interpretation performed on the wireline log
data during the study. The chapter is divided into three sections:(1) Log Conditioning (including log
merging), de-spiking and removal of borehole washout effects, (2) V-Shale Modelling and (3)
Construction of the Overburden Model. Examples of each element are shown and described in this
chapter.
The assessment and approach described below was applied to the wireline data that is relevant to
pore pressure prediction, i.e. gamma ray, sonic\Vp, resistivity and density for all wells in the study.

5.1

Log Conditioning

The data supplied by Nalcor Energy for this study was the original wireline data with no
petrophysical conditioning pre-applied. The decision to supply original wireline data was made so
as not to introduce any bias into the pore pressure prediction element of this study. Ikon Science
made decisions on when and how to condition the data with the goal to produce the best wireline
data for the purposes of pore pressure prediction, i.e. identification and characterisation of clean
shale packages.
The process of conditioning and editing the wireline data required four stages;
1. Merging of log data at casing runs
2. De-spiking of logs to remove non-geological noise
3. Smoothing of logs to remove non-geological noise
4. Removal of borehole washout effects
Each of these stages is described below with examples shown for each stage.

5.1.1

Log Shifting & Merging

When the wireline tools are run in a conventional exploration well the tools are run over each hole
section before the section is cased and cemented. This procedure means that each logging
sequence is distinct from the next interval; therefore, the tool response (e.g. gamma ray) is
frequently different in the interval above the casing shoe from the interval below (for the
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same/similar lithology). The wireline data are edited so that the tool response is the same for the
same lithology. Typically, this procedure involves separating the logs into two (or more) sections
and then applying a static shift to bring the two sections into agreement. Once an appropriate static
shift has been applied and quality-controlled, the two sections are merged to produce a single new
log.
Figure 5.1 shows the stages required to correctly merge the gamma ray logs from Freydis B-87.
The gamma ray values above and below the 340 mm casing shoe clearly do not match. Careful
analysis ensures this jump in the gamma ray value does not link to a change in the geology, e.g. a
shale-to-sand transition, before any editing was undertaken. The stages below refer to Figure 5.1.

Stage 1

Assess the original log and decide to edit the log at the 340 mm casing shoe

Stage 2

Split the original log into two logs; one above the casing shoe (black) and one below the
casing shoe (blue).

Stage 3

Based on the regional context (comparison to other logs that required no merging) it was
ascertained that the data above the casing shoe required a static shift to reduce the
value to match the deeper data. A static shift of -28.3 API was applied to the black log to
produce a new log (green)

Stage 4

Merge the new (green) log with the original deeper log data (blue) to produce a new
gamma ray log (brown). The results are now a much more vertically coherent log,
although the shallow data are still more noisy than the lower section, which may need
further assessment (Section 5.1.2)
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Figure 5.1 The stages of cutting, shifting and remerging the gamma ray log from Freydis B-87 due to a mismatch at the
340 mm casing shoe.
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5.1.2

Log De-spiking

A spike in wireline data typically describes a very narrow interval in which the log values are
anomalously high or anomalously low. Several geological and non-geological causes exist for these
spikes.
A geological reason for a spike maybe a narrow, heavily cemented, calcareous shale or a thin
carbonate that has a fast velocity/high density signature. Geologically-derived spikes are typically
retained as they inform on the lithology and the geology of the well.
A non-geological reason for spikes could be tool issues, such as cycle skipping in the sonic log.
Cycle skipping occurs when the first arrival is strong enough to trigger the receiver closest to the
transmitter but not the farthest receiver, which may then be triggered by a later cycle resulting in an
erroneously high transit time. Short cycle skipping, where the near receiver is triggered by a cycle
too late, also can occur, resulting in an abnormally short travel-time. Non-geological spikes are
removed from the wireline data as they may inhibit accurate depth-trend analysis.
A series of wireline logs through the Markland Formation in the Skolp E-07 well are shown on
Figure 1.2. From left-to-right the logs shown are gamma ray (brown), V-Shale (black), lithology,
deep resistivity (blue), bulk density (red), sonic (green, twice) and calliper (black). In the centre of
the Markland Formation at 1300 mTVDss, highlighted by a red box, the sonic tool reads very fast
(low) transit times that do not correspond with similar (uncharacteristic) responses in any of the
other tools at the same depth nor in other intervals of the same formation. If the response had been
visible in other tool types then it may suggest a geological reason not a tool problem.
The sonic response at 1300 mTVDss is consistent with cycle skipping, although the true reason for
the erroneous values is unknown. The interval of bad data was clipped out of the log and a new log
was saved (right-hand sonic track). Over such a short interval the choice to interpolate the gap
could have been made; however, the decision was made to leave the gap, primarily as it correlates
to a sandstone and, therefore, does not impact pore pressure prediction which is only performed in
shales.
In the majority of cases, the removed intervals were less significant than the interval removed in
Skolp E-07, i.e. 10-15 m. In all cases a decision was made not to interpolate the gap to avoid
inducing an artefact into the data, and to leave small gaps in the wireline logs.
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Figure 5.2 A plot of Skolp E-07 showing a series of wireline logs through the Markland Formation. From left-to-right;
gamma ray (brown), V-shale (black), lithology, deep resistivity (blue), bulk density (red), sonic (green) x2 and calliper
(black). There is an issue in the centre of the Markland Formation (red box; 1300 mTVDss) with the sonic log where the
tool is reading very fast (low) transit times that is not observed in any of the other tools nor in other intervals of the same
formation. The tool response was edited out of the log (right hand sonic track).

5.1.3

Log Smoothing

Log smoothing refers to the process of using a moving window filter to average the values over the
length of the window. The smaller the window the closer the smoothed output will be to the original
input log. Once the window has been used to derive an average value, the window is shifted
vertically down the well by ~0.167 m / 0.5 ft (based on standard wireline data sampling interval) and
the process repeated until the end of the wireline log has been reached. The aim of log smoothing
is to remove noise from the log data without losing the relevant geological/rock property information
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the log has recorded. The use of a large smoothing window (e.g. 30 m) might minimise or remove
the response of thin beds (e.g. 10 m). For the purposes of this study a 3 m smoothing window was
frequently used.
The smoothing process is typically applied to wireline data that contain “noise”, i.e. spikes/lateral
variations that cannot be attributed to geology or to poor borehole shape (see Section 5.1.4). A few
spikes are removed by clipping out the spurious data (as discussed in Section 5.1.2), however
some wireline logs contain a high number of these spikes and require a more time-efficient solution.
The reason for the high number of spikes is not always clear but the wireline data within this study
is primarily from the late 1970’s to early 1980’s (e.g. Hopedale & Saglek Basin wells) which may
explain the increased numbers of tool issues.
Some of the wireline data required digitising from paper logs (the digitising process was
commissioned by Nalcor Energy prior to transmission of the data to Ikon Science). The log
smoothing process in the study was limited to the data employed to interpret fluid pressure, i.e.
density (overburden & pore pressure), sonic and resistivity (pore pressure). The resistivity logs did
not need smoothing. For pore pressure purposes (e.g. sonic logs) only the shale-rich intervals are
of interest; therefore any noise present in sand-rich intervals is not relevant. For the overburden
calculation, the entire density log (all lithologies) is deemed to be relevant resulting in all intervals
being smoothed for noise in the data where present. The wireline data were smoothed before any
other phase of the analysis.
Figure 5.3 shows a plot of the density (red) and sonic (green) for Bjarni H-81. For each log type the
left-hand track shows the original data, the middle track shows the original data plus the smoothed
data (black) superimposed on the original data and the right-hand track contains the final smoothed
log. Only the upper portion of the density data was smoothed (using a 3.5 m window). The portion
smoothed corresponds to the sandstone of the Saglek Formation. The lower portion of the density
log, from the Top Upper Mokami Formation to TD, was not smoothed. For the sonic log the entire
log was smoothed using a 3 m window. The far right-and track shows the calliper (black) and the
hole size (red) for comparison. Note that the calliper log shows the hole to be virtually free from
washout events in the interval from 1250-2200 mTVDss, yet there are significant spikes in the sonic
data that required the smoothing filter. The density log over the same interval shows minimal
spiking. Hence the decision was made not to smooth that section of the log. The window sizes
chosen for this well are small, so there should be very little impact on the rock property response
that the wireline logs have recorded.
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Figure 5.3 A plot of the density (red) and sonic (green) for Bjarni H-81. For each log type the left-hand track shows the
original data, the middle track shows the original data plus the smoothed data (black) superimposed and the right-hand
track the final smoothed log. For the density only the data from the upper casing run was smoothed, using a 3.5 ft
window. The lower 75% of the density log was not smoothed. For the sonic log the entire log was smoothed using a 3 ft
window.

5.1.4

Removal of Borehole Washout Effects

The term “borehole washout” refers to any section of the borehole that is larger than the original
hole size (bit size). Washout enlargement of the borehole can be caused by factors related to
drilling operations or related to geology, pore pressure and/or stress orientation. Operations-related
washout can be due to excessive bit jet velocity, mechanical damage by BHA (Bottom Hole
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Assembly) components or chemical attack and swelling/weakening of shale as it contacts fresh
water. Use of appropriate mud types, mud additives and mud densities can minimize washouts.
Geological control on washout typically depends on the consolidation and cementation of an
interval, e.g. a calcareous shale is more resistant to washout than a poorly cement sandstone.
High pore pressure combined with low mudweight (underbalanced drilling) can lead to borehole
stability problems and the development of splintery cavings. Cavings occur with many different
shapes but splintery cavings are diagnostic of underbalanced drilling of brittle shales. Observation
of splintery cavings is usually recorded in the End of Well Report and can help to build the
geological pore pressure model.
Any change in shape of the wellbore, independent of the reason, can lead to a change in the
response of the wireline logging tool. Some of the tools applied within the borehole utilise a pad,
which is pushed against the borehole wall to make a measurement, i.e. the bulk density tool. If the
pad cannot contact the borehole wall correctly, because of washout, then the density tool reads an
anomalously low value. Other tools do not make use of a pad but they are still calibrated to the
intended size of the borehole. If there is washout then the same overall effect is observed in the
tool response and a low magnitude value is recorded. The primary reason for the low magnitude
response is due to the tool measuring the signal through the drilling fluid rather than directly
through the consolidated rock at the depth of interest.
For the reasons discussed above the wireline suite for each well should be plotted next to the
calliper log, with the bit size log overlain for visual comparison. Any interval in which the calliper log
records a value measurably larger than the bit size is likely to be a consequence of borehole
washout. The wireline data in this interval should be inspected and if there are anomalously low
values that coincide with the washout observed in the calliper log then these data should be
removed as they are not providing accurate information on the rock properties.
In some cases an interval that has undergone borehole washout may not have anomalous values
and the data can be retained. The reason the washout may not affect the log is because the
washout will typically be limited to the positions on the borehole that coincide with the axis of either
the minimum horizontal stress (drilling induced tensile failure) or the axis of maximum horizontal
stress (borehole breakout). The borehole washout caused by either of these two mechanisms occur
at two locations that are 180º apart, e.g. tensile failure may form a fracture that is oriented NorthSouth so fractures occur at the azimuth of 0º and 180º. The two failure mechanisms themselves are
oriented 90º to each other. If the tensile failure is oriented North-South then borehole breakout will
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occur East-West. If the azimuth of the tool (pad or otherwise) results in the tool contacting the
wellbore away from the zone of damage then the tool response can be unaffected.
Figure 5.4 shows the wireline suite in the Upper Kenamu Formation interval in Corte Real P-85.
From left-to-right the wireline logs shown are gamma ray (brown), V-shale (black), resistivity (blue),
density (red), sonic (green) and calliper (black) overlain with the hole size (red). The calliper logs
shows multiple depths where the calliper is larger than hole size in the upper portion of the
formation, e.g. 3070-3260 mTVDss. Overlain on the density track is a black dashed line that
represents the bulk density of the formation for intervals with no borehole washout effects.
Comparison of the calliper/hole size data with the bulk density shows that washout (too large
calliper) events correlate with anomalously low bulk density. The lowest density recorded by the
tool is 1617 kg/m3 whereas the trend line indicates the density should be approximately 2290
kg/m3. When the density log is not edited, large errors can result in the overburden modelling, and
pore pressure prediction elements of the study can also then be affected. In the example shown in
Figure 5.4, the worst affected interval from 3153-3273 mTVDss was edited out.
The interval above the 3153-3273 mTVDss removed interval also displays some borehole washout
issues. In this case a smoothing filter was applied which minimised the washout effects and
maintained the character of the unaffected portions of the log.
The interval from 3340-3350 mTVDss also displays a washout event, although the density log
remains unaffected and no removal of data was required.
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Figure 5.4 The Upper Kenamu Formation interval from Corte Real P-85. From left-to-right the wireline logs shown are
gamma ray (brown), V-shale (black), resistivity (blue), density (red), sonic (green) and calliper (black) overlain with the
hole size (red). The calliper logs shows multiple depths where there are washout issues (calliper larger than hole size) in
the upper portion of the formation.
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5.2

V-Shale Modelling

A shale volume (V-shale) curve is critical in understanding the ratio of sand to shale. When making
a shale-based pressure prediction porosity data from sand-rich intervals must be removed from the
pressure interpretation process. Log data from sand-rich intervals must be removed from the
pressure interpretation as sandy sediments probably do not have the same wireline data-effective
stress response as the shale intervals.
A V-shale curve can be computed from various wireline logs such as Thorium (from the Spectral
gamma ray log) or gamma ray. For the purposes of this study only the gamma ray logs were used
to calculate the V-shale curve as only this data type was consistently available across all key wells
and also available from close to mudline to the base of the well. Where other relevant log types
were present, they were not vertically extensive enough to form a useful calibration to the gamma
ray-based V-shale estimation.
The process of calculating a V-shale curve is a relatively simple mathematical process. A minimum
and a maximum value of the gamma ray log are chosen as being representative of clean shale
(theoretically a gamma ray value equal to 100% shale) and clean sand (theoretically a gamma ray
value equal to 100% sand). Once these values have been chosen, all values are normalised to the
maximum and minimum values such that a value of one represents clean shale and zero
represents clean sand. Any values above/below the minimum and maximum values are assigned
zero or one respectively (Figure 5.5). Once this process is complete, a cut-off to separate sands
from shales can be applied for use in the fluid pressure prediction calculation (Figure 5.6).
In practice, the V-shale cut-offs were linked to the Canstrat lithology that was available for certain
wells in the study (see Section 1.3). Once the gamma ray response for each basin/sub-basin was
correlated to the Canstrat lithology, then the lessons learned were applied to the wells with gamma
ray but without Canstrat lithology.
The need to normalise the gamma ray data for individual wells is due to a lack of consistency in the
magnitude of the gamma ray value for a given lithology. The gamma ray tool measures radioactive
counts and the magnitude is a function of the time the tool is at a particular depth. If the rate the
tool is drawn up the wellbore is slower from one run to the next, the magnitude recorded will be
higher yet the lithology may be identical.
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Figure 5.5 Diagram demonstrating the method used to calculate a V-shale curve. In this example different cut-offs have
been used in each casing run to produce the most accurate V-shale curve from the gamma ray log.

Figure 5.6 The image shows how the V-shale curve is used to separate shales from reservoir intervals for use in pore
pressure prediction.
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Other factors that affect the magnitude of the gamma ray response include hole diameter and
different logging tools. To minimise the effect of different hole diameter/tool, well log data were split
into multiple working intervals based on casing points (Figure 5.5). Different minimum and
maximum values were chosen for each casing run, as illustrated in Figure 5.7 using data from
Skolp E-07. In some wells, such as Hare Bay E-21 (Figure 5.8), the same minimum and maximum
values can be applied to multiple casing runs, but only after visual inspection of the data.

Figure 5.7 V-Shale model for Skolp E-07 in the Saglek Basin. In this well it was necessary to apply separate cut-offs for
each casing run to get the best result. The gamma ray response in the middle interval is very unresponsive, therefore,
determining sand from shale is more difficult. In this case the Canstrat lithology was used as a guide.
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Figure 5.8 V-Shale model for Hare Bay E-21 in the Hawke Basin. In this well the same cut-offs were applied to the upper
two casing runs and it was only necessary to apply separate cut-offs for each casing run to get the best result.

In the Hopedale Basin, a manual V-shale value of 0.1 was applied through the Bjarni Formation. As
discussed above, sandstones typically have a low gamma ray value and therefore normalise during
the V-shale process to a value close to zero. The sandstones of the Bjarni Formation contain
radioactive minerals that generate a high gamma ray signature when logged, e.g. as in North Bjarni
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F-06; Figure 5.9. If the standard V-shale process is applied to these high gamma ray sandstones
the resultant V-shale has a value close to one. Any interval with a high V-shale value is inferred to
be a shale and thus a pressure prediction will be made over that interval (Figure 5.6). As pressures
should not be predicted through sandstones, an override value of 0.1 was assigned to the Bjarni
Formation sandstones of the Hopedale Basin.

Figure 5.9 The North Bjarni F-06 is an excellent example of: a) a clean sandstone with a low gamma ray value, b) a clean
shale with a high gamma ray value and c) a clean sandstone with a high gamma ray value due to radioactive minerals. In
the case of the Bjarni Formation an override value of 0.1 was applied for the V-shale to eliminate the effect of the high
gamma ray signature.

The V-shale log for each well is plotted alongside all pressure-depth plots to allow for a more
detailed interpretation of the pressure data and the likely lithologies.
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5.3

Conclusions

5.3.1

Log Conditioning



The log conditioning process was limited to the wireline data that is used in pore pressure
prediction, i.e. the gamma ray, Sonic, Resistivity, Density logs.



Numerous logs needed a variety of operations to modify the logs into the appropriate condition
required for this study. The processes required were;
o

Splitting, shifting and remerging of data above and below a casing shoe in wells where the
data was not coherent across the shoe. Care was taken not to shift data that differed
across a shoe for geological reasons.

o

De-spiking (clipping) of data to remove non-geological artefacts in the data, such cycle
skipping in the sonic tool.

o

Smoothing of data where there were numerous spikes/noise in the data that would have
inhibited the ability to discern a reliable depth trend.

o

Removal of borehole washout effects by removing data from the wireline log. Careful
comparison with the calliper and hole size logs was made to identify those interval affected
by borehole washout.

5.3.2


V-Shale Modelling

The gamma ray log was used as the sole source of information for identifying shale. The
neutron tool was available in some wells but not universally and was not used for V-shale
modeling.



A cut-off value for a clean sand and a clean shale was chosen for each casing run and the
gamma ray data normalized between these values to generate the V-shale curve.



In certain cases it was possible to use the same cut-offs for multiple casing runs but only after
careful inspection of the data.



Each well was examined on a casing run basis as different tool runs could produce a different
response for the same lithology depending on tool calibration and the speed at which the tool
was pulled.



The final V-shale curves used in all pore pressure prediction elements of the study are shown
on single-well pressure-depth plots in the study and in Appendix II.
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6

Overburden Modelling

The process of pore fluid pressure prediction, as well as the interpretation of seal capacity requires
an estimation of the total and effective stress state at the location/depth of interest. The total
vertical stress, Sv, is referred to in this study as the “overburden” and at the depth of interest
represents the vertical stress resulting from the overlying sequence of rock grains and fluids. The
overburden is often referred to as the Lithostatic Stress. The overburden can, in principle, be
calculated for any given point in the subsurface. Common practice for extensional basins (where
maximum stress is near vertical) is to assume that the lithostatic stress (overburden) is a proxy for
mean stress.
The overburden modelling process begins by plotting the density data relative to sea-floor to
remove the effects of varying water depth. The pressure due to the water column is added back on
to the final overburden curve at the end of modelling process. A density-depth curve is interpreted
using the existing density data. In practice the data may require multiple intervals (e.g. stratigraphic
units), each with its own density-depth curve, to correctly capture the overall trend of the data.
Typically, the multiple intervals link to either changes in lithology from clay-rich to sand-rich material
or they link to unconformities. The model developed builds an overburden log by integrating the
density data, where it is present, and using the density-depth model to fill any gaps in the measured
density log. Using the measured density data, where it is present, generates an overburden that is
strongly linked to the “real” rocks rather using the model at all depths which would ignore any local
geological variations in the data.
In practice, the integration of the density log can be problematic for several reasons:



The shallow section is commonly not logged by a density tool.
o

By applying a sensible sea-bed value for the density-depth curve and extrapolating
from the deeper density data up to this point a valid model for the missing data is
generated



Washouts and mudweight invasion may produce anomalous/erroneous log values.
o

These effects were removed during the log conditioning process described in
Section 5.1.4 where the data allowed, i.e. where the calliper log was present.



Lithostatic gradient estimation may be required at prospect locations, where there is no log
control.

Regional Pore Pressure Analysis of Offshore Newfoundland and Labrador:
Unlocking the Shelf to Deep-Water Transition

95

Chapter 6: Overburden Modelling
o

The density-depth model allows for the prediction of the bulk density at any location
considered analogous to the original dataset used. Hence, an overburden can be
created from the density log model.

Standard practice within the industry can be to apply a default overburden pressure gradient of 22.6
kPa/m (equivalent to 1.0 psi/ft) at prospect locations. However, the use of a default gradient can
lead to substantial overestimations of the overburden pressure in the shallow section where
gradients can be closer to 20.4 kPa/m than 22.6 kPa/m. This approach will also underestimate the
overburden at depths where the actual overburden gradient exceeds 22.6 kPa/m (Figure 6.1).

6.1

Density-Depth Models

The formula below allows a density value to be calculated at any depth below mudline (Zml).

[

]

Equation 6.1 Equation for determination of lithostatic stress, with a value calculated at any depth below sea-floor (Zml).
Where A and B are the density values at the sea-floor and the terminal matrix value respectively; C describes the rate of
compaction and Zml is the depth below sea-floor (mudline). Units of A and B are kg/m3; the unit for C is m-1 and Zml is in
meters.

To estimate A, B and C values, all the density data for region being considered are combined on a
density-depth plot, which allows any density-depth trends to be observed. Once the data are plotted
a density-depth trend is generated using a set of model coefficients.



Coefficient A is the density at mudline and



Coefficient B is the matrix density which the model density curve approaches as an asymptote
(usually relating to the minimum porosity and incorporating a matrix density value). .



Coefficient C is the compaction coefficient which is chosen to model the curvature of the
density data on the density-depth plot.

In the case of a multi-layer model, if a layer does not intersect mudline or TD then the values of A
and B are chosen to model the data within the interval of interest. The magnitude of the values may
not appear geologically valid (e.g. 2000 kg/m3 at mudline) but may be required to adequately fit the
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data in a deeper layer. Where the interval intersects the sea-floor (or TD), the value chosen for A
(or B) will be geologically reasonable.

Figure 6.1 A pressure-depth plot showing the varying overburden gradients for different geological settings. Note the
curvature in the Coastal/Shelfal to Deep-Water areas; the gradient is not constant but starts off low and increases with
depth. Image taken from Tingay et al (2003).
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6.2

Overburden Pressure Formula

Overburden pressure is calculated by converting the average density (kg/m3) through an interval
into a pressure gradient (kPa/m) and multiplying that gradient by the depth interval over which the
density was averaged. By summing these intervals the overburden pressure below mudline can be
estimated. The ideal choice of depth interval could be made equal to a LAS depth step of 0.5 ft;
choosing a small depth interval allows for the most accurate estimation of the overburden pressure,
assuming that all the density data are valid.
To convert the overburden pressure to values relative to sub-sea depth (rather than the sub-seabed
reference depth), atmospheric pressure and the pressure due to the sea water column above the
sea-floor must be added. The choice of depth scale used within the summation part of the formula,
i.e. TVDml, TVDss or TVDkb, does not affect the calculation.
Equation 6.2 contains three terms:
1. PATMOS is the atmospheric pressure (100 kPa)
2. (WD x SWG) is Water Depth multiplied by the Sea Water Gradient (Fluid Pressure
Gradient) and captures the pressure component due to the vertical load of the sea water
column
3. The final term converts an average density in kg/m3 [(Rhob + Rhot) / 2] into a pressure
gradient in kPa/m and then multiplies the pressure gradient over a depth interval (Zb – Zt)
before summing each interval together to make a full overburden log relative to sea floor

∑ [{

⁄

}

]

Equation 6.2 Equation allowing an overburden value to be calculated at any depth below mudline (Zml). Where PLitho =
Overburden at depth of interest (mTVDss); PAtmos
= Atmospheric Pressure (~100 kPa); WD = Water Depth (m); SWG
= Aquifer gradient of the sea water (10.1 kPa/m); Zb = Depth at Base of interval (m); Zt = Depth at Top of interval
(m); Rhot = Density at Top of interval (kg/m3); Rhob = Density at Base of interval (kg/m3).

The density-depth formula (Equation 6.1) can be entered into any spreadsheet package or any
petrophysical package to generate a bulk density log. Most pore pressure software packages, e.g.
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Ikon Science’s RokDoc Platform, allow for easy calculation of an overburden from a bulk density
log, which negates the need to program Equation 6.2 into a spreadsheet package. If manual
calculation is required then a depth interval of 100 m is suggested to maximise accuracy without
generating an excessive number of calculation steps.

6.3

Overburden Analysis of the Labrador Shelf

The wells included in the study are distributed across a large area spatially and occur in multiple
basins. The wells were divided into groups on a basin-by-basin scale. Each basin was interpreted
separately initially and then the models were compared to see if a single model could adequately
represent the density-depth relationship for multiple basins. At the end of this section, the
coefficients for each model derived are tabulated in Section 6.3.1 following the format in Equation
6.1.
The initial model was developed for the five wells in the Saglek Basin, not including Hekja O-71 to
the north as it is a significant distance from the other wells. The bulk density data were plotted
relative to sea floor to eliminate any variation in water depth (left-hand image; Figure 6.2) and a
simple one-layer depth trend was estimated (right-hand image; Figure 6.2). The estimated densitydepth trend is too simplistic and does not capture the shallow portion of the wells accurately.
A close inspection of the data showed a three-layer model to be more accurate. The first interval,
between the sea-floor and the Top Bjarni Formation, showed a narrow range of values (left-hand
image; Figure 6.3).
The only well that does not fit with this trend is Karlsefni A-13 (purple data; Figure 6.2) which plots
at higher density than the other wells. The high density is believed to be due to a high amount of
cementation in this well (see Chapter 7 for more details). A low density interval in Karlsefni A-13 at
2500-2900 mTVDml is likely due to a facies variation (for example the Leif Member is present in
this well). The data from this interval was retained as it may improve the geological-pressure model.
The Top Bjarni Formation to the Top Acoustic Basement is the second interval (middle image;
Figure 6.3) and is only present in Skolp E-07. The Top Acoustic Basement is typically identified by
the contact with granitic/gneissic basement or Palaeozoic dolomites/clastic sediments. The third
interval is the Top Acoustic Basement to TD (right-hand image; Figure 6.3) but there are little data
for this interval (e.g. Skolp E-07 and Gudrid H-55).
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Figure 6.2 A plot of all bulk density data (plotted relative to the sea floor) for the five wells of the Saglek Basin on the left
and the same plot on the right showing a one-layer density-depth model in red. The spread in the data in the middle of
the plot is large and requires more investigation.

The 3-layer model was tested by adding wells from different areas to evaluate if the first density
model could be applied to more than one area. Figure 6.4 shows the same 3-layer model as shown
in Figure 6.3 with the wells of the Nain and Harrison Sub-Basins of the Hopedale Basin plotted. The
data from a total of ten wells from the Nain and Harrison Sub-Basins reinforces each of the trend
lines generated and helps to build a stronger overburden model. With only a single-well for
calibration the same model was applied to Hekja O-71 in the north of the study area.
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Figure 6.3 A plot of all bulk density data (plotted relative to the sea-floor) for the five wells of the Saglek Basin separated
into three intervals. On the left is sea-floor to Top Bjarni Formation, in the middle is Top Bjarni Formation to Top Acoustic
Basement and on the right is Top Acoustic Basement to TD.
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Figure 6.4 A plot of all bulk density data (plotted relative to the sea-floor) for the wells of the Nain & Harrison Sub-Basins
of the Hopedale Basin separated into three intervals. On the left is sea-floor to Top Bjarni Formation, in the middle is Top
Bjarni Formation to Top Acoustic Basement (locally the Alexis Formation marker) and on the right is Top Acoustic
Basement to TD. The symbol size has been reduced to create a cleaner image.

The next stage was to apply the model built above to the wells in the Hamilton Sub-Basin of the
Hopedale basin. The left-hand-image in Figure 6.5 shows the previous Northern Model applied to
the Hamilton Sub-Basin wells. The well data is coloured by working interval and not by well. The
model for the upper interval (Sea-Floor to Top Bjarni Fm.; Blue) captures the trend of the data in
the new wells, but the middle interval (Top Bjarni Fm. to Top Acoustic Basement; Green) and the
deepest interval (Acoustic Basement; Red) require a local calibration.
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Figure 6.5 Two plots showing all available data for the wells in the South of the Hopedale Basin (Hamilton Sub-Basin).
The left-hand image shows the Northern Model from Figure 6.4 applied to the data and on the right is a new model,
based on the same stratigraphic markers, that reflects better the density-depth relationship in the Hamilton Sub-Basin.

The reason for the need to recalibrate the middle interval is driven by lithology. The Bjarni
Formation comprises the majority of this interval and the formation is sand-rich in the Nain and
Harrison Sub-Basins; however in the Hamilton Sub-Basin the Bjarni Formation-equivalent (i.e.
below Markland Fm. and above the Acoustic Basement, locally termed “Undifferentiated
Palaeozoic”) is dominated by calcareous shales (Figure 6.6). The trend shown for the Top Bjarni
Fm. to Top Acoustic Basement interval is at a high angle to the other density-depth trends, but it is
the empirically-driven solution based the local well control.
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Figure 6.6 A comparison of the lithology in the Bjarni Formation of the Harrison Sub-Basin (North Bjarni F-06) and the
equivalent in the Hamilton Sub-Basin, termed Undifferentiated Palaeozoic, in Gudrid H-55. The Bjarni Formation is sandrich whereas the Undifferentiated Palaeozoic material is highly calcareous shales and carbonates (dominantly dolomite).
Note that in this example, the Top Palaeozoic is Top Acoustic Basement, and that the Bjarni Fm is not deposited in the
Gudrid well.

The right-hand image in Figure 6.5 shows the new 3-layer model developed for the Hamilton SubBasin. The new model is termed the “Southern Model” and the previous model termed the
“Northern Model”. The same naming convention was kept for the interval boundaries for ease of
comparison but the “Top Bjarni Formation” is more accurately the “Base Markland Formation”. The
new model more realistically captures the appropriate density-depth trend for each interval leading
to a more accurate overburden model and prediction.
Finally a model was built for the wells in the Orphan Basin. Initially the new Southern Model was
applied to the data but the model was not sufficiently accurate and did not match the density-depth
trends observed (left-hand image; Figure 6.7). Whilst the Sea-Floor to Top Bjarni equivalent trend
does a good job of capturing the data, the lower two interval models do not match the data
adequately. The Acoustic Basement interval encountered along much of the Labrador Shelf is not
present in the wells of the Orphan Basin and the lithology of the Bjarni Formation equivalent is
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shale-dominated here, as is the underlying Jurassic interval. Note that the Bjarni Formation naming
convention has been maintained but the marker is more accurately termed the time-equivalent
Bjarni Formation marker. A simplified overburden model was generated with only two layers; SeaFloor to Top Bjarni Formation and Top Bjarni Formation to TD. This approach provided the simplest
and most accurate model to describe the density-depth trends in the Orphan Basin. This model is
termed the “Orphan Basin Model”. The upper interval remained unchanged from the Northern
Model. In a similar approach to Hekja O-71, the Hare Bay E-21 is located in isolation and it is not
possible to discern which model to apply. Both the Orphan Basin and the Southern Model were
found to adequately match the density data in the well.

Figure 6.7 Two plots showing all available data for the wells in the Orphan Basin. The left-hand image shows the
Southern Model applied to the data and on the right is a new model, based on the new simplified stratigraphic intervals,
that reflects better the density-depth relationship in the Hamilton Sub-Basin.
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6.3.1

Density Formula Coefficients

6.3.1.1 Northern Model (Saglek Basin, Nain & Harrison Sub-Basins)






Sea-Floor to Top Bjarni Formation
3
o A = 1983 kg/m
3
o B = 2984 kg/m
-4
o C = 1.85 x 10
Top Bjarni Formation to Top Acoustic Basement
3
o A = 2036 kg/m
3
o B = 2905 kg/m
-4
o C = 2.63 x 10
Top Acoustic Basement to TD
3
o A = 2493 kg/m
3
o B = 2617 kg/m
-4
o C = 5.04 x 10

6.3.1.2 Southern Model (Hamilton Sub-Basin)






Sea-Floor to Top Bjarni Formation
3
o A = 1974 kg/m
3
o B = 2683 kg/m
-4
o C = 2.93 x 10
Top Bjarni Formation to Top Acoustic Basement
3
o A = 1580 kg/m
3
o B = 4751 kg/m
-4
o C = 1.11 x 10
Top Acoustic Basement to TD
3
o A = 2626 kg/m
3
o B = 3911 kg/m
-4
o C = 2.98 x 10

6.3.1.3 Orphan Basin Model




Sea-Floor to Top Bjarni Formation
3
o A = 1983 kg/m
3
o B = 2984 kg/m
-4
o C = 1.85 x 10
Top Bjarni Formation to TD
3
o A = 2146 kg/m
3
o B = 3045 kg/m
-4
o C = 2.63 x 10
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6.4


Conclusions
The density data for estimation of overburden pressure were originally analysed on a basin-bybasin approach starting with the Saglek Basin.



A single-layer model proved too simplistic and a three-layer was derived; Sea-Floor to Top
Bjarni Formation, Top Bjarni Formation to Top Acoustic Basement and Basement. The threelayer model allowed for a more accurate density-depth relationship to be built that links to
stratigraphic variation.



The wells of the Nain and Harrison Sub-Basins (Hopedale Basin) were overlain on the same
model and found to reinforce the existing model. The final model was termed the “Northern
Model”.



The Hekja O-71 is located to the far north of the study area and has been incorporated into the
Northern Model. Without more local well control it is not possible to say if a different model
should be derived for this area.



The wells in the Hamilton Sub-Basin (Hopedale Basin) require a different model to be derived
but based on the same stratigraphic intervals. The final model was termed the “Southern
Model”.



The Orphan Basin wells were overlain onto the Southern Model but the data did not fit the
existing trends. Due to the lack of Basement penetration and logging within the Orphan Basin
wells and the presence of deep shale (not sand) in the Bjarni Formation equivalent, a new
model was derived that only used two intervals; Sea-Floor to Top Bjarni Formation and Top
Bjarni Formation to TD. This model was termed the “Orphan Basin Model”.



Hare Bay E-21 is located in isolation in this study, similar to Hekja O-71, and as such a
conclusion on which overburden model to apply could not be made. Both the Southern Model
and the Orphan Basin Model adequately match the well. Each of the three models built can be
used to construct a density-depth trend for a prospect well location, from which an overburden
curve can be generated.
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7

Overpressure Mechanisms

The principal mechanisms that generate a high magnitude of overpressure are disequilibrium
compaction, fluid volume expansion (mainly gas generation) and load transfer (Osborne and
Swarbrick, 1997; Lahann and Swarbrick, 2011).
Disequilibrium compaction is interpreted to be the primary mechanism by which overpressure is
generated in sedimentary basins, particularly in rapidly deposited fine-grained systems such as
Tertiary deltas (Dickenson, 1953; Morgan et al., 1968; Evamy et al., 1978). The disequilibrium
compaction mechanism generates overpressure, especially during high sedimentation of low
permeability rock such as mud rocks and shales, when there is incomplete dewatering of the
sediments. Rapid increase in compressive stress by burial (mainly vertical) or tectonic forces
(mainly horizontal), causes sediments to compact and expel fluids. If fluids cannot escape
sufficiently rapidly, some of the compressive load is borne by the pore fluids, and overpressure
develops (Terzaghi and Peck, 1948; Osborne and Swarbrick, 1997).
The fluid expansion overpressure mechanism, which is generally classed as a secondary
overpressure mechanism and leads to ‘unloading’(reduction in effective stress), requires a very low
net permeability seal and a relatively high temperature. Lahann (2002) also reported that secondary
overpressure generation mechanisms, such as chemical compaction and framework weakening,
are more likely at temperatures greater than 100°C. The temperature data for the Labrador shelf is
described in Section 0. The best understood chemical reaction leading to overpressure by load
transfer is smectite to illite (Lahann and Swarbrick, 2011).
Other mechanisms which can generate overpressure include aquathermal expansion, osmosis and
mineral dehydration reactions (likely small contributions – see Swarbrick et al., 2002), as well as a
hydraulic head (artesian water).

7.1

Identifying Overpressure Mechanisms

Shale velocity vs. density cross-plots can be used to distinguish between overpressures generated
by disequilibrium compaction and overpressure generated by fluid expansion and other secondary
mechanisms (Bowers, 2001; Lahann et al., 2001). Figure 7.1 summarizes the trends commonly
identified when shale velocity and density data are cross-plotted (modified from Hoesni, 2004).
Figure 7.1 also shows that changes in grain size reflecting more silt/sand or more clay-rich
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sediments offset data away from the primary trend to a parallel trend, i.e. clay-rich lithologies move
slightly towards higher density and slower velocity whereas sand-rich lithologies move slightly
towards lower density and faster velocity.



Black (Trend A): normal compaction trend (also applicable when compaction is reduced or
ceases due to disequilibrium compaction, i.e. overpressure due to disequilibrium
compaction).



Blue (Trend B): fluid expansion trend (significant velocity decrease and negligible increase
in density), normally termed ‘unloading’ (Bowers, 1995),



Green (Trend C): hybrid trend, (density increase and velocity decrease), due to a
combination of chemical diagenesis and consequential unloading as the overburden stress
is transferred onto the fluid, due to incomplete drainage.



Red (Trend D): early chemical diagenesis trend (significant density increase and negligible
increase in velocity).



Orange (Trend E): later diagenetic change at very low porosity (high density) when velocity
increases very rapidly.

Trend E was reported by Hoesni et al (2007) and more recently in O’Connor et al (2011). Hoesni et
al. (2007) attributed the trend to a filling of the “connecting” pores (c.f. Bowers and Katsube, 2001),
thus creating a fully connected network allowing rapid velocity propagation. Trend E is seen as
directly following Trend D, where clay diagenesis is releasing silica, which firstly is precipitated in
the storage or inter-granular pores, resulting in a large density increase for minimal velocity
increase. Trend E therefore suggests cemented shales, potentially by silica, as a result of clay
diagenesis.
In order to identify which overpressure mechanism trend(s) is active for a given sedimentary
sequence or region, shale velocity (wireline sonic velocity) and density data are cross-plotted.
Shale-rich horizons are identified by producing a Vshale log based on gamma ray cut-offs. All nonshale lithologies are removed prior to plotting of the data, which can be usefully coloured by depth
or temperature.
An important distinction should be made between a secondary mechanism (capable of
generating pressure, i.e. fluid expansion) and a secondary process (capable of modifying
the rock framework but not capable of generating addition pressure, i.e. cementation).
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Figure 7.1 Schematic diagram of a velocity-density cross-plot showing the normal compaction trend and the possible
diversions from this trend for different components of secondary overpressure generation (Swarbrick (2012) after Hoesni,
2004).

On all plots in this study the units used are m/s for velocity and kg/m3 for density. The cross-plots
are scaled from 1000-6000 m/s and from 1450-2950 kg/m3 with a Vshale cut-off of 0.6 unless
otherwise stated. Gardner sandstone and shale lines are shown on all plots for reference. The
Gardner relationships are published rock physics relationships linking velocity and density for
multiple Gulf of Mexico lithologies (Gardner et al., 1974). The trends shown use the original
published coefficients and are not locally calibrated.
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7.2

Geothermal Gradient Analysis

Nalcor Energy supplied the temperature data used in this project, which is publically available from
the BASIN Database maintained by Natural Resources Canada (Geological Survey of Canada;
Geoscience Data Repository) as well as from well files available from the Canada-Newfoundland &
Labrador Offshore Petroleum Board (C-NLOPB). The temperature data supplied were Bottom Hole
Temperatures (BHT) based on the temperatures collected during wireline logging of the wells,
which was then corrected to a presumed formation temperature by the Geological Survey of
Canada. Wireline temperatures are typically lower than the true temperature of the rock due to the
cooling effect of the circulating mud in the well.
The BHT data are converted into a geothermal gradient using the following calculation; BHT /
(Depth to TD – Depth to Seabed). In other geographical settings a static value is removed from the
BHT to correct for background temperature of the sea water, typically in the deep-water this value
is taken to be 4ºC, however in the conditions of the Labrador Shelf in the 1970’s and 1980’s, when
the wells were drilled, a value of 0ºC was assumed for the sea water temperature.
The range in geothermal gradient is quite large with a minimum gradient of 22ºC/km (Roberval C02) and a maximum gradient of 38ºC/km (North Bjarni F-06), however, only Roberval C-02 has a
gradient lower than 25ºC/km. The average geothermal gradient is 30ºC/km.
Table 7.1 shows the BHT data and the geothermal gradient for all the wells in the study except
Lona O-55, where no temperature data were available. The BHT data is divided into four groups
based on temperature ranges related to the onset of secondary mechanisms. Wells with BHT > 100
ºC are the wells where evidence for secondary mechanisms is most likely to be recognised; a) BHT
< 80 ºC, b) 80 ºC < BHT < 100 ºC, c) 100 ºC < BHT < 120 ºC and d) BHT > 120 ºC

.

The temperature data indicate that the region as a whole has a high enough geothermal gradient
for secondary mechanisms to be active but that only 13 out of the 28 wells with BHT data are
sufficiently hot at depth to have been likely to undergo such secondary processes. Furthermore, the
temperature alone does not explain active secondary mechanisms, there must also be shales that
are either a) organic-rich to undergo fluid expansion (by gas generation) or b) rich in reactive
minerals required for framework collapse during diagenesis, e.g. smectite and k-feldspar, or
kerogen in a source rock.
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Well Name

Basin

SubBasin

BHT

Water
Depth

TD

Geothermal
Gradient

°C

m

m

°C/km

Hekja O-71

Saglek

132.0

36

4566

29.14

Gilbert F-53

Saglek

118.0

183

3608

34.45

Karlsefni A-13

Saglek

112.8

175

4148

28.39

Pothurst P-19

Saglek

96.2

193

3992

25.32

Rut H-11

Saglek

129.0

124

4474

29.66

Skolp E-07

Saglek

94.5

167

2992

33.45

Ogmund E-72

Hopedale Nain

95.0

143

3094

32.20

Snorri J-90

Hopedale Nain

83.3

141

3210

27.14

Bjarni H-81

Hopedale Harrison

72.2

140

2515

30.40

Bjarni O-82

Hopedale Harrison

86.5

143

2650

34.50

Corte Real P-85

Hopedale Harrison

103.0

438

4551

25.04

Herjolf M-92

Hopedale Harrison

118.3

139

4086

29.97

Hopedale E-33

Hopedale Harrison

47.0

550

2072

30.88

North Bjarni F-06

Hopedale Harrison

100.0

150

2813

37.55

South Labrador N-79

Hopedale Harrison

77.8

500

3571

25.33

Tyrk P-100

Hopedale Harrison

53.5

117

1739

32.98

Cartier D-70

Hopedale Hamilton

48.9

310

1927

30.24

Freydis B-87

Hopedale Hamilton

58.8

177

2314

27.51

Gudrid H-55

Hopedale Hamilton

71.7

299

2839

28.23

Indian Harbour M-52

Hopedale Hamilton

111.4

198

3958

29.63

Leif M-48

Hopedale Hamilton

51.7

165

1879

30.17

North Leif I-05

Hopedale Hamilton

111.0

144

3513

32.95

Roberval C-02

Hopedale Hamilton

55.0

276

2823

21.59

Roberval K-92

Hopedale Hamilton

112.0

269

3874

31.06

Hare Bay E-21

Hawke

127.0

239

4874

27.40

Lona O-55

Orphan

Mizzen L-11

Orphan

90.0

1153

3825

33.68

Great Barasway F-66

Orphan

132.0

2338

6751

29.91

Cumberland B-55

Orphan

103.6

195

4136

26.29

Blue H-28

Orphan

131.5

1486

6094

28.54

No data available

Table 7.1 A table of the calculated geothermal gradients for the wells within this study. No temperature data were
supplied for Lona O-55. The blue data are < 80 ºC, green data are 80-100 ºC, orange data are 100-120 ºC and red data
are > 120 ºC. All depths have been rounded to the nearest metre. Data supplied by Nalcor Energy taken from the
publically available data from the BASIN Database maintained by Natural Resources Canada (Geological Survey of
Canada; Geoscience Data Repository).
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7.3

Velocity-Density Cross-Plot Analysis

The results of velocity-density cross-plot analysis has been organised to consider each basin within
the study: the Saglek, Hopedale, Hawke and Orphan Basins. Key plots are shown for each basin to
illustrate the main observations. The velocity-density cross-plots for all wells are presented in the
Appendix for reference.

7.3.1

Saglek Basin Results

There are six wells in the Saglek Basin, including Hekja O-71. Of the six wells two wells have a
BHT below 100 ºC (Pothurst P-19 and Skolp E-07), two wells with BHT between 110 ºC and 120 ºC
(Gilbert F-53 and Karlsefni A-13) and two wells have a BHT in excess of 120 ºC (Hekja O-71 and
Rut H-11).
Figure 7.2 shows the velocity-density cross-plot for Pothurst P-19, which has a BHT of 96 ºC. The
data plot on the Gardner shale trend line and show no evidence for active secondary mechanisms.
The low density streaks are due to hole condition problems as observed in the calliper log. The plot
is consistent with the results for Skolp E-07 (BHT = 95 ºC) and Hekja O-71 (despite the high BHT of
132 ºC) which are included in the Appendix. Hekja O-71 penetrated the basement at approximately
3500 mTVDss, hence the shales in the well were at temperatures that were no higher than 100 ºC,
hence the lack of evidence for secondary mechanisms.
Pothurst P-19 recorded the highest overpressure of any well in the study with a 34397 kPa
(overpressure) Kick in the Cartwright Formation. The velocity-density cross-plot for Pothurst P-19
shows no evidence for secondary mechanisms indicating that the mechanism responsible for the
high overpressure is disequilibrium compaction only. This observation is important as it means that
the Kick taken can be used to calibrate the shale pressure model that is developed for the Saglek
Basin. Unfortunately, the Pothurst P-19 well is sand-dominated so there will be little shale log data
that can be extracted for calibrating a shale compaction model. For example, the data between
~2200-3200 mTVDbsf are from shales associated with sands, hence the shales can be expected to
silty in composition. The silty composition leads to a position on the cross-plot closer to sand-rich
portion of the plot (c. Gardner sand line). The shallowest and deepest data are shale-rich and plot
in the shale portion of the plot.

Regional Pore Pressure Analysis of Offshore Newfoundland and Labrador:
Unlocking the Shelf to Deep-Water Transition

113

Chapter 7: Overpressure Mechanisms

Figure 7.2 A velocity-density cross-plot for Pothurst P-19 located in the Saglek Basin. The data plot on the Gardner Shale
line (green) and are consistent with data undergoing normal compaction and/or disequilibrium compaction and there is no
evidence for secondary mechanisms. The data have been filtered using a Vshale of 0.6 to plot only the clean shales. The
data are coloured by depth below sea floor.
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The remaining three (3) wells in the Saglek Basin do show evidence for secondary processes with
Karlsefni A-13 showing the clearest evidence. Note the term “process” is used not “mechanism”
indicating the identified deviation in the data is indicative of a change to the rock framework but not
indicative of additional pressure generation. Figure 7.3 shows the cross-plot for Karlsefni A-13 that
is limited to the key area on the full plot. The inset image in the top left shows the full plot and this
plot is in the Appendix. Annotated on the plot are the Gardner shale trend (dashed black line), the
trend through the deviated data (solid black line) and the location of a series of isotherms from 80
ºC to 110 ºC in 10 ºC increments (dashed red lines).
Deviation of data off the main Gardner shale line can be due to facies variation and not just active
secondary mechanisms but when the deviation coincides with temperatures of approximately 80 ºC
the likelihood of an active secondary mechanism in dramatically increased. The data get
progressively deeper as the deviation increases, another signature that is consistent with a
temperature-influenced process as the deepest data will be the hottest and, therefore, the most
affected by the active secondary mechanism. A shale facies change explanation cannot be
completely discounted. Thermal alteration is the most likely interpretation.
Note that for these three wells, deeper also means type section (age-wise) with Cretaceous and
basement encountered. These wells were drilled on the flank of the Saglek Basin where Pothurst
P-19 was drilled within the thick Tertiary wedge, and so age-wise, did not reach the older sediments
as encountered in the three wells with active secondary mechanisms.
Using Figure 7.1 as a reference, the deviation observed in Karlsefni A-13 appears most consistent
with chemical compaction (an increase in bulk density) probably in combination with some
cementation (an increase in velocity) resulting in a hybrid process between Trends D & E (Figure
7.1). Previous work in the Malay Basin, in which the cementation trend (Trend E; Figure 7.1) was
first recognised, showed the cementation tended to initially result in an increase in bulk density,
followed by a later period of velocity increase. The model within Hoesni et al (2007) for this process
is that clay diagenesis (chemical compaction) released silica that was first precipitated into storage
pore before being precipitated into connecting pores based on the work of Bowers and Katsube,
2001). The plot for Karlsefni A-13 suggests that in northern extents of the Labrador Basin Complex
the cementation may be occurring at the same time as the clay diagenesis, possibly indicating a
system with lower initial storage pores or a system with a high capacity for creating silica cement.
Without a more expansive dataset the observation and implication made is purely speculative.
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Figure 7.3 A velocity-density cross-plot for Karlsefni A-13 located in the Saglek Basin. The data plot on the Gardner
Shale line (green) and are consistent with data undergoing normal compaction and/or disequilibrium compaction down to
a depth of approximately 2600 mTVDml. Below this depth the data diverge to the right consistent with a hybrid process of
chemical compaction and cementation (Figure 7.1). The data have been filtered using a Vshale of 0.6 to plot only the
clean shales. The data are coloured by depth below sea floor.

Regional Pore Pressure Analysis of Offshore Newfoundland and Labrador:
Unlocking the Shelf to Deep-Water Transition

116

Chapter 7: Overpressure Mechanisms
Figure 7.4 shows the same cross-plot with the same isotherm labels for Gilbert F-53. Here the
normal trend (solid black line) is offset, but parallel to, the Gardner shale line (thin green line) and
there is a small deviation off trend similar to that observed in Karlsefni A-13 (Figure 7.3). The
deviation in Gilbert F-53 is not as pronounced as in Karlsefni A-13 but again it occurs at a similar
temperature (80-90 ºC) and the depth increases with increasing deviation.
Rut H-11 has the highest BHT in the Saglek Basin (129 ºC) but unfortunately does not have density
data for the entire well (middle interval was not logged), which impacts the velocity-density crossplot interpretation significantly (Figure 7.5). The density data are missing between 2000 and 3800
mTVDml which is over half of the well. The deep density data at the base of the well plots off the
Gardner shale line in the same space as the deviations observed in Karlsefni A-13 and Gilbert F53. The easiest way to assess the deep cluster of data in Rut H-11 is to plot all five wells in the
south of the Saglek Basin together (Figure 7.6). On Figure 7.6 the deep Rut H-11 data is circled in
black and it plots close to the deviated trend for Karlsefni A-13 and Gilbert F-53 indicating the deep
data in Rut H-11 are undergoing chemical compaction as data plot on the main deviated trend.
The data for the two cooler wells (Pothurst P-19 and Skolp E-07) plot on the Gardner shale line
indicating there are no active secondary mechanisms in those wells. The lack of secondary
mechanisms is most likely to be related to the younger sediment encountered in these wells being
cooler. Note that detailed gradient work done on other wells by the Geological Society of Canada
(GSC) suggest a cooler geothermal gradient for Tertiary section, and a hotter geothermal gradient
for the Cretaceous and older.

The presence of an active secondary process does not mean that additional overpressure is
being generated. If there is a velocity reduction relative to the primary trend, then there are
active load transfer effects.
Either the system is currently generating overpressure (transferring load) or has transferred
load recently enough that the effect has not disappeared. If there is an active drainage
system, i.e. low reservoir pressure due to fluid escaping along extensive carrier beds, then
the pore pressure will remain low as it can escape irrespective of the pressure generating
mechanism(s). If that is the case, then the velocity should increase back to the primary
compaction trend. The plot for the Saglek Basin is consistent with a low porosity system
(e.g. high bulk density).
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Figure 7.4 A velocity-density cross-plot for Gilbert F-53 located in the Saglek Basin. The data plot on the Gardner Shale
line (green) and are consistent with data undergoing normal compaction and/or disequilibrium compaction down to a
depth of approximately 2600 mTVDml. Below this depth the data diverge to the right consistent with a hybrid process of
chemical compaction and cementation (Figure 7.1). The data were filtered using a Vshale of 0.6 to plot only the clean
shales. The data are coloured by depth below sea floor.
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Figure 7.5 A velocity-density cross-plot for Rut H-11 located in the Saglek Basin. The data plot on the Gardner Shale line
(green) and consistent with data undergoing normal compaction and/or disequilibrium compaction down to a depth of
approximately 2000 mTVDml. There is a gap in the density log from 2000 mTVDml to 3800 mTVDml. The deepest log
data (below 3800 mTVDml) plot off the trend as observed in Karlsefni A-13 and Gilbert F-53. The data have been filtered
using a Vshale of 0.6 to plot only the clean shales. The data are coloured by depth below sea floor.

Regional Pore Pressure Analysis of Offshore Newfoundland and Labrador:
Unlocking the Shelf to Deep-Water Transition

119

Chapter 7: Overpressure Mechanisms

Figure 7.6 A velocity density cross-plot for five wells in the south of the Saglek Basin (Rut H-11 (light Blue), Gilbert F-53
(red), Karlsefni A-13 (pink), Pothurst P-19 (dark blue) and Skolp E-07 (green). The 3 wells with BHT > 100 ºC show a
consistent deviated trend, whereas the two cooler wells remain on the Gardner shale line.
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7.3.2

Hopedale Basin Results

There are eighteen wells in the Hopedale Basin with two in the Nain sub-basin, eight in the
Harrison sub-basin and eight in the Hamilton sub-basin (North to South respectively). Nine of these
eighteen wells have a BHT that is lower than 80ºC and, therefore, are assumed to be too cool to
demonstrate any secondary mechanisms; hence, all the data should plot on a normal compaction
trend, i.e. near/parallel the Gardner shale line. Three of the eighteen wells have BHT’s that are
between 80ºC and 100ºC and the remaining six wells have BHT’s that are between 100ºC and
120ºC. The six wells with elevated BHT’s are expected to show evidence for secondary
mechanisms, given the results in the Saglek Basin.
The wells of the Hopedale Basin tend to contain thick sandstones that can dominate the deep
facies within the well, e.g. the Bjarni Formation. The presence of thick sands, therefore, reduces the
amount of shale-rich data that can be plotted. Figure 7.7 shows a velocity-density cross-plot for
Herjolf M-92, a well that has a BHT of 118ºC (the highest in the Hopedale Basin) and expected to
show evidence for secondary mechanisms. However, Herjolf M-92 is sand-rich from 2400 mTVDml
to TD (see inset image of Canstrat lithology in Figure 7.7), hence, the deep hot rocks are not shale
and are not plotted. The same situation occurs for North Bjarni F-06, although this well only has a
BHT of 100ºC and has a TD of 2650 mTVDml.
In Indian Harbour M-52 the Bjarni Formation is less than 200 m thick, whereas it is approximately
1000 m thick in Herjolf M-92, hence there is little sand deposited at the base of the well. In addition,
the shale-rich section of the well (Upper Mokami Formation to Bjarni Formation interval) is
approximately 900 m thicker in Indian Harbour M-52. The result in the stratigraphic thickness and
facies variation creates a cross-plot with much more data (Figure 7.8). Indian Harbour M-52 has a
BHT of 111ºC (second highest in the Hopedale Basin).
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Figure 7.7 A velocity-density cross-plot for Herjolf M-92 located in the Harrison sub-basin of the Hopedale Basin. The
data plot on the Gardner Shale line (green) and are consistent with data undergoing normal compaction and/or
disequilibrium compaction and there is no evidence for secondary mechanisms. However, the majority of the deep data
i.e. below 2400 mTVDml, are excluded as these intervals are sand-rich; the data have been filtered using a Vshale of 0.6.
The data are coloured by depth below sea floor.
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Figure 7.8 shows data almost continuously from 1350 mTVDml to 3750 mTVDml within Indian
Harbour M-52. The data plot on the Gardner shale line at all depths indicating that despite the
elevated BHT (111 ºC) in shale-rich lithologies there is no evidence for secondary mechanisms or
that diagenesis has occurred without load transfer. The observation of no evidence for secondary
mechanisms is consistent for all shale-rich wells with elevated BHT’s (Corte Real P-85, Indian
Harbour M-52, North Leif I-05 and Roberval K-92). The reason why there is no active secondary
mechanism is unknown but the most likely explanations are; a) a lack of organic-rich material for
gas generation) b) a lack of reaction components to drive clay diagenesis, e.g. no k-feldspar for the
smectite to illite reaction and/or c) the reaction happened in an open system and the result is just
an extension of the normal compaction trend.
Given that source rock geochemistry available for these wells suggests that there is fair to good
source rock at multiple intervals within the Hopedale Basin option a) above is not the likely reason
for the lack of secondary mechanisms. Provenance studies in the region (Higgs 1978swar)
describe immature sediment source with little to no alteration of k-feldspar, suggesting that (b)
inadequate clay diagenesis could be a reason for a lack of secondary overpressure mechanisms,
although an open system model cannot be ruled out. It should be noted that k-feldspar is not the
only mineral involved in clay diagenesis and other processes could be active, i.e. kaolinite to illite.
Some of the scatter in the data on Figure 7.8 can be explained by natural heterogeneity of the
facies or by poor hole conditions creating low density spikes. For example, the yellow data
(approximately 2800-2900 mTVDml) plot to the right of the main trend of data and may represent a
more clay-rich package within the overall sequence. The ultra-fast velocities and high densities at
the upper right on Figure 7.8 correlate to the Alexis Formation, which is dominated by mafic
volcanics with intra-volcanic sediments. The Hopedale Basin contains multiple examples of vertical
shale facies variation, none better than North Leif I-05 (Figure 7.9). All the data from North Leif I-05
plot on, or parallel to, the Gardner shale trend implying all the data conform to normal compaction
conditions of a similar clay-rich material. The offset of data parallel to the trend is evidence for
vertical facies variation. There are three packages circled on Figure 7.9, a) dark blue data (~300900 mTVDml), b) light blue data (~1400-1700 mTVDml) and c) red data (~2700-3100 mTVDml).
The dark blue and red data packages are offset to the right of the Gardner line indicating a more
clay-rich facies whereas the light blue data package is offset to the left of the line indication a more
sand-rich facies. These packages could be due to changes in sedimentary provenance or
depositional facies change within a single provenance.
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Figure 7.8 A velocity-density cross-plot for Indian Harbour M-52 located in the Hamilton sub-basin of the Hopedale Basin.
The data plot on the Gardner Shale line (green) and consistent with data undergoing normal compaction and/or
disequilibrium compaction with no evidence for secondary mechanisms. The data have been filtered using a Vshale of
0.6 to plot only the clean shales. The data are coloured by depth below sea floor.
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Figure 7.9 A velocity-density cross-plot for North Leif I-05 located in the Hamilton sub-basin of the Hopedale Basin. The
data plot on, or parallel to, the Gardner Shale line (green). The offset of data parallel to the Gardner shale line is
interpreted as evidence for facies variation vertically within the well. The data have been filtered using a Vshale of 0.6 to
plot only the clean shales. The data are coloured by depth below sea floor.
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7.3.3

Hawke Basin Results

Hare Bay E-21 is the only study well located within the greater Hawke Basin area. Hare Bay E-21 is
one of the four wells that have a BHT in excess of 120 ºC; however, the data quality in this well is
poor and the velocity-density cross-plot is too scattered to identify any trends (Figure 7.10). The
Canstrat lithology data indicate that the well is reasonably shale-rich down to the top of the
Markland Formation, but below this formation the lithology is heavily interbedded between
sandstones, shales and siltstones with occasional limestones. It is important to note here that the
Markland lies unconformably on a thick interval of Carboniferous clastic sediments that are atypical
relative to other wells in the study. The lithology indicates that the deep hot rocks may not be shalerich, hence, would not be expected to demonstrate secondary mechanisms. With only one well
available for analysis no definitive conclusions are possible.

