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ABSTRACT
 

The Hebron/Ben Nevis and Terra Nova oilfields, in the Jeanne d'Arc 

Basin, offshore Newfoundland are characterized by the presence of numerous 

faults that partially to completely offset reservoir units. The effect of these faults 

on geologic and production time scale fault seal behaviour was not previously 

well understood. 

The fields were found to contain both sealing and non-sealing faults. The 

Shale Gouge Ratio (SGR) method was an accurate predictor of geologic time 

scale fault seal in two out of five cases at Hebron/Ben Nevis and three out of four 

cases at Terra Nova. Seismically mapped and sub-seismic faults are shown to 

act as boundaries to across-fault fluid flow on a production time scale in the Terra 

Nova Field, but do not appear to affect fluid flow in the Hebron/Ben Nevis Field. 

Seismic and core fault populations from the fields were modelled using power

law and exponential functions. 
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1. INTRODUCTION 

1.1 Definition of research problem 

Three dimensional seismic interpretation and core studies of the 

Hebron/Ben Nevis and Terra Nova oilfields, offshore Newfoundland, show that 

the reservoirs are cut by numerous normal faults with offsets ranging from 

millimeters to hundreds of meters. Work on other similarly faulted fields in the 

North Sea (Fristad et aI., 1996; Yielding et aI., 1997; Freeman et aI., 1998; Knai 

& Knipe, 1998), Columbus Basin (offshore Trinidad) (Gibson, 1994; Yielding et 

aI., 1997), and Niger Delta (Bouvier et aI., 1989; Yielding et aI., 1997) has 

demonstrated the potential impact of faults on fluid flow during both trap fill and 

reservoir production. However, little work has been done to quantify the effects of 

faulting on the Hebron/Ben Nevis (H/BN) and Terra Nova (TN) fields. The sealing 

behaviour of major faults over geologic and production time scales was poorly 

understood. Moreover, the potential effect of sub-seismic faults on reservoir 

depletion was not well constrained. Finally, the applicability of the Shale Gouge 

Ratio (SGR) method of fault seal prediction to these fields had not been 

previously tested. 

1.2 Previous work 

In recent years a large number of studies have focused on quantifying and 

predicting fault seal in hydrocarbon reservoirs. This work can be subdivided into 

several related categories, including: (1) fault mapping and across-fault 

stratigraphic juxtaposition (Allan, 1989; Bouvier et aI., 1989), (2) fault zone 
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processes and rock types (Knipe 1992, 1994; Lindsay et aL, 1993; Underhill & 

Woodcock, 1987; Knipe, 1989; Peacock & Sanderson, 1994; Yielding et aI., 

1997; Freeman et aL, 1998), (3) fault populations (Walsh et aI., 1992; Yielding et 

aI., 1992; Nicol et aI., 1996) and (4) fault petrophysical properties (Antonellini & 

Aydin, 1994, Knai & Knipe, 1998; Gibson, 1998; Slevinsky, 1999). 

Fault mapping and juxtaposition analysis is the first order tool for geologic 

and production time scale fault seal analysis. It provides the basic geometric and 

structural input for more advanced applications. 

An understanding of fault zone processes and fault rock types is important 

in allowing quantification and prediction of fault seal based on the predictable 

mechanics of fault development in different types of rocks. Various methods have 

been developed to predict the amount of clay smear in a fault: (1) Clay Smear 

Potential (CSP) (Fulljames et aL, 1996), (2) Smear Factor, (3) Shale Smear 

Factor (SSF) (Lindsay et aL, 1993) and (4) Shale Gouge Ratio (SGR) (Yielding et 

aL, 1997). The SGR is the method used in this study and is defined as: SGR= 

L(Vsh*Z)/t*100%, where Vsh is volume shale, Z is stratigraphic thickness and t is 

throw. Clay smear is widely regarded as the only fault zone component that is 

currently predictable (Yielding et aI., 1997). Cataclasites and cements may also 

play an important role in controlling fluid flow across faults, but are much less 

amenable to quantification. These different methods are generally interrelated 

and are based on commonly available reservoir parameters such as shale bed 

thickness, along-fault distance from source bed, fault throw and volume of shale 
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(v-shale). For a thorough description and comparison of these methods see 

Yielding et al. (1997). 

The SG R method was employed in this study because it was the only 

method to be incorporated into the Fault Analysis Projection System (FAPS) 

vA.O software that was used to assess fault seal in this study. In addition, the 

SGR method can be applied to zoned reseNoir sequences of the type used in 

this study, without having to define individual shale beds as is the case with the 

SSF and CSP methods. However, the SGR method results are grossly 

proportional to the SSF and CSP method results, enabling crude estimates of 

SSF and CSP to be made from the SGR. 

Fault population modelling is based on mathematical investigation of 

obseNed fault populations and allows the prediction of the numbers and 

densities of faults over a specified size range. This type of modelling is 

particularly useful in constraining faults with offsets between those typically 

recognized in seismic data (>30 m) or core «10 cm). 

Across-fault permeability (Antonellini & Aydin, 1994; Knai & Knipe, 1998; 

Gibson, 1998) and threshold pressures (Knai & Knipe, 1998) have been 

quantified for faults from such diverse areas as the North Sea, Arches National 

Park (Utah, United States of America), Gulf of Suez (Egypt) and offshore 

Trinidad. These studies have been performed on normal faults ranging from 

millimeters to meters of offset that closely resemble the faults examined in this 

study. Core plug permeametry, minipermeametry, and mercury injection were 

employed in the previously mentioned studies. These techniques demonstrated 
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that even low offset faults can cause a significant drop in across-fault 

permeability and a corresponding increase in across-fault threshold pressure. 

One of these methods, core plug permeametry, was used in the present study to 

quantify the effect of small offset faults on across-fault reservoir permeability and 

capillary pressures in faults sampled from Terra Nova Field cores. These data 

may provide a physical model for up-scaling to larger fault offsets. 

Several previous studies (Petro-Canada, 1998; Chrusch, 1999a&b; Petro-

Canada, 1999c) have been undertaken to elucidate the fault seal characteristics 

of the Hebron/Ben Nevis Field. Petro-Canada (1998) and Chrusch (1999a&b) 

represent a suite of Drill Stem Test (DST) analyses for the wells in the field and 

provides information on potential flow boundaries in the various reservoirs. This 

work addresses only the production time scale seal behaviour. Petro-Canada 

(1999c) addressed the geologic timescale fault seal behaviour of several major 

faults in the field using FAPS v.3 software (structural and SGR analysis), 

combined with information on oil/water contact depths. The results of that 

analysis are not directly comparable to the present study because different fault, 

stratigraphic and depth conversion models were used in the two studies. 

Several studies (Norsk Hydro, 1999; Needham, 1997; Petro-Canada, 

1999b) attempted to constrain the fault seal and fault population attributes of the 

Terra Nova Field. The Needham (1997) study was based on an older three-

dimensional seismic survey and interpretation and geologic model of the Terra 

Nova Field. The seismic interpretation and geologic model has since been 

improved and significantly altered by additional well data and a new three
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dimensional seismic survey. The results of the Needham (1997) study are 

therefore not generally comparable to those of the present study. 

Selected results from Norsk Hydro (1999) and Petro-Canada (1999b) 

were incorporated in the present study because they are based on similar 

structural and stratigraphic models. However, in some cases the interpretations 

derived from those data vary significantly from the original authors' 

interpretations. 

Norsk Hydro (1999) addressed fault populations and geologic time scale 

fault seal. Note, however, that the study used juxtaposition diagrams for 

individual well stratigraphy to predict fault seal in the field, whereas the present 

study employed a true three-dimensional approach in FAPS vA.O software. 

Juxtaposition diagrams, colloquially known as triangle plots, are described in 

Knipe (1992) and Knipe (1997). In brief, they are two-dimensional diagrams that 

illustrate all possible juxtapositions for a given stratigraphy and fault throw. The 

left hand y-axis and right hand y-axis represents the footwall and hanging wall 

stratigraphy, respectively. Fault throw is measured along the x-axis and is 

represented as a vertical (constant throw) or sloping (variable throw) line. The 

use of these plots for analysing fault seals in the Terra Nova Field is not 

preferable because of the highly variable nature of the stratigraphy between wells 

in the field. The FAPS vA.O software provides a means of investigating fault seal 

by incorporating the seismically-mapped and geologically inferred structure and 

stratigraphy in its true three dimensional complexity and position and is favored 

for this field. 



6 

The Petro-Canada (1999b) study identified, described and characterized 

the type, distance and other attributes of flow boundaries in the reservoir using 

DST data, well test imaging and fault location information. Many of the major 

results from that study are incorporated and expounded on in the present study. 

1.3 Location and access 

The Hebron/Ben Nevis and Terra Nova oilfields are located approximately 

350 km southeast of St. John's, Newfoundland (Fig. 1-1). The fields are situated 

in the Jeanne d'Arc basin on the Grand Banks and lie in approximately 80 to 100 

m of water. Access to the area is by boat or helicopter. Cores from the fields are 

stored both in Calgary, Alberta and St. John's, Newfoundland. 

1.4 Purpose and scope 

The purpose of this thesis is to describe and, where possible, quantify the 

fault seal attributes of the Hebron/Ben Nevis and Terra Nova oilfields. The study 

was subdivided into two sub-studies, one for each field, both with the following 

goals: (1) to describe and quantify geologic time scale fault seal, (2) to predict 

production time scale fault seal based on minimal pre-production data, and (3) to 

model and predict fault offset populations. The results from these analyses were 

then used to predict the nature of fault seal in undrilled blocks in each field, and 

were submitted to Petro-Canada for incorporation into reservoir modelling and 

fluid flow simulations. 
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Fig. 1-1: Map of Eastern Canada showing the locations of the major oilfields in 
the Jeanne d'Arc Basin, offshore Newfoundland (modified from Terra 
Nova Alliance, 2000). 



The Hebron/Ben Nevis and Terra Nova fields were selected for study 

because they both contain the data required to perform an integrated fault seal 

analysis and the results were of practical interest to Petro-Canada. Reasonably 

well constrained structural and stratigraphic models, along with static and 

dynamic reservoir pressure data, were available for both fields. The results of this 

study also represent a significant update and re-interpretation of previous studies 

on the two fields by using the most recent seismic and well data. 

The advantages of studying both fields instead of only one are numerous: 

(1) studying a second field allowed the analysis of twice as many major faults 

with across-fault fluid data, which increases the reliability of the fault seal 

analysis results, (2) the fields contain reservoirs at different depths, which may 

affect fault seal (e.g. enhanced quartz cementation along faults occurs at higher 

temperatures and greater depths, such as those at Terra Nova, and may impact 

the assumption that clay smear is the dominant control on fault seal), (3) the 

fields contain different stratigraphies (e.g. Terra Nova has more shale, which may 

make it a better candidate for the SGR method), (4) the fields contain different 

fault densities and orientations, which will impact sub-seismic fault prediction and 

reservoir flow modelling, and (5) the Hebron/Ben Nevis Field offered better 

constrained structural and stratigraphic models for analysis, hence improving the 

reliability of those results compared to those for the Terra Nova Field. 

Research was conducted from May 2000 to March 2001. Computer-aided 

work was carried out in Calgary at Petro-Canada's main office using both 

personal computer and UNIX workstations. Core studies were undertaken in 
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Calgary at Petro-Canada's core storage facility, the Geological Survey of 

Canada's core storage facility and Core Laboratories' (CL) core facility. Recent 

core from Terra Nova was examined in S1. John's at the CL facility. 

1.5 Regional geology and tectonic history 

The tectonostratigraphic evolution of the Grand Banks during the 

Mesozoic and Cenozoic eras has been described in numerous studies (e.g. 

Sherwin, 1973; Jansa & Wade, 1975; Hubbard et aL, 1985; Grant et aL, 1986 

a&b, Enachescu, 1987; Grant et aL, 1988; Tankard & Welsink, 1988; McAlpine, 

1990; Keen & Dehler, 1993). These accounts are slightly different in detail but 

exhibit several commonalities: (1) the Jeanne d'Arc and adjacent basins were 

formed during a protracted and complex series of rift episodes in the Mesozoic, 

(2) the extensional deformation associated with rifting is thick-skinned, (3) 

sedimentary infill of the Jeanne d'Arc basin was varied in rate and type of 

sediment and was linked to fluctuations in sediment supply, structural movement 

and eustatic sea-level change. 

During the Late Paleozoic and Earliest Mesozoic the Grand Banks 

occupied a central position in the Pangean supercontinent (Williams, 1979). The 

area is characterized by a complex history of oceanic creation and destruction 

through continental and oceanic plate separation and collision. Eroded orogenic 

belts of deformed Precambrian and Paleozoic volcanic, intrusive, sedimentary 

and metamorphic rocks make up the basement in the area (Williams, 1979). 
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Prior to the initial rift episode, the Grand Banks was juxtaposed with 

present day Africa, Iberia and Britain. In the late Triassic, northwest-southeast 

oriented extension resulted in the separation of Africa and the Nova Scotian 

continental margin to the south of the Grand Banks (Enachescu, 1987). During 

the Late Jurassic and Earliest Cretaceous a second phase of rifting witnessed 

the gradual break-up of the southern and northern Grand Banks from Iberia 

(McWhae, 1981; Enachescu, 1987). Some of the reservoirs in the Jeanne d'Arc 

Basin, including the Jeanne d'Arc Formation, were deposited during this period of 

east-west extension. The final episode of rifting to affect the Grand Banks 

occurred during the Middle Cretaceous (Hubbard et aI., 1985; Enachescu, 1987). 

This period of northeast-southwest oriented extension was characterized by 

considerable erosion of uplifted areas to the south of the Jeanne d'Arc Basin, 

contemporaneous with ubiquitous sandstone deposition and development of 

structural traps. 

Crustal attenuation and extension was accommodated on upper crustal 

planar and listric normal faults and two major crustal-scale listric normal faults 

(Enachescu, 1987). The westernmost crustal-scale listric fault, known as the 

Murre fault, dips to the east and flattens to a subhorizontal detachment near the 

base of the crust. It defines the western margin of the Jeanne d'Arc Basin. The 

eastern margin of the basin is defined by the Voyager fault, which is interpreted 

as an antithetic fault to the Murre fault. Movement on these and other smaller 

faults played a major role in controlling sedimentation patterns within the basin 
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(Enachescu, 1987; Sinclair, 1988; Sinclair, 1993; Sinclair, 1995; Driscoll & Hogg, 

1995). 

The Mesozoic and Cenozoic stratigraphy of Jeanne d'Arc Basin is in 

excess of 22 km thick in the central part of the basin (McAlpine, 1990). The 

stratigraphy can be divided into three distinct packages, which are each 

associated with a particular rift episode. 

1.5.1 Rift Episode 1: Late Triassic to Middle Jurassic stratigraphy 

The oldest Mesozoic sedimentary rocks in the Jeanne d'Arc Basin are 

Late Triassic to Middle Jurassic continental clastics, evaporites and limestones 

(Fig. 1-2). These rocks were deposited during the first rift episode and represent 

an overall deepening of the basin. The basal Eurydice Formation, which is 232 m 

thick at its reference section, directly overlies basement and consists of 

continental clastics interpreted to be rift valley deposits (Jansa & Wade, 1975; 

McAlpine, 1990). The overlying Osprey and Argo formations, collectively ranging 

in thickness from 800 to 2000 m, are dominantly evaporites that were deposited 

in restricted marine environments (Jansa et aI., 1977; McAlpine, 1990). 

As the sea continued to encroach in the Early and Middle Jurassic, 

variable thicknesses of limestone and shale were deposited (Fig. 1-2). The 

lroqouis Formation, a 337 m thick dolomitized limestone at its reference section, 

generally conformably overlies the Argo Formation (McAlpine, 1990). 
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Conformably overlying the Iroqouis Formation is the Downing Formation, a 

thick (1341 m at the type section) sequence of shale-dominated sediments 

deposited during a major marine transgression (Jansa et aI., 1976). The 

overlying Voyager Formation is in gradational contact with the Downing 

Formation, and is characterized by interbedded sandstones, limestones and 

shales that are collectively up to 600 m thick (McAlpine, 1990). 

The last unit deposited prior to the second rift episode was the Rankin 

Formation (Fig. 1-2). It is a thick (758 m at the type section), lithologically 

heterogeneous unit consisting mainly of limestone with minor clastics in the 

southern part of the basin, whereas fine-grained clastics become dominant to the 

north (McAlpine, 1990). The Egret Member of the Rankin Formation is an aerially 

extensive organic-rich shale unit that represents the main source rock for oil and 

gas accumulations in the Jeanne d'Arc Basin. 

1.5.2 Rift Episode 2: Late Jurassic to Early Cretaceous stratigraphy 

In the Late Jurassic to Early Cretaceous continental and marine clastics 

associated with the second rift episode were deposited (Fig. 1-2). The nature of 

these deposits suggests a complex series of sea-level rises and falls, 

accompanied by changes in sediment type and supply. The basal Jeanne d'Arc 

Formation is a heterogeneous clastic unit, containing conglomerate, sandstone 

and shale. The Jeanne d'Arc Formation is present throughout the basin and 

varies between 100 to 400 m in thickness (363 m thick at its type section) 

(McAlpine, 1990). This unit is interpreted as mainly continental in origin and 
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overlies a major unconformity known as the Tithonian Unconformity (McAlpine, 

1990). 

These deposits are in turn unconformably overlain by the Fortune Bay 

Shale, a 50 to 200 m thick shale interpreted as the pro-delta equivalent of the 

overlying sands of the Hibernia Formation (McAlpine, 1990). The Hibernia 

Formation conformably overlies the Fortune Bay Shale, is 100 to 300 m thick, 

and consists predominantly of thick (2 to 60 m) sandstones interbedded with 

thinner (typically 1 to 5 m) shales that were deposited in a deltaic environment 

(Brown et aI., 1989; McAlpine, 1990). The Hibernia Formation is a major 

reservoir in the south-central Jeanne d'Arc Basin and is the main reservoir at the 

Hibernia Field. 

Continued marine shallowing, accompanied by the restriction of clastic 

sediments to the basin, resulted in the deposition of a 50 to 200 m thick 

limestone, known as the B-Marker. The B-Marker is an excellent seismic reflector 

due to its consistent and extensive development and contrast with overlying and 

underlying lithologies. Conformably overlying the B-Marker in the southern and 

western parts of the basin are the variably thick Early Cretaceous sands of the 

Catalina Formation. These sands are overlain by and distally equivalent to the 

White rose Shale, a 500 to 1000 m thick, widespread marine shale that was 

deposited after the second rift episode. 
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1.5.3 Rift Episode 3: Middle Cretaceous to Present stratigraphy 

The deposition of the A-Marker marks the beginning of the final episode of 

rifting in the Jeanne d'Arc Basin (Fig. 1-2). The A-Marker is a 100 to 300 m thick, 

regionally extensive calcareous sandstone that rests unconformably on the 

underlying Whiterose Shale. This interpretation of the A-Marker varies 

significantly from McAlpine (1990), who interprets the A-marker to be a thin 

limestone unit below what he terms the Eastern Shoals Formation. For the 

purpose of this study, the A-Marker and McAlpine's (1990) Eastern Shoals 

Formation can be assumed to be equivalent. The A-marker acts as an excellent 

seismic marker and is a reservoir unit in the south-central portion of the basin. 

Unconformably overlying the A-Marker throughout most of the basin is a 

fining upward sandstone unit known as the Ben Nevis Formation. The Ben Nevis 

Formation varies between 100 to 400 m in thickness, is a major reservoir in the 

basin and is the primary reservoir at the White rose and Hebron/Ben Nevis 

oilfields. Deposited during a marine transgression, the Ben Nevis Formation 

records the waning of the final rift episode and a general deepening of the basin 

(McAlpine, 1990). 

The Middle to Late Cretaceous Nautilus Shale, which is 617 m thick at its 

type section, is distally equivalent to and conformably overlies the Ben Nevis 

Formation throughout most of the basin. This unit provides a regional top seal for 

the Ben Nevis Formation reservoirs. 

The Late Cretaceous to Present strata of the Jeanne d'Arc Basin are 

dominated by deepwater shales with local coarse clastic deposits, mainly 
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turbidites and debris flow deposits (Fig. 1-2). Notably, during the Late Cretaceous 

a deepwater chalk and marly limestone unit, known as the Petrel Limestone, was 

deposited. It provides a strong and regionally extensive seismic marker and is 

the stratigraphically highest unit offset by faults in the basin. 

1.6 Data and methodology 

1.6.1 Database 

- depth horizon grids & fault planes 

- depth-converted seismic cube (including coherency) 

- geologic models of the reservoirs 

- core from 10 wells (-500 m) at Terra Nova and 6 wells at Hebron/Ben evis 

(-500m). 

- Gamma Ray, volume-shale (derived from Gamma Ray logs), porosity, 

permeability, netgross logs 

- dipmeter and Formation Microimager (FMI) logs (where available) 

- Repeat Formation Tester (RFT)/Modular Dynamic Formation Tester (MDT) 

pressure logs 

- Drill Stem Test (DST)/Well test imaging reports 

- oil geochemistry/American Petroleum Institute (API) gravity and Pressure

Volume-Temperature (PVT) information 



17 

1.6.2 Methodology 

This section briefly describes the methods employed in this study. A more 

detailed and field-specific methodology, combined with theoretical background 

material, is provided in each of the next two chapters. 

