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1

Introduction

1.1

Licence Information

Licence Name : F019 (Figure 1)
Country : Faroe Islands
Licencing Round : Open Door Application 2012
Award Date : 25th June 2013
First Term : 3 Years, Expiry, 24th June 2016
Equity : DONG E&P (100%) Operator
Firm Commitment :

(a) Complete AVO analysis and fluid substitution within the Licence Area
(b) Petrophysical evaluation of available log, core and sample data
(c) Electromagnetic feasibility study
(d) Conduct dynamic simulation modelling
(e) Investigate optimised development scenario

The F019 licence contains the Marjun discovery which was carved out of the original larger F018 licence area at
the time of the licence award (Figure 1). The two licences were set to run concurrently and the seismic
reprocessing project forming part of the F018 licence commitment also covers F019. Figure 2 details the F019
licence timeline and critical project aspects.

Figure 1 – West of Shetland Location Map Showing DONG Licence holding as of June 2016
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Figure 2 - High Level Licence Overview
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2

Database

2.1

Well Database

The DONG geological database for F019 is common with that for F018 and it includes all completed wells in
Faroese waters and all exploration wells in UK waters that are available through the CDA. Digital log data is
available for Marjun and Marjun Appraisal wells, which has been used in the generation of computed
petrophysical interpretations (CPI’s), synthetic well ties, fluid substituted logs and for well correlation purposes.
As a F019 licence commitment, an in-house petrophysical evaluation was completed for 6004/16-1Z and
204/16-1 along with additional offset wells (that penetrate T10 Sullom reservoir sandstones) 204/22-2, 204/211, 204/22-1 and 204/23-1 which were used to capture the semi-regional geology (Figure 3).
Biostratigraphic data were purchased for regional studies conducted by Ichron. These include Palaeogene,
Faroe Shetland Stratigraphic Database Phase 1 and 2. The Ichron database comprises a detailed biostratigraphic
analysis, litho and biostratigraphic markers and regional correlation profiles underpinning the stratigraphic
framework for the basin.
To assess the AVO potential of Marjun, a full re-evaluation of Marjun well 6004/16-1Z in the F019 licence was
conducted. This included a full petrophysical assessment, used to generate fluid substituted logs, provide input
ranges
for
porosity,
net
to
gross
and
water
saturation.
See
Formation_Evaluation_Report_Licence_F019_Commitment_Work_2016.pdf for a detailed report on the
petrophysical analysis undertaken by DONG.
The DONG database also included the addition of Phase II of the Ikon West of Shetland Roknowledge Atlas.
The Ikon dataset comprises a comprehensive petrophysical and AVO evaluation of selected West of Shetland
wells, with the intent of providing a consistent rock physics dataset. (Table 1)

Well
6004/16-1Z
204/16-1
204/22-2
204/21-1
204/22-1
204/23-1

Name
Marjun
Marjun App
Conival
Neptune
No Name
No Name

Operator
Hess
Hess
BP
BG
BP
BP

Year
2001
2002
1994
2004
1989
1987

CPI







Ichron



FIT


APT

HM


Ikon


Table 1 - Primary well database used in the F019 Licence evaluation. CPI: DONG Petrophysical Evaluation,
Ichron: Biostratigraphy, FIT Fluid Inclusion Technology, APT : Applied Petroleum Technology, HM: Heavy
Mineral Research Associates.
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Figure 3: Licence map showing Marjun, Marjun Appraisal and semi regional offset wells.