7.3.4

Orphan Basin Results

Of the five wells in the Orphan Basin, only four have temperature data (Lona O-55 had no
temperature data available at the time of this report). Both Great Barasway F-66 and Blue H-28
have BHT’s in excess of 130 ºC, the highest BHT’s encountered in the study. Cumberland B-55 has
a BHT of 104 ºC and Mizzen L-11 has a BHT of 90 ºC.
The velocity-density cross-plot for Mizzen L-11 (Figure 7.11) does not show any trends consistent
with secondary mechanisms/processes, which is expected given the low BHT. However, there is
some indication of facies variation within Mizzen L-11 as the data do not lie on a single trend.
Rather than forming discrete packages, as observed in North Leif I-05 (Figure 7.9), the data
progressively move away from the Gardner shale line, possibly indicating a progressive change in
facies rather than discrete depositional events, e.g. a fining-downwards sequence (inset image on
Figure 7.11). The depth at which the data diverge from the Gardner shale trend is approximately
1100 mTVDbsf, which is too shallow and too cool for thermal-driven processes to be active.
Although data-poor, Cumberland B-55 shows a similar trend with depth. Lona O-55 has no
temperature data to quantify the thermal effect, however, the velocity-density cross-plot does not
show any evidence for secondary mechanisms.
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Figure 7.10 A velocity-density cross-plot for Hare Bay E-21 located in the Hawke Basin. The data are very scattered and
no trend can be discerned from the data. The data have been filtered using a Vshale of 0.6 to plot only the clean shales.
The data are coloured by depth below sea floor.
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Figure 7.11 A velocity-density cross-plot for Mizzen L-11 located in the Orphan Basin. The data show progressive offset
from the Gardner shale line with increasing depth indicating a possible progressive change in facies with depth, e.g. a
fining-downwards sequence (inset image). The data have been filtered using a Vshale of 0.6 to plot only the clean shales.
The data are coloured by depth below sea floor.
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Great Barasway F-66 and Blue H-28 have the highest BHT of any of the wells in the study, 132 ºC
in both, which is high enough that there should be evidence in the logs for secondary mechanisms
if they were active. However, the process may be active but if the permeability is good, then the
additional pressure from either gas generation and/or load transfer will immediately drain away.
Figure 7.12 shows the cross-plot for Great Barasway F-66, with the same progressive deviation
from the Gardner shale line as Mizzen L-11 (Figure 7.11) suggesting facies change occurring rather
than active secondary mechanisms (inset image on Figure 7.11). Alternatively, diagenesis may be
driving the velocity-density normal compaction properties in that direction. The depth at which the
data diverge from the Gardner shale trend is approximately 1750 mTVDml, which is too shallow/too
cool for thermal-driven processes to be active.
Blue H-28 is one of the few wells to record high overpressure, taking Kicks of ~5800 kPa
overpressure, ~21500 kPa overpressure and ~28500 kPa overpressure in the Cartwright, Markland
and Bjarni equivalent formations respectively. Figure 7.13 shows the cross-plot for Blue H-28. The
observed trend is not consistent with other trends analysed above. The majority of the data plot on
the Gardner shale line from 1400 mTVDml (data start) down to approximately 3800 mTVDml. At
3600 mTVDml the data plot to the right of the Gardner shale trend in an area of the plot consistent
with chemical compaction, i.e. an increase in density for no increase in velocity. However, the
deepest data plot as a cluster and do not show a strong trend linking the data back to the data on
the Gardner shale line as would be expected if the deviation were due to a progressive increase in
thermal alteration of the clays.
Furthermore, the depth below which the data plot as a cluster, 3800 mTVDml, is the depth of the
Top Undifferentiated Jurassic sediments and represents a major unconformity. It is therefore
possible that the Jurassic rocks have undergone diagenetic processes that have increased the bulk
density that have not affected the younger Cretaceous and Tertiary sediments above, hence the
cluster of Jurassic data off the main trend. Therefore, there is no evidence for active secondary
mechanisms in Blue H-28 and the overpressure recorded is presumed to be due to disequilibrium
compaction only.
The cluster noted in Blue H-28 has a velocity of ~4000 m/s and a density of ~2700 kg/m3. The
deepest data in Great Barasway F-66 has the same values indicating the deep data in Blue H-28 is
actually consistent with the other wells of the Orphan Basin and is consistent with disequilibrium
compaction.
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Figure 7.12 A velocity-density cross-plot for Great Barasway F-66 located in the Orphan Basin. The data show a trend
similar to that observed in Mizzen L-11 where the data do not follow the Gardner shale line but show a progressive offset
with increasing depth. The offset trend in the data is attributed to local facies variation. The data have been filtered using
a Vshale of 0.6 to plot only the clean shales. The data are coloured by depth below sea floor.
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Figure 7.13 A velocity-density cross-plot for Blue H-28 located in the Orphan Basin. The data quality is not ideal as there
are lots of calliper-induced low density streaks in the data. However, the data do show a trend of data plotting on the
Gardner shale line until a depth of approximately 3800 mTVDml, at which point the data deviate to the right of the plot.
The cluster of data represents deep old Jurassic sediments that are below a major unconformity. The data have been
filtered using a Vshale of 0.6 to plot only the clean shales. The data are coloured by depth below sea floor.
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7.4


Conclusions
Global experience suggests that disequilibrium compaction (ineffective shale dewatering), gas
generation and load transfer (e.g. smectite conversion to illite) are the most likely mechanisms
to be active in generating overpressure in the Labrador Sea deep-water area.



Using a threshold temperature of 80ºC as a depth at which thermal-driven processes such as
diagenesis and secondary overpressure mechanisms may commence, there are 13 out of 28
wells with BHT data sufficiently high to test for such secondary processes using velocitydensity cross plots.



Some of the plots suffer high scatter and low density streaks that are attributed to poor hole
condition problems, but these do not affect the overall trend of the data.



Karlsefni A-13, Gilbert F-53 and Rut H-11 in the Saglek Basin show departures from a trend
consistent with mechanical compaction-related processes, with trends which are consistent
with chemical compaction (clay diagenesis) and cementation acting concurrently.



The remaining wells in the Saglek Basin, including Pothurst P-19 which took the highest Kick of
all the wells in the study, show trends consistent with disequilibrium compaction as an active
pressure generating mechanism, and no evidence of secondary processes active within the
shales analysed over the depths penetrated.



None of the wells with data for plots in the Hopedale Basin (the Nain, Hamilton and Harrison
sub-basins) show evidence for any secondary processes (i.e. diagenesis). Hence,
disequilibrium compaction appears to be the only active mechanism.



Several of the Hopedale Basin wells are sand-rich in the lower half of the well so velocitydensity cross plots are not available. Lack of shale precludes much in-situ overpressure
generation of any type.



The Hopedale Basin contains discrete sedimentary packages (not forming a continuous trend
with depth) that link to changes in the sedimentary processes or provenance.



Hare Bay E-21 (the only well in the Hawke Basin) only shows evidence for disequilibrium
compaction.



None of the plots of data in wells in the Orphan Basin show any trends other than those
consistent with disequilibrium compaction.



Blue H-28 has the highest BHT of any well in the study (132 ºC) and took Kicks in the
Cartwright, Markland and Bjarni equivalent formations, yet only shows a trend consistent with
overpressure from disequilibrium compaction. The deep data plot off the Gardner shale trend
but these data are from Jurassic rocks below a major unconformity. Some of the wells in the
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Orphan show evidence for a progressive facies change with depth, possibly a transition to a
finer, more clay-rich facies (e.g. Mizzen L-11 and Great Barasway F-66).



Whilst the velocity-density plots using shale data appear to rule out contributions to
overpressure in reservoirs from secondary mechanisms, there remains the possibility that
overpressure generated elsewhere is generated in shales deeper than current well
penetrations and transferred along reservoirs via faults and/or continuity of reservoirs.



The only possible secondary process noted indicated an increase in bulk density with
some increase in velocity, consistent with a transition to a low porosity system. There
was no evidence for a drop in velocity that would indicate secondary pressure
mechanisms generating additional overpressure.
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8

Reservoir Pressure Analysis

Determination of the magnitude of pressure and overpressure in a reservoir relies on quantifying
the fluid type via the fluid density (fluid gradient interpreted from pressure test data). Once these
aquifer overpressure values are established for the wells available for a study, they can be
compared vertically within the same well or laterally within the same reservoir interval between
wells to inform on the local and regional connectivity of the pressure system. This chapter explains
the procedure for extracting aquifer overpressure values, their QC by category, and how other data
such as “hydrocarbon” overpressures and mudweights can assist in interpretation of regional
pressure regimes.
Typically, focus is made on aquifer gradients which provide comparative data in the aquifer,
independent of any hydrocarbon buoyancy effects. Hydrocarbon gradients are helpful in providing a
reference point in which the overpressure value is less than the overpressure value extracted from
the lowest good quality pressure point. These values from hydrocarbon gradients are designated
with a prefix of “<”.

8.1

Aquifer Gradient Categories

Four categories of aquifer gradient were established for quality control, based on examination of
single-well pressure-depth plots, using Ikon Science’s RokDoc PressureView software. A singlewell pressure-depth plot for each well is included in Appendix II, select single-well plots and multiwell plots are shown in this chapter to illustrate key observations.



Category 4: Example well: Mizzen L-11 (Figure 8.1)
o



Well data display a very clear water gradient with little or no scatter.

Category 3: Example well: Roberval K-92 (Figure 1.2)
o

Represents wells in which data generate a reasonable water gradient(s) with only
some scatter or change in slope.



Category 2: Example well: Gilbert F-53 (Figure 1.3)
o

Wells denote that the direct pressure data either display no clear water gradient, a
pressure transition zone, scatter or ambiguity, or solitary or paired tests. Additional
data may be used (e.g. a nearby well, published OWC) to assist in determining the
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aquifer gradient. Also included are those wells with pressure data defining a
hydrocarbon gradient only, but no supporting aquifer data.



Category 1: Example well: Hare Bay E-21 (Figure 8.4)
o

Wells denote no direct pressure data readings or the reservoir pressures are
depleted by production. Mudweights are available in almost all of these wells.

8.2

Determination of Regional Hydrostatic Gradient

The use of a single regional aquifer gradient for the hydrostatic pressure is critical to allow
comparsion of overpressure values between wells. Typically the approach taken is to average the
values of any formation water gradients with a Category 4 quality. Within the dataset available to
this study there were only seven Category 4 gradients, with a range of aquifer gradients between
9.733 kPa/m and 10.328 kPa/m. However, in three wells the same gradient describes two different
stratigraphic intervals hence it is not representative to use all seven gradient values but rather to
use the four unique values. The average of the four gradients was 9.982 kPa. Inclusion of all the
Category 3 gradients (5 values) brought the average up to 10.187 kPa/m. Inclusion of the Category
2 gradients (4 values) decreases the average to 10.175 kPa/m. Therefore, a value for the formation
water of 10.2 kPa/m (60,000 ppm NaCl; 0.451 psi/ft) is a realistic regional value.
The typical gradient for the sea water is taken to be 10.1 kPa/m (45,000 ppm NaCl; 0.446 psi/ft)
based on typical sea water salinities. To generate a regionally consistent datum to which all
overpressure can be measured the gradient in the sea-water and the formation water should be
equal otherwise significant variations in water depth can make regional comparison ineffective.

For the purposes of regional comparison the hydrostatic gradient was set as 10.1 kPa/m in
both the sea-water and the formation water.
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Figure 8.1 Example of a Category 4 aquifer gradient from the Jurassic reservoir in Mizzen L-11. The black line on the
pressure-depth plot is the static mudweight during drilling and the dashed line is a constant gradient trend line of 12
kPa/m.
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Figure 8.2 Example of a Category 3 aquifer gradient from the Bjarni Formation reservoir in Roberval K-92. A polygon was
used to isolate the most reliable data and the remove the scatter from the best-fit process.
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Figure 8.3 Example of several Category 2 aquifer data from the Markland Formation reservoir in Gilbert F-53. At 3250
mTVDss and 3500 mTVDss there are single tests, hence a gradient can not be fitted. A polygon was used to isolate the
three most reliable data at 3400 mTVDss but a gradient through this data was a non-fluid gradient, hence the data can
only be classified as Category 2. The shallowest and deepest data plot above the static mudweight which could be due to
supercharging of the formation or because the mudweight (black line) was increased during logging resulting in Wireline
Formation Test (or WFT) data above the static mudweight used to drill the hole section.
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Figure 8.4 Example of a Category 1 well, Hare Bay E-21. The well contians no reservoir pressure test data only
mudweight (black line), a single Leak–Off Test (purple square) and two Limit Tests (blue squares). The dashed lines are
constant mudweight gradients relative to the rotary table elvation.
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8.3

Summary of Reservoir Pressure Data

The wells used in the study come from the Saglek Basin in the north of the Labrador Shelf through
the Hopedale Basin (Nain, Harrison and Hamilton Sub-Basins) to the Orphan Basin in the south.
The majority of the wells included in this study represent the first, and only, major phase of
exploration on the Labrador Shelf. The wells were drilled between the years of 1976 and 1984 on
the Labrador Shelf and between 1975 and 2010 in the Orphan Basin. The result of using wells that
are approximately 30 years old are a general lack of reservoir pressure data and a poorer quality of
the reservoir pressure data that is present. The exceptions are the three modern wells (Post-2000)
in the Orphan Basin, namely Great Barasway F-66, Lona O-55, Mizzen L-11, which contain much
more reservoir pressure data of a higher quality.
Part of the reason for a lack of reservoir data was the practice to take either a single WFT, such as
Repat Formation Testers (RFTs) and Modular Dynamic Tester (MDTs), or to take a Drill Stem Test
(DST) in a reservoir considered to be a discovery/significant discovery. A DST is chosen as it
provides important economic information regarding topics such as fluid type, pressure, permeability
and productive capacity, e.g. flow rate.

DSTs are inferior as data points relative to WFT as there

is only one pressure per test, the pressure guage is located above the perforated interval (and
hence requires additional calculation to apply to the reservoir depths, and the perforated interval
represents a range of depths. Across the entire study area the fluid gradient interpreted can be
broken down as follows;
A total 44 overpressure values from the 30 wells of the study;



Category 4

7 gradients



Category 3

5 gradients



Category 2

32 values





5 gradient-based overpressures



16 single-point/cluster-based overpressures



8 DST-based overpressures



3 Kick-based overpressures

Category 1

11 wells

The full table of overpressure values is shown below in Table 8.1.
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Well

Basin

Gilbert F-53
Gilbert F-53
Gilbert F-53
Hekja O-71
Hekja O-71
Karlsefni A-13
Pothurst P-19
Rut H-11
Skolp E-07
Ogmund E-72
Ogmund E-72
Ogmund E-72
Ogmund E-72
Snorri J-90
Bjarni H-81
Bjarni O-82
Corte Real P-85
Herjolf M-92
Hopedale E-33
Hopedale E-33
North Bjarni F-06
South Labrador N-79
Tyrk P-100
Cartier D-70
Freydis B-87
Gudrid H-55
Indian Harbour M-52
Leif M-48
North Leif I-05
North Leif I-05
North Leif I-05
North Leif I-05
North Leif I-05
North Leif I-05
North Leif I-05
Roberval C-02
Roberval C-02
Roberval K-92
Roberval K-92
Hare Bay E-21
Blue H-28
Blue H-28
Blue H-28
Cumberland B-55
Great Barasway F-66
Great Barasway F-66
Great Barasway F-66
Great Barasway F-66
Great Barasway F-66
Great Barasway F-66
Great Barasway F-66
Great Barasway F-66
Lona O-55
Lona O-55
Mizzen L-11

Saglek
Saglek
Saglek
Saglek
Saglek
Saglek
Saglek
Saglek
Saglek
Hopedale
Hopedale
Hopedale
Hopedale
Hopedale
Hopedale
Hopedale
Hopedale
Hopedale
Hopedale
Hopedale
Hopedale
Hopedale
Hopedale
Hopedale
Hopedale
Hopedale
Hopedale
Hopedale
Hopedale
Hopedale
Hopedale
Hopedale
Hopedale
Hopedale
Hopedale
Hopedale
Hopedale
Hopedale
Hopedale
Hawke
Orphan
Orphan
Orphan
Orphan
Orphan
Orphan
Orphan
Orphan
Orphan
Orphan
Orphan
Orphan
Orphan
Orphan
Orphan

Sub-Basin

Nain
Nain
Nain
Nain
Nain
Harrison
Harrison
Harrison
Harrison
Harrison
Harrison
Harrison
Harrison
Harrison
Hamilton
Hamilton
Hamilton
Hamilton
Hamilton
Hamilton
Hamilton
Hamilton
Hamilton
Hamilton
Hamilton
Hamilton
Hamilton
Hamilton
Hamilton
Hamilton

3241.284
3396.945
3495.527
3197.938
3256.918
2200.754
3975.526

Pressure
(kPa)
38090
39590
41640
32765
32295
23973
74500

1404.7
1599.7
2580.7
2941.2
2485.638

14540
15960
25780
32970
25271

251.205
-298.295
-386.395
3162.555
64.735

2359.361

23987

< 56.128

Bjarni

DST

2755.541
1946.2
1984.2
2634.643

28234
23180
23284
28140

301.711
< 3422.055
< 3142.255
1236.903

10.355 Bjarni
Bjarni
Bjarni
10.1 Bjarni

RFT
DST
DST
RFT

1706.2

19995

2661.055

2730.911

30096

1563.058
2152.352
2823.266
3102.391
3335.042
3380.597
3428.503
1691.309
2197.805
3083.982
3541.398

mTVDss

Overpressure
(kPa)
5251.711
5179.529
6233.855
< 364.498
-701.198
< 1644.056
34245.863

Gradient
(kPa/m)

Formation/Member
Markland
Markland
Markland
Cartwright
Cartwright
Lower Kenamu
Lower Kenamu

Cartwright
9.97 Markland
9.97 Bjarni
Snorri Mbr
Cartwright

Tool

Category

RFT
RFT
RFT
DST
RFT
DST
Kick

2
2
2
2
2
2
2
1
1
2
2
2
2
2
1
2
1
3
2
2
2
1
1
2
1
2
1
1
2
2
2
2
2
2
2
4
4
3
2
1
2
2
3
1
4
4
2
3
3
2
2
2
4
4
4

RFT
RFT
RFT
RFT
FIT

Cartwright

RFT

< 2412.472

Undifferentiated Palaeozoic

DST

15680
21470
34260
38740
41680
38209
39519
16830
21760
32700
36070

-87.007
-248.878
5764.888
7425.727
8015.953
< 4084.845
< 4910.995
-353.549
-539.157
1450.46
200.552

10.001 Lower Kenamu
Cartwright
Snorri Mbr
Snorri Mbr
Snorri Mbr
Snorri Mbr
Alexis
9.76 Lower Kenamu
9.76 Cartwright
9.752 Bjarni
Undifferentiated Palaeozoic

RFT
RFT
RFT
RFT
RFT
DST
DST
RFT
RFT
RFT
RFT

4757.891
4903.856
4987.3

53828
71056
77320

5671.976
21425.727
26846.948

4086.782
4147.882
4469.282
4812.28
4934.08
5380.479
5524.979
5606.678
4626.366
4626.366
3321.115

45189
45808
49383
53477
54825
62517
65044
67730
54788
54788
38919

3811.172
3813.063
4141.926
4771.646
4889.468
8072.84
9140.391
11001.224
7960.378
7960.378
5274.413

Cartwright
Markland
10.1 Bjarni
10.238
10.238
10.534
10.938
10.601

Bjarni
Undifferentiated Jurassic
Undifferentiated Jurassic
Undifferentiated Jurassic
Undifferentiated Jurassic
Undifferentiated Jurassic
Undifferentiated Jurassic
Undifferentiated Jurassic
10.197 Bjarni
10.197 Undifferentiated Jurassic
9.733 Undifferentiated Jurassic

Kick
Kick
RFT
MDT
MDT
MDT
MDT
MDT
MDT
MDT
MDT
MDT
MDT
MDT

Table 8.1 Complete overpressure database for the wells in the study. The comments/remarks for each test are not shown
but are available in the Appendix.
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Note an overpressure value could be a value of zero, i.e. normal pressure, and the number
of overpressure values reflects how many wells/reservoirs had pressure data from which an
interpretation could be made. The majority of data in Labrador are normally, or nearnormally pressured resulting in a uniform overpressure distribution punctuated by local
variations. The following sections describe in more detail the overpressure distribution
observed.



Lower Kenamu Formation

4 Overpressure Values



Cartwright Formation

8 Overpressure Values



Markland Formation

5 Overpressure Values



Bjarni Formation

9 Overpressure Values



Snorri Member (of the Bjarni Formation)

5 Overpressure Values



Undifferentiated Jurassic

10 Overpressure Values



Undifferentiated Palaeozoic

2 Overpressure Values

The distribution of Category 4 overpressure values is not limited to a single reservoir interval. For
example, the seven Category 4 overpressure values come from the Lower Kenamu, Bjarni and
Undifferentiated Jurassic Formations. Furthermore, the lack of Category 4 data does not inhibit the
ability to quantify and describe the overpressure distribution but it does inhibit the ability to
confidently map out the overpressure to assess regional overpressure cells. The following sections
describe in more detail the overpressure distribution observed.

8.4

Overpressure Distribution by Basin

The overpressure data are described by basin starting with the Saglek Basin in the north. The
distributions of overpressure for each stratigraphic interval, where appropriate, are shown in Figure
8.5. A single overpressure map for the entire study area, covering all basins, was created in light of
limited data. Most of the overpressure values are defined by Category 2 aquifer overpressure data.
By using the aquifer data an assessment of the pressure relationships between:


Areas of anomalously low and high overpressures



The relationship between structural basins



Facies distributions



The presence of sealing or open fault networks
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Figure 8.5 Distributions of overpressures in the Labrador Sea.
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8.4.1

Saglek Basin

All the available reservoir pressure data (RFT & DST), fracture pressure data (Leak-Off Test) and
mudweight are shown in Figure 8.6. Also shown is an overburden derived from the Northern Model
and referenced to an average (mean) water-depth for all the wells. The data recorded in Rut H-11
is not valid for interpretation, the low values are due to a very low permeability formation as
recorded in the End of Well Report. Skolp E-07 has no reservoir pressure data. The data from the
Hekja O-71 discovery is near-normally pressured (Cartwright Formation) as there is a DST with <
365 kPa overpressure and a suspect RFT with -701 kPa overpressure. The remaining reservoir
pressure data record some overpressure, i.e. < 1644 kPa (DST) in the Lower Kenamu Formation in
Karlsefni A-13 and 5180 kPa (RFT) in the Markland Formation in Gilbert F-53.
Only at the base of Pothurst P-19 is high overpressure recorded; 34256 kPa. Pothurst P-19 took a
Kick upon entering a permeable stringer within the Lower Kenamu Formation that required a ~400
kg/m3 (~3.4 ppg) increase in mudweight to control. Due to a need to wait on weather immediately
after the Kick was controlled, Pothurst P-19 was ultimately abandoned as the Kick pressure was
similar to the fracture strength of the casing shoe above (Leak-Off Test in Pothurst P-19 at ~3550
mTVDss). The well took significant losses upon re-entry due the development of fractures caused
by the high pore pressure acting at the casing shoe. The Kick is the highest pressure and
overpressure data point in the whole study.

8.4.2

Hopedale Basin

8.4.2.1 Nain Sub-Basin
There are only two wells in the Nain Sub-Basin, Ogmund E-72 and Snorri J-90. The data from both
wells are plotted in Figure 8.7. Ogmund E-72 contains multiple data that record near-normal
pressure in the Cartwright Formation (251 kPa overpressure), Markland Formation (-298 kPa
overpressure; negative overpressure is termed “underpressure”) and Bjarni Formation (-386 kPa
overpressure). The Markland and Bjarni Formation data lie on the same gradient indicating they are
in vertical communication and the Cartwright Formation data is similar in overpressure but not on
the gradient. The deepest reservoir data in Ogmund E-72 is from the Snorri Member of the Bjarni
Formation and has 3163 kPa of overpressure indicating the basal shale of the Bjarni Formation is a
pressure barrier between this reservoir and the reservoirs above (Figure 8.8).
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Snorri J-90 contains a single FIT (Formation Interval Test) data point which is near-normally
pressured (65 kPa overpressure) which agrees with the pressure data at Ogmund E-72. The data
were taken in the Cartwright Formation.

8.4.2.2 Harrison Sub-Basin
Figure 8.9 is a multi-well pressure-depth plot for the eight wells of the Harrison Sub-Basin. Bjarni H81, Corte Real P-85, South Labrador N-79 and Tyrk P-100 only have mudweight information to
inform on reservoir pressure (hence designated Category 1 wells). Reservoir pressure data are
present in Bjarni O-82, Herjolf M-92, Hopedale E-22 and North Bjarni F-06 and all the reservoir
pressure data are from the Bjarni Formation, with the exception of the deepest data in Herjolf M-92,
which are from the Snorri Member of the Bjarni Formation.
Bjarni O-82 has less than 56 kPa of overpressure in the aquifer (DST data only) whilst North Bjarni
F-06 records 1237 kPa overpressure in the aquifer (excluding the hydrocarbon buoyancy
associated with gas column). Herjolf M-92 is essentially normally pressured although there are two
overpressured values (5672 kPa at 3512 mTVDss and 1376 kPa at 3559 mTVDss) indicating mild
overpressure.
The first overpressured data point (5672 kPa) is the highest recorded overpressure in the Harrison
Sub-Basin but the data above and below are much lower overpressured. The data point with 5672
kPa overpressure was taken in a thin sand at the top of the Snorri Member so the overpressure
could be valid if the sand does not communicate with the other sands of the Snorri Member which
are normally pressured. The Canstrat lithology for Herjolf M-92 does show a thin shale above and
below the overpressured sand so it remains possible that the sand could retain significant
overpressure when compared to the sands above and below (Figure 8.10). The End of Well Report
states the lithology is more silt-rich than shale-rich hence the chance of vertical isolation of the
reservoir unit is unlikely and the data point could be high magnitude due to supercharging of the
formation. The deeper RFT with 1376 kPa overpressure is still higher than the overpressure (301
kPa) associated with the gradient derived for the Bjarni Formation. Given the silty nature of the
lithology the most likely interpretation is that the Snorri Member and Bjarni Formation are in
pressure equilibration and have ~300 kPa overpressure. The data in the Snorri Member is
considered less reliable and is not included in the overpressure database.
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8.4.2.3 Hamilton Sub-Basin
Figure 8.11 is a multi-well pressure-depth plot for the eight wells of the Hamilton Sub-Basin.
Reservoir pressure data is available in five wells (Cartier D-70, Gudrid H-55, North Leif I-05,
Roberval C-02 and Roberval K-92). The data ranges stratigraphically from the Lower Kenamu
Formation (North Leif I-05 & Roberval C-02), Cartwright Formation (Cartier D-70 & North Leif I-05),
Bjarni Formation (Roberval K-92), Snorri Member (North Leif I-05) and Undifferentiated Palaeozoic
(Gudrid H-55 & Roberval K-92).
The data indicates that the Lower Kenamu Formation is slightly underpressured (-87 kPa in North
Leif I-05 and -353 kPa in Roberval C-02. The Cartwright Formation is slightly underpressured in
North Leif I-05 (-249 kPa overpressure) and Roberval C-02 (-539 kPa overpressure but
overpressured in Cartier D-70 (2661 kPa). The Cartier D-70 value plots above static mudweight
during drilling but is lower than the mudweight at TD therefore the test could be valid if the higher
mudweight at TD was used during wireline testing. The Undifferentiated Palaeozoic interval in
Roberval K-92 has minimal overpressure (201 kPa) The same interval in Gudrid H-55 and North
Leif I-05 contain DSTs with < 2412 kPa and < 4911 kPa overpressure respectively; whilst the true
aquifer overpressure is unknown the potential for significant overpressure is present.
The Bjarni Formation was only tested in one well and records some overpressure; 1451 kPa in
Roberval K-92. The Snorri Member was only tested in North Leif I-05 and shows variable
magnitudes of overpressure. The Snorri Member is dominantly a thick shale in North Leif I-05
(based on Canstrat lithology), in contrast to the more sand-rich nature in Herjolf M-92, but there are
multiple thin sands within that record 5765 kPa, 7426 kPa and 8016 kPa at 2811 mTVDss, 3094
mTVDss and 3323 mTVDss respectively (Figure 8.12). The magnitude of overpressure recorded in
North Leif I-05 (5871-8143 kPa) is on par with the single overpressured data point in Herjolf M-92
(5672 kPa) in the Harrison Sub-Basin in the same stratigraphic unit.
It must be recognised that all the RFT data in the Snorri Member plot with magnitudes in excess of
the static mudweight. Typically, pressure data higher than mudweight would lead to an
interpretation of supercharging, i.e. the Equivalent Circulating Density (ECD) of the mudweight was
sufficient to drive mud into the formation and the pressure test actually sampled high pressure mud
not true formation fluid. If supercharging were the explanation the pressure test reports should
show evidence for mud in the sample taken. The well report does mention some “filtrate” (liquid
component of the mudweight used) but the dominant liquid in the samples is interpreted to be
formation fluid. The tests seem viable as the test comments also note good seal and good
permeability although these comments are not always reliable.
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Further evidence to suggest that some of these data are reliable is the fact that once the well had
reached TD the mudweight was increased to at least 1258 kg/m3 during the wireline and
completions process from the 1221 kg/m3 shown on Figure 8.12. The RFT data range from 12251275 kg/m3 in equivalent mudweight values. The End of Well Report does not have enough data to
reconcile the timing of pressure testing vs. the increase in mudweight after TD was reached.
Figure 8.13 shows the same data as Figure 8.12 but expressed in Equivalent Mudweight (EMW)
units. The maximum mudweight of 1258 kg/m3 is shown as a red dashed line and implies that the
shallowest RFT are viable as is a single data point at 3017 mTVDkb, i.e. the RFT magnitude is
lower than the maximum mudweight. The implication of the red dashed line is that the overpressure
could legitimately be 7168 kPa but that the higher values (up to 8016 kPa overpressure) may not
be reliable.
There is a thicker basal sand in the Snorri Member in North Leif I-05 that was tested with a DST
and the overpressure was 4213 kPa indicating that thicker sands might be able to drain pressure
through lateral communication more efficiently than the thin sands

8.4.3

Orphan Basin

Figure 8.14 shows the available data for the five wells in the Orphan Basin in the study; note
Cumberland B-55 only contains mudweight information (Category 1). There is a large variation in
water depth between Cumberland B-55 (194.8 m), Mizzen L-11 (1153 m), Blue H-28 (1486.2 m),
Great Barasway F-66 (2338 m) and Lona O-55 (2602.4) which means the use of a mean water
depth has led to some data plotting out of context with respect to the regional overburden. For
example the mudweight in Cumberland B-55 appears to match the overburden pressure but that is
because the overburden on Figure 8.11 starts at 1554.88 m and not the 194.8 water depth of the
Cumberland B-55 well itself. For this reason the Leak-Off data has not been shown to hide the
effects of erroneous scatter. Leak-Off data are better plotted relative to the depth below sea-floor
(Chapter 11).
The MDT data in Great Barasway F-66 is plentiful but approximately half the data plots below the
hydrostatic gradient (Figure 8.15). The apparent underpressure is due to a variety of issues when
taking the MDT; for example the End of Well Report comments “insufficient build-up” for a lot of
these suspect data. As can be observed from the data they were able to take sensible MDTs at the
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same depth as the poor quality tests so the overpressure can still be confidently assessed in Great
Barasway F-66.
The data on Figure 8.14 spans the Cartwright, Markland, Bjarni and the underlying Undifferentiated
Jurassic formations. Only Blue H-28 has data in the Cartwright and Markland formations
represented by a Kick of 5672 kPa overpressure (Cartwright Fm.) and a second Kick of 21426 kPa
overpressure (Markland Fm.). An RFT with 26847 kPa overpressure was taken at the top of the
underlying Bjarni Formation in Blue H-28 before a third Kick was taken 3 m below the RFT. The last
Kick is suspect as the RFT taken lies on water gradient with another RFT 100 m deeper suggesting
the aquifer overpressure is 26847 kPa (Figure 8.16) and the uncertainty in the Kick magnitude is
due to the uncertainty of the mudweight used to kill the well after the Kick was taken. Comparison
of the pressure data and the Canstrat lithology suggest the upper RFT and the third Kick were
taken in the same sand therefore they cannot have different overpressures.
Great Barasway F-66 and Lona O-55 have pressure data in the Bjarni Formation sampling
recorded overpressures of 3811 kPa and 7960 kPa respectively. Note that the data point in the
Bjarni Formation in Lona O-55 was taken at the boundary with underlying Undifferentiated Jurassic
and therefore captures the overpressure for that stratigraphic interval as well. In Mizzen L-11 the
overpressure in the Undifferentiated Jurassic is 5361 kPa from a Category 4 gradient, which implies
a high confidence in the value.
There is a Kick in Lona O-55 which is 25 m shallower at the top of Bjarni Formation with slightly
higher overpressure but for the same reservoir precedence is normally given to RFT data rather a
Kick as the magnitude of the Kick is not known exactly, all that is known is the mudweight used to
control the Kick. However, the Bjarni Formation in Lona O-55 is comprised of three sands
separated by 3 m and 8 m shales (based on the gamma ray log) so the different overpressure
values could reflect vertical variation in overpressure within isolated sands of the Bjarni Formation.
There is not enough pressure data in the Bjarni Formation in the Orphan Basin to resolve this
observation.
Great Barasway F-66 has multiple gradients within the Undifferentiated Jurassic as well as a few
single data points. The overall pattern of overpressure with depth for Great Barasway F-66 is a
progressively rapid increase in overpressure with increasing depth (Figure 8.17). At the top of the
interval the overpressure is 3813 kPa at 4148 mTVDss (the same overpressure as the overlying
Bjarni Formation) and with increasing depth the overpressure increases; 4141 kPa at 4469
mTVDss, 4772 kPa at 4812 mTVDss, 4889 kPa at 4934 mTVDss, 8073 kPa at 5380 mTVDss,
9140 kPa at 5525 mTVDss and 11001 kPa at 5607 mTVDss. The deepest data were considered to
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still be building during the MDT test and the true aquifer overpressure could be higher. The rate of
increase of overpressure suggests that the Undifferentiated Jurassic interval is acting as a pressure
transition zone from laterally drained reservoirs out to highly overpressured undrained and isolated
reservoirs.
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Figure 8.6 Multi-well Pressure-Depth plot for all wells of the Saglek Basin showing the range in a) reservoir pressure
(RFT & DST), b) fracture pressure and c) mudweight. The overburden is the Northern Model and the water depth is an
average of all the wells plotted. The low pressure data at 4250 mTVDss are not valid and are due to tight reservoir units
during testing.
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Figure 8.7 Multi-well Pressure-Depth plot for all both wells from the Nain Sub-Basin showing the range in a) reservoir
pressure (RFT & FIT) and b) mudweight. There are no Leak-Off data in these wells. The overburden is the Northern
Model and the water depth is an average of both wells plotted.
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Figure 8.8 Single-well Pressure-Depth plot for Ogmund E-72 focussing on the Bjarni Formation and Snorri Member
interval. The highest overpressure links to the sand of the Snorri Member and is isolated from the the main sands above
in the Bjarni Formation by shale. The pressure data (RFT) are shown in the lithology track for comparison. The other log
tracks are minimised for image purposes.
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Figure 8.9 Multi-well Pressure-Depth plot for all wells of the Harrison Sub-Basin showing the range in a) reservoir
pressure (RFT & DST), b) fracture pressure and c) mudweight. The overburden is the Northern Model and the water
depth is an average of all the wells plotted.
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Figure 8.10 Single-well Pressure-Depth plot for Herjolf M-92 focussing on the Snorri Member interval. The highest
overpressure links to a thin sand isolated from the the main sands above and below by shale. The pressure data (RFT)
are shown in the lithology track for comparison. The other log tracks are minimised for image purposes.
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Figure 8.11 Multi-well Pressure-Depth plot for all wells of the Hamilton Sub-Basin showing the range in a) reservoir
pressure (RFT & DST), b) fracture pressure and c) mudweight. The overburden is the Southern Model and the water
depth is an average of all the wells plotted.
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Figure 8.12 Single-well Pressure-Depth plot for North Leif I-05 focussing on the Snorri Member interval. The overpressure
(RFTs; Green Triangles) links to thin sands isolated within a thick shale sequence. Only the thicker basal sand shows
lower overpressure (DST; Red Diamond) which could indicate this sand is able to drain more efficiently than the thin
sands. The pressure data are shown in the lithology track for comparison. The other log tracks are minimised for image
purposes.
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Figure 8.13 Single-well pressure-depth over the same Snorri Member interval in North Leif I-05 as shown in Figure 8.12.
The pressure is expressed in Equivalent Mudweight (EMW) and the depth scale has been changed from TVDss to
TVDkb. The black line is the static mudweight used to reach TD, the red dashed line is the maximum recorded
mudweight used during wireline testing. The red dashed line implied that the deepest RFT data may be supercharged but
that the overpressure could still be as high as 7168 kPa.
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Figure 8.14 Multi-well Pressure-Depth plot for all wells of the Orphan Basin showing the range in a) reservoir pressure
(RFT & DST) and b) mudweight. The overburden is the Orphan Basin Model and the water depth is an average of all the
wells plotted. Note; Leak-Off Data is present but not shown.
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Figure 8.15 Single-well pressure-depth plot for Great Barasway F-66 with all the poor quality and erroneous data
enclosed by the green polygon.
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Figure 8.16 Single-well pressure-depth plot for Blue H-28 focussing on the Markland and Bjarni Formations. The disparity
between the magnitude of the RFTs (Triangles) and the Kick (Squares) in the Bjarni Formation is erroneous as they were
takne in the same sand and therefore ust have the same overpressure. The pressure data are shown in the lithology
track for comparison. The other log tracks are minimised for image purposes.
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Figure 8.17 Overpressure-Depth plot for the Bjarni and Jurassic intervals in Great Barasway F-66. The upper data
suggest some pressure communication across baffles but the deeper RFT and mudweight data suggest a pressure
transition zone to deep hihg overpressure. The overpressure associated with the mudweight at TD is 23500 kPa. The log
tracks are minimised for image purposes and there is no lithology information available in the the study.
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8.5

Regional Conclusions on Overpressure Distribution

Figure 8.18 shows all the reservoir pressure data for the entire study are have been plotted
together, coloured by stratigraphic interval. The data have been plotted as pressure and depth
relative to the sea-floor (mudline) to remove the effects of varying water depths between wells in
different basins. Figure 8.19 shows the same data, at the same scale and relative to the same
datum (sea-floor) but in this image the data are coloured by well.
Based on Figure 8.18 and Figure 8.19 a number of observations can be made;



There are normally pressured reservoirs down to a depth of 3500 m below sea-floor.



Overpressure can begin from 1400 m below sea-floor.



Overpressure is typically lower than 8000 kPa for all wells and all stratigraphic intervals with
the exception of the deep data in Pothurst P-19 (base Cenozoic) and Blue H-28 (Jurassic) that
have 34246 kPa and 26847 kPa respectively.



Stratigraphic depths and depositional character can vary significantly, e.g. the Lower Kenamu
Formation in North Leif I-05 is normally pressured at 1500 m below sea-floor yet the same
interval has 34246 kPa at 3800 m below sea-floor in Pothurst P-19 (Note that these two wells
are separated by about 600 km).



A number of possible overpressure cells can be discerned within the Orphan Basin, i.e. data
that plot on multiple water gradients that are parallel but offset from the regional hydrostatic
gradient. There are three overpressure cells within the Jurassic sediments:
o

The shallow undifferentiated Jurassic data in Great Barasway F-66 with 3813 kPa
overpressure.

o

The middle undifferentiated Jurassic data in the Great Barasway F-66 well with
approximately 4800 kPa of overpressure, similar to the Mizzen L-11 well with
approximately 5200 kPa overpressure.

o

The deep undifferentiated Jurassic data in Great Barasway F-66 appears as a
cluster of data with 8200 kPa overpressure, which is very similar to Lona O-55
(same-aged reservoir in the same basin).

o

The deepest data increases along a pressure transition to 11001 kPa overpressure
potentially signifying either a deeper overpressure cell or a facies change to thinner
isolated reservoirs.
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The majority of the pressure data elsewhere on the Labrador Shelf (Saglek and Hopedale
Basins) is too sparse to discern clear overpressure cells, although some useful observations
can still be made based on the data available:
o

Multiple wells in both basins have overpressure less than 500 kPa, e.g. Bjarni
Formation in Bjarni O-82; Palaeozoic sediments in Roberval K-92.

o

The Bjarni Formation data in Roberval K-92 (Hamilton Sub-Basin) has approximately
1500 kPa overpressure which is the same as the aquifer data in North Bjarni F-06
(Bjarni Formation; Harrison Sub-Basin) and similar to the Lower Kenamu Formation
in Karlsefni A-13 (Saglek Basin; <1650kPa overpressure)

o

The overpressure in Gilbert F-53 (Markland Fm.; ~5250 kPa) and North Leif I-05
(Snorri Mbr.; ~5750-8000 kPa) is similar to the Jurassic-aged data from Great
Barasway F-66 but this could be a coincidence given the significant distance
between the wells/basins. It should be noted that the overpressure of ~8100 kPa in
North Leif I-05 may be due to supercharging.

Analysing overpressure on a basin-by-basin approach does not reveal any clear pressure
cells within a basin other than the Orphan Basin. Detailed interpretation of the overpressure
values and their significance in terms of regional connectivity for anywhere other than
within the same basin risks inducing misleading conclusions. The likelihood of widespread
fluid communication between different stratigraphic intervals in different basins within
Labrador is highly unlikely. However, recognising overpressure distribution at different
depths below the sea-floor can help to build the overall geological pressure model.

Figure 8.20 shows the same pressure-depth plot as Figure 8.18 with the addition of a pressure
trend line that caps each overpressure cell and includes the deep RFT and Kick data in Blue H-28
and Pothurst P-19. Pore pressure in shales is known to follow a trend that is parallel to the
overburden (Swarbrick & Osborne, 1998; Swarbrick, 2012), which also equates to a constant
vertical effective stress (VES) trend. A constant VES trend implies the shales can no longer dewater during compaction hence the water phase trapped in the pore space must help support the
vertical load thereby generating overpressure. This process is termed disequilibrium compaction
(Chapter 3). The fluid retention depth is the point where this shale gradient intersects the
hydrostatic gradient (a mathematical construction but likely to be below, but near to, the top of
overpressure). The fluid retention depth can be related to sedimentation rate and shale type (See
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Swarbrick, 2012). Here a typical value for the Labrador Shelf sedimentation rate, with typical shale
type, is shown.
Note that the data are plotted for all basins in the study area, and a default overburden is shown. It
is likely that the fluid retention depth (and hence VES) for each basin will be different but the overall
values should be similar.
The observation that a single shale trend can adequately capture the development of
overpressure with depth and match the deep Kick data for the wells in the study has several
important implications;



Overpressure begins to build at approximately 1250 m below sea-floor. The depth at
which overpressure begins is termed the “Fluid Retention Depth” (Swarbrick, 2012). Use
of the Fluid Retention Depth technique will be discussed in more detail in Chapter 9.



The overpressure in thin isolated sands at any depth can be estimated, reducing the
hazards/costs associated with a Kick.



Both the Tertiary (e.g. Lower Kenamu Fm.) and Cretaceous (e.g. Bjarni Fm.) conform to
the same trend of pressure development.



The deep high overpressure can be explained by disequilibrium compaction and does
not require additional mechanisms, e.g. hydrocarbon buoyancy, lateral transfer, fluid
expansion or load transfer mechanisms, hence a traditional approach to pore pressure
prediction can be applied (Chapter 7).



The results of the velocity-density cross-plot analysis in Chapter X agree with this
observation, i.e. disequilibrium compaction is the dominant mechanism for pore
pressure generation.
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Figure 8.18 Multi-well pressure-depth plot for all data from all wells colour-coded by formation. The data are plotted
relative to sea-floor to remove the effects water depth variation. The overburden shown is a default gradient of 22.6
kPa/m.
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Figure 8.19 Multi-well pressure-depth plot for all data from all wells colour-coded by formation. The data are plotted
relative to sea-floor to remove the effects water depth variation. The overburden shown is a default gradient of 22.6
kPa/m.

Regional Pore Pressure Analysis of Offshore Newfoundland and Labrador:
Unlocking the Shelf to Deep-Water Transition

166

Chapter 8: Reservoir Pressure Analysis

Figure 8.20 Multi-well pressure-depth plot for all data from all wells colour-coded by formation. The data are plotted
relative to sea-floor to remove the effects of water depth variation. The black dashed line shows an overburden-parallel
trend, typical as a pore pressure profile in shales, that links the deep Kick data to the shallow Kick and to the depth at
which overpressure refers termed the Fluid Retention Depth (FRD).
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9

Shale-based Pressure Prediction

Shales are the principal sediment responsible for overpressure generation, and the rock-type in
which it can be possible to interrogate the overpressure magnitude using rock properties. Since one
of the main conclusions of this study (Chapter 7) is that disequilibrium compaction is the main
source of overpressure it is logical to investigate overpressure magnitude in shales using wireline
data, which is the main objective of this chapter.
Pore pressure prediction in shales is based on the premise that the response of the sonic velocity,
resistivity and density tools varies primarily due to porosity. The further assumption made is that
high porosity in the shales is due to the inability of the shale to de-water (compact with depth). The
retention of water a) preserves porosity and b) requires that the retained water must support a
proportion of the vertical load, i.e. generating overpressure (Section 9.1). The component of the
vertical load that the rock framework is supporting is termed the vertical effective stress. Therefore,
the vertical stress can be linked to both pore pressure and vertical effective stress and this
relationship is defined by the Terzaghi Principle (Equation 3.2; Terzaghi & Peck, 1948).

Equation 9.1 Terzaghi Principle linking the vertical stress (Sv) to the pore pressure (Pp) and the vertical effective stress
(v’).

Rearrangement of Equation 3.2 allows pore pressure to be defined in terms of the vertical stress
and the vertical effective stress (Equation 9.2). As can be observed from Equation 9.2, for a given
value of the vertical stress (Sv) a large value of vertical effective stress corresponds to a low pore
pressure; similarly, a low vertical effective stress corresponds to high pore pressure (Figure 9.1).

Equation 9.2 Terzaghi Principle re-arranged to find pore pressure in terms of the vertical stress and vertical effective
stress.
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Figure 9.1 Schematic pressure-depth plot showing the principles of the Terzaghi Equation. The purple triangle is normally
pressured : hence corresponding to a high vertical effective stress for its depth. The green triangle has higher pressure
and the vertical effective stress is smaller than for the purple triangle.

The vertical stress is more commonly known as the overburden or lithostatic pressure and is found
through modelling the bulk density data with depth (see Chapter 6). By accurately modelling the
overburden one of the three terms of the Terzaghi Principle can be determined to an acceptably
low uncertainty.
With knowledge of the vertical stress, estimation of the pore pressure requires an accurate
interpretation of the vertical effective stress. The vertical effective stress is determined through
comparison of the wireline data with a normal compaction trend for the same data and lithology
type, i.e. shale sonic velocity, resistivity and/or density. Once a normal compaction trend has been
Regional Pore Pressure Analysis of Offshore Newfoundland and Labrador:
Unlocking the Shelf to Deep-Water Transition

169

Chapter 9: Shale-based Pressure Prediction
established, then traditional formulae for estimating pore pressure via the vertical effective stress
can be applied, such as the Eaton Ratio Method (Section 9.3.1) and the Equivalent Depth Method
(Section 9.3.2).
Quantification of the reservoir pressure is achieved with wireline formation test tools, such as the
RFT. However, several processes may cause the reservoir pressure to not be in equilibrium with
the shales above and below, e.g. lateral drainage (Chapter 10). To understand the pressure within
the shales requires the development of a normal compaction trend for shale to which the shale
wireline data can be compared and from which the pore pressure can be estimated.

9.1

Normal Compaction Behaviour

Under normal compaction conditions, as the vertical load increases due to further sedimentation
the rock naturally tries to compact. For compaction to occur the water in the pore spaces must
escape (Figure 9.2). The compaction and de-watering process leads to a trend of decreasing
porosity with increasing depth (middle image; Figure 9.3). If the porosity is decreasing then the rock
phase has to support an increasing amount of the vertical load, i.e. the vertical effective stress
increases (right-hand image; Figure 9.3). If the vertical effective stress increases with increasing
depth and the rock is fully compacted for the depth of burial then the pore pressure will equal the
hydrostatic gradient (left-hand image; Figure 9.3).
A normal compaction trend is a curve that represents the log value (e.g. sonic velocity, resistivity,
density) appropriate for the shale when it is normally pressured, and only if at its maximum depth of
burial. In other words, the normal compaction trend is a porosity-depth relationship expressed in
terms of wireline data.
If a rock is unable to de-water effectively under increasing vertical load, then the rock can no longer
compact (Figure 9.4). The inability of the rock to de-water is controlled by the permeability of the
sediments; a fine grained clay-rich material will rapidly lose permeability under compaction reducing
the de-watering pathways within the rock. Once a rock can no longer de-water it means that the
porosity of the rock cannot decrease (middle image; Figure 9.5) assuming cool (< 80ºC)
temperature conditions (see Chapter 7 for a discussion of temperature effects on the compaction of
shales). In reality, the rock will continue to dewater with time; however the loss of fluid (dewatering)
becomes so slow relative to the rate of burial that the porosity is effectively constant with depth.
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Figure 9.2 The evolution of the compaction of sediments lain down in water that can de-water effectively; a) initial slurry of
clay grains in water, b) under increasing load the water can escape and the rock compacts and c) under full compaction
the porosity is low therefore the vertical effective stress is high.

Figure 9.3 A series of plots outlining the relationship between porosity, vertical effective stress and pressure with
increasing depth. If the rock can fully compact at all depths then the porosity decreases with depth (middle
image).Therefore the vertical effective stress increases with decreasing porosity (right-hand image) and the pore
pressure builds along the hydrostatic gradient with increasing vertical effective stress with increasing depth.
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Figure 9.4 The evolution of the compaction of sediments that cannot de-water effectively; a) initial slurry of clay grains in
water, b) under increasing load the water cannot escape due to a lack of permeable pathways and the rock no longer
compacts and c) under full vertical load the porosity is abnormally high, the water phase is overpressured and the vertical
effective stress is low(er).

Figure 9.5 A series of plots outlining the relationship between porosity, vertical effective stress and pressure with
increasing depth. If the rock cannot compact (dewatering ceases) at some depth then the porosity stops decreasing
(stays constant) with depth at the depth the rock can no longer de-water (middle image). Therefore, the vertical effective
stress remains constant with constant porosity (right-hand image) and the pore pressure builds along a vertical stress
parallel profile due to constant vertical effective stress with increasing depth.
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From the Terzaghi Equation; the vertical stress is comprised of the pore pressure (porosity
controlled) and the vertical effective stress. If the shale porosity does not change then the vertical
effective stress cannot change (right-hand image; Figure 9.5). A constant vertical effective stress
results in a pore pressure profile (in shales) that is parallel to the vertical stress pressure (left-hand
image; Figure 9.5). The depth at which the constant vertical effective stress profile intersects the
hydrostatic gradient (as a mathematic construct and deeper than the “top of overpressure” in these
sediments) is termed the Fluid Retention Depth (Section 9.6).

9.2

Constraining the Normal Compaction Trend

The first stage in building a normal compaction trend (NCT) is to apply a V-shale filter to the data.
The technique for estimating pore pressure from wireline data is only valid in shale-rich intervals
because other lithologies do not commonly conform to a simple compaction trend. A V-shale cut-off
is applied to filter out the non-shale data from the interpretation before defining a normal
compaction trend. V-shale modelling is discussed in Section 5.2.
The NCT is typically constrained by a) sensible geological values for sea-floor log values and fully
compacted matrix log responses, b) an empirical fit to the shallowest (presumed hydrostatic) log
data and c) calibration to pressure data but only to those data considered to be in equilibrium with
the shales. Often the calibration phase (“c”) is only applied to refine the model after an initial trend
has been built using a) and b) above.

a) Applying Sensible Geological Values
An acceptable compaction profile has to comply with the rock properties of the materials
undergoing compaction. For example at the sea-floor, the “rock” is a slurry of non-lithified grains
and water. Therefore, a sensible velocity to apply could be 1500 m/s, i.e. the velocity of water as
the water is the dominant phase. Sensible values for density and resistivity are more difficult to
estimate as the slurry properties will not be equal to 100% water. A bulk density in the range of
1500-1900 kg/m3 is recommended and in part the choice will be driven by the trend in the
measured wireline data. For resistivity the range is even more difficult to define and standard
practice is to let the trend of the measured log value guide the placement of the sea-floor intercept
value. In addition to porosity, resistivity is determined by the salinity and the temperature of the
fluid.
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The same approach can be used to define the curve at the base of the well. Once a rock is fully
compacted then the wireline response of the rock will be constant as no further compaction can
occur. The theoretical zero porosity values for a shale-rich rock correspond to approximately 55
us/ft (5540 m/s) for velocity and 2700 kg/m3 for bulk density. In practice the porosity will not reduce
to zero as the rock phase includes an irreducible water-phase that preserves a few percent
porosity, therefore a more representative pair of values would be 58-60 us/ft (5050-5250 m/s) and
2600 kg/m3. These values then form an asymptote to which the normal compaction trend
approaches (Figure 9.6).

b) Empirical Fit to the Shallow Data
During burial associated with compaction, the shallowest sediments have the highest permeability
and therefore are most likely to be undergoing normal compaction. Any normal compaction trend
should be fitted to the shallowest shale wireline data. The sea-floor intercept may have been
defined in the first stage (see section a) above) which can help guidance of the interpretation. A
standard “rule of thumb” would be to concentrate fitting the normal compaction trend to the first
1000 m below sea-floor (Figure 9.6) or to the shales down to the base of the sand-dominated
interval (greater than 50 % sand).
In areas of slow sedimentation, the normal compaction interval can extend deeper; the slow rate of
deposition allows more time for effective de-watering. Conversely, rapid sedimentation can result in
a shallow fluid retention depth and by 1000 m below sea-floor the rocks may already be building
overpressure. Once the normal compaction curve has been fitted to the appropriate shallow data
the curve is extrapolated down in depth toward an asymptote with the matrix density determined
earlier.

c) Calibration to WFT Data
When the geological model and/or the end of well report interpretations indicate the WFT data were
taken in a thin (isolated) reservoir interval it may be appropriate to assume that the reservoir and
the shale surrounding it are in pressure equilibrium. With this assumption, the WFT data point can
be used to constrain the placement of the normal compaction trend. The same logic can apply to
Kicks taken in the well if the interval is proven to be an isolated reservoir.
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When the WFT data correlate to thick and/or laterally extensive reservoir intervals the reservoirs
and the shales should not be assumed to be in pressure equilibrium. Thick and/or laterally
extensive reservoirs have the capacity to drain fluids and, as a consequence, may drain the fluid
pressure to a magnitude significantly lower than the surrounding shales. The drainage process is
termed “lateral drainage” and is discussed in more detail in Chapter 10.
Extensive and inclined reservoirs, i.e. the limb of an antiform, can allow deep/high overpressure to
be transmitted up to the reservoir crest resulting in reservoir pressure higher than the surrounding
shales.
Hydrocarbon buoyancy can also result in a WFT data point that is higher than the aquifer pressure
in the surrounding shales.
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Figure 9.6 An image showing a normal compaction trend for a velocity log from a well in the the Gulf of Mexico. The
normal compaction trend has been constrained by sensible sea-floor and matrix values and the curve fitted to the shallow
normally pressured sequence. A V-shale filter of 0.5 was used to remove all non-shale data.
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9.3

Pore Pressure Prediction Methods

Pore pressure prediction methods typically attempt to quantify the vertical effective stress, which is
then subtracted from the overburden to generate a pore pressure value for a given depth (Equation
9.2). Within this study, two techniques were utilised to estimate the pore pressure within shales; the
Eaton Ratio Method (sometimes referred to as the “Horizontal Method”) and the Equivalent Depth
Method (also known as the “Vertical Method”). As the two techniques are independent of each
other they can be used to corroborate each other or to provide an understanding of lateral variation
in shale pressure.

9.3.1

Eaton Ratio Method

The Eaton Ratio Method (Eaton, 1975) was empirically derived from reservoir pressure tests and
wireline logs to develop a correlation of effective stress to the resistivity ratio (defined below) and
the sonic interval transit time ratio (defined below). No approach was generated for density in the
original publication and no solution has been published subsequently, however, the use of density
data could be applicable if locally calibrated.
The Eaton Ratio Method uses the ratio of the recorded wireline value relative to the value on the
normal compaction curve raised to an exponent in conjunction with the overburden and hydrostatic
pressures. The value of the exponent is based on matching empirical data with outputs from the
formulae; the value of the exponent is not a fixed value and can be varied, if required, to calibrate to
local data. Typically, a value of 3.0 for the exponent for sonic data and 1.2 for the resistivity
exponent suffice in most areas. A local calibration would be a more accurate approach given
sufficient calibration data (not available in this study).
The ratio, raised to the exponent, is then multiplied by the term “Sv – Phydro” (e.g. Equation 9.3) to
generate the Vertical Effective Stress; Sv – Phydro is the maximum vertical effective stress at any
depth. A ratio value close to 1.0 results in near-normal pore pressure and a value close to 0.0
results in very high overpressure (pore pressure close to the overburden pressure, see Figure 9.7).
One advantage of the Eaton Ratio Method is that any units for pressure or mudweight can be input
for the overburden and hydrostatic pressure (e.g. kPa, kPa/m, kg/m3), and as long as they are
consistent to all the input terms in the equation then the output will be in the same units.

Regional Pore Pressure Analysis of Offshore Newfoundland and Labrador:
Unlocking the Shelf to Deep-Water Transition

177

Chapter 9: Shale-based Pressure Prediction
Ikon does not consider the Eaton Ratio method a best practice when applied to sonic log/velocity
data. The method is included in this report for completeness and because the method is familiar to
many exploration staff.

Resistivity-based Formula
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) ]

Equation 9.3 The Eaton Ratio formula for predicting pore pressure from resistivity. Ppore = Pore Pressure; Sv =
Overburden Pressure; Phydro = Hydrostatic Pressure; Resis (Wireline) = Observed (measured) resistivity at the depth of
interest (ohm.m); Resis (NCT) = Resistivity at the same depth on the NCT (ohm.m).

Velocity-based Formula
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Equation 9.4 The Eaton Ratio formula for predicting pore pressure from velocity. Ppore = Pore Pressure; Sv =
Overburden Pressure; Phydro = Hydrostatic Pressure; Vp (Wireline) = Observed (measured) velocity at the depth of
interest (m/s); Vp (NCT) = Velocity at the same depth on the NCT (m/s).
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Figure 9.7 Image showing the relationship between the wireline data (e.g. Vp) and the NCT alongside a pressure-depth
plot to illustrate the Eaton Ratio Method.
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9.3.2

Equivalent Depth Method

The Equivalent Depth Method (EDM) assumes that porosity relates to vertical effective stress,
therefore, pore fluid pressure can be derived using Terzaghi’s equation (Equation 3.2).
The technique is generally only considered valid for sonic/density logs and not applied to the
resistivity log as the response is sensitive to temperature. If the shallow data are of poor log quality
or limited vertical extent, then application of the EDM can be problematic. An implicit assumption of
the method is that the lithofacies at the depth of interest and the equivalent depth are the same; i.e.
no unconformities, diagenetic alteration of shale or facies change.
The following steps outline the Equivalent Depth Method and its application;
a) At the true depth any measured wireline log value that does not lie on the normal
compaction trend is projected vertically onto the normal compaction trend (Step 2; Figure
9.8). For data that lie on the NCT no projection is required.
b) The new data point is at the “Equivalent Depth” and is by definition normally pressured as it
lies on the NCT.
c) At the equivalent depth both the pore pressure and overburden are known. The pore
pressure is equal to the hydrostatic pressure and the overburden is known from the regional
model.
d) By subtracting the pore pressure from the overburden at the equivalent depth, the vertical
effective stress is calculated following a simple rearrangement of the Terzaghi Equation
(Step 3; Figure 9.8).
e) As the magnitude of the wireline response is assumed to be linked to porosity and porosity
is assumed to correlate to the vertical effective stress then any point on the log profile with
the same wireline magnitude has the same vertical effective stress.
f)

Given the assumption in e) and the calculation in d) as long as the overburden at the true
depth is known then the vertical effective stress calculated in d) can be subtracted to
estimate the pore pressure at the true depth (Step 4; Figure 9.8).
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Figure 9.8 Image showing the relationship between the wireline data (e.g. Vp) and the NCT alongside a pressure-depth
plot to illustrate the Equivalent Depth Method.
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9.4

Labrador Normal Compaction Trends

A normal compaction trend for each basin/sub-basin within the study was generated for both
resistivity and velocity.
The formula for the normal compaction trend for both velocity and resistivity follow the same overall
form except for the velocity is a reciprocal function and the resistivity is a standard exponential
function (Equation 9.5 and Equation 9.6, respectively). Note all normal compaction trends are
referenced to the sea-floor to remove the effect of varying water depth.

⁄

⁄

(( ⁄

⁄

)

)

Equation 9.5 Normal Compaction Trend formula for Vp

(

)

Equation 9.6 Normal Compaction Trend formula for Resistivity

In the above equations there are four terms;
1. Vp/Resis Mudline = Vp/Resistivity at the intercept of the trend and the sea-floor
2. Vp/Resis Matrix

= Vp/Resistivity of the asymptote equivalent to a fully compacted rock

3. B

= Compaction coefficient (controls the rate of compaction)

4. Zml

= Depth below mudline

The net result of the formulas above is a compaction model for Vp or resistivity that describes the
wireline log magnitude if the rock could fully compact at all depths. The formula for Vp above
generate a reciprocal log, i.e. 1/Vp, so the output of the formula above requires inverting to produce
a true Vp log.
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9.4.1

Normal Compaction Trend Coefficients

The Vp-NCT model for the three sub-basins of the Hopedale Basin and the Orphan Basin have the
same values for all three variables.

Interval

Vp Mudline
(m/s)

Vp Matrix
(m/s)

B (1/m)

Saglek Basin

Whole Well

1505

4966

6.685 x 10-4

Nain Sub-Basin

Whole Well

1498

4992

7.821 x 10-4

Harrison Sub-Basin

Whole Well

1498

4992

7.821 x 10-4

Hamilton Sub-Basin

Whole Well

1498

4992

7.821 x 10-4

Hawke Basin

Whole Well

1498

5497

5.907 x 10-4

Orphan Basin

Whole Well

1498

4992

7.821 x 10-4

The resistivity-NCT model for the Harrison and Hamilton Sub-Basins have been divided into three
intervals based on variation in the data with depth. The remaining basins/sub-basins have a single
layer model

Interval

Resistivity
Mudline
(ohm.m)

Resistivity
Matrix
(ohm.m)

B (1/m)

Saglek Basin

Whole Well

1.37

150

3.5 x 10-6

Nain Sub-Basin

Whole Well

2.2

16

3.3 x 10-6

2.8

49

3.3 x 10-6

2.3

90

3.3 x 10-6

1.05

160

3.2 x 10-6

2.31

49

3.3 x 10-6

2.3

90

3.3 x 10-6

Markland to TD

0.95

155

3.2 x 10-6

Hawke Basin

Whole Well

1.35

14.75

3.3 x 10-6

Orphan Basin

Whole Well

1.3

60

6.3 x 10-6

Harrison Sub-Basin

Post-Lower
Kenamu
Lower Kenamu
to Markland
Markland to TD

Hamilton Sub-Basin

Post-Lower
Kenamu
Lower Kenamu
to Markland
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9.4.2

Velocity-based Normal Compaction Trend Analysis

The NCT for the Saglek Basin is shown in Figure 9.9. The trend was fitted to the shallowest data
and pinned at 1505 m/s at the sea-floor. All non-shale data have been removed (coloured grey on
the plot) by the use of a v-shale cut-off of 0.55. The trend was pinned to an asymptote of 4966 m/s
and the shallow fit was extrapolated downwards maintaining the shallow fit by iteration of the
compaction coefficient (6.685 x 10-4). By comparison of the NCT and the measured Vp data there is
no evidence for overpressure at depths less than 2500 mTVDbsf.
The Saglek Basin (Figure 9.9) contains a consistent feature clearly expressed by the Vp and by the
resultant pressure prediction (see Section 9.5). For example, between 2500-3000 mTVDbsf the Vp
data for Karlsefni A-13 and Rut H-11 (Figure 9.9) slows dramatically leading to an interpretation of
high overpressure (see Section 0) which is not considered to be representative of the true shale
pressure based on the entirety of this study. The explanation for the slow velocities is unknown,
however, a local facies variation (more clay/organic rich) could explain this variation and would
require a separate NCT to accurately predict the pore pressure. There is currently not sufficient
information in the well reports to determine the cause of the slow velocity although there are hole
size issues at these depths, i.e. hole size in excess of the bit size as identified by the calliper tool. A
similar tool response (reduced magnitude) is noted in the density log too but any response in the
resistivity is too subtle to identify. The identified interval in Karlsefni A-13 and Rut H-11 is located
within the Lower Kenamu Formation and appears to be mainly limited to the Saglek Basin.
Figure 9.10 shows the NCT derived for the Orphan Basin and Hopedale Basin (all three subbasins) (Hamilton and Harrison Sub-Basin data removed for image clarity). Each basin or sub-basin
was initially analysed as a separate dataset. However, similarities were found between areas such
that a single NCT model could be used successfully in all parts of the Orphan and Hopedale
Basins.
Whilst there are subtle changes in the overall character of the velocity data from different areas, the
overall similarity allowed a simpler solution to be derived. Furthermore, the similarity in velocity
response indicates an overall consistency in sediment source, facies, lithology and compaction
behaviour of the shales in these basins.
A separate NCT model is presented for the Hawke Basin but this model was derived solely from
Hare Bay E-21. The velocity in this well is not dramatically different from the data in Figure 9.10 but
the difference was such that a locally calibrated NCT was more accurate. Recent analysis suggests
the Hare Bay E-21 well does not accurately describe the Hawke Basin and that the true Hawke
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Basin should have similarities to the Orphan Basin (Nalcor Energy pers. comm.) therefore the true
NCT for the Hawke Basin may require further well data to define.