Geologic time scale fault seal analysis was performed using well data and 

FAPS vA.O software, developed by Badley Earth Sciences of the United 

Kingdom. Structural, juxtaposition and SGR analysis were performed in FAPS 

vA.O, for which the workflow in each field consisted of: (1) loading the existing 

fault and horizon model, (2) loading well trajectory and well attribute data 

(including Gamma Ray, V-Shale, stratigraphic tops), (3) editing the fault and 

horizon model on a 200 m x 200 m grid to improve the structural interpretation 

(improvements were based on fault throw modelling and finer stratigraphic 

resolution from well logs and core), (4) assigning v-shale values to units (using 

average v-shale for each unit, also includes sensitivity analysis on the SGR using 

20% higher and 20% lower v-shales), and (5) performing juxtaposition, throw and 

SGR analysis. Results from the FAPS analysis were then integrated with static 

pressure gradient, oil geochemistry/PVT/API, oil/water contact heights and other 

information to cross-check with the SGR results. 

Production time scale analysis was carried out using two different 

methods: (1) DST analysis and well test imaging (WTI), and (2) fault rock 

petrophysical analysis. DST analysis and WTI (Terra Nova only) were based on 

existing data and provided information on macroscopic scale (10 to 1000 m) fluid 

flow boundaries in the reservoirs. Air permeametry and threshold pressure 
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testing (Terra Nova only) were performed on a suite of 1" (2.54 em) diameter 

plug samples derived from faulted core and provided information on the effect of 

faults at the microscopic (less than 5 em) scale. 

Fault populations were studied by gathering data on faults at the seismic 

and core scales. Maximum offset/throw, length and orientation were determined 

for seismically mapped faults in the fields. Structural data were also gathered on 

core from both fields, including structure type, depth, size (length, offset, 

aperture) orientation and host lithology. 

The details of the fault seal and fault population analyses for the 

Hebron/Ben Nevis and Terra Nova fields follow in chapters two and three. The 

results from the two fields are further discussed, compared and contrasted in 

chapter four. 
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2. HEBRON/BEN NEVIS 

2.1 Introduction 

The Hebron/Ben Nevis Field is located on the Grand Banks, 350 km 

southeast of St. John's, Newfoundland (Fig. 1-1). The field consists of stacked 

sandstone reservoirs of Early to mid Cretaceous age that are cut by numerous 

normal faults with offsets up to 1 km (Figs. 2-1 & 2-2). Four exploration wells and 

three recent delineation wells have shown that significant hydrocarbons exist in 

the field; mainly light to heavy oil, with minor gas and gas condensates in the 

deeper northern portion of the field. This study only considers the Middle 

Cretaceous Ben Nevis and A-Marker reservoirs. 

2.1.1 Field geology 

The shallowest reservoirs in the Hebron/Ben Nevis Field are the Middle 

Cretaceous A-Marker and Ben Nevis Formation. The A-Marker, a laterally 

extensive Hauterivian to Barremian calcareous sandstone, unconformably 

overlies the Whiterose Shale (Fig. 1-2). A major unconformity, the Aptian 

Unconformity, separates the A-Marker and overlying Ben Nevis Formation and 

represents a hiatus of several million years (Fig. 1-2) (Sinclair, 1988; Sinclair, 

1993; Sinclair, 1995; Driscoll & Hogg, 1995). The Aptian/Albian Ben Nevis 

Formation (Fig. 1-2) is a basin-wide fining-upward sequence of medium to very 

fine grained sandstone with variable shale content. In the northeastern portion of 

the field the base of the Ben Nevis Formation has a thick, laterally extensive 

shale (termed the Gambo Member by Sinclair, 1993) that separates the Ben 
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Fig. 2-1: Depth structure map of a reservoir horizon in the Hebron/Ben Nevis 
Field area. The map is colored according to structural elevation, with red 
representing structurally high areas and blue structurally low areas. Also 
shown are the locations of faults analysed in this study, field location 
(outlined in black) and the line of section shown in Figs. 2-2 & 2-3. 
Contour interval is 25 m (after Petro-Canada, 1999c). 
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W South Graben Hebron Horst West Ben Nevis Ben Nevis E 
1-13 M-040-94 B-75 L-55 1-45
 

Fig. 2-2: Schematic dip section through the field showing main reservoirs, 
hydrocarbons (green- oil and red- gas/gas condensates), major faults and 
well locations. Line of section shown in Fig. 2-1 (after Petro-Canada, 
2000). 
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Nevis from the underlying A-Marker reservoir (Fig. 1-2). Syn-depositional 

tectonism is apparent in the Ben Nevis Formation, based on the presence of 

growth strata (Fig. 2-3). 

The Ben Nevis and A-Marker reservoirs were likely deposited in different 

environments. The Ben Nevis was deposited in a barrier bar/estuarine system 

with mainly lower to mid shoreface deposits preserved (Sinclair, 1993; Driscoll & 

Hogg, 1995; Sinclair, 1995; McAlpine, 1990), whereas the A-Marker may have 

been deposited in several coastal environments, including deltas, estuaries and 

barriers. The Gambo Member of the Ben Nevis Formation likely represents 

preserved back-barrier lagoonal shale deposits and may have been preserved 

due to rapid subsidence on major faults nearby (Sinclair, 1993; Sinclair, 1995). 

The quality of the Ben Nevis reservoir decreases to the north, mainly as a 

function of decreasing grain size. A-Marker reservoir quality does not vary as 

predictably, but is best in the northern areas of the field. The Ben Nevis 

Formation is thought to have experienced a pervasive episode of calcite 

cementation very soon after deposition, preserving relatively loose grain 

packings (Beth Haverslew, pers. comm., 2000). Subsequently, a major 

dissolution event occurred in which all but a small portion of the cements were 

dissolved, thus creating good porosity and permeability for such a fine sand. The 

diagenetic history of the A-marker is not as well understood, except to point out 

that significant calcite cementation of otherwise good reservoir sands has 

occurred over large areas. It is not certain whether this cement was sourced 
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Fig. 2-3: Seismic section (time) across the Hebron/Ben Nevis Field showing syn
tectonic depositional thickening of the Ben Nevis Formation (after Petro
Canada, 1999c). Line of section is shown in Fig. 2-1. UBN: Upper Ben 
Nevis; AMK: A-Marker. 
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locally from detrital calcite or whether it was associated with a more regional 

cementation event. 

The structural interpretation of the field is based on a 3-D seismic survey 

acquired in 1997 by Petro-Canada and its partners. The quality of the seismic 

data is excellent, with good velocity constraints for depth conversion of the 

horizon and fault model. Normal faults with throws of up to - 400 m at the Ben 

Nevis level dissect the field, subdividing it into four major structural blocks: (1) 

South Graben, (2) Hebron North Horst, (3) West Ben Nevis, and (4) Ben Nevis 

(Figs. 2-3 & 2-4). The NW-SE trending faults dip both to the NE and SW, with 

dips ranging from 50-70°, and are planar over the interval of interest (Fig. 2-3). 

Most faults have areas of significant reservoir on reservoir overlap, except for 

some of the major faults, which have throws that exceed the thickness of the 

reservoir. Wells are generally located one to two kilometers from seismically 

mapped faults, with Ben Nevis 1-45 and Hebron 1-13 being the only wells to drill 

through faults at or near the Ben Nevis level (Fig. 2-3). No faults were cored in 

either of these wells. 

Faults at the Ben Nevis and A-Marker level, part of the NW-SE trans-basin 

fault trend, are thought to have played a major role in trapping hydrocarbons, in 

terms of both sealing capacity and in providing structural closure by way of fault 

block rotation. However, little previous work has been done on these faults to 

quantify their sealing capacity and population characteristics (Petro-Canada, 

1999c). To fully characterize the nature of and potential for fault seal in the field, 

the study was broken down into three parts: (1) geologic time scale fault seal 
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Fig. 2-4: Major structural blocks in and adjacent to the Hebron/Ben Nevis Field 
(after Petro-Canada, 1999c). Individual blocks are shaded different 
colours, where the hotter colours (red and pink) represent structurally 
higher blocks and the cooler colours (green and blue) structurally lower 
blocks. 
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analysis, (2) production/testing time scale fault seal analysis, and (3) fault 

population modelling. 

2.1.2 Geologic time scale fault seal analysis 

Geologic time scale analysis is useful in characterizing fault seal 

behaviour over millions of years and has implications for understanding 

hydrocarbon migration and entrapment. This analysis was performed by 

assessing the similarity of fluids across major faults using oil/water contact 

heights, oil American Petroleum Institute (API) gravity and geochemistry and 

static pressure gradients. Oil geochemical fingerprinting was generally carried 

out using liquid chromatographic techniques, and provided data on 

concentrations of alkanes, cycloalkanes and aromatics. Significant differences in 

any of these across a fault were considered suggestive of a sealing fault, with a 

greater difference indicating a higher probability and efficacy of the seal. 

This work was complimented by juxtaposition, throw and Shale Gouge 

Ratio (SGR) analysis performed using Fault Analysis Projection System (FAPS) 

vA.O software. A secondary objective of this study was to test the utility of the 

SGR method of fault seal prediction against a substantive and unbiased 

database. The SGR method, developed by Yielding et al. (1997), uses fault throw 

and the hanging wall volume of shale (v-shale) information (Fig. 2-5) to predict 

the probability and amount of seal across a fault with juxtaposed reservoirs. It 

has been shown in other studies to be an excellent predictor of fault seal 
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Fig. 2-5: Schematic section illustrating the parameters used to calculate the 
SGR. A fault (bold black line) offsets a mixed clastic sequence (yellow and 
gray horizontal layers are sand and shale, respectively). Vsh: V-shale; Z: 
stratigraphic thickness. SGR= L(Vsh-Z)/t-1 00%. 
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behaviour over the geologic time scale (Fristad, 1996; Yielding et aI., 1997; 

Freeman et aI., 1998; Yielding et aI., 1999). 

The major drawback of the SGR method is that it assumes that only shale 

gouge in the fault zone contributes to seal. This may hold true in some 

circumstances, however it may be that other fault zone processes such as 

cataclasis and cementation play an important or even dominant role in 

determining fault seal behaviour (Knipe, 1992; Knipe, 1997; Knai & Knipe, 1998; 

Leveilile et aI., 1997). Unfortunately, only shale gouge appears to be predictable 

given our current level of knowledge and experience. The prediction of cataclasis 

may be more advanced in the near future, but it is unlikely cementation will be 

readily predictable since it appears to be a more sporadic phenomenon that 

depends on factors other than those readily identifiable from typical oilfield data. 

In addition, there are other significant uncertainties and simplifications in this type 

of analysis, including seismic mapping, depth conversion, geologic modelling and 

damage zones characteristics, that complicate and may even invalidate 

subsequent interpretations and conclusions. For a thorough discussion of these 

issues refer to Hesthammer & Fossen (2000). 

2.1.3 Production time scale fault seal analysis 

Production time scale analysis is concerned with characterizing fluid flow 

behaviour in a reservoir over a much shorter duration, on the order of hours to 

years. This type of analysis is useful in developing well placement strategies and 

risk assessment and is applicable in the delineation and early production phases 
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of field development. Data employed, including Drill Stem Test (DST) pressure 

curves and core structural data, were different than those used in the geologic 

time scale analysis. These data, when integrated with seismic fault information, 

provide a means of assessing the dynamic effect of faults on fluid flow over a 

production time-span, prior to having more extensive production data. 

2.1.4 Fault population analysis 

Fault population analysis is particularly relevant to the study of production 

time scale fault seal analysis. Sub-seismic faults have been shown in other fields 

to have a significant modifying effect on reservoir permeability and hence affect 

produceability of the field (Yielding et aI., 1992; Smith & Morgan, 1986; Omre et 

ai, 1994; Walsh et aI., 1998; Foley et aI., 1998). Much work on fault populations 

has been done over the past 10-12 years on oilfields, coal mines and other areas 

where either 3-D seismic or detailed map information is available on fault size 

patterns (e.g., Watterson et aI., 1994; Childs et aI., 1990; Marrett & Allmendinger, 

1991; Walsh et aI., 1992; Walsh & Watterson, 1992; Yielding et aI., 1992; Walsh 

et aI., 1993; Yielding et aI., 1996; Needham et aI., 1996, Nicol et aI., 1996; Steen 

et aI., 1998). 

The numbers, spatial distribution and permeability attributes of faults 

below the limit of seismic resolution represent one of the major uncertainties in 

reservoir flow simulations. Faults with throws less than the effective vertical 

resolution limit of the seismic data, as determined by seismic frequency content, 

are not properly imaged or are not imaged at all. Current research is focused on 
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improving vertical seismic resolution through techniques such as seismic 

deconvolution, migration, improved sources and borehole seismology, however 

these methods are not currently capable of imaging the common range of low 

throws salient to this discussion. Coherency analysis of seismic data has offered 

some capacity to image faults with throws on the limit of seismic resolution. 

However, it cannot robustly detect faults with throws less than 15 to 20 m at 

depths commonly of interest in petroleum exploration and production. 

Thus, other methods of predicting the numbers, sizes, locations and 

orientations of faults with throws from 1 to 20 m were required. Studies have 

shown that fault populations have predictable size distributions over up to seven 

orders of magnitude, and that the size distribution is commonly best described by 

a fractal model (e.g., Yielding et aI., 1992). Thus, it is possible to extrapolate the 

density of seismically mapped fault populations to sub-seismic scales using a 

best fit power-law model. This provides a means of predicting the densities of 

sub-seismic faults for a given size range (typically 1-20 m). In addition, empirical 

relationships between fault throw and length and the orientation patterns of 

seismically mapped faults may be used to constrain the corresponding sub-

seismic population (Watterson, 1986; Walsh & Watterson, 1988; Cowie & Scholz, 

1992). The ultimate goal of this type of modelling is to create a series of 

stochastic realizations of sub-seismic faults for input into a reservoir fluid flow 

simulator (e.g. Wen & Sinding-Larsen, 1996; Gauthier & Lake, 1993; Munthe, 

1993). 
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2.2 Results & Interpretation 

2.2.1 Geologic time scale analysis 

Three major faults had sufficient across-fault data for detailed geologic 

time scale fault seal analysis. Fault 100, separating the Ben Nevis and West Ben 

Nevis structural blocks (Fig. 2-4), has minor Ben Nevis on Ben Nevis overlap and 

an extensive Ben Nevis hanging wall on A-Marker footwall overlap. Fault 104, 

separating the West Ben Nevis and Hebron structural blocks (Fig. 2-4), exhibits 

significant Ben Nevis overlap. Fault 67, separating the Hebron and South Graben 

structural blocks (Fig. 2-4), has a large area of Ben Nevis overlap. 

2.2.1. 1 Fault 100 Ben Nevis reservoir juxtaposition 

The Ben Nevis overlap across Fault 100 is minimal in extent, concentrated 

on two local highs in the hanging wall block (Fig. 2-6). The NW overlap zone is 

characterized by Ben Nevis Formation in the hanging wall juxtaposed against 

Gambo Member shale in the footwall. This reservoir-shale juxtaposition likely 

seals due to the high capillary entry pressure of the shale and is an example of 

the classic juxtaposition seal. 

The SE overlap zone consists of Upper Ben Nevis in the hanging wall 

juxtaposed against Lower Ben Nevis in the footwall. This reservoir on reservoir 

overlap was modelled using the SGR to test the probability for seal and it was 

found that the entire overlap area has a SGR less than 20% (Fig. 2-6). The 

sensitivity of the SGR calculation to a variable v-shale was tested by adding and 

subtracting 20% of the original v-shale for strata in the model (Figs. 2-7 & 2-8). 
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Fig. 2-6: Isometric projection of a portion of Fault 100 showing the SGR. FW 
(dashed) and HW (solid) cut-offs are also shown. Red: Upper Ben Nevis; 
Green: Lower Ben Nevis; Blue: A-Marker; Gray: intervening shales. 

Fig. 2-7: Fault 100 SGR plot derived for a 20% higher v-shale model. Other 
information as in Fig. 2-6. 
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Fig. 2-8: Fault 100 SGR plot derived for a 20% lower v-shale model. Other 
information as in Fig. 2-6. 
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Notably, the higher v-shale condition produced a SGR that was still less than 

20%. This value suggests that there is a low probability for geologic time scale 

seal across Fault 100 between the two Ben Nevis reservoirs. 

In order to test the SGR method, other data were gathered and interpreted 

to determine the nature of seal on this fault. Across-fault static pressure gradient 

information for the interval under investigation was compiled and these data are 

plotted in Fig. 2-9. The footwall B-75 Ben Nevis water gradient is shown in red 

and is extrapolated 60 m deeper than data were available in order to allow direct 

comparison with the hanging wall L-55 Ben Nevis oil gradient. Error bars, 

representing the absolute error of measurement associated with the B-75 Repeat 

Formation Tester (RFT) data, are shown as dashed lines. The L-55 data were 

recorded using a new Modular Dynamic Formation Tester (MDT) tool and have 

an absolute error less than the thickness of the blue line (thus are not shown). 

Inspection of this plot shows that there is a pressure difference of approximately 

200 kPa across the fault at the level of the top of the Ben Nevis Formation in the 

hanging wall. This suggests that the fault is sealing because an open fault with 

across-fault reservoir communication would be expected to have the same 

pressure across the fault. Moreover, the presence of oil in the hanging wall and 

predicted water in the footwall at the same structural level is also indicative of a 

seal. 

The oil/water contact in the hanging wall block sits at -2431 m (all contact 

depths measured with respect to sea-level), whereas the oil/water contact in the 

Ben Nevis reservoir in the FW is located a -1994.7 m (Fig. 2-6). The disparity in 
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Fig. 2-9: Static pressure gradients for 8en Nevis reservoirs across Fault 100. 
solid red line is water gradient derived from FW 8-75 well, blue line is oil 
gradient derived from HW L-55 well. Dashed red lines indicate absolute 
error bars for the RFT measurement in 8-75. Error bars are less than the 
thickness of the blue line (L-55 MDT). 
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elevation of the two oil/water contacts across this fault suggests that the fault 

seals, given that the Ben Nevis reservoir in the footwall is probably not filled to its 

spill point. 

Data were available on the geochemistry and API gravity of oils from the 

hanging wall and footwall sides of the fault from the Ben Nevis reservoir. There 

were apparent differences in oil geochemistry across the fault, however it is 

possible that these differences are associated with different measurement 

techniques and as such their comparison is inconclusive. There is a small 

difference in oil API gravity between the two reservoirs, with 31 0 oil in the 

hanging wall compared to 28° oil in the footwall. This slight difference supports 

the previous interpretation that this fault seals, particularly since the higher API 

oil (less dense) is pooled in the lower hanging wall structural position. 

To summarize, the SGR for Ben Nevis reservoir overlap was determined 

to be less than 20%, suggesting the fault has a low probability for seal on a 

geologic time scale. Other data, including static pressure gradients, oil/water 

contact heights and oil API suggest the opposite, this fault likely seals for this 

overlap (Table 2-1). 

2.2.1.2 Fault 100 - Ben Nevis/A-Marker reservoir juxtaposition 

The Ben Nevis/A-Marker overlap across Fault 100 is vertically and 

laterally extensive (Fig. 2-6). The overlap zone mainly consists of Upper Ben 

Nevis in the hanging wall juxtaposed against A-marker in the footwall. This 

reservoir on reservoir overlap was modelled using the SGR and it was found that 
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approximately 70-80% of the overlap area has a SGR less than 20% (Fig. 2-6). 

In the SE portion of the overlap zone SGRs exceed 20%, ranging in value 

between 20-40%. The sensitivity of the SGR method to variable v-shale was 

tested similarly to that described previously, with a marked increase in the SGR 

noted for a 20% higher v-shale model (Fig. 2-7), although approximately 40% of 

the overlap zone still exhibited a SGR less than 20%. The 20% SGR is 

considered to represent the leak area on the fault, so there is a low probability for 

geologic time scale seal across this fault based on the SGR analysis. 

Across-fault static pressure gradient information for Ben Nevis and A-

Marker reservoirs was compiled and these data are plotted in Fig. 2-10. The 

footwall B-75 A-Marker oil gradient is shown in red and the hanging wall L-55 

Ben Nevis oil gradient is shown in blue. The oil legs span a common depth 

interval from -2375 m to -2431 m. Error bars for the B-75 RFT data are shown 

as dashed lines. The L-55 data were recorded using a MDT tool and have an 

absolute error less than the thickness of the blue line. This plot shows that there 

is no statistical difference between the pressure gradients across the fault, as the 

hanging wall oil pressure gradient lies within the error bounds of the footwall 

pressure curve. This pressure similarity suggests that the fault may not seal. 

Furthermore, the oil/water contacts of both reservoirs sit at an elevation of -2431 

m. This supports the interpretation of a non-sealing fault based upon the 

pressure data. 

Geochemical profiles of the oils in these reservoirs are somewhat 

different, but, as in the previous case the vintage of analysis may be the 
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Fig. 2-10: Static pressure gradients for Ben Nevis/A-marker reservoirs across 
Fault 100. Solid red line is the oil gradient derived from FW B-75 well, blue 
line is oil gradient derived from HW L-55 well. Dashed red lines indicate 
absolute error bars for the RFT measurement in B-75. Error bars are less 
than the thickness of the blue line (L-55 MDT). 
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underlying cause of the differences and thus these data are not used to 

differentiate the oils. However, API gravity information derived from stock-tank 

measurements and the static pressure gradients shows that the 31 ° oil in the 

hanging wall is much less dense than the 22° oil in the footwall. This major 

difference in API gravity contradicts all the other data in suggesting that this fault 

must seal in order to maintain an across-fault oil API disparity. 