2.2

Seismic Database

The F018 and F019 licence area is covered by the PGS MegaSurvey 3D seismic data. This is an off the shelf
post-stack merge of pre-existing seismic data. Pre-licence award mapping was conducted on PGS Megamerge
Phase I dataset. The PGS Megamerge Phase IV 3D dataset was subsequently purchased after the licence was
awarded as part of the F018 licence commitment and this dataset was used for seismic interpretation for the
Marjun evaluation.
A comprehensive 3D seismic reprocessing project was also carried out over licences F018 and F019. This is
described in more detail in the F018_Relinquishment_Report_July_2016.pdf and in the
F018_PGS_Final_Processing_Report_FINAL.docx. Maps showing the input surveys and the output area are
given in Figure 4 and Figure 5.
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Figure 4 - Seismic basemap showing PGS Megamerge IV outline with underlying surveys used in the F018 and
F019 reprocessing. (FSB12, AH2002, ENI SF96 and BP96)

Figure 5 - Seismic basemap showing output area for DONG F018 and F019 reprocessed area
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3

EM Feasibility Study

In November 2014 EMGS carried out a feasibility study to determine the potential effectiveness in utilising a
controlled source electromagnetic (CSEM) survey to delineate the Marjun Field extent.
Data provided to EMGS included well logs for 6004/16-1Z, 204/16-1, lithologies, depth structure maps, seismic
images along with a geological overview of the potential scenarios for compartmentalisation and field extents.
The target's thickness and depth of investigation were modelled using data available from wells and seismic
mapping. A background resistivity model from mean sea level to below the target was generated from the
resistivity log profiles in well 6004/16-1Z and 204/16-1(Figure 6). The resistivity profile shows a general
increase in resistivity with depth, with three notable peaks occurring at the Kettla Tuff, the T25 and in the
hydrocarbon saturated T10 Sullom Sandstone, where horizontal resistivities are modelled at 30 ohm meters and
vertical resistivities are modelled to be around 50 ohm meters. The gross thickness of the target was taken to be
around 170m.

Figure 6 - Vertical Resistivity Profile Used For CSEM Modelling
Using the above base resistivity model, EMGS use a sensitivity metric to determine the effectiveness of CSEM
in detecting hydrocarbons (Table 2). If the sensitivity metric is <1 the detection likelihood is low and typically
masked by errors, responses between 2 and 3 return moderate results and responses >3 return positive detection
results where most samples will resolve the response.
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Table 2 - CSEM sensitivity metric table

Figure 7 - Peak sensitivity for Marjun field limits
Figure 7 shows the peak sensitivity response modelled by EMGS for a Marjun accumulation within the P10 and
P90 aerial extents of the Field. The peak sensitivity metric for an accumulation at Marjun ranges from 0.25-1.25
for aerial extents that range from 7-33km2. For an accumulation at these depths and areas, the peak sensitivity is
modelled as residing in the noise level and the conclusion from EMGS is that the use of CSEM to determine the
lateral extent of the Marjun discovery is not recommended based on their assessment with the currently
available data.
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4
4.1

Marjun
Overview

The Marjun discovery is located in the Judd Basin, in the Faroes offshore sector close to the UK-Faroes border.
The Marjun well (6004/16-1Z) was drilled by Amerada Hess as Operator in licence F001. The well was spudded
20th September 2001 and was completed 4th December 2001. The Marjun well encountered an oil column
(charged from the Kimmeridge Clay Formation) of 166.7 m in sands of the Palaeocene Sullom Formation (T10
interval) (Figure 8).
The Marjun reservoir was deposited by turbidity currents in a basin-floor fan environment. Reservoir quality
has been significantly affected by volcanic activity causing the precipitation of diagenetic authigenic clays. The
reservoir sands are capped by Intra-Sullom mudstones forming the seal at Marjun. 6004/16-1Z was drilled on an
inversion anticline and consists of an upper and lower reservoir unit, which is separated by a mudstone that has
a semi-regional extent.
An updip appraisal well (Marjun Appraisal 204/16-1) was drilled by Amerada Hess as Operator in UK licence
P1029. It is located 5.7 km southeast of the 6004/16-1Z well. The 204/16-1 well only encountered residual gas.
The two wells are not in pressure communication and consequently the south-eastern boundary of the Marjun
discovery is situated somewhere between the wells. The up dip trap extent is the most uncertain volumetric
parameter.
Basin and migration modelling suggests that hydrocarbon migration began around 65 Ma and continued to
present day. Modelling indicates two separate phases of charge with the first oil that was charged being
biodegraded.
Based on re-interpretation of the 3D seismic data and on a geological model for the licence oil initial in place
estimates range from 120 to 254 MMbbl. The interpretations and analyses currently available have highlighted a
number of uncertainties with respect to hydrocarbon volume in the Marjun discovery. Three viable geological
scenarios have been proposed to account for uncertainties surrounding the Field Extent. Three different
trapping mechanisms have been postulated and include a sill induced fault barrier, an intrusive/hydrothermally
induced barrier and a stratigraphic barrier.
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Figure 8 - DONG West of Shetland Paleogene Lithostratigraphy
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4.2