Figure 9.9 Vp Normal Compaction Trend for the Saglek Basin indicating little-to-no overpressure until 2500 mTVDbsf
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Figure 9.10 Vp Normal Compaction Trend for the Orphan Basin and Nain Sub-Basin showing that the same NCT can be
used across multiple areas but only after careful analysis on a basin-by-basin basis.
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9.4.3

Resistivity-based Normal Compaction Trend Analysis

Generating a NCT for resistivity is more difficult than one developed from velocity data. Sensible
values for the sea-floor and matrix are not necessarily consistent from area to area hence the NCT
has to be defined by the data and by comparison to any calibration data that may exist, e.g.
overpressured WFT in equilibrium with the shales or Kicks. In practice, once a velocity-based pore
pressure estimation has been defined then the resistivity-based predictions can be loosely
calibrated to follow a similar trend.
In wells from offshore Labrador, the mudweight often captures the likely maximum pressure within
the shales (based on comments made by the drilling engineers in the well reports regarding gas
levels etc.). Therefore, the resistivity (and velocity) NCT models can be derived in calibration with
the mudweight where mudweight is detailed enough to allow such an interpretation.
In general, the resistivity data display much more variation in log magnitude at any depth leading to
more apparent underpressured zones within the pore pressure profile. In the intervals for which the
resistivity logs do not indicate underpressure the magnitude of interpreted pressure is similar to the
results of the velocity data.
The analysis of the resistivity logs indicates that the Saglek Basin, Nain Sub-Basin, Hawke Basin
and Orphan Basin can be adequately captured in a single-layer model (a different single layer
model for each basin/sub-basin). In the Orphan Basin, there is a significant variation in water depth
between Cumberland B-55 (194.8 m) and the remaining four wells (1153-2602 m). The resistivity
data are higher for the same depth below sea-floor in the Cumberland B-55 compared to the deepwater wells (Figure 9.11). A different NCT may be required for Cumberland B-55 and other shallow
water wells, but without more well data a definitive conclusion cannot be made.
The Harrison and Hamilton sub-basins required a three-layer model to achieve the same level of
log calibration (Figure 9.12). In both sub-basins the three layers are the same; 1) Post-Lower
Kenamu Formation, 2) Lower Kenamu to Markland Formations and 3) Pre-Markland Formation.
The upper two models are quite similar but the lower Pre-Markland Formation interval is distinct
from the shallower models. The Pre-Markland Formation interval typically has the lowest resistivity
but not necessarily the highest overpressure (as the lowest resistivity would imply) hence a
separate trend different to the upper two trends is required. If a single-layer model were applied to
these two sub-basins the overall pore pressure predictions would be substantially less accurate.

Regional Pore Pressure Analysis of Offshore Newfoundland and Labrador:
Unlocking the Shelf to Deep-Water Transition

187

Chapter 9: Shale-based Pressure Prediction

Figure 9.11 Plot of resistivity (in ohm-m) vs depth (in metres) for the four wells in the Orphan Basin. A normal compaction
trend (NCT) is shown in red and captures the majority of the data to a depth of 3600m TVDml. Intervals where data which
plot to the left of the NCT are interpreted as overpressured.
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Figure 9.12 Three-layer NCT for resistivity for the Hamilton Sub-Basin. A three-layer model was required to fit best with
the calibration data and the stratigraphic/lithologic variation
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9.5


Examples of Shale Pressure Prediction
The following pressure-depth plots and text describe key plots from each basin or sub-basin to
illustrate the results of the wireline-based shale pressure predictions.



On each plot
o

the Vp-based results from both Equivalent Depth (purple) and Eaton (green)
Methods are shown along with the resistivity-based results using just the Eaton
Method (blue).

o

The resistivity and velocity logs are shown next to the plot along with either lithology
(if known) or the V-shale curve.

o

The pressure interpretations have been smoothed where appropriate to minimise the
effect of any major spikes but not to remove the character in the pore pressure.

o

A final shale pressure interpretation that reflects the overall most likely shale
pressure curve is shown in orange. The overall shale pressure curve reflects not just
the shale interpretations but also information from mudweight, WFT data, lithology
and end of well reports.



On each plot the tool types and the mudweight are colour-coded as per the legend shown
below.
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9.5.1

Saglek Basin

Figure 9.13 displays the pore pressure prediction results for Karlsefni A-13. Down to 2000 mTVDss
results (using velocity (Eaton and Equivalent depth methods) and resistivity) agree closely with
each other and indicate normal or near-normal pressure. The velocity-based results continue to
follow a trend that is slightly overpressured, on-balance with mudweights, down to 2500 mTVDss.
Over the same interval, the resistivity-based pressure curve deflects to extreme underpressure due
to resistivity values higher than the NCT over these depths. The high resistivity values are not
considered valid, as the other tools, density or velocity, do not match these high values, as would
be expected if the tool was responding to geology.
The interval from 2500-3000 mTVDss is the zone of slow velocity discussed in Section 9.4
identified in multiple wells of the Saglek Basin. The slow velocities result in a high pore pressure
prediction that is inconsistent with the intervals above and below (see the combined shale pressure
interpretation). The slow velocity interval is not linked to current stratigraphic markers but the same
response is observed in the density log. The resistivity log shows a muted response, perhaps
indicative of less sensitivity to the causing factor. The slow interval does link to hole stability
problems, as identified in the calliper log. However the slow velocities actually begin in a zone of
good hole therefore hole stability alone is not the sole factor responsible. In the other well (Rut H11) with a clear slow velocity signature in the same stratigraphic unit (Lower Kenamu Fm.) no
calliper data are available over this interval to make an assessment of the impact of hole
conditions.
The cause of the slow velocity/low density could be a combination of both geology and hole
stability. If the Lower Kenamu Formation is characterised by a change in facies that has a different
porosity-effective stress relationship, then a different NCT would be required to obtain a valid pore
pressure prediction. Also, if the new facies was more prone to spalling into the well bore then poor
hole conditions could also occur. It is still possible that the pore pressure interpretation is accurate
and the poor hole condition is due to drilling underbalanced.
Figure 9.14 shows the results for Pothurst P-19, the only well in the Saglek Basin that recorded
high overpressure; as indicated by a 34000 kPa Kick at 3998 mTVDss. The shallow pore pressure
predictions are below the hydrostatic gradient, i.e. underpressured. Recent cuttings analysis
supports the interpretation from the Canstrat lithology of a silty sandstone with very little shale
content (Nalcor Energy pers. comm.). Such a lithology would result in fast velocities (compared to a
shale) that generate apparent underpressure.
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Through the Upper Mokami Formation and the top section of the Lower Mokami the velocity data
show several spikes to high overpressure in the shale packages that the resistivity does not record.
Overall, the resistivity-based prediction is a more reliable prediction over this interval. The calliper
tool does not record any hole stability issues. The lithology column shows the entire well from seafloor to the Middle Upper Kenamu Formation is sand-dominated, meaning the pore pressure
prediction should not be over-interpreted. Accurate shale pressure prediction works best in thick
shales, not intercalated sand-shale sequence as at Pothurst P-19, as the sands can drain affecting
the shales and/or the shales could be more transitional in facies type than a pure shale.
The velocity-based predictions in the Lower Kenamu Formation show the beginning of a pressure
transition zone (increasing overpressure) towards the overpressure value of the deep Kick.
Unfortunately, due to hole completion issues after the Kick the final 200 m of borehole was not
logged so the pressure transition zone cannot be identified more clearly. The present interpretation
does not match the Kick but the Saglek Basin NCT provides accurate results in other wells, such as
Rut H-11, and therefore it seems sensible to apply the NCT to all wells in the basin.
Based on the well reports for other wells in the Saglek Basin that experienced indicators of
overpressure, i.e. elevated gas levels in Rut H-11 and Karlsefni A-13, indicating the transition into
high overpressure can happen over a few hundred metres as the combined shale pressure
interpretation suggests. The entire deep interval is interpreted to be intercalated sandstones,
siltstones, carbonates and shales according to the Canstrat lithology, and hence unlikely to
generate a reliable pressure prediction. Furthermore, the lithologies mentioned have faster
velocities than shales and so if not completely removed by the V-shale filter will reduce the
interpretation of pore pressure over that interval.
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Figure 9.13 Final pore pressure predictions from velocity and resistivity for Karlsefni A-13.
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Figure 9.14 Final pore pressure predictions from velocity and resistivity for Pothurst P-19.
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9.5.2

Hopedale Basin

9.5.2.1 Nain Sub-Basin
Ogmund E-72 is too sand-rich to generate meaningful pressure profiles, therefore Snorri J-90
(Figure 9.15) is the only well from which to draw conclusions for the Nain Sub-Basin. The Saglek
Formation is sand-rich and any shales within this unit are normally pressured. Overpressure begins
to build through the Upper and Lower Mokami Formations although the resistivity typically records
slightly lower overpressure than the velocity-based predictions. The differential pressure between
the velocity and resistivity-based curves is less than 5000 kPa. In the Upper and Lower Kenamu
Formations the overpressure continues to build broadly overburden-parallel, as is expected within a
thick shale sequence. The resistivity-based pressure is lower than the velocity-based pressure but
by less than 3000 kPa.
Clear shoulder effects in the shale pressure predictions are present above and below the sand at
the top of the Upper Kenamu Formation and below the sand at the top of the Cartwright Formation
(tested with an FIT as normally pressured). These shoulder effects are likely to be due to drainage
of the shales close to drained sands and provide the basis for the overall pressure model for the
sub-basin. The effects of lateral drainage are discussed in more detail in Chapter 10.
The combined shale pressure interpretation indicates that the velocity and resistivity-based
pressure curves underpredict the true shale pressure through the Cartwright Formation. The
combined shale curve is shown at higher magnitude as it is an extrapolation of the shale trend from
above. There are no major changes in lithology apparent in the Canstrat data and no known
unconformities. It is, of course, possible that the clay-type or facies varies between the Kenamu
and the Cartwright Formations although they are contiguous Tertiary strata.
If the facies changed then a new NCT would be required to accurately interpret the shale pressure,
however, there is not enough data to make such a determination nor calibrate a new NCT.
Alternatively, the shales could be cemented (observed elsewhere in the study) leading to fast
velocity/high resistivity that generates lower overpressure in any pressure interpretation.
Based on the combined pressure interpretation the velocity-based pressure curves in the Kenamu
Formations could be evidence for the same over-prediction of pore pressure as observed in the
Saglek Basin. The stratigraphic unit in which the higher overpressure occurs is broadly similar for
the two basins.

Regional Pore Pressure Analysis of Offshore Newfoundland and Labrador:
Unlocking the Shelf to Deep-Water Transition

195

Chapter 9: Shale-based Pressure Prediction

Figure 9.15 Final pore pressure predictions from velocity and resistivity for Snorri J-90.
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9.5.2.2 Harrison Sub-Basin
The lithology of the Harrison Sub-Basin can be characterised as a thick shale sequence
sandwiched by the thick sandstones of the Saglek Formation at the start of the wells and the thick
sandstones of the Bjarni Formation at the base of the wells. The pore pressure through the thick
shale is expected to be overburden-parallel and the well results reflect this as is shown by Bjarni H81 (Figure 9.16) and South Labrador N-79 (Figure 9.17).
The sonic and resistivity pore pressure predictions in Bjarni H-81 (Figure 9.16) are in close
agreement through the Lower Kenamu, Cartwright and Markland formations. The pore pressure is
above mudweight through this interval and there is no evidence in the well reports for drilling
issues. However, the mudweight report only contains four records, close to each casing shoe, so
the mudweight through the interval discussed could have been closer to the predicted pressure.
The mudweight increase just below the 9 5/8” shoe is close in magnitude to the predicted shale
pressure, suggesting the predicted pressures are a reasonable interpretation. The shallow velocitybased predictions are significantly above the mudweight and the resistivity-based prediction. The
log character shows a lot of lateral variation in magnitude, the calliper record is incomplete but the
variation could be due to poor hole condition.
A very different relationship between resistivity and velocity-based pressure, relative to the Bjarni
H-81, is present in South Labrador N-79 (Figure 9.17). The velocity-based pressure interpretation is
below hydrostatic whereas the resistivity-based fluid pressure once again matches mudweight
closely, suggesting that the resistivity is a more reliable source for pressure prediction in the
shallow intervals in the Harrison Sub-Basin. Conversely, the resistivity-based pressure indicates
significant underpressure between 2400-2800 mTVDss whereas the velocity-based predictions
indicate overpressure, suggesting the velocity is more reliable in the deeper intervals. Above and
below the apparent underpressured zone the resistivity-based prediction matches the velocitybased results closely.
Some evidence is present for the slow velocity zone observed in the Saglek Basin (Lower Kenamu
Formation) although the zone seems to begin towards the base of the Upper Kenamu Formation,
which may imply that the contact between the two formations is shallower assuming the response
is formation specific. As in the Saglek Basin, the resistivity log data does not reveal this feature as
prominently as the velocity data but does show some evidence for the same feature. Elsewhere in
the sub-basin the slow velocity zone is not as apparent based on the pressure interpretations in the
other wells.
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Figure 9.16 Final pore pressure predictions from velocity and resistivity for Bjarni H-81.
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Figure 9.17 Final pore pressure predictions from velocity and resistivity for South Labrador N-79.
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9.5.2.3 Hamilton Sub-Basin
The Hamilton Sub-Basin pore pressure profile is characterised by overburden-parallel trends
through the shales with clear drainage signature above and below each sand-rich interval. The
example shown in Figure 9.18 is Indian Harbour M-92 but wells such as Leif M-48 and Roberval C02 show the same profile. Overall, the velocity and resistivity-based predictions capture the same
trends and magnitudes of pore pressure although the resistivity is more prone to predict some
underpressure and typically has slightly greater variation in pressure magnitude than the velocitybased results.
The lower half of the Lower Kenamu Formation is dominated by carbonate-cemented shales
(lithology from cuttings), resulting in fast velocity/high resistivity log magnitudes. The high log
values are interpreted as low overpressure or, in the example of Indian Harbour M-52, interpreted
as underpressure. The effect of high carbonate content on shale pressure prediction is clearly
demonstrated by the shales within the carbonate-dominated Alexis Formation. The shales of the
Alexis indicate significant underpressure that does not indicate the true pore pressure.
In carbonate-dominated intervals, pore pressure is more accurately predicted from an
understanding of rock properties and the likely pressure gradient developed, i.e. a high porosity
carbonate is expected to behave like a porous sandstone whereas a low porosity carbonate should
behave like a shale. Due to the variation in carbonate response to pore pressure the combined
shale pressure interpretation has not been extended into the Alexis Formation as no clear
information on porosity or WFT was available for this well.
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Figure 9.18 Final pore pressure predictions from velocity and resistivity for Indian Harbour M-92.
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9.5.3

Orphan Basin

In the Orphan Basin the highest overpressure (~27000 kPa) is located in Blue H-28 well (Figure
9.19). The sonic and resistivity pressure predictions in Blue H-28 agree closely over the majority of
the well displaying an overburden-parallel trend that matches the magnitude of the deep high
overpressure Kick.
Through the Upper and Lower Kenamu formations, the velocity-based predictions fall slightly below
the resistivity-based result that defines the overburden-parallel trend. The difference in pressure
interpretation between the velocity and resistivity-based predictions in the Kenamu formations is
further evidence that this period of deposition may represent a period of change in terms of facies
type or sediment source. These formations consistently correlate to changes in the velocity
magnitude; i.e. slow velocities in the Saglek Basin (e.g. Karlsefni A-13; Figure 9.13), Harrison SubBasin (e.g. South Labrador N-79; Figure 9.17) and fast velocities in the Orphan Basin (e.g. Blue H28; Figure 9.19).
The wireline-based results in the Jurassic interval are all unreliable due to the overprint of lithology
and (possibly) diagenetic evolution of the shales. The pore pressure would only reduce in
magnitude if there was significant lateral drainage active drawing all pressures down to lower
magnitude. Without deep WFT data it is not possible to comment on the likelihood of lateral
drainage.
The remaining wells of the Orphan Basin do not show such a clear response in the velocity
although overall the velocity-based predictions are more accurate when compared to the WFT data,
the mudweights and the well reports than the resistivity-based results. The resistivity-based
predictions typically underpredict the pressures in the remaining wells and where the results are
similar to the velocity they display much more lateral scatter than the velocity-based pressures.
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Figure 9.19 Final pore pressure predictions from velocity and resistivity for Blue H-28.
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9.6

Fluid Retention Depth Analysis

9.6.1

Theory

The “Fluid Retention Depth” (FRD) and the “Top of Overpressure” are terms often used
interchangeably to describe the depth at which overpressure develops. However, they have
different definitions and describe different concepts (Figure 9.20).

Top of Overpressure; The Top of Overpressure (TOP) is defined as the depth at which
overpressure (pressure above hydrostatic) commences within the shales. As discussed in Section
9.1 overpressure by this mechanism should build to become parallel to the overburden (constant
effective stress/constant porosity). The transition from complete de-watering (fully compacted
relative to total stress) to totally ineffective de-watering (constant effective stress and hence
porosity) occurs over an interval, sometimes several hundred metres thick. Hence, the fluid
pressure trend will initially be a curve that transitions from the hydrostatic profile towards, and often
onto an overburden-parallel profile (Figure 9.20). The interval over which the transition occurs is
controlled by changes in (reducing) permeability during compaction.

Fluid Retention Depth; The FRD is defined as the depth at which the overburden-parallel profile, if
extrapolated upwards, intersects the hydrostatic profile. Typically, if a series of thin reservoir units
are penetrated and tested and they form an overburden-parallel gradient then that gradient can be
extrapolated to shallower depth to determine the FRD (Figure 9.20). The FRD will always be
deeper than the Top of Overpressure due to the lack of the transition zone detailed above. The
FRD is an approximation but it can allow for accurate prediction of deep overpressure magnitudes.

9.6.1.1 Fluid Retention Depth Estimation
Swarbrick et al (2002) demonstrated a broad relationship between the log of sedimentation rate
and the FRD. The original sedimentation rate-FRD relationship from Swarbrick et al. (2002) was
updated in Swarbrick (2012) with subsets of lithology added for clay-rich shales, silty shales and
siltstones from an increased global data set (Figure 9.21). None of the examples come from an
area in which there are large, known tectonic (horizontal compressive) stresses, but rather are
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areas where the rocks are currently at their maximum depth of burial and in an area where vertical
stress is the largest of the three compressive stresses. The geological setting in Labrador is
comparable to the dataset in Swarbrick (2012). The dataset used in Swarbrick (2012) was limited to
Tertiary data only; the effectiveness of using the dataset to estimate pressure in stratigraphically
older units, e.g. the Cretaceous, is currently under assessment globally within Ikon Science. The
sedimentation rate was calculated based on the observed rock column thickness (m) from sea-floor
to the Base Tertiary divided by 65.5 Ma for the age of the Base Tertiary.

Figure 9.20 Schematic image highlighting the difference between the Top of Overpressure and the Fluid Retention Depth
(FRD).

Figure 9.21 highlights the control of both sedimentation rate and lithology on the FRD. For example,
assuming a sedimentation rate of 800 m /Ma (e.g. Nile Delta), the FRD for a clay-rich shale could
be as shallow as 200 m; the FRD for a silty shale could be 800 m and the FRD for a siltstone could
be 1500 m. Typically, the more clay-rich a lithology the shallower the FRD because the permeability
will be lower, hence, the rocks will cease to be able to de-water effectively at a shallower depth.
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Figure 9.21 Plot of Log Sedimentation Rate vs. FRD for a global dataset of various lithologies. The dashed lines are
empirically drawn to separate different lithologies. Redrawn from Swarbrick (2012).

9.6.2

Fluid Retention Depth Results

The table below (Table 9.1) shows the results of FRD analysis for the wells within the pressure
study (Figure 9.23). In cases where the Base Tertiary, i.e. Top Markland Formation was not present
then the closest appropriate marker was chosen in order to estimate the sedimentation rate. Where
the Top Cartwright marker was utilised the age was modified to 58.7 Ma for the sedimentation rate
calculation.
The FRD was calculated assuming a silty shale lithology. The well reports indicate that the Tertiary
shales are silty in nature.
Excluding Hare Bay E-21 (single-well) and the Saglek Basin the overall average FRD is 1.671.69 km below sea-floor. The Saglek Basin has an average FRD of 1.58 km below sea-floor
as the average sedimentation rate is higher (Figure 9.22). Note that the minimum rates
calculated include wells drilled on structural highs that did not have much accommodation
space available.
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Well Name

Basin

Sub-Basin

Depth to Base
Tertiary
(mTVDbsf)
2789.0
2874.0
3609.0
3791.0
3905.0
810.0

Age (My)

Sedimentation Rate
(m/My)

Fluid Retention
Depth (mTVDbsf)

58.7
65.5
65.5
58.7
65.5
65.5

47.51
43.88
55.10
64.58
59.62
12.37

1.55
1.57
1.50
1.45
1.47
1.96

Hekja O-71
Gilbert F-53
Karlsefni A-13
Pothurst P-19
Rut H-11
Skolp E-07

Saglek
Saglek
Saglek
Saglek
Saglek
Saglek

Ogmund E-72
Snorri J-90

Hopedale
Hopedale

Nain
Nain

1451.8
2876.0

65.5
65.5

22.16
43.91

1.79
1.58

Bjarni H-81
Bjarni O-82
Corte Real P-85
Herjolf M-92
Hopedale E-33
North Bjarni F-06
South Labrador N-79
Tyrk P-100

Hopedale
Hopedale
Hopedale
Hopedale
Hopedale
Hopedale
Hopedale
Hopedale

Harrison
Harrison
Harrison
Harrison
Harrison
Harrison
Harrison
Harrison

1825.8
1906.8
3609.0
2026.0
1134.0
2127.0
2719.8
1393.0

65.5
65.5
65.5
65.5
65.5
65.5
65.5
65.5

27.87
29.11
55.10
30.93
17.31
32.47
41.52
21.27

1.72
1.70
1.51
1.68
1.85
1.66
1.60
1.80

Cartier D-70
Freydis B-87
Gudrid H-55
Indian Harbour M-52
Leif M-48
North Leif I-05
Roberval C-02
Roberval K-92

Hopedale
Hopedale
Hopedale
Hopedale
Hopedale
Hopedale
Hopedale
Hopedale

Hamilton
Hamilton
Hamilton
Hamilton
Hamilton
Hamilton
Hamilton
Hamilton

1535.0
1298.0
2086.0
2923.6
1601.0
2185.0
2193.8
2397.9

65.5
65.5
65.5
65.5
65.5
65.5
65.5
65.5

23.44
19.82
31.85
44.64
24.44
33.36
33.49
36.61

1.77
1.82
1.67
1.57
1.76
1.65
1.65
1.63

Hare Bay E-21

Hawke

2990.5

65.5

45.66

1.56

Blue H-28
Cumberland B-55
Mizzen L-11
Great Barasway F-66
Lona O-55

Orphan
Orphan
Orphan
Orphan
Orphan

3348.7
3460.7
1368.4
1548.5
1891.6

65.5
65.5
65.5
65.5
65.5

51.13
52.84
20.89
23.64
28.88

1.53
1.52
1.81
1.77
1.70

Other Marker Used if
Markland Fm isn't
present or penetrated
Top Cartwright

Top Cartwright

Top Cartwright

Top Bjarni

Top Bjarni
Top Bjarni

Table 9.1 Table showing the wells in the study, the depth to Base Tertiary or its equivalent marker and the estimated FRD
based on Figure 9.21.

The range in sedimentation rate is recorded in Table 9.2.
Maximum
Sedimentation Rate
(m/Ma)

Minimum
Sedimentation Rate
(m/Ma)

Average
Sedimentation Rate
(m/Ma)

Saglek Basin

64.58

12.37

47.18

Nain Sub-Basin

43.91

22.16

33.04

Harrison Sub-Basin

55.10

17.31

31.95

Hamilton Sub-Basin

44.64

19.82

30.96

Hawke Basin

45.66

45.66

45.66

Orphan Basin

52.84

20.89

35.48

All Wells

64.58

12.37

35.85

Table 9.2 Table of sedimentation rate values for each basin/sub-basin and the overall average.
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Figure 9.22 Bar chart showing the range in sedimentation rate for the study wells. The range in sedimentation rate is
common for each basin/sub-basin, although the Saglek Basin is typically dominated by high sedimentation rates, if Skolp
E-07 is removed from the analysis.

The range in fluid retention depth below sea-floor is recorded in Table 9.3.
Maximum FRD (km)

Minimum FRD (km)

Average FRD (km)

Saglek Basin

1.96

1.45

1.58

Nain Sub-Basin

1.79

1.58

1.69

Harrison Sub-Basin

1.85

1.51

1.69

Hamilton Sub-Basin

1.82

1.57

1.69

Hawke Basin

1.56

1.56

1.56

Orphan Basin

1.81

1.52

1.67

All Wells

1.96

1.45

1.66

Table 9.3 Table of FRD values for each basin/sub-basin and the overall average.
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Figure 9.23 The sedimentation rate vs FRD plot used to show the same data as Figure 9.21 with the Labrador data
(yellow squares) overlain. The mid-point line of the silty shales was used as being representative of the overall lithology.
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9.6.3

Comparison of FRD Analysis with NCT-derived Shale Pressures

Fluid retention depth modelling is not a technique designed to replace traditional pore pressure
prediction but rather to provide an independent corroboration of the overall magnitude and trend of
pore pressure with depth established using traditional shale-based prediction. If the technique can
be shown to be reliable in areas with good pore pressure control, i.e. those wells with deep high
overpressure, e.g. Pothurst P-19 and Blue H-28, then the effectiveness of applying the technique in
frontier areas, such as the deep-water Labrador basins, is reinforced.
Figure 9.24 shows the pore pressure predictions for Pothurst P-19 with an overburden-parallel
trend (pink) based on the estimated FRD of 1.45 kmTVDbsf (1640 mTVDss). The FRD trend
captures the average upper bound of the predicted pressures although given the lack of thick
shales the overall pressure trend is difficult to assess. The high sand content frequently leads to
lateral and/or vertical drainage and that has the effect of reducing the overpressure in associated
shales. In this well, the same phenomenon is assumed to occur at most depths, as shown by the
disparity between the FRD and the combined shale pressure interpretation.
At the base of the well where the Kicks were taken, the FRD matches exactly the deeper Kick
(~31000 kPa overpressure at 4000 mTVDss). The FRD trend underpredicts the high overpressure
Kick by only 3000 kPa. Furthermore, the exact choice of FRD was dependent on the assumed
lithology (silty shale); if the shales in Pothurst P-19 were only slightly more clay-rich than the
assumed model, then the FRD would have been shallower and the predicted overpressure at depth
would have been higher and the shallower kick could have been matched.
Alternatively, the FRD trend could be correct and the initial Kick pressure in Pothurst P-19 is higher
than the shales surrounding the reservoir unit. For the reservoir to be higher than the shale requires
either; a) presence of hydrocarbons (hydrocarbon buoyancy), b) tilted sands generating lateral
transfer of pressure from deeper, c) fault communication to a deeper reservoir or d) secondary
pressure mechanisms that have increased the shale pressure above the FRD trend. The well report
indicates that the Kick was most likely to have been an influx of formation water not hydrocarbons;
the seismic data indicate that the tilt on the reservoir is insufficient to generate significant lateral
transfer effects, i.e. 3000 kPa would require approximately 250 m of relief on the structure, which is
not observed on seismic: no major faults are present and from Chapter 7 velocity-density data
indicate that no active secondary mechanisms are present. The difference between the FRD trend
and the initial Kick must be due to uncertainty in the estimation of the FRD.
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Figure 9.25 shows the FRD-derived pressure trend for Blue H-28, another well that took a deep
Kick; the RFTs at the depth of the Kick recorded ~27000 kPa overpressure. At the same depth as
the RFT, the FRD-derived pressure is approximately 24000 kPa overpressure, underpredicting the
RFT magnitude by approximately 3000 kPa. The magnitude of underprediction is the same as
observed at Pothurst P-19 although the depth below mudline is less, approximately 3500 m at Blue
H-28 as opposed to 3800 m at Pothurst P-19. In this shale-rich well the combined shale pressure
interpretation and the FRD-derived shale pressure agree closely.
The results at Blue H-28 and Pothurst P-19 show the value in using FRD analysis to estimate the
magnitude of high overpressure that could occur at depth. Whilst the absolute magnitude of
pressure was not matched exactly, the value estimated at each well was only 3000 kPa lower than
the measured values and therefore could have been used in a pre-drill assessment. This process, if
incorporated into a drilling plan, could have greatly reduced the magnitude of the Kicks taken. For
example the mudweight necessary to control the Kick in Pothurst P-19 increased from 1450 kg/m3
to 1860 kg/m3 (equivalent to a ~17000 kPa increase) and in Blue H-28 the Kick caused an increase
in mudweight from 1260 kg/m3 to 1590 kg/m3 (equivalent to a ~16000 kPa increase). The FRD
analysis would have lead to a 3000 kPa Kick or increase in mudweight of less than 200 kg/m3
(depth-dependant value).
Figure 9.26 shows the FRD-derived pressure trend for South Labrador N-79, one of the wells that
shows the slow velocity/high overpressure zone in the Lower Kenamu Formation. The FRD for
South Labrador N-79 is approximately 400 m deeper than the top of the slow velocity interval. The
FRD-derived pressures match the deep shales accurately; therefore, the value of the FRD clay
content appears to be valid. If the FRD is valid then the apparent high overpressure interval, due to
the slow velocities, can be interpreted as not being representative of the actual pore pressure.
The FRD technique offers an independent method to predict the magnitude of overpressure
in deep Tertiary targets with potential application to deeper intervals as well. Furthermore,
the technique is only applicable to thick shale sequences and is not advised to be used to
predict overpressure magnitude through thick sand intervals.
Using Pothurst P-19 (Figure 9.24) as an example the FRD is only considered applicable in
the deepest shales (Lower Kenamu Fm.) as the rest of the well is too sand-rich. In contrast,
Blue H-28 (Figure 9.25) is shale-rich from the base of the Saglek Formation and
consequently the FRD gradient is appropriate as an estimation method in all units below the
Saglek Formation.
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Figure 9.24 FRD result for Pothurst P-19 overlain on the pressure prediction results.
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Figure 9.25 FRD result for Blue H-28 overlain on the pressure prediction results.
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Figure 9.26 FRD result for South Labrador N-79 overlain on the pressure prediction results.
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9.7

Discussion of Implied Underbalanced Drilling

The results of the shale pressure analysis presented in this chapter and in Appendix III show
multiple examples where the shale pressure is estimated to be in excess of the mudweight,
implying underbalanced drilling. In some examples the magnitude of underbalance is relatively
small, e.g. ~5000 kPa at TD in Karlsefni A-13 (Figure 9.13), but in other examples the magnitude
can be significant, e.g. ~15000 kPa in the Markland Formation of Snorri J-90 and Indian Harbour
M-52 (Figure 9.15 & Figure 9.18 respectively).
It should be noted for wells that are sand-rich there is little evidence for underbalance as the pore
pressure in these wells is expected to be normally pressured due to lateral drainage (Chapter 10).
The sections below will discuss the evidence for underbalanced drilling, the reasons why a regional
pressure study may result in implied underbalanced drilling and possible approaches that could be
applied locally to revise the NCTs and the resultant shale pressure predictions.
Typical evidence for underbalanced drilling comes from examination of the drilling reports paying
careful attention to discussions of gas in the wellbore. The main categories of gas discussed in the
reports are a) background gas (released by bit crushing rock, so in a source rock, "gas" would
increase); b) trip gas (gas drawn into the well as the drillpipe is tripped (pulled) out of the hole
causing a temporary drop in pressure) and c) connection gas (gas influx due to the drop in
mudweight from the ECD to the static mudweight). Connection gas is the strongest indicator of
some degree of underbalanced drilling although trip gas can still be indicative.

9.7.1

Drilling Evidence for Underbalance

The following quotes are taken verbatim from the end of well reports.



Saglek Basin - Karlsefni A-13;

“Strong gas shows were encountered from 10880 ft (~3315 m) and continued throughout drilling.
The gas shows pursued even with heavy mud density (1.44 g/cc). More probably, all the gas
shows proceed from the zone 10864-11421 ft (~3311-3480 m) which included frequent thin streaks
of light silty to fine sandstone.”



Saglek Basin - Pothurst P-19;
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“While drilling at 3988m, a drilling break was encountered. Penetration rate went from an average
of 21 min/m to 2 min/m. The kelly was picked up for a flow check and the well shut in 18 minutes
after the drilling break occurred. Fluid influx was approximately 11.2 m3.”



Saglek Basin – Rut H-11;

“From 4104 m to 4107 m increased trip gas and connection gas with low background values. At
4103 m, trip gas was 2150 units over a background of 10 units while the pumps were shut off for
1350 minutes. At 4106 m, connection gas was 150 units over a background of 20 units while
not circulating for eight minutes. Increased total gas and trip gas occurred through the intervals
4432 m to 4435 m and from 4450 m to 4470 m.”



Hamilton Sub-Basin – Indian Harbour M-52;

“Continual gas background, of varying percentages was then (below 1900 m) observed coming
from the mud till TD with percentage increases coinciding with connections, due to swabbing and
loss of ECD when pumps stopped, and high concentrations of trip gas. The above would be a
good indication that the well being drilled underbalanced and accordingly the mudweight was
raised to 10.4 ppg.”
“Towards the end of bit run No. 23, cavings were becoming more and more predominant with the
shaker being heavily loaded Weight was brought up to 11.1 ppg. On running back to bottom at
8809 ft there was 210 ft of fill. Bottoms up revealed long splintery shale cavings, mud weight was
further increased to 11.5 ppg.”



Orphan Basin – Blue H-28;

“While tripping out at 4773 m it was noted that the hole did not take the proper amount of mud. Mud
weight in the hole was 1126 kg/rn3. A stop for flow check showed the well flowing at 1 m3 per
hr. Attempts to run the drill string to bottom in preparation to kill the well were unsuccessful due to
the hole packing off…….No mud cutting was detected and total gas amounted to 960 units. The
mud weight was increased to 1150 kg/rn3 and the flow stopped.”
“A flow check at 4919 m showed the well flowing at 1 rn3/hr. On circulating bottoms up it was
noted that the mud was cut to 1102 kg/rn3 but there was still no evidence of gas cutting. The mud
weight was raised to 1246 kg/rn3. A flow check at 4960 m showed the well flowing at 2.4 m3/hr.
The well was shut in. Pressure on the drillpipe built up to 4700 kPa (1341 kg/rn3 equivalent mud wt)
and stabilized. The mud wt. was raised to 1378 kg/rn3 while drilling ahead Another flow check at
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4961 m showed the well flowing at 1 m3/hr. Again the well was shut in and the drillpipe pressure
built up to 704 kPa (1425 kg/rn3 equivalent mud wt.). The hole was circulated and the mud wt.
raised to 1473 kg/rn3.”
“On encountering drilling breaks at 5006 m, a check for flow showed the well flowing at 1
m3/hr. The drillpipe was hung off on the upper pipe rams and the well shut in. Drillpipe pressure
stabilized at 883 kPa (1545 kg/rn equivalent mud wt.) and casing pressure reached 1160 kPa. With
the well shut in, the mud in the pits was raised to 1605 kg/rn3. The well was successfully killed and
drilling resumed without further incidence of flow.”
The quotes above when taken together provide a series of pieces of evidence for underbalanced
drilling, i.e. increase in background and connection gas, drilling breaks, increased rate of
penetration (ROP), fluid influxes and splintery cavings. Whilst this evidence cannot be used in
every case to prove a specific magnitude of underbalance it does provide proof that underbalanced
drilling did occur.
Furthermore, wells with a lack of evidence for underbalanced drilling are not necessarily proof of
overbalanced or on-balance drilling as it is possible for shales that are cemented or very low
permeability to be overpressured but not able to flow during drilling.

9.7.2

Calibration with Kick Data

Pothurst P-19 and Blue H-28 both took high pressure Kicks/RFTs in the deep section of each well
(3500-3800 mTVDbsf) that provide a useful calibration point to test the regional shale pressure
model. Pothurst P-19 is a sand-rich well to within 300 m above the Kick at which point the
mudweight is increased rapidly to kill the Kick. Due to the high sand content the predicted shale
pressure remains low until the deep shale is encountered, hence, little underbalance is predicted.
However, in Blue H-28 the well is shale-dominated and the regional model implies over 15000 kPa
of underbalance in the interval above the RFTs (Figure 9.19).
Log-based shale pressure predictions are expected to be most reliable in shale-rich wells, i.e. Blue
H-28, so a comparison on the regional model results and the Kick should provide validation of the
regional model. The shale pressure predictions shown in Figure 1.19 show an overall trend,
captured by the orange line that would have predicted the RFT magnitude to within a small degree
of error.
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Unfortunately there are no other wells with deep high pressure WFT data that can be used to test
the regional model, however, there are other qualitative arguments that support the regional
model(s). In thick shale sequences, the development of pore pressure with depth follows a trend
parallel to the overburden; this has been demonstrated with WFT data in the Gulf of Mexico, Nile
Delta, Niger Delta and North-West Shelf Australia. The first and last examples in the previous
sentence are important as they are clear analogues for Labrador. The overburden-parallel trend
results from a constant effective stress, which is linked to a constant porosity as the rock can no
longer dewater.
There are several examples in Appendix III of shale pressure predictions that are parallel to the
overburden in wells with a high shale content, and it is these wells that show the greatest potential
underbalance, e.g. Herjolf M-92, North Bjarni F-06, South Labrador N-79, Indian Harbour M-52,
Roberval C-02 and Blue H-28.
It should also be noted that the overburden-parallel trends that are observed are also matched by
the FRD analysis presented in Section 9.6. The results derived from FRD modelling are
independent of the log-based results and provide a useful way to corroborate (or not) the results of
the wireline-derived shale pressures. In the example of Blue H-28 the FRD model slightly
underpredicted the deep RFTs by 3000 kPa and the log-based trend matched the Kick almost
exactly. By using these two methods in tandem not only is the implication of underbalanced drilling
reinforced but the likely range in pore pressure is understood better.

9.7.3

Application of a Regional Model

A regional pore pressure study is designed to understand the controls on pore pressure and to
provide the tools to predict pore pressure in new and/or frontier locations. When building a regional
model to predict shale pressure multiple wells that are considered analogous to each other in terms
of facies, lithology and structural evolution, i.e. within the same basin or sub-basin, are plotted
together and compaction models are then constructed from these multi-well plots.
By the nature of using a multi-well approach it is possible that the fine detail may not be recognised,
i.e. if a shale package varies laterally in mineralogy then the compaction behaviour will change. If
all the wells are plotted together then the subtle variation between wells may get hidden in the
natural scatter of the data.
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The net result of a regional approach is that the overall pore pressure prediction should be close to
the true pore pressure in each well but the magnitude of the regional model-derived pressure at
each well may be slightly higher or lower than the pressure derived from analysis of each single
well.
To be able to deliver a product that can be used as a regional tool then multiple wells have to be
used together to derive compaction models. The resulting pore pressure predictions can be
considered a “first-order approximation” of the true pore pressure. These regional model-derived
pressures are useful in determining if a well is likely to HP/HT or low pressure and can help to
inform on regional exploration strategy.
Ikon Science would always recommend that once exploration focus has moved to specific target a
local pressure prediction is made by refining the regional model through calibration to local offset
wells and through evaluation of the seismic velocity and amplitude data. The study provides "firstapproximation" tools for pressure analysis to understand the regional magnitude(s). Real time data
needs to be used and careful understanding of lithological variation in new areas, i.e. low velocity
shales (clay rich) which can mimic high overpressure but are not pressure-related but lithology
controlled.

9.7.4

Further Analysis to Refine the NCT Models

There are other techniques/approaches that can be used to refine and improve on the shale
pressure prediction model but these are most relevant when looking locally not regionally. The aim
is always to build a better petrophysical understanding of the shales to recognise the net to gross
ratio as well as any vertical or lateral variation in shale facies.



Neutron Density cross-plot



Porosity/Effective Stress vs. Void Ratio plots



Integration of core analysis and/or XRD analysis



Refining the sequence stratigraphic model to identify unconformities or changes in depositional
setting



The deep and shallow resistivity logs in shales where more separation indicates more porosity.
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9.8




Conclusions
Normal Compaction Trend (NCT) models were built for velocity and resistivity data;
o

Both Eaton and Equivalent Depth Methods were applied to velocity

o

Only Eaton was applied to resistivity.

A single-layer NCT model for velocity was derived for each basin/sub-basin and where
appropriate the same model was used in multiple basins/sub-basin;
o

The Saglek Basin has a basin-specific NCT model.

o

The compaction behavior of the three sub-basins of the Hopedale Basin and the
Orphan Basin can all be described by the same NCT model.

o

The Hawke Basin proper has no well control and cannot be defined.

o

The nearest well to the Hawke Basin, Hare Bay E-21, would imply a different NCT
model for the basin, but the well is likely not representative of the true Hawke Basin
compaction behaviour as the well lies several kilometres outside of the basin trend.
The applicability of the NCT model to the core of the basin cannot be judged.



A different single-layer NCT model for resistivity was derived for each basin/sub-basin except
in the Harrison and Hamilton sub-basins for which a three-layer model was used;



o

Post-Lower Kenamu Formation

o

Lower Kenamu Formation To Markland Formation

o

Pre-Markland Formation.

Three pressure predictions (Eaton Ratio Method applied to velocity and resistivity; Equivalent
Depth Method applied to velocity) are plotted on a single-well pressure-depth plot for every well
in the study, and help to establish the relationship between sands and shales:
o

Overburden-parallel pressure trends are observed through thick shale sequences

o

Shoulder effects highlighting drainage in the shales above and below near-normally
pressured sands are identified (e.g. Snorri J-90; more details in Chapter 10)



Interpretation of shales with high velocity/high resistivity above the NCT leads to “apparent”
underpressure, and most likely results from cementation (such as carbonate) in the shales
Fluid Retention Depth modeling was used to independently corroborate the pressure trends
and magnitudes derived from the NCT analysis;
o

The Tertiary was assumed to be comprised of silty-shales based on well report
descriptions of the lithologies
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o

The FRD was shallowest in the Saglek Basin consistent with the shale-rich nature of
the Tertiary in that basin. The remaining basins are more sand-rich hence had a
deeper average FRD.

o

The FRD-derived pressure trends underpredicted slightly (3000 kPa) the deep high
overpressure data in Pothurst P-19 and Blue H-28 wells

o

The FRD analysis corroborated the overall NCT models derived.
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Lateral Drainage

10.1

Introduction to Lateral Drainage

Shale pressure and reservoir pressures are not necessarily in equilibrium with each other. Where
the reservoir is isolated in three-dimensions, typically in thinly bedded strata or thicker deposits
isolated by sedimentology or structure, the fluid pressure in the reservoir will be in approximate
equilibrium with the surrounding shale (Figure 10.1).
Structural isolation can be due to complex rifting leaving isolated overpressured fault
compartments, preventing sand-on-sand juxtaposition across faults, or by causing faults to be flow
barriers due to clay smear or shale gouge building up. Stratigraphy can also lead to isolation of
reservoir units. For example, isolated deep-water turbiditic sandstones tend to be entirely encased
in shale, whereas more paralic sandstones tend to be thicker and more extensive and therefore
more able to laterally drain.
In some instances, reservoir pressure magnitude is controlled by fluids moving freely through the
reservoirs, which then may not be in equilibrium with the shales in contact with the reservoir. If a
deeply buried reservoir is connected to an extensive system of reservoirs and the fluid can escape,
i.e. drain, the fluid pressure will be lower than the shales and possibly at hydrostatic pressure
(Figure 10.1). The necessary configuration for lateral drainage to occur is when permeable intervals
underlie overpressured shales and the water from the overpressured unit can flow to lower
pressured intervals via basin margin faults or by connection to normally pressured outcrops or subcrops. The reduction of fluid overpressure in permeable units is termed “lateral drainage”.

10.2

Identifying Lateral Drainage

Lateral drainage can be identified in a number of ways. Using Well B on Figure 10.1 as an
example, the WFT data taken in reservoirs are observed to be near-normally pressured in the
upper reservoir, then overpressured in the next reservoir before reversing to near-normal pressure
and finally being overpressured again in the deepest reservoir. The regression of WFT data
magnitude is evidence that lateral drainage may be active.
Study of log data suitable for pressure predictions (as discussed in Chapter 9) as well as seismic
velocity data, if sufficiently detailed, can indicate the presence of lateral drainage (Figure 10.2). If a
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reservoir unit is laterally drained, it allows shale directly above and below the reservoir to slowly
drain and, therefore, the fluid pressure drains in order to maintain pressure equilibrium at the
reservoir-shale interface. The shale in contact with the permeable unit is the most drained, with the
amount of drainage decreasing further into the shale, away from the permeable unit; this
phenomenon is known as the shoulder effect.

Figure 10.1 Pressure-depth plot identifying the difference between laterally drained reservoirs and isolated, undrained
reservoirs on balance with shale overpressure.

As the shale pore pressure decreases due to drainage, the porosity reduces as the rocks are able
to compact (Chapter 9), which in turn leads to an increase in velocity, resistivity and density of the
rock. It is therefore possible to identify potential shoulder effects on log data (Figure 10.2 & Figure
10.9); however, care must be taken as sedimentological variations, such as fining/coarsening
sequences, may be causing the change in log responses.
The thickness of the shoulder effect zone is very variable and depends upon a number of factors
including the permeability of the shale and the reservoir, the types of fluid moving through the
shale, the age at which lateral drainage began in the reservoir relative to the generation of
overpressure in the shale, the pressure difference between the two units, the thickness of the shale
unit and the thickness of the reservoir unit. Observed thicknesses from basins worldwide vary from
a few metres up to a few hundred metres.
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Figure 10.2 The appearance of shoulder effects on log data and the resulting pressure prediction, showing the draining of
shales (brown on the lithology column) in to the permeable sandstone units (orange on the lithology column).

10.3

Impact of Lateral Drainage on Petroleum Systems

In laterally draining systems world-wide, overpressure gradients within a reservoir unit are
commonly developed. The gradients are defined as demonstrable systematic changes in
overpressure through a single reservoir. Examples are located in areas such as the Central North
Sea, Mid-Norway, Gulf of Mexico, Brazil, West and East Africa, SE Asia and NW Australia (e.g.
Dennis et al., 1998, 2005; Dias et al, 2009; Tozer and Borthwick, 2010).
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These gradients are capable of driving fluids, resulting in hydrodynamic aquifers, which affect the
migration of fluids, and result in the tilting of hydrocarbon contacts. These phenomena have
profound effects for the petroleum system, summarised in O’Connor et al. (2008) and listed below.
Dennis et al. (1998; 2005) provide an excellent review of the principle of tilt applied to Central North
Sea Tertiary fields (Figure 10.3). The essential elements of the effects on the petroleum system of
lateral drainage and hydrodynamic flow from O’Connor et al. (2008) include:



More effective vertical barriers to fluid flow and more effective hydrocarbon seals



Long hydrocarbon columns, due to increased pressure differences across seals



Up-dip migration of hydrocarbons



Tilting of hydrocarbon-water contacts



Fluid distributions controlled by hydrodynamic rather than structural spill-points, possibly
leading to water inside structure and/or hydrocarbons trapped outside structure



Increased or decreased volumetrics depending on tilt orientation and trap geometry

A hydrodynamic system will lead to tilting of the hydrocarbon-water contacts. In a hydrodynamic
reservoir such as suspected in the Palaeocene Pierce Field, UK Blocks 23/22 and 23/27, the
pressure gradients in the hydrocarbon leg are constant, whereas in the water leg, there is a
variation in overpressure. Figure 10.3 compares how pressure data from a hydrostatic and a
hydrodynamic system would appear on a P-D plot for a typical field.
In the Labrador study, it has not been possible to identify whether hydrodynamic flow is active
within laterally drained reservoir units as there is not enough WFT evidence to indicate differential
overpressure values within one unit, or to establish whether tilted hydrocarbon contacts exist within
a specific field.
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Figure 10.3 Hydrostatic vs. Hydrodynamic aquifers and their effects on hydrocarbon distribution in traps (Dennis, 1998)

10.4

Hydrodynamic Effects on Seismic Attributes

A hydrodynamic model can be tested independently using a map of seismic amplitude. Seismic
attributes are derived from seismic data using measured time, amplitude, frequency and
attenuation. These attributes attempt to quantify rock and fluid properties and/or allow the
recognition of geological patterns and features such as sand/shale discrimination and identification
of water, oil and gas (Taner, 2003).
Seismic responses to fluids in hydrodynamically active reservoirs are observed to be offset from
structural closure in fields in the Palaeocene, North Sea, e.g. Arbroath and Montrose Fields, as
hydrocarbons have been moved outside of structural closure due to an overpressure gradient from
high overpressure in the south-east to lower overpressure in the north-west (Figure 10.4; Dennis et
al, 2005). Similar observations regarding seismic amplitudes can be made in the South Caspian
Sea (Tozer & Borthwick, 2010) and the Gulf of Mexico (Diaz et al, 2009), again linked to a
hydrodynamically active aquifer, although the impact on the seismic amplitudes is more subtle.
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Seismic attribute data, in 3D map form, were not available for this study as only 2D data were
supplied, but future study of seismic attributes around any hydrocarbon accumulations may
highlight hydrodynamic flow and tilting of hydrocarbon contacts. This could confirm whether
differing reservoir overpressures observed in various basins within this study are being caused by
hydrodynamic flow or whether reservoir compartmentalisation is responsible for this phenomenon.

Figure 10.4 Arbroath and Montrose fields. Left is the structural relief map (red = high). Right is seismic impedance (brinefilled = blue, red colour = oil-filled channels (Dennis, 2005). Arrow is the regional flow defined by the overpressure
gradient. The hydrocarbon indicators are offset from structural closure to the north-west consistent with the flow direction
and the overpressure gradient.

10.5

Drilling Risks associated with Lateral Drainage

Lateral drainage can also provide a risk whilst the well is being drilled. If, for example, a laterally
drained permeable unit is penetrated and the mudweight is too high, the mud may be lost to the
formation, and mudweight may be reduced to counteract any losses. If drilling continues with a low
mudweight it is possible that one could drill through an overpressured shale in an under-balanced
state without having feedback from the wellbore during drilling (i.e. no increase in observed
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background or connection gas). If an isolated permeable unit is penetrated, however, the internal
fluid pressure will be approximately equal to the overpressured shale, causing an influx of formation
water into the well bore. Identifying potential laterally drained and undrained permeable units during
the well-planning stage is therefore very important to prevent a Kick from occurring. For example,
high pressure Kicks were taken in Pothurst P-19 and Blue H-28 and the results of this study show
the shale pressure at that depth is predictable, hence, a more accurate pre-drill assessment may
have helped mitigate these Kicks. In the case of Pothurst P-19 the Kick ultimately lead to the
permanent abandonment of the well.

10.6

Evidence for Lateral Drainage on the Labrador Shelf

There is strong evidence for lateral drainage within all the basins studied on the Labrador Shelf. Of
the 30 wells in the study, 19 show some evidence for lateral drainage at some stratigraphic level.
The remaining 11 wells are either not laterally drained or show no evidence for or against lateral
drainage being active. The evidence for lateral drainage observed in these wells comes from shale
pressure interpretations and reservoir WFT measurements. Sometimes a clear regression in the
overpressure values of WFTs, or a higher shale pressure immediately above or below a WFT is
observed, indicating lateral drainage. However, obvious shoulder effects observed in some shale
pressure predictions where no WFT data exist within the reservoirs have also been assumed to
represent evidence of lateral drainage, albeit not as strong as when WFT data can confirm
reservoir pressure magnitudes. Lateral drainage evidence will be discussed first by basin and then
by formation.

10.6.1 Saglek Basin
Hekja O-71, approximately 350 km to the north of the main group of wells in the Saglek Basin,
shows very good evidence for lateral drainage (Figure 10.5). The shale pressure interpretations
show shale pressure building out to approximately 15000 kPa overpressure at 3100 mTVDss. A
DST at 3200 mTVDss and RFTs at 3260 mTVDss, taken within the Cartwright Formation, are
normally pressured. These permeable units are laterally drained and the surrounding shales appear
to be dewatering into the permeable units, indicated by the red arrows on Figure 10.5.
Within the main group of wells in the Saglek Basin, only Gilbert F-53 shows any clear evidence of
lateral drainage. Rut H-11, Karlsefni A-13, Pothurst P-19 and Skolp E-07 have no WFT data and no
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clear shoulder effects are identifiable. In Gilbert F-53, however, RFTs taken in the Markland
Formation are 10000 kPa lower than the shale overpressure reached in the Cartwright Formation
immediately above. The RFTs show the reservoir is not fully drained to normal pressure, but is
drained to 5000 kPa overpressure. A clear shoulder effect can be seen from the 15000 kPa
overpressured shale into the permeable units within the Markland Formation, indicated by the red
arrow on Figure 10.6.
As only Gilbert F-53 is laterally drained and the other four wells do not show any evidence for
lateral drainage, it is possible to infer that lateral drainage does not have a major influence within
this basin. The drawback to this assumption, however, is that shales drilled unknowingly underbalanced may be on balance with permeable units and a Kick may be taken whilst drilling, as seen
in Pothurst P-19.

10.6.2 Hopedale Basin
10.6.2.1

Nain Sub-Basin

There is strong evidence for lateral drainage occurring in the Nain Sub-Basin. Snorri J-90 (Figure
10.7) shows evidence for laterally drained units in the Upper Kenamu Formation, around 1800
mTVDss, and in the Cartwright Formation at 2500 mTVDss. The apparent laterally drained sands in
the Upper Kenamu Formation are not measured by WFTs, so their actual pressure magnitude is
unknown, but very clear shoulder effects are evident in the wireline data. The laterally drained units
within the Cartwright Formation are measured by Formation Interval Tests (FITs) and a shoulder
effect can be observed in the shale below. Snorri J-90 is a shale-rich well, whereas Ogmund E-72
is far more sand-rich. As opposed to lateral drainage, the normally pressured RFTs taken in this
well are likely to have been caused by no overpressure being able to be retained during burial.
These thick, normally pressured sandstones may be connected to the laterally drained normally
pressured units in Snorri J-90. Lateral drainage therefore plays an important role in controlling
reservoir pressures in this sub-basin.

10.6.2.2

Harrison Sub-Basin

Of the nine wells studied within the Harrison Sub-Basin, only three show any evidence for lateral
drainage, and they are Hopedale E-33, North Bjarni F-06 and Herjolf M-92. Corte Real P-85, South
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Hopedale L-39, Bjarni O-82, Bjarni H-81 and Tyrk P-100 show no clear evidence for any lateral
drainage. Tyrk P-100 and South Hopedale L-39, however, are both shallow wells, reaching
basement at 1650-1700m TVDss, so little overpressure would be expected to have built up at these
locations.
Two DSTs taken in the Bjarni Formation in Hopedale E-33 contain <3400 kPa overpressure, 2000
kPa less than the shale in the Markland Formation above. Whilst this is evidence for lateral
drainage, no clear shoulder effects are seen in the shale pressure predictions. Similarly, in North
Bjarni F-06 (Figure 10.8), a comprehensive suite of RFTs and DSTs in the Bjarni Formation
sandstones indicate a large gas column, with an aquifer overpressure value of approximately 1250
kPa. In the Markland Formation shales above the sandstones overpressure reaches 13000 kPa.
However, despite the 11500 kPa difference in pressure, there is no shoulder effect in evidence
within the Markland Formation shale. The lack of shoulder effect could be due to very recent
drainage (i.e. the shales have not had time to drain) or because the shale permeability is ultra-low.
Herjolf M-92 also shows evidence for lateral drainage in the Bjarni Formation as DSTs and RFTs
show normal pressure. At this location, shoulder effects are clearly evident on the log data in Figure
10.9; from 2450 mTVDss to the top of the Bjarni Formation at 2570 mTVDss, a clear increase in
velocity, resistivity and density can be observed in relation to the decreasing overpressure and
porosity within the shale. The curved shape of the shale pressure increase reflects that the most
drainage has occurred at the sandstone/shale interface and the amount of drainage decreases
further away from the shale. The observation of shoulder effects confirms that log data can be used
to identify shoulder effects in this basin.
It is clear from the observations that lateral drainage affects the Bjarni Formation in wells that
penetrate the permeable units of that formation. Although no WFTs were taken in either Bjarni O-82
or Bjarni H-81, the Bjarni Formation may be laterally drained. Shoulder effects are not evident in the
two Bjarni wells, but neither are they evident in North Bjarni F-06 or Hopedale E-33, which are
known to be laterally drained from the WFTs taken in those wells. The Bjarni Formation is a thick
regionally extensive sand that locally connects to overlying Tertiary deposits to the west, laterally
with Palaeozoic intervals flanking rotated Cretaceous fault blocks, and likely the sea-floor/overlying
Tertiary drape in the east. Given that, lateral drainage is probable within these two Bjarni wells even
though it is not evident from the data.
No consistent pattern of differing overpressure values within the Bjarni Formation is discernible due
to a lack of data. However, the fact that overpressure values in the reservoirs range from nearnormal pressure (300 kPa) in Herjolf M-92 to approximately 1250 kPa overpressure in North Bjarni
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F-06 and <3400 kPa in Hopedale E-33 indicates that hydrodynamic flow may be active, due to the
overpressure gradient, but also may indicate pressure compartmentalisation due to fault block
geometry.
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Figure 10.5 Pressure-depth plot for Hekja-O-71 showing the shoulder effects (indicated by red arrows) surrounding the
laterally drained Cartwright Formation.
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Figure 10.6 Pressure-depth plot for Gilbert F-53 showing shoulder effect and lateral drainage in the Markland Formation.
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Figure 10.7 Pressure-depth plot for Snorri J-90 showing shoulder effects and lateral drainage in the Upper Kenamu and
Cartwright Formations.
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Figure 10.8 Pressure-depth plot for North Bjarni F-06 showing lateral drainage in the Bjarni Formation. Note the apparent
lack of shoulder effects in the shale pressure prediction indicated by the red circle.
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Figure 10.9 Pressure-depth plot for Herjolf M-92 showing shoulder effects and lateral drainage in the Bjarni Formation.
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10.6.2.3

Hamilton Sub-Basin

With the exception of Freydis B-87, all wells in the Hamilton Sub-Basin show some evidence for
lateral drainage. Gudrid H-55 (Figure 10.10) shows evidence for lateral drainage and shoulder
effects in the Lower Kenamu Formation. In the Cartwright Formation in the same well, shoulder
effects are also evident above and below a thick sandstone package. Although no WFTs were
taken in this interval, the shoulder effects are very pronounced. Similarly in Roberval C-02 and
North Leif I-05 (Figure 10.11), shoulder effects are observed into the Cartwright Formation
sandstone, and the presence of RFTs taken in this formation in both wells confirms that lateral
drainage affects these sandstones and they are fully laterally drained to normal pressure.
Cartier D-70, Leif M-48 and Indian Harbour M-52 also show shoulder effects surrounding
permeable units within the Cartwright Formation. Only Cartier D-70 has an RFT taken in this
permeable unit, and is only partially laterally drained from 5000 kPa (shale pressure) to 2700 kPa
(reservoir pressure). Similar shale overpressure values are observed in Leif M-48 (6000 kPa) but
much higher shale overpressure is observed in the thicker Lower Kenamu and Cartwright
Formations in Indian Harbour M-52. As no WFTs were taken in Leif M-48 or Indian Harbour M-52, it
is not possible to comment on the extent of lateral drainage in these units.
Roberval K-92 shows clear shoulder effects and a regression in overpressure from 15000 kPa to
1500 kPa from the shales in the Markland Formation into the reservoir units in the Bjarni Formation.
These relationships are very similar to observations made in the Bjarni Formation in the Harrison
Sub-Basin.
North Leif I-05 also shows evidence for lateral drainage in the deeper Snorri Member of the Bjarni
Formation (Figure 10.11). Unlike the lateral drainage in the Cartwright Formation sandstone, the
RFTs taken show that these deeper permeable units contain up to 7400 kPa overpressure. The
shale pressure prediction however shows clear evidence for multiple shoulders into these
permeable units from 20000 kPa overpressure in the shale down to the much lower reservoir
overpressure.
Lateral drainage is clearly active and an important factor within the Hamilton Sub-Basin. The thick
sandstones present in the Cartwright Formation and the sandstones in the deeper Bjarni Formation
are the most affected permeable units in this sub-basin. Differing overpressure values exist within
the laterally drained units but not enough detail exists to establish whether hydrodynamic flow is
active or whether reservoir compartmentalisation is responsible for this effect.
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Figure 10.10 Pressure-depth plot for Gudrid H-55 showing shoulder effects and lateral drainage in the Lower Kenamu
and Cartwright Formations.
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Figure 10.11 Pressure-depth plot for North Leif I-05 showing shoulder effects and lateral drainage in the Cartwright
Formation and the Snorri Member of the Bjarni Formation.
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10.6.3 Hawke Basin
There are no wells drilled within the Hawke Basin, and only a single well (Hare Bay E-21) drilled updip on the shelf approximately 60km west of the rifted margin. Hare Bay E-21 shows shale pressure
to be building consistently through the Kenamu and Cartwright Formations but on entering the thin
Markland shales and Bjarni Formation sandstones, the mudweight remains below that of the
interpreted shale pressures. Since there were no reported Kicks and assuming no thin sandstones
within those shales, then the sandstones with lower overpressure than the shales may be an
indication that lateral drainage is affecting reservoir pressures in this well.