To summarize, the SGR for Ben Nevis/A-marker reservoir overlap was 

determined to be less than 20% over approximately 40% of the overlap zone, 

suggesting the fault has a low probability for seal on a geologic time scale. Other 

data, including static pressure gradients and oil/water contact heights support the 

non-sealing interpretation. However, an 8° API gravity difference in oils directly 

across this fault suggests that the opposite is true and that this fault probably 

seals along the overlap zone (Table 2-2). 

2.2.1.3 Fault 104 - Ben Nevis reservoir juxtaposition 

Above the hanging wall oil/water contact, Ben Nevis reservoir overlap 

across Fault 104 is restricted to a small zone in the central area (Fig. 2-11). The 

overlap zone comprises Upper Ben Nevis in the hanging wall juxtaposed against 

Lower Ben Nevis in the footwall. Note that there is also a thin area of footwall A-

Marker juxtaposed against hanging wall Ben Nevis reservoir across this fault. 

Below the hanging wall oil/water contact there is significant sand on sand overlap 

consisting of Upper Ben Nevis in the hanging wall juxtaposed against Lower Ben 

Nevis in the footwall. 
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Fig. 2-11: Isometric projection of a portion of Fault 104 showing the SGR. FW 
(dashed) and HW (solid) cut-ofts are also shown. Red: Upper Ben Nevis; 
Green: Lower Ben Nevis; Blue: A-Marker; Gray: intervening shales. 
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These overlaps were modelled using the SGR (Fig. 2-11). Areas of 

overlap all exhibited SGRs less than 20%. The sensitivity of the SGR method to 

variable v-shale was tested as described previously. The 20% higher v-shale 

model (Fig. 2-12) did not increase the SGR to greater than 20% on any key 

overlaps discussed above. Based on this analysis there is a low probability for 

geologic time scale seal across Fault 104. 

Across-fault static pressure gradients for the Ben Nevis reservoir overlap 

above the oil/water contact are plotted in Fig. 2-13. The footwall water gradient is 

extrapolated from -1978 m to -2000 m to allow comparison with the hanging wall 

oil gradient. Error bars for the B-75 RFT data are shown as dashed lines. The 0

94 data were recorded using an MDT tool and have an absolute error less than 

the thickness of the red line. This plot shows that there is no statistical difference 

between the pressure gradients across the fault at the level of the oil leg in the 

hanging wall. The lack of pressure differential across the fault in this area 

suggests that the fault may not seal. However, the presence of water in the 

footwall and oil in the hanging wall and the difference in across-fault oil/water 

contacts of 94 m supports the alternative interpretation that the fault seals. 

The static pressure gradients for the water legs in the hanging wall and 

footwall were also compared (Fig. 2-14). Statistically these gradients are shown 

to be the same, hence the water legs in the hanging wall and footwall are 

apparently in pressure communication. 

The geochemistry of oils in these reservoirs are not significantly different, 

suggesting a seal may not exist. However, API gravity information shows that 



44 

1km 

VE=6X 

Fig. 2-12: Fault 104 SG R plot derived for a 20% higher v-shale model. Other 
information as in Fig. 2-11. 
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Fig. 2-14: Static pressure gradients for Ben Nevis/A-Marker reservoirs across 
Fault 104. Solid red line is the water gradient derived from FW 0-94 well 
(extrapolated from -1980 to -2000 m), blue line is the water gradient 
derived from HW B-75 well. Dashed blue lines indicate absolute error bars 
for the RFT measurement in B-75. Error bars are less than the thickness 
of the red line (0-94 MDT). 
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there is a major difference in across-fault oil type. The hanging wall contains 28° 

oil, whereas the footwall reservoir contains 20° oil. This major difference in API, 

coupled with different fluids directly across the fault strongly suggests this fault 

seals in the area of the hanging wall oil leg. No data on fluid geochemistry were 

available to compare the compositions of hanging wall and footwall water legs. 

To summarize, the SGR for Ben Nevis overlap above and below the 

oil/water contact was less than 20%, suggesting the fault has a low probability for 

seal on a geologic time scale. Static pressure gradients support the no-seal 

interpretation as it appears the hanging wall and footwall are in pressure 

communication. However, a major difference in oil/water contact heights and API 

gravities across the fault suggests that the opposite is true and that Fault 104 

probably seals along the overlap zone above the hanging wall oil/water contact 

(Table 2-3). 

2.2.1.4 Fault 67 - Ben Nevis - Ben Nevis/A-Marker reservoir juxtaposition 

The Ben Nevis reservoir in the hanging wall is juxtaposed against both 

Ben Nevis and A-Marker reservoir in the footwall of Fault 67 (Fig. 2-15). These 

overlap zones were modelled using the SGR and it was found that the entire 

overlap area has an SGR less than 20% (Fig. 2-15). The sensitivity of the SGR 

calculation was tested and shows that the higher v-shale model produced a SGR 

that was still less than 20% (Fig. 2-16). This value suggests that there is a low 

probability for geologic time scale seal across this fault. 
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Fig. 2-15: Isometric projection of a portion of Fault 67 showing the SGR. FW 
(dashed) and HW (solid) cut-offs are also shown. Red: Upper Ben Nevis; 
Green: Lower Ben Nevis; Blue: A-Marker; Gray: intervening shales. 

Fig. 2-16: Fault 67 SGR plot derived for a 20% higher v-shale model. Other 
information as in Fig. 2-15. 
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Static pressure gradient information was only available for the footwall, 

thus no comparison of pressure gradients was possible for the juxtaposed 

reservoirs. Other data enabling across-fault comparison were available. 

Geochemistry and API gravities of the oils in both blocks are very similar. 

Moreover, the oil/water contacts in the juxtaposed reservoirs at are the same 

elevation (-1900.7 m). 

To summarize, the SGR for Ben Nevis/Ben Nevis and Ben Nevis/A-

Marker overlap was determined to be less than 20%, suggesting Fault 67 has a 

low probability for seal on a geologic time scale. Other data, such as oil/water 

contact heights, oil API and geochemistry support the non-seal conclusion (Table 

2-4). 

2.2.1.5 Application of fault seal analysis in Hebron/Ben Nevis exploration 

Given the results of the geologic time scale fault seal analysis for the field, 

the FAPS software and SGR methodology were applied to determine the 

potential sealing behaviour of a critical fault in the southwest part of the field. This 

area is due south of the Hebron North Horst and is known as the South Graben 

(Figs. 2-2 & 2-4). No wells have been drilled in this structural block to determine if 

it is oil charged, but based on seismic mapping of the Ben Nevis reservoir in this 

area the graben could contain a large oil accumulation. 

One of the major risk factors in predicting whether the graben is oil 

charged is the probability of fault seal on the southern bounding fault, known as 

Fault 1 (Fig. 2-4). In order for up-side potential to exist in the South Graben, Fault 
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1 must seal at the Ben Nevis reservoir level, above the predicted oil/water 

contact of -1900.7 m (carried through from the nearest well, Hebron 1-13). 

Juxtaposition analysis shows that Ben Nevis overlap across this fault is 

laterally and vertically extensive above the predicted oil/water contact (Fig. 2-17). 

SGRs for the overlap zone were computed using v-shale data from the nearest 

well (Hebron 1-13) and the results are also shown in Fig. 2-17. Notably, the 

overlap zone is characterized by a SGR of less than 20%, indicating a low 

probability for seal. A sensitivity analysis of v-shale versus SGR was performed 

and it was determined that in order to create a SGR greater than 20% over the 

entire overlap zone, a v-shale of 0.25 was required (Fig. 2-18). Based on the 

current geologic model this high v-shale value is regarded as unlikely. However, 

seismic attribute data indicate that reservoir quality may be poor in this area, and 

a possible explanation for that poor quality may be the high shale content. 

The exploration implication of these results is that Fault 1 is likely to leak 

and therefore the probability of oil charge in the graben down to -1900.7 m is 

very low. Other possibilities exist, however, that suggest other viable scenarios. 

First, the faults separating the 1-13 well from the South Graben (Figs. 2-1 & 2-3) 

all have significant Ben Nevis overlaps, and these overlaps have SGRs less than 

20%. Thus, none of these faults would be expected to seal and the -1900.7 m 

oil/water contact in 1-13 should be present in the South Graben. It seems an 

alternative explanation is required that allows a -1900.7 m oil/water contact to 

exist in the South Graben and also allows Fault 1 to seal. A possibility that was 

examined is that the depth conversion of the horizons in the South Graben was 
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Fig. 2-17: Isometric projection of a portion of Fault 1 showing the SGR and 
stratigraphic cut-offs (FW - dashed and HW - solid). 

Fig. 2-18: Potentially sealing SGR for Fault 1 Ben Nevis overlap (v-shale model 
with Upper and Lower Ben Nevis v-shale equal to 0.25). Cut-off colour 
code as in Fig. 2-17. 
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incorrect. Another velocity model exists for the South Graben. The resulting 

structural model produced by this alternative depth conversion has a much less 

significant Ben Nevis overlap, with structural closure potentially north of the fault 

down to the -1900.7 m level. 

Another possible interpretation is that shale smear is not responsible for 

the sealing behaviour on this fault. Permeability reduction associated with 

cataclasis or cementation along the fault plane may be sufficient to trap the oil in 

the SW Graben. It is unlikely that cataclasis alone could provide a sealing 

mechanism, as other workers have demonstrated its poor sealing nature over 

geologic time-spans. However, cementation could prevent oil from migrating out 

of the graben, provided the cements were distributed over the entire extent of the 

fault zone where Ben Nevis overlap occurs. At this point, no data exist to 

suggest that fault planes in the field are cemented, but the possibility has not 

been ruled out because there have been no faults cored in the field. 

2.2.2 Production time scale fault seal analysis 

Integration of seismic and core fault information with detailed DST CUNe 

analysis offers one way of qualitatively determining what effect faults may have 

on reseNoir fluid flow. DSTs are relatively short duration tests of a reseNoir zone 

that may be performed to determine the size and pressure characteristics of a 

particular zone. Individual DST analysis is performed to identify possible flow 

barriers in the zone of interest by mathematical investigation of the drawdown 

and bUildup portions of the curve. Given certain assumptions regarding factors 
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such as fluid flow regime and permeability, the distance to a possible boundary 

and the radius of investigation (ROI) can be computed (see Earlougher, 1977 for 

more discussion). Half the distance of the ROI is the distance from the wellbore 

that represents the maximum distance of returned information (MDRI). 

Results from the DST analysis can then be compared to seismic and core 

fault information. The distance of seismically mapped faults from the wellbore 

can be calculated by examining horizon maps with well and fault locations 

shown. Fault distance from the wellbore can be compared to boundary 

determinations computed from a DST to determine if a known fault could be 

responsible for creating a permeability boundary indication on the DST curve. If 

the boundary distance is approximately equal to the distance to a particular fault, 

a good circumstantial case can be made that the fault is the cause of the 

boundary. 

The correspondence of faults with boundaries is not always 

straightforward, however, because other factors in the DST analysis or geological 

model may be able to explain some apparent fault boundaries. Analysis 

commonly requires assumptions regarding fluid flow regime, such as radial 

homogeneous versus dual spherical flow, and accepting one model over the 

other can create the appearance of a boundary when none actually exists. For 

example, the boundary signal from a fault may not be distinguishable from a 

stratigraphic-related decrease in permeability resulting from the abrupt horizontal 

facies transition between a reservoir sand and a non-reservoir shale (in an 

incised valley system for example). 
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The distance to a seismically mapped fault can also be compared to MDRI 

to determine whether a well test reaches far enough into the reservoir to sample 

the known fault. If the MDRI is less than the distance to the fault, then the fault 

was not sampled by the test and nothing can be said about its permeability 

response. It may also be the case that the distance to a fault is found to be less 

than the MDRI, but no response was noted in the DST curve. In this case, the 

fault is not a permeability boundary as it has no effect on the pressure transient. 

Finally, the study of core from a structural perspective may help to 

constrain boundary determinations of damaged reservoir indications from DST 

analysis and aid in the investigation of sub-seismic faults. In some instances 

faults with throws less than seismic resolution can significantly reduce reservoir 

properties such as porosity and permeability, hence reducing flow rates or 

producing boundary indications where no obvious cause (i.e. seismic fault) is 

known. 

The impact of sub-seismic faults on reservoir permeabilities is of 

considerable interest. DST boundary analysis offers a means of quantifying the 

reservoir-specific effects of sub-seismic faults. Boundaries that have no 

discernible origin are potentially the result of one or a combination of many sub-

seismic faults. The number and permeability characteristics of these faults can 

be directly observed, providing a ground-truthed means of qualitatively and semi-

quantitatively assessing the impact of sub-seismic faults on a given reservoir. 

These results can be compared to results from fault size population modelling to 
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determine if the predicted sub-seismic fault densities and permeabilities are 

consistent with the hard field data. 

Eleven DST's were run in the Ben Nevis and A-Marker reservoirs, ten in 

the Ben Nevis and one in the A-marker. Results based on the analysis of these 

DSTs are shown in Table 2-5 (Petro-Canada, 1998; Chrusch, 1999a&b). The 

most salient feature evident in these analyses is that only one out of eleven tests 

had a MDRI greater than the distance to the nearest seismically mapped fault. As 

a result, only one test samples far enough into the reservoir to return information 

on the permeability of a known fault. No boundary indications are present on that 

single test, suggesting that the fault does not act as a permeability boundary or 

baffle. 

Moreover, there are no conspicuous boundaries on any of the tests, 

suggesting that the impact of sub-seismic faults on fluid flow in this reservoir is 

minimal to non-existent. This implies two possible scenarios: (1) there are few 

sub-seismic faults proximal to the wellbore and/or (2) sub-seismic faults do exist 

but have little to no effect on the permeability of the reservoir. 

The first case is substantiated by fault size population modelling presented 

in the following section, which shows that the numbers of sub-seismic faults in 

the reservoir is likely to be low. In fact, no faults were observed in almost 500 m 

of field core. The second case is also possible, although other work (Knai & 

Knipe, 1998; Antonellini & Aydin, 1994) has shown that faults with offsets of even 

less than 1 m can reduce fault-orthogonal permeability by up to six orders of 
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Table 2-5: DST analyses summary for Hebron/Ben Nevis well tests in the Ben 
Nevis and A-Marker reservoirs. ROI: Radius of Investigation; MDRI: 
Maximum Distance of Returned Information; DTNF: Distance To Nearest 
Fault (data from Petro-Canada, 1998; Chrusch, 1999 a&b). 

Well (OST#) ROI (m) MORI (m) OTNF (m) 

8-75 (6) 250 125 1509 

8-75 (8) 195 97.5 1509 

18 9 611-45 (10) 

1-45 (11) 25 12.5 61 

1-45 (12) 550 275 61 

1-13(9) 84 42 160 

1-13(10) 170 85 160 

L-55 (1) 120 60 464 

0-94 (1) 156 78 1583 
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magnitude. Thus, these faults would be expected to generate a boundary 

response in the DSTs if they were present. 

2.2.3 Fault population analysis 

The unknown structural variable in reservoir modelling is commonly the 

impact of sub-seismic faults. In order to constrain the density, size and 

orientation patterns of the sub-seismic fault population in the field, data were 

gathered on faults at two different scales: (1) seismic data and (2) core data. 

Information on seismic faults, such as throw, map length, dip and strike were 

recorded. Structural logging of approximately 500 m of core was performed, for 

which information such as fault/fracture depth, fracture aperture and fault offset 

were recorded. An example of a structural core log, with lithologic information 

included, is shown in Fig. 2-19. 

The fault size data are presented in Fig. 2-20. The plot is one commonly 

used to display fault size population data. Both axes are logarithmic, where the 

x-axis represents the throw on a fault and the y-axis represents the cumulative 

density of faults with a throw greater than a particular value. Fault data for 

seismic faults are shown, and these data exhibit three distinct segments (Fig. 2

20). The steeply sloping right-hand segment is an artifact associated with 

undersampling of faults with large throws. These larger faults were not 

completely sampled because they extend or exist outside the study area. The 

shallowly sloping left-hand segment represents an undersampling of small (sub-

seismic) faults related to the vertical resolution limit of the seismic survey. The 
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Fig. 2-19: Structural frequency and lithology plot for the H-71 cores in the Ben 
Nevis Formation. Note that all structures noted in these cores were 
fractures. Grain size and the location of cemented zones are shown along 
the right-hand side. CG: Conglomerate; C: Coarse-grained sandstone; M: 
Medium-grained sandstone; F: Fine-grained sandstone; Sh: Shale; CEM: 
Cemented zones (lithology data after Veilleux, 2000). 
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Fig. 2-20: Fault population plot for seismically mapped faults on the Upper Ben 
Nevis surface at Hebron/Ben Nevis. Cumulative density per square 
kilometer of faults with throws greater than a given value are plotted on 
the y-axis and throw is plotted on the x-axis. Note that both axes are 
logarithmic. The best-fit model (red line) is a power-law, suggesting the 
population is fractal (d=-0.54). Dashed red line is the extrapolated model. 
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moderately sloping central segment comprises the true fault population in the 

field and was modelled using least squares regression. The best-fit model (solid 

red-line) is a power-law function, meaning that the fault size population in the 

field is fractal. The model has a fractal dimension (d) equal to -0.54. This implies 

that there are many small faults (sub-seismic) for every large one mapped on 

seismic data. The seismic fault model was extrapolated (dashed red line) to sub-

seismic throw ranges to predict the densities of sub-seismic faults in the field. 

The extrapolated curve runs through a range of throws that one could 

observe in core studies (1 mm to 1 m). Based on the extrapolation one would 

expect to see a number of small faults in core from the field, since the core would 

presumably sample the same population as the seismic data. However, there 

were no faults observed in core. Since the log axes do not run to zero (Fig. 2-20), 

core scale data could not be plotted on this graph. One would expect, for a 

homogeneously distributed population, that many faults should have been 

observed in core based on the extrapolated model fit to the seismic data. The 

lack of such faults at the core scale may be interpreted in several ways: (1) the 

extrapolation of seismic data to sub-seismic throws is invalid, (2) the amount of 

core examined was not statistically robust, and/or (3) sub-seismic faults in this 

field have a spatially heterogeneous distribution. Each of these possibilities is 

examined in more detail below. 

Other studies have shown that it is valid to extrapolate seismic fault size 

models to sub-seismic throws. For example, Yielding et aI., 1992 did an 

extensive study on linking core and seismic fault populations. They found that 
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although there tended to be considerable variability from core to core, taken as a 

whole core fault data tended to plot near or on the extrapolated seismic model, 

thus validating the extrapolation. In addition, studies done on map fault data 

which span up to five orders of offset magnitude show that small and large fault 

populations tend to lie on the same model curve (e.g. Yielding et aI., 1992). 

It is possible that the amount (gross length) of core examined was not 

large enough to allow for a statistically meaningful comparison of the two 

populations. The core may have drastically undersampled the true sub-seismic 

fault population because of its restricted length. It is also possible that faults may 

have been present in the gaps between cored intervals in some of the wells, 

since only the L-55 and 8-75 cores were continuous. In addition, the vertical 

orientation of the core would have made it less likely to sample these faults, 

which dip at 50-70Q However, in a truly fractal population the faults should be• 

distributed homogeneously in the reservoir and one would have expected to at 

least see a few. 

The last possibility is that the sub-seismic fault densities predicted by the 

extrapolation are correct, but that the fractal fault model is not strictly obeyed. 

The fractal model assumes a homogeneous distribution of small faults in the 

reservoir, when in fact the distribution may be spatially biased. Other studies 

have shown that more small faults tend to occur proximal to larger faults (e.g. 

Aydin & Johnson, 1978; Caine et aI., 1996; Wen & Sinding-Larsen, 1996; Fossen 

& Hesthammer, 1997). Fault damage zones, with one or several major slip 

planes, surrounded by numerous smaller deformation features, is a good 
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example of this effect. This spatial bias, or clustering, has been modelled in 

larger, seismically mapped fault populations (Wen & Sinding-Larsen, 1996) and 

is likely to occur at the sub-seismic scale. 

The last scenario is favored because upon inspection one can see that the 

wells drilled in the Hebron/Ben Nevis field are typically located in or near the 

centers of major fault blocks, far removed from the large-offset faults (Fig. 2-1). It 

is possible that the central portion of these structural blocks has experienced 

relatively little internal strain (faulting and fracturing), with most of the deformation 

being accommodated in or near the major fault zones. This is supported by the 

previous interpretation that no sub-seismic fault boundaries were detected in the 

DST analyses. This is an important conclusion in the context of reservoir 

modelling and development, because it suggests that sub-seismic faults may 

have little or no significant impact on reservoir permeabilities and production 

since they are located on the margins of the structural blocks. 

Other information required to constrain sub-seismic fault populations for 

reservoir modelling are size relationships and orientation patterns. A strong 

positive correlation is evident between the throw and length of faults in the field, 

with a throw to length ratio of 1:41 (Fig. 2-21). Orientation patterns of seismic 

faults are also well constrained, with an approximately normal distribution of 

strike and dip values, and modes at 60Q and 300Q
, respectively (Figs. 2-22 & 2

23). 
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Fig. 2-21: Fault throw versus length for seismically mapped faults on the Upper 
Ben Nevis surface. 
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Fig. 2-22: Fault strike histogram for faults in the Upper Ben Nevis surface. Note 
the bell-shaped distribution and mode at 290-300° strike. 
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2.3 Conclusions 

Fault seal analysis is a time-sensitive procedure that requires different 

data types depending upon what time scale is being investigated. Geologic time 

scale analysis requires across-fault data on oil/water (or gas/oil and gas/water) 

contact heights, oil geochemistry/API/PVT and static pressure gradients. These 

data provide a basis for assessing the similarly or differences between fluids on 

either side of a fault and ultimately determining whether the reservoirs are in 

communication. This work is complimented by structural analysis (for example in 

FAPS) that allows one to determine which reservoirs may be juxtaposed in the 

subsurface and which reservoirs may be juxtaposed against a sealing lithology 

such as shale. The SGR provides a way of predicting the sealing behaviour of a 

fault given the throw and hanging wall lithology are known with some confidence. 