Depositional Environment

Both the Sullom and Vaila Formation in the Faroe Shetland Basin (FSB) are characterised by deep marine
sedimentation. Generalised models for the deep water systems classify systems by their relative depositional
position where architectural elements can be associated with the shelf, slope and basin floor. Submarine fans
are major constructional features developing seaward of a major sediment source. Marjun and the Faroese area
is typical of a submarine lobe setting in the basin floor area (Figure 9). Updip towards the UK, facies
associations move progressively upslope with the reservoir in in Foinaven, Schiehallion and Loyal representing
high density turbidites deposited in slope channel complexes. For greater detail regarding regional scale gross
depositional environments, please refer to F018_Relinquishment_Report_July_2016.pdf.

Figure 9 - Generalised depositional environments for the Sullom and Vaila Formations
Submarine fans can be further subdivided into proximal, medial and distal components. Proximal fans typically
comprise more channelisation, low (width to height) aspect ratios, high net to gross within sands and erosional
contacts. Medial fans comprise sheet sands with high aspect ratios, net to gross is still high with non-erosional
contacts. The distal portion of the fan comprises sheet sands composed of thin bedded turbidites with much
lower net to gross values than that of the medial or proximal parts of an overall fan system. T10 Sullom sands at
Marjun are interpreted to represent distal fan turbidites. Depositional outcrop analogues include the
Skoorsteenberg Formation of the Karoo in South Africa and the Ross Formation in County Clare, Ireland
(Figure 11).
Figure 10 shows a well log correlation with particular focus on the T10 Sullom Sandstone Member. Wells
drilled in the distal Sullom section of the Faroes have penetrated T10 Sullom sandstone sequences of up to 200
m with gradual sand thinning occurring south east onlapping onto the Judd High. Also onlapping onto the Judd
High is the Jurassic Kimmeridge Clay Source rock (Figure 10) recorded in well 204/23-1. Sands are most likely
sourced from the Judd High (Scottish provenance), however, due to limited evidence regarding sediment
provenance a northern sediment source (East Greenland provenance) cannot be ruled out.
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Figure 10 - Well Section Illustrating T10 Sullom Section in The Faroese Sector of The Judd Sub Basin

Page 17

T10

Figure 11 - Submarine fan divisions of the Karoo Skoorsteenberg Formation, Karoo, South Africa

4.3

Reservoir

The Marjun well encountered an oil column of 167 m in basin-floor fan turbidite sandstones of the Palaeocene
T10 Sullom Formation. The T10 sandstone is divided into a lower (Zone 1) and an upper reservoir (Zone 3),
separated by an intra-reservoir shale (Zone 2) (Figure 12). The average effective porosities of the reservoir
sandstones in 6004/16-1Z are approximately 12%, average permeabilities of 3mD and average water saturations
of 36% (Table 3) based on the facies characterisation explained in 5.1 Static Modelling Approach.
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Zone 3