10.6.4 Orphan Basin
Of the five wells in this study drilled in the Orphan Basin, only Mizzen L-11 and Great Barasway F66 show any evidence of lateral drainage. Blue H-28 and Lona O-55 show reservoir pressures,
measured with WFTs and shown by Kicks, to be on balance with predicted shale pressures.
Cumberland B-55 shows no evidence for lateral drainage as the well is near-normally pressured,
i.e. until a sharp pressure transition zone (at ~3200 mTVDss) to high overpressure. The associated
increase in mudweight shows no pressure reversal before reaching the basement at 3700 mTVDss.
Mizzen L-11 may have some evidence for lateral drainage. A clear shoulder effect-like response is
observed on logs between 3250-3300 mTVDss but the shale pressure predictions go from being
normally pressured to apparent underpressure, which is far below the measured reservoir
overpressure values of 5000 kPa (Figure 10.12). These apparent shoulder effects could be due to
sedimentology such as the influence of carbonate cement resulting in fast velocities that generate
apparent underpressure. The overall shape of the curve, denoting shoulder effects, may be
meaningful even if the magnitude is not valid.
Great Barasway F-66 also shows some evidence of lateral drainage within the undifferentiated
Jurassic interval. Multiple MDTs taken through this section are approximately 4500 kPa
overpressured but intervening thicker shales tend to have higher estimated overpressures, at
approximately 8000-10000 kPa (Figure 10.13). The overpressure encountered within the reservoir
units is on a similar scale to that observed in Mizzen L-11.
As only two wells in the basin have evidence for lateral drainage and the other wells are balanced
between shale and reservoir pressures, it is likely that lateral drainage is not having a major effect
upon this basin.
Regional Pore Pressure Analysis of Offshore Newfoundland and Labrador:
Unlocking the Shelf to Deep-Water Transition

240

Chapter 10: Lateral Drainage

Figure 10.12 Pressure-depth plot for Mizzen L-11 showing possible shoulder effects and lateral drainage in the
undifferentiated Jurassic formations.
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Figure 10.13 Pressure-depth plot for Great Barasway F-66 showing the difference between shale pressures (red dotted
line) and laterally-drained reservoir rocks (blue dotted line).
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10.6.5 Lateral Drainage by Formation
10.6.5.1

Upper Kenamu Formation

Lateral drainage in permeable units appears to be occurring within the Upper Kenamu Formation in
Snorri J-90 within the Nain Sub-Basin of the Hopedale Basin. Everywhere else, the Upper Kenamu
Formation appears to be either entirely shale or, if any permeable units do exist, on balance with
shale pressure. Generally speaking the Upper Kenamu Formation is usually too shallow for any
build-up of significant overpressure.

10.6.5.2

Lower Kenamu Formation

Permeable units within the Lower Kenamu Formation appear to be laterally drained within Gudrid
H-55 within the Hamilton Sub-Basin but this is the only well that shows evidence for drainage in the
Lower Kenamu Formation. Elsewhere, as for the Upper Kenamu Formation, the Lower Kenamu
Formation appears to be either entirely shale or, if any permeable units do exist, on balance with
shale pressure.

10.6.5.3

Cartwright Formation

Lateral drainage within the Cartwright Formation is observed within the Saglek Basin, the Nain SubBasin and the Hamilton Sub-Basin (e.g. Hekja O-71 in the north and Leif M-48 in the south of the
Labrador Shelf). Where the Cartwright Formation contains thick sandstones, as is frequently
observed in various sub-basins of the Hopedale Basin, they are typically laterally drained. Variable
amounts of overpressure are observed in laterally drained Cartwright Formation units, from normal
pressure to 2700 kPa overpressure.
Elsewhere, the thick sandstones are not encountered and there is a lack of evidence of lateral
drainage within thinner permeable units. This observation does not rule out the fact that lateral
drainage may still be occurring, just that there is no evidence for it.
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10.6.5.4

Markland Formation

In most basins in the study, the Markland Formation does not contain any significant permeable
units. In the Saglek Basin in the north and the Hare Bay E-21 well in the south however, permeable
units are encountered and show evidence for lateral drainage. Gilbert F-53, in the Saglek Basin, is
partially laterally drained to 5000 kPa overpressure. In Hare Bay E-21, the reservoir pressures must
be below the mudweight, which in turn is at a lower pressure than the shale pressure, indicating
lateral drainage to be present. No direct overpressure values can be obtained for the Markland
Formation in Hare Bay E-21 as no WFTs were taken.
Gilbert F-53 and Hare Bay E-21 are the only two wells to show evidence for lateral drainage within
the Markland Formation so it is not considered a significant laterally drained unit. It is important to
note, however, that none of the wells drilled encountered a full section of Markland stratigraphy, as
the unit tends to thin onto structural highs that were the targets of most exploration wells in the
Labrador offshore.

10.6.5.5

Bjarni Formation

Within the Harrison and Hamilton Sub-Basins and the Hawke Basin, the Bjarni Formation is
frequently observed to be at much lower overpressure values than the pressures observed in the
Markland Formation shales immediately above. The Bjarni Formation tends to have a very high netto-gross and is composed of thick, permeable units. It is not surprising to observe that lateral
drainage is therefore very active within this formation and is observed in all the wells that contain
large amounts of sandstone, such as North Bjarni F-06, Herjolf M-92 and Roberval K-92.
Hare Bay E-21 has a relatively low net-to-gross but is likely laterally drained because it exists as a
thin drape deposit above the Carboniferous section, and is laterally truncated by the base Tertiary
section (direct lateral communication with the younger stratigraphy). The amount of overpressure
within the laterally drained permeable units of the Bjarni Formation varies from normal pressure to
2000 kPa, indicating that hydrodynamic flow or fault compartmentalisation could be occurring within
the Bjarni Formation.
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10.6.5.6

Snorri Member

In North Leif I-05, the Bjarni Formation is almost entirely shale, except for a few thin sandstones
within the Snorri Member. The thin sandstones are laterally drained, as seen by the shoulder
effects and the regression from high shale overpressure of 20000 kPa to 5000-7000 kPa
overpressure within the Snorri Member sandstones. Elsewhere within the Hamilton Sub-Basin, and
in every other basin in this study, the Snorri Member is either not encountered (absent), included
with the Bjarni Formation lateral drainage, or shows no evidence for lateral drainage.

10.6.5.7

Undifferentiated Jurassic formations

In Mizzen L-11 within the Orphan Basin, the undifferentiated Jurassic formations encountered
towards the base of the well appear to be surrounded by shoulder effects. In Great Barasway F-66,
the MDTs show reservoir pressures below shale pressure predictions. These are the only two wells
to show any evidence for lateral drainage at this stratigraphic level, but they are also some of the
only wells to penetrate Jurassic formations with permeable units. It is therefore not possible to
comment definitively if lateral drainage is a major factor in the older reservoir units.

10.7

Conclusions



Evidence for lateral drainage exists in 19 of the 30 wells used in this study.



Lateral drainage is observed as both a regression in measured WFTs compared to shale
pressure predictions, as well as shoulder effects observed in the wireline data in the shales
surrounding permeable units.



Lateral drainage is observed to have some effect in permeable units within most geological
formations from the Upper Kenamu Formation, through the Lower Kenamu, Cartwright,
Markland and Bjarni Formations, down to the oldest undifferentiated Jurassic formations.



Lateral drainage affects different basins to varying degrees. The basin with most evidence for
lateral drainage is the Hamilton Sub-Basin. To a lesser degree, lateral drainage is also active
within the Harrison and Nain Sub-Basins.



Hekja O-71 and Hare Bay E-21, separated from the main groups of wells, both show evidence
for lateral drainage.
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The Orphan and Saglek Basins show some evidence of lateral drainage but only in a minority
of wells and lateral drainage is not expected to be a major factor in these basins.



The major implication for basins, such as the Hamilton Sub-Basin, where there is evidence for
lateral drainage is that there is potential for hydrodynamic flow, which would influence trapping
geometry of hydrocarbons. The model for hydrodynamic flow is that the shales are dewatering
slowly but continuously into the sands, which can drain more quickly than the shales.
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11

Fracture Pressure

The fracture pressure is the fluid pressure at which the rock fractures, usually when the pore
pressure exceeds the minimum compressive stress and tensile strength of the rock. In practical
terms in the oil industry, the fracture pressure is the upper limit of pressure from the circulating mud
column, which the rock surrounding the borehole can withstand. The minimum compressive stress
in extensional and strike-slip basins is lower than the overburden pressure.
Pre-drill prediction of the fracture pressure requires information on the in-situ stresses, i.e. the
stress conditions existing in the formation prior to drilling. These stresses will be a function of rocktype as well as sedimentation and tectonic histories of the region during the development of the
basin.
Three principal compressive stresses act on a rock mass at depth, each orthogonal to one another;
in sedimentary basins one of the principal compressive stresses is frequently assumed to be
vertical (Sv), making the other two horizontal (Sh and SH, where Sh is the smaller and SH the
larger horizontal compressive stress). Knowledge of Sv comes from the estimate of the overburden
pressures. Sh is estimated from leak off test (LOT) data; SH is generally poorly known but can be
estimated from borehole breakout data.

11.1

Introduction

The objective of this section is to use the available Leak-Off Test (LOT) within the study dataset to
determine a method for pre-drill fracture pressure prediction. Although no clear differentiation
between LOT and Formation Integrity Test (FIT; a Limit Test) is noted in the dataset, the study is
restricted to LOT only. In the majority of the wells it is not possible to discern if a Leak-Off Test was
a full Leak-Off or a FIT; all tests were assume to be LOT unless the well report allowed a clear
determination of FIT status. In that case the FIT was removed from the study set.
In Labrador no common agreement exists on what is recorded as the LOT value. Most commonly,
the test is a standard Leak-Off Test (LOT) which does not reach as far as the Formation
Breakdown Pressure (Figure 11.1).
FITs, in which the formation strength is tested to a pre-determined limit below full Leak-Off (Figure
11.1), i.e. not to the onset of fluid loss, were excluded from the study. FITs displayed a high degree
of overlap with the Leak-Off data. Figure 11.2 demonstrates that some FIT values are higher than
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LOT values for the same depth of burial. However, the overlap is not sufficient that confidence
could be drawn that all the FIT data were actually LOT data (Figure 11.2). Ikon Science consider it
likely that many of the very low LOT values are actually mis-reported FITs.
As water depth varies significantly across the study area, the LOT depth were adjusted to a seabed
reference surface (TVDml) to allow direct comparison of Leak-Off data (Figure 11.2).

Figure 11.1 A schematic diagram of an extended leak-off test (XLOT) demonstrating the different phases of a leak -off
test. A Leak-Off Test (LOP-LO) may be recorded as the Leak Off Pressure, the Formation Breakdown Pressure, the
Instantaneous Shut-In Pressure or the Fracture Closure Pressure.
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Figure 11.2 A pressure-depth plot of all available Leak Off Tests (LOP-LO) and Formation Integrity Tests plotted relative
to mudline. The purple data are LOP-LO and blue data are LOP-LT and show a high degree of coincidence in the
magnitudes of the LOP-LO and LOP-LT for the same depth.

11.2

Published Algorithms for Fracture Pressure

Several algorithms to capture fracture gradient profiles and allow prediction of fracture gradient
were developed for the Gulf of Mexico in the 1960s and 1970s. The data used came from wells
drilled mainly on the “Shelf”, i.e. shallow water, with high sand content in the normal pressure,
upper portion (to approximately 10,000 ft), above a deeper, high pressure shale-prone section. At
that time, an overburden gradient of 1.0 psi/ft (22.6 kPa/m) was generally accepted as a reasonable
approximation, and some of the published parameters, which were derived to solve these
equations, have an assumed Sv gradient equal to 1.0 psi/ft.
The three main algorithms in popular use, and reviewed here are Matthews and Kelly (1967); Eaton
(1969) and Daines (1982). In addition an alternative approach by Breckels and van Eekelen (1982)
based on a more global database is also discussed.
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The work of Matthews and Kelly (Section 11.2.1), Eaton (Section 0) and Daines (Section 11.2.3)
were originally expressed as gradients, not absolute pressure, i.e. each pressure term in Equations
6.1, 6.4 and 6.6 were divided by depth (D) in the original publications. However, as each pressure
term has the same units and the coefficients used are dimensionless the input pressure data may
be expressed as gradients or absolute pressures as long as consistency is maintained. Similarly,
any set of pressure units may be used (e.g. kPa or ppg or bars) so long as consistency is
maintained.

11.2.1 Matthews & Kelly Fracture Model
Matthews and Kelly (1967) relate the formation fracture pressure (FP) to the formation pore
pressure (Pp) and to the vertical effective stress (v’) where vertical effective stress is the portion of
the total vertical stress (overburden, Sv) supported by the rock matrix.


Equation 11.1 The Terzaghi Equation rearranged in terms of Vertical Effective Stress

The vertical effective stress is multiplied by the matrix stress coefficient (Ki), to yield the fracture
pressure, FP.

Equation 11.2 The Matthews & Kelly fracture pressure formula

The coefficient Ki relates the horizontal effective stress conditions at the formation of interest to the
conditions of vertical effective stress (v’). Where the formation pore pressure is very high both the
vertical effective stress and the horizontal effective stress will be very low and when the formation
pore pressure is low, both the vertical effective stress and horizontal effective stress will be high.
The ratio of horizontal effective stress and vertical effective stress (Ki) is interpreted to be constant
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at a given depth (independent of overpressure) although it can and usually does vary with depth.
The vertical effective stress coefficient can be expressed as;

⁄
Equation 11.3 Definition of the Matrix Stress Coefficient (Ki) where the vertical effective stress (v’) has been replaced
with (Sv-Pp) following Equation 11.1.

which is the ratio of the matrix stress (v’) to the horizontal effective stress.

11.2.1.1

Magnitude of Ki

Matthews and Kelly (1967) published two curves of Ki against depth (one for shale, one for sand)
based on datasets from the Louisiana and South Texas Gulf Coast. The values of Ki were
calculated based on known LOT results, local estimations of pore pressure using the Equivalent
Depth Method (Section 9.3.2) and a default overburden gradient of 1.0 psi/ft. The results show a
value of Ki = 0.3 - 0.4 at approximately 3000 ft curving towards 0.9 - 1.0 at 20000 ft.
The use of a default overburden is a significant flaw to these curves as a true overburden, derived
from density data (Chapter 6), will be typically lower than 1.0 psi/ft in the upper portion of the well
hence the value of Ki would be higher than 0.3 – 0.4 (based on Equation 11.3 above when using a
“real” overburden).
The appropriate method for calibration of the Matthews & Kelly approach is to locally derive values
for Ki using accurate local estimations of pore pressure and overburden in combination with
measured LOT data and then derive a function through the data that allow interpretation of Ki at
any depth.
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11.2.2 Eaton Fracture Model
Eaton (1969) proposed a similar method to that of Matthews and Kelly (1967), incorporating earlier
work by Hubbert and Willis (1957). The formula relates formation fracture pressure (FP) to the
formation pore pressure (Pp); to the vertical effective stress (v’) and to Poisson's Ratio ().

(

[ ⁄

])

Equation 11.4 Eaton formula for fracture pressure estimation.

A Poisson's ratio curve may be determined in several ways. In areas with good data control, known
LOT results can be combined with accurate local estimations of pore pressure and overburden to
back-out Poisson's ratio values (Equation 11.5). Equation 11.5 is a rearrangement of Eaton’s
fracture pressure formula to find Poisson's ratio where v’ is expressed as (Sv –Pp) from Equation
11.1.

[

]⁄{

[

]}

Equation 11.5 Eaton formula rearranged to find Poisson’s Ratio where the vertical effective stress (v’) has been replaced
with (Sv-Pp) following Equation 11.1.

Comparison of Equation 11.5 with Equation 11.3 shows that Ki from Matthews and Kelly (1967) is
functionally equivalent to the  / (1 – ) term in the Eaton (1969) method. Alternative methods to
derive Poisson's ratio can involve using Vp/Vs ratios derived from wireline data or through the ratio
of the moduli of elasticity and rigidity.

11.2.2.1

Magnitude of Poisson's Ratio

Eaton (1969) produced a series of curves of Poisson's ratio against depth for the Gulf Coast &
West Texas. The example for the offshore Gulf Coast starts at a value of  = 0.3 ([ / (1 – )] =
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0.43) at 1000 ft depth quickly increasing towards an asymptote of 0.5 ([ / (1 – )] = 1.00) at 20000
ft. A Poisson's ratio of 0.5 is the upper limit as this value is the Poisson ratio of an incompressible
material in the plastic failure environment.
In contrast to the work of Matthews & Kelly (1967) the derivation of Poisson's Ratio was done using
a density-derived overburden and not a default gradient of 1.0 psi/ft. Care should still be taken in
new areas to locally derive a curve of Poisson's ratio as an input to an Eaton fracture pressure
prediction since the US Gulf Coast and West Texas are unlikely to be appropriate geologic
analogues for all drilling environments. A range of Poisson’s Ratio values for different lithologies
are available in the published literature based on the results of laboratory testing.

11.2.3 Daines Fracture Model
Daines (1982) modified the Eaton (1969) relationship by adding a term called the “superposed
horizontal tectonic stress component”, denoted by . The superposed horizontal tectonic stress is
the stress that must be overcome to initiate a fracture whereas the equation stated by Eaton (1969)
is considered by Daines (1982) to be the pressure required to hold open and extend the fracture.
Therefore, the fracture pressure can be calculated using the following equation (Equation 11.6)
where Poisson's ratio is calculated via the methods discussed in Section 0.

(

[ ⁄

])

Equation 11.6 Daines formula for fracture pressure estimation based on the work by Eaton

Hence, the superposed horizontal tectonic stress magnitude can be approximated by the difference
between the value of the Eaton fracture pressure formula and the direct measurement result of the
shallowest LOT.
If the strata remain close to horizontal and the basin structure does not vary significantly with depth
then, based on Equation 11.6, the superposed horizontal tectonic stress is assumed to be
proportional to the vertical effective stress at all depths. Therefore, a stress ratio () can be defined
as;
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⁄
Equation 11.7 Definition of the stress ratio, 

and rearranging Equation 11.7 to solve for the superposed horizontal tectonic stress;

Equation 11.8 Definition of the superposed horizontal tectonic stress, 

Hence, more properly, the superposed horizontal tectonic stress is described by Equation 11.8
where Equation 11.7 is derived for the shallowest LOT. Equation 11.8 can be substituted into
Equation 11.6 to solve for fracture pressure (Equation 11.9).

(

[ ⁄

])

Equation 11.9 A more accurate definition of the Daines fracture pressure formula

11.2.4 Breckels & van Eekelen Fracture Model
Breckels & van Eekelen (1982) present a method that links the magnitude of fracture pressure to
depth and to the magnitude of overpressure. The work of Matthews & Kelly, Eaton and Daines
were originally expressed as gradients, not absolute pressure, i.e. each pressure term in the main
equations above are divided by depth (D). As each term had a depth component Breckels & van
Eekelen took the approach that fracture pressure (horizontal stress) can be related to depth.
For normally pressured rocks, Breckels and van Eekelen created a plot of LOT magnitude against
depth and generated a best-fit to the data. The depth plot of LOT data for the Gulf Coast was
observed by Breckels and van Eekelen to change slope at 11500 ft hence there are two best-fit
lines through the data for above and below 11500 ft.
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To investigate the influence of overpressure, a cross-plot of actual fracture pressure (LOT
magnitude) minus the depth-dependent trend line discussed in the previous paragraph (y-axis)
against overpressure (x-axis) was created. A linear regression is applied to the data assuming an
intercept at the origin, i.e. zero overpressure correlates to a LOT that plots on the trend line
established previously.
For the Gulf Coast the gradient of this line is 0.46, however the coefficient varies with location.
Breckels & van Eekelen reproduced this analysis for multiple areas with the following results.


U.S. Gulf Coast

0.46



Venezuela

0.56



Brunei

0.49

The gradient of this line is the coefficient of overpressure (OP) that allows fracture pressure to be
calculated in overpressured regimes by combination with the depth-dependent trend from above.

Equation 11.10 Breckels & Van Eekelen fracture pressure formula for depths shallower than 11500 ft. The formula
expects units of feet for depth (D) and psi for overpressure (OP).

.

(

)

Equation 11.11 Breckels & Van Eekelen fracture pressure formula for depths deeper than 11500 ft

11.2.5 Swarbrick & Lahann Fracture Model
Accurate derivation of a predictive fracture pressure algorithm should include a pore pressure stress coupling ratio term that relates pore fluid pressure to horizontal stress magnitude through
poro-elastic fluid-stress interaction (Section 11.3).
The GeoPressure team within Ikon Science have developed a technique that is based on all the
techniques above (Swarbrick & Lahann, 2008). Matthews & Kelly and Eaton base their approaches
on the relationship of horizontal and vertical stresses through Ki and  respectively. Breckels & Van
Eekelen demonstrated clearly the role of overpressure in the magnitude of fracture strength.
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Swarbrick and Lahann (2008) apply a technique similar in format to that of Breckels & Van Eekelen
except rather than linking the trend line of LOT data in normally pressured rocks to depth, the trend
line is linked to the vertical stress (Sv). The vertical stress should always be the density-derived
overburden, not a default gradient, to achieve the most accurate relationship.
To minimise the effect due to varying water depth on the vertical stress, and therefore the fracture
strength, all data are converted to pressure relative to the sea-floor. Once the data have been
converted the LOT data are cross-plotted against the overburden for every test corresponding to a
normally pressured rock. A best-fit gradient is derived, pinned at the origin, such that the following
relationship can be derived (Equation 11.12), where A is the gradient of the best-fit line.

Equation 11.12 Equation for fracture pressure derivation in normally pressured shales.

Using the same cross-plotting method as Breckels & van Eekelen a coefficient relating
overpressure (OP) to LOT magnitude above the trend line from Equation 11.12 is also derived. The
y-axis is actual LOT magnitude minus the trend line value and the x-axis is the formation
overpressure. The gradient of the best-fit line, pinned at the origin, is denoted as B. The trend line
must be pinned at the origin as a zero overpressure rock must (theoretically) have an LOT
magnitude equal to the trend line, i.e. zero on the y-axis.
Therefore, the full description of the formula for fracture pressure is shown in Equation 11.13;

Equation 11.13 Equation for fracture pressure derivation in overpressured shales. Patmos = Atmospheric Pressure; SWG
= Sea Water Gradient (Fluid Density); WD = Water Depth and OP = Overpressure

11.2.5.1

Magnitude of Coefficients A & B

Ikon Science have utilised their technique in many offshore environments currently being explored
(e.g. Central North Sea, Mid-Norway, Niger Delta, Gulf of Mexico). The magnitude of the
coefficients A and B vary, however the range of values is typically small despite significant
geological differences between basins.
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The coefficient of the overburden (A) is typically in the range of 0.8 to 0.9 with an average of
0.85 representative of most regimes.



The coefficient of overpressure (B) has been found to be in the range of 0.2 to 0.5 with an
average of 0.35 representative of most regimes.

11.2.6 Other Methods
A variety of other ways exist to determine fracture gradient (Mouchet and Mitchell, 1989). Most of
these methods involve empirical formulations relating to rock properties such as Poisson’s ratio and
the magnitude of the overburden pressure. An alternative approach involves a compilation of leak
off pressures to determine the regional fracture gradient, and the left hand bound of the data can be
used as a proxy for the minimum horizontal stress (Gaarenstroom et al., 1993). The minimum
horizontal stress from such compilations is the horizontal stress associated with the lowest
pressured sediments in the region. Use of horizontal stresses derived in this manner will
underestimate LOT observed in high pressure wells and will underestimate seal capacity in high
pressure locations.

11.3

Pore Pressure–Stress Coupling

11.3.1 Theory
The relationship of fracture pressure to the lithostatic pressure was discussed in general terms in
Section 11.2. A generalised representation of the relationships of depth, overburden, fluid pressure
and fracture pressure, Figure 11.3, demonstrates that when the fluid pressure is hydrostatic,
fracture pressure is frequently a consistent fraction of the lithostatic pressure. However, when the
fluid pressure is greater than hydrostatic, the fracture pressure is greater than would be expected
for a hydrostatic condition.
The relationship of fracture pressure to fluid pressure and lithostatic pressure is shown employing
measured data in Figure 11.4 that shows an LOT/limit test trend that is quite coherent with depth to
about 12,000 feet, after which the data are more scattered. The fluid pressure trend is shown by the
red-blue dashed line derived from reservoir pressure test data (not shown) from multiple reservoirs
and multiple wells across the regional distribution of data.
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The depth of 12000 ft corresponds to the top of the Jurassic interval. The Jurassic wells are
partitioned into two main groups of wells corresponding to the location of a major north-south
trending fault complex. The wells west of the fault complex are high overpressure reservoirs (red
data; Figure 11.4) and to the east of the fault complex are near-normally pressured wells reservoirs
(green data; Figure 11.4).
Close examination of the measured fluid pressure data (triangles) and corresponding LOT data
(squares) demonstrate that the low fluid pressure wells (coloured red) below 12,000 feet
correspond to relatively low LOT values. The high LOT trend corresponds to high fluid pressures
(green), often even higher than the LOT associated with near hydrostatic fluid pressures.

Figure 11.3 Relationship of lithostatic, hydrostatic, fracture pressure and overpressure.
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Figure 11.4 LOTs and WFTs from offshore Mid-Norway displaying pore pressure-stress coupling. The green data below
12000 ft represent the high pressure side of a fault and the red data represent the low pressure side of the fault. Above
12000 ft the pressure is uniform hence all LOT data plot on the same trend. The pore pressure stress coupling has
resulted in a higher magnitude LOT where high overpressure is noted with the result that the pore pressure on the high
pressure side of the fault are higher magnitude than the LOT pressure on the low pressure side of the fault.

The concept of pore pressure-stress coupling was implicitly incorporated into the Matthews and
Kelly (1967) and Eaton (1969) models discussed in Sections 11.2. These models incorporate
variation in fluid pressure by making the fracture pressure a direct function of the fluid pressure. In
these formulations the calculated fracture pressure can never be less than the fluid pressure and
never greater than the overburden/vertical stress. Furthermore, the influence of overpressure on
fracture pressure is expressed by the use of the fluid pressure term, which includes the
overpressure. Matthews & Kelly uses a depth-dependent stress ratio term which is an empirically
defined function but generally not simple or linear. Eaton uses a depth-dependent Poison’s ratio
term which can be derived from independent data but which is frequently empirically determined.
Breckles and van Eecklen (1982) define the fracture pressure as a function of depth for hydrostatic
wells and then add in an overpressure term as required to obtain a good match to measured LOT.
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Engelder and Fisher (1994) explain the coupling of fluid and fracture pressure in terms of poroelasticity. Studies by Hillis (2001) and Tingay et al (2009) report coupling coefficients ranging from
0.6 to 0.8. Swarbrick (2012) reports coupling coefficients between 0.25 and 0.4.

11.3.2 Implications for Drilling
Figure 11.3 shows a clear change in the LOT-depth trend when the overpressure-depth trend
changes. The LOT-overpressure correlation is observed in overpressured basins globally. The
change in fracture gradient slope means that planning for casing programs for exploration wells
needs to incorporate both the anticipated fluid pressure profile, and the variation of anticipated
fracture pressure with depth. If a non-coupled fracture pressure model, (e.g. 85% of vertical stress)
or a simple depth-dependent equation for the fracture pressure is used, the fracture pressure will
be underestimated in the overpressured regime. Underestimation of the fracture pressure can lead
to planning/purchasing of unnecessary casing strings or perhaps a decision to not drill due to
excessive anticipated costs. The linkage between fluid pressure and fracture pressure reinforces
the need for careful estimation of the fluid pressure prior to creation of a drilling/casing program.
Drilling operations frequently make efforts to extend a drilling leg as far as possible because
additional depth adds fracture strength that can make later drill legs easier to complete. Falling
short of a targeted drill-depth/fracture pressure can compromise a drill plan for the well, potentially
leading to an operational maximum drill-depth short of the targeted horizon.
The urge to lengthen a drill leg is particularly strong when entering an overpressured interval
because the rate of fracture pressure increase becomes more rapid. However, when drilling into a
pressure transition zone, the value of additional fracture pressure needs to be balanced with
concern for the kick tolerance of the open-hole, which is dictated by the fracture pressure at the
previous casing shoe.

11.3.3 Implications for Exploration
Pore pressure stress coupling has impact on drilling activities such that the drilling window will be
made greater than would be the case if no coupling existed.
In high pressure intervals seal capacity can be an exploration concern. The relationships between
seal capacity (Figure 11.5) and column height (Figure 11.6) are controlled by overpressure
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magnitude and fluid densities. Increasing overpressure leads to decreased seal capacity and hence
decreased column height. When seal capacity becomes too small, hydraulic failure may occur at
column heights smaller than the trap height, thus decreasing reserves and reducing economic
potential. The influence of seal capacity magnitude on retention of hydrocarbons and the ability to
de-risk traps based on threshold values is discussed in more detail in Chapter 12.
The hydrocarbon fluid density also has a control on possible column heights and, therefore,
reservoir volumetrics. A heavy oil will have a longer theoretical column height for the same
overpressure when compared to a dry gas. The greater the contrast in fluid densities between the
water and hydrocarbon phases the shorter the potential column height.

Figure 11.5 Relationship of aquifer and hydrocarbon pressure to fracture pressure (minimum stress) and seal capacity.
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Figure 11.6 Relationship between aquifer seal capacity, hydrocarbon density and column height.

11.4

Fracture Pressure Modelling on the Labrador Shelf

11.4.1 Regional Fracture Pressure Analysis
Regional analysis of the fracture pressure data is important to understand the overall variation in
magnitude and distribution of data. Figure 11.7 shows all WFT and LOT (Leak-Off and Limit Test
data) available to the study coloured by tool. Figure 11.8 shows all WFT and LOT (Leak-Off and
Limit Test data) available to the study coloured by basin/sub-basin. The data are plotted relative to
sea-floor (both in depth and pressure magnitude) to remove the effects of variation in water depth.



In the shallow interval (<1500 mTVDbsf) separate trends for Leak-Off and Limit Test data
cannot be recognized, i.e. the magnitude of both test types are similar (Figure 11.7). Typically,
it would be expected that Limit Test data would have a lower magnitude than Leak-Off Test
data.
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There are less fracture pressure test data points at the base of the wells than in the shallow
section. Almost half of the deep LOT data are taken from the modern wells of the Orphan
Basin.



A trend line through the data in the interval between 0-1500 mTVDbsf captures the trend of
fracture pressure for normally pressured rocks. The trend line has an average gradient of 17.5
kPa/m, relative to sea-floor.



Below 1500 mTVDbsf overpressure builds within the reservoir units; in the same depth range,
the LOT pressures increase along a trend that is broadly parallel with the overburden. The
deep LOT trend line captures the effect of pore pressure-stress coupling.



Some LOT data at approximately 2000 mTVDbsf, classified as true Leak-Off Data (although
not all tool types could be verified) are very low magnitude. These data are confined to the
Saglek Basin (Figure 11.8). Both tests are from Rut H-11 well. The lowest test is approximately
equal to the average pore pressure at the same depth. The second LOT was taken 10 m
deeper due to the low magnitude of the first test; The well reports contain no comments
suggesting why these LOT tests are so low. Ikon Science consider that these are faulty tests
due to some unidentified reason.



At the base of the multi-well plot the deep Kicks taken in Blue H-28 (Orphan Basin) and
Pothurst P-19 (Saglek Basin) are higher magnitude than the average trend for fracture
pressure in normally pressured rocks and represent in-situ evidence for pore pressure-stress
coupling.
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Figure 11.7 Multi-well pressure-depth plot for all WFT and LOT data (coloured by tool) within the study. Trend lines for
normally pressured and overpressured data are highlighted.
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Figure 11.8 Multi-well pressure-depth plot for all WFT and LOT data (coloured by basin/sub-basin) within the study. Trend
lines for normally pressured and overpressured data are highlighted. The data below the hydrostatic gradient are the data
considered invalid as discussed in previous sections of the study report.
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11.4.1.1

Swarbrick & Lahann Fracture Model

The technique for fracture pressure modelling by Swarbrick & Lahann (2008) requires a significant
dataset to allow for erroneous values to be excluded from the analysis. Due to the overall limited
number of LOT data per basin the Swarbrick & Lahann (2008) model is only valid for the whole
region as a single dataset.
As described in Section 11.2.5 two coefficients (A & B) are defined and used to predict the fracture
pressure. The basin-specific overburden curves and the combined shale pressure curves (Chapter
6) were used in determining the coefficient magnitudes.
The data used to define coefficient A show a narrow range of data at lower values corresponding to
the narrow range of LOT magnitude with increasing depth (Figure 11.9), as observed on Figure
11.7. The data inside the polygon broadly correspond to the LOT data shallower than 1500
mTVDbsf. The only data at these depths excluded was from South Labrador N-79 as both LOT
were consistently off-trend to the majority of the data. The LOT magnitude was consistently low for
both shallow data points in South Labrador N-79 (orange circles in the bottom left corner in the
Upper Image in Figure 11.9). The most likely explanation would either be a poor quality test or a
test taken in a ductile unit; either reason would result in a low magnitude that is not representative
of the true LOT magnitude.
The data used to define coefficient B show a much greater range of scatter (Figure 11.10), which is
typically observed in such plots. As the y-axis is LOT magnitude above the “A” trend established in
Figure 11.9 any LOT that do not exactly correspond to the “A” ratio will generate small positive or
negative values, even at zero overpressure, generating some scatter close to the origin.
Furthermore, some LOT are low magnitude for their depth of burial even though the shales are
highly overpressured, e.g. Rut H-11, that can generate large negative values. The data has been
filtered through the use of a polygon to isolate the data considered valid for interpretation (Bottom
Image; Figure 11.10).



Coefficient A was determined to be 0.8685 (Bottom Image; Figure 11.9)



Coefficient B was determined to be 0.3833 (Bottom Image; Figure 11.10)

Both coefficients lie within the range of expected values (see Section 11.2.5.1) based on Ikon
Science’s global experience in utilising the Swarbrick & Lahann (2008) technique.
The results of the analysis will be presented and discussed in Section 11.4.3.
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Figure 11.9 Top image: Plot of LOT magnitude against the overburden . Bottom image: Same plot but with a polygon to
isolate data points that correlate to normally pressured shales and to LOTs considered having reasonable values (see
text)
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Figure 11.10 Plot of LOT magnitude above the normal pressure trend defined in Figure 11.9 against the formation
overpressure (Top). A polygon was used to isolate data points that correlated to LOTs with valid magnitudes (Bottom),
i.e. low magnitude data were excluded as invalid as in Figure 11.9.
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11.4.2 Basin-scale Fracture Pressure Analysis


To analyse each basin individually the approach chosen was to solve for fracture pressure
using both the Matthews & Kelly (Section 11.2.1) and Eaton (Section 0) techniques.



For consistency, for each well the pore pressure input to the fracture pressure calculation was
the combined pore pressure interpretation (Chapter 9).



The locally-calibrated overburden for each basin/sub-basin was used as the vertical stress
input. The values for the stress index (Ki) and the Poisson’s ratio (v) were locally calibrated
based on the existing fracture pressure data.



Note that the values for Ki and v were derived independently resulting in values that may not
correlate, e.g. in Figure 11.11 Ki is 0.78 and the v is 0.43, but as discussed in Section 0 the two
coefficients should equal each other but a value of v = 0.43 calculates out to Ki = 0.75 not Ki =
0.78 as interpreted. The independent coefficient value generation allows for a range of
uncertainty to be factored into the analysis.

11.4.2.1


Estimating the Stress Index/Poisson’s Ratio

The formula for both Matthews & Kelly and Eaton were rearranged to find the stress index (Ki)
and the Poisson’s ratio (v) respectively based on the measured LOT data (excluding known
Limit Tests), the pore pressure and the vertical effective stress (e.g. Equation 11.3 for Ki and
Equation 11.5 for v).



The respective values were plotted against depth; a trend for the coefficients was interpreted
and used as an input to estimate a fracture pressure log (e.g. Orphan Basin; Figure 11.11).



The limitations to this approach on the Labrador shelf are;
o

A lack of deep LOT data to help with calibration of the stress index/Poisson’s ratio
curves to all applicable depths.
No wells for calibration on account of the limited number of LOT data.

Figure 11.11 shows the calculated values for the Poisson’s ratio (left) and the stress index (right)
for all the Leak-Off Test data in the Orphan Basin. The Cumberland B-55 well is located in shallow
water and the other wells are deep-water highlighting the importance of plotting the data relative to
sea-floor to allow direct comparison.
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Figure 11.11 Plot of the calculated Poisson’s ratio (left) and stress index (right) for the wells in the Orphan Basin based
on measured LOT, the combined pore pressure prediction and the overburden for that basin. The values of red lines are
tabulated below (Table 11.2).

The data in Figure 11.11 range from 500-3000 mTVDbsf and generally form a narrow range of
values, 0.35 < v < 0.5 and 0.6 < Ki < 0.9. In Section 0 the two methods were discussed and it was
shown that the two constants operate in essentially the same way in the fracture pressure
calculation. The functional similarity of the two coefficients is apparent in the data distribution in
Figure 1.9. The work of Matthews & Kelly (1967) and Eaton (1969) both showed calibration curves
for their respective coefficients that start at low values at shallow depths and approach an
asymptote with greater depth. However, the results in Labrador suggest a single value for either
coefficient will represent the calibration data at all depths. The difference may be due to different
lithological distributions with depth in the Matthews & Kelly and Eaton data sets relative to the
offshore Labrador data set examined here. The derivation and use of a single coefficient, or a trend
with minimal variation in coefficient magnitude, is consistent with Ikon Science’s global experience.
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The magnitudes of the resultant fracture pressure curves are directly proportional to the wirelinebased pore pressure predictions, hence, any local variations, i.e. cemented interval leading to high
Vp resulting in a low or underpressured pressure prediction, that occur at the same depth as the
LOT could result in erroneous coefficient values. The mean of the coefficient from all depths was
calculated, excluding the data that was not considered valid, such as the low magnitude test in
Cumberland B-55.
The low magnitude value in Cumberland B-55 relates to a low magnitude LOT. The LOT was
repeated in the well at the same depth (approximately) and resulted in a higher magnitude LOT and
a higher magnitude Ki and v. The low magnitude value was not used to generate the Ki and v
trends for the Orphan Basin.
The majority of basins/sub-basins are not LOT data-rich (Table 11.1) and therefore some
uncertainty exists in determining the appropriate values for each coefficient. However, in all cases
care was taken to build a depth trend for each coefficient (Ki and v) that was considered the best
representation of the true depth trend and well reports were used to aid in the interpretation of LOT
data quality wherever possible.

Basin

Sub-Basin

Saglek

Number of
Leak-Off Tests

Number of
Wells with LOT

6

3 out of 6

Hopedale

Nain

0

0 out of 2

Hopedale

Harrison

5

3 out of 8

Hopedale

Hamilton

5

3 out of 8

Hawke*

1

1 out of 1

Orphan

13

5 out of 5

Table 11.1 Table of Leak-Off Tests for each basin/sub-basin in the study (*Note Hawke data from basin flanking well
Hare Bay E-21).

The Nain Sub-Basin contains no Leak-Off Test data in either well and so the Harrison Model was
extended north and applied to these wells. Similarly the Hawke Basin only has one well (Hare Bay
E-21) with a single Leak-Off Test so the Orphan Model to the south was applied. Use of the Orphan
Basin model within the Hawke Basin is consistent with the latest structural evolution model for
basin development (Nalcor Energy pers. comm.)
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The final coefficients for both the stress index (Ki) and Poisson’s ratio (v) are shown below in Table
11.2.

Basin

Sub-Basin

Saglek

Stress Index
(Ki)

Poisson’s Ratio
(v)

0.78

0.43

Hopedale

Nain*

0.77

0.42

Hopedale

Harrison

0.77

0.42

Hopedale

Hamilton

0.95

0.49

¥

Hawke

0.78

0.43

Orphan

0.78

0.43

Table 11.2 Table of stress index and Poisson’s ratio coefficients for each basin/sub-basin. (* The Nain Sub-Basin uses
the Harrison Sub-Basin model; ¥ The Hawke Basin uses the Orphan Basin model).

The final coefficients for the majority of basins are very similar with the exception of the Hamilton
Sub-Basin. The Leak-Off data in the Hamilton Sub-Basin definitely correlate to higher coefficient
values although the interpretation is biased to the shallow LOT data that are higher magnitude
compared to other LOT at the same depth, i.e. green squares at 900 and 1400 mTVDbsf on Figure
11.8. Furthermore, one of the remaining LOT data points is anomalously low magnitude (340 mm
casing shoe in Roberval C-02), highlighting the need for a large dataset so that all poor quality data
can be removed and enough data will remain to allow a meaningful interpretation.
The alternative explanation for the high magnitude LOTs are that the rocks in the Hamilton SubBasin are locally more plastic and therefore have a higher fracture strength due to increased
Poisson’s Ratio.
Without more data to determine if the higher magnitude coefficients are genuine or anomalous the
final values used are as presented in Table 11.2.
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11.4.3 Examples of Fracture Pressure Predictions
11.4.3.1

Orphan Basin

Figure 11.12 shows the two fracture pressure curves for Blue H-28 generated using the Matthews
& Kelly and Eaton formulae using the coefficient for the Orphan Basin in Table 11.2 as well as the
output from the Swarbrick & Lahann model. All the fracture pressure curves are similar and are a
close match to both LOTs in the well indicating that the choice of coefficients for the stress index
and Poisson’s ratio are valid for the Orphan Basin. Furthermore, the regional approach of
Swarbrick & Lahann is relevant on a basin scale although it is slightly higher than the other curves
at depth, i.e. the regional stress coupling value of 0.3833 should be slightly lower in the Orphan
Basin. The Matthews & Kelly curve more closely matches the deeper LOT; the maximum range in
fracture pressure is 5000 kPa, approximately 2500 kPa either side of the Matthews & Kelly curve.
Similar plots for other wells in the same basin show a similar result (Appendix III), typically the
fracture pressure curves either match the measured LOTs or have a slight bias to underpredict the
LOT. The approach to a slight underprediction rather than an over-prediction allows for a safer well
plan to be developed.
The only well of the Orphan Basin in which the LOTs are over-predicted by all three modes is
Cumberland B-55, which is located on the shelf away from the other wells. Shelfal wells can be
expected to have a higher sand/silt content as compared to deep-water wells. A higher sand
content leads to an overall reduction in the fracture strength, hence the local LOT is lower and is
low relative to the regional model. The choice of the formula coefficients is biased to the four deepwater wells.
Figure 11.13 presents the result of the Orphan Basin model and the regional model applied to the
Hare Bay E-21 well of the Hawke Basin. There are two Limit Tests (18 3/4” and 9 5/8” casing
shoes) and a LOT at the 13 3/8” casing shoe. The shallow Limit Test is slightly in excess of the
overburden indicating the validity of the test is poor. The test may be a true Leak-Off based on the
slight change in slope in the build-up plot but the well report comments “no leak-off” and there is not
enough data on the build-up plot to dispute this interpretation. In contrast, the test at the 13 3/8”
shoe shows a clear change in slope consistent with a true LOT. The test at the 9 5/8” shoe is
termed a true LOT in the well report but the build-up plot shows only evidence for an FIT.
The only LOT is matched best by the Matthews & Kelly model, as was observed at Blue H-28
(Figure 11.12). The curves underpredict the shallow Limit Test although the test magnitude appears
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erroneous. The deep Limit Test is slightly lower than the fracture pressure curves indicating that the
test magnitude may be close to true LOT as per the well report interpretation. At the base of the
well the Swarbrick & Lahann regional model predicts the highest pressure, again indicating the
regional stress coupling ratio may be too high for the wells in the south of the study area.

11.4.3.2

Hamilton Sub-Basin

Figure 11.14 shows the result for Indian Harbour M-52 in the Hamilton Sub-Basin of the Hopedale
Basin. The two locally-derived fracture pressure curves (Eaton and Matthews & Kelly) are very
similar because of the higher fluid pressure which limits the effective stress term that is multiplied
by the coefficients in the two models. The LOT at the 13 3/8” casing shoe is matched by the
fracture model curves and at the 9 5/8” casing shoe a Limit Test (based on the comment referring
to a “maximum allowable mudweight” rather than a true Leak-Off) is slightly below the predicted
fracture pressure curves, as would be expected. Given the similarity in the Deep Limit Test and the
fracture pressure curves, the Limit Test may be very similar to the true LOT pressure.
The regional fracture pressure model of Swarbrick & Lahann underpredicts the measured LOT by
3000 kPa. As noted in Section 11.4.2.1 the wells of the Hamilton Sub-Basin have a higher stress
index/Poisson’s ratio compared to all other basins/sub-basins. As the regional model is an average
of all data it is to be expected that local variations, such as in the Hamilton Sub-Basin, will not be
adequately captured. At depth, where higher overpressure exists, the three fracture pressure
models show a high degree of similarity.
Very few data within the entire study dataset are available to verify the fracture pressure curves
(see Appendix III). Cartier D-70 has a single LOT that plots at the same pressure as the
overburden, consistent with the locally higher fracture strength observed in this basin, which is
slightly underpredicted by the fracture pressure models. North Leif I-05 contains two Limit Tests
that plot significantly below the fracture pressure curves but due to the nature of a Limit Test there
is no way to judge how much higher the true Leak-Off pressure should be. Overall the fracture
pressure curves are close to the overburden pressure inferring a near isotropic stress state for the
Hamilton Sub-Basin.
Roberval C-02 has LOTs at the 13 3/8” and 9 5/8” casing shoes that all three models over-predict
by approximately 2000-3000 kPa and 8000-10000 kPa respectively. The deep LOT is significantly
low and approximately matches the pore pressure estimates at the same depth. The end of well
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report indicates that the well experienced significant losses whilst cementing the casing shoe,
therefore the low LOT magnitude may indicate a local zone of weakness.
The stress index of the upper LOT is 0.75, which matches the values for the other basins/subbasins in the study (Table 11.2). If more LOT data were available the Hamilton Sub-Basin might
have been shown to be comparable to the other basins/sub-basins in terms of fracture model
coefficient magnitude.

11.4.3.3

Saglek Basin

The result of fracture pressure modelling in Pothurst P-19 (Saglek Basin) is shown in Figure 11.15.
The two locally-derived fracture pressure curves are very similar in the well. The shallow LOT is low
magnitude with respect to the expected range of values for the depth of burial, hence, the fracture
pressure curves overestimate the measured LOT pressure and can be argued to generate more
realistic fracture pressure values. The well report does not provide any explanation for the low
magnitude test. It should be noted that the regionally-derived model matches the local curve in the
upper half of the well and builds to higher pressure at depth intersecting the deep LOT.
The deep LOT in Pothurst P-19 is higher magnitude than the local fracture pressure estimates. As
discussed in Chapter 9 the deep pore pressure interpretation in Pothurst P-19 is complicated by the
presence of sands and siltstone possibly contributing to a low pore pressure prediction due to fast
velocities when compared to clay-rich shale. Cemented shales would increase tensile strength and
result in larger than expected LOT values. The only other well with a deep LOT in the Saglek Basin
is the Rut H-11 well and the local fracture pressure models slightly over-predict the true LOT, whilst
the regional model significantly over-predicts the LOT magnitude. The range of results in the
Saglek Basin indicates that there is lateral heterogeneity in the fracture pressure magnitude,
presumably due to lateral heterogeneity in the tensile strength of the shales.
Without more well data the current coefficients provide a reasonable model to predict the fracture
pressure magnitude but there is enough local variation to highlight the need to allow for a range of
fracture pressure at any depth rather than a single value.
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Figure 11.12 Pressure-depth plot for BlueH-28 showing the input curves (overburden (red) and pore pressure (orange))
and the output fracture pressure curves for the Eaton, the Matthews & Kelly and the Swarbrick & Lahann methods.
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Figure 11.13 Pressure-depth plot for Hare Bay E-21 showing the input curves (overburden (red) and pore pressure
(green)) and the output fracture pressure curves for the Eaton, the Matthews & Kelly and the Swarbrick & Lahann
methods.
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Figure 11.14 Pressure-depth plot for Indian Harbour M-52 showing the input curves (overburden (red) and pore pressure
(green)) and the output fracture pressure curves for the Eaton, the Matthews & Kelly and the Swarbrick & Lahann
methods.
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Figure 11.15 Pressure-depth plot for Pothurst P-19 showing the input curves (overburden (red) and pore pressure
(green)) and the output fracture pressure curves for the Eaton, the Matthews & Kelly and the Swarbrick & Lahann
methods.
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11.5


Conclusions

Relative to some basins the LOT dataset in this study is limited but every effort was made to
maximize the data available through careful examination of the well reports.



The most abundant data are from the Orphan Basin, which includes three modern wells (post2000).



The Saglek Basin and the Harrison and Hamilton Sub-Basins contain some data (5-6 data
points) which allowed for a tentative set of coefficients to be generated but given the natural
range in measured LOT magnitude the coefficient chosen represents an average value



The Nain Sub-Basin contained no LOT and the Harrison Sub-Basin model was applied.



The Hawke Basin contained one LOT and the Orphan Basin model was applied.



A regional model was derived using the Swarbrick & Lahann method. The value of coefficient A
was determined to be 0.8685 and 0.3833 was the coefficient B. These values are within the
expected range determined globally.



Typically, the results of the Swarbrick & Lahann method matched the locally derived models of
Matthews & Kelly and Eaton in the upper half of most wells and either continued to match
down to TD or tended to predict higher overall fracture pressures in the lower half the well.



Local models for each basin/sub-basin using Matthews & Kelly and Eaton were generated.



The coefficients for each basin/sub-basin were quite similar (0.42-0.43 for v; 0.77-0.78 for Ki)
with the exception of the Hamilton Sub-Basin which had much higher coefficients (v = 0.49 and
Ki = 0.95). The higher coefficients infer more plastic rocks but could also be explained as
anomalies that are biasing the dataset.



In some basins/sub-basins the magnitude of Ki and v did not correlate exactly but the
uncertainty, coupled with the regional fracture pressure model allows for a range of uncertainty
in fracture pressure to be determined.
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12

Seal Breach Risk Analysis

Hydrocarbon accumulations, trapped beneath a seal, can be lost via membrane leakage (when the
hydrocarbon buoyancy pressure exceeds the capillary entry pressures of the seal) or hydraulic
failure. Various techniques exist to determine the quality of a seal, both qualitative and quantitative.
The former methods include looking for evidence for gas chimneys visible as columnar
disturbances on seismic data. These chimneys can be classified as either associated with faults or
with membrane processes (Heggland, 2005). Other features that suggest leakage include a) pock
marks at seabed and on shallow-buried surfaces, (b) seismic bright spots associated with shallow
gas and velocity push down below gas-filled units (Schroot and Schüttenhelm, (2003) and
references therein) and c) oil slicks on the surface of the sea.
Quantitative assessment is more problematic; the most widely used technique used, is Mercury
Injection Capillary Pressure (or “MICP”) methods. In theory, the mercury injection technique works
by evacuating the fluids from a rock, and then immersing the sample in mercury. The mercury will
not enter the pores at laboratory pressures, therefore, by increasing the pressure on the mercury
the pores of the rock will be sequentially permeated by the mercury at increasing pressure. It is the
pressure required to inject mercury into the pore spaces that allows for an estimation of seal
quality. This technique has limitations since the measurements are made in laboratory conditions
that are assumed to be analogous to the sub-surface. Other limitations include the elastic rebound
of the pore network during core recovery, drying of the samples which may trigger clay reactions
and the sampling of the weakest point in a reservoir seal (Seedhouse and Racey, 1997). Despite
these uncertainties mercury injection data provide the best assessment of seal quality in
hydrocarbon exploration.
In this study, only mechanical seal failure is addressed, i.e. breaching of the seal due to hydraulic
failure either by shear, i.e. faulting or reactivation of an existing fault, or by opening of tensile
fractures. Large differences in the magnitude of the normal effective stresses, i.e. the differential
stress, favour shear failure, whereas tensile failure (creating “Griffith” cracks) requires only small
differences. Higher pore pressures promote both types of hydraulic failure, since higher pore
pressures reduce the magnitude of the effective stresses. Very high pore pressure or overpressure
preferentially produces tensile failure.
Effective stress is the difference between the total stress and the pore pressure. In physical terms it
is the grain-to-grain contact stress being exerted in a rock at depth and the magnitude of those
stresses is likely to vary according to principal stress direction, as well as rock-type. Effective stress
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is an important parameter in assessing seal breach as when effective stress is, in theory, zero, a
consolidated rock will fracture. In practice, failure may start to occur at low values of effective stress
rather than exactly at zero. The vertical effective stress can be determined when the pore pressure
(Pp) and Lithostatic pressure (Sv) are known, with Sv estimated from integrated density log and/or
density estimates (Chapter 6). The horizontal effective stress can be determined in an extensional
basin from the pore pressure (Pp) and the minimum horizontal stress magnitude (Sh), where Sh is
approximated from LOP data. In this report, it is the horizontal effective stress that has been used
to evaluate seal breaching.
In this study, the term used to describe the horizontal effective stress, is ‘seal capacity’ and can be
defined as follows;



Aquifer Seal Capacity (ASC) is defined as the difference between water pressure and
fracture gradient (Figure 12.1), and has been used for all calculations in terms of risking
seal breach.



Hydrocarbon Seal Capacity (HSC) is defined as the difference between hydrocarbon-phase
pressure and fracture gradient (Figure 12.1).

Given that in a petroleum accumulation, the pores are filled with a two-phase fluid system, and the
petroleum and water are immiscible, then in a water-wet reservoir the buoyancy pressure in the
petroleum phase is not influencing rock behaviour and it is the aquifer or water pressure that is
instrumental in fracturing the seal. See discussion in Bjørkum et al., (1998). Hermanrud et al.,
(2005) demonstrated using a hydrocarbon saturated core plug (Shc 87%) that water could be
pushed through the plug, implying that a continuous film of water coated all the grains and into the
seal. In these immiscible fluids, buoyancy is balanced by interfacial tension, therefore buoyancy
pressure cannot force the grains apart to fracture the rock (seal). In their experiment, the pressure
difference (i.e. buoyancy pressure) between the hydrocarbon phase and the water phase was 100
kPa, equivalent to a 500 m column of 0.3 psi/ft oil .
To determine aquifer seal capacity in a well it is necessary to estimate both pore pressure and
fracture gradient at the appropriate level (e.g. Top Reservoir) in the well under analysis. The
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shallowest point on the structure is the depth at which failure is most likely as it will have the lowest
fracture strength, hence, risking should be undertaken using data from the structural crest where
the data allow. In this study Top Reservoir was used as crestal depths were not available. The
water pressures are determined from the shallowest direct pore pressures near Top Reservoir in
dry holes, or from extrapolation of the aquifer overpressure along a water gradient from the
hydrocarbon-water contact in the case of a hydrocarbon accumulation. Fracture gradients were
determined from a detailed study of the available LOT pressure data (Chapter 11).
The likelihood of failure is predominantly affected by the magnitude of pore pressure, i.e. a highly
overpressured well has a smaller seal capacity, and is at higher risk of failure, than a low
overpressure well (Figure 12.2). However, the shallower the reservoir, for the same overpressure,
the higher the risk of failure also as the fracture pressure and pore pressure are convergent with
decreasing depth (Figure 12.2).

Figure 12.1 Schematic diagram showing the definition of Aquifer Seal Capacity and Hydrocarbon Seal Capacity. On the
Labrador Shelf the minimum stress is always the fracture pressure therefore the seal capacity is also the Horizontal
Effective Stress.
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Figure 12.2 The magnitude of the seal capacity is affected by the depth of the horizon being risked and the magnitude of
the overpressure. Highly overpressured wells and/or shallow reservoirs are most at risk from hydraulic top seal failure.

12.1

Published Examples of Seal Breach Analysis

Before discussing the potential for seal breach in the study area there is a discussion of previous
work, based mainly in areas where there is a large volume of data, sufficient to demonstrate clear
relationships. The relatively small dataset of wells on the Labrador Shelf do not permit such
detailed analysis but the learnings of these other areas can be used as powerful analogues,
especially given the similarities in geology to the Labrador Shelf.
The occurrence of breached traps has been assessed by Gaarenstroom et al., (1993) in the Central
North Sea and by Nordgård Bolås and Hermanrud, (2003) in the North Viking Graben and in the
Halten Terrace and expanded by Nordgård Bolås et al., (2005) in the Halten Terrace. Ikon Science
conducted independent regional analysis with a comprehensive datasets in the Central North Sea
(2004 & updated in 2010), in the North Viking Graben (2009) and in Mid Norway (2007 & updated
in 2012). These studies are unpublished, non-proprietary and available via Ikon Science (Note that
before 2010 the GeoPressure division of Ikon Science traded as GeoPressure Technology and
published under that name). O’Connor et al (2013) published a best-practice workflow for
mechanical seal failure, with emphasis on traps in South-East Asia.
In each example the Aquifer Seal Capacity was calculated relative to the fracture pressure using
reservoir pressure data and the results were sorted by increasing seal capacity value and coloured
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by discovery status (dry hole vs. discovery). Where the data allow, care should be taken to exclude
wells that are dry due to mechanisms unrelated to pore pressure, e.g. no trap, very poor reservoir
quality or a lack of charge (if known). Actual evidence for leakage is difficult but should consist of
examination of the seismic data for evidence of chimneys and velocity pushdowns for instance, as
well as evidence in cored seals for fractures, particularly hydrocarbon stained, and palaeo-contacts
and short columns/large structures. There is evidence from the seismic for possible gas chimneys
that link to oil seeps observed on the surface of the Labrador Sea (Figure 12.7). For the wells
known to have reservoir but are dry holes, e.g. Blue H-28, the well reports do not mention
hydrocarbon staining, but gas chimneys have been noted in the area suggesting regional charge is
probable and vertical leakage has occurred.

12.1.1 Central Graben, North Sea
12.1.1.1

Gaarenstroom et al., (1993)

The first main published account of seal breaching risk is work of Gaarenstroom et al., (1993) in the
Central North Sea. The study analysed the difference between minimum horizontal stress, based
on a regional, lower-bound limit of available LOT data and the pore pressures at the depth near to
Top Reservoir. The difference between pore pressure and the lower-bound of the LOT data was
termed “retention capacity”. The wells were also assessed for evidence of lack of a reservoir and
the presence of a valid trap. Gaarenstroom et al., (1993), also used a default value of 0.226 bar/m
as an estimate of the lithostatic gradient but in reality, the overburden derived from density data is
different.
Their results show that when retention capacity is less than 70 bar (7000 kPa) there is a significant
risk of seal breaching, as seven out of twelve wells are dry holes with retention capacity less than
70 bar.

12.1.1.2

Winefield et al. (2005)

Winefield et al. (2005) performed their analysis in the Greater Shearwater area of the Central North
Sea. Evidence is presented that suggests overpressure is a key control on hydrocarbon retention,
with high overpressure structures either showing evidence of blown top-seals or being “leaky” i.e.
under-filled, for example, the Shearwater structure. Wells such as Juno (22/29-06ST2), Martha
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(22/30a-1) and Shearwater (22/30b-15ST1) represent a system of complete breach, leaking to fully
sealed. Juno for instance was water-wet with shows in the Jurassic but encountered highlyoverpressured gas-filled beds in the Hod making drilling problematic. In Martha, high overpressures
of 7800 psi, hydrocarbon staining and a resistivity spike at the crest of the structure suggest attic
hydrocarbons. Shearwater has a long gas condensate column.
Winefield et al. (2005) display, for a series of wells in the HP/HT area of the Central North Sea,
aquifer overpressure data relative to (a) a overburden gradient of 1.0 psi/ft and (b) a regional lowerbound to LOP data modified from the original profile of Gaarenstroom et al. (1993). Note is made of
several “hydraulically” blown structures and also the Shearwater discovery well, 22/30a-4, which
plots significantly above this regional LOP trend; a preferred least stress boundary is defined by the
authors through the crestal pressures of these structures and termed “a localised top-seal line for
the deep HP/HT play”. Any deeper traps in a single overpressure cell are identified as being
“protected”. An example given is one where Martha is the shallowest structure in the overpressure
cell also containing Shearwater. Martha is therefore the leak point and Shearwater is protected as it
is a down-dip structure; the column height in Shearwater is still controlled by the relationship
between the aquifer overpressure and “top seal line” and hence is regarded as under-filled. Any
deeper traps than Shearwater have the potential to be filled to spill, i.e. column height defined by
structural spill point.

12.1.1.3

Swarbrick et al., (2010)

In the Central North Sea, the Upper Cretaceous chalk comprises both reservoir and non-reservoir
intervals, the former volumetrically minor but most commonly identified near the top of the Tor
Formation. The majority of non-reservoir chalk has been extensively cemented with average
fractional gross porosity of 0.08, and permeability in the nano- to microDarcy range (10-18–10-21 m2),
and sealing properties comparable to shale. Hence, deeply buried chalk is comparable to shale in
preventing dewatering and allowing overpressure to develop and remain trapped.
In addition to its role as a regional seal for overpressure, the Base Chalk can be shown to be highly
significant to trap integrity. In this study, it was noted that the same overpressure measured at Top
Reservoir in the Jurassic was also present in reservoirs in the seal (Kimmeridge Clay, Heather
Formation); the interpretation by Swarbrick et al. (2010) is that fractures created internally within the
Kimmeridge Clay source rock are linking these reservoirs allowing equilibrium of overpressure. As
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traps fail not only at the structural crest but also at the top of their overpressure cell, analysis of seal
breach would be valid at levels shallower than purely Top Reservoir.
Analysis of dry holes and hydrocarbon discoveries relative to their aquifer seal capacity in the
Central North Sea shows that the best empirical relationship exists at Base Chalk, rather than Base
Seal/Top Reservoir, where the relationship is traditionally examined. Using a database of 65 wells
with aquifer seal capacities less than 2300 psi (Figure 12.3) from the HP/HT area of the Central
North Sea, and extending the known aquifer gradients from the Fulmar reservoirs via the Base
Cretaceous Unconformity to Base Chalk, leads to a risking threshold at 5200 kPa (750 psi) aquifer
seal capacity (Figure 12.3). Discoveries constitute 88% of the wells above the threshold and 36%
below, with 100% dry holes where the aquifer seal capacity is zero or negative (i.e. predicted
breached trap). In Figure 12.3 below the threshold at Top Reservoir, many of the green columns,
i.e. discoveries, have short columns as well as some having evidence of leakage in the seal i.e.
hydrocarbon-staining in fractures. Above the threshold, long columns are observed in most cases
(if the traps have sufficient closure)
This relationship at Base Chalk can be used to identify leak points, which control vertical
hydrocarbon migration as well as assessing the risk associated with drilling high-pressure
prospects in the Central North Sea and recognition of protected traps.
Differences between the results for sealing at Top Reservoir presented here and other studies in
the same area arise from two main factors: (a) the consistent use of aquifer seal capacity (this
study) vs. hydrocarbon pressure in hydrocarbon discoveries and aquifer pressure for dry holes (e.g.
Gaarenstroom et al., 1993) and (b) use of the lower of either (i) fracture gradient based on an
algorithm incorporating a fluid pressure-horizontal stress term or (ii) lithostatic stress vs. use of a
minimum bound for Leak Off Test (Gaarenstroom et al., 1993; Winefield et al., (2005)).
A lithostatic stress relationship was generated from density data in selected wells (rather than
utilising a default 1.0 psi/ft). A fracture strength model, based on a regional dataset of Leak Off
Tests incorporating a fluid pressure-horizontal stress coupling term, was also generated. The
minimum stress in the North Sea Central Graben is then assumed to be either the fracture strength
or the lithostatic stress whichever is the lower. It was observed that at depths of > 4300m (approx.
14,000 feet) the Leak-Off Tests frequently exceed the lithostatic stress.
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12.1.1.4

Casabianca and Cosgrove (2012)

Casabianca and Cosgrove (2012) describe an “ultimate seal” in the overburden, similarly to the
consideration of effective sealing within rather than at the base of the seal, as proposed by
Swarbrick et al (2010). They also consider the effective or ultimate seal varies in stratigraphic
location in the overburden and in the Casabianca and Cosgrove model it lies at the tip points of
fault systems that develop at the crests of structures in their Central North Sea study. The hydraulic
seal is the surface that controls the seal capacity and hydrocarbon column length.The current
model describing the sealing mechanism of high pressure hydrocarbon traps and the ensuing
methodology for predicting top seal integrity and capacity in high-pressure plays assumes that the
caprock, defined as the low matrix permeability formation immediately overlying the reservoir, is the
seal.