It is critical to quantitatively assess the utility of the SGR method in a field or 

reservoir before extending its use to predicting fault seal in undrilled areas. 

Several major faults in the Hebron/Ben Nevis field were studied to 

determine their sealing nature. In three out of five cases the faults were found to 

be sealing. FAPS and SGR analysis results suggested that none of the faults 

should seal, because SGRs were less than the threshold 20% required for seal 

on all key overlap zones. This translates into a two out of five (or 40%) success 

rate for the SGR method, which is actually worse than randomly assigning a fault 

as sealing or non-sealing. However, uncertainties in the juxtaposition of certain 

reservoirs may increase the success rate of the SGR to two out of three (66%), 
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where the other two cases may be explained by juxtaposition seal against a 

shale. 

Production time scale analysis requires a different data set than geologic 

time scale analysis. DST data, core structural logs and fault population modelling 

help to constrain the impact of seismic and sub-seismic faults on reservoir fluid 

flow. It was found that only one in eleven DSTs sampled far enough into the 

reservoirs to return information on a seismically mapped fault. That fault showed 

no boundary indication, meaning that it does not restrict fluid flow. These data 

also suggest that sub-seismic faults may not have much impact on fluid flow in 

the reservoir, since no boundaries were evident on any of the DSTs. 

Fault population analysis, comprising core and seismic data, show that the 

seismic fault population is fractal in nature, with a fractal dimension of -0.54. The 

lack of faults in core is regarded as being indicative of the spatial heterogeneity 

of faults in the field, a conclusion supported by the lack of boundaries on well 

tests. 
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3. TERRA NOVA 

3.1 Introduction 

The Terra Nova Field is located on the Grand Banks, 350 km southeast of 

St. John's, Newfoundland (Fig. 1-1). The field is located 35 km southeast of 

Hibernia, covers an area of -50 km2 and contains expected recoverable reserves 

of 370 Mbbls of light sweet oil. Nine exploration and delineation wells and four 

development wells have been drilled to date. Production is scheduled to begin in 

late 2001 using a Floating, Production, Storage and Offloading (FPSO) vessel. 

3.1.1 Field geology 

The Terra Nova Field is located in the south-central area of the Jeanne d'Arc 

Basin (Fig. 3-1). The reservoir consists of normal faulted, stacked sandstone 

units that are part of the Early Cretaceous Jeanne d'Arc Formation (Fig. 1-2). 

The Jeanne d'Arc Formation lies unconformably above the Late Jurassic Rankin 

Formation on a major Late Jurassic to Earliest Cretaceous erosion surface 

known as the Tithonian Unconformity (Fig. 1-2). 

McAlpine (1990) interprets the Jeanne d'Arc Formation to represent 

continental deposits laid down in a number of different but related environments. 

Fining upward sand-dominated units with trough cross bedding and basal lag 

deposits were probably deposited in a braided to meandering fluvial setting. 

Blocky, medium to coarse sands with or without a fining upward character are 

interpreted as braided stream deposits. Shales represent overbank, floodplain 

type sediments that are commonly preserved in the sequence and may be 



69 

,·~roOO
 

K1L<l~ ~r[~!, 0 1 ~ ~ILCMnE~-5
 

• 

Fig. 3-1: Fault polygon map of the Terra Nova Field showing fault locations, 
structural blocks and wells (after Terra Nova Alliance, 2000). 
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laterally extensive. Conglomerates are interpreted to have been deposited in 

alluvial fans and probably formed in close proximity to fault scarps due to their 

coarse and poorly sorted nature. 

Three-dimensional seismic data over Terra Nova is the basis for the 

structural interpretation of the field. The quality of the seismic data is moderately 

good to poor at the reservoir level, mainly due to the difficultly inherent in 

receiving and processing seismic signals from depths in excess of - 3000 m. The 

velocity constraints for depth conversion of the horizon and fault model is good, 

however, as a significant amount of well data was used to constrain the 

modelling. 

The fault model used in this study was not the originally mapped fault 

array for the field, but rather a vertical fault model that was used by the Terra 

Nova Alliance because it required less time to build and was more amenable to 

reservoir modelling. The vertical fault model produces a much cleaner and only 

slightly different juxtaposition pattern than the dipping fault model. 

Two dominant normal fault trends are evident at the Jeanne d'Arc level 

(Fig. 3-1). The north-south set is older, having formed in the Earliest Cretaceous, 

approximately contemporaneous with reservoir deposition (Fig. 3-2). The east-

west set is of mid-Cretaceous age and post-dated reservoir deposition (Fig. 3-3). 

Fault throws range from the limit of seismic resolution (-30 m) up to - 450 m at 

the Jeanne d'Arc level. 

The major faults subdivide the field area into four structural blocks: (1) 

West Flank, (2) Graben, (3) East Flank, and (4) Far East (Fig. 3-1). The north
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Fig. 3-2: Perspective image (looking north) of a reservoir horizon (colored 
according to depth in meters) and an E-W seismic line showing N-S faults. 

Fig. 3-3: Perspective image (looking west) of a reservoir horizon (colored 
according to depth in meters) and a N-S seismic line showing E-W faults. 
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south trending faults dip both to the east and west, with dips ranging from 60-800 

(Fig. 3-2). The east-west trending faults dip exclusively to the north and have 

dips ranging from 55-750 (Fig. 3-3). Most faults have areas of significant reservoir 

on reservoir overlap, except for some of the major faults, which have throws that 

exceed the thickness of the reservoir. Wells are generally located several 

hundred meters from seismically mapped faults (Fig. 3-1). 

The quality of the Jeanne d'Arc reservoir sands is variable and is 

sometimes difficult to predict. Moreover, the distribution of reservoir sands is not 

well constrained. Limited well control and poor seismic data are the main reasons 

for the lack of constraint. The geological layer model of the reservoir and 

adjacent units that was used in this study was provided by the Terra Nova 

Alliance in November 2000 and represents the best-constrained model to date 

(Fig. 3-4). The model captures as much of the geologic complexity as the data 

allow. It consists of 12 units of variable thickness and lateral distribution (Fig. 3

4), which from oldest to youngest are: (1) UC2C1 Shale, (2) LC2 Sand, (3) LC2 

Shale, (4) UC2A Sand, (5) UC2B Shale, (6) UC2C Sand, (7) UC2D Shale, (8) Da 

Sand, (9) Db Sand, (10) Dc Sand, (11) ED Shale, and (12) E Sand. 

The Jeanne d'Arc Formation experienced a pervasive episode of calcite 

cementation very soon after deposition, preserving relatively loose grain 

packings in many of the sands (Beth Haverslew, pers. comm., 2000). 

Subsequently, a major dissolution event occurred in which all but a small portion 

of the cements were dissolved, thus creating good porosity and permeability. 

Localized patches of calcite, dolomite and quartz cement form small to laterally 



73 

K-07 K-08 C-09 1-30s (GIG3) (PGl) N -

Fig. 3-4: Schematic N-S stratigraphic cross-section through the Graben of 
theTerra Nova Field (Terra Nova Alliance, 2000). 
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extensive nodules and/or layers. The source of the cements may be regional or 

local, or some combination thereof. Authigenic clays are rare in the reseNoir, 

suggesting that clay content in the rocks at the time of deformation was similar to 

those noted at the present time. 

Faults in the field playa major role in trapping hydrocarbons by providing 

structural closure via fault block rotation. Several previous studies on fault seal 

and fault populations in the Terra Nova field (Needham, 1997; Norsk Hydro, 

1999) were performed in order to gain a better understanding of: (1) the role 

faults played in trapping oil in the field and (2) to predict what impact the faults 

may have on production. However, results from these studies were generally not 

applicable to the current reseNoir depletion modelling and field exploration due 

to a major update of the geologic/structural model for the field based on more 

recent seismic and geologic data. To fully characterize the nature of and potential 

for fault seal in the field the study was broken down into three parts: (1) geologic 

time scale fault seal analysis, (2) production/testing time scale fault seal analysis, 

and (3) fault population modelling. 

3.1.2 Geologic time scale fault seal analysis 

Geologic time scale analysis is useful in the study of fault seal behaviour 

over millions of years and has implications for understanding hydrocarbon 

migration and entrapment. In the present study, geologic time scale analysis was 

performed primarily by across-fault fluid comparison. This involved assessing the 

similarity of fluids across key faults using data such as oil American Petroleum 
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Institute (API) gravity, Pressure-Volume-Temperature (PVT), geochemistry and 

static pressure gradients. Oil geochemistry was derived from existing liquid 

chromatography studies, providing data on concentrations of alkanes, 

cycloalkanes and aromatics (Altebaeumer, 1999). Oil PVT information was 

derived from Petro-Canada (1995). Significant differences in any of the across-

fault data were considered suggestive of a sealing fault, with the greater the 

difference the higher the probability and efficacy of the seal. 

A secondary objective of this study was to test the utility of the Shale 

Gouge Ratio (SGR) method of fault seal prediction against the previously 

mentioned database. Juxtaposition, throw and SGR analysis were performed 

using Fault Analysis Projection System (FAPS) v.4.0 software. The SGR method, 

developed by Yielding et aL (1997), uses fault throw and hanging wall volume 

shale (v-shale) information (Fig. 2-5) to predict the probability and amount of seal 

across a fault with juxtaposed reservoirs. Other studies have shown the SGR to 

be an excellent predictor of fault seal behaviour over the geologic time scale 

(Fristad, 1996; Yielding et aI., 1997; Freeman et aL, 1998; Yielding et aI., 1999). 

The SGR was calibrated in these studies, and it was determined that faults with 

SGRs less than 20% were typically ineffective seals, SGRs between 20 and 40% 

were variably good seals and SGRs greater than 40% had the highest probability 

of seal. 

A major caveat with the SGR method is that it assumes only shale gouge 

in the fault zone contributes to seal. This may hold true in many instances, 

however it is possible that other fault zone processes such as cataclasis and 
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cementation may play an equally important role in controlling fault seal behaviour 

(Knipe, 1992; Knipe, 1997; Knai & Knipe, 1998; Leveille et aI., 1997). Presently, 

only shale gouge appears to be predictable given the current level of knowledge 

and experience of fault zone processes. Moreover, the SGR technique is only 

one of many that have been developed to predict the amount of shale gouge in a 

fault (see Yielding et aI., 1997, for discussion of other methods). In addition, there 

are other important uncertainties and simplifications in this type of analysis, 

including seismic mapping, depth conversion, geologic modelling and damage 

zone characteristics, that reduce certainty in fault seal interpretations and 

conclusions. For a thorough discussion of these issues refer to Hesthammer & 

Fossen (2000). 

3.1.3 Production time scale fault seal analysis 

Production time scale analysis offers an opportunity to qualitatively and 

quantitatively describe fluid flow behaviour in a reservoir over a much shorter 

duration, on the order of hours to days. This type of analysis was carried out at 

two different scales using two different types of data: (1) macro-scale analysis 

using DST data and (2) micro-scale analysis using core plug permeametry. 

Results from these analyses are useful in constraining fluid flow behaviour 

proximal to faults. This type of analysis is particularly useful in the delineation 

and early production phases of field development, prior to the availability of 

extensive and dynamic pressure data after several years of production. Data 

employed were different than those used in the geologic time scale analysis, and 



77 

when integrated with seismic and core structural information, provide a means of 

predicting the potential effect of faults on fluid flow over a production time-span. 

DSTs are relatively short duration tests of a reservoir that are performed to 

determine the size and pressure characteristics of a particular zone. Individual 

DST analysis is performed to identify possible flow barriers in the zone of interest 

by mathematical investigation of the drawdown and buildup portions of the DST 

curve. Given certain assumptions regarding parameters such as fluid flow regime 

and permeability, the distance to a possible boundary and the radius of 

investigation (ROI) can be computed (see Earlougher, 1977 for more discussion). 

Half the distance of the ROI is the distance from the wellbore that represents the 

maximum distance of returned information (MDRI). Well test imaging (WTI) is 

based on DSTs and provides a means of graphically representing reservoir 

permeability pathways and boundaries (Slevinsky, 1999). 

The distance to a seismically mapped fault can be compared to MDRI to 

determine whether a well test reaches far enough into the reservoir to sample the 

known fault. If the MDRI is less than the distance to the fault, then the fault was 

not sampled by the test and nothing can be said about its permeability response. 

However, in cases where the distance to a fault is less than the MDRI, the 

pressure transient samples the fault and can return information on its 

permeability. 

The correlation of faults with boundaries is not always straightforward, 

however, because other factors in the DST analysis or geological model may be 

able to explain some apparent fault boundaries. Analysis commonly requires 
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assumptions regarding fluid flow regime and accepting one model over the other 

can create the appearance of a boundary when none actually exists. For 

example, the boundary signal from a fault may not be distinguishable from a 

stratigraphic-related decrease in permeability resulting from an abrupt horizontal 

facies transition between reservoir sand and non-reservoir shale. 

WTI is a graphical depiction of the pressure transient as it moves out from 

the wellbore. When the pressure transient encounters a pressure (flow) boundary 

an abrupt termination of the WTI is evident. The returned boundary data provides 

information not only about the distance to the boundary, but also its shape 

(Slevinsky, 1999). That information can be plotted to scale on a fault polygon or 

first derivative map to constrain which fault may have caused the boundary 

indication. There is a degree of uncertainty, however, in determining the distance 

to and character of a boundary. Errors of 20-30% are not uncommon for distance 

calculations and it is not always clear whether a boundary is sealing or partially 

leaky. These uncertainties can significantly reduce the amount of confidence one 

can place on these types of analyses. 

DST data provide a means of assessing, in a qualitative way, the bulk 

permeability response of a particular fault. However, DSTs do not commonly 

provide quantitative information on fault permeability and threshold pressures. To 

address these parameters it is necessary to investigate the reservoir at the 

microscopic scale. Core plug air and liquid permeametry and threshold pressure 

testing have been performed on small offset faults sampled from the Terra Nova 

core (Fig. 3-5 a & b). The goal of this study has been to determine if a 
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Fig. 3-5: (A) Micro-fault (outlined in orange) in fine-grained sandstone (core slab 
is 5" wide). (8) 1" diameter core plug sample containing the fault (arrow) 
shown in A. 
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relationship existed between fault offset and rock type and across-fault 

permeability and threshold pressure. 

3.1.4 Fault population analysis 

Fault population analysis is relevant to the study of fault seal analysis. The 

numbers, spatial distribution and permeability attributes of faults below the limit of 

seismic resolution represent one of the major uncertainties in reservoir 

development scenarios. Sub-seismic faults have been shown in other fields to 

have a significant effect on reservoir permeability and production (Yielding et aI., 

1992; Smith & Morgan, 1986; Omre et ai, 1994; Walsh et al. , 1998; Foley et aI., 

1998). A large amount of work published on fault populations over the past 10-12 

years on oilfields, coal mines and other areas where either 3-D seismic or 

detailed map information exists, provided the theoretical background for fault size 

population modelling undertaken in the present study (Childs et aI., 1990; Marrett 

& Allmendinger, 1991; Walsh et aI., 1992; Walsh & Watterson, 1992; Yielding et 

aI., 1992; Walsh et aI., 1993; Yielding et al. , 1996; Needham et aI., 1996; Nicol et 

al. , 1996; Steen et aI., 1998). 

These studies have shown that fault populations have predictable size 

distributions, commonly classified in terms of fault throw or length, over up to 

seven orders of magnitude. The size distribution is commonly best described by 

a fractal model, implying that there are numerous smaller faults for every larger 

fault mapped in the reservoir. However, fault populations do not necessarily obey 

a fractal model, requiring more thorough mathematical investigation and 
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modelling. Once a fault size model has been established for a particular fault set, 

it is possible to extrapolate to and predict the numbers or density of sub-seismic 

faults over the size range of interest (typically 1 to 30m). 

In addition, empirical relationships between fault throw and length and the 

orientation patterns of seismically mapped faults must be used to constrain the 

sub-seismic fault population (Watterson, 1986; Walsh & Watterson, 1988; Cowie 

& Scholz, 1992). When all types of population modelling are integrated it is 

possible to create a series of stochastic realizations of sub-seismic faults for 

input into a reservoir fluid flow simulator (e.g. Wen & Sinding-Larsen, 1996; 

Gauthier & Lake, 1993; Munthe, 1993). 

3.2 Results & Interpretation 

3.2.1 Geologic time scale analysis 

Four major faults had sufficient across-fault data for detailed geologic time 

scale fault seal analysis (Fig. 3-4). Fault 304bns, separating the West Flank and 

Graben structural blocks, has minor reservoir overlap. Fault 502ns, separating 

the Graben and East Flank structural blocks, exhibits minor reservoir overlap. 

Fault 307ew, separating the southern Graben from the northern Graben 

structural blocks, has a large area of reservoir overlap. Fault 702ew, separating 

the southern East Flank from the northern East Flank structural blocks, has a 

minor area of reservoir overlap. 
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3.2.1.1 Fault 304bns 

Reservoir overlap across Fault 304bns is minimal in extent, located near 

the northern termination of the fault (Fig. 3-6). The overlap zone is partially above 

the predicted oil/water contact of -3580 m and mainly comprises footwall LC2 

Sand against hanging wall UC2A Sand. This reservoir on reservoir overlap was 

modelled using the SGR to test the probability for seal and it was found that the 

entire overlap area has an SGR less than 20% (Fig. 3-6). The sensitivity of the 

SGR calculation to variable v-shale was tested by adding and subtracting 20% of 

the original v-shale for strata in the model (Figs. 3-7 & 3-8). Notably, the higher v

shale condition produced a SGR that was still less than 20%. This value 

suggests that there is a low probability for geologic time scale seal across this 

fault between the reservoirs. 

In order to test the SGR method, other data were gathered and interpreted 

to determine the nature of seal on this fault. Across-fault static pressure gradient 

information for the interval under investigation was compiled and these data are 

plotted in Fig. 3-9. The footwall K-18 water gradient is shown in red and is 

extrapolated deeper than data were available in order to allow direct comparison 

with the hanging wall L-98-2 oil gradient. Error bars, representing the absolute 

error of measurement associated with the K-18 Repeat Formation Tester (RFT) 

data, are shown as dashed lines. The L-98-2 data were recorded using a new 

Modular Dynamic Formation Tester (MDT) tool and have an absolute error less 

than the thickness of the blue line (thus are not shown). Inspection of this plot 

shows that there is a pressure difference of approximately 800 kPa across the 
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Fig. 3-6: Isometric projection of Fault 304bns showing the SGR for reservoir on 
reservoir overlaps. FW (dashed) and HW (solid) stratigraphic cut-offs, 
major fault intersections and the predicted O/W contact are also shown. 
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Fig. 3-7: Same as Fig. 3-6, except showing the SGR for a 20% higher v-shale 
model. 
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Fig. 3-8: Same as Fig. 3-6, except showing the SGR for a 20% lower v-shale 
model. 
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Fig. 3-9: Across-fault static pressure gradients for Fault 304bns. FW (K-18) water 
gradient and error bars (dashed) shown in red (extrapolated below -3360 
m). HW (L-98-2) oil gradient shown in blue. 
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fault at the level of the top of the reservoir in the hanging wall. This suggests that 

the fault is sealing because an open fault with across-fault reservoir 

communication would be expected to have the same pressure across the fault. 

Moreover, the presence of oil in the hanging wall and predicted water in the 

footwall at the same structural level is also indicative of a seal. 

To summarize, the SGR for Ben Nevis reservoir overlap was determined 

to be less than 20%, suggesting that Fault 304bns has a low probability for seal 

on a geologic time scale. Other data, including static pressure gradients and fluid 

types suggest that the two blocks across this fault are not in pressure or fluid 

communication (Table 3-1). 

Thus, it would appear that the SGR is not a good predictor of geologic 

time scale fault seal across this fault because the fluid data do not agree with the 

prediction of a leaky fault. However, there is another possibility in this case. 

There is some uncertainty in the continuity of reservoir units from the northern 

Graben to the southern West Flank across this fault due to poor well control. It is 

possible that the footwall UC2A Sand is sealed vertically and to the south by an 

overlying shale (UC2B Shale). Thus, the K-18 well, which is water wet, may not 

sample the potentially oil-charged UC2A Sand to the north. The 1-30 well, drilled 

in the West Flank, northwest of the L-98-2 location, does not disprove this 

possibility because although the well was water wet, it was drilled in a structurally 

low position where the sands are below the predicted oil/water contact for the 

field (Fig. 3-1). An important implication of this work is that there are potentially 
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significant volumes of oil trapped in the rotated footwall block UC2A Sand of the 

West Flank. 