12.1.2 Nordgård Bolås & Hermanrud, (2003)
Retention capacity and hydrocarbon leakage has been assessed for the Northern North Sea by
Nordgård Bolås and Hermanrud (2003), in which comparisons are drawn between retention
capacities for wells in the North Viking Graben with wells in the Halten Terrace area (Section
12.1.3). The observation was made that some hydrocarbon-bearing traps in the North Viking
Graben have very high pore pressures and yet, in Mid-Norway, often at significantly lower
pressures, structures have leaked. Retention capacity was defined as the difference between the
least principal stress and the pore pressure, where the least principal stress has been taken from
LOP values in drilling reports. The approach taken was to use pressure data from LOTs from
individual wells rather than a regional minimum LOP trend. Also, the pore pressures are taken at
depths just below the tops of the Jurassic reservoirs with LOTs taken just below the casing shoe in
the overlying seal, therefore fluid and fracture pressure data points were less than 400 m apart
vertically in most wells. Top Reservoir was ideally taken at the shallowest point in a pressure
compartment, where possible, and wells were selected to inter-sect reservoirs close to the
structural crest.
In the North Viking Graben, four out of a total sixteen overpressured wells are dry holes (=
breached) with retention capacities ranging from 30-140 bar (3000-14000 kPa). No clear
relationship exists between dry holes and retention capacity.
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Figure 12.3 Aquifer seal capacity calculated at Top Reservoir (Top Image) and Base Chalk (Bottom Image). Analysis of
dry holes and hydrocarbon discoveries relative to their aquifer seal capacity shows that the best empirical relationship
exists at Base Chalk, rather than Base Seal/Top Reservoir, where the relationship is traditionally examined. The red
dashed line are threshold values above which discoveries dominate and below which dry holes dominate, e.g. at Base
Chalk discoveries constitute 88% of the wells above the threshold and 36% below, with 100% dry holes where the aquifer
seal capacity is zero. Images taken from Swarbrick et al. (2010).
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12.1.3 Mid-Norway, Halten Terrace
12.1.3.1

Nordgård Bolås and Hermanrud (2003)

In the analysis by Nordgård Bolås and Hermanrud (2003), eight out of thirteen wells analysed in the
Halten Terrace were dry holes, with seven of these interpreted as due to seal breaching and one
due to lack of hydrocarbon charge.
The retention capacities for the leaked wells in the Halten Terrace dataset were in the range of 70190 bar (7000-19000 kPa). However, the explanation for leakage relates to flexure and not to
retention capacity according to the authors, as there is a spatial distribution of those wells
considered “leaking” and those considered to be dry for other reasons (Figure 12.4).

12.1.3.2

Nordgård Bolås et al., (2005)

The influence of stress regimes and their influence on hydrocarbon leakage was investigated by
Nordgård Bolås et al., (2005) in the areas previously analysed in Nordgård Bolås and Hermanrud
(2003) i.e. Halten Terrace, and North Viking Graben, plus Central North Sea. Each of these areas
has experienced a different geological history and variable amounts of hydrocarbon leakage.
Recent stress-generating processes include burial beneath prograding sediment wedges, periods
of isostatic uplift and ice loading and salt diapirism.
The Plio-Pleistocene sedimentary wedges in the Halten Terrace area reach a thickness of >1500 m
in places compared to only 600 m recorded in the Viking Graben. Isostatic rebound resulted in
crustal flexing (affecting horizontal stress), and induces stress anisotropy in the sediments,
particularly in the hinge zone or area of maximum curvature. The hinge zone affects the eastern
section of the North Viking Graben but hardly influences the Central North Sea or Halten Terrace.
Ice loading (affecting vertical stress) however does affect the Halten Terrace region with changes
more pronounced on the shelf edge. Stress changes were less likely in the Viking Graben and
Central North Sea as the load from glaciers was more uniformly distributed.
The conclusion of the authors is that overpressured Jurassic reservoirs demonstrate a correlation
between the frequency of dry holes and recent crustal flexing processes (Figure 12.4). These
processes result in trap leakage through shear failure. Discoveries tend to favour areas less
affected by these processes.
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Figure 12.4 Dry hole vs. Discovery analysis from Nordgård Bolås et al., (2005) in flexured and unflexured traps. L =
Leaking, T = No Trap and C = No Charge. Retention Capacity = Seal Capacity.

12.1.4 Scotian Shelf (Bell, 1998)
Bell (1998) compared the overpressure regime of two areas within Canada, the Scotian Shelf
(Eastern Canada) and the Beaufort-Mackenzie Basin (North-Western Canada). As part of the
analysis of the Scotian Shelf it was noted that gas was present in immature sands well above the
overpressured zone in wells Alma F-67 and Gleneg J-48. Furthermore, the listric normal faults
present were interpreted to be the vertical fluid flow pathways leading the authors to investigate the
seal capacity (termed “effective strength” in Bell (1998)) of the overpressured reservoirs.
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Bell (1998) compared the Leak-Off Pressure tests (rather than a regional lower bound) with pore
pressures (which were derived from mudweights unless DSTs or RFTs were present). The author
noted that in the two wells in which breach was considered to have occurred (presence of gas in
shallow reservoirs above normal faults); the seal capacity was lower than for the wells that had the
hydrocarbons still present. The seal capacity at Alma F-67 was 9200 kPa and 7300 kPa at Gleneg
J-48. The next lowest seal capacity magnitude was 13600 kPa with the majority of the remaining
wells recording an estimated seal capacity in excess of 20000 kPa (Figure 12.5). Bell (1998)
concluded that wells with a seal capacity lower than 10000 kPa are at high risk for hydraulic top
seal failure, a result similar to the conclusion of Swarbrick et al, (2010) for the Central North Sea at
top reservoir.

Low seal capacity
=
High chance of a dry hole

0
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Bell (1998)

1
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Figure 12.5 Plot of seal capacity (effective strength) for 11 wells in the Central Scotian Shelf at multiple stratigraphic
depths (Bell, 1998). Breached traps are shown within the blue circle and correlate to the lowest seal capacity values,
lower than 10 MPa (10000 kPa).
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12.2

Labrador Shelf Analysis

The study makes a number of assumptions during the seal breach analysis;
1. Any failure of a top seal was due to hydraulic failure and not membrane failure (although
clay volume, i.e. lithology of top seals, is discussed later in the chapter).
2. A valid reservoir was assumed by the presence of wireline formation tests or drill stem tests;
similarly, a lack of pressure test data was assumed to record a lack of reservoir.
3. Only one overpressure value per reservoir age was included in the analysis.
4. The study used the shallowest sand in a series of multiple stacked reservoirs with the same
overpressure to represent the top of an overpressure cell.
5. Where a hydrocarbon column is present above an aquifer then the aquifer overpressure is
used at Top Reservoir depth. Seal capacity analysis produces the most meaningful results
when the ASC is risked, however, in some wells the only reservoir pressure measurement
available is a DST. Hence, only the HSC can be analysed for those wells as the water
pressure cannot be accurately estimated; the DST does however give a theoretical
maximum aquifer overpressure.

The likely error associated with the use of hydrocarbon data as opposed to aquifer data is not
known due to the lack of pressure data displaying a fluid contact. The only well to demonstrate a
clear fluid contact is North Bjarni F-06. The column height is 190 m with a buoyancy pressure of
1800 kPa in the Bjarni Formation. There is no such information available in the Cartwright. Also it
should be noted that the North Bjarni F-06 well is located in the Hopedale Basin so possible column
heights in the Saglek and Orphan Basins are also unknown. The wells possibly affected because
DSTs were used are Bjarni O-82, Hopedale E-22 and North Leif I-05.
Typically such analysis, as described in this section, is undertaken only after careful consideration
has been made to remove wells that can be proven to be dry due to either a lack of reservoir (see
assumption 1 above), charge or trap. Based on End of Well Reports only there was not enough
evidence to prove a lack of charge or trap, hence, no wells are excluded. There are public domain
reports (e.g. C-NLOPB “Call for Bids” Reports) that document gas chimneys in the Saglek,
Hopedale and Orphan Basins hence charge has been assumed to be present. The presence of a
valid trap has been assumed for the dry hole wells.
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The workflow used is summarised below but follows the approach described in Swarbrick et al.
(2010) and the text at the beginning of this chapter;
1. Use reservoir pressure tests to quantify present day aquifer pressure magnitudes
2. Use the velocity-based shale pressures from Equivalent Depth Method analysis (Chapter
Reference) to estimate the aquifer palaeo-pressure before lateral drainage, assuming no
lateral transfer effects
3. Quantify the seal capacity for both the present-day and palaeo pore pressures using the
fracture pressure as estimated using the Matthews & Kelly technique, as described in
Chapter 11(Figure 12.1).
4. Produce bar charts of seal capacity sorted by magnitude value (e.g. Swarbrick et al, (2010);
Figure 12.3), Additional plots sorting the data by depth and seal thickness will be produced
if the traditional analysis fails to provide an adequate result.

The final database was divided into dry holes (water-wet) and discoveries (wells awarded a
significant discovery licence or wells with a proven hydrocarbon system, e.g. hydrocarbon shows).
The database for seal breach analysis can be broken down as follows;



Lower Kenamu Formation

3 dry holes



Cartwright Formation

6 dry holes & 2 discoveries



Markland Formation

2 dry holes



Bjarni Formation

3 dry holes & 6 discoveries



Undifferentiated Jurassic

1 dry hole & 1 discovery



Undifferentiated Palaeozoic

0 dry holes & 1 discovery


Accurate seal breach analysis requires a large enough dataset that allows for statistically
meaningful results to be interpreted and requires a distribution of both dry holes and discoveries.
The only formations with sufficient data to allow analysis are the Cartwright and Bjarni Formations
(including the Snorri Member) with eight and nine wells respectively.
The majority of reservoirs at the present day are normally or near-normally pressured meaning that
the pore pressure is much lower than the fracture pressure, hence, the seal capacity will be large,
i.e. no risk of hydraulic top seal failure. To investigate the possibility of palaeo-seal breach the shale
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pressure prediction results from velocity in this study (Chapter 9) were used as an estimate of the
undrained reservoir pressure. The seal capacity was calculated using the reservoir pore pressure
and the shale pore pressure with comparison to the Matthews & Kelly fracture pressure model
results within this study (Chapter 11). If a LOT data point was present close to Top Reservoir then
the test result was given precedence over the Matthews & Kelly fracture pressure results.

12.2.1 Evidence for Vertical Leakage of Hydrocarbons
Both surface and sub-surface expressions of gas are well documented in literature (for example,
Schroot and Schüttenhelm (2003) and references therein). Surface expressions include ‘pocks
marks’ and seeps, indicative of venting of gas. In the subsurface, on reflection seismic data
indications of gas migration include shallow bright spots and flat spots and as disturbed zones with
associated seismic frequency attenuation known as ‘gas chimneys’.
Distinctive geomorphological features, which have been termed ‘pock marks’, have been identified
on the seabed in many deep-water basins around the world using 3D seismic data, shallow sitesurvey data or side-scan sonar. These ‘pock marks’ are clusters of small, localized features like
mini-volcanoes that have been interpreted as plastic deformation features arising from fluid escape
to the surface resulting in up-swelling and breaching in mud-rich sediments. Similar features have
also been identified in buried sediment surfaces at shallow depths. The distribution of these pock
marks is generally found to be related to underlying faults.
Pock mark features have been interpreted to indicate frequently recurring leakage and migration of
gas to the seabed. Depending on the context, these features have been taken either as a positive
indication of a generating hydrocarbon system, and/or that buried structures are filled to spill or as a
negative indicator that buried structures have been breached and thus hydrocarbons have leaked
upwards to the surface.
In the study area gas chimneys are the main seismic characteristic that has been identified that is
diagnostic of gas leakage from deep structural traps that have been breached by excessive
overpressure.
Gas chimneys are a seismic anomaly interpreted to be indicative of the upward movement of gascharged fluids or free gas. Gas chimneys are identified in seismic data as vertically aligned zones
of disturbed seismic data and apparently poorer data quality. These localised disturbances in the

Regional Pore Pressure Analysis of Offshore Newfoundland and Labrador:
Unlocking the Shelf to Deep-Water Transition

295

Chapter 12: Seal Breach Risk Analysis
seismic imaging of strata are found to be characterised by reduced acoustic velocities, increased
attenuation of seismic energy and decreases in seismic frequency.
Gas chimneys are identified in Saglek Basin (Figure 12.6), Hopedale Basin (Not shown but present
in the new seismic (as identified by Nalcor Energy) and in the public domain literature), and Orphan
Basin (Seismic not available over this area within this study but a public domain C-NOLPB
(previously known as C-NOPB) report (C-NOPB, 2003) indicates a gas chimney present near Blue
H-28). In this well, the vertical effective stress in the Bjarni Formation is relatively low at
approximately 12,000 kPa, this will be discussed in subsequent sections of this chapter. Previous
C-NOPB/C-NOLPB reports have documented gas chimneys in the Saglek and Hopedale Basins as
well.
It should also be noted that Nalcor Energy have commissioned an oil slick study based on the
interpretation of satellite photography. The oil slick study has identified numerous oil slicks some of
which correlate to observed features that could be interpreted as gas chimneys on seismic (Figure
12.7). Further studies are likely to follow in the coming years.
The presence of gas chimney may imply the vertical leakage of hydrocarbons, although a similar
effect can be achieved by CO2 rich formation fluid escaping. Leakage can occur in two ways;
membrane failure where the hydrocarbon buoyancy exceeds the capillary entry pressure of the
pores in the seal or by hydraulic top seal failure (whereby low permeability seals have sufficient
large capillary entry pressures that mechanical failure occurs before leakage). In this Chapter only
hydraulic top seal failure is being risked, although top seal lithology is analysed using variations in
GR value as a proxy for clay content/volume. Assuming only hydraulic failure, any gas chimney
features observed imply high reservoir pressure, which is close to the fracture pressure causing
hydraulic failure. As gas chimneys are observed in all basins of this study then the implication is
that high pressure reservoirs exist (e.g. Pothurst P-19 in Saglek Basin and Blue H-28 in the Orphan
Basin), with charge and are potentially close to failure of the top seal.
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Figure 12.6 An example of a vertical feature in the seismic amplitude data consistent with a gas chimney. A gas chimney
is evidence for active charge and for vertical leakage of hydrocarbons, possibly linked to hydraulic failure of the top seal
due to high reservoir pressure. The identified gas chimney is located in the Saglek Basin, close to Pothurst P-19 and
close to the shelf edge.
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Figure 12.7 Image showing the hydrocarbon migration features “gas chimneys” associated with a significant discovery
well on the Labrador Shelf and the observation of an oil slick on the sea surface as identified as part of an oil slick
satellite image study commissioned by Nalcor. Image courtesy of Nalcor Energy.

12.2.2 Seal Capacity Analysis Results
12.2.2.1

Cartwright Formation

Figure 12.8 shows all the available seal capacity data for the Cartwright Formation. For each well,
there are two values; one based on the reservoir measured pressure, and a second, based on the
shale pressure. The shale pressure column has the advantage of assessing breach prior to any
reservoir drainage which may have happened very recently. Shale pressure analysis is an
assessment of “palaeo-breach” and is probably more valuable as an analysis. Where, for example
in Figure 1.7, for Pothurst P-19, both reservoir and shale seal capacity have the same value, this
implies there has been no recent (or ancient) drainage of the reservoir, i.e. the trap is most likely
stratigraphically isolated and at shale pressure.
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The columns are sorted by the magnitude of the shale-based seal capacity. The thresholds
proposed in Swarbrick et al (2010) for the Central North Sea are shown for reference. All the seal
capacities estimated for the wells with Cartwright Formation reservoirs are higher than the lowest
threshold in Swarbrick et al (2010). The smallest seal capacity is ~6000 kPa for the shale-based
palaeo-pore pressures and ~8400 kPa (Pothurst P-19) for the current reservoir pressures in well
Ogmund E-72. Most of the data plot above 10000 kPa for both reservoir and shale seal capacities,
which was the threshold proposed for the Scotian Shelf by Bell (1998). Of course, these thresholds
are basin-specific and so their absolute magnitudes may have little influence in the Labrador
basins; they are, however, included for reference.
The columns do not show a clear distribution of dry holes with low seal capacities and discoveries
with high seal capacities as might be expected, although the first three wells have the lowest shalebased seal capacities and these are dry. This assumes that all dry holes in Figure 12.8 are
“breached” vertically. They may be dry for other reasons that cannot be ascertained within this
study.
Hekja O-71 and Pothurst P-19 are both in the Saglek Basin therefore the difference in seal
capacities between these wells, which are dry and gas-filled, may provide a useful range of
uncertainty for risking traps in this Basin. For the Saglek Basin, where Hekja-O-71 and Pothurst P19 have seal capacities of 8,000 kPa (dry) and 10,000 kPa (gas filled) a theoretical threshold of
9,000 kPa may be of use.
Also, Ogmund E-72 (dry) and Snorri J-60 are very close together in the North of the Hopedale
basin (Nain Sub-Basin). 11,000 kPa may be a useful guide to seal capacity in this part of the
Hopedale Basin as this separates a dry trap from one with gas, all things being equal. It should be
noted that there are no discoveries in the Orphan Basin to perform the same kind of analysis in
these locations.
Re-sorting the columns by reservoir pressure-based seal capacities does result in the two
discoveries plotting with the highest values but there are dry holes, e.g. North Leif I-05, with the
same magnitude of seal capacity suggesting that there may be other factors controlling
hydrocarbon preservation rather than simply seal capacity.
The latest stratigraphic interpretation indicates that Hekja O-71 and Snorri J-90 made their
discoveries within the upper-most Cartwright Formation, which is now being called the Uivak
Member equivalent, formerly known as the upper ‘Gudrid Tongue’ (Nalcor Energy pers. comm.).

Regional Pore Pressure Analysis of Offshore Newfoundland and Labrador:
Unlocking the Shelf to Deep-Water Transition

299

Chapter 12: Seal Breach Risk Analysis
The Uivak Member is consistent with a lower shoreface sandstone, as opposed to the turbidites of
the Gudrid Member at the base of the Cartwright Formation.
Based on the description of Cartwright Formation members above, the Gudrid reservoir units may
have found no success in the main section of the Hopedale Basin, but the upper sands (Uivak
Member) had the two discoveries. Based on the interpreted sub-cropping of the sedimentary wedge
close to the shoreline, the Gudrid Member may be dry due to lateral seal issues.

Figure 12.8 A plot of seal capacity for all available data in the Cartwright Formation. The wells are sorted by the seal
capacity based on the shale pressure prediction (palaeo-pore pressure). The red dashed lines are the three thresholds
proposed in Swarbrick et al (2010) depending on the different stratigraphic levels risked.

12.2.2.2

Bjarni Formation

Figure 12.9 shows all the available seal capacity data for the Bjarni Formation. The columns are
sorted by the magnitude of the shale pressure-based seal capacity as for Figure 12.3. The
thresholds proposed in Swarbrick et al (2010) for the Central North Sea are shown for reference. All
the seal capacities estimated for the wells with Bjarni Formation reservoirs are higher than the
Regional Pore Pressure Analysis of Offshore Newfoundland and Labrador:
Unlocking the Shelf to Deep-Water Transition

300

Chapter 12: Seal Breach Risk Analysis
lowest threshold in Swarbrick et al (2010) with exception of Blue H-28 in the Orphan Basin, which
has a seal capacity of approximately 3900 kPa in this well (Figure 12.9). The gas chimneys
identified in the public literature (C-NOPB, 2003) indicate that vertical leakage has occurred within
these basins and remains a distinct possibility for the Blue H-28 well.
As was observed for the Cartwright Formation, the columns do not show a clear distribution of dry
holes and discoveries. Great Barasway F-66 and Lona O-55 (Bjarni Formation equivalent units) are
dry and yet have similar or even higher seal capacities to the gas-filled Roberval K-92. The latter
well is located in the Hopedale Basin, the former 3 wells are in the Orphan. This may mean that
these two basins have different top seal strengths and that 8,000 kPa may be useful as a threshold
in the Hopedale whereby any higher would preserve gas (Hopedale E-33, Bjarni O-82, Herjolf M-92
are all Hopedale Basin wells). A seal capacity less than that of Blue H-28 is likely high risk in the
Orphan Basin. Of course, as a set of implications, this is based on a very limited dataset and overinterpretation of these data should be avoided.
Re-sorting the columns by reservoir-based seal capacities does not result in a clearer distribution
as Hopedale E-33 has a lower seal capacity than Great Barasway F-66 and Lona O-55 yet it is a
discovery and the other two wells are dry holes. The Tertiary sequence and internal stratigraphy
varies from basin to basin, hence the lithological and depositional variation may be the key control.
For example, the Base Tertiary unconformity(ies) is much more pronounced in the Orphan Basin
providing a potential opportunity for fluid loss that is not present in the Hopedale Basin

12.2.3 Depth Controls on Seal Breach
Figure 12.2 shows that for a common overpressure the shallowest reservoir will be at the highest
risk of hydraulic failure as it will be closest to the fracture pressure gradient. Given the lack of
obvious relationship between seal capacity and fluid types in the analysis above (although basin by
basin comparisons appeared to possibly identify some useful threshold values), the wells in
Labrador have been re-ordered for seal capacity by depth. The reason for this is that a similar nonresult between seal capacity and fluid status in Mid-Norway, Halten Terrace was observed (IG/IHS,
2007). Once re-ordered for depth, it was identified that below a threshold depth, traps were
hydrocarbon-filled i.e. shallow traps were breached.
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Figure 12.9 A plot of seal capacity for all available data in the Bjarni Formation. The wells are sorted by the seal capacity
based on the shale pressure prediction (palaeo-pore pressure). The red dashed lines are the three thresholds proposed
in Swarbrick et al (2010) depending on the different stratigraphic levels risked.

12.2.3.1

Cartwright Formation

Figure 12.10 shows the seal capacity data for the Cartwright Formation with wells ordered by
increasing depth to the top of the Cartwright Formation. The wells do not show any correlation
between depth and fluid type as the two deepest wells are dry holes (Blue H-28 and Pothurst P-19).
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Figure 12.10 A plot of seal capacity for the Cartwright Formation sorted by the depth below sea floor.

12.2.3.2

Bjarni Formation

Figure 12.11 shows the seal capacity data for the Bjarni Formation with wells ordered by increasing
depth to the top of the Bjarni Formation. The results show no clear correlation between depth below
sea floor and preservation of hydrocarbons.
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Figure 12.11 A plot of seal capacity for the Bjarni Formation sorted by the depth below sea floor.

12.2.4 Glacial Loading – A Potential Reason for Deep Trap Preservation?
In Mid-Norway, Ikon Science identified a depth control on discoveries and dry holes, i.e. discoveries
were “deep”. Therefore, a similar approach was attempted in Labrador to deduce why deep traps
should be preferentially preserved. One reason is for traps to be protected, i.e. if there are two
structures in the same overpressure cell where their reservoirs are the same age and linked, then
the shallowest trap, if breached, will act as a pressure valve and so not allow the deeper trap to
breach. There is insufficient data to test this concept. Another alternative is for glacial loading to
perturbate crustal stress and so cause breaching. Work by Grollimund and Zoback (2000, 2003 and
2005) suggests that ice sheets load the crust, resulting in flexing. These flexural stresses reduce
with increasing depth. Nordgård Bolås et al., (2005) show the relative impact of loading in Figure
12.12 (b) and (c). The authors concluded that overpressured Jurassic reservoirs demonstrate a
correlation between the frequency of dry holes and recent crustal flexing processes that generate
stress anisotropy (Figure 12.4). These processes result in trap leakage through shear failure,
resulting from ice loading. Discoveries tend to favour areas less affected by these processes as
they are deeper and shear failure reduces with depth.
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Figure 12.12 Schematic images showing the various ways in which crustal stress is influenced and can lead to flexure
resulting in a fractured top seal (Nordgård Bolås et al., 2005)

In addition to flexural stress causing shear failure etc., the likelihood of trap breach can also be
affected by;
a) At the on-set of glaciations, all sea-water is converted to ice, dry sea-bed; sea-level fall to
zero. Using a hydrostatic gradient of 10.1 kPa/m, a 243 m decrease in water depth causes a
2454 kPa drop in the hydrostatic pressure, i.e. a relative increase in reservoir overpressure
of 2545 kPa, closer to fracture pressure therefore reducing slightly the seal capacity
b) Pure loading by ice is likely to have an impact on breach as any increase in load of the
overburden (ice has a density of 0.91 psi/ft) will increase the fracture strength of the cap
rock but the rate of increase of fracture strength will be less than the increase in pore
pressure, therefore narrowing the seal capacity window by the degree of stress coupling
plus a component from increased overburden.
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Fulton & Prest (1987) provide an overview of the Laurentide Ice Sheet and its significance on the
Labrador area as well as North America in terms of ice loading. The thickness across the Labrador
Shelf is not known but the extent of the ice sheet matches the present-day coastline (Fulton &
Prest, 1987) so it can be assumed that the ice thickness was reasonably uniform along the coast.
Josenhans et al (1986) inferred that the last glacial episode was the least extensive across the
Labrador Shelf, although the northernmost shelf region and the Hudson Strait may have undergone
a local loading event 8000 BP.
The total amount of vertical depression of the coast due to the ice is unknown as there is little
reported in the literature but on the east coast of Hudson Bay, the rebound is known to be
approximately only 300 m. Any loading that was present in Labrador was likely to have been fairly
uniform given the ice sheet margin was parallel to the current coast (Figure 1.12). However, if the
ice sheet margin extended to the edge of the Shelf in Labrador (Fulton & Prest, 1987) so the
amount of loading and isostatic rebound is interpreted by us will be uniform and thus the effect on
breach uniform, rather than generating flexed and un-flexed areas.
The deep-water area was unlikely to have been loaded by the ice sheet, even if the ice sheet had
existed in the deep-water, it is likely that the ice never rested on the seabed directly and that a layer
of water separated the rock and the ice; as water is only slightly compressible, any loading would
have been absorbed by the water.

12.2.5 Seal Thickness and Quality Controls on Seal Breach
Hydrocarbon preservation within a reservoir is also a function of the quality and/or thickness of the
seal. Membrane leakage is controlled by the capillary entry pressure (related to permeability) of the
seal. A seal is no more likely to leak if it is normally pressured as opposed to being overpressured
by this process (Bjørkum et al, 1998). Thicker seals and lower permeability seals (those with higher
clay content and higher capillary entry pressure) are most likely to relate to hydrocarbon
preservation (although it should be noted that low permeability seals also allow the pressure to
build up and so mechanical failure becomes more of a risk e.g. Kimmeridge Clay Formation,
Central North Sea). In Labrador only the Bjarni Formation showed a correlation to depth and, as it
is also overlain by a regional seal, the Markland Formation, only the Bjarni
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Figure 12.13 Ice sheet extent for the Labrador Shelf showing the estimated glacial limit and glacial till extent to be a)
limited to the shelf and b) to be parallel to the present day coast (Josenhans et al, 1986).

Regional Pore Pressure Analysis of Offshore Newfoundland and Labrador:
Unlocking the Shelf to Deep-Water Transition

307

Chapter 12: Seal Breach Risk Analysis
Formation will be risked in terms of seal thickness and seal quality. The rationale here is that in
Mid-Norway (IG/IGS, 2007), thick, clay rich seals showed a positive correlation between dry holes
and discoveries, i.e. discoveries were deep, as mentioned above, with thick, clay rich seals.

12.2.5.1

Markland Formation Thickness

Figure 12.14 shows the wells with Bjarni Formation seal capacity data sorted by the thickness of
the overlying Markland Formation. There is no clear correlation between Markland Formation
thickness and the retention of hydrocarbons based on the data available.

Figure 12.14 A plot of seal capacity for the Bjarni Formation with the wells sorted by increasing thickness of the Markland
Formation.
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12.2.5.2

Markland Formation Clay Quality

Figure 12.15 shows a correlation panel for all wells in the Bjarni Formation seal capacity analysis
except Great Barasway as the Markland Formation is not present. The wells are flattened on the
Markland Formation marker and ordered by increasing Markland Formation thickness (pale brown
interval).
The Gamma Ray (GR) data for all wells were plotted and a filter was used to isolate the highest GR
shales within the Markland Formation. The green highlighted intervals within the Markland
Formation interval represent those shales with a GR value higher than 55 API. The value of 55 API
was derived iteratively to see what threshold value allow separation of the dry holes and the
discoveries. Not only do the dry holes correlate to the thinnest Markland Formation values but also
these wells correlate to low API shales within the Markland Formation. Conversely the discoveries
correlate to thick Markland Formation intervals comprised of high API shales.
It should be noted that Gamma Ray values do not necessarily imply more or less clay. In this
analysis the tool response was used to highlight qualitatively the presence of shales with higher GR
magnitudes as an indication of better seal quality.
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Figure 12.15 Correlation panel for all wells in the Bjarni Formation seal capacity analysis except Great Barasway F-66 as
the Markland Formation is not present. The wells have been flattened on the Markland Formation marker and the
formation interval is highlighted in pale brown. The green highlighting within the Markland Formation interval represents
any depth where the Gamma Ray value exceeded 55 API. The discoveries (green circles) correlate to the better quality
shales.
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It must be noted that the distribution of dry holes and discoveries within the Cartwright and Bjarni
Formations are best explained by their location. All the discoveries are located in the Hopedale
Basin.
The dry holes are dominantly located in the Orphan Basin but also in the Hopedale and Saglek
Basins (e.g. Hekja O-71 and Roberval K-92 within the Bjarni Formation are dry; Hekja O-71 is a
gas discovery in the Cartwright Formation), hence, there could be other factors, such as a lack of
charge, a lack of reservoir and a lack of trapping, that control the presence of hydrocarbons in
these wells. In the examples of Hekja O-71 and Roberval K-92 the latest seismic interpretation
indicates these wells were drilled off structure and penetrated some of thickest Markland Formation
encountered.
The identification of gas chimney’s in all the basins of this study (public domain C-NOLPB reports)
suggest that charge is not an issue, however, if there is no trap present then that could explain the
dry hole.

12.3


Conclusions

Seals leak by either membrane or if sufficiently low permeability, by mechanical breach caused
by high pore pressure; in this Chapter the latter was analysed. Mechanical seal breach risk
analysis was undertaken by calculating the seal capacity based on the relationship between
fracture pressure (as defined by the Matthews & Kelly 1967 model; Chapter 11) and reservoir
pressure. Reservoir pressures are measured using WFT tools.



Aquifer overpressure was used in both dry hole and hydrocarbon-filled reservoirs to test for
seal breach; this approach follows the work of Bjørkum et al., (1998) and Hermanrud et al.,
(2005) who postulated and proved via laboratory work respectively that mechanical top seal
failure is controlled by the aquifer pressure not the hydrocarbon pressure.



The majority of reservoir pressures are lower than expected for their depth of burial. This is
considered due to natural depletion via lateral drainage (Chapter 10). As a result current risk of
seal breach is very low in the majority of the reservoirs. Therefore, an attempt was also made
to use the shale pressures close to these drained reservoirs as these are likely to be close to
the pre-drainage pressures in the reservoirs, so closer to the fracture gradient and to top seal
breach. The rationale being that the current sand pressures were originally much higher during
burial (and so potentially breached in the past) and that “recently” they have lost pressure.
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The database is not extensive as WFT data are rare in some reservoirs and indeed the
presence of reservoirs was unclear in some wells/intervals due to log absence. As a result, the
only formations with sufficient reservoir data to allow analysis are the Cartwright and Bjarni
Formations (including the Snorri Member) with eight and nine wells respectively.



The wells that do not contain hydrocarbons have been assumed to be dry due to hydraulic top
seal failure. There is no evidence of leakage in these dry holes (fractures in seal, hydrocarbonstaining in overburden, short columns, deeper palaeo-contacts etc.) in well reports, hence, all
dry holes could theoretically be dry due to a lack of charge, but there are gas chimneys visible
on seismic amplitude data suggesting charge to be present. An assumption on the presence of
a valid trap was made for all dry hole wells.



Previous studies in the Central North Sea (Gaarenstroom et al, 2003; Winefield et al, 2005)
and Scotian Shelf (Bell, 1998) of seal capacity risking correlates dry holes to low seal
capacities and discoveries to high seal capacities, however, in Labrador, this approach did not
yield a similar correlation for either formation using the dataset as a whole, however basin by
basin may provide some useful threshold values, albeit based often on a single pairing of a dry
and a discovery.



The smallest seal capacity in the Cartwright Formation is ~6000 kPa for the shale-based
palaeo-pore pressures and ~8400 kPa (Pothurst P-19) for the current reservoir pressures.
Most of the data plot above 10000 kPa for both reservoir and shale seal capacities.



Hekja O-71 and Pothurst P-19 are both in the Saglek Basin, therefore, the difference in seal
capacities between these wells, which are gas-filled and dry within the Cartwright Formation
respectively, may provide a useful range of uncertainty for risking traps in this basin. For the
Saglek Basin, where Hekja-O-71 and Pothurst P-19 have seal capacities of 8,000 kPa (dry)
and 10,000 kPa (gas filled) a theoretical threshold of 9,000 kPa may be of use.



Also, Ogmund E-72 (dry) and Snorri J-60 (gas-filled) are very close together in the North of the
Hopedale basin (Nain Sub-Basin). 11,000 kPa may be a useful guide to seal capacity in this
part of the Hopedale Basin as this separates a dry trap from one with gas, again within the
Cartwright Formation only.



In the Bjarni Formation, as was observed for the Cartwright Formation, the columns do not
show a clear distribution of dry holes and discoveries. Great Barasway F-66 and Lona O-55
are dry and yet have similar or even higher seal capacities to the gas-filled North Bjarni F-06.
The latter well is located in the Hopedale Basin. The former three wells are in the Orphan
Basin. The variation in location may mean that these two basins have different top seal
strengths and that 11,000 kPa may be useful as a threshold in the Hopedale whereby any
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higher would preserve gas (Hopedale E-33, Bjarni O-82, Herjolf M-92 are all Hopedale Basin
wells).



Blue H-28, in the Orphan Basin, has the lowest seal capacity estimate of approximately 3900
kPa. The gas chimneys identified in the public literature (C-NOPB, 2003) indicate that vertical
leakage has occurred within these basins and remains a distinct possibility for the Blue H-28
well.



Of course, as a set of implications, the conclusions are based on a very limited dataset and
over-interpretation of these data should be avoided.



In comparison with other basins, notable Scotian Shelf and CNS, there are several wells with
gas-filled reservoir below the Central North Sea threshold of 1400 psi (~9700 kPa) suggesting
that even with current pressures, seals may be stronger here than in the Kimmeridge
Formation of the CNS and may provide a useful magnitude whereby any ASC for a prospect in
the area of these wells with a greater value than ~9700 kPa will be preserved, i.e. not
breached.



There is no correlation between the distribution of dry holes and discoveries in the Bjarni
Formation when correlated to the thickness and quality (using GR as a proxy for clay fraction)
of the Markland Formation.



In the Halten Terrace and Viking Graben, previous studies have shown a correlation between
wells that have undergone crustal flexure as a result of ice loading and are dry vs. those
hydrocarbon-filled reservoirs associated with un-flexed crust. In Labrador any ice loading is
likely to be constant over the Shelf as published data suggests the ice sheet extends to the
edge of the Shelf. Therefore there are unlikely to be any differentiation between flexed and unflexed areas on the Shelf, thus the effect on breach will be uniform. Published data also
suggests that the ice sheet will be floating on the deep-water, i.e. not resting on the sea bed; if
this is true then due to the low compressibility of water the ice load will be cushioned and no
effect on breach will occur.



It must be noted that the distribution of dry holes and discoveries within the Cartwright and
Bjarni Formations are best explained by their location. All the discoveries are located in the
Hopedale Basin.



The dry holes are dominantly located in the Orphan Basin but also in the Hopedale and Saglek
Basins (e.g. Hekja O-71 and Roberval K-92 within the Bjarni Formation are dry; Hekja O-71 is
a gas discovery in the Cartwright Formation), hence, there could be other factors, such as a
lack of charge, a lack of reservoir and a lack of trapping, that control the presence of
hydrocarbons in these wells. In the examples of Hekja O-71 and Roberval K-92 the latest
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seismic interpretation indicates these wells were drilled off structure and penetrated some of
thickest Markland Formation encountered.

12.3.1 Implications for Mechanical Top-Seal Failure in the Deep-Water


The lithology in the deep-water is expected to be shale-dominated therefore;
o

Higher pore pressure and higher overpressure is to be expected as well as lower VES

o

More reservoir isolation (less extensive sand fans). For instance in Chapter 0, Table
15.2shows that on the Shelf all reservoirs except for the Freydis Member (and rare Upper
Mokami) will be connected to the shoreline and so can be laterally drained. In contrast,
reservoirs in the Lower Mokami, Upper and Lower Kenamu and Freydis member are all
postulated to be stratigraphically isolated and so if shale pressures are high, likely
reservoirs will be similarly pressured with an increased risk for mechanical seal failure



Deep-water facies will be more prone to hemi-pelagic fall-out therefore shales will be likely
lower permeability;
o

A more clay-rich shale sequence improves the regional seal quality and reduces the risk of
membrane leakage; conversely the risk of seal breach may be elevated as the lower
capillary entry pressures may allow fracture pressure to be reached before membrane
leakage can occur

Regional Pore Pressure Analysis of Offshore Newfoundland and Labrador:
Unlocking the Shelf to Deep-Water Transition

314

Chapter 13: Review of Geological Analogues to Infer the Likely Pressure
Regime in the Deep-Water

13

Review of Geological Analogues to Infer the Likely
Pressure Regime in the Deep-Water

In 1971 the first well, Leif E-38, was spud in the Labrador Sea Complex and drilling continued
throughout the 1970s (Enachescu, 2008). Since the Bjarni H-81 (1973) discovery, four further
significant discoveries have been made in the Hopedale Basin and a single discovery in the Saglek
Basin. All of these wells have been were drilled on the Shelf.
Following this initial phases of drilling, revision of the lithostratigraphic nomenclature, structure and
evolution of the Labrador Shelf e.g. Roest and Srivastava, 1989, Umpleby, (1979) including
establishing correlation with lateral/temporal equivalents in the Grand Banks and West Greenland
areas resulted in a cessation in further exploration (Figure 4.1).
In recent years, the new deep-water seismic-based exploration work initiated by Nalcor Energy has
resulted in the identification of new, potentially oil bearing, basins in the deep-water Labrador
region, namely the Henley Basin, Chidley Basin and the Holton Basin. The petroleum potential in
this deep-water area has been encouraged by the identification of slick and seepage locations
using 2D seismic data and satellite imagery. The importance being that surface slicks are likely
related to subsurface hydrocarbon migration.
Thus, all the recent evidence collated together shows strong evidence for an active petroleum
system in the deep-water. Early seismic interpretation indicates the presence of trapping
geometries, hence, the need to understand the controls on deep-water pressure regimes and the
experience of drilling similar targets from global analogues is the key to helping de-risk the newly
interpreted basins where there is no well control.
As there are no deep-water wells drilled in Labrador, this Chapter aims to predict the likely
characteristics of the pressure regime in this deep-water environment, using observations
from a series of analogue basins and intervals (either current deep-water settings or
“palaeo” deep-water environments).
The chapter starts by summarising the depositional and structural history of the Labrador
margin and then highlights the power of using analogues successfully through a case study
on the Atlantic Conjugate Margins, i.e. West Africa and Eastern South America.
Following the case study the chapter then summarises the typical characteristics of deepwater environments world-wide such as more shale-prone, thinner overburden, less faulting
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etc. The impact of ice loading and volcanics will be assessed using data from basins such
as west of Shetland and Mid-Norway. Key examples of pore pressure magnitude,
mechanisms of pore pressure distribution and their implications for the overall petroleum
system will be used to help understand the likely deep-water pressure regime.

Figure 13.1 Stratigraphic column for the Labrador Basin Complex showing all major reservoir and non-reservoir
formations. Also shown is the stratigraphic columns for the Grand Banks and West Greenland regions. Image courtesy of
Nalcor Energy (2013).
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13.1

Depositional and Structural Development of the Labrador Shelf

Figure 1.1 and this section provide a brief summary of the depositional and structural episodes in
both the shelf and deep-water. A more detailed discussion is found in Chapter 0. Figure 13.1 also
ties Labrador to the history of Grand Banks and West Greenland and this correlation has been
extremely useful as a way to compare respective intervals in these basins in particular

a) Pre-Rift
Crystalline basement rocks are drilled in several wells along the Labrador Shelf. The crystalline
rocks are of Pre-Cambrian age (Grenville, Makkovik and Nain orogeny’s) and consist of weathered
and fractured metamorphic and igneous rocks (Ermanovics and Ryan, 1990). The oldest clastic
sediments in the Labrador area are Ordovician in age. These sediments are carbonates and
underlie all the Mesozoic-Tertiary successions. These sediments are largely localized to the north
of the Labrador Sea Basin off Baffin Island (Balkwill et al., 1990)

b) Syn-Rift
Rifting dominated the Early Cretaceous and hence the sedimentary sequences are exclusively
intra-continental deposits. Basaltic lava flows and volcaniclastics that form the Alexis Formation
were generated. These volcanic sequences were largely erupted from a number of extensive
fissure systems from the centre of the basin, as identified by linear gravity lows, (Chalmer and
Pulvertaft, 2001) into a marine environment. The volcanism resulted in laterally and vertically
overlapping volcanic sequences, with inter-bedded sequences of fluviatile and lacustrine sediments
that form the Bjarni Formation. The intercalation of sedimentary and igneous material is common in
these types of environments as exemplified by the Faroe-Shetland Basin (Naylor et al., 1999;
Japsen et al., 2005).

c) Post-Rift
The Markland Formation represents the change from rifting to seafloor spreading and is interpreted
to have been deposited in a subsiding basin (Chalmers, 1991; Chalmers and Pulvertaft, 2001). The
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Lower Tertiary is characterized by the Cartwright Formation, which is comprised of marine clays
and siltstones that unconformably overlie the Markland Formation.
The Cartwright Formation is a lateral equivalent to the Gudrid Formation that is comprised of
submarine sandstones. The Gudrid Sandstone is interpreted to represent re-deposited eroded
material from the Markland delta during a global sea-level low-stand (DeSilva, 1999).
The Kenamu Formation overlies the Cartwright Formation and the Gudrid Formation consisting of
marine shales and siltstones. The top of the Kenamu Formation is characterized by fine-grained
sandstones named the Lief Member. The Leif Member is interpreted as a shallow marine
sandstone deposited toward the latter stages of seafloor spreading (DeSilva, 1999; Chalmers and
Pulvertaft, 2001).
After the cessation of sea-floor spreading a period of thermal subsidence commenced in the
Oligocene-Miocene, during which the Mokami Formation and the Pliocene Saglek Formation were
deposited. The Mokami Formation is comprised of marine siltstones and shales, while the Saglek
Formation consists of fine to coarse-grained conglomerates and sandstones (DeSilva, 1999).
These are overlain by unnamed glacial beds (Chalmers and Pulvertaft, 2001).

13.2

What is an Analogue?

The use of analogue models is a powerful exploration tool. Previously, as an industry, there has
been focus on the onshore and then the shelf, where drilling is less expensive and infra-structure
already exists. More recently, the deep-water has become more accessible due to advances in
technology and a desire to recover hydrocarbons from new plays. Often this deep-water exploration
has been in wildcat situations, with little or no well calibration, relying on purely seismic velocities.
Using seismic data for pressure prediction can give useful results that can be constrained by
comparison with existing well penetrations. In the deep-water where there are no previous wells,
such as Labrador, either seismic velocity data have to be trusted and/or analogues used. The
analogues have to have the same tectonic and structural history as the basin to be drilled, and
have a similar depositional history in terms of sediment source, facies associations and loading.
Even if a basin is many 1000’s miles away, it can still provide significant insight into drilling in a
frontier basin. An example of this is shown below in the following section and in Figure 13.2.
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13.2.1 Atlantic Conjugate Margins
Tullow Oil discovered the Jubilee Field off the West African margin in 2007. The discovery is
located in deep-water (1100 m) within thin Cretaceous-aged turbidite reservoir fans, encased within
thick shale packages. These deep-water stratigraphic prospects are particularly favourable since
they contain a rich source rock, a tectonic and structural framework for charge and migration,
turbidite-rich reservoirs, and highly effective seals for hydrocarbon preservation.
Following the discovery of the Jubilee Field, focus was directed on the conjugate margin along the
French Guiana continental shelf (Figure 13.2). The objectives were to test whether the Jubilee-play,
successfully established in West Africa, was mirrored on the other side of the Atlantic. Using
regional-scale plate reconstructions, it is clear to imagine that the reservoir rocks, source rocks and
oil types are similar in each location since these basins were related before the Atlantic margin
breakup. In a region, which is largely unexplored, the main tool for exploration is high resolution
imaging of the structure and stratigraphy using combined seismic, gravity and magnetic data.
Tullow Oil made the Zaedyus discovery in offshore French Guiana in 2011 using these data and
the analogy from equatorial African discoveries. The discovery encountered oil reservoirs in
turbidite sands.
To date, successful discoveries that have been made based on the understanding of conjugates
margins, such analogues are the pre-salt Lulu Field onshore Brazil and the associated discoveries
in Gabon and Angola and the post-salt discoveries that include the Jubilee Field Offshore Ghana
and the associated discovery of the Zaedyus Field in French Guiana (Borsato et al., 2012).
These discoveries outline how similar the geological models of these plays are, despite
being on opposite sides of the Atlantic margin; therefore, highlighting that lessons learnt
from existing plays can be used as a successful exploration strategy in largely unexplored
regions.
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Figure 13.2 Plate-reconstructions of the equatorial mid Atlantic (Image courtesy of www.gplates.org). Tullow Oil’s Jubilee
discovery (offshore West Africa) and Zaedyus discovery (offshore French Guiana) are shown.

13.3

The Characteristics of Typical Deep-Water Systems

13.3.1 Structural Development
Passive margins mark the transition between oceanic crust and continental crust without an
intervening plate boundary. Simplistically, these margins are formed by sedimentation above a
palaeo-rift, now marked by transitional crust. The sedimentation leads to heating and crustal
thinning followed by continental break-up and the formation of new oceanic basins under an overall
tensional stress regime that is generally associated with the development of normal faulting,
magma generation, vertical movements of uplift and subsidence, erosion and sediment deposition
(McKenzie, 1978).
Volcanic passive margins represent one end-member transitional crust type, the other end-member
(amagmatic) type is the rifted passive margin. Volcanic passive margins are also marked by
numerous dykes and igneous intrusions within the subsided continental crust. There are typically a
lot of dykes formed perpendicular to the seaward-dipping lava flows and sills. Igneous intrusions
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within the crust cause lava flows along the top the subsided continental crust and form seawarddipping reflectors. Labrador is classified as a volcanic margin passive margin. The Scotian Shelf to
the south-west is a non-volcanic margin.
A characteristic of the deep-water as can be observed in Figure 13.3 (and Figure 1.4) is a general
lack of faulting. However, there are some exceptions that may be relevant in Labrador;
a) In the Niger Delta the deep-water is affected by toe thrusting because of the gravitation
collapse of the Delta (Corredor et al., 2005).
b) In Mid-Norway, in the Vøring Basin, Upper Cretaceous faulting is present locally.
c) A more localised, structural feature of deep-water sediments is polygonal faulting, which tends
to form in layer-bound, shale-dominated environments. This is described in the following
paragraph.

Figure 13.3 Transitional crust composed of stretched and faulted continental crust. Note: vertical scale is greatly
exaggerated relative to horizontal scale.

Polygonal fault systems are also recognized in the fine-grained, Miocene sediments of the Kai
Formation and occur extensively to the west of the Klakk Fault Complex (Berndt et al., 2003). This
type of faulting is characteristic of young, shale-rich intervals. The faults are typically layer-bound.
In the Ormen Lange Field in Mid-Norway polygonal faulting is present, which could have
implications on the likely behaviour of the field fluid dynamics. However, fault seal analysis
undertaken by Stuevold et al., (2003) shows that they are unlikely to form juxtaposition seals,
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except locally, particularly in the lower reservoir units. Data in O’Connor et al (2008) suggests that
hydrodynamic flow is not affected by these faults.
The implications for Labrador of the world-wide observation of a general lack of faulting in
the deep-water with little structural compartmentalisation except for the syn-rift sediments
of the Lower Cretaceous Bjarni Formation (Figure 13.4). Stratigraphic isolation (creating the
opportunity for stratigraphic traps) will be common in the deep-water. This is discussed in
the next section.

Figure 13.4 Schematic cross-sections of the Mesozoic Labrador sequence based on a 2D seismic line showing main
stratigraphic and structural relationships from shelf to deep-water. Internal framework based on well ties from the shelf.
Line A-A’ runs from the northern Hopedale Basin into the northern Chidley Basin/southern Saglek Basin. Line B-B’ runs
from the southern Hopedale Basin out past the southern extent of the Henley Basin. Line C-C’ runs from west of the
Hawke Basin to north-east of the Holton Basin. All three lines run approximately NE-SW orthogonal to the Labrador
coast. Images courtesy of Nalcor Energy (2013).

Regional Pore Pressure Analysis of Offshore Newfoundland and Labrador:
Unlocking the Shelf to Deep-Water Transition

322

Chapter 13: Review of Geological Analogues to Infer the Likely Pressure
Regime in the Deep-Water

13.3.2 Depositional Characteristics
The main control on deposition and facies development is the interplay between accommodation
space and sediment supply. Accommodation space is primarily controlled by the rate of extension
and fault development/subsidence along the shelf-margins and slope leading to along-strike
variation in facies, sequence thickness and stacking/packing. The fault-controlled accommodation
is the key component in determining whether sediment is deposited in fault-bounded mini-basins, or
whether the sediments are able to bypass the local-fault basin to deliver the sediment to linked
deep-water provinces, forming basin-floor fans.
The architecture of deep-water fan systems is largely dependent upon the sediment supply, source
terrain and depositional setting. The controls strongly influence the character of clastic submarine
fans such that, mud-rich, mixed sand-mud and sand-rich fans are generated (Figure 13.5).
Where the net to gross is low as in the case of mud-rich fans, thin isolated reservoirs lead to
high pore pressures (e.g. Lange Formation, Mid-Norway, Akata Formation Niger Delta). By
contrast, where net to gross is high as in the case of sand-rich or amalgamated fans, single
thick sand reservoirs are present (e.g. Agbada Formation, Niger Delta, Wilcox Formation,
Gulf of Mexico).
The mixed-sand-mud case leads to thick sands that have the ability to be variably drained,
i.e. certain portions of the fan can be hydrostatic whereas others are at shale pressure.
Figure 13.6 captures the range in pressure regimes, depending on reservoir isolation vs.
connectivity over large areas.
In summary, through the potential use of seismic facies, the net to gross of these
depositional fans may be determined in Labrador in such formations as the Freydis, Appat
and Kitssissut sequences.
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Figure 13.5 Schematic diagrams to capture the general change in character of a clastic submarine fan as they respond to
changes in sediment supply, source terrain and depositional setting and control (Image courtesy of www.sepmstrata.org).

Figure 13.6 Left: Deltaic shelf settings, e.g. Mahakam Delta, Niger Delta, Gulf of Mexico shelf & Venture Field offshore
Nova Scotia. Normal pore pressure throughout the sand-rich upper section and the abrupt onset (narrow, sharp
Transitions Zone) into the highly overpressured mud-rich sediments below. Right: Deep-water, claystone-rich settings
e.g. Tertiary in the North Sea, Malay Basin. Onset of overpressure at a shallow depth and increasing at a constant rate,
parallel to the lithostatic gradient, apart from in the thick sandstone unit at the base
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13.3.3 Other Pressure Characteristics of Deep-Water Regimes
Narrow Margin Drilling or “NMD” is a common feature of deep-water environments; this can be
seen in Figure 13.6 (where shale rich facies are common in the deep-water) and in Figure 13.7,
which shows an example from the Gulf of Mexico in kPa and kg/m3.
As the facies is likely shale-dominated in the deep-water Labrador (and lower permeability), the top
of overpressure will be shallower and pore pressure profiles will build parallel to the overburden.
This is observed in the deep-water of the Gulf of Mexico as well as Nile and Niger Deltas and the
Central North Sea Tertiary. Once the shales become diagenetically altered or enter the oil and gas
window, pore pressure profiles will converge with the overburden. In the example given in Figure
13.7 from the Gulf of Mexico, the shales are homogenous and relatively low temperature (and very
young; Miocene-aged). Water depth is approximately 1800 m.

Figure 13.7 An example of the “Narrow Margin Drilling or “NMD” expected in the deep-water of Labrador. The green
dashed line and the purple dashed line show the overall trend of pore pressure and fracture pressure respectively.
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13.4

Additional Processes that could affect Deep-Water Pressures

13.4.1 Ice Loading
13.4.1.1

Glaciation

Many previous studies have investigated the effects of lithospheric flexure on the stress induced by
ice-loading (Wu and Hasegawa 1996; Wu, 1997; Grollimund and Zoback, 2000 and references
therein), however, only a few studies have investigated the implications on postglacial rebound on
the distributions of pore pressures (Grollimund and Zoback, 2000; Gyllenhammar, 2003). The
literature with regard to the distribution of ice sheets in the Labrador area was reviewed, and the
results are summarized below.
a) Fulton & Prest (1987) provide an overview of the Laurentide Ice Sheet and its significance
on the Labrador area as well as North America. The thickness across the Labrador Shelf is
not known fully but the extent of the ice sheet matches the present-day coastline so it can
be assumed that the ice thickness was reasonably uniform along the coast.
b) Data within Fulton & Prest, 1987 and Josenhans et al, 1986 suggest that (a) the ice sheet
reached the margins of the Shelf, marked by a water-depth of 1000m and that (b) glacial till
was deposited to a similar water-depth.

13.4.1.1.1

Evidence for Glacial Material in the Deep-Water

From the work by Fulton & Prest, 1987 and Josenhans et al, 1986 suggests that ice loading and
deposition of glacial sediments occurred over the shelf in Labrador; the likelihood of glacial
sediments occurring in the deep-water is reviewed below
Estimates of ice thickness during periods of maximum glaciations are variable; but ranges in the
order of 1-3 km (Lerche et al 1972; Dyke et al 2002). Using foraminifera, palynomorphs and stable
isotopes from cores of the Northern Labrador Sea, glacial-interglacial oxygen isotopes, O18 values
are similar in magnitude to those reported from the Norwegian and Greenland seas (Aksu et al,
1988;Rasmussen et al., 2003) and therefore this may provide evidence for glacial sediments to be
present in the Labrador deep-water basins.
Globally, Hjelstuen et al (1990) provide evidence from their analysis of the Cenozoic evolution of
the northern Vøring margin of Norway for glacial sediments in the deep-water. The influx of iceRegional Pore Pressure Analysis of Offshore Newfoundland and Labrador:
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rafted detritus records the climatic deterioration and the establishment of glaciers in late Miocene
and early Pliocene time. Since approximately 2.6 Ma, on-going epeirogenic uplift of Fennoscandia
and the onset of Northern Hemisphere glaciation increased the erosion potential. A huge
prograding wedge of glacial sediments was constructed between 2.6 to 1.0 Ma, when the glacial
mode changed from moderate, relatively stable icecaps to distinct glacial-interglacial cycles. The
wedge overlies the base of the late Pliocene horizon, which marks pronounced changes in lithology
and physical sediment properties, and corresponds to a distinct, regional velocity inversion.
Based on evidence in the Vøring Basin, some glacial sediments could be expected to be
present in the deep-water of Labrador.

13.4.1.2

Implications of Ice Loading for Pore Pressure

It is clear that the load associated with glaciations (and their associated sediments, which are
typically high density) will affect the underlying sediments and their pore pressure. The lithostatic
pressure and the hydrostatic pressure will change during glacial cycles. During interglacial cycles
the hydrostatic and lithostatic pressure gradients are regulated by sea level. However, during
glaciation, water is removed from the system and hence the sea level drops. If the change in sea
level is significant, then the ice will rest directly on the crust and hence the load is transferred into
the system. If the ice rests on a layer of water, the low compressibility of the water will mean that
the loading affect in “cushioned”.
Figure 13.8 summarises the effects of ice-loading on overburden and hydrostatic gradients, and the
resulting pore pressure profiles. Possible scenarios and the resulting effects on the pressure
regime are listed below;



If ice load supported by water then no change in the overburden and hydrostatic and
reservoir/fracture pressures as water is incompressible,



If the ice rests on the seabed, the overburden and hydrostatic pressures increase equivalent to
the weight of the ice,



If the above occurs, and the reservoirs under the ice sheet sub-crop beyond the ice influence,
the pore pressure will vary as much as the seal level changes and may be under-pressured



If the reservoirs sub-crop under the ice, the pore pressure in these units will increase by the
weight of the ice
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If sea-level rises in an inter-glacial period, reservoirs will be temporarily under-pressured as the
hydrostatic gradient shifts to higher pressures for a given depth

Figure 13.8 Schematic diagram showing the effects of ice loading (right) on overburden and hydrostatic pressures
compared to water loaded material (left) (modified after Glyllenhammar, 2003)

In the deep-water area of Labrador, it is likely that the ice never rested on the seabed
directly and that a layer of water separated the seabed and the ice; as water is only slightly
compressible, the water would have absorbed any loading. Therefore any additional
overpressure due to this loading is unlikely.

Glacial loading can also perturbate crustal stress and cause breaching of traps by mechanical
failure. Work by Grollimund and Zoback (2000, 2003 and 2005) suggests that ice sheets load the
crust, resulting in flexing and increasing pore pressure by 2000 psi. The flexural stresses reduce
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with increasing depth. Nordgård Bolås et al., (2005) show the relative impact of loading and
suggests that there is a link between dry holes and discoveries in terms of flexed and un-flexed
crust (Chapter 12). Fulton & Prest (1987) state the total amount of vertical depression of the coast
due to the ice is unknown but on the east coast of Hudson Bay, the rebound is known to be
approximately 300 m so any flexing may be limited; this is discussed in relation to breach traps in
Chapter 12 in more detail.

13.4.1.2.1

Effect on the Overburden

An overburden could, however, be affected by glacial material as shown by the Vøring Basin
analogue discussed above. Glacial deposits are commonly described as tills and are composed of
clays and a mixture of unsorted, non-stratified rock fragments (Trewin, 2002). The presence of
these tills produces a high density layer at the seabed; this can be more than 1.0 km thick. For
example, using data from Mid-Norway, the Neogene interval has an upper 1.0 km of increasing
density from 2.1 to 2.3 g/c; the next 1.0 km has a constant density of 2.1 g/cc.
If tills are present, this high-density upper layer will have an effect on the construction of an
overburden. Of note, wells on the Shelf in Labrador may contain glacial tills in the shallow
section but careful wireline analysis shows no effect of the tills on the log signatures, hence
no shallow, high-density layer for the overburden is required.

13.4.1.2.2

Effect on the Normal Compaction Trend

Normal compaction behaviour is affected by variation in shale lithofacies. In the Central North Sea
there are multiple sources of sediment input, with clay volume varying from 20 to 80% (Yang et al.
(2004) therefore multiple compaction curves are required. An approach based on soil mechanics is
often taken where void ratio and effective stress are involved (Aplin et al., 1995).
In the Labrador Sea, the sediment provenance is much closer to areas of deposition, most
probably sourced from the volcanic shield further north. A single sediment provenance
means that a simpler compaction trend for Labrador could be expected, both on the Shelf
and in the deep-water as the deposited sediments are relativity homogenous in composition
(Innocent et al., 1997; Fagel et al., 2002). It should be noted that in Figure 4.1, the marine and
non-marine shales correlate between Labrador and West Greenland, less so with the Grand
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Banks basins, suggesting that compaction models derived from West Greenland may have
more validity in Labrador.

13.4.2 Exhumation
Very low angle unconformities are common across the Greenland Shelf and much of the Labrador
Basin and are thought to represent periods of non-deposition (Jaspen et al., 2010); however, these
could also represent periods of uplift. Seismic sections from West Greenland, in particular through
the Qulleq-1 well, show a distinct angular unconformity (Christiansen et al., 2001; Figure 13.9).
Jaspen et al. (2010) evaluate vitrinite reflectance (VR) data from the Qulleq-1 well and suggest that
the pre-Neogene successions in the well were more deeply buried in the past. The implication
being that the section has been hotter in the past, possibly due to deeper burial below a section
that was subsequently removed.
The extent and magnitude of exhumation is difficult to ascertain without further VR data and apatite
fission track analysis (AFTA) data analyses. The Tertiary exhumation of West Greenland is
considered to have provided the sediment source for the deep-water Labrador basins. As Quelleq-1
is a deep-water well, with a water-depth of approximately 1150 m, the interpreted uplift may provide
supportive evidence for uplift in the deep-water of Labrador. The amount of uplift using data from
Figure 13.8 is approximately 700-800 m. The timing of uplift was between the Mid to Late Miocene
to Early Eocene.
The northern margins of the Labrador Sea and much of the Baffin Bay and West Greenland
region were subject to Tertiary exhumation (Trettin, 1991). The importance of identifying
exhumation around the margins of the Labrador basin is important as unconformities could
be present that allow some pressure dissipation, and may require the need for multiple
compaction curves. Also, the sealing ability of traps in the deeper areas may be affected
(see below in reference to gas expansion during uplift) but may also have a strong control
on the redistribution of sediment and fluid flow throughout the basin (Duddy et al., 1994;
Medvedev et al., 2008).
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Figure 13.9 The left-hand image shows a seismic line through Quelleq-1 well offshore West Greenland (after Chirstiansen
et al., 2001 and Jaspen et al., 2010). Note the large angular unconformity that separates the Neogene and older
stratigraphy's. The Gamma Ray (green) and Sonic (red) log are also shown for comparison. The right-hand image shows
a VR vs. Depth plot for the Quelleq-1 well (after Jaspen et al., 2010). Black curves indicate the predicted VR trends
based on a range of geothermal gradients (20-30°C). Only the VR value for the sample above the base-Neogene
unconformity matches the predicted history suggesting the Eocene-Miocene hiatus represents removal of sediments of
that age.

In terms of breached traps, variation in magnitudes of exhumation can lead to varying amounts of
fluid expansion, particularly in gas-saturated systems (e.g. Victory gas field, West of Shetland and
Snøhvit gas field, Barents Sea). Brown (2005) and Katahara and Corrigan (2002) showed that
exhumation is more likely to cause significant volumetric expansion where maximum (pre-uplift)
reservoir depths are relatively shallow, i.e. less than approximately 2400 m, irrespective of
geothermal gradient. The result is much higher overpressure relative to a decreasing hydrostatic
gradient as the pressure evolution pathway is near-vertical as the change in absolute pore pressure
is small.
The pore pressure due to tectonic uplift of gas may approach the fracture gradient, suggesting that
the risk of hydraulic (or mechanical) seal failure is high. The risk of hydraulic failure is likely to be
more significant on the Shelf where magnitudes of uplift will be greater than in the deep-water,
where uplift is more speculative. Clearly, for gas expansion to be a factor in the Labrador Shelf, gas
has to be a present as a free phase.
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13.5

Specific Analogue Basins for the Labrador Deep-Water System

There are several possible types of analogue;
a) Those basins geographically close to the Labrador coast and that contain deep-water at the
present day, e.g. West Greenland, Scotian Shelf (Figure 13.10),
b) Basins that are geographically distant but contain deep-water at the present day, e.g. Vøring
and Møre Basins, Mid-Norway (Figure 13.11),
c) Basins that are presently shallow water but contain large volumes of deep-water sediments,
e.g. Central North Sea Tertiary, Mid-Norway Shelf (Lange and Lysing Formation); these are
“palaeo-deep-water settings”,
d) Basins that are not analogous in terms of lithofacies, i.e. a) to c), but are analogous in terms of
water depth and total sediment thickness, e.g. deep-water Gulf of Mexico.
e) An additional classification could be to divide (a) to (c) into “volcanic” and “non-volcanic”
(Figure 13.11 and Figure 13.12), largely distinguished by the amounts of elevated heat flow
during the early stages of rifting (Cunha, 2008; Cunha et al., 2010).
Volcanic margins are commonly associated with anomalously hot mantle conditions, where mantle
heat is advected from the deeper lithosphere via mantle hotspots and plumes and/or slab pull
(White and McKenzie, 1989). Examples of volcanic margins include basins in the North Atlantic and
South Atlantic Oceans and the Indian Ocean. Despite the mechanistic differences between the
formation of volcanic passive margins by pluming or slab pull, volcanic passive margins can be
surmised by the following characteristics, as determined by core data;
i.

Basaltic and silicic sub-aerial flows, sills and low-angle dikes within pre-rift sediments and

ii.

The presence of thick bodies of lower crust as evidenced by high seismic p-wave velocities
(>7.3 km s-1).

By contrast, non-volcanic passive margins are represented by a series of tilted and rotated blocks
often bounded by listric normal faulting. Moreover, these margins also may exhibit unusual features
such as, unroofed serpentinized mantle (Boillot and Froitzheim, 2001). In non-volcanic passive
margins, lithospheric extension has been accommodated by brittle failure within the upper crust and
ductile flow in the underlying lower crust and mantle (Cunha, 2008; Cunha et al., 2010). In deep
seismic data the brittle-ductile transition is often identified by a strong horizontal seismic reflector
lying at the base of the normal faults (Cunha, 2008; Cunha et al., 2010). Examples of these settings
include West Iberia, Newfoundland, the northwest Moroccan margin and northwest Australia.
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Figure 13.10 Base map of the West Greenland, Labrador and Newfoundland regions showing the latest basin outlines
based on interpretation by Nalcor Energy of the new seismic acquired by TGS/PGS. The newly discovered basins of the
Chidley Basin (CH), Henley Basin (HN) and the Holton Basin (HT) as well as the extended outlines of the Saglek Basin
(SG), Orphan Basin (OP) and the Hawke Basin (HK). The major structural features are shown as a series of NW-SE
trending normal faults and NE-SW trending fracture zones. Image courtesy of Nalcor Energy (2013).

13.5.1 Labrador - Volcanic or Non-Volcanic Passive Margin?
Using deep seismic reflection transects of the Labrador Sea Basin conjugate margin, the structure
of the margin has been described by several authors (Keen et al., 1994; Louden and Chian, 1995;
Chian et al., 1995). The characteristic reflectivity interpretations shown are of a basin-wide band of
very thin crust that is associated with lithospheric stretching, with faulting confined to the upper
crust (Keen et al., 1994). These data imply that the Labrador basin is a non-volcanic passive
margin.
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Current well data from the Labrador Shelf supports this interpretation to a point, i.e. there are no
large sets of intrusions penetrated in the wells as observed in West Greenland, however, basaltic
lava flows and volcaniclastics in the Alexis Formation are present in the Davis Strait and in the shelf
along the Labrador margin (Chain et al., 1995; Chalmer and Pulvertaft, 2001; Keen et al., 2012).
The volcanic sequences were largely erupted from a number of extensive fissure systems from the
centre of the basin, as identified by linear gravity lows, (Chalmer and Pulvertaft, 2001) into a marine
environment. The volcanism resulted in laterally and vertically overlapping volcanic sequences, with
inter-bedded sequences of fluviatile and lacustrine sediments, which form the Bjarni Formation. The
intercalation of sedimentary and igneous material is common in these types of environments as
exemplified by the Faroe-Shetland Basin for instance (Naylor et al., 1999; Japsen et al., 2005).
In West Greenland, wells such as Gjoa G-37, Nukik-1 and Nukik-2 contain Palaeocene
basalts (GEUS, 2002). Referring to Figure 4.1, basalt is present in West Greenland in the
deep-water equivalents of the Kenamu, Cartwright and Markland Formations. The deepwater would be closer to the spreading ridge and source of the magmatism. Therefore, in
conclusion, the Labrador margin may actually be transitional between the Scotian Shelf to
the south, and the volcanic West Greenland area.

The importance of the extensive volcanism is that the source rock in the region is largely unclear;
however, there are indications from seismic of a thick succession of reflections directly below the
Mid-to-Low-Cretaceous sequences that are considered to have source rock potential (Chalmers
and Pulvertaft, 2001). Moreover, seabed samplings from regions where dipping reflectors of
unknown age extend to the seabed, show evidence of oil-stained marine carbonates that have
been dated to Late Ordovician age (Dalhoff et al., 2006; Jaspen et al., 2010). If the source rock
extends regionally across the Labrador Sea, as shown on seismic, then the possibility of heating
may affect the migration and re-migration of fluids and may give rise to thermal-related diagenetic
burial effects in the reservoirs (Green et al., 1999). Therefore, it is vital to ascertain the origin of
regional heating and cooling in order to understand these mechanisms. The impact of the varied
regional heat flow is unclear in the Labrador deep-water but the effect in West Greenland is
considered significant.
Despite the large differences in the magnitude of magmatism and in the structure of the
break-up zone, most passive margins are similar in terms of conventional morphological
features; continental shelf, continental slope, continental rise, and an abyssal plain (Figure
13.3). From a pressure perspective, this would imply that basins of similar structure can be
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compared irrespective of the underlying mechanism to which each basin may have been
formed.

Figure 13.11 Typical structure of volcanic (top) and non-volcanic (bottom) passive margins from Mid-Norway and Portugal
respectively (modified after Skogseid and Eldholm, 1995 and Cunha, 2008).
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Figure 13.12 Distribution of passive margins worldwide Yellow circles represent areas used within this Chapter as
analogues for Labrador.

Described over the following sections are the key features of specific analogue basins (Figure
13.12). The basins have been separated into volcanic and non-volcanic passive margins for clarity.

13.5.2 Volcanic Passive Margins
13.5.2.1

West Greenland

West Greenland area has relatively few wells drilled to-date, mainly in the Nuuk and Seismuit
Basins. The majority of the wells, e.g. Ikermuit-1, Kangamuit-1 and Hellifisk-1, are shallow water
whereas several others, e.g. Gjoa G-37 and Quelleq-1 (Figure 13.9), have water-depths over 1.0
km. Therefore, the West Greenland margin provides well calibration in both shallow and deep-water
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environments. West Greenland is also a volcanic margin, and Palaeocene basalts are penetrated in
some of the wells (Figure 13.13), therefore, these can be a useful reference for any basalts found in
Labrador, e.g. the Saglek Basin.

13.5.2.1.1

Observations on the Pressure Regime

Although on the Shelf, wells such as Kangamuit-1, Ikermuit-1 and Hellefisk-1 have very different
mudweight histories. Hellefisk-1 has low mudweights to TD whereas, Ikermuit-1 and Kangamuit-1
have higher mudweights and, in fact, the latter well encountered several Kicks at TD implying the
mudweights were too low at these depths. One of the controls on pressure is likely to be facies, and
in particular the sand volume. Figure 13.14 highlights the thick shales present in the Ikermuit-1 well.
Figure 13.14 shows the depth to the Mid-Eocene Unconformity, the significance of which is that
Kangamuit-1 has by far the greatest overpressure all the wells shown in Figure 13.13 and has a
depth to the unconformity of approximately 2.5 km below sea-floor (Dalhoff et al., 2002).
Kangamuit-1 is also shale-rich.
Figure 13.15 suggests that in Hellefisk-1, the depth to this unconformity is actually deeper than in
Ikermuit-1 although the pressure is less. Therefore, in conclusion, there appears to be a
relationship between rates of sedimentation and loading and high pore pressure (although sandrich wells will have less pressure than predicted by the loading model). In the deep-water, this type
of loading model may be useful to predict shale pressures.
Quelleq-1 (Figure 13.9) is a deep-water well that penetrates the Cretaceous Fylla Sand (Figure
4.1), which is normally pressured. The observation of normal pressure suggests that even in the
deep-water, sands such as Freydis in the Markland Formation can drain laterally and lose pressure;
however there is uplift in Quelleq-1 that may be the reason for drainage, rather than continuous
reservoir to the mainland.
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Figure 13.13 Structural elements offshore, West Greenland (modified after GEUS, 2002). Shown in yellow is the geoseismic section in Figure 13.16.
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Figure 13.14 Hellefisk-1 and Ikermiut-1 wells with logs, lithology and interpreted horizons. The figure is based on the
present work and correlation with Dalhoff et al. (2002), also using the Well Completion Report – Hellefisk No. 1 (1978),
the Ikermiut No. 1 – Final Geological & Drilling Report (1977), and Hald & Larsen (1987). Diagram from Gregersen and
Bidstrup (2008)
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Figure 13.15 Contours represent depth to Mid-Eocene unconformity (Modified from Dalhoff et al., 2002)
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Figure 13.16 Composite seismic section and interpreted geo-seismic section from the Lady Franklin Basin (after GEUS,
2002).

Not shown on Figure 13.15 is the Gjoa G-37, a deep-water well with a water depth of
approximately 1200 m. Gjoa G-37 is a useful tie well between the areas as it lies close to the
geographical border between Greenland and Labrador. In Gjoa G-37 are a series of Late
Palaeocene basalts. Direct pressure data within these sheets of basalt form hydrostaticparallel fluid gradients, with only minimal offset from sheet to sheet, implying that generally
that these basalts are allowing communication from base to top; mudweights are similarly
low as well. The pressure profile suggests that the basalts are fractured allowing vertical
communication of fluids. The ability of such basalts to seal against vertical migration of
hydrocarbons from deeper reservoirs, e.g. the Freydis Formation (and deep-water
equivalent) in Labrador may be compromised. It is important to note that volcanics are only
identified as isolated intrusives (Alexis Formation) in the wells drilled to-date in Labrador.
However, in the deep-water, nearer to the spreading ridge axis, there is increased likelihood
that both intrusive and extrusive volcanics will be encountered.
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13.5.2.2

West of Shetland

Geologically the Faroe-Shetland basin shows many of the same characteristics as the Labrador
Sea. The Labrador Basin Complex are part of a number of basins that developed along the NorthEast Atlantic margin, as a result of multi-phase extension and volcanism that occurred during the
Cretaceous (Figure 13.16) (Glennie, 1995; Dean et al., 1999; Naylor et al., 1999; Carr and
Scotchman, 2003; Redfern et al., 2010). There are hundreds of wells drilled in this basin
(comprising sets of depo-centres and ridges) in water depths up to 1600 m. Successful discoveries
in the Faroe-Shetland Basin have included Clair, Foinaven, Schiehallion and more recently the
Rosebank, Laggan and Tormore discoveries.

Figure 13.17 Regional geo-seismic sections over the Foinaven Sub-basin (Dip Line 1) and the Flett Sub-Basin (Dip Line
2) (after Lamers and Carmichael, 1999).

The majority of the existing discoveries have been made in Tertiary sands, such as the Vaila
Formation, although on the ridges fields like Clair have a Devonian/Carboniferous reservoir. Figure
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13.17 presents a simplified interpretation of a line similar to Dip Line 1 in Figure 13.16, and shows
the main trap types; 3-way dip closure with fault seal, volcanics and their associated shales
providing robust top seals.
Conclusions drawn on the measured reservoir pressures show that the majority of wells in the West
of Shetlands region, particularly those associated with the ridges (although also some deep-water
reservoirs), are near-normally or normally pressured (Grant et al., 1999; Iliffe et al., 1999; Lamers
and Carmichael, 1999). In contrast, Well 204/19-1, located on the Westray Ridge in deep-water has
significant overpressure (Illite et al, 1999). The reservoir pressure data show evidence of complex
stratigraphic and structural isolation of some reservoirs. The existence of both normally pressured
and overpressured high permeability sands at similar depths in the same basin implies complex
basin plumbing (IG/IHS, 2011). Where high permeability sand units are connected to the sea floor
(by either stratigraphy or faulting), preferential drainage of fluids can occur from regions of
overpressure in the deeper parts of the basin. Generally speaking, stratigraphically older (preCretaceous) deep-water reservoirs have pressure regimes similar to the encasing shales, although
as suggested, lateral drainage can result in normally pressured reservoirs.

Figure 13.18 Regional geo-seismic section, similar orientation to Figure 13.16 Dip Line 1 (Loizou, 2007)

Volcanics play an important role in the petroleum system in the West of Shetland, acting either as
vertical seals, e.g. the Kettla Tuff, or as reservoirs (fractured basement reservoirs, where significant
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volumes of oil accumulate in the cracks and fractures within the rock, e.g. Lancaster, Whirlwind,
Lincoln, Typhoon and Strathmore fields). Devonian and Carboniferous-aged basement rocks, such
as granites, are present in several wells along the Labrador Shelf (Ermanovics and Ryan, 1990)
and likely present in the deep-water (Figure 13.4). Pless (2012) describe using field analogues
such as the Lewisian Gneiss Complex, NW Scotland for the Clair Field; the volcanics form highly
connected fracture networks that are likely to be high permeability and, therefore, potentially at the
same overpressure at all depths.
As mentioned previously, volcanics may be more commonplace in the deep-water, closer to the
primary axis of the failed extension (as evidenced by magnetic anomalies (Roest and Srivastava,
1989; Keen et al., 1994; Chalmers and Pulvertaft, 2001). Extension would generate spreading
leading to localized elevated heat flow manifesting as sheet flows, dykes and sills. These crystalline
igneous structures could behave as seals; for example in well 214/27-2 in the Flett Sub-Basin, the
Mid-Palaeocene Kettla Tuff (and associated T36 shale) has a pressure difference of 650 psi in the
reservoirs above and below the Palaeocene Vaila and Sullom Formations respectively. The Sullom
Formation generally appears to be a pressure transition zone between the Vaila (and younger)
formations and the Cretaceous and older formations. The extent of the Kettla Tuff is shown in
Figure 13.19.
Interesting, as volcanics the volcanics in Gjoa G-37 in West Greenland generally
communicate from base to crest, and therefore are probably fractured. It may be that the
Kettla Tuff seal, as exemplified by the Assynt and Foinaven wells (Figure 13.18), is actually
the associated shale (T36).
In the Assynt and Foinaven wells, reservoirs are close to hydrostatic throughout the
sequence, and only subtle pressure transition zones are present between the sheets of
volcanics, e.g. Well 213/26-1. Therefore, any volcanics in the deep-water of Labrador in the
Kenamu, Markland or Bjarni Formations may only act as seals if they are associated with
thick shales such as the T36 shale in the West of Shetland. Figure 13.16 also highlights the
reduced fault activity in the deep-water.
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Figure 13.19 Rosebank Area, West Shetland, a deep-water discovery (Duncan et al, 2009)

13.5.3 Non-Volcanic Passive Margins
13.5.3.1

Offshore Nova Scotia

Following exploration on the Shelf and the discovery of both oil and gas in commercial quantities,
exploration focus shifted to the deep-water Scotian Slope (Figure 13.20 and Figure 13.21) because
of the impressive hydrocarbon discoveries and high success rates in deep-water of other circumAtlantic basins such as the Gulf of Mexico, offshore Brazil and West Africa, and recently Northwest
Africa (Mauritania).
Between 2002 and 2004 industry drilled seven deep-water wells on the Scotian Slope with one gas
discovery (Annapolis), one gas show (Newburn) and four dry wells (Balvenie, Crimson, Weymouth
and Torbrook). The seventh well, Annapolis B-24, was a precursor to the discovery well that was
abandoned due to a shallow gas kick.

Regional Pore Pressure Analysis of Offshore Newfoundland and Labrador:
Unlocking the Shelf to Deep-Water Transition

345

Chapter 13: Review of Geological Analogues to Infer the Likely Pressure
Regime in the Deep-Water

Figure 13.20 Structural elements map of the Scotian Basin (modified after C-NSOPB, 2008). Light green areas refer to
salt structures. Refer to Figure 1.22 for the seismic trace highlighted in yellow.
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Figure 13.21 Scotian Basin Generalized Stratigraphic Chart (CNSOPB). NW = Shelf, SE = Deep-Water.
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13.5.3.1.1

Faults in the Deep-Water

Figure 13.22 demonstrates that in the deep-water of a passive margin fault activity is rare, except
for affecting the syn-rift deposits. Syn-rift deposits are present in Labrador i.e. the Lower
Cretaceous Bjarni Formations (Figure 13.4).

Figure 13.22 Composite seismic section across the Sable Sub-Basin (Top) and a zoom in on the section from the shelf to
the deep-water area including the Annapolis discovery well (after C-NSOBB, 2008).
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13.5.3.1.2

Reservoirs in the Deep-Water

The reservoir targets are deep-water fan sands that are transported from the shelf, and deposited
on the slope (and basin) coeval with major changes in relative sea level. The depositional process
has created erosional submarine canyons that act as conduits for the transport of vast quantities of
sediments. Discovered gas in the Annapolis and Newburn wells confirms an active petroleum
system. Annapolis found a cumulative 27 m of generally thin gas-bearing sands, and Newburn
encountered several thin (2-3 m) gas-bearing sands. Furthermore, many of the gas-bearing sands
were encountered unexpectedly deeper than 5000 m with average porosities from 10-25%, which
expanded the known zone of prospectively. It should be noted that the shallower, normally
pressured sands have porosities in the range of 8-10% indicating that overpressure could be a
control on porosity within the reservoirs; such a relationship has been noted in the Jurassic
reservoirs of the Central North Sea (Osborne & Swarbrick, 1999).
Therefore, not only are sands capable of being carried out into the basin, but these deeply
buried reservoirs, such as the Freydis-equivalent reservoirs, have properties that are likely
high in the deep-water of Labrador by analogy.
The BASIN database of Natural Resources Canada allows a direct comparison of reservoir
pressures in the Shelf with those albeit limited number of deep-water wells. Such a comparison is
not possible for many of the analogues in this chapter due to lack of publically available data. All
publically available data for the Scotian Shelf and Slope are shown in Figure 13.23 and Figure
13.24. The blue arrows show the location of the Kick taken in Pothurst P-19 for reference and all
pressure data is referenced to depth below sea-floor to remove the effect of variable water depth.
Figure 13.23 indicates that the magnitude of the Pothurst P-19 Kick is consistent with the
maximum pressure experienced at the same depth on the Scotian Shelf, suggesting that the
Kick in Pothurst P-19 was not out of context for the Newfoundland area as a whole.
The main features of Figure 1.23 are;
1. Majority of reservoirs are normally pressured to approximately 2500m TVDbsf,
2. Below here, the vertical effective stress (overburden minus pore pressure or “VES”) converges
on the overburden.
3. Interpretation of a regional pressure plot can be a simplified approach as the overburden is an
average of all of the wells, and the lithology will vary from well to well; however, all wells in
Figure 13.23 do have a similar water-depth. The trend of overburden-convergence defines a
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“regional pressure trend” and similar trends in basins such as Mid-Norway and Central North
Sea can be used to predict shale pressures (the assumption being the high side of the data
represents un-drained pressure cells).
4. Below 2500 mTVDbsf, there are a series of overpressure cells at any one depth suggestive of
compartmentalisation, either by faults or by stratigraphy,
5. Below approximately 4000 mTVDbsf, VES can be as low as 7000 kPa; this will have impact for
breached traps and drilling windows,
6. At depths of 5500 mTVDbsf reservoirs can be normally pressured or have a VES of 7000 kPa.
The Scotian Slope dataset contains much fewer data points than the Shelf (Figure 13.24), however,
there are pressure test data that match and exceed the Pothurst P-19 Kick at the same depth, e.g.
the RFT in Annapolis G-24 and the Kick in Newburn H-23 which is virtually 40000 kPa
overpressure, which is higher than the Kick in Pothurst P-19. The water depths of the two wells
were 977 m (Newburn H-23) and 1678 m Annapolis G-24, which are comparable to the unexplored
slope in Labrador.
The pressure data at close to normal pressure at a depth of 4000 mTVDbsf may represent a
reservoir that is laterally drained, similar to wells like Quelleq-1 in West Greenland where the
Cretaceous is normally pressured and overlain by overpressured shale (Figure 13.9). The majority
of the data show increasing overpressure with increasing depth, a common feature of deep-water
settings worldwide.
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Figure 13.23 Pressure-Depth plot for all available data within the Scotian Shelf area. The blue arrows show the location
of the Kick taken from Pothurst P-19. Data were sourced from the BASIN database of Natural Resources Canada. Green
Triangles = RFT; Red Triangles = MDT; Red Diamonds = DST; Green Squares = FIT and Open Squares = Kick.
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Figure 13.24 Pressure-Depth plot for all available data within the Scotian Slope area. The blue arrows show the location
of the Kick taken from Pothurst P-19. Data was sourced from the BASIN database of Natural Resources Canada. Green
Triangles = RFT; Red Triangles = MDT; Red Diamonds = DST; Green Squares = FIT and Open Squares = Kick.
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13.5.3.1.3

Overpressure in the Deep-Water

Figure 13.25 displays a correlation of four Scotian Slope wells that penetrate dominantly shale-rich
intervals, with thin reservoirs within. The velocity data (blue trace) in wells like Annapolis G-24 show
significant straightening, approaching a constant value of Interval Travel Time, suggestive of
constant porosity and high overpressures.
Constant porosity suggests that vertical effective stress is constant and thus pore pressure
profiles will be overburden-parallel and highly overpressured at depth. Loading models,
such as the FRD approach, based on rates of sedimentation will be useful in the Scotian
Slope and, by implication, in the Labrador deep-water to estimate shale pressure.

Figure 13.25 Correlation of four deep-water Scotian Slope wells. Log traces are gamma in green and sonic velocity in
blue (slow to the left). Note shale-dominated lithology and thick salt in Weymouth A-45 (furthest left). Image taken from CNSOPB (2007).
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13.5.3.2

Mid-Norway

The Halten Terrace of Mid-Norway, North Sea (Figure 13.26) has been an active area for
exploration for several decades; large fields such as Kristen and Smorbukk are present and are
predominantly on the Shelf, where over 150 wells are located. More recently, the deep-water MidNorway Vøring Basin (Figure 13.26 and Figure 13.27), with water depths of up to 1.5 km, has seen
an exploration focus. Discoveries such as the Luva (6707/10-1) are located in this basin. Another
example of an accumulation in the deep-water, although, in the Møre Basin rather than the Vøring
Basin, is the Ormen Lange Field, in Palaeocene reservoirs.
The targets on the Shelf are predominantly Jurassic reservoirs such as the Garn Formation (Figure
13.28) although more recently accumulations have been found in the Cretaceous Nise, Lange and
Lysing Formations, and stratigraphically shallower in the Tertiary (Tang Formation). These later
reservoirs in the Cretaceous and Palaeocene are deep-water facies that represent post-rift, palaeodeep-water deposits despite the current shallow water depths. The Jurassic sediments are syn-rift,
inter-tidal,

shallow

water

deposits.

The

Jurassic

reservoirs

are

often

heavily

fault

compartmentalized and, although stratigraphy older, are similar to the Lower to Mid-Cretaceous
faulted syn-rift sediments of the Bjarni Formation in Labrador. The Cretaceous Nise, Lange and
Lysing reservoirs and Tertiary Tang Formation are an analogue for the Markland, Kenamu and
Mokami Formations of Labrador. In Mid-Norway, these are deep-water turbidites (Lange), with
often up to four sandy intervals per well, or locally amalgamated (Lysing), the latter covering
several North Sea blocks. The Nise Formation is an amalgamated, semi-regional deep-sea fan
deposit, rather than being stratigraphically isolated as the Lange unit is.
Moving into the deep-water, e.g. the Vøring and Møre Basins, although the same reservoirs
are present as described above e.g. Lange/Lysing, Nise and Tang/Egga sands, the
sediments are shale-prone. Tertiary and Cretaceous intervals are substantially thicker
(Tertiary; up to 2000 m thickness and Cretaceous in age; up to 1500 m thickness) Although
some rifting is present in the Upper Cretaceous in the Vøring Basin, these sediments are
largely un-faulted.

Regional Pore Pressure Analysis of Offshore Newfoundland and Labrador:
Unlocking the Shelf to Deep-Water Transition

354

Chapter 13: Review of Geological Analogues to Infer the Likely Pressure
Regime in the Deep-Water

Figure 13.26 Structural elements of the Norwegian continental shelf (modified after Blystad et al., 1995). Inset location
image after Ritter et al. (2004). Two geo-seismic sections, F-F’ and D-D’ are shown for reference Figure 13.26.
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Figure 13.27 Profiles F-F’ and D-D’ as shown on Figure 13.26 from Blystad et al. (1995).

13.5.3.2.1

Similarities to Deep-Water Labrador

The Jurassic sediments are often heavily fault compartmentalized in Mid-Norway and, although
stratigraphy older, are similar to the Lower to Mid-Cretaceous faulted syn-rift sediments of the
Bjarni Formation in Labrador. In Mid-Norway, see Figure 13.27, these sediments are not present in
the deep-water, however, the equivalent syn-rift deposits (Bjarni Fm) are (Figure 13.4), and these
would be expected to form isolated overpressure cells.
Within the overpressure cells, the pore pressure profiles are expected to be hydrostatparallel if the gas window was entered, whereby gas generation creates fractures, allowing
the interval to communicate. It would also be expected that a hydrostat-parallel profile
through the Bjarni Formation would form if the transition from syn-rift to post-rift
sedimentation were marked by an unconformity. In the North Sea e.g. Central North Sea
Jurassic and Triassic, this transition is marked by a 30-40 Ma hiatus, allowing any pressures
to bleed off, prior to re-burial and renewed sedimentation.
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Figure 13.28 Distribution of reservoir sands, seals and source rocks (Karlsen et al., 2004).

The Lange Formation are turbidites of restricted extent and, as such, are likely to have the same
overpressure as the encasing Lange shales (Figure 13.28). The Lysing Formation contains sands
that connect over several 10’s km, and within each of these sand bodies, overpressure is the same
and a hydrostat-parallel gradient present. The sands are still stratigraphically isolated though
despite some small regional extent.
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On the Shelf of Mid-Norway, these deep-water sediments are at burial depths of 3000-4000
m, and are typically >100oC and, as such, have been affected by chemical compaction,
influencing the pressure regime and creating significant additional overpressure not related
to simple loading by the overburden. These are “shelfal” shales so are of different
lithofacies/mineralogy (more smectite and kaolinite, less illite) to those in the deep-water. In
both Labrador and Mid-Norway, however, the same regional pressure gradient is present.
These isolated sands will form good stratigraphic targets, with proven tight seals.

The Upper Cretaceous Nise Formation is a deep-sea fan complex, i.e. consisting of stacked,
amalgamated sands bodies that have few internal seals. Similar facies define the Lower Tertiary
Wilcox play in the Gulf of Mexico for instance where sands can be 330 m thick (“Whopper Sand”).
The well 6706/10-1, the Luva discovery, has a Nise section over 900 m thick that communicates
vertically. Figure 13.29 shows a palaeo-geographic reconstruction from Vergara et al (2001) of the
Nise Formation and age-equivalent strata. Note that on this Figure 13.29, overpressure data are
plotted in bars (10 bar = 1000 kPa). There is a strong correlation between high magnitudes of
overpressure shale-rich facies, e.g. basin-plain deposits. In contrast, the sand units of the Nise
formation have only low overpressure, e.g. basin-floor fans, slope feeder channels that exit on the
Shelf. In parts, where data is sufficiently abundant, systematic changes in reservoir overpressure
are observed, relating to hydrodynamic flow.
Therefore, in the deep-water Vøring Basin, sands can be either stratigraphically isolated
such as the Lange Formation, or laterally extensive and drain via feeder channels to the
Shelf. In the case of the latter, the feeder channel acts as a pressure release value allowing
the sands to de-pressurise, creating a mobile aquifer. Similar deep-water hydrodynamic fan
systems are reported in the Tertiary of the Central North Sea (Dennis et al, 2000, 2005) for
instance (although current water depths are shallow here). In more stratigraphically isolated
parts of the fans, overpressures can be similar to the encasing shale pressures. The
differential pressures enhance seal capacity, i.e. the reservoir has less overpressure than
the overlying seal, and establish the opportunity for hydrodynamic trapping, where
hydrocarbon distributions in a trap are controlled not by structural closure but rather by a
hydrodynamic control, often resulting in tilted fluid contacts.
Palaeocene sands, e.g. the Tang Formation, are similar to the Nise in terms of facies and the Tang
equivalent, the Egga Sandstone Formation, in the Møre Basin is hydrodynamic, with direction of
flow to the NE, up and onto the Shelf.
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Figure 13.29 Distribution of facies for the Nise Formation (Vergara et al. 2001). White boxes show overpressure values
(bar; 10 bar = 1000 kPa).

The Ormen Lange Field has a tilted contact, despite being influenced by polygonal faulting
(O’Connor et al, 2008; Boya Ferrero et al., 2012). The evidence from pressure data suggests
that the Tare Formation (Figure 13.28) has isolated reservoirs, mirroring shale pressure.
Similar deep-water fan complexes are observed in the recently shot seismic in the Labrador
area and the likelihood is that these will share many of the features of those complexes
described above.
The pressure characteristics drawn above can be identified on the following figures
showing the shallow water wells (Figure 13.30) and the deep-water wells (Figure 13.31)
within Mid-Norway.
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Figure 13.30 Pressure-Depth plot for all available data within the Mid-Norway Shelf. The blue arrows show the location of
the Kick taken from Pothurst P-19. Figure redrawn from IG/HIS (2010). Green Triangles = RFT; Red Triangles = MDT;
Yellow Triangles = FMT; Red Diamonds = DST and Open Squares = Kick.
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Figure 13.31 Pressure-Depth plot for all available data within the Mid-Norway Deep-Water area. The blue arrows show
the location of the Kick taken from Pothurst P-19. Figure redrawn from IG/HIS (2010). Green Triangles = RFT; Red
Triangles = MDT; Yellow Triangles = FMT; Red Diamonds = DST and Open Squares = Kick.
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13.5.3.3

Grand Banks

The Grand Banks area includes the Jeanne d’Arc and Flemish Pass Basins (Figure 1.30);
exploration has been present in the basins for decades, resulting in numerous discoveries in the
Jeanne d’Arc Basin, e.g. Hibernia, Terra Nova. Success has been more elusive in the Flemish
Pass, where to-date 13 wells have been drilled, however, the Mizzen Field, has been discovered
and success continues, i.e. the Harpoon discovery in the summer of 2013. Of note, modern seismic
and better regional data has shown that there is no separation and that the Flemish is at best a
sub-basin to the Orphan. Further to that, the Jurassic-Cretaceous sediments, and nature of the
Tertiary cover, are quite similar throughout the Orphan and Flemish areas.
Comment below is focussed on the Jeanne d’Arc and Flemish Pass basins, although there are
other basins in this region (Whale and Horseshoe Basins; see Figure 13.10).
Using data in Figure 4.1 and the nomenclature of Sinclair (1992) (Grand Banks) and Balkwill
and McMillan (1990) (Labrador Basin Complex) suggests that in both areas there are syn-rift
and post-rift sequences implying similar depositional histories.

13.5.3.3.1

Jeanne d’Arc Basin

The Jeanne d’Arc Basin, which, although current shallow water, has an abundance of deep-water
facies and represents a palaeo deep-water setting. Figure 13.33 shows a cross-section from SW to
NE, interpreted from seismic line (NF 79–112) and passing approximately along the axis of the
Jeanne d’Arc Basin (Abid et al, 2004). In the south-west of the basin, carbonates dominate, and
pressures are essentially normal.
Moving into the palaeo-deeper-water of the Northern Jeanne d’Arc basin, shales dominate
and more rapid loading occurs. Faulting is less developed, as are unconformities. The
Northern Jeanne d’Arc basin therefore has many similarities with the Labrador deep-water
(see Figure 13.33 and Figure 13.4 for comparison).
In the Tertiary, pore pressure in the Banquereau Formation in the Northern Jeanne d’Arc Basin, is
an equivalent to the Mokami and Kenamu Formations in Labrador and is controlled by rates of
sedimentation. Where high rates are present, Fluid Retention Depths (“FRD”; Swarbrick, 2012) are
shallow (approximately 1-1.2 km). The depth to the FRD will also be a function of permeability, and
in the deep-water, low permeability as a result of hemi-pelagic fall-out are expected resulting in a
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shallower FRD for a given rate of sedimentation. The Tertiary can reach thickness in excess of 4.0
km similar to the interpretation for the deep-water Labrador system.
Where loading is the primary cause of overpressure development, as in the case of the
Banquereau Formation, pore pressure profiles are typically overburden parallel through these
shales. In the Banquereau Formation, reservoirs are rare, with only the South Mara sand present at
the base and is typically normally pressured and laterally-drained. It is worth noting that using data
from Figure 4.1; the Banquereau Formation in Grand Banks comprises marine shales compared to
the non-marine Mokami Formation in Labrador and Manitsoq in West Greenland. The change in
depositional setting may affect compaction behaviour as clay type and, in particular volume,
produce different porosity/effective stress relationships, potentially requiring different compaction
models.
In the Upper Cretaceous, using data from Figure 4.1, both the Northern Jeanne d’Arc Basin, and
Labrador have marine shales. Evidence from the Northern Jeanne d’Arc Basin Dawson Canyon
Formation, an equivalent of the Markland Formation (and Kangeq Formation in West Greenland), is
that the carbonate-rich Petrel Member and the Wyandot Formation are normally-pressured and
drained. It is difficult to draw too many conclusions on this as these carbonates are not well
developed in Labrador (dolomite beds; Chalmers et al., 1993) and are, therefore, a different facies
to the sand-prone Freydis Formation. However, if the Freydis Formation can be observed to extend
towards the shoreline on seismic, this unit may be drained. The encasing shales will be
overpressured however, and will maintain a pressure trend that extends from the Tertiary.
The Bjarni Formation is a syn-rift deposit and could be fault-compartmentalised. It may be
that the most appropriate analogue for the Lower Cretaceous in Labrador is the TransBasinal Fault area of the Jeanne d’Arc Basin (Figure 13.32). Here, reservoirs are either at
shale pressure, or drained, depending on fault seal and/or stratigraphic isolation. The Bjarni
Formation of the Lower Cretaceous in Labrador, equivalent to the Nautilus shales
containing the key Ben Nevis/Avalon reservoir, conform to the same analogy. The TransBasinal Fault area of the Jeanne d’Arc Basin is also associated with a) multiple
unconformities, b) more rapid clay diagenesis, providing a mechanism to generate
additional overpressure, not related purely to burial rates. The clay diagenesis may be
relevant for the syn-rift Lower Cretaceous of Labrador as the change from smectite to illite
is shown in terms of vertical depth profiles in Figure 13.33.
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The Late Ordovician Carbonate acts as an important reservoir in the pre-rift basement in the south
of the Hopedale Basin ((DeSilva, 1999; Enachescu, 2008). If these carbonates are present in the
basement in the deep-water, evidence from the Jeanne d’Arc Jurassic Rankin carbonates is that
they have a highly variable pressure regime; internally they have a hydrostatic-parallel trend but the
amount of overpressure is either close to encasing shale pressure or can be drained to normal. The
highly overpressured carbonates are associated with the Trans-Basinal Fault area suggesting fault
seal is important in terms of pressure control and escape.

Figure 13.32 Grand Bank Basins (Abid et al, 2004). Note that although current shallow water, the majority of the fill of the
Jeanne d’Arc represents a palaeo-deep-water system. Some of the Flemish Pass wells are drilled in current deep-water
of > 1.0 km.
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Figure 13.33 An interpreted seismic line (NF 79–112) passing approximately along the axis of the Jeanne d’Arc Basin
(Abid et al, 2004). Boxes: Schematic I/S versus depth profiles for three of the four areas discussed in text. (Modified from
Grant and McAlpine 1990). K, Kimmeridgian; B, late Barremian; AP, late Aptian; AL, late Albian–Cenomanian.

Figure 13.34 shows all the publically available shallow-water data for the Grand Banks area
sourced from the BASIN database of Natural Resources Canada. The blue arrows show the
location of the Kick taken in Pothurst P-19 and that the magnitude of the Kick is consistent
with the reservoirs test data at the same depth in Grand Banks. The Kick in Pothurst P-19
was clearly significant but it was not out of context for the Newfoundland area as a whole.
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Figure 13.34 Pressure-Depth plot for all available data within the Grand Banks area. The blue arrows show the location of
the Kick taken from Pothurst P-19. Data was sourced from the BASIN database of Natural Resources Canada. Green
Triangles = RFT; Red Diamonds = DST; Green Diamonds = RCI and Open Squares = Kick. Data is from the whole of the
Grand Banks, which includes Northern and Southern areas. Northern is JDB, FP and Orphan. Southern is all the small
basins to the south of Newfoundland (e.g. Laurentian, Carson)
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13.5.3.3.2

Flemish Pass Basin

Flemish Pass has a series of shallow and deeper water wells; however, the tectonic history is likely
more complex than the deep-water Labrador so a direct comparison may be problematic. For a
review of this structural history, see Foster and Robinson (1993).
In the Flemish Pass, water-depth varies from 100 to 1200 m and so provides a range of well
penetrations transitioning from shallow to deep-water. In practice, however, the structural
complexity has resulted in a series of very significant unconformities (Figure 13.35), such that it is
problematic to draw a successful analogue with the deep-water in Labrador. However, in Figure
13.36, all the available public data from the BASIN database is displayed. The Kick in Pothurst P19 is shown relative to the reservoir pressure data. The implication is that where wells penetrate
thick shale intervals, pore pressures are high and follow overburden-parallel trends, regardless of
the water-depth
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Figure 13.35 Schematic showing depositional packages and stratigraphy, Flemish Pass. Note there are significant
unconformities.
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Figure 13.36 Pressure-Depth plot for a representative dataset within the Flemish Pass Basin. The blue arrows show the
location of the Kick in Pothurst P-19. Red and green triangles are shallow water and deep-water wells respectively. The
orange data are from Lancaster G-70 which has an intermediate water depth of ~750 m. Open squares are kick data. The
vertical scale is TVDbsf, removing the effects of water depth.
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13.5.4 Other Analogue Systems
13.5.4.1

Gulf of Mexico

The Gulf of Mexico is analogous to the deep-water Labrador play both in terms of water depth and
in sediment thickness as well as the age of the stratigraphy, which is all Tertiary-aged in the main
deep-water exploration areas.
The new seismic interpretation undertaken by Nalcor Energy shows the deep-water Labrador
play(s) can have water depths over 3000 m and sediment thicknesses that exceed 10000 m. Water
depths in the Gulf of Mexico can exceed 3000 m and sediment columns the reach 8600 m.
However, it is not typical to get the deepest water depths and the thickest sediment columns
occurring in the same wells. For example, Stones (WR 508) has a water depth of 2900 m and
sediment thickness at TD of 5700 m whereas Kaskida (KC 292) has a water depth of 1700 m and a
sediment thickness at TD of 8000 m.
The Gulf of Mexico has been sourced from the same provenance since the Early Miocene and has
generated over 8000 m of Tertiary fill. The interpretation within Labrador suggests that the likely
maximum stratigraphic thicknesses are 4000 m for the Tertiary and up to 4000 m of Cretaceous in
most of the deep-water basins. As the Gulf of Mexico sediments have been deposited
approximately twice as fast as the Labrador sediments it is reasonable to assume that the pore
pressure in the Gulf of Mexico is likely to be higher than that of the deep-water Labrador plays.
Pore pressure in young sediments is strongly controlled by rate of sedimentation (Swarbrick, 2012)
and the faster the rate of sedimentation then the shallower the onset of overpressure will be leading
to an overall higher magnitude pore pressure for the same depth.
The pressure data shown in Figure 13.37 have been limited to wells with water depths in excess of
1000 m and to the deep-water protractions of Garden Banks, Green Canyon, Keathley Canyon and
Walker Ridge. These protractions are the locations of some of the biggest discoveries in the Gulf of
Mexico and they also include the highest pore pressures from deep reservoir units.
As stated above the water depths and total thickness of rock column drilled are analogous to the
newly identified basins in the slope and deep-water off the Labrador Shelf. The plot has been
terminated at a depth of 5500 mTVDml to match the other regional pressure plots in the report but
the data extend to depths of 8600 mTVDml and pressures up to 81000 kPa overpressure. The
Kicks experienced on the shelf in Labrador correlate to the maximum overpressure experienced in
the Gulf of Mexico at the same depth, e.g. 35000 kPa at 3800 mTVDml (Pothurst P-19).
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The analogy to the Mid-Norway pressure system on the shelf was clear but in the deep-water the
reservoirs seemed to reflect a more sand-dominated system that was able to laterally drain the
pressure. Lateral drainage can be beneficial as it can result in longer hydrocarbon columns and
potentially the ability to drill with lower mudweights.
The Gulf of Mexico deep-water system shows a much clearer range of data from some low
overpressure reservoirs to some highly overpressured reservoirs. The range in overpressure is a
clear indication that deep reservoirs, especially in a deep-water setting, can retain significantly high
pore pressure. The primary reason for the high pore pressure is the thick column of fine-grained
clay-rich material encasing a thin reservoir unit that is unable to drain.
The lesson to be learned for Labrador is that deep-water systems can have low overpressure (e.g.
Mid-Norway) but are also likely to have high overpressure (e.g. Scotian Slope) and, moreover, it is
possible for one setting to contain both high and low overpressure depending the connectivity of the
reservoir units, e.g. Gulf of Mexico.
Any well that can penetrate shales at depths of 8000 m or more would be expected to reach high
bottom hole temperatures capable of driving secondary pressure mechanisms (Chapter 7). Hauser
et al (2013) provides a regional overview of the Miocene pore pressure regime in the Gulf of
Mexico, noting that approximately 20% of the data in their study came from sediments above the
temperature associated with secondary mechanisms (80-100 ºC). The corresponding voidratio/VES plot showed that the shale compaction trend for these “hot” shales falls exactly on the
trend established by the cooler shales.
The data shown by Hauser et al (2013) suggests that higher temperature alone is not sufficient to
guarantee illitization; in their data set, and presumably across much of the deep-water GOM, a
smectite compaction trend works quite well for pressure prediction even in relatively hot formations.
In such areas, trends or pressure-prediction workflows that change the compaction model based on
temperature may actually result in worse results than models without such behaviour. The
implication of Hauser et al (2013) conclusions on the deep-water Labrador is that the same logic
can be used when building a normal compaction model; that a single non-temperature affected
compaction profile can be built and used effectively.
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Figure 13.37 Pressure-Depth plot for all available data within the Gulf of Mexico Deep-Water area. The blue arrows show
the location of the Kick taken from Pothurst P-19. Data was sourced from the BASIN database of Natural Resources
Canada. Green Triangles = RFT; Red Triangles = MDT; Red Diamonds = DST and Open Squares = Kick.
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13.6


Conclusions

There are several possible types of analogue for the deep-water Labrador region:

a) Those basins geographically close to the Labrador coast and that contain deep-water at the
present day i.e. West Greenland, Scotian Shelf.

b) Basins that are geographically distant and contain deep-water at the

present

day

e.g.

Vøring and Møre Basins, Mid-Norway.

c) Basins that are presently shallow water but contain large volumes of deep-water sediments
e.g. Central North Sea Tertiary, Shelf Mid-Norway (Lange and Lysing Formation); these are
“palaeo-deep-water settings”.

d) Basins that are not analogous in terms of lithofacies, i.e. a) to c), but are analogous in terms
of water depth and total sediment thickness, e.g. deep-water Gulf of Mexico.

e) An additional classification could be to divide (a) to (c) into “volcanic” and “non-volcanic”,
largely distinguished by the amounts of elevated heat flow during the early stages of rifting
(Cunha, 2008; Cunha et al., 2010).



The Labrador Shelf is a passive margin, marking the transition between oceanic crust and
continental crust without an intervening plate boundary. Simplistically, these margins are
formed by sedimentation above a palaeo-rift, now marked by transitional crust.

a) Volcanic passive margins represent one end-member transitional crust type; the other endmember (amagmatic) type is the rifted passive margin. Reflectivity data from Labrador imply
a basin-wide band of very thin crust that is associated with lithospheric stretching, with
faulting confined to the upper crust (Keen et al., 1994). The seismic data imply that the
Labrador basin is a non-volcanic passive margin. Well data on the Shelf supports a nonvolcanic passive margin setting, i.e. there are no large sets of intrusions penetrated in the
wells as observed in West Greenland, however, basaltic lava flows and volcaniclastic in the
Alexis Formation are present in the Davis Strait and in the Hopedale Basin (Chain et al.,
1995; Chalmer and Pulvertaft, 2001; Keen et al., 2012). The deep-water would be closer to
the spreading ridge and source of the magmatic activity and, therefore, the Labrador
margin, and in particular, deep-water, may actually be transitional between the Scotian
Shelf to the south, and the volcanic West Greenland area.

b) The intercalation of sedimentary and igneous material is common in these types of
environments as exemplified by the Faroe-Shetland Basin for instance (Naylor et al., 1999;
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Japsen et al., 2005). In the Faroe-Shetland Basin the volcanics only form minor pressure
barriers and have hydrostatic-parallel gradients associated with them implying vertical
communication via fracturing, e.g. Gjoa G-37, deep-water Late Palaeocene, West
Greenland. The vertical communication may affect the seal capacity of any volcanic
horizons for the Freydis Formation, if present. More robust seals are observed, e.g. the
Rosebank accumulation, Palaeocene Flett Formation, West of Shetland; however the
associated T36 shale may provide the seal here rather than any volcanics.

c) Sediments in Labrador are divided into pre-rift (crystalline basement and Ordovician
carbonates, mainly present in the north of the Labrador Sea Basin (Balkwill et al., 1990),
syn-rift (Bjarni and Alexis Formations) and post-rift (Mokami, Kenamu and Markland
Formations). The syn-rift Bjarni Formation, especially on the Shelf, may be affected by fault
seal in the same way as are observed in the Jurassic of the Central North Seas for instance,
or Halten Terrace of Mid-Norway. In contrast, a characteristic of deep-water systems worldwide is a general lack of faulting such that the deep-water, post-rift sediments of Labrador
are likely largely undeformed and at their maximum burial depth.



Globally, deep-water sedimentary systems are characterised by variations in sediment supply,
source and development of accommodation space.

a) Where the net to gross is low as in the case of mud-rich fans, thin isolated reservoirs lead to
high pore pressures (e.g. Lange Formation, Mid-Norway; Akata Formation, Niger Delta).
Isolated reservoirs form excellent stratigraphy traps, with proven seals (unless the seal is
close to fracture pressure). Reservoir pressures are close to those of the encasing shales.

b) By contrast, where net to gross is high as in the case in sand-rich or amalgamated fans,
single thick sand reservoirs are present (e.g. Agbada Formation, Niger Delta; Wilcox
Formation, Gulf of Mexico). High net to gross deep-sea fans are typically laterally-draining,
i.e. the associated shales are overpressured, however, the reservoir is losing pressure
laterally over geological time to a leak-point, usually the seabed via connected reservoirs
and/or faults. An example is the Nise Formation, Vøring Basin, Mid-Norway where the
pressure dissipation can develop a mobile aquifer, controlling fluid distributions via
hydrodynamic spill points. Any traps will have enhanced seal capacity due to the
seal/reservoir pressure differential.

c) The mixed-sand-mud case leads to thick sands that have the ability to be variably drained,
i.e. certain portions of the fan can be hydrostatic whereas others are at shale pressure.
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d) In summary, through the potential use of seismic facies, the net to gross of these
depositional fans may be determined in Labrador in such formations as the Freydis, Appat
and Kitssissut sequences.



A characteristic of deep-water systems world-wide is a general lack of faulting. An couple of
exceptions are worth noting however; a) In the Niger Delta the deep-water is affected by toe
thrusting because of the gravitation collapse of the Delta (Corredor et al., 2005), b) In MidNorway, in the Vøring Basin, Upper Cretaceous faulting is present locally and c) polygonal
faulting, which tends to form in layer-bound, shale-dominated environments.
a) In the Ormen Lange Field in Mid-Norway, polygonal faulting is present, which has
implications on the likely behaviour of the field fluid dynamics. Interestingly, this style of
complex faulting does not preclude hydrodynamics (O’Connor et al., 2008). The implications
for a lack of structural activity in the Labrador deep-water are that there is unlikely to be the
development of overpressure cells in the Tertiary deep-water Mokami, Kenamu and
Markland Formations. Stratigraphic isolation is more likely to be common in the deep-water,
however, communication in-board is possible as demonstrated in the deep-water West
Greenland well, Quelleq-1 where the Cretaceous Fylla Formation is normally-pressured; the
implication is that the deep-water, sands such as the Freydis in the Markland Formation can
drain laterally and lose pressure despite the distal nature of the sands.



Narrow Margin Drilling (NMD) is a common feature of deep-water environments world-wide. As
the facies is likely shale-dominated in the deep-water Labrador (with lower permeability than
Shelfal shales, which will be more terrigenous in nature rather than marine in origin, top of
overpressure will be shallower than on the Shelf for comparative stratigraphy. Pore pressure
profiles will, therefore, build relatively shallow overpressure parallel to the overburden and
continue for the remainder of a well. On the Shelf, due to the higher volume of sand, top of
overpressure will be or can be, significantly deeper. These Shelfal sand packages will
communicate throughout the interval, although any substantial shale may retain overpressure,
potentially as high as that predicted by the FRD.



Rates of sediment loading will strongly influence the depth at which no more fluid can escape
from the shale (“FRD”), and overpressure builds by disequilibrium compaction. Published
relationships such as Swarbrick (2012), correlate the rate of sedimentation/loading with depth
to the “FRD”. FRD modelling has been used successfully in deep-water settings world-wide
such as Niger Delta and Nile Delta to produce overburden-parallel shale pore pressure profiles.
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The shale pressure profiles correctly match Kick data in these basins and suggest that, predrill, this approach can give accurate prediction of shale pressure. Indeed, applying this
approach to the Pothurst P-19 well on the Labrador Shelf, i.e. calculating rate of sedimentation
to the Top Cartwright Formation marker, produces a pressure profile that matches closely the
Kick taken in this well. The accuracy of the FRD model in Pothurst implies this tool may be a
useful approach in the deep-water of Labrador for pressure prediction. Although, reservoir
pressures will need to be estimated using additional analysis, the likely high degree of
stratigraphic isolation in the deep-water (see above) suggests that reservoirs will be close to
shale pressure calculated using the above approach.



Once the shales become diagenetic altered (70 ºC onwards, although in reality, for regional
extent, more likely 100-120 ºC) or enter the oil and gas window, pore pressure profiles will
converge on the overburden. Data in Hauser et al. (2013), from the deep-water Gulf of Mexico
suggests that even at temperatures of 120 ºC, a single compaction model can be used and
there is little requirement to move to an additional, deeper (in this case, illitic) compaction
model. Therefore, it is likely that a single compaction model may be used in the deep-water
Labrador area (certainly to the depths of the 120 ºC isotherm at least and where disequilibrium
compaction is the dominant mechanism of overpressure generation). The exact form of the
compaction curve will be dependent on sediment source and type, i.e. proportion of smectite,
illite and kaolinite. In the Labrador Sea, a single sediment provenance means that a simpler
compaction trend for Labrador could be expected, both on the Shelf and in the deeper-water as
the deposited sediments are relativity homogenous in composition (Innocent et al., 1997; Fagel
et al., 2002).



In the deep-water area of Labrador, it is likely that the ice never rested on the seabed directly
and that a layer of water separated the seabed and the ice; as water is only slightly
compressible, the water would have absorbed any glacial loading. Data from cores of the
Northern Labrador Sea, suggests O18 values are similar in magnitude to those reported from
the Norwegian and Greenland seas (Aksu et al, 1988; Rasmussen et al., 2003) and therefore,
may provide evidence for glacial sediments to be present in the Labrador deep-water.



An important component to calculate pore pressure from seismic velocity (and pore pressure in
general) is the calculation of an overburden. In the deep-water, the overburden will be thinner,
replaced by a column of water. Sediments will also have different density values due to a
change in facies. Overpressure will cause the overburden to be “lighter”. If tills are present in
the deep-water (see previous point), this high-density upper layer will have an effect on the
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construction of an overburden. Wells on the Shelf in Labrador may contain glacial tills in the
shallow section but careful wireline analysis shows no effect of the tills on the log signatures,
hence no shallow, high-density layer for the overburden is needed. Deeper volcanic units can
have a high bulk density that required separate modelling as shown in Chapter 6.



The northern margins of the Labrador Sea and much of the Baffin Bay and West Greenland
region were subject to Tertiary exhumation (Trettin, 1991). Low-angle unconformities are
present in the deep-water similar to those present in West Greenland, e.g. deep-water well
Quelleq-1 where approximately 1.0 km of section has been removed in the Mid-Eocene. The
importance of identifying exhumation around the margins of the Labrador basin could impact
not only the sealing ability of traps in the deeper areas but would also have a strong control on
the redistribution of sediment and fluid flow throughout the basin (Duddy et al., 1994;
Medvedev et al., 2008). In terms of breached traps, variation in magnitudes of exhumation can
lead to varying amounts of fluid expansion particularly in gas-saturated systems, e.g. Victory
gas field, West of Shetland and Snøhvit gas field, Barents Sea. Gas expansion due to uplift is
considered less of a risk in the deep-water where uplift is less demonstrable and much likely
much less developed.
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Regional Seismic Velocity Analysis

14.1

Aims and Objectives

As a part of the regional Labrador Shelf & Deep-Water pressure study, a seismic-based pressure
analysis of five seismic lines was undertaken. The seismic data (velocity and amplitude) is the
property of TGS/PGS and Nalcor Energy graciously gave their permission for five lines to be
included in the regional pressure study. The seismic interval velocity analysis aims to offer an
understanding of pressure distribution in the shales tied to seismic data and provide enhanced
confidence in the understanding of risk and pressure distribution for the area.

The analysis workflow includes:


Well-tie (matching seismic velocity data with well Check-Shot and Vp) for one well per seismic
line.



Integrate the normal compaction trends (‘NCTs’) for Vp (Chapter 9), hydrostatic gradient
(Chapter 8) and overburden models (Chapter 6) gradients from the well-based analyses to
produce pore pressure predictions along a selection of 2D seismic lines.



Provide an understanding of the overall pressure magnitudes in the shales and distributions
that are considered to represent the shelf and deep-water Labrador environment.



Analyse and discuss limitations of the database and the method.

The results and learning of the seismic study have been used with the well-based analysis to
produce the type pressure profiles for five specified locations (Chapter 15); these are in effect
pseudo-wells. Reservoir pressures are not estimated using seismic velocities but only the shale
pressure. If reservoirs are un-drained, however, then the shale pressures provide a proxy for undrained reservoir pressure. The pressure profiles are not true well-plans as the requisite detailed
geological model is not yet available, however, the profiles are a guide to shale pressure in various
parts of the Basin.
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14.2

Data Availability and Quality Control

The five 2D seismic lines provided by NALCOR all extend from the proximal Canadian Shelf region
into the distal deep-water environment (Figure 14.1). Note no data was available for the Orphan
Basin at the time of the study. For all lines both velocity and amplitude data were available.
Additionally, the following horizons were supplied by Nalcor Energy:


Seabed surface



Late Miocene surface



Onlap surface



Mokami surface



Lower Kenamu surface



Base Cenozoic surface



Top Acoustic Basement surface

The survey had long offsets, with a 8.1 km cable length and a 10 second record length, designed to
understand the basement architecture and the sediment distribution of the region. The seismic
velocity lines of the project have data down to ~20 km depth. All lines have at least one well on or
very close to the seismic lines, which were used for the calibration of the interval velocity data. For
the depth conversion of the offset wells Nalcor Energy provided Check-Shot data. The lines and the
corresponding wells are:


Line 2156 and Pothurst P-19



Line 2116 and Snorri J-90



Line 2100 and North Bjarni F-06



Line 2000 and Hare Bay E-21

Line 3083 extends across several basins (Figure 14.1) and the most appropriate offset well for
calibration would be Skolp E-07 at the North end of the line. By calibrating line 3083 with this well,
the uncertainty would increase towards the south where the line intersects other basins with
different NCTs and overburden models. Therefore, it was decided to split the line into two lines and
calibrate them separately. A detailed description of the procedure can be found in Section 14.4.2.2.
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Figure 14.1 Study area with the location of the five seismic lines.

14.2.1 Data Formatting Issues


The vertical scale of the amplitude lines and the horizons was in meters but velocity lines were
supplied in TWT.



Velocity lines were converted as follows: 1) A time to depth conversion of the seawater was
conducted by using a seawater velocity of 1500 m/s. 2) The new ‘Seabed surface TVDss’
horizon was loaded into the RokDoc 3D calculator and a time-depth conversion was conducted
for the subsurface using the interval velocity.
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The horizon locations were supplied in a different UTM zone (UTM-22N) compared to the
amplitudes and the velocity lines (UTM-21N; Figure 14.2). The horizons needed to be loaded
into Petrel and the UTM zone had to be changed to match the seismic lines.

Figure 14.2: Petrel image showing the velocity lines (blue) and the original position of the horizons (red). The UTM zone
of the horizons had to be changed to align seismic lines and horizons.
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14.3

Seismic Velocity Decision Workflow

Figure 14.3: Typical workflow for Pore Pressure Prediction from Seismic Velocity.

The workflow in Figure 14.3 describes the stages Ikon Science typically apply to seismic pore
pressure prediction projects, and the basics of the workflow are shown on the right in Stages 1 to 4.
Stage 1:
That is the well-based pore pressure modelling work, i.e. is there an effective stress to porosity
relationship for estimating pore pressure using the conventional techniques, e.g. Eaton Ratio
Method (“Eaton”) and Equivalent Depth Method (“EDM”). In this stage, offset well data and regional
knowledge are used to determine the normal compaction trend (NCT), the hydrostatic gradient and
the overburden.
One problem that is frequently encountered for “traditional” pore pressure analysis in basins are
secondary pressure mechanisms that are typically present in high temperature shales. Secondary
pressure mechanisms can mean that conventional pore pressure prediction methods (Eaton, EDM)
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may under-predict pore pressure, primarily because the wireline signature is correctly reading the
porosity but the relationship between porosity and pressure (via effective stress) has changed due
to an extra source of pressure, i.e. secondary mechanisms (see Chapter 7 for more discussion).
Stage 2:
Assess the quality of the velocity data and validate whether the seismic velocity data produces
adequate estimates compared to the well-based wireline Vp data?
Stage 3:
If the seismic velocity is not a perfect match, assess if a calibration has to be applied to improve the
fit with the wireline VP. Ideally, poorly correlating seismic velocities would be re-picked but this is
often unfeasible. In this study, it was necessary to calibrate the seismic velocity to the wireline Vp.
In some situations, processes in the shales such as cementation would invalidate the use of
seismic velocity data which feeds back to Stage 1, i.e. no amount of re-picking will help. In this
case, a geologically-driven model would be used alone.
Stage 4:
Integrating all data from Stage 1, e.g. NCT, overburden, hydrostatic gradients, reservoirs analysis
etc. to produce a single well plan informed by the seismic velocity data. The seismic velocity would
be used as a guide for shale pressure. Reservoir pressure would be based on the ability of a
particular sand to drain or not; this requires input from a facies model etc.

14.4

Quality Control and Calibration of Seismic Data

14.4.1 Assessment of Seismic Data Quality
Before using the seismic velocity to predict pore pressure, it is first necessary to determine whether
the seismic velocity data are fit for purpose. Do the sonic and check-shot data match at the
intersecting wells and have sufficient detail to show velocity variation through overpressured shales
or where shales have dewatered adjacent to a laterally drained reservoir. The workflow steps
followed are listed below;


Smooth the well velocity (where necessary) because it has a much higher frequency that the
seismic-derived interval velocity.
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Compare the seismic velocity trace extracted along the well path of the offset wells with the
sonic and check-shot velocities.



Overlay the seismic interval velocity and amplitude data to see whether there are correlations
between the litho-stratigraphy and velocity data. i.e. (a) do sections of thickening shales show
velocity reversals (which may be expected), or (b) the velocities continue increasing through
these sections because it is a thick homogenous formation with no reflections?



If necessary, calibrate the seismic velocities to the sonic velocity by using a y=m(x) + c fit.

Generally, there is a good match between the well velocities and the seismic interval velocities. In
the shallower sections, where thin sand and shale layers are dominant, the seismic interval velocity
seems to represent an average of both of them and some shifting is required to match the shale
velocity values of the Vp log.
By cross-plotting the well velocities and the seismic interval velocities, a linear fit can be calculated
and applied as a calibration. Before cross-plotting the data, a shale filter (based on the Vshale log)
had to be applied on the well velocity to exclude sand derived data from the calculation.

14.4.2 Seismic Velocity Calibration
The first step in the calibration process to calculate the interval velocity from the seismic velocity by
applying the Dix equation. Once the interval velocity has been calculated, it has to be compared
with the Vp log and the check-shots. If the different velocity sources do not match each other then a
mathematical function (in this case, linear) is derived to modify the seismic velocity. The process is
outlined below using Pothurst P-19 and Line 2156 as a case study.

14.4.2.1

Calibration of Line 2156

Figure 14.4 shows both the Vp log (original and smoothed version) and the check-shots together
with the original interval velocity for Pothurst P-19. The following comments are made with respect
to Figure 14.4:
1.

Low Vp spike, presumably a technical problem, e.g. cycle skipping but it also correlates to
spikes above that may reflect local geology.
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2.

High velocity in sand, illustrated by wireline tool response and by the check-shot but not picked
up by the seismic.

3.

Low velocity in shale, again recognised by Vp and check-shots but the seismic interval velocity
seems to be an average value of this interlaced sand/shale interval.