3.2.1.2 Fault 502ns 

Reservoir overlap across Fault 502ns is extremely minor, centered on its 

northern termination (Fig. 3-10). The overlap zone occurs above the predicted 

oil/water contact and consists of several footwall and hanging wall units that 

become self-juxtaposed proximal to the tip of the fault. This reservoir on reservoir 

overlap was modelled using the SGR and it was found that approximately 50% of 

the overlap area has an SGR less than 20% (Fig. 3-10). The remaining 50% of 

the reservoir overlaps have SGRs between 20 and 40%. The sensitivity of the 

SGR method to variable v-shale was tested similarly to that described previously, 

with no significant increase in the SGR noted for a 20% higher v-shale model 

(Fig. 3-11). The 20% SGR is considered to represent the leak area on the fault, 

so there is a low probability for geologic time scale seal across this fault based 

on the SGR analysis. 

The across-fault static pressure gradient information for the footwall and 

hanging wall reservoirs was compiled and these data are plotted in Fig. 3-12. 

The footwall H-99 oil gradient is shown in red and the hanging wall L-98-1 oil 

gradient is shown in blue. The L-98-1 oil leg was extrapolated up to the base of 

the H-99 gradient for ease of comparison. Error bars for the H-99 RFT data are 

shown as dashed lines. The L-98-1 data were recorded using an MDT tool and 

have an absolute error less than the thickness of the blue line. This plot shows 
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Fig. 3-10: Isometric projection of Fault 502ns showing the SGR for reservoir on 
reservoir overlaps. FW (dashed) and HW (solid) stratigraphic cut-ofts, 
major fault intersections and the predicted O/W contact are also shown. 
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Fig. 3-11: Same as Fig. 3-10, except showing the SGR for a 20% higher v-shale 
model. 
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Fig. 3-12: Across-fault static pressure gradients for Fault 502ns. FW (H-99) oil 
gradient and error bars (dashed) shown in red. HW (L-98-1) oil gradient 
shown in blue (extrapolated above -3400 m). 
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that there is no statistical difference between the pressure gradients across the 

fault; the gradients are nearly coincident. This pressure similarity suggests that 

the fault may not seal. 

Geochemical profiles of the oils in these reservoirs are similar, suggesting 

fluid communication across the fault. Moreover, there are no substantial across 

fault differences in oil API gravity and PVT. 

To summarize, the SGR for reservoir overlap was determined to be less 

than 20% over approximately half of the overlap zone, suggesting Fault 502ns 

has a low probability for seal on a geologic time scale. Other data, including 

static pressure gradients and oil geochemistry support the non-sealing 

interpretation (Table 3-2). 

3.2.1.3 Fault 307ew 

Reservoir overlap across Fault 307ew is extensive in the Graben, notably along 

the central portion of the fault (Fig. 3-13). The main overlap zone comprises 

UC2A sand in the footwall juxtaposed against UC2A, UC2C and Da sands in the 

hanging wall. Several other minor reservoir overlaps also exist. 

These overlaps were modelled using the SGR (Fig. 3-13). The main area 

of overlap exhibited SGRs less than 20%. The minor overlaps are characterized 

by SGRs between 20 and 40%. The sensitivity of the SGR method to variable v-

shale was tested as described previously. The 20% higher v-shale model (Fig. 3

14) did not increase the SGR to greater than 20% on the major overlaps 

discussed above. Based on this analysis there is a low probability for geologic 
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Table 3-2: Fault seal summary and comparison for Fault 502ns. 

Data Type
 

SGR Analysis
 

Static Pressure
 

Gradients
 

Oil Geochemistry
 

Oil PVT
 

OIW Contact
 

Heights
 

Fluid Type
 

Conclusion
 

Sealing 

N/A 

Not Sealing 

x 

x 

N/A 

x 

x 

x 

x 
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Fig. 3-13: Isometric projection of Fault 307ew showing the SGR for reservoir on 
reservoir overlaps. FW (dashed) and HW (solid) stratigraphic cut-ofts, 
major fault intersections and the predicted O/W contact are also shown. 
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Fig. 3-14: Same as Fig. 3-13, except showing the SG R for a 20% higher v-shale 
model. 
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time scale seal across this fault, as the major reservoir juxtaposition zone has an 

SGR less than 20% and represents the leak point on the fault. 

Across-fault static pressure gradients for the reservoir overlap above the 

predicted oil/water contact are plotted in Fig. 3-15. The footwall K-07 gradient 

has error bars due to the nature of the RFT data; the error bars are shown as 

dashed lines. The hanging wall L-98-3 data were recorded using an MDT tool 

and have an absolute error less than the thickness of the blue line. This plot 

shows that the measured oil legs occupy similar depths over a 40 m span and 

that there is no statistical difference between these pressures. The lack of 

pressure differential across the fault in this area suggests that the fault may not 

seal. Geochemistry of oils in the adjacent fault blocks is not significantly different, 

suggesting a seal may not exist. Oil API gravity and PVT information across the 

fault corroborate this conclusion. 

To summarize, the SGR for the major reservoir overlap above the 

oil/water contact was less than 20%, suggesting Fault 307ew has a low 

probability for seal on a geologic time scale. Static pressure gradients support 

the no-seal interpretation as it appears the hanging wall and footwall are in 

pressure communication. Furthermore, there is no significant difference in 

across-fault oil API, PVT or geochemistry (Table 3-3). 

3.2.1.4 Fault 702ew 

Fault 702ew separates the southern East Flank from the northern East 

Flank. Multiple hanging wall and footwall reservoirs are juxtaposed near the 
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Fig. 3-15: Across-fault static pressure gradients for Fault 307ew. FW (K-07) oil 
gradient and error bars (dashed) shown in red. HW (L-98-3) oil gradient 
shown in blue. 
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Table 3-3: Fault seal summary and comparison for Fault 307ew. 

Data Type
 

SGR Analysis
 

Static Pressure
 

Gradients
 

Oil Geochemistry
 

Oil PVT
 

OIW Contact
 

Heights
 

Fluid Type
 

Conclusion
 

Sealing 

N/A 

Not Sealing 

x 

X 

N/A 

X 

X 

X 

X 
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eastern low throw point on this fault (Fig. 3-16). Another, minor overlap exists in 

the central area of the fault. All overlaps are located above the predicted oil/water 

contact. 

These overlap zones were modelled using the SGR and it was found that 

the eastern overlap area has a SGR less than 20% (Fig. 3-16). The central 

overlap has a SGR between 20 and 40%. The sensitivity of the SGR calculation 

was tested and shows that the higher v-shale model produced a SGR that was 

still less than 20% (Fig. 3-17). This value suggests that there is a low probability 

for geologic time scale seal across this fault. 

Static oil pressure gradients were calculated for the hanging wall and 

footwall oil legs across the fault (Fig. 3-18). The footwall 1-97 and hanging wall E

79 gradients have error bars due to the nature of the RFT data; the error bars are 

shown as dashed lines. This plot shows that the measured oil legs occupy similar 

depths over a 20 m span and are coincident, indicating that there is no statistical 

difference between their pressures. The lack of pressure differential across the 

fault in this area suggests that the fault may not seal. 

Other data enabling across-fault comparison were available. 

Geochemistry, API gravities and PVT of the oils in the adjacent blocks are very 

similar. Thus, there is no fluid evidence for a sealing fault. 

To summarize, the SGR for reservoir overlap was determined to be less 

than 20% over the key overlap zone, suggesting Fault 702ew has a low 

probability for seal on a geologic time scale. Other data, such as oil API, PVT 

and geochemistry support the non-seal conclusion (Table 3-4). 
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Fig. 3-16: Isometric projection of Fault 702ew showing the SGR for reservoir on 

reservoir overlaps. FW (dashed) and HW (solid) stratigraphic cut-ofts, 
major fault intersections and the predicted O/W contact are also shown. 
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Fig. 3-17: Same as Fig. 3-16, except showing the SGR for a 20% higher v-shale 
model. 
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Table 3-4: Fault seal summary and comparison for Fault 702ew. 

Data Type
 

SGR Analysis
 

Static Pressure
 

Gradients
 

Oil Geochemistry
 

Oil PVT
 

OIW Contact
 

Heights
 

Fluid Type
 

Conclusion
 

Sealing 

N/A 

Not Sealing 

x 

x 

N/A 

x 

x 

x 

x 
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3.2.1.5 Application of fault seal analysis in Terra Nova exploration 

Given the results of the geologic time scale fault seal analysis for the field, 

the FAPS software and SGR methodology were applied to determine the 

potential sealing behaviour of three critical faults in the eastern portion of the 

field. This area is due east of the East Flank and is known as the Far East (Fig. 

3-1). No wells have been drilled in this structural block to determine if it is oil 

charged, but based on seismic mapping of the Jeanne d'Arc reservoir in this area 

the graben could contain a large oil accumulation. 

One of the major risk factors in predicting whether the Far East is oil 

charged is the probability of fault seal on several of the bounding faults, known 

as Faults 705ns, 704ns and 703ew. In order for up-side potential to exist in the 

Far East, at least one of these faults must leak at the reservoir level, above the 

predicted oil/water contact of -3580 m. 

Juxtaposition analysis shows that reservoir overlap across these faults is 

laterally and vertically extensive above the predicted oil/water contact (Figs. 3-19, 

3-20, 3-21). However, there is some uncertainty regarding the nature and 

distribution of reservoir units in the Far East. In addition, there are some artifacts 

and juxtaposition errors evident in the fault plane projections that derive from 

both the FAPS analysis and the original reservoir layer model. Assuming these 

factors do not significantly impact the analysis, SGRs for the overlap zones are 

dominantly less than 20%, indicating a low probability for seal (Figs. 3-19a, 3-20a 

&3-21a). 
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Fig. 3-19: (A) Isometric projection of Fault 705ns showing the SGR for reservoir 
on reservoir overlaps, FW (dashed) and HW (solid) stratigraphic cut-ofts, 
major fault intersections and the predicted O/W contact are also shown. 
(B) Same as (A), except a 20% higher v-shale model has been used to 
compute the SGR. 
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Fig. 3-20: (A) Isometric projection of Fault 704ns showing the SGR for reservoir 
on reservoir overlaps. FW (dashed) and HW (solid) stratigraphic cut-offs, 
major fault intersections and the predicted O/W contact are also shown. 
(B) Same as in (A), except a 20% higher v-shale model has been used to 
compute the SGR. 
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Fig. 3-21: (A) Isometric projection of Fault 703ew showing the SGR for reservoir 
on reservoir overlaps. FW (dashed) and HW (solid) stratigraphic cut-offs, 
major fault intersections and the predicted O/W contact are also shown. 
(B) Same as in (A), except that a 20% higher v-shale model was used to 
compute the SGR. 
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A sensitivity analysis of v-shale versus SGR was performed by increasing 

the v-shale in the original model by 20% (Figs. 3-19B, 3-20B & 3-21 B). It is 

evident that the increased v-shale model resulted in a generally higher SGR on 

reservoir overlaps (50% coverage of 20-40% SGR from less than 10% coverage 

of 20% SGR). However, many overlaps still have significant areas of SGRs that 

are less than 20%, and these areas represent leak points for oil to migrate from 

the East Flank to the Far East. 

The exploration implication of these results is that the probability of an oil 

charge in the Far East down to -3580 m is very high. It should be noted, 

however, that other factors might invalidate this interpretation. Another possible 

interpretation is that shale smear is not responsible for sealing behaviour on this 

fault. Permeability reduction associated with cataclasis or cementation along the 

fault plane may be sufficient to prevent oil migration across the fault. Specifically, 

enhanced quartz cementation along fault planes related to the depth of burial and 

high temperature (~1 000 C) of the reservoir may be important in seal formation 

(Bjorlykke & Egeberg, 1993). At this point, no data exist to suggest that fault 

planes in the field are cemented, but the possibility has not been ruled out 

because there have been no major faults cored in the field. 

3.2.2 Production time scale fault seal analysis 

3.2.2.1 DST analysis 

DST data and interpretations were available for 13 DST's run in six oil-

bearing wells: K-08, K-07, 1-97, H-99, C-09 and E-79. Results based on the 



105 

analysis of these DSTs are shown in Table 3-5 (Petro-Canada, 1999b). Notably, 

12 of the 13 tests had an MDRI greater than the distance to the nearest 

seismically mapped fault. This means that all but one of the tests samples far 

enough into the reservoir to return information on the permeability of a known 

fault. 

Petro-Canada (1999b) concluded that of 38 boundaries identified on well 

tests at Terra Nova, approximately 26% are coincident with seismically mapped 

faults. Another 43% are likely related to minor (borderline sub-seismic) faults that 

were resolved using dip magnitude maps. One boundary correlates with a 

stratigraphic boundary. The remaining 28% have no known cause. In addition, 

24% of boundaries were leaky or constant pressure, with E-W trending faults 

comprising a higher proportion of this type than N-S faults. 

An important point that requires discussion is what is the underlying cause 

for the observed permeability boundary associated with a known fault. As seen in 

the previous section on fault seal analysis, reservoir can be juxtaposed against 

reservoir or non-reservoir across a fault. Fault seal, if it exists, could be regarded 

as either a membrane seal (in the case of reservoir on reservoir) or juxtaposition 

(in the case of reservoir on non-reservoir). It is key to distinguish the two types 

when evaluating the boundary estimations from DST data, because the 

juxtaposition seal tells us nothing about fault rock properties. The sealing 

behaviour of a juxtaposition seal derives from the presence of a high threshold 

pressure unit, such as shale, across the fault. Only in the case of a membrane 

seal can we say anything about the fault rock properties. This distinction is 
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Table 3-5: DST analyses and distance to nearest fault data. ROI: Radius of 
Investigation; MDRI: Maximum Distance of Returned Information; DTNF: 
Distance to Nearest Seismic Fault (DST data from Petro-Canada, 1999b; 
fault data from Petro-Canada, 1999a). 

Well (DST#) ROI (m) MDRI (m) DTNF (m) 

K-08 (1) 272 138 60 

K-08 (2) 388 194 60 

K-08 (3) 308 154 60 

K-08 (4) 383 191.5 60 

K-07 (1) 833 416.5 267 

K-07 (2) 688 344 267 

1-97 (1) 400 200 489 

H-99 (1) 1949 974.5 133 

C-09 (3) 1071 535.5 100 

C-09 (4) 960 480 100 

E-79 (1) 864 432 356 

E-79 (2) 1883 941.5 356 

E-79 (3) 1264 632 356 
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relevant when trying to predict flow across a fault that may exhibit a membrane 

seal, for example when performing reservoir flow simulations. 

All relevant faults were not examined in this study to determine whether 

the boundary indications may have originated from a membrane or juxtaposition 

seal, or some hybrid thereof. However, a large proportion of the faults that were 

classified as most proximal to the wells with DST data have offsets that are 

commonly less than reservoir thicknesses, suggesting that many of the boundary 

indications are associated with membrane seals.The observation that -24% of 

boundaries were leaky is important because it shows that faults cannot always 

be subdivided into either sealing or non-sealing. There is a large gray area in 

between that can be the result of several factors, including: (1) dynamic 

relationship between fault seal and pressure, (2) the spatial continuity of faults, 

and (3) the character of fault damage zones. 

The fact that E-W oriented faults have a higher percentage of leaky faults 

is interesting, but not readily explainable. It is clear that the E-W and N-S faults 

formed at different times and under different conditions of confining pressure 

(and possibly strain rates). The N-S set formed first, during the Earliest 

Cretaceous, at the same time or slightly after reservoir deposition. Thus, the 

Jeanne d'Arc Formation would have experienced less confining pressure than 

during the second episode of faulting, when the reservoir was buried by 

approximately 1500 m of sediment and rock. It is possible that these different 

geo-histories are responsible for creating faults that have significantly different 

hydraulic properties. However, no data were gathered that allow an unequivocal 
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distinction to be made between the nature of the two different fault sets (e.g. 

more severe cataclasis, wider damage zones, increased shale entrainment or 

preferential cementation). 

Many boundary indicators in the Terra Nova Field support the 

interpretation that sub-seismic faults are present in the reservoir. The 43% of 

boundaries that were tentatively correlated to faults at the limit of seismic 

resolution and the -28% of boundaries interpreted from well tests that had no 

explainable origin are probably primarily due to the presence of faults with throws 

< 20-30m. It is therefore evident that faults with sub-seismic offsets can affect 

reservoir permeability and connectivity. 

3.2.2.2 Well Test Imaging 

Well Test Imaging (WTI) was applied to the 13 Terra Nova DST analyses 

by Petro-Canada (1999b). WTI was integrated with other geological and seismic 

data on reservoir continuity and fault locations to garner the maximum amount of 

information and certainty from the analysis. Examples of WTI analyses from 

Terra Nova are described below. 

A major N-S trending fault aligns well with the predicted shape of the 

boundary in a K-07 DST (Fig. 3-22). However, the boundary and fault are not 

perfectly coincident with one another; the predicted boundary occurs up to a 

couple of hundred meters to the east of the fault. One possibility is that there is a 

damage zone associated with the fault that causes a boundary outboard of the 

true fault position. Fault damage zones are common features of many faults, 
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Fig. 3-22: WTI for a DST in the K-07 well (after Petro-Canada, 1999b). The WTI 
is superimposed (at the same scale) on a dip magnitude map (color 
coded). The hotter colors represent areas of higher dip, interpreted as 
faults. The WTI aligns with, but terminates outboard of, the major N-S 
trending fault. 
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comprising variably thick areas of minor faults and fractures outboard from the 

main slip zone (Caine et aI., 1996; Aydin & Johnson, 1978). However, 

unavoidable errors in the WTI calculation prevent making that conclusion 

definitive. 

Multiple boundaries can be shown in the same WTI. For example, the WTI 

for K-08 DST#3 shows two prominent boundaries (Fig. 3-23). These boundaries 

were linked to two NNE trending parallel faults that straddle the K-08 well. Other 

configurations of faults, such as orthogonal patterns, can also be imaged. 

A possible drawback to the WTI technique is the spatial non-uniqueness 

of the solution. Commonly this problem can be remediated by integration with 

other fault data. However, sometimes the geometry of a fault or fault set does not 

allow for unequivocal correlation of faults to boundary indications. For example, 

the boundary on the C-09 DST#3 WTI can be matched well to a nearby fault (Fig. 

3-24A). But by rotating the WTI 1800 around the wellbore axis, it appears that the 

WTI is equally as good a fit to the fault (Fig. 3-248). There is no current 

methodology available to distinguish which alternative interpretation is more 

likely. This introduces a degree of uncertainty into the application of WTI to link 

boundaries to a specific fault or part of a fault. 

Overall, however, the WTI technique was very useful in characterizing the 

sealing behaviour of faults in the field. As more wells are drilled the amount of 

DST data available to perform WTI will increase and allow for greater constraint 

of fault seal behaviour. 
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Fig. 3-23: WTI for DST#3 in well K-08, superimposed on a fault polygon map 
(green lines) and net sand thickness map (color coded) (after Petro
Canada, 1999b). Two boundaries on the WTI are coincident with two 
major NNE trending faults. 
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Fig. 3·24: (A) WTI for OST#3 in well C-09, superimposed on a fault polygon map 
(after Petro-Canada, 1999b). One of the boundaries aligns very well with 
the N-S trending fault in the center of the map. (B) By rotating the WTI 
180Q around the axis of the well bore, the boundary matched to the 
northern part of the N-S fault in (A) is an equally good match for the 
southern portion of the same fault. 



113 

3.2.2.3 Fault petrophysical analysis 

An integral part of production time scale fault seal analysis is quantifying 

the decrease in reservoir permeability associated with faulting. DST and WTI 

techniques described above offer only a qualitative depiction of fault seal (either 

sealing, non-sealing or partially sealing). In order to quantitatively assess fault 

seal during the pre-production phase of field development, data must be 

gathered on individual faults and fault rock types. Previous work has sampled 

fault permeability from core plugs and by measuring in situ permeabilities in 

surface outcrop (Knai & Knipe, 1998; Gibson, 1998; Antonellini & Aydin, 1994). In 

this study, 1" (2.54 cm) diameter core plugs were drilled orthogonally through 

small offset «1.5 cm) faults and through the respective matrix (unfaulted) to 

quantify the effect of the faults on across-fault fluid permeability and threshold 

pressures. 

Seven fault sample pairs were initially tested using an air permeability 

technique. Samples were cleaned in toluene and methanol to remove any 

residual hydrocarbon and to leach any salts and then loaded into a cylindrical 

pressure vessel. The results of the air permeability testing are shown in Figure 3

25. In all cases, the permeabilities of samples containing a fault were lower than 

the permeabilities of the surrounding host rock. There was considerable 

variability in the degree of permeability reduction, however, with some samples 

showing several orders of magnitude difference, whereas others exhibited only a 

few percent difference (Fig. 3-25). 



114 

1.0E+04 

-C 1.0E+03 
E-
~ 
:c 1.0E+02 

,

~ 
Q) 

E 
~ 

Q) 
a.. 1.0E+01 - f- f-

1.0E+OO 
2 5 6 8 9 11 

Jl 
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The reason for the differing amount of permeability reduction is thought to 

be linked to two factors: (1) fault offset and (2) fault rock type. It is expected that 

faults with larger offset or more shale gouge would likely produce more of a 

permeability reduction. In order to test this assumption the offset and fault rock 

type data were plotted against the percentage of permeability reduction caused 

by each fault (Fig. 3-26). This plot shows a general increase in permeability 

reduction associated with an increase in fault offset, but the relationship is poorly 

defined. The plot also shows that there is a large amount of variability in the 

permeability reduction associated with the different fault rock types. It is evident 

that more data are required to better constrain the relationships between fault 

permeability reduction and both fault offset and rock type. Other workers have 

done similar studies and have documented in some detail the relationship 

between fault throw and rock type and permeability (e.g., Knai & Knipe, 1998). 