4.

The deeper shale velocity is accurately represented by the seismic interval velocity.

It is important that the magnitudes of Vp and seismic interval velocity closely correlate in order to
reliably use a compaction model built using Vp for pressure prediction from seismic. To calibrate
the seismic velocity;
a) A trace is extracted from each 2D line at an intersecting well and cross-plotted against the
sonic velocity for that well.
b) A y=m(x)+c best fit is then calculated (e.g. Pothurst P-19; Figure 14.5) and the result is applied
to the 2D seismic velocity line to produce a calibrated seismic interval velocity, which is then
used as an input to pore pressure prediction from seismic.
c) The calibration can adjust the magnitude of the seismic velocity to fit better the magnitude of
the sonic velocity but unfortunately there is little that can be done in areas where the two
velocities diverge.
The calibration parameters of the four SW-NE trending lines are listed in Table 14.1. Line 3083 will
be discussed after later because calibration of that line is more complicated due to its unique length
and position.

Offset Well

Velocity Line

Gradient (m)

Intercept (c)

Pothurst P-19

Line 2156

1.1215660

- 513.4774

Snorri J-90

Line 2116

1.0349990

- 300.1151

North Bjarni F-06

Line 2100

0.8698464

+ 119.6988

Hare Bay E-21

Line 2000

No Calibration Required

Table 14.1 Table showing calibration of seismic interval velocity to Vp.
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Figure 14.4: Petrophysical data of Pothurst P-19, the calibration well for Line 2156. Shown are the following information
from left to right: depth in TVDss, horizons and casing shoes, lithology, calliper log (black) in combination with the original
hole size (red), original Vp (green) and seismic interval velocity (purple) extracted from Line 2156 at the Pothurst P-19
location, check-shots (black) and seismic interval velocity (purple) and smoothed Vp log (green) (by a moving window
filter of 25 m) and seismic interval velocity (purple).
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Figure 14.5: Cross-plot of Vp (above) and Check-Shots (below) against seismic interval velocity at the Pothurst P-19 well.
The ‘spurious low velocity spike’ has already been interpreted as a technical problem and must not be included in the
calculation of the linear fit. The linear fit calculated with the Vp data and the Check-Shots is different. For this study, the
Vp calibration is superior.
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Figure 14.6 shows the calibrated seismic interval velocity. The yellow intervals are those intervals
considered to be shale-rich based on the V-shale curve with a cut-off of 0.7 for this well. Since the
differences were not significant in in the first place, the calibration only slightly alters the original
interval velocities from the original Vints (purple curve; right-hand track in Figure 14.6) to the new
Vint profile (black curve; right-hand track in Figure 14.6).

Figure 14.6: Petrophysical data of Pothurst P-19, the calibration well for line 2156. Yellow shaded data are shale-rich
lithologies, according to the Vshale. The thin black lines in the two tracks on the right side are the calibrated interval
velocities. Check-Shot based calibration has only minor effect. Vp based calibration slows the seismic interval velocity
down so it matches the Vp of shale more accurately.
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14.4.2.2

Calibration of Line 3083

Line 3083 extends almost over the entire study area (Figure 14.1). The calibration well (Skolp E-07)
is located outside the line, close to the northern tip of the line. To decrease the uncertainty of the
calibration and to keep the calibration wells close to the seismic line the line was split into a
northern and a southern section (Figure 14.7). The location of the divide is approximately the
northern extent of wells in the Harrison Sub-Basin of the Hopedale Basin.
For the calibration of the northern section, the calibration of Line 2116 was used. For the shale
pressure prediction, the Northern Model for the overburden and the Nain Sub-Basin NCT model
were applied and combined with the Equivalent Depth Method for pore pressure prediction.
For the calibration of the southern section, the calibration of Line 2000 was used which means that
no calibration was applied. For the shale pressure prediction, the Southern Model for the
overburden and the Hawke Basin NCT model were used.

14.4.3 Extractions at the Intersections of the 2D Lines.
The four NE-SW trending lines (Lines 2156, 2116, 2100 and 2000) intersect Line 3083 at four
locations. Theoretically, the vertical interval velocity extractions at locations where different lines
intersect should be similar. As can be observed in the following examples, this is not the always the
case. Seismic velocity picking is a complex process especially with deep data in frontier areas as
there is little previous data to help guide the interpretation. In cases such as these, the resultant
pore pressure predictions will generate a range of values that can be used to assess uncertainty. In
deeper regions, sometimes neither the velocity values nor the velocity trend appear to be similar.
Due to the horizontal resolution of the seismic data, the vertical extractions could not be taken
exactly at the line intersections. Care was taken to extract at the nearest trace locations to the
intersection point. The following four figures compare the seismic interval velocity of the intersecting
seismic lines lines at the four locations marked in Figure 14.7. In each figure the calibrated seismic
velocity from Line 3083 is shown in black and the intersecting line is shown in colour (2156, 2116,
2100, 2000)
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Figure 14.7: Map showing the seismic sections. Line 3083 (green) was split into a northern and a southern section. The
northern section was calibrated by Snorri J-90 (the calibration well for line 2116). The southern section was calibrated by
Hare Bay E-21 (the calibration well for line 2000; no calibration required). The numbers 1-4 refer to the following
velocity/depth plots in Section 14.4.3.
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1 - Intersection of Line 3083 and Line 2156 (Figure 14.8)
Both velocity extractions in Figure 14.8 show a high degree of similarity down to approximately
10000 mTVDss. Typically Line 2156 shows the greater lateral variation but the deflections to higher
or lower velocities are coincident between the extractions. Below 10000 mTVDss there is a greater
discordance between the logs. It should be noted however that the intersection location is high on
the shelf and that the Top Acoustic Basement depth is approximately 1600 mTVDss so
observations below this do not impact pore pressure prediction as the lithologies are non-shale.
2 - Intersection of Line 3083 and Line 2116 (Figure 14.9)
Figure 14.9 shows that interval velocities from both lines are similar in the interval from ~1900-4000
mTVDss although the Line 2116 velocity shows much less lateral variation compared to Line 3083
velocity. The interval velocity of Line 2116 below 7500 mTVDss continue to increase in an overall
linear trend with depth to a maximum value of 5500 m/s which is faster than the expected velocity
for a fully compacted shale. The deep velocities of Line 3083 look more realistic as the velocities
approach a constant value, i.e. a constant porosity as would be expected in a shale-rich lithology.
The Top Acoustic Basement at this intersection is approximately 9000 mTVDss; therefore, it is only
the interval from 7500-9000 mTVDss that is suspicious in Line 2116. Line 3083 still remains the
more realistic velocity profile. Note there are large oscillations in velocity that are not considered to
reflect the geology that are making trend determination difficult.
3 - Intersection of Line 3083 and Line 2100 (Figure 14.10)
The comparison of Line 3083 with Line 2100 shows the greatest variation between seismic interval
velocities at the same location. The velocities extracted from Line 3083 are always faster than Line
2100 with the exception of the interval from 7200-8000 mTVDss. Down to 7000 mTVDss the two
logs show coincidence in terms of the deflections from high to low velocity and vice versa. At 6000
mTVDss the difference in magnitude between the two extractions is approximately 1100 m/s. Below
7000 mTVDss there is much less coincidence in terms of sympathetic deflections to high and low
values between the logs down to the base of the survey. Top Acoustic Basement at Intersection 3
is at approximately 8100 mTVDss, therefore the discordance between the two velocity extractions
which is only present below 7000 mTVDss only occurs over the lowest 1100 m of the Cretaceous
sequence.
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4 - Intersection of Line 3083 and Line 2000 (Figure 14.11)
Both line extractions show a steep increase in interval velocity at the seabed from ~1500 m/s
(seawater velocity) to 3500 m/s. Below 5000 mTVDss the extraction from Line 2000 shows a
steady increase in velocity with hardly any response to lithology changes; Line 3083 shows some
character in the extraction but the lateral variation is still minimal. The velocity values of both
extractions are relatively similar all the way to the base of the survey.
The sea-floor in these extractions is approximately 3700 mTVDss and the Top Acoustic Basement
depth is approximately 4200 mTVDss as the basement at this location forms a horst structure that
separates the Holton Basin to the south-west from another potential basin to the north-east of
Intersection 4 (see images for Line 2000 in 0). The current seismic lines within this study do not
allow for the potential basin to be delineated.

Conclusions
Intersections 1 and 4 are located on the Shelf and on a basement high respectively; as such they
do not have a thick sedimentary sequence over which to evaluate the coincidence or not of the two
seismic velocity extractions. Intersection 1 has approximately 1600 m of non-basement lithology
and over this interval the two extractions generally agree.
In Intersection 2 the two extractions tend to agree in terms of velocity magnitude over the majority
of the well (not the lowest 1500 m) but the response in Line 2100 is more invariant compared to
Line 3083, which shows much more lateral variation. At Intersection 2 some subtle changes in pore
pressure may not be as apparent using the velocity from Line 2116 compared to Line 3083 but the
overall magnitudes of pore pressure should be similar.
Intersection 3 tends to show the opposite of Intersection 2. Over this interval the two extractions
tend to show the same overall character, i.e. they deflect to high or low values at the same depths
(with the exception of the lowest 1100 m), but they display very different magnitudes.
The impact of significant variation in seismic velocity on the pore pressure will result in
large uncertainty in pore pressure magnitude, i.e. as observed at Intersection 3 (Figure
14.12). At 6000 mTVDss the maximum variation in velocity of 1100 m/s leads to a 28000 kPa
difference in pore pressure.
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Top Acoustic
Basement

Figure 14.8: Interval velocity extraction at the intersection of Lines 2156 and 3083 North (Number 1 in Figure 14.7).
Generally, the velocities match well down to 8-10 km. Although the trend of both interval velocity extractions are relatively
similar, the magnitudes in velocity of Line 2156 show greater lateral variation and below 10 km the trends of both interval
velocity extractions are not consistent.
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Top Acoustic
Basement

Figure 14.9: Interval velocity extraction at the intersection of Lines 2116 and 3083 North (Number 2 in Figure 14.7). The
interval velocity in the first 4000 m is almost similar although the 2116 velocity is has less lateral variation. The interval
velocity of Line 2116 below 7000 mTVDss increases with a near constant gradient to the base of the survey. The deep
velocities of Line 3083 looks more realistic.
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Top Acoustic
Basement

Figure 14.10: Interval velocity extraction at the intersection of lines 2100 and 3083 North (Number 3 in Figure 14.7). The
velocity from Line 3083 is typically always higher than the velocity from Line 2100. Down to 7000 mTVDss the log
characters are coincident but below this depth the logs do not follow the same pattern of lateral variation.
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Top Acoustic
Basement

Figure 14.11: Interval velocity extraction at the intersection of lines 2000 and 3083 South (Number 4 in Figure 14.7). Both
line extractions show a steep increase in interval velocity at the seabed from ~1500 m/s (seawater velocity) to 3500 m/s.
Line 2000 shows a steady increase in velocity with hardly any response to lithology changes; Line 3083 shows a bit more
character but nothing significant. The velocity values of both extractions are relatively similar.
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Figure 14.12 Pressure-depth plot for Intersection 3 (Lines 2100 & 3083) showing the significant variation in pore pressure
between the two velocity extractions. The black curve is the pore pressure from Line 3082 and the green curve is the
pore pressure from Line 2100. The pressure variation is up to 28000 kPa at 6000 mTVDss.

Regional Pore Pressure Analysis of Offshore Newfoundland and Labrador:
Unlocking the Shelf to Deep-Water Transition

397

Chapter 14: Regional Seismic Velocity Analysis

14.5

Seismic Interval Velocity-based Shale Pressure Prediction

The final stage of pore pressure prediction from seismic is to produce 2D lines of formation
pressure and overpressure by applying the offset well-derived compaction models to the entire 2D
velocity line. The pore pressure values can then be overlain onto seismic amplitude lines for
comparison and interpretation.

14.5.1 Calculation Parameters
Shale pressure predictions were calculated using the seismic interval velocities, following the
calibration to the well velocities. The shale pressure predictions use the Equivalent Depth Method,
the “Labrador” hydrostatic pressure trend and the appropriate overburden model for the well/2D line
location.
The Lithostatic model was chosen according to the location of the main offset well. The model is a
3-layer model (Chapter 6). For the seismic-based shale pressure prediction, it was reduced to a 1layer model because only the Top Acoustic Basement marker was provided. Hence, the
overburden algorithm for formations above Top Bjarni Formation was used for all sediments and no
shale pressure prediction was conducted in the Basement due to a lack of shale. Therefore,
everything underneath the Top Acoustic Basement horizon was given a value of zero for the
overpressure for the purposes of image generation.

The overburden models used were:


Line 2156;

Northern Model



Line 2116;

Northern Model



Line 2100;

Northern Model



Line 2000;

Southern Model



Line 3083 North;

Northern Model



Line 3083 South;

Southern Model
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All applied NCTs are single layer models based on the offset well velocity data. The NCT was
chosen according to the position of the main offset well:


Line 2156;

Saglek Basin NCT



Line 2116;

Nain Sub-Basin NCT



Line 2100;

Harrison Sub-Basin NCT



Line 2000;

Hawke Basin NCT



Line 3083 North;

Nain Sub-Basin NCT



Line 3083 South;

Hawke Basin NCT

Shale pressure prediction in hot shales can be spurious due to clay diagenesis and other
temperature related reactions. Generally, from our experience world-wide, geochemically-related
overpressure increase has been observed at temperatures above 90-100°C. All seismic sections
show a 100°C depth to illustrate the possible breakdown of the velocity/vertical effective stress
relationship.
The depth of the 100°C horizon was calculated with an assumed seafloor temperature of 0°C and
do not make any alterations in the gradient for basement lithologies, however, the isotherm should
only be considered viable in the sedimentary cover. Temperature gradients were taken from the
offset well analysis:


Line 2156 (Pothurst P-19)

25°C/km



Line 2116 (Snorri J-90)

27°C/km



Line 2100 (North Bjarni F-06)

38°C/km



Line 2000 (Hare Bay E-21)



Line 3083 North (Snorri J-90)

27°C/km



Line 3083 South (Hare Bay E-21)

27°C/km

27°C/km
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14.5.2 General Observations
As an example of the pore pressure generation results, overpressure values from Line 2156 are
presented in Figure 14.13 and Figure 14.14. The overpressure scale shows a maximum
overpressure of 75000 kPa. Some deep regions have higher overpressure but the scale has not
been increased in order to display more resolution in overpressure in the shallow sediments.
The overpressure values shown in Figure 14.13 highlight the control that the magnitude of burial
below sea-floor can have. An overpressure magnitude of approximately 20000 kPa is coincident
with the transition from light blue to dark blue and is also coincident with the Cartwright Formation
marker in Pothurst P-19. Following the transition from light blue to dark blue along the section the
transition varies vertically in sympathy with variations in the sea-floor horizon. The implication of
this observation is that the mechanism generating pore pressure is disequilibrium compaction
(burial or loading-derived) and agrees with the well-based observations made from velocity-density
cross-plots in Chapter 7. Similar observations can be made regarding the depth below sea-floor
control on overpressure along the other 2D lines, e.g. Line 2100, Line 3083.
From the observation above it would appear that despite the variation comparing two extractions at
the same location (Section 14.4) the overpressure variation appears to track thick shales and be a
function of seabed to reflector thickness, i.e. a useful guide to the overall shale pressure trends but
may lack some fine detail.
The results of the seismic pressure analysis for each 2D line are shown in 0. For each line there will
be a hydrostatic pressure section, an overburden pressure section, a formation pressure section,
an overpressure section, an amplitude section with the overpressure results overlain as a
transparency and a vertical effective stress section.
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Figure 14.13: Overpressure along Line 2156. Pothurst P-19 is shown for reference. The seawater is defined to be
hydrostatic (zero overpressure) and is coloured white. The basement has been set as hydrostatic for the purposes of the
image generation, the true pressure in the basement has not been estimated. Pressure in the sediments increases with
depth with a top of overpressure roughly parallel to the seafloor.
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Figure 14.14: Overpressure along Line 2156 is overlain on the seismic amplitudes for the same section as Figure 14.14.
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14.5.3 Comparison: Wireline and Seismic-derived Pressure Profiles
The four offset wells that were used for the calibration of the seismic interval velocity are used here
to compare the well data based shale pressure prediction and the seismic interval velocity based
pore pressure prediction. The fifth offset well (Skolp E-07) was not used in the calibration of Line
3083 hence it has not been used in this section to compare well-based and seismic-based pressure
predictions.
The focus of this chapter lies on the comparison of the overall pressure prediction, hence a Vshale
cut-off was not applied. All pressures were calculated according to the Equivalent Depth Method.
Three shale pressure profiles are presented:
1.

Wireline-derived Vp log. The pressure profile was smoothed by a 25m moving window filter.
The overburden pressure used for the shale pressure prediction is a combination of the
density data and the regional model.

2.

Calibrated seismic interval velocity-based pore pressure calculated in a RokDoc3D session
using the regional simplified overburden and subsequently loaded into the offset data file.
Although the location of the extraction is as close as possible to the location of the offset well,
the locations are not identical.

3.

Calibrated seismic interval velocity which was extracted from the seismic survey and loaded
into the offset well file. The well-based overburden and NCT were then applied to the seismic
velocities to generate a shale pressure prediction.

Theoretically, shale pressure profiles 2 and 3 should be very similar because they use the same
input parameters. The small variations are due to different overburden pressures due to variation in
stratigraphic tops/models applied. Whereas the pore pressure profiles directly extracted from
RocDok3D (2) used the regional overburden, the prediction based on extracted interval velocity (3)
uses the wireline-based overburden gradient based on density data at the offset well location (see
figure captions for further information).
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14.5.4 Pressure-Depth Plot Key Observations
14.5.4.1


Plot Format

The overburden curves shown are derived from the wireline density data and, therefore, do not
extend beyond well TD on the plots. For calculation purposes the curves were extrapolated to
the depth of the seismic velocity data for the well-based calculations



All three cases (1-3 above) were calculated using the same local NCT (e.g. Saglek Basin
NCT).



The green pressure profile is based on the wireline Vp (green in the right-hand log track to the
left of the P-D plot). The wireline density-derived overburden was used for the calculation.



All data extracted from the RokDoc3D pore pressure session are mustard coloured; the
regional overburden was used for that calculation.



A 1D shale pressure prediction based on the extracted seismic interval velocity log (beige in
the right-hand log track to the left of the P-D plot loaded into the offset well) is presented in
purple. The density-derived overburden was used for the calculation.



The seismic-based pressure (mustard) and calibrated seismic interval velocity-based pore
pressure at the well (purple) are lower than hydrostatic in the shallow section due to fast
velocities associated with the presence of a sand-dominated lithology. The wireline Vp and
seismic Vint data match through this interval.



The sandstone affect is also apparent in the wireline Vp except in Hare Bay E-21 as the same
interval is shale-rich. Therefore, the seismic velocities are anomalously fast with respect to the
wireline velocities.

14.5.4.2

Pothurst P-19

The two seismic-based predictions diverge below 4000 mTVDss (Figure 14.15), presumably due to
the different overburdens. Below the base of the well the software will extrapolate the densityderived overburden hence a disparity with the regional model may occur. There is a good match of
well and seismic based predicted shale pressures in deep shales (e.g. the Kenamu and Cartwright
Formations). It should be noted that the most recent interpretation indicates the deep shales may
actually be more silty than previously thought. A silt-rich shale would have a faster velocity
compared to a clay-rich shale and therefore imply lower pore pressure magnitudes.

14.5.4.3

Snorri J-90
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The seismic-based pressure (mustard) and calibrated seismic interval velocity-based pore pressure
at the well (purple) are relatively similar assuming that well based and regional overburden are very
similar (Figure 14.16). Generally, there is a good match of well and seismic based shale pressure
prediction in shales. The increase in Vp in the deep sands was not picked up by the seismic interval
velocity.

14.5.4.4

North Bjarni F-06

The seismic-based pressure (mustard) and calibrated seismic interval velocity-based pore pressure
at the well (purple) are relatively similar assuming that well based and regional overburden are very
similar (Figure 14.17). The cutback in pressure of the regional overburden derived pressure profile
(mustard) at 3500 mTVDss marks the Top Basement. In the seismic profile, the basement pressure
is set to hydrostatic. The well-based and the seismic-based shale pressure prediction in shales
provide almost identical results. However, the seismic velocity does not display the increase in
velocity in the sand reservoir.

14.5.4.5

Hare Bay E-21

The seismic-based pressure (mustard) and calibrated seismic interval velocity-based pore pressure
at the well (purple) are relatively similar but are significantly below hydrostatic pressure at shallow
depths due fast seismic velocities (Figure 14.18). The seismic velocities must be faster than the
NCT at the same depth to generate apparent underpressure (see discussion above regarding the
NCT in the Hawke Basin). The pressure of the extracted pressure profile (olive-green) becomes
hydrostatic at 4000 mTVDss (Top Basement).
The well-based and the seismic-based pore pressure prediction do not match adequately. Seismic
interval velocity is faster than wireline Vp above 2500 mTVDss therefore the resultant pore
pressure prediction is lower from seismic as compared to wireline velocities. The opposite
relationship holds true below 2500 mTVDss. A good match is achieved below 4000 mTVDss, i.e.
within the basement.
The seismic velocities at Hare Bay E-21 were compared to the check-shot data and found to be in
excellent agreement hence no calibration was applied to the seismic velocities (Figure 14.19). The
NCT for the Hawke Basin was derived from Hare Bay E-21 solely therefore the pressure prediction
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from wireline Vp will always generate normal pressure in the shallow section as this data was used
to constrain the NCT initially.
The results of seismic velocity analysis indicate that more work is required to determine if the NCT
at Hare Bay E-21 represents the true NCT behaviour of the basin or not. Further evaluation is
outside the scope of this study. If the wireline-based NCT is correct then the seismic velocities are
anomalously fast. If the wireline-based NCT is incorrect more well data is required to ascertain the
correct NCT.
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Figure 14.15 Pressure-Depth Plot of Pothurst P-19, the offset well for line 2156. All three cases were calculated using the
same NCT (Saglek Basin NCT). Green Pressure Curve: Input log was the Vp log (here presented as a smoothed version
(green) in the log track). The pressure profile was smoothed by a 25 m window filter. The density derived overburden was
used for the calculation. Mustard Pressure Curve: All data extracted from RokDoc 3D pore pressure calculation. The
regional overburden was used for the calculation. Purple Pressure Curve: 1D shale pressure prediction based on the
extracted seismic interval velocity log (beige). The density-derived overburden was used for the calculation. The two
seismic-based pressure curves diverge below 4000m presumably due to the different overburdens. There is a good
match of well and seismic based predicted shale pressures in deep shales.
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Figure 14.16: Pressure-Depth Plot of Snorri J-90, the offset well for Line 2116. All three cases were calculated using the
same NCT (Nain Sub-Basin NCT). Green Pressure Curve: Input log was the Vp log (here presented as a smoothed
version (green) in the log track). The pressure profile was smoothed by a 25 m window filter. The density derived
overburden was used for the calculation. Mustard Pressure Curve: All data extracted from RokDoc 3D pore pressure
calculation. The regional overburden was used for the calculation. Purple Pressure Curve: 1D shale pressure prediction
based on the extracted seismic interval velocity log (beige). The density-derived overburden was used for the calculation.
The two seismic-based pressure curves are relatively similar assuming that well based and regional overburden are very
similar. Generally, there is a good match of well and seismic based shale pressure prediction in shales. The increase in
Vp in the deep sands was not picked up by the seismic interval velocity.
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Figure 14.17: Pressure-Depth Plot of North Bjarni F-06, the offset well for Line 2100. All three cases were calculated
using the same NCT (Harrison Sub-Basin NCT). Green Pressure Curve: Input log was the Vp log (here presented as a
smoothed version (green) in the log track). The pressure profile was smoothed by a 25 m window filter. The density
derived overburden was used for the calculation. Mustard Pressure Curve: All data extracted from RokDoc 3D pore
pressure calculation. The regional overburden was used for the calculation. Purple Pressure Curve: 1D shale pressure
prediction based on the extracted seismic interval velocity log (beige). The density-derived overburden was used for the
calculation. The two seismic-based pressure curves are relatively similar assuming that well based and regional
overburden are very similar. The cutback in pressure of the extracted pressure profile (olive-green) at 3500m marks the
top-basement. In the seismic profile, the basement pressure is set to hydrostatic. The well and the seismic based shale
pressure prediction in shales provide almost identical results. However, the seismic velocity does not display the increase
in velocity in the sand reservoir.
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Figure 14.18: Pressure-Depth Plot of Hare Bay E-21, the offset well for Line 2000. All three cases were calculated using
the same NCT (Hawke Basin NCT). Green Pressure Curve: Input log was the Vp log (here presented as a smoothed
version (green) in the log track). The pressure profile was smoothed by a 25 m window filter. The density derived
overburden was used for the calculation. Mustard Pressure Curve: All data extracted from RokDoc 3D pore pressure
calculation. The regional overburden was used for the calculation. Purple Pressure Curve: 1D shale pressure prediction
based on the extracted seismic interval velocity log (beige). The density-derived overburden was used for the calculation.
The two seismic-based pressure curves are relatively similar but diverge significantly in shallow depth. The pressure of
the extracted pressure profile (olive-green) becomes hydrostatic at 4000m. In the seismic profile, this is the suggested top
basement depth. The well-based and the seismic-based pore pressure prediction do not match well as the seismic-based
pressure is lower above 2500m and higher below 2500m. A good match is achieved below 4000m (Top Basement).
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Figure 14.19 Plot showing (from left to right); Lithology, Wireline Vp (green) and Seismic Vints (purple); Check-Shots
(black) and Seismic Vints (purple); Wireline Vp (green), Seismic Vints (purple) and NCT (red). The seismic and checkshot velocities match very closely but neither match the wireline Vp. The NCT was derived from the wireline Vp before the
seismic velocities were analysed. From the present dataset it is not possible to ascertain which set of velocities are more
accurate.
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14.6


Conclusions

Five regional seismic lines were provided that included a velocity model and amplitude data.
Four of the lines were oriented approximately normal to the coastline and the fifth line broadly
parallel to the coastline intersecting the other four lines. Note; the velocities were picked for
amplitude interpretation and not specifically for pore pressure interpretation.



The seismic velocities were tied to five wells within the study. The seismic velocities were
found to be a good approximation to the wells although the velocities often represented the
average velocity through zones of interbedded lithologies. Pore pressure prediction is only
valid in shales so the seismic velocities were calibrated to the shale-rich intervals and the
sand-rich intervals were ignored for calibration purposes. A linear function was sufficient to
calibrate the seismic velocities.



The regional line sub-parallel to the coast (Line 3083) only had one calibration well which was
on the shelf and not considered relevant to the entire line. To decrease the uncertainty of the
calibration and to keep the calibration wells close to the seismic line the line was split into a
northern and a southern section. For the calibration of the northern section, the calibration of
Line 2116 was used. For the calibration of the southern section, the calibration of Line 2000.



As Line 3083 intersected each of the other four lines the velocities were extracted from each
line at each intersection to assess any anisotropy in the velocity magnitude that may influence
the predicted pore pressures. The results at each intersection typically showed velocities that
were similar in magnitude but were not identical (this variation can be used to assess
uncertainty in the predicted pore pressures). The velocities also showed significant oscillations
that were typically sympathetic at each extraction but not considered geological in origin. At
Intersection 3 (Line 3083 and 2100) the largest discrepancy was noted, the resultant pore
pressure predictions differed by up 28000 kPa at 6000 mTVDss (maximum variation in velocity
of 1100 m/s).



Pressure profiles from seismic were extracted at the four well-tie locations used (Pothurst P-19,
Snorri J-90, North Bjarni F-06 and Hare Bay E-21). The northern three wells showed a high
degree of agreement between the well-based and seismic-based pressure predictions
indicating that the seismic velocities can be used with confidence on the shelf. However, in the
southern-most well (Hare Bay E-21) there were significant mismatches between the well-based
and seismic-based pressure predictions. In the upper clastic section (Post-Cartwright
Formation) the seismic-based pressures are much lower than the well-based implying
underpressure. Below the Cartwright Formation down to the Basement the converse is true
(seismic-based > well-based). The reason for the mismatch is unknown at this time but it
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should be noted that the Hare Bay E-21 well is not considered analogous to the centre of the
Hawke Basin but more the flank of the basin.


The regional 2D lines of pore pressure show a variation in overpressure that is parallel to the
sea-floor indicating that the control on pore pressure generation is disequilibrium compaction
(an observation noted in Chapter 7).



The same observation is made when the seismic-based pore pressures are extracted and
plotted in a single-well pressure-depth plot as the pressures trend parallel to the overburden as
would be expected for thick shale-rich sections.



The observations of disequilibrium compaction and overburden-parallel trends are of high
importance as they inform on the geological pressure model and allow for prediction of
pressure in the deep-water shales to be built with confidence.
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15

Type Pressure Profiles

The pressure prognoses presented in this chapter have been entitled “Type Pressure Profiles
(TPPs)” rather than using the term “Well Plan”.
A well plan typically involves the creation of a Low, Expected and High Case for pore pressure (and
the fracture pressure) based on a detailed prognosis of lithology from the client constrained by a
period of exploration analysis in-house. The work presented here has not had the benefit of such
detailed lithology analysis due to the focus by Nalcor Energy and Ikon Science on building the
regional scale structural/sedimentalogical model. Furthermore, neither Ikon Science nor Nalcor
Energy wanted to build a pressure prognosis that could be considered a “well plan”, primarily due to
the lack of local constraint, these are considered a first-approximation of the shale pressure.
The approach taken was to build pressure profiles that represent the upper and lower bound to the
likely shale pressures and reservoir pressures based on simple seismic-based lithofacies
constrained by Canstrat lithology from type-well locations.

It should be noted that if the lithological prognoses were to change then the pressure
profiles would be subject to change.

15.1

Introduction

Pore pressure, fracture pressure and overburden profiles were developed at five 2D seismic
reflection line-tied locations selected by Nalcor Energy. The locations of these lines are shown in
Figure 15.1, and the wells used to tie to the lines are shown below.
The calibration wells for each 2D line are;


Line 2156 - Pothurst P-19



Line 2116 - Snorri J-90



Line 2100 - North Bjarni F-06



Line 2000 - Hare Bay E-21



Line 3083 - Skolp E-07
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Figure 15.1 Regional map with offset wells shown. Five locations used to construct type pressure profiles are marked in
purple. Lines represent part of much larger and more comprehensive set of 2D seismic surveys.
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These wells, although located on the Shelf, were used to constrain and calibrate the velocity data
from seismic along the selected 2D lines, using sonic (Vp), check-shot and/or VSP data. The
results of the interpretation along the 2D lines are shown in Chapter 1.
At the selected locations the type pressure profiles or “TPP’s” were generated using seismic
velocity data; in conjunction with the relevant Normal Compaction Trend (“NCT”; Chapter 9) from
the associated offset well per line, as well as the Equivalent Depth Method, to generate a vertical
profile for pressure. An overburden was also built for each case, with the model used determined
by the offset well on the seismic line (Chapter 6).
In parallel with this approach, “theoretical” pressure trends were generated using the understanding
of lithology at each TPP location (based on reflectivity seismic data). The pressure trends were
constructed based on estimating rates of sedimentation, distribution of sands and shales and data
provided by Nalcor Energy on facies/sand connectivity. Understanding the sand connectivity meant
the ability of a sand to drain laterally or be stratigraphically isolated could be assessed. The loading
models, termed Fluid Retention Depth modelling (Swarbrick et al, 2002; Swarbrick, 2012), constrain
our Lower Case Models. The FRD model approach in Pothurst P-19 accurately matched the kick
taken in this well (Chapter 9).
Where temperatures exceeded 100 ºC, typically at depths of 4.0 kmTVDbsf based on temperature
data in Chapter 7, Upper Case models had an additional pressure component (above the FRD
model) as a result of the potential for thermal processes in shales to create extra overpressure.
There is some evidence in wells such as Karlsefni A-13 in the Saglek Basin of such processes
occurring.
In terms of a fracture pressure model, both Matthews & Kelly (1967) and Eaton (1969) approaches
were used to define a potential envelope of fracture gradient values. Both models proved to be
adequate models based on matching LOT data in offset wells (Chapter 11).
There is uncertainty within the pore pressure profiles generated that is related to the depth of
seismic penetration, i.e. below 8-9 km the seismic signal may be weak and velocity picking difficult,
lithologies may be poorly understood and uncertainty in the mechanisms of overpressure
generation. The study reviews anisotropy in the seismic velocity data in Chapter 1 and the
uncertainty that such anisotropy can induce in the predicted pore pressure. The uncertainties are
also discussed later in this Chapter. To capture some of this uncertainty, models for the Upper and
Lower bounds to the shale pressure have been produced.
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15.1.1 Hydrostatic Gradient
The hydrostatic gradient used for all locations is 10.1 kPa/m for both seawater and formation water,
as was used in the offset wells. The choice of gradient is based on WFT data and is reviewed in
Chapter 8.

15.1.2 Lithostatic Profiles
Overburden models were created based on density data in the offset wells (Chapter 6) with two
main models being developed; the Northern and Southern Models. A model for the Orphan Basin
was created but not utilised in this section as none of the seismic data available to the study is
located within the Orphan Basin. For all type localities the Northern model has been applied as this
model was used in all basins that the TPPs are in or adjacent to. The lithostatic (overburden) model
at the TPPs was developed using a 3-layer model equivalent to that used in the offset wells.

15.2

Type Pressure Profiles: Inputs and Assumptions

TPPs have been produced at five locations (Figure 15.1). Figure 15.2 shows a correlation panel of
the five TPP wells showing lithology, reflectivity and stratigraphy. Below are detailed the
assumptions and approach used to generate shale pressure trends for the TPPs.

15.2.1

Water Depth

The water depths for each TPP are;


TPP 1 – 180 m



TPP 2 – 1890 m



TPP 3 – 1840 m



TPP 4 – 2730 m



TPP 5 – 2106 m
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15.2.2 Stratigraphy
Stratigraphic markers (and water depths) were provided by Nalcor Energy for each location and are
based on seismic horizon picks (Figure 15.3, Figure 15.4). In addition to these markers, Ikon
Science used the reflectivity data to pick the position of sands etc. and infer more detailed
stratigraphy.
The seismic picks provided by Nalcor (and equivalent stratigraphic markers) were;
Seismic Pick

Stratigraphic Marker

WB

Seabed

T6.5

Saglek Fm

T10 Mokami

Upper Mokami Fm

T45 Top Lower Kenamu

Lower Kenamu Fm

T65 Late Cenozoic

Markland Fm

Acoustic Basement

Acoustic Basement

Table 15.1 Seismic Picks provided for each TPP by Nalcor and corresponding interpreted Stratigraphic Markers.

The picks determined by Ikon GeoPressure to aid in the application of the overburden and normal
compaction models were;


Cartwright Formation



Bjarni Formation
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Figure 15.2 Correlation panel for the five TPPs showing seismic reflectivity and stratigraphy.
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Figure 15.3 Matching reflectivity data from Pothurst P-19 to that at TPP 1, which is in close proximity.
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Figure 15.4 Seismic amplitude and velocity input to lithology model for TPP 2.
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15.2.3 Lithology
The only source of lithology information was from seismic reflectivity at each locality with strong
reflectivity interpreted as sand and low reflectivity as shale. The stratigraphic column provided by
Nalcor Energy (Figure 4.1) was used to provide the stratigraphic template. The stratigraphic
framework is divided into shallow and deep-water facies per interval. For each interval, the
reflectivity data was used to identify where the sand packages and the thick shales were. The data
were simplified and used to produce a lithological column as shown in Figure 15.3 and Figure 15.4.
In the examples shown, the reflectivity data was tied to the lithology data. TPP 1 is very close to
Pothurst P-19 therefore the reflectivity data should be similar, which is what was observed. Below
the TD of the Pothurst P-19 well, the reflectivity data was used un-calibrated for TPP 1. The seismic
velocity data was also used to infer the position of sands, as sands tend to be faster than shales so
a fast peak could represent a sand unit, if they peaks could be correlated with a change in
reflectivity (Figure 15.4).

15.2.4 Shale Pressures
Disequilibrium compaction is considered the most common cause of overpressure in shale
mudrocks undergoing sediment loading (Osborne and Swarbrick, 1998). In Chapter 7,
disequilibrium compaction was identified to be dominant in the Labrador wells analysed to-date,
with only evidence for secondary processes confined to the Saglek Basin in wells such as Karlsefni
A-13 in the Saglek Basin. Where present, disequilibrium compaction produces overburden-parallel
profiles that commence at the Fluid Retention Depth (“FRD”). The FRD is the theoretical depth at
which no more pore fluid can escape, and compaction ceased. Therefore, anticipated pore
pressure profiles for the TPPs are based on the model shown in Swarbrick (2012) whereby high
rates of sedimentation produce shallow FRD’s (Figure 15.5).
In the example in Figure 15.5, the thickness of mud-line to Top Lower Kenamu is calculated and an
average rate of sedimentation calculated. The analysis indicates 4100 m of sediment (compressed
thicknesses used) in 48.6 Ma, resulting in a rate of 84 m/My. Using the data in Figure 15.3, a
sedimentation rate of 84 m/My infers an FRD of 1.34 kmTVDbsf based on the assumption of a silty
shale lithology (consistent with end of well report cuttings analysis).
Once an overburden curve has been generated for TPP, an overburden-parallel profile starting at
the FRD depth can be produced, giving a profile of shale pressure. The profile assumes a constant
Regional Pore Pressure Analysis of Offshore Newfoundland and Labrador:
Unlocking the Shelf to Deep-Water Transition

422

Chapter 15: Type Pressure Profiles
rate of sedimentation, that all shales are homogenous and that there are few unconformities.
Analogue evidence would be that deep-water environments are characterised by relatively
homogenous shales.

Figure 15.5 Plot of sedimentation rate (log) versus FRD (for a rock column, in kmTVDbsf) for a set of shale mudrocks,
silty shales and siltstones.

15.2.4.1

Secondary Overpressure

As mentioned above, temperature is important in relation to potential secondary mechanisms for
overpressure generation and for chemical changes in the rocks (both related to pressure
prediction). In the context above, “secondary” refers to those processes that generate pressure in
addition to those that generate pressure from loading, i.e. additional to disequilibrium compaction.
Typically, the onset of such processes is at 100 ºC. Average geothermal gradients for each basin
based on offset well bottom hole temperatures (BHT) yielded a range of gradients between 27
ºC/km and 31 ºC/km. Temperature effects have been accounted for in the Upper Case profiles,
where secondary mechanisms are expected to produce higher shale pressures. The onset of
secondary mechanisms has been modelled at depths of approximately 4.0 kmTVDbsf. A recent
Regional Pore Pressure Analysis of Offshore Newfoundland and Labrador:
Unlocking the Shelf to Deep-Water Transition

423

Chapter 15: Type Pressure Profiles
paper from Hauser et al (2013) analysed data from the deep-water Miocene sediments of the Gulf
of Mexico and suggested that even at temperatures of 120-130 ºC, additional mechanisms are only
minor so 100 ºC may be conservative. The same observation is also noted in the deep-water
Miocene Niger Delta (Ikon Science; unpublished data). Older rocks such as Cretaceous (Markland
Formation) may show evidence for secondary mechanisms at lower temperatures as the sediments
are substantially older and the greater time elapsed allows for greater diagenesis.

15.2.5 Sand Pressures
If sands or reservoirs are encased in shales and/or compartmentalised by faults and/or shales the
overpressure will be similar to the surrounding shales, so the FRD approach above will be a proxy
for reservoir pressure in isolated sands. A good example is the deep sand in Pothurst P-19 where a
Kick was taken. The pressure in the sand can be matched using the FRD approach described in
the previous section.

Figure 15.6 Conceptual model for lateral drainage in which some reservoirs (orange), are laterally extensive (with red
arrows) and therefore able to drain pressures, while other reservoirs are stratigraphically isolated within shales (brown).
The pressure data associated with each reservoir are shown on the left.
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However, if the sands are extensive and can connect to the sea-floor via faults or continuous
reservoir, they may potentially lose pressure over geological time such that their overpressures are
considerably less than the surrounding shales; a process termed “Lateral Drainage” (Chapter 10)
and conceptually displayed in Figure 15.6. Examples of lateral drainage occur on the Labrador
Shelf, e.g. North Bjarni F-06, Herjolf M-92.
Where sands are identified using reflectivity data and allocated to stratigraphic units, Nalcor Energy
have provided input on whether these sands are likely to drain or be isolated. Table 15.2 and Table
15.3 summarise the likelihood of regional connectivity or isolation of sands. To account for the
variable pore pressure and net-to-gross seen in the offset wells, Upper and Lower Case endmember bounds for each TPP location are provided. Typically, there are more isolated sands in the
deep-water than on the shelf, where sands can amalgamate and become extensive. Whether
draining or isolated, internally, all sand units will have hydrostatic-parallel gradients.

Environment

Shelfal

TPP

1

Formation

Case

Lower

Upper

Saglek

Connected

Connected

Upper Mokami

Connected

Some Isolated

Lower Mokami

Connected

Connected

Upper Kenamu

Connected

Connected

Lower Kenamu

Connected

Connected

Cartwright

Connected

Connected

Markland (Freydis Mbr)

Isolated

Isolated

Bjarni

Connected

Connected

*Connected = sand drained
*Isolated = sand in equilibrium with shale
Table 15.2 Estimated sand reservoir connectivity for TPP 1 in a shelfal environment.
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Environment

Deep-water

TPPs

2,3,4,5

Formation

Case

Lower

Upper

Saglek

Connected

Connected

Upper Mokami

Connected

Isolated

Lower Mokami

Isolated

Isolated

Upper Kenamu

Isolated

Isolated

Lower Kenamu

Isolated

Isolated

Cartwright

Connected

Isolated

Markland (Freydis Mbr)

Isolated

Isolated

Bjarni

Connected

Connected

*Connected = sand drained
*Isolated = sand in equilibrium with shale
Table 15.3 Estimated sand reservoir connectivity for TPP 2-5 in the deep-water environment.

Lateral drainage, as discussed above, is a process by which reservoir pressures are lower than the
surrounding shales. In contrast, the process by which the reservoir pressure may be higher than
the surrounding shales (not linked to secondary mechanisms) is termed “Lateral Transfer”. The
most common lateral transfer mechanisms are fluid flow up faults and transfer of pressure from
deep along extensive and tilted reservoirs. The deep-water setting typically does not contain much
structure so large tilted reservoirs are not expected to dominate. The same observation could be
made for significant faulting although toe thrust faulting has been identified in some deep-water
areas, i.e. the Niger Delta, but studies have shown these thrusts are normally pressured (Ikon
Science; unpublished data).

15.2.6 Pore Pressure from Seismic Velocity
The rate of loading model based on Swarbrick (2012) and the understanding of sand connectivity
from Nalcor Energy has provided the input data to produce “theoretical” pore pressure trends for
each TPP.
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In addition, the extracted interval velocity data have been used, with the appropriate NCT for the
seismic line, to produce vertical pressure profiles using the Equivalent Depth Method. The raw
seismic data has been calibrated using Vp to Vint regressions based on the appropriate offset well
wireline sonic per 2D line. The calibration process is detailed in Chapter 1.
Referring to Figure 15.7, the interval velocity data all show similar trends, i.e. steadily increasing
velocity towards the Lower Kenamu Formation then a noticeable slowing with increasing depth. In
terms of pressure, the velocity trend implies that the pore pressures (in shales) are relatively low
then increase with depth and probably attain overburden-parallel trends in some cases, where
velocity values are constant.
Referring to Figure 15.8, there is a significant degree of seismic anisotropy, i.e. a small offset in
location gives a very different result. To a depth of 4000 mTVDss (approximately), the two profiles
are similar, however, they are often mirror-images of each other below this depth. For example, at
approximately 7200 mTVDss TPP 2 has a velocity of ~3500 m/s whereas at the same depth on the
arbitrarily picked location the velocity is closer to ~4500 m/s; 500 m deeper the opposite
relationship is true TPP 2 is higher magnitude in comparison to the arbitrarily picked trace.
The observation of a lack of lateral homogeneity suggests that using the velocity data may have
limitation in the deeper part of the section with regards to confidence in the magnitude of pore
pressure. The two locations in Figure 15.8 are only 8 km apart along the Line 2100. If best-fit trends
are applied to each trace, then these would be close so the overall pressure trends would be
similar, however, the velocity variation will have an impact on the overall magnitude of pressure.
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Figure 15.7 Reflectivity data and extracted interval velocity data for the TPP’s.
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Figure 15.8 Seismic anisotropy Line 2100; TPP 2. Two extractions in close vicinity produce different extractions.
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15.2.7 Fracture Pressure
For each of the TPPs a fracture pressure model was developed, based on the pore pressure as key
input. In Chapter 11, a Matthews & Kelly (1967) model and an Eaton (1969) model for fracture
pressure was locally calibrated. For the TPPs a different ratio was used for sand with a reduction in
Ki of 0.1 applied, based on Ikon Science’s global experience. The reduction in v for sands within
the Eaton model was derived from the Ki values derived above using the principle of equivalency
established for Ki and v in Section 11.2.2.1.
Table 15.4 displays offset well-derived stress ratios and calculated Poisson’s ratios used to
calculate fracture pressures of TPPs.

SHALES
TPP

Basin

Stress
Ratio

Poisson’s
Ratio

SANDS
Stress
Ratio

Poisson’s
Ratio

1

Saglek

0.75

0.43

0.65

0.39

2,3,4

Harrison

0.77

0.44

0.67

0.40

5

Orphan

0.78

0.44

0.68

0.40

Table 15.4 Offset well-derived stress ratios and calculated Poisson’s ratios used to calculate fracture pressures of TPPs.

Within each of the five following Type Pressure Profile sections the pressure profile is
described in terms of an Upper and Lower Case and the Interval Velocity-derived pressures.
Following the text are Single-Well Pressure-Depth plots for each case individually in psi vs.
m and kg/m3 vs. m.
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Figure 15.9 Location of TPP 1 and relative to Pothurst P-19 (well deviation is approximate).

Regional Pore Pressure Analysis of Offshore Newfoundland and Labrador:
Unlocking the Shelf to Deep-Water Transition

431

Chapter 15: Type Pressure Profiles

15.3

Type Pressure Profile 1

TPP 1 lies on Line 2156. The relevant offset well is Pothurst P-19 (Figure 15.9). The Top Lower
Kenamu Formation is at a depth of 3446 mTVDbsf; assuming a silty shale lithology gives an FRD of
~1.43 kmTVDbsf.

Well Name

Depth to Top Lower
Kenamu Fm (m)

Age
(My)

Sedimentation
Rate (m/My)

FRD
(kmTVDbsf)

TPP 1

3446.0

48.6

70.91

1.43

Pothurst P-19

2613.0

48.6

53.77

1.51

Table 15.5 Data used to calculate the Fluid Retention Depth (FRD) compared with nearby offset well, Pothurst P-19.

Wireline velocity data for Pothurst P-19 were overlain with interval velocities from seismic at the
same location and demonstrate a good match (Figure 15.10). However, the interval velocity has a
coarse character; in shale packages the Vp and Vint data are an accurate match suggesting that to
the depth of the TD of Pothurst P-19, the seismic data may be reliable for pressure prediction.
Below this depth no calibration/comparison is possible.

15.3.1 Upper Case


Hydrostatic gradient to FRD of 1.43 kmTVDbsf below which is an overburden-parallel increase
in shale pressure.



All sands drained except Markland Formation and Upper Mokami Formation where the
shallowest sand in each formation is in equilibrium with the surrounding shale; as observed in
Pothurst P-19.



Average geothermal gradient for Saglek Basin wells is 30.2 ºC corresponding to a depth of
3.30 kmTVDbsf at which there would be potential for the onset of secondary mechanisms.



At 3.30 kmTVDbsf the shale pressure prediction increases from a lithostat-parallel gradient and
begins trending towards the overburden.



Fracture pressures used as described above.
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Figure 15.10 Well-tie of Pothurst P-19 Vp (green) and seismic data (purple) at the well location.

15.3.2 Lower Case


Hydrostatic gradient to FRD of 1.43 kmTVDbsf below which there is an overburden-parallel
increase in shale pressure.



All sands drained except within the Markland Formation where sands are in shale equilibrium.



Fracture pressures used as described above.

15.3.3 Interval Velocity


Seismic pore pressure interpretation using an extracted calibrated velocity from Line 2156.



The pore pressure based on seismic velocity data matches the Upper Case to approximately
4.0 kmTVDss, the TD of the Pothurst P-19 well (Figure 15.13).



Below this depth, the seismic interpretation is consistently below the Lower Case by a small
amount, however, is almost parallel indicating the trend of velocity is valid but either the
velocity magnitude or the NCT requires a minor shift to match better the Lower Case.
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Figure 15.11 Pressure-Depth (KPa vs. meter) plot displaying Lower Case pore pressure for TPP 1 and corresponding
fracture pressure interpretations. Also shown is the seismic-based pore pressure interpretation, modelled with calibrated
velocity using the EDM and NCT for the Saglek Basin.
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Figure 15.12 Equivalent Mudweight-Depth (KPa/m vs. meter) plot displaying Lower Case pore pressure for TPP 1 and
corresponding fracture pressure interpretations. Also shown is the seismic-based pore pressure interpretation, modelled
with calibrated velocity using the EDM and NCT for the Saglek Basin.
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Figure 15.13 Pressure-Depth (KPa vs. meter) plot displaying Upper Case pore pressure for TPP 1 and corresponding
fracture pressure interpretations. Also shown is the seismic-based pore pressure interpretation, modelled with calibrated
velocity using the EDM and NCT for the Saglek Basin.
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Figure 15.14 Equivalent Mudweight-Depth (KPa/m vs. meter) plot displaying Upper Case pore pressure for TPP 1 and
corresponding fracture pressure interpretations. Also shown is the seismic-based pore pressure interpretation, modelled
with calibrated velocity using the EDM and NCT for the Saglek Basin.
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15.4

Type Pressure Profile 2

TPP 2 lies on Line 2100 (Figure 15.15). The relevant offset wells are North Bjarni F-06 and Herjolf
M-92 (Figure 15.16).

Well Name

Depth to Lower
Kenamu Fm (m)

Age (My)

Sedimentation
Rate (m/My)

FRD
(kmTVDbsf)

TPP 2

5310.0

48.6

109.26

1.30

Herjolf M-92

1447.0

48.6

29.77

1.68

North Bjarni F-06

1518.0

48.6

31.23

1.67

Table 15.6 Data used to calculate the Fluid Retention Depth (FRD) for TPP2 and corresponding data from offset wells on
Line 2100.

15.4.1 Upper Case


Hydrostatic gradient to FRD of 1.30 kmTVDbsf below which there is an overburden-parallel
increase in shale pressure.



All sands are isolated except Saglek and Bjarni Formations which have drained sands.



Average geothermal gradient for Harrison Basin wells is 31.2 ºC corresponding to a depth of
3.19 kmTVDbsf at which there would potentially be an onset of secondary mechanisms.



At 3.19 kmTVDbsf the shale pressure prediction increases along a gradient that trends towards
the overburden.



Fracture pressures used as described above.

15.4.2 Lower Case


Hydrostatic gradient to FRD of 1.30 kmTVDbsf below which there is an overburden-parallel
increase in shale pressure.



Shallow Saglek & Upper Mokami Formations and deeper Cartwright & Bjarni Formations sands
are modelled to have lateral regional connectivity and are modelled as drained.
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All other sands are isolated and in pressure equilibrium with the surrounding shale.



Fracture pressures used as described above.

15.4.3 Interval Velocity


Seismic pore pressure interpretation using an extracted calibrated velocity from Line 2100.



The seismic velocity interpretation is a good match to the theoretical pressure model from the
FRD analysis for Lower Case below the Lower Kenamu marker; above this, the seismic
pressures are unrealistic.



The Upper Case pressures diverge higher than the theoretical model at depths below the
Markland Formation.
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Figure 15.15 Location of TPP on Line 2156 with nearby offset well North Bjarni F-06 (well deviation approximated).
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Figure 15.16 Reflectivity with interpreted lithology and extracted velocity for TPP 2 and offset wells North Bjami F06 and
Herjolf M-92.
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Figure 15.17 Pressure-Depth (KPa vs. meter) plot displaying Lower Case pore pressure for TPP 2 and corresponding
fracture pressure interpretations. Also shown is the seismic-based pore pressure interpretation, modelled with calibrated
velocity using the EDM and NCT for the Harrison Sub-Basin.
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Figure 15.18 Equivalent Mudweight-Depth (KPa/m vs. meter) plot displaying Lower Case pore pressure for TPP 2 and
corresponding fracture pressure interpretations. Also shown is the seismic-based pore pressure interpretation, modelled
with calibrated velocity using the EDM and NCT for the Harrison Sub-Basin.
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Figure 15.19 Pressure-Depth (KPa vs. meter) plot displaying Upper Case pore pressure for TPP 2 and corresponding
fracture pressure interpretations. Also shown is the seismic-based pore pressure interpretation, modelled with calibrated
velocity using the EDM and NCT for the Harrison Sub-Basin.

Regional Pore Pressure Analysis of Offshore Newfoundland and Labrador:
Unlocking the Shelf to Deep-Water Transition

444

Chapter 15: Type Pressure Profiles

Figure 15.20 Equivalent Mudweight-Depth (KPa/m vs. meter) plot displaying Upper Case pore pressure for TPP 2 and
corresponding fracture pressure interpretations. Also shown is the seismic-based pore pressure interpretation, modelled
with calibrated velocity using the EDM and NCT for the Harrison Sub-Basin.
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15.5

Type Pressure Profile 3

This TPP lies on Line 2116. The relevant offset well is Snorri J-90.

Well Name

Depth to Lower
Kenamu Fm (m)

Age
(My)

Sedimentation
Rate (m/My)

FRD
(kmTVDbsf)

Prospect 3

4910.0

48.6

101.03

1.33

Snorri J-90

2006.0

48.6

41.28

1.59

Table 15.7 Data used to calculate the Fluid Retention Depth (FRD) and equivalent data for the nearest offset well.

15.5.1 Upper Case


Hydrostatic gradient to FRD of 1.33 kmTVDbsf below which there is an overburden-parallel
increase in shale pressure.



All sands are isolated except the Saglek and Bjarni Formations which have drained sands.



Average geothermal gradient for Nain Basin wells is 27.1 ºC corresponding to a depth of 3.7
kmTVDbsf at which there would potentially be an onset of secondary mechanisms.



At 3.7 kmTVDbsf the shale pressure prediction increases along a gradient from overburdenparallel towards overburden convergent.



Fracture pressures used as described above.

15.5.2 Lower Case


Hydrostatic gradient to FRD of 1.33 kmTVDbsf below which there is an overburden-parallel
increase in shale pressure.



Shallow Saglek & Upper Mokami Formations and deeper Cartwright & Bjarni Formations sands
have lateral regional connectivity and, therefore, have been drained in the profiles.



All other sands are isolated and in pressure equilibrium with the surrounding shale.



Fracture pressures used as described above.
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15.5.3 Interval Velocity


Seismic pore pressure interpretation using extracted calibrated velocity from Line 2116.



Below the Lower Kenamu Formation, the seismic based pore pressure diverges to a large
extent from the theoretical FRD model.



Shallow pore pressures are too high, suggesting slow interval velocities relative to the actual
rock velocities or that a new NCT is required to match the FRD trend. Without more local well
control it is not possible to resolve the cause of the mis-match.
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Figure 15.21 Pressure-Depth (KPa vs. meter) plot displaying Lower Case pore pressure for TPP 3 and corresponding
fracture pressure interpretations. Also shown is the seismic-based pore pressure interpretation, modelled with calibrated
velocity using the EDM and NCT for the Nain Sub-Basin.
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Figure 15.22 Equivalent Mudweight-Depth (KPa/m vs. meter) plot displaying Lower Case pore pressure for TPP 3 and
corresponding fracture pressure interpretations. Also shown is the seismic-based pore pressure interpretation, modelled
with calibrated velocity using the EDM and NCT for the Nain Sub-Basin.
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Figure 15.23 Pressure-Depth (KPa vs. meter) plot displaying Upper- Case pore pressure for TPP 3 and corresponding
fracture pressure interpretations. Also shown is the seismic-based pore pressure interpretation, modelled with calibrated
velocity using the EDM and NCT for the Nain Sub-Basin.
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Figure 15.24 Equivalent Mudweight-Depth (KPa/m vs. meter) plot displaying Upper Case pore pressure for TPP 3 and
corresponding fracture pressure interpretations. Also shown is the seismic-based pore pressure interpretation, modelled
with calibrated velocity using the EDM and NCT for the Nain Sub-Basin.
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15.6

Type Pressure Profile 4

This TPP lies on Line 2100. The relevant offset wells are Herjolf M-92 and North Bjarni F-06.

Well Name

Depth to Lower
Kenamu Fm (m)

Age (My)

Sedimentation
Rate (m/My)

FRD
(kmTVDbsf)

Prospect 4

5670.0

48.6

116.67

1.29

Herjolf M-92

1447.0

48.6

29.77

1.68

North Bjarni F-06

1518.0

48.6

31.23

1.67

Table 15.8 Data used to calculate the Fluid Retention Depth (FRD) and corresponding data from offset wells located on
Line 2100.

TPP 4 has the highest sedimentation rate of all the TPPs and therefore the shallowest FRD.

15.6.1 Upper Case


Hydrostatic gradient to FRD of 1.29 kmTVDbsf below which there is an overburden-parallel
increase in shale pressure.



All sands isolated except the Saglek and Bjarni Formations which have drained sands.



Average geothermal gradient for Harrison Basin wells is 31.2 ºC corresponding to a depth of
3.19 kmTVDbsf below which there would potentially be an onset of secondary mechanisms.



At 3.19 kmTVDbsf shale pressure prediction increases gradient from lithostat-parallel trending
towards the overburden.



Fracture pressures used as described above.

15.6.2 Lower Case


Hydrostatic gradient to FRD of 1.29 kmTVDbsf below which there is an overburden-parallel
increase in shale pressure.
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Shallow Saglek & Upper Mokami Formations and deeper Cartwright & Bjarni Formations sands
have lateral regional connectivity and are therefore modeled to be drained.



All other sands are isolated and in pressure equilibrium with the surrounding shale.



Fracture pressures used as described above.

15.6.3 Interval Velocity


Seismic pore pressure interpretation using extracted calibrated velocity from Line 2100.



A similar relationship of seismic-based and FRD-based pressures is present as exists for
TPP 3.



Shallow pressures too high from seismic, and diverge from the theoretical model at the
Cartwright formation approximately 6800 mTVDbsf.
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Figure 15.25 Pressure-Depth (KPa vs. meter) plot displaying Lower Case pore pressure for TPP 4 and corresponding
fracture pressure interpretations. Also shown is the seismic-based pore pressure interpretation, modelled with calibrated
velocity using the EDM and NCT for the Harrison Sub-Basin.
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Figure 15.26 Equivalent Mudweight-Depth (KPa/m vs. meter) plot displaying Lower Case pore pressure for TPP 4 and
corresponding fracture pressure interpretations. Also shown is the seismic-based pore pressure interpretation, modelled
with calibrated velocity using the EDM and NCT for the Harrison Sub-Basin.
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Figure 15.27 Pressure-Depth (KPa vs. meter) plot displaying Upper Case pore pressure for TPP 4 and corresponding
fracture pressure interpretations. Also shown is the seismic-based pore pressure interpretation, modelled with calibrated
velocity using the EDM and NCT for the Harrison Sub-Basin.
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Figure 15.28 Equivalent Mudweight-Depth (KPa/m vs. meter) plot displaying Upper Case pore pressure for TPP 4 and
corresponding fracture pressure interpretations. Also shown is the seismic-based pore pressure interpretation, modelled
with calibrated velocity using the EDM and NCT for the Harrison Sub-Basin.

Regional Pore Pressure Analysis of Offshore Newfoundland and Labrador:
Unlocking the Shelf to Deep-Water Transition

457

Chapter 15: Type Pressure Profiles

15.7

Type Pressure Profile 5

This TPP lies on Line 2000. The relevant offset well is Hare Bay E-21.

Well Name

Depth to Lower
Kenamu Fm (m)

Age
(My)

Sedimentation
Rate (m/My)

FRD
(kmTVDbsf)

Prospect 5

3575

48.6

73.56

1.42

Hare Bay E-21

2144

48.6

44.12

1.57

Table 15.9 Data used to calculate the Fluid Retention Depth (FRD) and equivalent data for the nearest offset well.

15.7.1 Upper Case


Hydrostatic gradient to FRD of 1.42 kmTVDbsf below which there is an overburden-parallel
increase in shale pressure.



All sands are modeled as isolated except the Saglek and Bjarni Formations which have been
modeled as drained sands.



The geothermal gradient for the Hawke Basin well is 27.4 ºC corresponding to a depth of 3.64
kmTVDbsf at which there would potentially be an onset of secondary mechanisms.



At 3.64 kmTVDbsf shale pressure prediction increases from overburden-parallel trending to a
gradient that converges towards the overburden.



Fracture pressures used as described above.

15.7.2 Lower Case


Hydrostatic gradient to FRD of 1.42 kmTVDbsf below which there is a overburden-parallel
increase in shale pressure.



Shallow Saglek & Upper Mokami Formations and deeper Cartwright & Bjarni Formations sands
have lateral regional connectivity and are therefore modelled as drained.



All other sands are isolated and in pressure equilibrium with the surrounding shale.



Fracture pressures used as described above.
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15.7.3 Interval Velocity


Seismic pore pressure interpretation using extracted velocity from Line 2000.



Comparing the seismic velocities (red; left-hand log track) and the normal compaction trends
(blue; left-hand log track) on TPP 4 (Figure 15.28) and (TPP 5) Figure 15.29 highlights the fast
nature of the seismic velocities at TPP 5.



At TPP 5 as the seismic velocity overlays the NCT down to 4 kmTVDbsf, i.e. increasing
velocity with increasing depth, before the velocity slows; at TPP 4 the seismic velocities slow at
only 1 kmTVDbsf. A similar observation to that at TPP 4 can be made at the other TPPs
indicating that TPP 5 is anomalous with respect to the other locations.



The fast velocities result in low (normal) pore pressure which does not correlate with either the
geological model (FRD-derived) and the results at the other wells.
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Figure 15.29 Pressure-Depth (KPa vs. meter) plot displaying Lower Case pore pressure for TPP 5 and corresponding
fracture pressure interpretations. Also shown is the seismic-based pore pressure interpretation, modelled with extracted
velocity using the EDM and NCT for the Hawke Basin.
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Figure 15.30 Equivalent Mudweight-Depth (KPa/m vs. meter) plot displaying Lower Case pore pressure for TPP 5 and
corresponding fracture pressure interpretations. Also shown is the seismic-based pore pressure interpretation, modelled
with extracted velocity using the EDM and NCT for the Hawke Basin.
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Figure 15.31 Pressure-Depth (KPa vs. meter) plot displaying Upper Case pore pressure for TPP 5 and corresponding
fracture pressure interpretations. Also shown is the seismic-based pore pressure interpretation, modelled with extracted
velocity using the EDM and NCT for the Hawke Basin.
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Figure 15.32 Equivalent Mudweight-Depth (KPa/m vs. meter) plot displaying Upper Case pore pressure for TPP 5 and
corresponding fracture pressure interpretations. Also shown is the seismic-based pore pressure interpretation, modelled
with extracted velocity using the EDM and NCT for the Hawke Basin.
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15.8


Conclusions

Loading models based on disequilibrium compaction and FRD modelling (Swarbrick, 2012)
prove useful as a guide to shale pressures in Pothurst P-19.



Ikon Science have used this approach to calculate theoretical shale pressures and suggest
that the Labrador deep-water environment will have high pore pressure in the shales.



Reservoirs are more likely to be isolated in the deep-water and would be modelled to,
therefore, have the same pressures as the encasing shales.



Shales have been modelled as having overburden-parallel pressure profiles.



Reservoirs have been modelled as having hydrostatic-parallel pressure profiles.



Below the 100 ºC isotherm, clay diagenesis (or other sources) has been modelled to add an
additional magnitude of overpressure; Hauser et al (2013) from deep-water GOM suggest that
in the deep-water, these reactions are more likely at 130 ºC or more and therefore our
approach is a conservative one.



Drilling windows are > 120 kg/m3 even for Upper Cases.



Seismic interval velocity-based pressure analysis has variable results.
o

Shallow pore pressures are high, i.e. the system would require very high rates of
sedimentation (1000’s m/My) to build such a magnitude of pressure.

o

More likely is that the NCT needs calibration in the shallow section as the NCT is
built from shelfal wells with a higher sand content than the deep-water.

o

Below the Lower Kenamu, the seismic pore pressure often diverges from the
theoretical model to lower pressures.



Can the seismic velocity data be used for pressure prediction?
o

The velocity data is coarsely picked, however as a broad approach the seismic
velocities do appear to give sensible magnitudes similar to those predicted using
theoretical shale loading models (FRD Modelling).

o

Therefore, the seismic interval velocities appear suitable for regional pressure
analysis but may not be suitable for detailed well planning without further
revision, e.g. velocity picking specifically for pore pressure prediction.



The seismic interval velocities do suggest that the deep-water will have high shale pore
pressure.
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Implications & Conclusions for Deep-Water Labrador

16.1

Introduction

The final chapter of the Labrador Study report draws together the data analysis and interpretation
of well in the shallow water, with the use of analogues from deep-water environment globally to
provide an overview of its significance for the safe and cost effective exploration with particular
emphasis on drilling of wells in the newly identified deep-water basins. The chapter is organised
into sections to review pore pressure prediction i.e. lessons learnt from the existing shallow water
wells and the likely pressure regimes in the deep-water, as well as some of the implications for
exploration such as seal breach risk and opportunities relating to the presence of hydrodynamic
traps,.

16.2

Geological Review of the Shallow to Deep-Water Environments

The Labrador margin can be sub-divided stratigraphically and structurally in three main episodes.
These are reviewed in Chapter 0 and summarised in Chapter 1. These episodes are pre-rift (PreMesozoic including clastic sediments in the Labrador area are Ordovician in age), syn-rift (basaltic
lava flows and volcani-clastics that form the Alexis Formation and inter-bedded sequences of
fluviatile and lacustrine sediments that form the Bjarni Formation) and post-rift (Markland,
Cartwright, Kenamu and Mokami deep-water sands and shales).
These formations are present in the deep-water as well, although the Tertiary dominates in the
deeper water (e.g. Figure 13.4). In Figure 13.4, the Bjarni Formation is potentially affected by
faulting, however, the geological model from Nalcor Energy is that the Bjarni reservoir connects
from the deep-water to the shallow. The Jurassic in the Orphan Basin is considered to be
compartmentalised by faults. Table 16.1, summarises the relationship between the shallow water
reservoirs and their expression in the deep-water. The reservoirs are considered either connected
or isolated (by faults or shale-out). The connectivity or isolation is based on analysis of seismic
expression and facies modelling by Nalcor Energy. Some uncertainty is present at certain
stratigraphic levels thus some sands in Table 16.1 are classed as either connected or isolated,
capturing the uncertainty. The summary in Table 16.1 is then used directly when pressures in the
“Type Pressure Profiles (TPPs; Chapter 0) where a model approach was used as well as seismic
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interval velocity data to produce theoretical vertical pressure profiles at 5 pre-specified locations in
the deep-water.
This chapter starts by reviewing the pressure data for the reservoirs on the Shelf, followed by
discussion on the pressure characteristics of their associated shales. Where the shale
overpressures are in excess of the reservoirs it implies that lateral drainage has occurred along
connected sand bodies or continuous reservoir. The chapter contains a section on the evidence for
and the implications for these types of aquifer, i.e. hydrodynamics. Those reservoirs considered
“connected” in the deeper water are also assumed to be mobile or “hydrodynamic”. In other wells,
e.g. Pothurst P-19, reservoirs are likely isolated in thick shale packages and seals are strong; the
sands forming stratigraphic traps with the same pressure as the encasing shales.

Deep-water

Formation

Shelf

Lower Bound
Pressure Profile

Upper Bound
Pressure Profile

Saglek

Connected

Connected

Upper Mokami

Connected

Isolated

Lower Mokami

Isolated

Isolated

Upper Kenamu

Isolated

Isolated

Lower Kenamu

Isolated

Isolated

Cartwright

Connected

Isolated

Markland (Freydis Mbr)

Isolated

Isolated

Bjarni

Connected

Connected

*Connected = sand drained
*Isolated = sand in equilibrium with shale
Table 16.1 Estimated sand reservoir connectivity in the deep-water environment and their expression in the shallow
water.
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16.3

Overpressures in Reservoirs/Sands

The majority of the wells included in this study were drilled between the years of 1976 and 1984 on
the Labrador Shelf and between 1975 and 2010 in the Orphan Basin. The result of using these
relatively old wells are a general lack of reservoir pressure data and a poorer quality of the reservoir
pressure data that is present. The exceptions are the three modern wells (Post-2000) in the Orphan
Basin, namely Great Barasway F-66, Lona O-55, Mizzen L-11, which contain much more reservoir
pressure data of a higher quality.
As a general summary, normally pressured reservoirs are present down to a depth of 3500 m
below sea-floor, however, overpressure can begin from 1400 m below sea-floor in certain wells.
Overpressure is typically lower than 8000 kPa for all wells and all stratigraphic intervals with the
exception of the deep data in Pothurst P-19 (Base Cenozoic) and Blue H-28 (Jurassic) that have
34246 kPa and 26847 kPa respectively. Figures 6.1.1 and 6.19 show these reservoir data
displayed by Multi-well Pressure-Depth plot for all data from all wells colour-coded by formation and
individual well.
Both WFT data as well as Kicks are shown on these plots. Mudweights are typically low, however,
in those wells where Kicks are taken sharp increases are observed where mudweights have been
rapidly increased to counter the pressures represented by the Kicks. These Kicks are associated in
most cases with the development of thick shale packages. These shale packages should be
optically resolvable on seismic data. These Kicks also suggest that under-balanced drilling has
occurred in wells to-date. This is discussed further later in the Chapter.

16.3.1 What are the Controls on Overpressure in Reservoirs?
In Figure 8.18 and Figure 8.19, reservoir data at the same depth have differing overpressure; this
suggests the presence of seals, e.g. the Lower Kenamu Formation in North Leif I-05 is normally
pressured at 1500 m below sea-floor yet the same interval has 34246 kPa at 3800 m below seafloor in Pothurst P-19 (these two wells are separated by about 600 km). The seals could be lateral
(faults, shale-out at the toe-end of depositional fans) or vertical (thick cap-rocks). It has not been
possible to differentiate these in all cases, however, syn-rift sediments are far more likely to be
affected by faulting than those deposited in the post-rift phase. Below the assessment is divided
into lateral and vertical seals.
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Note: Seal in the context of this discussion relates to ability of rocks to prevent equilibration of
pressure along a hydrostatic-parallel (i.e. water) gradient (i.e. a gradient of > 0.52 psi/ft, a pressure
transition zone).

16.3.1.1

Lateral Seals

In the discussion in the previous chapters, a strong overprint of facies has been identified as being
a major control on overpressure distributions. Where net to gross is low, and thick shales are
present, overpressures build and the associated reservoirs are often at the same overpressure as
the encasing shales (i.e. the Kicks in Blue H-28). Conversely, deep reservoirs (both in terms of
actual burial depth below sea-floor and stratigraphy) that are present in high net to gross intervals
tend towards low overpressure. If seismic data is of sufficient quality, it may be possible to use
seismic facies to inform on the likely pressure regime for a prospect as for instance, thick,
transparent intervals are likely to represent shales where pressure can build.
From general observation of the single-well pressure-depth plots from wells in the study area, the
degree of lateral drainage is high with most reservoirs already at or near normal pressure. In other
wells, the overpressure differential between the shales and reservoirs is much less, and the sands
are drained by a lesser fraction, but this is more typically limited to the Orphan Basin. Therefore, in
terms of lateral seals, the variability in magnitude of drainage is either a function of reservoir
permeability (low permeability leads to less drainage) or transmissibility of faults (high seal capacity
of faults via clay smear/cataclasis will lead to less drainage).

16.3.1.1.1

Overpressure Cells

The majority of the pressure data elsewhere on the Labrador Shelf (Saglek and Hopedale Basins)
is too sparse to discern clear overpressure cells. However, a number of possible overpressure cells
can be discerned within the Orphan Basin, i.e. data that plot on multiple water gradients that are
parallel but offset from the regional hydrostatic gradient;
Detailed interpretation of the overpressure values and their significance in terms of regional
connectivity for anywhere other than within the same basin risks inducing misleading conclusions.
The likelihood of widespread fluid communication between different stratigraphic intervals in
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different basins within Labrador is highly unlikely. However, recognising overpressure distribution at
different depths below the sea floor can help to build the overall geological pressure model.

16.3.1.1.2

Down-thrown Traps as Enhanced Exploration Targets

Where fault compartmentalisation is recognised (predominantly in syn-rift deposits), enhanced seal
capacity is likely. Moreover, for individual faults, higher overpressure in the hanging-wall Figure
16.1 enhances further the trapping potential of these extensional faults.

Figure 16.1 Both (a) and (b) show overpressure differences on either side of a downthrown fault trap. (a) The lower
overpressure on the downthrown side enhances trapping potential. (b) Higher overpressure on the downthrown side
downgrades trapping potential, as up-dip, cross-fault flow is more likely.
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16.3.1.2

Vertical Seals

There are two main types of “top” or “vertical” seal to a reservoir;
(a) Those associated with pressure regressions in WFT data relative to overlying shales. The
lateral drainage has created a series of much more effective vertical barriers to hydrocarbon
migration, since where shales with higher overpressure overlie reservoirs with lower overpressure
there is enhanced trapping,
(b) Those associated with sharp transition zones where sands are isolated. The presence of a
sharp pressure transition zone may imply lack of vertical significant flow.
As a general comment, the sharpness of a transition zone is a function of both permeability and
length of geological time over which a pressure difference has existed. Recent changes in pressure
will produce sharp transition zones.

16.3.1.3

Seal Capacity for Shallow Water Wells

The study has attempted to establish a demonstrable relationship on the Labrador Shelf between
reservoir aquifer overpressures, seal capacity and least stress (the lower of either the fracture of
overburden pressures) at the Top Reservoir. The methodology follows the earlier work by
Gaarenstroom et al. (1993) but applies different assumptions, developed by Ikon GeoPressure in
their regional studies in Europe and North America.
From analysis of offset data in this study, the fracture pressure was found to be the least stress,
consistent with a broadly extensional setting, and regional algorithms were developed for various
sub-sections of the study area The results from aquifer overpressure analysis when risked against
the fracture pressure provide an assessment of critical leak thresholds.
In some studies (see review by Swarbrick et al. (2010) for the Central North Sea) Aquifer Seal
Capacity (“ASC”) below approximately 1400 psi (~9700 kPa) at Top Reservoir correspond with a
significantly higher proportion of blown seals, some of which have direct evidence of hydrocarbon
leakage such as palaeo-columns and staining in fractured overburden. Published seal capacity
(effective strength) for 11 wells in the Central Scotian Shelf at multiple stratigraphic depths has
been presented in Bell, 1998. Breached traps correlate to the lowest seal capacity values, lower
than 10 MPa (10000 kPa).
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On the Labrador Shelf, it was not possible to derive a comprehensive relationship between
reservoir overpressure, aquifer seal capacity (ASC) and hydrocarbon preservation that could offer a
risk threshold, as in other studies. The reservoir dataset was not sufficient as many reservoirs that
were penetrated and tested were laterally drained (Chapter 10). The drainage results in lower
overpressure than would be expected thus invalidating seal capacity analysis using present day
overpressures. To counter this, it was assumed that drained reservoirs had original pressure equal
to the shale pressure interpretation; the shale pressures were termed “un-drained” or “palaeo” pore
pressure. Furthermore, only the Cartwright and Bjarni Formations could be analysed as these units
were relatively data-rich and the remaining reservoirs are data-poor.


Most of the data in basins plot above 10000 kPa for both present day reservoir pressures
and “palaeo” seal capacity.



The smallest seal capacity in the Cartwright Formation is ~6000 kPa (Ogmund E-72) for the
shale-based palaeo-pore pressures and ~8400 kPa (Pothurst P-19) for the current reservoir
pressures.



For the Saglek Basin, where Hekja-O-71 (10100 kPa, discovery) and Pothurst P-19) 8,000
kPa, dry) providing a useful range of uncertainty for risking traps in this basin i.e. 9,000 kPa
may be used as a boundary between dry hole and hydrocarbon accumulation



Also, Ogmund E-72 (10000 kPa, dry) and Snorri J-60 (12000 kPa, gas-filled) are very close
together in the North of the Hopedale basin (Nain Sub-Basin) such that 11000 kPa may be
a useful guide to seal capacity in this part of the Hopedale Basin as this separates a dry trap
from one with gas, again within the Cartwright Formation only.

In the Bjarni Formation, as was observed for the Cartwright Formation, the columns do not show a
clear distribution of dry holes and discoveries.


Great Barasway F-66 and Lona O-55 are dry and yet have similar or even higher seal
capacities to the gas-filled North Bjarni F-06. The latter well is located in the Hopedale
Basin. The former three wells are in the Orphan Basin. The variation in location may mean
that these two basins have different top seal strengths and that 11,000 kPa may be useful
as a threshold in the Hopedale whereby any higher would preserve gas (Hopedale E-33,
Bjarni O-82, Herjolf M-92 are all Hopedale Basin wells).



Blue H-28, in the Orphan Basin, has the lowest seal capacity estimate of approximately
3900 kPa. The gas chimneys identified in the public literature (C-NOPB, 2003) indicate that
vertical leakage has occurred within these basins and remains a distinct possibility for the
Blue H-28 well (Figure 11.7)
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In comparison with other basins, notable Scotian Shelf and CNS, there are several wells with gasfilled reservoirs below the Central North Sea threshold of ~9700 kPa (1400 psi) / Scotian Shelf
threshold of 10000 kPa suggesting that even with current pressures, seals may be stronger here
than in the Kimmeridge Formation of the CNS and may provide a useful magnitude whereby any
ASC for a prospect in the area of these wells with a greater ASC will be preserved, i.e. not
breached.
In the Halten Terrace (Norway) and Viking Graben (CNS), previous studies have shown a
correlation between wells that have undergone crustal flexure as a result of ice loading and are dry
vs. those hydrocarbon-filled reservoirs associated with un-flexed crust. In Labrador, any ice loading
is likely to be constant over the Shelf as published data suggests the ice sheet extends to the edge
of the Shelf. Therefore, there are unlikely to be any differentiation between flexed and un-flexed
areas on the Shelf, thus the effect on breach will be uniform. Published data also suggests that the
ice sheet will be floating on the deep-water, i.e. not resting on the sea bed; if this is true then due to
the low compressibility of water the ice load will be cushioned and no effect on breach will occur.

16.3.1.4

Seal Capacity in the Deep-Water

In Chapter 0, a series of hypothetical vertical pressure profiles were produced at five specified
location in the deep-water. The key data input for these profiles were extracted interval velocity
data have been used, with the appropriate NCT for the seismic line, to produce vertical pressure
profiles using the Equivalent Depth Method. The raw seismic data has been calibrated using Vp to
Vint regressions based on the appropriate offset well wireline sonic per 2D line. The calibration
process is detailed in Chapter 0. In addition, theoretical models for pressure were constructed in
parallel based on rates of sedimentation and whether sands where drained or not (Table 16.1).
These profiles can be used to provide an approximate assessment of seal capacity in the deepwater. Referring to Figure 15.17 and Figure 15.18 (Harrison Sub-Basin), the seal capacity at Top
Cartwright is approximately 15000 kPa using the Lower Case pore pressure and the relevant least
fracture pressure (Matthews and Kelly, 1967). Using the seismic-derived pore pressure the seal
capacity at approximately Top Cartwright is > 20000 kPa. Using the Upper Case pore pressure in
Figure 15.13 and Figure 15.14, the seal capacity drops to 7500 kPa. Based on the analysis from
the Bjarni Formation (Figure 12.9) in wells North Bjarni F-06 (8200 kPa seal capacity, gas
discovery) and Herjolf M-92 (8000 kPa, dry hole), the calibration wells for TPP 2, using the Upper
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Case pore pressure would breach the seal, assuming similar seal properties to that in these two
wells.

16.4

Pore Pressure Prediction in Shales

In the previous section, the text referred to shale pressures. In reservoirs, it is possible to take a
WFT as a direct measurement of pressure. Due to low permeability, the same test cannot be
effectively completed in shales. As reservoirs associated with thick shales are typically highly
overpressured (e.g. Pothurst P-19), effective and accurate shale prediction is crucial in order to
understand the reservoir pressures. This importance of accuracy becomes even more important in
the deep-water where shale will dominate the lithology by worldwide analogue.
Prior to shale pressure prediction, the study had to establish the cause of overpressure as this
dictates which approaches and algorithms can be used accurately. On the Labrador Shelf
disequilibrium compaction is recognised as the principal cause of overpressure despite the high
temperatures of up to 130 ºC (Chapter 7). Data from literature, e.g. Hauser et al (2013) in the Gulf
of Mexico deep-water, suggests that clay mineral diagenesis is less developed in the deep-water
sediments typically. These reactions may add additional pressure if present and occurring. In
Labrador, the rates of sedimentation are considerably higher than in basins such as Central North
Sea, Jeanne d’Arc, i.e. in these basins, Base Tertiary is commonly 3-4 km; in Labrador Top
Markland (Base Tertiary) can be as deep as 7 km.
In this study, two main approaches to predict shale pore pressure were used;

16.4.1 Wireline-based Approach
Here, as disequilibrium compaction has been identified, the Eaton Ratio (1975), Equivalent Depth
and Bowers (1995) methods (Chapter 9) can therefore be regarded as valid approaches to quantify
pore pressure, since all three methods work properly when there is a porosity relationship to
vertical effective stress (which is captured in the Normal Compaction Trend (NCT)) based on both
log and seismic data).
All three methods can be used in future pre-drill analysis of prospects to produce prediction of pore
pressure from seismic data. The Equivalent Depth Method was used to generate the vertical
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pressure profiles from interval velocity data in the deep-water in Chapter 0. A single-layer NCT
model for velocity was derived for each basin/sub-basin and where appropriate the same model
was used in multiple basins/sub-basins. The Saglek Basin has a basin-specific NCT model. The
compaction behaviour of the three sub-basins of the Hopedale Basin and the Orphan Basin can all
be described by the same NCT model.

The Hawke Basin proper has no well control and cannot

be defined. The nearest well to the Hawke Basin, Hare Bay E-21, would imply a different NCT
model for the basin, but the well is likely not representative of the true Hawke Basin compaction
behaviour as the well lies several kilometres outside of the basin trend. The applicability of the NCT
model to the core of the basin cannot be judged.
A different single-layer NCT model for resistivity was derived for each basin/sub-basin except in the
Harrison and Hamilton sub-basins of the Hopedale Basin in which a three-layer model was used;
(1) Post-Lower Kenamu Formation, (2) Lower Kenamu Formation to Markland Formation and (3)
Pre-Markland Formation.
Interpretation of the pressure within shales with high velocity/high resistivity (above the NCT
magnitude at the same depth) leads to “apparent” under-pressure, and most likely results from
cementation (such as carbonate) in the shales. The presence of carbonates is identified in well
reports and evidence for low porosity consistent with cementation processes was identified from
velocity-density cross-plot analysis in Chapter 7. Geological modelling of pressure development
was used to independently corroborate the pressure trends and magnitudes derived from the NCT
analysis.
Overburden-parallel pressure trends are observed through thick shale sequences consistent with
disequilibrium compaction as the dominant pressure generation mechanism. The conclusion of
disequilibrium compaction dominating is independently corroborated by the Vp/Rho cross-plot
analysis (Chapter 7).

16.4.2 Geological Loading Model
Development of a geological model for shale pressure based on sedimentation rate alone is a
useful way to assess independently theoretical shale pressure. The model assumes burial within
the recent past and the rocks must be at their maximum depth of burial (i.e. no uplift, although uplift
and subsequent reburial is allowable). The effects of uplift are likely minimised in the deep-water. In
such circumstances, generating a Fluid Retention Depth (“FRD”, kmTVDbsf) based on data in
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Swarbrick (2012) will allow an estimation of the maximum shale pressure to be expected due to
disequilibrium compaction, based on how rapid/slow the loading is. The FRD defines the starting
depth for the overburden-parallel shale pressure gradient expected for continuous shales.
Continuous deposition is more likely in the deep-water, where unconformities are possible but less
developed than in the shallower water environment.
The FRD is shallowest when the sedimentation rate is high (100’s m/Ma) and the shales are clayrich. Within the Labrador wells drilled to-date, the dominant shale lithology was determined as a
silty-shale from well reports. Sedimentation rates were calculated to be in the range of 12-65 m/Ma.
Based on the work in Swarbrick (2012) the range in FRD for Labrador was approximately 1.45-1.95
kmTVDbsf.


Analysis of each basin individually indicates that the sedimentation rate for the three subbasins of the Hopedale Basin are all very similar and match with the result in the Orphan
Basin also (31-35.5 m/Ma).



However, the Hawke Basin (Hare Bay E-21) only and the Saglek Basin have higher
sedimentation rates, 46-47 m/Ma.

Using the geological loading model would have produced a close match to the Kicks taken in Blue
H-28 and Pothurst P-19. Therefore;
(a) Where thick shales are identified on seismic, the FRD approach can be used in the absence of
reliable seismic velocity data to predict theoretical shale pressures.
(b) Any associated reservoirs that are un-drained will have the same pressure as the encasing
shales and form potential stratigraphic traps with strong seals (if not mechanically breached)

16.5

Lateral Drainage

As reported above, many of the reservoirs have significantly less pressure than would be expected
for depth of burial (Chapter 10), termed lateral drainage and the reservoirs are “laterally drained by
natural depletion over geological time”. Laterally draining reservoirs (in which fluid and pressure is
being lost via communication to surface) appear to be a newly recognized class of reservoirs in
many basins, including in the Central North Sea, Cauvery Basin (offshore Eastern India), MidNorway and Gulf of Mexico (O’Connor and Swarbrick, 2008). This Labrador study has documented
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laterally drained reservoirs at all stratigraphic levels where reservoir data are present. The study
has identified that there are lower than expected overpressures in some reservoirs relative to the
surrounding shales, with fluids being drawn out of the shales into the reservoirs.
Chapter 10 describes the observed lateral drainage and the relationship between reservoirs and
shales, e.g. Snorri J-90 (Figure 10.7). Lateral drainage is observed to have some effect in
permeable units within most geological formations from the Upper Kenamu Formation, through the
Lower Kenamu, Cartwright, Markland and Bjarni Formations, down to the oldest undifferentiated
Jurassic formations. Table 16.1 summarises which reservoirs are connected and therefore implied
to be drained, the table also infers the connectivity of these reservoirs in the deep-water.
Lateral drainage affects different basins to varying degrees. The basin with most evidence for
lateral drainage is the Hamilton Sub-Basin. To a lesser degree, lateral drainage is also active within
the Harrison and Nain Sub-Basins. Hekja O-71 and Hare Bay E-21, separated from the main
groups of wells, both show evidence for lateral drainage. The Orphan and Saglek Basins show
some evidence of lateral drainage but only in a minority of wells and lateral drainage is not
expected to be a major factor in these basins.
The major implication for basins, such as the Hamilton Sub-Basin, where there is evidence for
lateral drainage is that there is potential for hydrodynamic flow, which would influence trapping
geometry of hydrocarbons. Laterally-draining reservoirs are hydrodynamic, meaning the aquifer
waters are mobile rather than static. The flow has potential impact on hydrocarbon migration
direction and rate. Ideally, with high quality aquifer pressure data hydrodynamics on a field scale
would be demonstrable. In this study, due to a lack of pressure data taken no clear hydrodynamic
signature was observed; such evidence would be a systematic decrease in aquifer overpressure
within the same formation towards a pressure sink or leak-point. For this, often 10’s of wells are
needed. Evidence that these reservoirs do exist though is present with the shale pressures
exceeding the reservoir pressures.
A hydrodynamic model can be tested independently using a map of seismic amplitude. Seismic
attributes are derived from seismic data using measured time, amplitude, frequency and
attenuation. These attributes attempt to quantify rock and fluid properties and/or allow the
recognition of geologic patterns and features such as sand/shale discrimination and identification of
water, oil and gas (Taner, 2003). Seismic responses to fluids in reservoirs are observed to be offset
from structural closure from fields in the Palaeocene of the North Sea such as the Arbroath and
Montrose Fields (Figure 8.4) as hydrocarbons had been moved outside of structural closure due to
an active aquifer (Dennis et al., 2005). Seismic attribute data were not available for this study.
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In this study the widespread nature of laterally-draining reservoirs in the Labrador Shelf area has
been established; these reservoirs have the following impacts on the petroleum system:
a) Long hydrocarbon column lengths across seals (enhanced seal potential)
b) Hydrodynamic traps with tilted contacts controlled by the hydrodynamic spill point
(c) Hydrodynamically-trapped accumulations have consequential impacts on distribution of
reserves and subsequent placement of appraisal and development (particularly down-dip water
injector) wells
(d) Provide evidence for fluid flow and leak points in a basin

16.6

Well Planning in Deep-Water Labrador

This section discusses how many of the elements from above will impact on future drilling
programmes and well design. A large component of this section draws on the use of analogues
from other present day deep-water basins or basins that although shallow presently, have a large
section of deep-water sediments. There are several possible types of analogue for the deep-water
Labrador region:
a)

Those basins geographically close to the Labrador coast and that contain deep-water at the
present day i.e. West Greenland, Scotian Shelf.

b)

Basins that are geographically distant and contain deep-water at the present day, e.g. Vøring
and Møre Basins, Mid-Norway.

c)

Basins that are presently shallow water but contain large volumes of deep-water sediments
e.g. Jeanne D’Arc, East Canada; Central North Sea Tertiary, Shelf Mid-Norway (Lange and
Lysing Formation); these are “palaeo-deep-water settings”.

d)

Basins that are not analogous in terms of lithofacies, i.e. a) to c), but are analogous in terms of
water depth and total sediment thickness, e.g. deep-water Gulf of Mexico.

e)

An additional classification could be to divide (a) to (c) into “volcanic” and “non-volcanic”,
largely distinguished by the amounts of elevated heat flow during the early stages of rifting
(e.g. Cunha, 2008; Cunha et al., 2010).
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Well planning requires the following elements:
1) Overburden gradient

2) Pore pressure prediction including incorporation/assessment of;
a) Reservoir pressures – including consideration of lateral drainage and transfer
b) Shale pressures – a key element of this is to understand the likely presence of secondary
pressure mechanisms as this determines the choice of algorithm and data type that can be
used. In some situations i.e. where clay diagenesis results in release of silica that is
precipitated for instance, velocity data will under-predict any pore pressure as the shales
are over-consolidated for the depth of burial. Faulting such as common in syn-rift sediments
can perturb the seismic velocity field, making the use of interval velocity inaccurate/suspect.
c) Pressure mechanisms

3) Fracture gradient; Estimation of the fracture gradient can be complicated by the presence of
mixed lithology such carbonates. Carbonates may be fractured and result in losses being taken.
Fracturing is more likely where uplift is present i.e. on the Shelf. Uplift is only relevant here if the
Ordovician pre-rift sediments are encountered. The deep-water in Labrador, however, is likely
shale-dominated.

16.6.1 Overburden Gradient Prediction
For successful well-planning and accurate pore pressure prediction using an effective stress model
such as Eaton (1975) or Equivalent Depth, accurate determination of the overburden is required.
The study has developed a robust multi-layer algorithm (Sea-Floor to Top Bjarni Formation, Top
Bjarni Formation to Top Acoustic Basement and Basement) to estimate the overburden for three
areas; the northern Labrador Shelf, the southern Labrador Shelf and the Orphan Basin (the latter
only 2-layer, Sea-Floor to Top Bjarni Formation and Top Bjarni Formation to TD). In some wells,
particularly those with thick shales and high rates of sedimentation (typically greater than 400
m/Ma), density reversals may be observed.
In the deep-water, the overburden will be thinner, replaced by a column of water. Sediments will
also have different density values due to a change in facies to more shale dominated.
Overpressure will cause the overburden to be “lighter”. If glacial tills are present in the deep-water
(and by analogue with the Voring Basin of Mid-Norway, this is possible), this high-density upper
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layer will have an effect on the construction of an overburden. However, wells drilled in the shallow
water in Labrador may contain glacial tills in the shallow section but careful wireline analysis shows
no effect of the tills on the log signatures, hence no shallow, high-density layer for the overburden is
needed. Deeper volcanic units can have a high bulk density that required separate modelling as
shown in Chapter 6. The deep-water being closer to the spreading ridge will have more volcanics
associated with the rock column than in the shallow water (e.g. Alexis Formation). Uplift effects
(resulting in high density close to the seabed) will also be reduced/absent in the deep-water,
although examples from West Greenland e.g. Qulleq-1 in the deep-water have notable
unconformities. Very low angle unconformities are common across the Greenland Shelf and much
of the Labrador Basin and are thought to represent periods of non-deposition (Jaspen et al., 2010);
however, these could also represent periods of uplift.
Data published in Tingay et al, (2003) comparing overburdens from onshore to deep-water
suggests that deep-water overburden’s are lower than those in the shallow water, e.g. 0.88 psi/ft
compared to 1.0 psi/ft. In this study, the overburden derived is potentially an over-estimate of that
for the deep-water as it is calibrated to shallow water sediments. Use of a slightly over-estimated
overburden will result in a maximum shale pressure being calculated.

16.6.2 Pore Pressure Prediction
Pore pressure prediction of thick shale successions at temperatures less than about 120 ºC is
suggested to be underpinned by knowledge that disequilibrium compaction is dominant in the
shallow water. Vp/Rho cross-plots suggest this is the case. In rare wells such as Karlsefni A-13,
Gilbert F-53 and Rut H-11 in the Saglek Basin departures from a trend inconsistent with mechanical
compaction are observed. The plots are suggestive of chemical compaction (clay diagenesis) and
cementation acting concurrently. As there is no associated drop in velocity, any contribution to pore
pressure is unclear. Simple loading models for Blue H-28 and Pothurst P-19 support disequilibrium
compaction as the main mechanism.
Rates of sediment loading will strongly influence the depth at which no more fluid can escape from
the shale (“FRD”), and overpressure builds by disequilibrium compaction. Published relationships
such as Swarbrick (2012) correlate the FRD to the rate of sedimentation/loading. FRD modelling
has been used successfully in deep-water settings worldwide, such as Niger Delta and Nile Delta to
produce overburden-parallel shale pore pressure profiles. The shale pressure profiles correctly
match Kick data in these basins and suggest that, pre-drill, this approach can give accurate
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prediction of shale pressure. Indeed, applying this approach to the Pothurst P-19 well on the
Labrador Shelf, i.e. calculating rate of sedimentation to the Top Cartwright Formation marker,
produces a pressure profile that matches closely the Kick taken in this well. The accuracy of the
FRD model in Pothurst P-19 implies this tool may be a useful approach in the deep-water of
Labrador for pressure prediction. Although, reservoir pressures will need to be estimated using
additional analysis, the likely high degree of stratigraphic isolation in the deep-water suggests that
reservoirs will be close to shale pressure calculated using the above approach.
In the work done on the Labrador Shelf the study shows that a single normal compaction curve
works well throughout the majority of the region, and that, Eaton (1975), Equivalent Depth and
related methods such as Bowers (1995) for pore pressure prediction are useful and applicable for
determination of pore pressures in shales on the Shelf. It follows that in the deep-water, the shales
may be finer grained with higher clay percentages present. The shales may mineralogically be
different, i.e. marine vs. terrestrial in origin. Due to grain size and settling rates, the more distal
shales will be richer in smectite and montmorilonite as opposed to kaolinite near the shore. These
differences may affect the compaction model used. The exact form of the compaction curve will be
dependent on sediment source and type, i.e. proportion of smectite, illite and kaolinite. In the
Labrador Sea, a single sediment provenance means that a simpler compaction trend could be
expected, both on the Shelf and in the deeper-water as the deposited sediments are relativity
homogenous in composition (Innocent et al., 1997; Fagel et al., 2002).
Marine and non-marine shales correlate between Labrador and West Greenland, less so with the
Grand Banks basins, suggesting that compaction models derived from West Greenland may have
more validity in Labrador. In West Greenland, the shallow and deep-water compaction curves are
very similar.
Many of the wells drilled in the shallow water have been drilled with low mudweights, suggestive of
low pore pressures. However, where thick shale packages are present, such as in Pothurst P-19,
significant overpressure (pore pressure minus hydrostatic pressure) is recorded by way of the Kicks
experienced. These Kicks also suggest that drilling has been under-balanced (pore pressure above
the mudweight) in several wells, e.g. between 3500-3800 mTVDbsf and up to 15000 kPa in excess
of mudweight in the Bjarni Formation, Blue H-28, Snorri J-90 (Kenamu/Cartwright) and Indian
Harbour M-52 (Cartwright/Markland). Pothurst P-19 is a sand-rich well down to 300 m above the
kick in the Lower Kenamu Formation at which point the mudweight is increased rapidly to kill the
kick. Clearly, there is a close association between thick (and deep) shale packages and high pore
pressure.
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Globally, deep-water sedimentary systems are typically more shale-prone, and characterised by 1)
overburden-parallel pore pressure profiles in shale and 2) variations in sediment supply, source and
development of accommodation space.

a)

Where the net to gross is low, as in the case of mud-rich fans, thin isolated reservoirs lead to
high pore pressures (e.g. Lange Formation, Mid-Norway; Akata Formation, Niger Delta).
Isolated reservoirs form excellent stratigraphy traps, with proven seals (unless the seal is close
to fracture pressure). Reservoir pressures are close to those of the encasing shales.

b)

By contrast, where net to gross is high as in the case in sand-rich or amalgamated fans, single
thick sand reservoirs are present (e.g. Agbada Formation, Niger Delta; Wilcox Formation, Gulf
of Mexico). High net to gross deep-sea fans are typically laterally-draining, i.e. the associated
shales are overpressured, however, the reservoir is losing pressure laterally over geological
time to a leak-point, usually the seabed via connected reservoirs and/or faults. An example is
the Nise Formation, Vøring Basin, Mid-Norway where the pressure dissipation can develop a
mobile aquifer, controlling fluid distributions via hydrodynamic spill points. Any traps will have
enhanced seal capacity due to the seal/reservoir pressure differential. The study provides
evidence for lateral drainage of pressures at most stratigraphic levels. These drained sands
represent drilling challenges as mudweights may be set for the shales but if maintained
through the drained sands, cause formation damage. There can be more than 10000 kPa of
difference between the sands and shales. Additionally, as the pore pressure and fracture
pressure are linked, a drained or draining reservoir will see a reduction in the fracture strength
of the rock.

c)

The mixed-sand-mud case leads to thick sands that have the ability to be variably drained, i.e.
certain portions of the fan can be hydrostatic whereas others are at shale pressure.

In summary, through the potential use of seismic facies, the net to gross of these depositional fans
may be determined in Labrador in such formations as the Freydis, Appat and Kitssissut sequences.
Several times previously the study has referred to overburden-parallel profiles being likely in the
deep-water. These profiles are driven by loading by the overburden. Once the shales become
diagenetic altered (70 ºC onwards, although in reality, for regional extent, more likely 100-120 ºC)
or enter the oil and then gas window, pore pressure profiles will tend converge on the overburden
as diagenetic changes, gas generation etc. generate additional pore pressure. Additional pore
pressure has been reported in shallow water environments where drilling is typically deep and hot,
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often source rock associated and vertical effective stress magnitudes are very small, i.e. too low to
be generated by simple rapid loading, even if very high. Data in Hauser et al. (2013), from the
deep-water Gulf of Mexico suggests that even at temperatures of 120 ºC, a single compaction
model can be used and there is little requirement to move to an additional, deeper (in this case,
illitic) compaction model.
Older rocks such as Cretaceous (Markland Formation) may show evidence for secondary
mechanisms at lower temperatures as the sediments are substantially older and the greater time
elapsed allows for greater diagenesis. The deep-water will tend towards younger stratigraphy as
the water deepens. Therefore, it is likely that a single compaction model may be used in the deepwater Labrador area (certainly, to the depths of the 120 ºC isotherm at least and where
disequilibrium compaction is the dominant mechanism of overpressure generation). Average
geothermal gradients for each basin based on offset well bottom hole temperatures (BHT) yielded a
range of gradients between 27 ºC/km and 31 ºC/km. Temperature effects have been accounted for
in the Upper Case profiles in Chapter 0, where secondary mechanisms are expected to produce
higher shale pressures. The onset of secondary mechanisms has been modelled at depths of
approximately 4.0 kmTVDbsf
Finally, Narrow Margin Drilling (NMD) is a common feature of deep-water environments worldwide.
As the facies is likely shale-dominated in the deep-water Labrador (with lower permeability than
shallow-water shales, which will be more terrigenous in nature rather than marine in origin, top of
overpressure will be shallower than on the Shelf for comparative stratigraphy. Pore pressure
profiles will, therefore, build relatively shallow overpressure parallel to the overburden and continue
for the remainder of a well. Using the TPP 2 in the Harrison Sub-Basin, 1900m water depth, as an
example, the drilling window is expected to be 2 ppg using the Lower Case pore pressure, and as
low as 1 ppg using the Upper Case pore pressures below the Top Markland Formation (the latter
5km BML). These data are based on Figures 15.16 to 15.19.
In the shallower water, due to the higher volume of sand, top of overpressure will be or can be,
significantly deeper, and any thick shales, will have a sharp pressure transition zone into them
(Figure 16.2)
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Figure 16.2 Typical pore pressure profiles for shallow vs. deep-water settings. LHS Labrador Shelf, Mahakam Delta,
Niger Delta, Gulf of Mexico Shelf & Venture Field offshore Nova Scotia. Normal pore pressure throughout the sand-rich
upper section and the abrupt onset (narrow, sharp transitions zone) into the highly overpressured mud-rich sediments
below. This profile is similar to that in Pothurst P-19. RHS Deep-water, claystone-rich settings e.g. Labrador Deep-Water,
Tertiary in the North Sea, Malay Basin. Onset of overpressure at a shallow depth and increasing at a constant rate,
parallel to the overburden, apart from in the thick sandstone unit at the base (deep-sea fans etc.).

16.6.3 Fracture Gradient Prediction
The study provides a regional fracture pressure model (Swarbrick and Lahann (2008) for the entire
study area using proprietary pore pressure-horizontal stress coupling analysis, whose value is
comparable with other basins around the world. The study also developed a separate model for
each basin/sub-basin following the published techniques of Eaton (1969) and Matthews & Kelly
(1967). Typically, the results of the regional model matched the locally derived models of Matthews
& Kelly (1967) and Eaton (1969) in the upper half of most wells and either continued to match down
to TD or tended to predict higher overall fracture pressures in the lower half the well. The latter two
relationships were used for the TTP analysis in Chapter 0. The resulting fracture pressures were
based also on using a Lower and Upper pore pressure as input to capture uncertainty.
The models of Matthews & Kelly and Eaton require a stress index (Ki) or Poisson’s Ratio (v) term
respectively. The formula for both Matthews & Kelly and Eaton were rearranged to find the stress
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index (Ki) and the Poisson’s ratio (v) respectively based on the measured LOT data (excluding
known Limit Tests). Typical Ki values were 0.75 to 0.78 and v of 0.44. These values were used for
the TPP fracture pressure profiles. Comparison of the respective formulae indicate the two
variables should be equal (Chapter 11), however, they were derived independently in the study and
sometimes do not match each other exactly. The uncertainty, coupled with the regional fracture
pressure model, allows for a range of uncertainty in fracture pressure to be determined.
The fracture pressure prediction, using any of the three approaches, is intrinsically linked to the
predicted pore pressures and will assist with definition of the drilling window in future drilling and is
used in estimates of seal capacity (Section 3.4 and Chapter 12). The model predicts fracture
pressure in shales (most Leak Off-Test data were taken in shales) but to reflect variable lithology,
sands were allocated a reduction in Ki of 0.1, and 0.04 in v for the TPP’s. If a non-coupled fracture
pressure model, (e.g. 85% of vertical stress) or a simple depth-dependent equation for the fracture
pressure is used, the fracture pressure will be underestimated in the overpressured regime.
Underestimation of the fracture pressure can lead to planning/purchasing of unnecessary casing
strings or perhaps a decision to not drill due to excessive anticipated costs. The linkage between
fluid pressure and fracture pressure reinforces the need for careful estimation of the fluid pressure
prior to creation of a drilling/casing program.
Real-time data such as MWD sonic and/or resistivity will allow an update of pore pressure that can
be incorporated in an updated fracture gradient, informing the drillers of the drilling window and
data related to decisions on positioning of casing points. In other words a more cost-effective and
safer pre- and syn-drill environment is a potential outcome of this study.

16.7


Conclusions

Low mudweights in the main in wells drilled in the shallow water suggest pore pressures are
low. However, Kicks taken in thick shale packages in wells such as Pothurst P-19 and Blue H28 provides evidence for significant overpressure in some of the basins in Labrador. Also
suggesting is that lithology has an important control on overpressure.



Reservoir pore pressures are typically low and less than those of the encasing shales. This
provides evidence for lateral drainage of reservoir fluids/pressure, related to escape of
reservoir fluid towards the surface. There is evidence of shale properties that have been
modified by drainage of the shales adjacent to laterally drained reservoirs. The modification of
wireline magnitude may lead to the use of such velocity and density changes to help identify
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laterally drained reservoirs on seismic data and/or using real-time data. Some reservoirs are
compartmentalised, particularly in the Orphan Basin.



Shale pressure prediction has been achieved using log data, primarily Vp data. Kicks support
the presence of high pore pressures in these shales.



A second model to calculate theoretical pore pressure based on the Swarbrick et al (2002)
approach matches Kick data taken in the wells previously, and is based on simple loading
rates



Disequilibrium compaction is the predominant cause of overpressure found in the shelf shales
and associated reservoirs. Minor evidence was found for clay diagenesis and cementation,
thus supporting the application of the simple loading models as predictive tools. In the deepwater where shale lithology will dominate additional mechanisms of pressure generation are
likely less active from analogue, certainly to the 120-130oC isotherm.



A single “normal compaction curve” has been developed for use in the shallow water. The
deep-water will have different lithologies (more shale, marine not terrestrial shales), more
volcanics, less glacial tills). The lithological variation will affect the compaction of sediments,
however, evidence from west Greenland suggests that a model derived in the shallow wells
can be applied in the deep-water.



An algorithm for prediction of overburden has been developed. By analogue, the deeper water
will have a reduced overburden thus the shallow water model will tend to over-estimate shale
pressure.



A fracture gradient algorithm has been developed which predicts shale fracture strength,
incorporating a regional pore pressure–horizontal stress coupling term, unique to the Labrador
Shelf. The value is in line with other coupling coefficients from other Tertiary and Mesozoic
basins. Basin/sub-basin specific models were also constructed using the published techniques
of Eaton (1969) and Matthews & Kelly.(1967)



Compartmentalization in the syn-rift sediments of the Orphan Basin (Bjarni Formation)
presents the possibility for down-thrown traps. Reservoir isolation due stratigraphic seal
increases into the deep-water hence stratigraphic traps will more be common. The pore
pressure in these reservoirs will be similar to the surrounding shales and can be predicted
using the simple loading models described above.



Deep-sea fan complexes observed on the seismic data are likely hydrodynamic opening up the
opportunity for hydrodynamic trapping and enhanced seal capacity.



There is no clear relationship between Aquifer Seal Capacity and trap integrity/seal breach on
account of the small dataset, and an absence within this dataset of reliable water pressure
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data. However, some wells do have low ASC values (e.g. Blue H-28, Cartwright Formation).
Blue H-28 is associated with a gas chimney and is inferred to be leaking by mechanical breach
(although membrane failure cannot be rules out). In other sub-basins, pairs of a dry holes and
a discovery may provide useful ranges for seal capacity.



Seismic interval velocity-based pressure analysis has variable results. The seismic velocities
were tied to five wells within the study. The seismic velocities were found to be a good
approximation to the wells in shales. A linear function was sufficient to calibrate the seismic
velocities. Some key data were missing to test the accuracy of the seismic data, i.e. the Vp log
was missing over the interval where the Kick in Pothurst was taken. Also, shale lithology in the
shallow water wells was relatively rare. Silty shales also may have resulted in artificially fast
seismic interval velocity and thus low pore pressure estimates.



Using a combination of theoretical modeling based on offset relationships, and seismic interval
velocity data the study has produced five vertical pressure profiles termed TPP’s. Shallow pore
pressures are high using the seismic data, most likely linked to silty shales. Below the Lower
Kenamu, the seismic pore pressure often diverges from the theoretical model to lower
pressures. Overall, the profiles suggest that in the deep-water pore pressures will be high and
narrow drilling windows, typical of deep-water environments globally. Seal capacities may be
low and at risk of breach at Cartwright and Markland levels, if below the 120-130oC isotherm,
i.e. where additional mechanisms of pore pressure generation are considered more likely and
pore pressure profiles converge towards the overburden.
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Appendix I: Velocity-Density Cross-Plots

Appendix I.






Velocity-Density Cross-Plots

The following images are velocity-density cross-plots for all wells within the pressure study that
had both wireline velocity and density available.
The plots are organised by Basin/Sub-Basin from the Saglek Basin in the North to the Orphan
Basin in the South.
Each y-axis is scaled from 1000 to 6000 m/s.
Each x-axis is scaled from 1450 to 2950 kg/m3.
The data on each plot are coloured by depth in metres below the sea floor (TVDml) and the
colour bar is scaled to the range of data per well.
Well Name
Hekja O-71
Gilbert F-53
Karlsefni A-13
Pothurst P-19
Rut H-11
Skolp E-07
Ogmund E-72
Snorri J-90
Bjarni H-81
Bjarni O-82
Corte Real P-85
Herjolf M-92
Hopedale E-33
North Bjarni F-06
Tyrk P-100
Cartier D-70
Freydis B-87
Gudrid H-55
Indian Harbour M-52
Leif M-48
North Leif I-05
Roberval C-02
Roberval K-92
Hare Bay E-21
Mizzen L-11
Lona O-55
Great Barasway F-66
Cumberland B-55
Blue H-28

Basin
Saglek
Saglek
Saglek
Saglek
Saglek
Saglek
Hopedale
Hopedale
Hopedale
Hopedale
Hopedale
Hopedale
Hopedale
Hopedale
Hopedale
Hopedale
Hopedale
Hopedale
Hopedale
Hopedale
Hopedale
Hopedale
Hopedale
Hawke
Orphan
Orphan
Orphan
Orphan
Orphan

Sub-Basin

Nain
Nain
Harrison
Harrison
Harrison
Harrison
Harrison
Harrison
Harrison
Hamilton
Hamilton
Hamilton
Hamilton
Hamilton
Hamilton
Hamilton
Hamilton
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Appendix I: Velocity-Density Cross-Plots
Hekja O-71
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Appendix I: Velocity-Density Cross-Plots
Gilbert F-53
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Appendix I: Velocity-Density Cross-Plots
Karlsefni A-13
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Appendix I: Velocity-Density Cross-Plots
Pothurst P-19
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Appendix I: Velocity-Density Cross-Plots
Rut H-11
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Appendix I: Velocity-Density Cross-Plots
Skolp E-07
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Ogmund E-72
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Appendix I: Velocity-Density Cross-Plots
Snorri J-90
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Bjarni H-81
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Appendix I: Velocity-Density Cross-Plots
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Tyrk P-100

Regional Pore Pressure Analysis of Offshore Newfoundland and Labrador:
Unlocking the Shelf to Deep-Water Transition

519

Appendix I: Velocity-Density Cross-Plots
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Regional Pore Pressure Analysis of Offshore Newfoundland and Labrador:
Unlocking the Shelf to Deep-Water Transition

520

Appendix I: Velocity-Density Cross-Plots
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Appendix I: Velocity-Density Cross-Plots
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Appendix I: Velocity-Density Cross-Plots
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Single-Well P-D Plots

The following images are single-well pressure depth plots for each well in the study grouped by
basin or sub-basin.
Where the Canstrat lithology was available this data was shown next to the plot otherwise all
logs were minimized to optimise space on the page.
Where a reservoir data interpretation has been made for a well the lithology where present is
shown but minimised and the resistivity log is shown to aid in fluid-type corroboration with the
gradients interpreted.
Well

Basin

SubBasin

Gilbert F-53
Hekja O-71
Karlsefni A-13
Pothurst P-19
Rut H-11
Skolp E-07
Ogmund E-72
Snorri J-90
Bjarni H-81
Bjarni O-82
Corte Real P-85
Herjolf M-92
Hopedale E-33
North Bjarni F-06
South Labrador N-79
Tyrk P-100
Cartier D-70
Freydis B-87
Gudrid H-55
Indian Harbour M-53
Leif M-48
North Leif I-05
Roberval C-02
Roberval K-92
Hare Bay E-21
Blue H-28
Cumberland B-55
Great Barasway F-66
Lona O-55
Mizzen L-11

Saglek
Saglek
Saglek
Saglek
Saglek
Saglek
Hopedale
Hopedale
Hopedale
Hopedale
Hopedale
Hopedale
Hopedale
Hopedale
Hopedale
Hopedale
Hopedale
Hopedale
Hopedale
Hopedale
Hopedale
Hopedale
Hopedale
Hopedale
Hawke
Orphan
Orphan
Orphan
Orphan
Orphan

Nain
Nain
Harrison
Harrison
Harrison
Harrison
Harrison
Harrison
Harrison
Harrison
Hamilton
Hamilton
Hamilton
Hamilton
Hamilton
Hamilton
Hamilton
Hamilton
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Saglek Basin – Hekja O-71
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Saglek Basin – Karlsefni A-13
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Saglek Basin – Pothurst P-19
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Saglek Basin – Rut H-11

Regional Pore Pressure Analysis of Offshore Newfoundland and Labrador:
Unlocking the Shelf to Deep-Water Transition

544

Appendix II: Single-Well P-D Plots
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Hopedale Basin – Nain Sub-Basin – Ogmund E-72
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Hopedale Basin – Nain Sub-Basin – Snorri J-90
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Hopedale Basin – Harrison Sub-Basin – North Bjarni F-06
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Hopedale Basin – Harrison Sub-Basin – North Bjarni F-06
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Hopedale Basin – Harrison Sub-Basin – South Labrador N-79

Regional Pore Pressure Analysis of Offshore Newfoundland and Labrador:
Unlocking the Shelf to Deep-Water Transition

560

Appendix II: Single-Well P-D Plots
Hopedale Basin – Harrison Sub-Basin – Tyrk P-100
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Hopedale Basin – Hamilton Sub-Basin – Cartier D-70
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Hopedale Basin – Hamilton Sub-Basin – Cartier D-70
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Hopedale Basin – Hamilton Sub-Basin – Freydis B-87
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Appendix II: Single-Well P-D Plots
Hopedale Basin – Hamilton Sub-Basin – Gudrid H-55
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Hopedale Basin – Hamilton Sub-Basin – Leif M-48
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Regional Pore Pressure Analysis of Offshore Newfoundland and Labrador:
Unlocking the Shelf to Deep-Water Transition

569

Appendix II: Single-Well P-D Plots
Hopedale Basin – Hamilton Sub-Basin – North Leif I-05
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Hopedale Basin – Hamilton Sub-Basin – North Leif I-05
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Hopedale Basin – Hamilton Sub-Basin – North Leif I-05
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Hopedale Basin – Hamilton Sub-Basin – North Leif I-05
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Hopedale Basin – Hamilton Sub-Basin – Roberval C-02

Regional Pore Pressure Analysis of Offshore Newfoundland and Labrador:
Unlocking the Shelf to Deep-Water Transition

575

Appendix II: Single-Well P-D Plots
Hopedale Basin – Hamilton Sub-Basin – Roberval K-92
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Hopedale Basin – Hamilton Sub-Basin – Roberval K-92
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Hopedale Basin – Hamilton Sub-Basin – Roberval K-92
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Orphan Basin – Blue H-28
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Appendix II: Single-Well P-D Plots
Orphan Basin – Blue H-28
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Orphan Basin – Great Barasway F-66
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Orphan Basin – Great Barasway F-66
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Appendix II: Single-Well P-D Plots
Orphan Basin – Great Barasway F-66
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Orphan Basin – Lona O-55
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Appendix II: Single-Well P-D Plots
Orphan Basin – Lona O-55

Regional Pore Pressure Analysis of Offshore Newfoundland and Labrador:
Unlocking the Shelf to Deep-Water Transition

588

Appendix II: Single-Well P-D Plots
Orphan Basin – Mizzen L-11
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Shale Pressure & Fracture Pressure P-D Plots

The following images are single-well pressure depth plots for each well in the study grouped by
basin or sub-basin.
Where the Canstrat lithology was available this data was shown next to the plot otherwise the
V-shale interpretation is shown.
The Vp and resistivity logs are shown on each image, all other logs were minimized to optimise
space on the page.



The following shale pressure curves are shown;
o Vp-based prediction using the Equivalent Depth Method
o Vp-based prediction using the Eaton Ratio Method
o Resistivity-based prediction using the Eaton Ratio Method
o A combined shale pressure curve that represents the most likely shale pressure
profile constructed from all data sources, e.g. wireline-based pressure curves,
reservoir pressures and the lithology



The following fracture pressure curves are shown;
o Matthews & Kelly Method (using the locally derived coefficient)
o Eaton Method (using the locally derived coefficient)
o Swarbrick & Lahann Method (using the regionally derived coefficients)



Note that if either the Matthews & Kelly or Eaton fracture pressure curves are not visible it is
because the results were identical and one overlies the other.
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Appendix III: Shale Pressure & Fracture Pressure P-D Plots
Saglek Basin – Hekja O-71
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Appendix III: Shale Pressure & Fracture Pressure P-D Plots
Saglek Basin – Karlsefni A-13
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Appendix III: Shale Pressure & Fracture Pressure P-D Plots
Saglek Basin – Pothurst P-19
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Appendix III: Shale Pressure & Fracture Pressure P-D Plots
Saglek Basin – Rut H-11
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Appendix III: Shale Pressure & Fracture Pressure P-D Plots
Saglek Basin – Skolp E-07
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Appendix III: Shale Pressure & Fracture Pressure P-D Plots
Hopedale Basin – Nain Sub-Basin – Ogmund E-72
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Appendix III: Shale Pressure & Fracture Pressure P-D Plots
Hopedale Basin – Nain Sub-Basin – Snorri J-90

Regional Pore Pressure Analysis of Offshore Newfoundland and Labrador:
Unlocking the Shelf to Deep-Water Transition

599

Appendix III: Shale Pressure & Fracture Pressure P-D Plots
Hopedale Basin – Harrison Sub-Basin - Bjarni H-81

Regional Pore Pressure Analysis of Offshore Newfoundland and Labrador:
Unlocking the Shelf to Deep-Water Transition

600

Appendix III: Shale Pressure & Fracture Pressure P-D Plots
Hopedale Basin – Harrison Sub-Basin - Bjarni O-82
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Appendix III: Shale Pressure & Fracture Pressure P-D Plots
Hopedale Basin – Harrison Sub-Basin – Corte Real P-85
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Hopedale Basin – Harrison Sub-Basin – Herjolf M-92
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Appendix III: Shale Pressure & Fracture Pressure P-D Plots
Hopedale Basin – Harrison Sub-Basin – Hopedale E-33
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Appendix III: Shale Pressure & Fracture Pressure P-D Plots
Hopedale Basin – Harrison Sub-Basin – North Bjarni F-06
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Hopedale Basin – Harrison Sub-Basin – South Labrador N-79
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Appendix III: Shale Pressure & Fracture Pressure P-D Plots
Hopedale Basin – Harrison Sub-Basin – Tyrk P-100
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Hopedale Basin – Hamilton Sub-Basin – Cartier D-70
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Appendix III: Shale Pressure & Fracture Pressure P-D Plots
Hopedale Basin – Hamilton Sub-Basin – Freydis B-87
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Appendix III: Shale Pressure & Fracture Pressure P-D Plots
Hopedale Basin – Hamilton Sub-Basin – Gudrid H-55
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Appendix III: Shale Pressure & Fracture Pressure P-D Plots
Hopedale Basin – Hamilton Sub-Basin – Indian Harbour M-52
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Appendix III: Shale Pressure & Fracture Pressure P-D Plots
Hopedale Basin – Hamilton Sub-Basin – Leif M-48
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Appendix III: Shale Pressure & Fracture Pressure P-D Plots
Hopedale Basin – Hamilton Sub-Basin – North Leif I-05
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Appendix III: Shale Pressure & Fracture Pressure P-D Plots
Hopedale Basin – Hamilton Sub-Basin – Roberval C-02
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Appendix III: Shale Pressure & Fracture Pressure P-D Plots
Hopedale Basin – Hamilton Sub-Basin – Roberval K-92
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Appendix III: Shale Pressure & Fracture Pressure P-D Plots
Hawke Basin – Hare Bay E-21
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Appendix III: Shale Pressure & Fracture Pressure P-D Plots
Orphan Basin – Blue H-28
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Appendix III: Shale Pressure & Fracture Pressure P-D Plots
Orphan Basin – Cumberland B-55
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Appendix III: Shale Pressure & Fracture Pressure P-D Plots
Orphan Basin – Great Barasway F-66

Regional Pore Pressure Analysis of Offshore Newfoundland and Labrador:
Unlocking the Shelf to Deep-Water Transition

619

Appendix III: Shale Pressure & Fracture Pressure P-D Plots
Orphan Basin – Lona O-55
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Appendix III: Shale Pressure & Fracture Pressure P-D Plots
Orphan Basin – Mizzen L-11
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Appendix IV: Seismic Pressure Predictions

Appendix IV.

Seismic Pressure Predictions



The following images are seismic pressure sections for all 5 2D lines supplied to the study.



The plots are organised by line location, from north to south (Line 2156 to Line 2000) and then
Line 3083.



Line 3083 has been split into two separate lines (Chapter 14) and is shown in this appendix in
the separate North and South sections.



For each 2D line the following sections are shown and in the following order;
o Hydrostatic Pressure
o Overburden Pressure
o Formation Pressure
o Overpressure
o Overpressure overlain on the Seismic Amplitudes
o Vertical Effective Stress
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Appendix IV: Seismic Pressure Predictions
Line 2156 - Hydrostatic Pressure
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Appendix IV: Seismic Pressure Predictions
Line 2156 - Overburden Pressure
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Appendix IV: Seismic Pressure Predictions
Line 2156 – Formation Pressure
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Appendix IV: Seismic Pressure Predictions
Line 2156 – Overpressure
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Appendix IV: Seismic Pressure Predictions
Line 2156 – Overpressure & Amplitude
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Appendix IV: Seismic Pressure Predictions
Line 2156 – Vertical Effective Stress
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Appendix IV: Seismic Pressure Predictions
Line 2116 - Hydrostatic Pressure
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Appendix IV: Seismic Pressure Predictions
Line 2116 - Overburden Pressure
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Appendix IV: Seismic Pressure Predictions
Line 2116 – Formation Pressure
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Appendix IV: Seismic Pressure Predictions
Line 2116 – Overpressure

Regional Pore Pressure Analysis of Offshore Newfoundland and Labrador:
Unlocking the Shelf to Deep-Water Transition

632

Appendix IV: Seismic Pressure Predictions
Line 2116 – Overpressure & Amplitude
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Appendix IV: Seismic Pressure Predictions
Line 2116 – Vertical Effective Stress
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Appendix IV: Seismic Pressure Predictions
Line 2100 - Hydrostatic Pressure

Regional Pore Pressure Analysis of Offshore Newfoundland and Labrador:
Unlocking the Shelf to Deep-Water Transition

635

Appendix IV: Seismic Pressure Predictions
Line 2100 - Overburden Pressure
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Appendix IV: Seismic Pressure Predictions
Line 2100 – Formation Pressure
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Appendix IV: Seismic Pressure Predictions
Line 2100 – Overpressure
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Appendix IV: Seismic Pressure Predictions
Line 2100 – Overpressure & Amplitude
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Appendix IV: Seismic Pressure Predictions
Line 2100 – Vertical Effective Stress
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Appendix IV: Seismic Pressure Predictions
Line 2000 - Hydrostatic Pressure
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Appendix IV: Seismic Pressure Predictions
Line 2000 - Overburden Pressure
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Appendix IV: Seismic Pressure Predictions
Line 2000 – Formation Pressure
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Appendix IV: Seismic Pressure Predictions
Line 2000 – Overpressure
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Appendix IV: Seismic Pressure Predictions
Line 2000 – Overpressure & Amplitude
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Appendix IV: Seismic Pressure Predictions
Line 2000 – Vertical Effective Stress
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Appendix IV: Seismic Pressure Predictions
Line 3083 (North) - Hydrostatic Pressure
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Appendix IV: Seismic Pressure Predictions
Line 3083 (North) - Overburden Pressure
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Appendix IV: Seismic Pressure Predictions
Line 3083 (North) – Formation Pressure
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Appendix IV: Seismic Pressure Predictions
Line 3083 (North) – Overpressure
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Appendix IV: Seismic Pressure Predictions
Line 3083 (North) – Overpressure & Amplitude
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Appendix IV: Seismic Pressure Predictions
Line 3083 (North) – Vertical Effective Stress
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Appendix IV: Seismic Pressure Predictions
Line 3083 (South) - Hydrostatic Pressure
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Appendix IV: Seismic Pressure Predictions
Line 3083 (South) - Overburden Pressure
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Appendix IV: Seismic Pressure Predictions
Line 3083 (South) – Formation Pressure
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Appendix IV: Seismic Pressure Predictions
Line 3083 (South) – Overpressure
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Appendix IV: Seismic Pressure Predictions
Line 3083 (South) – Overpressure & Amplitude
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Appendix IV: Seismic Pressure Predictions
Line 3083 (South) – Vertical Effective Stress
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