Additionally, two pairs of samples from the previously described seven 

pairs were tested to quantify the effect of faulting on threshold entry pressures. 

The samples were individually vacuum saturated with formational brine and 

loaded into a hydrostatic core holder in which they were subjected to reservoir 

conditions (38 MPa & 100°C). Threshold pressure was measured by gradually 

increasing the pressure drop across the sample at a rate of 0.01 ml/min until 

formation brine started to evolve from the downstream end of the sample. The 

maximum pressure at which brine started to flow was recorded as the threshold 

pressure. 
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Fig. 3-26: Graph of micro-fault offset and fault rock type against the percentage 
of original rock permeability in faulted samples. PFFR: Phyllosilicate 
framework fault rock; CAT: Cataclasite; SG: Shale gouge. 
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Figure 3-27 shows the results of the threshold pressure tests. The data 

show that the faulted samples have significantly higher threshold pressures than 

the unfaulted equivalents. Most notably, the fault-bearing Sample 8 has a 

threshold pressure over two orders of magnitude higher than the unfaulted 

Sample 8. Another observation based on this testing is that the permeability and 

threshold pressures have an inverse relationship; the higher the threshold 

pressure, the lower the permeability. 

An important implication of these results is that even very low offset faults 

can have a substantial negative impact on reservoir permeability and increase 

threshold pressures to the point where fluid will not flow across the fault plane 

under normal production conditions. Small faults with offsets on the order of 1 

mm to 10 em are not likely to be areally extensive in the reservoir, so fluid could 

move around the small faults or move through certain low throw windows in the 

faults. However, it was shown in the previous section on fault population 

modelling that numerous small faults in the 1 m to 30 m range are expected to 

exist in the Terra Nova reservoir. These faults are likely continuous and cover 

significant areas in a reservoir. Unfortunately, no such faults were cored in the 

field, and it is unlikely that they will be cored in the future, due to difficulties in 

recognizing and measuring these offsets in core. However, by careful up-scaling 

of the small offset fault results to larger equivalents, it will be possible to predict 

with some confidence the impact of these faults on reservoir production. More 

data on small offset faults are required in order to make this possible. 
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Fig. 3-27: Threshold pressures for faulted (blue) and unfaulted (red) core plug 
sample pairs. Note the increase in threshold pressure for faulted samples. 
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3.2.3 Fault population analysis 

The unknown structural variable in reservoir modelling is commonly the 

impact of sub-seismic faults. In order to constrain the density, size and 

orientation patterns of the sub-seismic fault population at Terra Nova, data were 

gathered on faults at two different scales: (1) seismic data and (2) core data. 

Information on seismic faults, such as throw, map length, dip and strike were 

recorded. Structural logging of approximately 500 m of core was performed, for 

which information such as fault depth, type and offset were recorded. An 

example of a structural core log, with lithologic information included, is shown in 

Fig. 3-28. 

Figure 3-29 shows the fault throw population data for the seismically 

mapped and core fault sets at Terra Nova. Data on seismic fault populations 

were taken from Norsk Hydro (1999), and are based on the Hibernia horizon, 

which is several hundred meters above the Jeanne d'Arc reservoir. Seismic fault 

throw data were not taken from the Jeanne d'Arc reservoir because, as 

previously discussed, the quality of seismic data at the depth of the reservoir is 

poor and many smaller faults could not be adequately imaged. The impact of 

sampling the Hibernia horizon instead of the Jeanne d'Arc horizon is thought to 

be minimal because both units shared a similar amount and type of deformation. 

Other studies have shown that it is valid to extrapolate seismic fault size 

models to sub-seismic throws. For example, Yielding et al. (1992) did a study on 

linking core and seismic fault populations. They found that although there tended 

to be considerable variability from core to core, taken as a whole, core fault data 
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Fig. 3-28: Structural frequency and lithology plot for the H-99 well in the Terra 
Nova Field. Fault frequencies shown in green, fractures in red. Grain size 
and the location of cemented zones are shown along the right-hand side. 
CG: Conglomerate; C: Coarse-grained sandstone; M: Medium-grained 
sandstone; F: Fine-grained sandstone; Sh: Shale; CEM: Cemented zones 
(lithology data after Knight, 1996). 
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tended to plot near or on the extrapolated seismic model, thus validating the 

extrapolation. In addition, studies done on map fault data which spans up to five 

orders of offset magnitude shows that small and large fault populations tend to lie 

on the same model curve (e.g. Yielding et aI., 1992). 

The E-W and N-S fault sets were plotted separately to allow the 

identification of any differences in the two populations. The data are displayed 

using a typical graph with logarithmic axes, where the x-axis represents the throw 

on a fault and the y-axis represents the cumulative density of faults with a throw 

greater than a particular value. The seismic fault population exhibits three distinct 

segments (Fig. 3-29). The steeply sloping right-hand segment is an artifact 

associated with undersampling of faults with large throws. These larger faults 

were not completely sampled because they extend or exist outside the study 

area. The shallowly sloping left-hand segment represents an undersampling of 

small (sub-seismic) faults related to the vertical resolution limit of the seismic 

survey. The moderately sloping central segment comprises the true fault 

population in the field and was modelled using least squares regression. 

It was determined that the E-W seismic fault population has a power-law 

distribution, characterized by a straight-line segment from 30 to 400 m throw. 

This means that the population is fractal, with a fractal dimension of -1.07. The 

N-S seismic fault population appears to have an exponential distribution, 

characterized by a convex-upward line from 30 to 400 m throw. The N-S fault 

throw population is therefore fundamentally different from the E-W population. 

The core fault throw population is plotted on the same graph and was computed 
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using a simple trigonometric correction that assumed a fault dip of 60°. The core 

population exhibits a straight-line tendency over the 1.5 mm to 1.5 cm range, 

suggesting the population is fractal (fractal dimension of -1.70). The core fault 

population lies in between the extrapolated E-W and N-S seismic fault 

populations. This suggests that the core population is a combination of both 

seismic fault populations and potentially represents an undersampling of the E-W 

seismic population (possibly due to steeper dips on the E-W set). 

There is a linear relationship between seismic fault offset and length (Fig. 

3-30). Again the E-W and N-S sets were plotted separately and it was found that 

the relationship is different for the two fault sets. The E-W set is described by the 

function d=0.02361 + 43.7, whereas the N-S set is described by the function 

d=0.03661 - 31.582 (d=displacement; 1=length). Thus, the E-W and N-S fault 

trends have length to displacement ratios of 42:1 and 27:1, respectively. 

Finally, it was found that the fault orientation patterns at Terra Nova were 

predictable. As already stated, there are two major fault trends in the area, a N-S 

set and an E-W set. Faults dips range from 60° to 80°. The N-S faults dip both to 

the east and the west; however, the E-W set appears to dip exclusively to the 

north. 

Taken together, these results and interpretations indicate important 

differences between the two fault sets at Terra Nova. The different models for 

fault throw distribution and displacement to length relationships for the N-S and 

E-W faults suggest there is a fundamental difference between the two fault sets. 

The reason for these differences is not fully understood, but is likely related to the 
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Fig. 3-30: Seismic fault length versus displacement for faults at Terra Nova. Note 
that the E-W and N-S fault sets have a significantly different length to 
displacement relationship. 
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different geo-histories of the two fault sets. The earlier N-S set may have 

experienced conditions during its growth that precluded the development of a 

fractal population. One possibility is that many of the smaller N-S faults 

coalesced into larger faults, a possibility supported by the typically higher 

displacement to length relationship for N-S faults described above. 

3.3 Conclusions 

Integrated fault seal analysis of the Terra Nova Field has resulted in three 

important conclusions: (1) the SGR is a good predictor of geologic time scale 

fault seal in the Terra Nova Field, (2) there may be up-side potential in the 

undrilled Far East block based on juxtaposition and SGR analysis, and (3) sub-

seismic faults do exist in the field and they do have an impact on fluid flow. 

Four major faults in the Terra Nova field were studied to determine their 

long term sealing behaviour. Based on across-fault fluid data, three out of four 

faults were found to be non-sealing. SGR analysis suggested that none of the 

faults should seal, because SGRs were less than the 20% threshold required for 

seal on all key overlap zones. The resultant success rate (three out of four, or 

75%) is quite good, and perhaps would be perfect if the geologic model for the 

field were better constrained. 

Production/testing time scale analysis offers a glimpse of how faults in a 

reservoir may affect fluid flow once the field is brought to production. It requires a 

different data set than geologic time scale analysis. DST data (plus WTI), core 

structural logs and fault population modelling help to constrain the impact of 
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seismic and sub-seismic faults on reservoir fluid flow. DST and WTI analysis 

showed that seismic and sub-seismic faults act as fluid flow barriers and baffles 

at the macro reservoir scale. Core plug permeametry and threshold pressure 

testing demonstrated that small offset faults significantly reduced across-fault 

permeability and increase threshold pressures at the micro reservoir scale. 

Fault population analysis, consisting of an integrated core and seismic 

study, showed that the seismic fault population should be broken down into two 

sets, the N-S and E-W sets. The throw distribution of the N-S set was best 

modelled by an exponential function that predicts relatively few faults at the sub-

seismic level. The E-W set was best fit by a fractal throw population (fractal 

dimension of -1.07) model that suggests numerous faults in the 1 to 30 m range. 

The core throw population lies between the extrapolated E-W and N-S models, 

suggesting the core samples both populations, with a possible bias of N-S faults. 

The prediction of numerous sub-seismic faults, especially in the 1 to 30 m 

range, is in agreement with the supposition that sub-seismic faults may be 

important fluid flow barriers or baffles based on DST analyses. This is an 

important conclusion in the context of reservoir modelling and development, 

because it suggests that sub-seismic faults may have a significant impact on 

reservoir permeabilities and production. 
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4. DISCUSSION 

There are similarities and differences in the fault seal and fault population 

characteristics of the Hebron/Ben Nevis and Terra Nova fields. These 

characteristics are briefly compared below. The discussion is subdivided into 

three major categories: (1) geologic time scale fault seal behaviour, (2) 

production time scale fault seal behaviour, and (3) fault populations. 

There are several key characteristics of the two fields that may affect the 

results of the fault seal and fault population analyses. Geologic time scale fault 

seal analysis is predicated on accurate structural and stratigraphic models of the 

reservoir and adjacent rocks, it invokes clay smear as the main sealing agent 

and depends on the availability of good quality fluid data in wells separated by 

major faults. The structural and stratigraphic models of the Hebron/Ben Nevis 

Field are much better constrained than those of the Terra Nova Field. The main 

reasons for this difference in quality are: (1) the Hebron/Ben Nevis Field (-1850 

to -2500 m depth) is shallower than the Terra Nova Field (-3100 to -3600 m 

depth), thus the seismic data from Hebron/Ben Nevis has a higher signal to noise 

ratio, preserves higher frequencies and is generally more amenable to precise 

interpretation than that from Terra Nova, and (2) the stratigraphy of the Terra 

Nova Field is much less predictable than that of the Hebron/Ben Nevis Field due 

to the inherent differences in depositional environments and sediment type in the 

two fields. The better constrained the structural and stratigraphic models are for a 

particular field, the better quality results one can expect to garner from the 

juxtaposition, throw and SGR components of the fault seal analysis. 
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The supposition that clay smear is the main process in fault zones that is 

responsible for fault seal may not apply equally to the two fields. The Hebron/Ben 

Nevis Field has relatively little shale in the reservoir section compared to the 

Terra Nova reservoir. Thus the Terra Nova reservoir is expected to be a better 

candidate for using the SGR method to explain fault seal because more shale is 

available in the reservoir sequence for entrainment into the faults. However, clay 

smear may not represent the main sealing agent at Terra Nova. The greater 

burial depth of the Terra Nova reservoir may promote enhanced quartz 

cementation along faults, suggesting that diagenetic factors may be as, or even 

more, important than clay smear in the sealing behaviour of faults at Terra Nova. 

Good quality across-fault fluid data were available from both fields and are 

not regarded as a possible factor that could affect the fault seal analyses. 

However, in several cases there were multiple wells in major fault blocks at Terra 

Nova that provided redundant data for analysis. The existence of the redundant 

data sets (sometimes of different vintages) allowed the author to assess the 

reliability and reproducibility of well data and hence the reliability of the results 

drawn from them. The Hebron/Ben Nevis Field did not generally afford this 

opportunity (other than on the Ben Nevis structural block) since there was only 

one well per structural block. 

Production time scale fault seal analysis for each field may be impacted by 

the quality of the DST data and the validity of the assumptions and 

interpretations (including well test imaging) made during the analysis of each 

well. Older data tend not to be as accurate and precise as recently acquired data 
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due to the improvements in DST technology over the past ten to twenty years. 

DST analyses are commonly subject to many built in assumptions regarding 

factors such as fluid flow regime and thickness of tested zones, that may 

adversely affect the accuracy of the analyses if incorrect. Sometimes multiple 

plausible scenarios are arrived at for determinations such as radius of 

investigation or number and shape of boundaries and a subjective decision 

based on experience must be made to identify the most likely interpretation. 

Moreover, it is common that not all DST analyses for a particular field were 

produced by the same individual or group (or from the same computer software), 

possibly introducing an element of human bias or subjectivity into the analyses. 

Finally, depending upon the reseNoir permeability and duration of the well tests, 

different amounts of data may be gathered on a particular reseNoir zone. 

Fortunately, these issues are thought to have a minimal impact on the 

quality of DST analyses from the Hebron/Ben Nevis and Terra Nova fields. The 

DST data for the two fields are good to excellent since the wells were drilled and 

DST data acquired from the early 1980s to the present. Assumptions were based 

on the best available data and current best practices and are generally internally 

consistent for each field. The Hebron/Ben Nevis DST analyses were generally 

carried out by the same group of individuals using the same software. The Terra 

Nova DST analyses used in this study were completed by two individuals using 

the same methods and recorded in one report. The comparability of the results 

from the two fields may be less than optimal in some cases, but overall similar 

methods of investigation and interpretation were used. 
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The major difference in DSTs between the two fields is the average radius 

of investigation, which was significantly higher for the Terra Nova Field. A more 

thorough discussion is provided in the following section on production time scale 

fault seal behaviour. 

Fault population modelling may be affected by fault densities and other 

fault characteristics such as length to offset ratios and orientation. There are 

significant differences in these parameters between the two fields, which are 

discussed in the section on fault population modelling. 

4.1 Geologic time scale fault seal behaviour 

The geologic time scale fault seal analysis for the Hebron/Ben Nevis field 

revealed that a fault was expected to seal based on differences in across-fault 

fluid properties in three out of five cases. However, the SGR analysis predicted 

that none of the faults in the field should seal. The success rate for the SGR 

method was therefore two out of five. Similar analysis of four faults in the Terra 

Nova field showed that one of the faults analysed sealed. The SGR analysis 

predicted that none of the faults would seal, resulting in a success rate of three 

out of four. Possible reasons for differences in fault seal behaviour and SGR 

method success rate in the two fields are proposed and discussed below. 

The presence of three sealing faults at Hebron/Ben Nevis contrasts with 

only one sealing fault at Terra Nova. Intuitively, one would expect a higher 

likelihood of seal on faults at Terra Nova. The higher proportion of shale in the 

Terra Nova reservoir stratigraphy, the deeper reservoir burial depth (-3400 m at 
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Terra Nova compared to - 2000 m at Hebron/Ben Nevis) and the slightly deeper 

burial during deformation (- 10 to 400 m burial depth at Terra Nova versus - 0 to 

200 m at Hebron/Ben Nevis) favored enhanced shale gouge in the fault zone, 

quartz cementation on fault planes and slightly more cataclastic deformation, 

respectively, 

Based on the available data, interpretations and generally accepted 

theory, it is not clear why Hebron/Ben Nevis had more membrane-sealing faults 

than Terra Nova. However, given the structural and stratigraphic uncertainty in 

these fields, it is possible that the calculated stratigraphic juxtapositions across 

certain faults (e,g. Fault 100 at Hebron/Ben Nevis) were erroneous. In these 

cases, what appears to be a reservoir on reservoir membrane seal may in fact be 

a juxtaposition seal of reservoir on non-reservoir. Any across fault differences in 

fluid characteristics would then not be attributable to the fault zone itself, but 

rather the presence of an impermeable lithology. 

The SGR method predicted that none of the faults studied in either field 

sealed. The different success rates for the SGR method in the two fields may be 

explained by the following possibilities: (1) the SGR is not a good predictor of 

fault seal in the Hebron/Ben Nevis field because shale gouge is not a first order 

control on fault seal, (2) the 20% SGR cut-off for seal onset is not applicable in 

the Hebron/Ben Nevis field, and/or (3) stratigraphic juxtapositions across faults 

are not accurate in some cases. 

There is no evidence to support the first point, as no cataclasis or 

cementation on faults was observed in any of the Hebron/Ben Nevis core (note 
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that no faults were obseNed in the Hebron/Ben Nevis core). Microscopic faults in 

the Terra Nova cores exhibited shale gouge on the fault plane where strata had 

in excess of 15% shale content. In addition, cementation on faults obseNed in 

Terra Nova core was rare. 

It is possible that the 20% SGR cut-off for seal may not be applicable to 

the Hebron/Ben Nevis field. SGR cut-ofts for seal onset and degree of seal at 

incrementally higher values of SGR should be determined for each field if 

sufficient data and required software are available. However, other data from 

many fields around the world strongly suggest that the 20% cut-off, plus or minus 

a couple of percentage points, is a valid benchmark for seal onset (Yielding et aI., 

1997; Fristad et aI., 1996; Freeman et aI., 1998). In addition, it would be invalid to 

suggest that clay smear is the main sealing agent in a fault if SGRs are 

significantly lower than 20% (for example 10%) because there wouldn't be 

enough clay in the fault to create a continuous physical barrier to fluid flow. In 

those cases where sealing faults exist but the SGR is below 20% another 

explanation for seal should be invoked, for example cataclasis or cementation. 

In this study the FAPS vA.O software used in the fault seal analysis 

allowed the user to compute SGRs for reseNoir overlaps but it did not have the 

capability to determine if there was an empirical relationship between fault seal 

and SGR (quantified as the amount of across-fault static pressure difference). 

There aren't enough data from the two field analyses to make a statistically 

meaningful assessment of the relationship between SGR and the onset of fault 

seal so the universal value of 20% must be used. Notably, it was found that in 
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nine out of nine cases examined, key reservoir overlaps with SGRs of less than 

20% had areas with 5 to 15% SGRs, which would probably make clay smear 

insignificant as a sealing mechanism. Hence, other explanations for fault seal 

other than clay entrainment may need to be invoked. 

The third possibility, that computed stratigraphic juxtapositions are 

incorrect, is a reasonable hypothesis because there is a degree of uncertainty in 

the structural and stratigraphic models for both fields. The more accurate the 

structural and stratigraphic models are for a field, the higher the confidence one 

can place on results derived from juxtaposition and SGR analysis. At Hebron/Ben 

Nevis the excellent seismic data and predictable stratigraphy allow for a well-

constrained reservoir model. At Terra Nova poor seismic resolution of the 

reservoir zones (and interbedded shales) and faults requires more stratigraphic 

modelling based on well data (which are sparse, at average spacings of - 1 to 2 

km) and creates some uncertainty about the exact location and offset on faults. 

There is no rule of thumb as to what degree of uncertainty is acceptable, but in 

fields where there is a moderate to high degree of uncertainty in the structural 

and/or stratigraphic models, caution should be exercised in making conclusive 

statements regarding fault seal. If uncertainty in the model allows for more than 

one plausible set of stratigraphic juxtapositions across faults, or more than one v-

shale or thickness for individual units, all possible scenarios should be 

investigated to gauge the effect of different models. In the two fields examined in 

this study the level of structural and stratigraphic uncertainty was found to be 

acceptable for three out of the five cases at Hebron/Ben Nevis and for three out 
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of four cases at Terra Nova. The rate for SGR method agreement with 

determination of fault seal by fluid comparison is two out of three at Hebron/Ben 

Nevis and four out of four at Terra Nova when potentially erroneous juxtaposition 

cases are ignored (key areas on these faults are several kilometers from wells 

and poorly defined with seismic data). This issue can be examined and the 

interpretation improved in the future when more well data and better seismic data 

are available to more tightly constrain the geologic models of the two fields. This 

would require that the new data provide unequivocal evidence supporting one 

particular stratigraphic and structural model. 

4.2 Production time scale fault seal behaviour 

There was a marked difference in production time scale fault seal 

behaviour between the Hebron/Ben Nevis and Terra Nova fields. At Hebron/Ben 

Nevis none of the 11 DSTs analysed showed any evidence of fluid flow 

boundaries in the reservoirs. However, only one DST had a pressure transient 

that propagated far enough into the reservoir to sample a seismically mapped 

fault. In contrast, 38 boundaries were identified on 13 Terra Nova DSTs, of which 

ten boundaries were linked to seismically mapped faults. At Terra Nova 12 of the 

13 well tests sampled far enough into the reservoir to return information on 

seismically mapped faults. At Hebron/Ben Nevis the average distance from a well 

to a seismically mapped fault is 765 m and the average DST returned information 

87 m from a well. In contrast, at Terra Nova the average distance from a well to a 
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seismically mapped fault is 357 m and the average DST returned information 433 

m from a well. 

Given that only one DST at Hebron/Ben Nevis sampled a fault (that fault 

had no effect on fluid flow), it is not possible to draw statistically significant 

conclusions about the macroscopic scale production time scale fluid flow 

behaviour of seismically mapped faults at Hebron/Ben Nevis. However, it is 

obvious that seismically mapped faults at Terra Nova have a significant impact 

on macroscopic across-fault fluid flow. One caveat with this conclusion is that it is 

uncertain whether the boundaries linked to the faults at Terra Nova are of the 

membrane type or are juxtapositional boundaries. 

The absence of boundaries in Hebron/Ben Nevis DSTs compared to the 

numerous (18) boundaries at Terra Nova that were attributed to sub-seismic 

faults may be significant. The lack of boundaries from sub-seismic faults at 

Hebron/Ben Nevis suggests that either these faults do not exist or they were not 

sampled by the DSTs (due to the relatively limited MDRI noted above). Fault 

population modelling of the Hebron/Ben Nevis field showed that many small (1

30 m throw) faults likely exist in the field. Other workers have shown that faults in 

this offset range can act as fluid flow boundaries (Knai & Knipe, 1998; Antonellini 

& Aydin, 1994). Thus, it was interpreted that the sub-seismic faults were confined 

to areas proximal to seismically mapped faults, areas unsampled by the DSTs. 

The presence of 18 sub-seismic fault boundaries at Terra Nova suggests 

that either sub-seismic faults are more common in this field, or this is an apparent 

difference that is caused by the smaller MDRI for Hebron/Ben Nevis wells. The 
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first possibility is unlikely because, although there are more sub-seismic faults 

predicted for Terra Nova, the number of faults is probably not different enough 

from Hebron/Ben Nevis to be responsible for the observed differences in DST 

boundary responses (less than an order of magnitude difference). The second 

possibility is more likely because due to the nature of the reservoir and duration 

of well tests at Terra Nova, on average DSTs sample farther into the reservoir 

and hence are capable of returning information on a larger proportion of the total 

volume of the reservoir than DSTs at Hebron/Ben Nevis. In fact, the average 

Hebron/Ben Nevis DST only sampled approximately 100 m into the reservoir, 

whereas the average Terra Nova DST sampled approximately 400 m into the 

reservoir. The locations of the sub-seismic faults determined from DST 

boundaries at Terra Nova were not available for this study, however it is likely 

that these small faults generally exist proximal to larger seismically mapped 

faults as proposed for Hebron/Ben Nevis. 

Fault rock petrophysical tests were performed on Terra Nova microscopic 

faults sampled from core. These tests showed that faults with only millimeters of 

offset were capable of reducing across-fault permeability and increasing 

threshold pressures by up to two orders of magnitude. The lack of micro-faults in 

Hebron/Ben Nevis cores prevented similar tests for that field. However, it is 

expected based on this study and other studies (Gibson, 1998; Knai & Knipe, 

1998) that micro-faults in Hebron/Ben Nevis reservoirs will significantly reduce 

across-fault permeabilities and increase across-fault threshold pressures. 
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4.3 Fault population modelling 

The Terra Nova and Hebron/Ben Nevis fields are characterized by 

significantly different fault populations. The Terra Nova field contains nearly 

equally well developed north-south and east-west striking faults that formed 

during the Early and Middle Cretaceous, respectively. The Hebron/Ben Nevis 

field contains a dominant Middle Cretaceous northwest-southeast striking fault 

system with very minor Early Cretaceous north-south striking faults (at the A

Marker and Ben Nevis levels). 

Fault throw populations and throw to length ratios are described by 

different mathematical functions for the two fields. The east-west faults at Terra 

Nova exhibit a fractal character described by a fractal dimension of -1.07. The 

north-south faults at Terra Nova were modeled using an exponential function. 

The northwest striking faults at Hebron/Ben Nevis exhibited a fractal tendency 

and have a fractal dimension of -0.54. The east-west and north-south faults at 

Terra Nova have length to throw ratios of 42:1 and 27:1, respectively. The 

northwest-southeast faults at Hebron/Ben Nevis have a length to throw ratio of 

41 :1. 

The differences between the east-west and north-south faults at Terra 

Nova are obvious and are likely related to the different structural conditions under 

which the two fault sets formed. The lower length to throw ratio of the north-south 

faults suggests that these faults may be more segmented than the east west 

faults. The segmentation may be related to the amount of time the faults had to 

develop, where the north-south set had less time to grow and coalesce. 
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However, the exponential tendency of the north-south fault offset population 

suggests the opposite, that there are more larger faults than smaller faults (than 

would be expected in a fractal population) and hence many of the smaller faults 

may have coalesced to form larger faults. Overall, the exponential tendency of 

the north-south set is presently unexplained as it does not fit with current ideas 

on fault populations. Case studies from other areas on fault populations that 

exhibit this exponential tendency are required in order to help understand this 

phenomenon. 

There are some similarities between the east-west faults at Terra Nova 

and the northwest-southeast faults at Hebron/Ben Nevis. For example, the length 

to throw ratios are approximately the same for both fault trends, and both have a 

fractal tendency. However, there are significant differences between these two 

fault sets. For example, the fractal dimension of the northwest-southeast faults at 

Hebron/Ben Nevis is significantly lower than the corresponding value for east-

west faults at Terra Nova. The difference is not attributable to the different 

sampling domains used for the two fields, because correcting the Hebron/Ben 

Nevis fractal dimension to a one dimensional sample domain would reduce the 

value to less than -0.54 (the Terra Nova fault throw population was sampled 

using a one dimensional method, whereas the Hebron/Ben Nevis population was 

sampled using a two dimensional method). 

The difference in fractal dimensions between the two fields may be 

attributable to the different conditions under which the reservoirs were deformed. 

At Hebron/Ben Nevis the Ben Nevis reservoir was deposited during the later 
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stages of tectonic activity. Faults typically do not penetrate much higher than the 

top of the Ben Nevis reservoir, with only the largest faults penetrating up to the 

Petrel Limestone. In contrast, the east-west faults at Terra Nova, which are 

thought to have formed contemporaneously with the northwest-southeast faults 

at Hebron/Ben Nevis, deformed the reservoir at much deeper depths and are 

through going. Therefore, strain was relatively lower during deformation at 

Hebron/Ben Nevis and fewer faults formed overall. Thus, higher strain in the 

Terra Nova reservoir may have resulted in a higher density of smaller faults 

compared to the Hebron/Ben Nevis reservoir. The overall higher density of east-

west faults at Terra Nova supports this conclusion. 

4.4 Recommendations for future work 

Fault seal and fault population analysis requires optimal data types and 

methods. Some of these data and methods are necessary in all analyses, 

whereas other data and methods are optional and are intended to accomplish a 

very specific goal or to augment other data or methods. The critical and optional 

data and methods are described below, with reference to the present study and 

to these types of analyses in general. 

Those data that are necessary for a geologic time scale fault seal analysis 

include: (1) reasonably well constrained structural and stratigraphic models of the 

reservoir(s) and adjacent units, (2) some across-fault well data on fluid pressures 

(RFT/MDT data), composition (API, PVT, geochemistry), and contact depths. 

The static fluid pressures and fluid contacts in wells are required for the 
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quantitative assessment of the capacity of a fault to seal. Compositional data are 

not required to perform the analysis but are important in order to determine 

whether reservoirs with similar pressure profiles (attained by chance) contain 

similar fluid types. In situations where pressures are the same but fluid 

compositions are different, the faults may seal. Moreover, the compositional data 

may be used to support or contradict conclusions drawn solely upon pressure 

information, thus giving researchers a way to qualitatively judge the certainty of 

their analyses. 

In the present study it was found that the structural and stratigraphic 

models for the Hebron/Ben Nevis and Terra Nova fields could be improved in 

several key areas near analysed faults. Those improvements, based on new or 

reprocessed seismic data, new well data and detailed stratigraphic modelling 

may allow unequivocal fault seal analysis in areas where some uncertainty still 

exists. 

The methodology used in geologic time scale fault seal analysis depends 

on the goals of the study and the data available. Most methods involve 

comparison of across-fault fluid data to determine the presence and amount of 

seal on a fault. Two commonly used software-based methods of determining 

stratigraphic juxtapositions and SGR on faults are FAPS vA.O (which was the 

only software that offered a true three dimensional approach to assessing fault 

seal) and juxtaposition/triangle plots (which are two dimensional methods and 

are not capable of handling complex stratigraphy). The FAPS vA.O software was 
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used in this study because it could handle the complex stratigraphies of the two 

fields. 

The SGR method for fault seal determination and prediction was built in to 

the FAPS vA.O software (as it is for juxtaposition/triangle plot software). The 

SGR method is viewed as the best method for determining the contribution of 

clay smear to fault seal and was used to do this in the present study. Possible 

future advances in fault seal research may lead to methods capable of assessing 

and predicting cataclastic or diagenetic fault seal components where clay smear 

is not the dominant seal factor, and those methods should be used if deemed 

appropriate. In addition, other methods such as Clay Smear Potential (CSP) and 

Shale Smear Factor (SSF) should be tested and compared with the SGR if 

enough data are gathered in the future to very tightly constrain the stratigraphic 

models of the reservoirs. 

Production time scale fault seal analysis is based on DST data and core 

plug permeametry and threshold pressure testing data. The quality of DST data 

is a function of the tools used, the duration of the tests and the permeability 

attributes of the reservoir being tested. Good quality data were gathered from six 

wells at Terra Nova and six wells at Hebron/Ben Nevis. Core plug data on 

microscopic faults showed the possible impact of small offset faults on fluid flow 

and were gathered for the Terra Nova Field. 

DST analysis and well test imaging comprise the main methods of 

gathering useful information on production time scale macroscopic fluid flow in 

the reservoir. A typical DST analysis should include calculation of the ROI and 
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MDRI and these values can be compared to the distance to the nearest 

seismically mapped fault to garner information on fault boundary response. 

Unfortunately the low permeabilities (40 to 100 mD) that characterize the 

reservoirs at Hebron/Ben Nevis limited the amount of information we could 

gather on the macroscopic fluid flow properties of the reservoir. A possible 

solution to this problem is to run longer duration tests, however this is unlikely to 

happen due to the high cost of extended well tests in an offshore setting. 

Well test imaging is not a required part of a production time scale fault 

seal analysis, but when available it commonly offers a much more conclusive 

picture of which fault(s) is (are) responsible for a given boundary. Well test 

imaging should be performed on all future DSTs at Terra Nova and Hebron/Ben 

Nevis that exhibit a boundary or multiple boundaries. 

An important question that should be kept in mind when using DST 

analyses and well test images for boundary identification is whether the observed 

boundary is related to a membrane or juxtaposition seal. Juxtaposition analysis 

using FAPS 4.0 or later software would be useful to determine which seal type 

applies on a particular fault once the fault responsible for the boundary is 

identified. The distinction is important because juxtaposition seals tell us nothing 

about the effect of the fault on across-fault fluid flow between offset reservoirs. 

This distinction was not made for faults in either Terra Nova or Hebron/Ben Nevis 

and should be studied if the results of the DST and well test imaging analyses 

are to be used to their fullest potential. 
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Core plug permeametry and threshold pressure testing were performed in 

this study and were useful in assessing the potential impact of small faults on 

reservoir performance. Air permeametry was the most cost effective method of 

determining the permeability of faulted and unfaulted samples, and it provided 

reasonably good quality results. Liquid permeametry, performed under reservoir 

conditions and with reservoir brines, provided permeabilities that were 5 to 50% 

lower than the air permeabilities measured for the same samples using the 

previously mentioned air permeametry technique. The liquid permeametry 

technique is regarded as being more accurate because it was performed under 

reservoir conditions and with a reservoir brine, and therefore should be used if 

precise determinations of permeability are required. Threshold pressure testing 

was a byproduct of the liquid permeametry for each sample. The information 

gained from that data is useful to engineers studying the possible impact of small 

faults on reservoir connectivity. 

In addition, as production commences in each field, the dynamic 

relationship between fault seal and changing reservoir pressures should be 

monitored because much information on fault seal can be gathered as faults that 

may have been sealing originally break down as pressure differentials across the 

faults increase. This analysis can be tied into the SGR calculations to determine 

if there is an empirical relationship between the SGR and the maximum across-

fault pressure difference a fault can support. 

The data required for fault population modelling come from seismic data. 

Information on seismically mapped faults, such as throw, length, and orientation 
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provide key pieces of data that enable one to empirically determine several 

significant features of a fault population, including whether it is fractal or not and 

the length to throw ratio. Good quality throw, length and orientation data were 

gathered on seismically mapped faults from Hebron/Ben Nevis and Terra Nova. 

However, if new and better seismic data are acquired over the fields, or the 

current seismic data are reprocessed to improve quality, the same data should 

be gathered again to compare with the old data. Significant differences may exist 

between the different data sets and the best data should be used to update any 

modelling work that is done. 

For fields in which core has been cut, every effort should be made to log 

the core, paying special attention to the presence and characteristics of small 

offset faults (including, offset, fault rock type, host rock type, fault width, dip and 

strike). Those data may be useful in constraining the extrapolation of seismic 

fault population data to the sub-seismic size range, and hence improve the 

overall reliability of the modelling. In addition, they may offer a glimpse of what 

the main sealing agent is on major faults. 

The critical methods employed in fault population modelling include 

mathematical investigations such as: (1) fault offset distribution modelling, (2) 

length to throw ratio calculation, and (3) orientation analysis. These three parts of 

the modelling enable one to fully describe the significant characteristics of the 

fault population and to provide input to model sub-seismic fault distributions if 

required. These three methods were used in the present study on both fields and 

yielded excellent quality results. Ultimately these results should be integrated 
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with fault permeability information derived from core plug permeametry and DST 

analyses and incorporated into the reservoir fluid flow models. 

A major fault population modelling result that was not explained in the 

present study is the exponential nature of the fault throw population at Terra 

Nova. Further work should be done to address this unusual model and how it is 

related to the lower length to throw ratio of north-south versus east-west faults. 

The existence of fractures in the cores from both fields also merits more 

work. The impact of fractures on the effective permeability of the reservoirs was 

not considered in this study, but may prove to be an important factor. The 

presence of open fractures and filled fractures and their distribution and 

orientations within the reservoir would be of most interest. 

A couple of miscellaneous recommendations are: (1) to core one or more 

seismically mapped faults in reservoirs in both fields. A great deal of useful 

information on fault rock type, fault zone processes and damage zone thickness 

could be gained. (2) core plug samples for a variety of fault offsets and fault rock 

types should be taken to prOVide a statistically meaningful database and perhaps 

allow the determination of an empirical relationship between fault permeability 

and fault offset/rock type. (3) oriented cores would be useful in that they would 

allow the determination of the orientation of small offset faults in cores, with the 

potential to then use that orientation information to correlate small faults or sets 

of faults with seismically mapped structures. This would be particularly useful in a 

field such as Terra Nova, where two fault trends exist with potentially different 

population and permeability characteristics. 
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APPENDIX A: HEBRON/BEN NEVIS STRUCTURAL DATA
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Fig. A-1: Structural frequency and lithology plot for the B-75 well in the 
Hebron/Ben Nevis Field. Fracture frequency is shown in red. Grain size 
and the location of cemented zones are shown along the right-hand side. 
CG: conglomerate; C: coarse-grained sandstone; M: medium-grained 
sandstone; F: fine-grained sandstone; Sh: shale; CEM: cemented zones 
(lithology data after Veilleux, 2000). 
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Fig. A-2: Structural frequency and lithology plot for the 0-94 well in the 
Hebron/Ben Nevis Field. Fracture frequency is shown in red. Grain size 
and the location of cemented zones are shown along the right-hand side. 
CG: conglomerate; C: coarse-grained sandstone; M: medium-grained 
sandstone; F: fine-grained sandstone; Sh: shale; CEM: cemented zones 
(lithology data after Veilleux, 2000). 
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Fig. A-3: Structural frequency and lithology plot for the 1-13 well in the 
Hebron/Ben Nevis Field. Fracture frequency is shown in red. Grain size 
and the location of cemented zones are shown along the right-hand side. 
CG: conglomerate; C: coarse-grained sandstone; M: medium-grained 
sandstone; F: fine-grained sandstone; Sh: shale; CEM: cemented zones 
(lithology data after Veilleux, 2000). 
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Fig. A-4: Structural frequency and lithology plot for the L-55 well in the 
Hebron/Ben Nevis Field. Fracture frequency is shown in red. Grain size 
and the location of cemented zones are shown along the right-hand side. 
CG: conglomerate; C: coarse-grained sandstone; M: medium-grained 
sandstone; F: fine-grained sandstone; Sh: shale; CEM: cemented zones 
(lithology data after Veilleux, 2000). 
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Fig. A-5: Structural frequency plot for the M-04 well in the Hebron/Ben Nevis 
Field. Fracture frequency is shown in red. Lithology and the location of 
cemented zones were unavailable for this well. 
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Table A-1: Hebron/Ben Nevis core fracture data. Fracture length measured 
along trace of core-fracture intersection. T.G.: through going (Y: yes; N: 
no; U: undetermined). Cement types: N: none; CAL: calcite; ?: unknown. 
Rock types: 55: sandstone; CAL NOD: calcite nodule. 

Well Type Length (mm) T.G. Aperture (mm) Cement Rock type 
H-71 closed 110 N 0.33 N 55 
H-71 closed 75 Y 0.62 N 55 
H-71 closed 20 Y 0.215 N 55 
H-71 partly filled 100 N 0.62 CAL CAL NOD 
H-71 open 125 N 0.62 N CAL NOD 
H-71 filled 230 Y 2.65 CAL CAL NOD 
H-71 filled 80 U 1.75 CAL CAL NOD 
H-71 filled 80 U 1.4 CAL CAL NOD 
H-71 filled 45 U 1.75 CAL CAL NOD 
H-71 open 140 N 0.5 N CAL NOD 
H-71 partly filled 330 N 0.215 CAL CAL NOD 
H-71 filled 50 N 0.4 CAL CAL NOD 
H-71 filled 190 Y 0.265 CAL CAL NOD 
0-94 closed 100 Y 0.75 N 88 
0-94 closed 110 Y 0.5 ? 55 
L-55 closed 60 N 0.14 N 55 
L-55 closed 27 N 0.14 N 88 
L-55 closed 85 y 0.14 N 58 
L-55 closed 47 N 0.33 N 55 
M-04 filled 85 N ? CAL CAL NOD 
M-04 filled 27 y 0.5 CAL CAL NOD 
M-04 filled 70 Y 0.62 CAL CAL NOD 
M-04 filled 45 y 0.62 CAL CAL NOD 
M-04 filled 25 y 0.95 CAL CAL NOD 
M-04 filled 27 Y 0.75 CAL CAL NOD 
M-04 filled 25 y 0.95 CAL CAL NOD 
M-04 filled 81 N 0.95 CAL CAL NOD 
8-75 closed 170 y 0.215 N CAL NOD 
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APPENDIX B: TERRA NOVA STRUCTURAL DATA
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Fig. B-1: Structural frequency and lithology plot for the C-09 well in the Terra 
Nova Field. Fracture frequency is shown in red, fault frequency in green. 
Grain size and the location of cemented zones are shown along the right
hand side. CG: conglomerate; C: coarse-grained sandstone; M: medium
grained sandstone; F: fine-grained sandstone; Sh: shale; CEM: cemented 
zones (lithology data after Knight, 1996). 
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Fig. B-2: Structural frequency and lithology plot for the E-79 well in the Terra 
Nova Field. Fracture frequency is shown in red, fault frequency in green. 
Grain size and the location of cemented zones are shown along the right
hand side. CG: conglomerate; C: coarse-grained sandstone; M: medium
grained sandstone; F: fine-grained sandstone; Sh: shale; CEM: cemented 
zones (lithology data after Knight, 1996). 
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Fig. B-3: Structural frequency and lithology plot for the 1-97 well in the Terra 
Nova Field. Fracture frequency is shown in red. Grain size and the 
location of cemented zones are shown along the right-hand side. CG: 
conglomerate; C: coarse-grained sandstone; M: medium-grained 
sandstone; F: fine-grained sandstone; Sh: shale; CEM: cemented zones 
(lithology data after Knight, 1996). 
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Fig. 8-4: Structural frequency and lithology plot for the K-07 well in the Terra 
Nova Field. Fracture frequency is shown in red, fault frequency in green. 
Grain size and the location of cemented zones are shown along the right
hand side. CG: conglomerate; C: coarse-grained sandstone; M: medium
grained sandstone; F: fine-grained sandstone; Sh: shale; CEM: cemented 
zones (lithology data after Knight, 1996). 
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Fig. 8-5: Structural frequency and lithology plot for the K-08 well in the Terra 
Nova Field. Fracture frequency is shown in red. Grain size and the 
location of cemented zones are shown along the right-hand side. CG: 
conglomerate; C: coarse-grained sandstone; M: medium-grained 
sandstone; F: fine-grained sandstone; Sh: shale; CEM: cemented zones. 
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Fig. 8-6: Structural frequency and lithology plot for the K-18 well in the Terra 
Nova Field. Fracture frequency is shown in red, fault frequency in green. 
No lithology data were available for this well. 
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Fig. B-7: Structural frequency and lithology plot for the L-98-1 well in the Terra 
Nova Field. Fracture frequency is shown in red. Grain size and the 
location of cemented zones are shown along the right-hand side. CG: 
conglomerate; C: coarse-grained sandstone; M: medium-grained 
sandstone; F: fine-grained sandstone; Sh: shale; CEM: cemented zones. 
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Fig. 8-8: Structural frequency and lithology plot for the L-98-2 well in the Terra 
Nova Field. Fracture frequency is shown in red, fault frequency in green. 
No lithology data were available for this well. 



170 
GRAIN SIZE 

CORE CgC M F Sh CEM 

I _ _. -1-__ ,~ 

3430: ---;----t-- - I 
I >-----:- +---

.I 
- I 

3440 i~=~l+-~~~.r-~~=:J~====-
: 

E 34501_ .._~..t- t '---==i ~._
II _ 

I
 
I
 

3460 I
 

I
 

I L 

-
I -+1---_----!-. 
I
 
I
 

I
 
I
 

3470.I
I 

I 
--+--

I
 
I
 
I
 ~ £=

" 

I ./.
I 

3480,I - -~ - -
I 
J 

t-
p-q - 

I 

3490 
0 2 3 4 

Structural Frequency 

Fig. 8-9: Structural frequency and lithology plot for the L-98-3 well in the Terra 
Nova Field. Fracture frequency is shown in red. Grain size and the 
location of cemented zones are shown along the right-hand side. CG: 
conglomerate; C: coarse-grained sandstone; M: medium-grained 
sandstone; F: fine-grained sandstone; Sh: shale; CEM: cemented zones. 
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Table B-1: Fault data from Terra Nova cores. Faults are classified as: SG: shale 
gouge; CAT: cataclasite; PFFR: phyllosilicate framework fault rock. Length 
refers to measured along-core length of a fault/core intersection. T.G.: 
through going (passes completely through core- Y: yes; N: no; U: 
undetermined). Cements indicated as N: none; PY: pyrite; DOL: dolomite; 
CAL: calcite. Faulted rock type abbreviations are: SR: shale rich; FG: fine
grained; SS: sandstone; C: clean; CAL NOD: calcite nodule; MG: medium
grained. 

Well Type Offset (mm) Length (em) T.G. Width (mm) Cement Rock type 
H-99 SG 15 17 Y 0.62 N SR F SS 
H-99 SG ? 10 Y 0,'; PY SR F3 S 
H-99 CAT 6 9 N 0.5 N C FC S 
H AT ? 11 Y ( .?I';<; DOL? C FC ;S 
H AT 1 4 N ( .21'<; CAL CALN D 
H AT 1 N .62 N SR F S 
H AT 1<; 1 ,'; Y .7<; N SA F S 
H PFFR 2.<; N I.~~ N SA F S 
H CAT 1 I 1.62 N C FC 
H r.AT ? 1';<; I .75 N C F( 
H-99 SG 1.4 1.7 N 0.5 N SR F S 
E-79 PFFR 4 11 Y 0.5 N SR F S 
E-79 PFFA 5 12.5 N 0.5 N SR FG SS 
E-79 PFFA 4 ? I 0.4 N CAL NOD 
E-79 PFFR 6 ? I 0.5 N CAL NOD 
E-7 PFFR 2,'; ? I o. N CAL N )D 

E-7 PI FR <; ? I 1.1 N CAL N )D 

K-1 (AT 2 17.2 Y O. CAL CALN D 
K-1 CAT 1.8 6 N 0 N F( 
K-1 (AT 2.7 1? Y O. CAL CAL 
K-1 PFFA !'> 17 Y 0.2 ;<; N SR F 
K-1 PFFA 1 !'> Y 0.21 !'> N SR F 
K-18 PFFA 2.6 9 Y 0.4 N SR FG SS 
K-18 CAT 1.4 6.2 N 0.215 N C FG SS 
K-18 CAT 8 18 I 0.75 N CFGSS 
C-09 PFFR 1.4 12.1 N 0.265 N SR FG 
C-09 PFFR 7 18 N 0.5 N SR F3 
C :AT 4 12 Y 0.75 CAL ( M 

- AT 3 2.7 I 0.5 N CM( 
- AT !'> 4 N 0.265 N C F( 
- AT 3.3 4.3 N 0.265 N CFG 
- AT Ul 2.1 N 0.175 N C FG 
- PFFR f 5 N 0.215 N SR FG S 
- PFFR 3 N 0.14 N SR FG S 

C-09 PFFR O. ,1> 2.3 N 0.14 N SR FG S 
C-09 PFFR 3 1. N 0.14 N SR F S 
C-09 PFFR 2.1 4.1 N 0.261> N SR F S 
C-09 SG 9 8.1 N 0.4 N SR F S 
C-09 SG 5 6.3 N 0.265 N SR F SS 
C PFFA 1 4.1 N 0.14 N SR F SS 
C PFFR ? 14 Y 0.62 N SAM SS 

L - PFFR ? 9.5 Y ( .265 N ~ R ( S5 
L
L

-
-

A
:A 

4 
2 

14 
6 

N 
N 

( .265 
( .215 

N 
N 

F 
F 

L - A 3 20 N :1.33 N F 
L-98-2 AT 0.75 5 N :1.14 N F 
L-98-2 CAT ? 10.5 Y 0.33 N CM 
L-98-2 CAT 5 11 N 0.62 N CFGSS 
L-98-2 PFFR 2.3 10 Y 0.215 N SR FG SS 
L-98-2 
L-98-2 

PFFR 
PFFR 

1.3 
3 

10 
4 

Y 
Y 

0.95 
on5 

N 
N 

SR FG SS 
SR FG SS 

L-98-2 SG 9 5 Y 0.62 N SR FG SS 
L-98-2 CAT 3.2 25 Y 0.95 CAL? ( CG SS 
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Table B-2: Fracture data from Terra Nova cores. Fracture length measured 
along the trace of the fracture on the core. T.G.: through going (Y: yes; N: 
no; U: undetermined). Cement types include: N: none; DOL: dolomite; 
CAL: calcitQ; PYR: pyritQ; 7: unknown/possible). Fractured rock types 
include: CAL NOD: calcite nodule; 88: sandstone; DOL NOD: dolomite 
nodule; 8H: shale. 

Well Type Length (em) T.G. Aperture (mm) Cement Rock type 
K-07 closed 13 Y 0.265 N CAL NOD 
K-07 closed 6.6 N 0.33 N CAL NOD 
K-07 closed 6 N 0.5 N 55 
K-07 closed 10 N 0.5 N 55 
K-07 ooen 9 N 0.62 N 55 
K-07 filled 20 N 0.4 DOL DOL NOD 
K-07 aDen 7 N 0.62 N DOL NOD 
K 7 ooen 12 N 0.62 N DOL NOD 
K 7 closed 3.7 N 0.5 N 55 
K 7 closed 5 Y 0.5 N 55 
K 7 closed 20.2 N 0.4 N 55 
K 7 closed 12.2 N 0.4 N 55 
( - )~ filled 13.5 N 0.75 CAL 55 
C-09 filled 17.5 Y 0.62 CAL 55 
C-o~ filled 14 N 0.33 CAL SS 
C-09 filled 22 N 0.62 CAL SS 
C-09 filled 6 N 0.62 CAL 55 
C-09 filled 62 N 1.4 CAL CAL NOD 
(' filler 7 N 0.4 ( AL ( ALN 1D 
(' filler 16.5 Y 0.75 ( AUPYR SS 
C fille B.1 N 0.75 CAL CALN OD 
C- filler 16.7 Y 9 CAL CALN OD 
C- filled 11 N 3.5 CAL CAL NOD 
c- filled 7.5 N 0.62 CAL 55 
C- filled 7.S N 0.4 CAL SS 
C- 9 closed 15.8 N 0.75 N SS 
C- )9 filled 6." N 2.65 DOL 55 
C-Og filled 20.5 N 2.65 DOL 55 
C-09 ODen 9 N 062 N CAL NOD 
C- 9 ODen 9 N 1.15 N CAL NOD 

- cln"ed 4 N 0.4 N CAL NOD 
- closed ~ N 0.21S N CAL NOD 
- ooen 8 N O. N CAL NOD 
- closed ~.2 N o. 2 N ss 
- filled 16 Y 2. 5 CAUDOL CAL NOD 
- dnsed 131 N (;. N ss 
- c1nsed 9.2 N (;.5 N 55 

C-09 ODen 8 N 0.62 N 55 
C-09 ooen 4.5 N 0.33 N 55 
C-09 oartlv filled 3.5 N 0.95 ? CAL NOD 
C-09 closed 10.5 N 0.265 N CAL NOD 
C-09 filled 4.1 N 0.75 CAL CAL NOD 

-
-
-
-09 
-09 
-09 

filled 
filled 

c10sec 
c10sec 
closec 
closec 
closec 

fl.9 
9.1 
11 

13.5 
10.4

." 
< .1 

N 
N 
N 
Y 
Y 
N 
N 

( .7S

."

.4

."

.4 

.4 
0." 

( AL 
( AL 

N 
N 
N 
N 
N 

CAL NOD 
CAL N1D 

DOL NOD 
C-09 closed 18 N 0.5 N 55 
C-09 ooen 12 N 0.4 N 55 
C-09 ooen 8.6 N 0.4 N 55 
C-09 filled 13.5 Y 0.5 PYR CAL NOD 
C-09 filled 12.9 N 0.95 DOL 55 
c-o~ filled 45 N 0.95 DOL 55 
C-Oq fillecl 19 N 0.95 DOL 55 
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Table B-2: continued. 

Well Type Length (em) T.G. Aperture (mm) Cement Rock type 
C-09 filled 14 N 0.95 ? 88 
C-09 filled 12 N 1.15 CAL 55 
C-09 filled 14 N 1.4 CAL 88 
C-09 ODen 12.4 N 0.75 N 88 

-0>1 filled 9.>1 N n.95 AL 8~ 

-09 filled 19 N US AL 88 
- 9 filled 32 N 1.7" AL rALNOD 
. )>1 filled 14.'1 N 1.4 AL CAL NOD 
- )9 filled 42 Y 1.4 AL ~~ 

- )9 filled 19 N US AL SS 
·)9 filled il Y 0.9'1 AL 88 

C 9 filled 12.8 N 1.15 CAL 88 
C-09 filled 7 N 4 CAL CAL NOD 
C-09 filled 8.4 Y 2.65 CAL CAL NOD 
C-09 filled 4.3 N 4 CAL CAL NOD 
C-09 filled 12.3 N 0.62 CAL 88 
(-0 
K-1 

filled 
filler 

>1 
10 

Y 
Y 

0.'1 
'0. 

f:AL 
CAL 

~s 

ss 
K-1 filler 1'1 Y 1.1 AL rALN D 
K-1 filler '1.'1 Y o. AL f:ALN D 
K-1 f\ filler 12 Y o. AL CALN D 
K-1il filler 21 N 4 AL f:ALN 0 
K-1il filler 9.'1 N 07'1 AL f:ALN 0 
K-18 filled 15.2 N 1.15 CAL CAL NOD 
K-18 filled 8 N 0.5 CAL CAL NOD 
K-18 onen 11.1 N 0.215 N CAL NOD 
K-18 onen 6.5 N 0.5 N CAL NOD 
K-18 closed 5 N 0.215 N CAL NOD 
E-79 
F-79 

nnpn 
fillpd 

5 
'1.'1 

N 
N 

.7<; 
R? 

N 
-r.AL 

ss 
YALNOD 

E-79 nnpn 4 N .Q,) N 
E-79 dnsed 15 N .4 N 
E-79 
E-7>1 
E-79 
E-79 

dnsed 
closed 
onen 

closed 

2 
4." 
2.8 
4.5 

N 
N 
N 
N 

" 7" 
." 

0.62 

N 
N 
N 
N 88 

E-7q onen 6.8 N 0.75 N SS 
E-79 closed 3.5 N 0.4 N 88 
E-79 fill"rl 6.8 N 0.265 DOUPYR CAL NOD 
E-79 filled 5.4 N 0.33 PYR CAL NOD 
E-79 fill"rl R N 2.1" DOL ( AL NOn 
E-79 fillprl q.2 N 1.1 " DOL CAL NOD 
E-7 closed 4.q N 1.7" N ~c:: 

F-7 CIOSf d 5.1 N .4 N 88 
E-7 fillel Q Y II.qq PYR (ALNOD 
E-7 fillel R." Y II.qq PYR ( AL NOD 
E-7 fillel 1" N 1.1" ( AL ( AL NOD 
E-79 filled 12 N 0.95 CAL CAL NOD 
E-79 filled 7 N 0.4 PYR CAL NOD 
E-79 filled 5 N 0.4 PYR CAL NOD 
E-79 closed 12 N 0.4 N 88 
E-79 closed 14.3 N 0.5 N 88 
E-7 nFlrtlv filled 33 N · 2 PYR c:: 
E-7 r.lnserl 4 N .~3 N f:ALNOn 
E-7 r.lnsf rl 6 N · 2 N 88 
E-7 fillpl >1.7 N · 2 PYR -C:AL NOD 
E-7 fillpl 14 N 2. ,"i f:AL ~s 

E-7 
1-07 

filip, 
r.lnspd 

1"i 
10 

N 
Y 

1.7') 
O.R? 

f:AL 
N 

f:ALNOD 
ss 

1-97 closed 5 N 0.75 N 88 
1-97 closed 10.5 N 0.75 N 88 
1-97 closed 12.5 N 0.62 N 88 
1-97 closed 8 Y 0.33 N 88 
1-97 closed 6.5 Y 0.5 N 88 
1-97 closed 4 Y n.2R" N 
1-97 dnsed 1." Y n.4 N 
1-97 closed 4 N nL! N 
1-97 filled qq N II.R? N 
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Table B-2: continued. 

Well 
1-97 
1-97 
Hl7 
1-97 

7 
7 
7 
7 

-97 
-97 
-97 
97 
97 

1-97 
1-97 
1-97 
1- 7 
1- 7 
1- 7 
1- 7 
1-97 
1-97 
1-97 
1-97 
1-97 
H-99 
H-99 
H-99 
H-99 
H- 9 
H
H
H
H
H
H- 9 
H-99 
H-99 
H-99 
H-99 
H-99 
H-99 
H
H
H
H
H
H-99 
H-99 
H-99 

H-99 
H
H
H
H
H
H
H
H-99 
H-99 
H-99 
H-99 
H-99 
H-99 
H-99 
H-99 
K-08 

Type 
closed
 
filled
 
filled
 
filled
 
fillprj
 
fillprl
 
fillprl
 
filled
 
aDen
 

closed
 
filled
 

oartlv filled
 
closed
 
closed
 
closed
 
filled
 

aDen
 
aDen
 
filled
 
filled
 
filled
 
oDen
 
oDen
 
filled
 
filled
 
filled
 
filled
 

Dartlv filled
 
fillerl
 
omm
 
fillprl
 
nnpn
 

nartlv filled
 
ooen
 
onen
 
oDen
 

closed
 
closed
 
closed
 
closed
 
c10serl
 
ODen
 
ooen
 
ooen
 
filled
 
filled
 

closed
 
filled
 

nartlv filled
 
nnen
 
nnpn
 

clma"rl
 

n'" rtlv fi lIerl
 
oDen
 

closed
 
closed
 
oDen
 

closed
 
filled
 
filled
 
filled
 
filled
 
filled
 
filled
 

Length (em)
 
17
 
7
 
14
 
8.5
 
R 
44 
13 
7 
7 
7 

40 
14 
4 
4 
13 
4 

1R 
95 
13 
1A 
26 
26 
26 
4 

4.5 
13 
13 
7.5 
7.5 
2 
11 
10 
12 
7 

8.5 
10 
9 
6 

5.5 
5.2 
3.5 
4.5 
5 
6 
5 
4 
8 
4 

2.5 
8 

4.5 
75 

7 
A 

16 

4 
3 

35 
22 
6.5 
21 
27 
5 

3.5 
6.4 

T.G. 
N
 
N
 
N
 
N
 
N
 
N
 
N
 
N
 
Y
 
N
 
Y
 
N
 
N
 
N
 
N
 
N
 
N
 
N
 
N
 
N
 
N
 
N
 
N
 
N
 
N
 
Y
 
Y
 
Y
 
Y
 
N
 
Y
 
N
 
Y
 
N
 
N
 
N
 
N
 
Y
 
N
 
Y
 
N
 
N
 
N
 
N
 
N
 
N
 
N
 
N
 
N
 
N
 
N
 
N
 
N
 
Y
 
N
 
N
 
N
 
N
 
N
 
N
 
Y
 
N
 
N
 
Y
 
Y
 
N
 
N
 
u 

Aperture (mm) 
0.5 

0.265 
1.15 
0.62 

.62 
lEi 
.33 

.t:; 

0.33 
0.62 
0.62 
0.33 
0.4 
0.4 
0.4 

.5 

.4 

.33 
1.62 
1.4 
0.4 
0.5 

0.33 
1.75 
1.4 

1.15 
0.62 

O. 2 
2. 
o. 
1.7 
1.1 
0.75 
0.95 
0.62 
0.4 
· 2 
· 2 
· 2 
· 2 

0.5 
0.4 
0.4 

0.62 
0.62 
0.33 

3 
0.5 
0.5 

0.75 
0.4 

2.15 

0.4 
0.33 
1.4 
0.5 
0.5 

0.95 
0.95 

0.265 

1.1 

Cement
 
N
 

CAL
 
CAL
 
CAL
 
( AL
 

( AUPYR
 
CAL
 
CAL
 

N
 
N
 

CAL
 
CAL
 

N
 
N
 
N
 

CAL
 
N
 
N
 
N
 
N
 

PYR
 
CAL
 
CAL
 

N
 
N
 

PYR
 
CAL
 

CAUPYR
 
?
 

CAL
 
DOL
 

N 
( AL 

N 
( AL 
CAL 

N 
N 
N 
N 
N 
N 
N 
N 
N 
N 
N 

DOL 
DOL 

N 
CAL 
CAL 

N 
N 
N 
N 

CAL 
N 
N 
N 
N 
N
 

CAL
 
CAL
 

AL 
AL 
AL 
AL 

Rock type 
SS
 
SS
 
SS
 
SS
 
ss
 

(AL N")O
 

SS 
SS 
SS 
SS 
ss 

ALN 0 
ALN 0 
ALN 0 
ALN 0 

SS 
SS 
SS 
SS 
SS 
ss 
ss 
ss 
SS
 

CAL NOD
 
SS
 

CAL NOD
 
(AL N10
 

ss
 
(AL N10
 

SS
 
55
 
SS
 
ss 
SS 

S 
SS 
SS 
SS 

CAL NOD 
CAL NOD 

S 
ss 
ss 
ss 
ss 

CAL NOD
 
CAL NOD
 

SS
 
SH
 
SH
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Table B-2: continued. 

Well 
L-l8-2 
L-l8-2 
L-l8-2 
L-l8-2 
L-98-2 
L-98-2 
L-98-2 
L-l8-2 
L-l8-2 
L-l8-2 
L-l8-2 
L-98-2 
L-98-2 
L-98-2 
L-98-2 
L-98-2 
L-98-2 
L-98-1 
L-98-1 
L-9 -1 
L- -1 
L- -1 
L- -1 
L- -1 
L- -1 
L- -1 
L-98-1 
L-98-1 
L-98-1 
L-98-1 
L-98-1 
L-98-3 
L-98-3 
L- 
L- 
L- 
L- 
I- 
L
L-98-3 
L-98-3 
L-98-3 
L-98-3 
L- 
L
L
L- 

Type 
filled
 
filled
 
filled
 
filled
 
ODen
 

closed
 
filled
 

closed
 
closed
 
filled
 

closed
 
filled
 

closed
 
closed
 

Dartlv filled
 
closed
 
filled
 
filled
 
filled
 
filled
 
filled
 
filled
 
filled
 
filled
 

closed
 
filled
 

closed
 
closed
 
closed
 
closed
 
filled
 
filled
 
filled
 

? 

? 
? 

r.Io!':ed 
r.1()~",d 

r.I()~ed 

onen 
? 
? 
? 
? 

closed 
oDen 

? 

Length (em) 
8.5 
8.5 
5.5 
3.5 
3 
12 
8 

2.5 
10 
11 
14 

10.5 
12 
3.5 
13 
9 

8.5 
4.8 
2.9 
3.5 
2.8 
2.7 
2.5 
:\.7 
n.5 
4.4 
10 

11.6 
29 
3.2 
5.5 
2.5 
2 
16 
45 
14 
::l.5 
7.7 
18 
6.3 
4.5 
35 
35 
5 
4 
7 

11.3 

T.G. Aperture (mm) Cement Rock type 
y 0.62 CAL? ss 
y 0.5 ( AL ss 
N 0.62 CAL 88 
N 0.62 CAL 88 
y 0.33 N 88 
N 0.5 N 88 
y 0.75 CAL 88 
N ( .265 N 
y .75 CAL? 
y .75 CAL? 
y .62 N 
y .33 CAL? 
y 0.75 N 
y 0.62 N 
y 0.5 CAL? 88 
y 0.62 N 88 
y 0.5 CAL? 88 
N 0.4 DOL DOL NOD 
N 0.175 DOL DOL NOD 
y 0.5 D L D LNOD 
N 0.175 D L D LNOn 
N 0.175 D L D LNon 
N 0.14 D L D LNOD 
N 0.215 D L D LNOD 
y 0.4 N 88 
y 0.2n5 DOL DOL NOD 
y ? N DOL NOD 
y 0.5 N DOL NOD 
y 0.175 N 88 
y 0.4 N 88 
N 115 DOL D LN D 
N 
N 

0.33 
0.265 

DOL 
DOL 

D LN)D 
D LN D 

y ? N D LN D 
N ? N 88 
y ? N 58 
N 0.215 N DOL NOD 
N 0.4 N DOL NOD 
N o.t; N DOL NOD 
N 0.4 N 88 
N ? N 88 
y ? N DOL NOD 
y ? N DOL NOD 
N ? N DOL NOD 
y 0.175 N DOL NOD 
y 0.4 N 88 
y ? N 55 
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