Zone 2

Zone 1

Figure 12: 6004/16-1Z CPI showing GR, Porosity, Permeability and Water Saturation. The GR log is colour
coded based on DONG Energy’s internal lithology scheme.
The poor reservoir quality of the T10 sandstones is related to precipitation of diagenetic authigenic clays (G7
Figure 13). These clays precipitated during significantly raised temperatures. These raised temperatures were
probably short lived, and are assumed to have been related to the early intrusion of an igneous dyke, intersecting
the well at -4090 m TVDSS and other extensive igneous intrusions in the area (Figure 12). This event has had a
significant detrimental influence on reservoir quality, and the lateral extension away from the well of this
diagenetic phase is not known.
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Figure 13: Thin section taken in plane polarised light at -4151.39 m TVDSS of well 6004/16-1Z
The 204/16-1 Faroe Extension well in the UK licence P1029 well was drilled as an appraisal well to the
6004/16-1Z discovery well. The main target was the T10 sandstones and the well found solely residual gas
sandwiched in thin sand layers between water bearing intervals. Moreover, the well showed another pressure
regime indicating that no pressure communication is present between the two wells and that the south-eastern
boundary of the Marjun discovery is situated somewhere between the two wells.
The reservoir quality of the T10 sandstones in this well are also generally poor and affected by precipitation of
diagenetic clays related to significantly raised temperatures. The average effective porosities of the reservoir
sandstones are approximately 11% and average permeabilities of 2.4mD (Table 3) based on facies
characterisation explained in 5.1 Static Modelling Approach.
Table 3 summarises the key petrophysical averages for the T10 Sullom Sandstone Member. Greater
petrophysical detail broken down by zone is discussed in Section 5.3 Reservoir.

Well
6004/16-1Z
204/16-1
204/22-2
204/21-1
204/23-1

Porosity
12%
11%
13%
17%
14%

Permeability Water Saturation
3 mD
36%
2.4 mD
N/A
Not Calculated
N/A
Not Calculated
N/A
Not Calculated
N/A

NtG
61%
48%
25%
74%
36%

Table 3:A summary table detailing the average CPI petrophysical parameters by well for the T10 Sullom
Sandstone Member.

4.4

Seismic Interpretation

All seismic data presented in this report are European polarity, where an increase in acoustic impedance is
represented by a trough. Synthetic well ties were generated for both 6004/16-1Z and 204/16-1. Well ties were
constructed, by extracting a statistical wavelet convolved with a reflectivity spike series generated using DONG
Energy’s corrected compressional sonic and density logs. In general, the well ties are considered good and time
shifts of less 10 ms applied (Figure 14 and Figure 15A).
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Figure 14 - Well tie for 6004/16-1Z Marjun and associated statistical wavelet
The derivation of geologically significant horizons was achieved after analysing well ties, regional cross
sections and the biostratigraphic data. Key seismic horizons for the Marjun geological model included The Top
T10 Sandstone and Base Tertiary which also marks the base of the Sullom Formation. These were interpreted
across the study area and delineated the top and base of the Marjun geomodel. Faults were interpreted in detail
across the study area. Overburden surfaces were taken from F018 regional interpretation and Table 4 summaries
the key horizons and how they are implemented in both velocity modelling and geomodelling.
Key Surfaces
Seabed
Top Balder
Base Flett
Top Vaila
T10 Sullom Sst
Top Intra-shale
Base Intra-shale
Base Tertiary

Seismic Interpretation
F018 Regional Interpretation
F018 Regional Interpretation
F018 Regional Interpretation
F018 Regional Interpretation
Detailed seismic Interpretation on reprocessed seismic
Isopach from Top T10 Sullom Sandstone
Isopach from Top T10 Sullom Sandstone
Detailed seismic Interpretation on reprocessed seismic

Depth Conversion layers
Base of layer 1
Base of layer 2
Base of layer 3
Base of layer 4
Base of layer 5
N/A
N/A
Base of layer 6

Geomodel Zones
N/A
N/A
N/A
N/A
Top of Geomodel (Top Zone 3)
Top of Zone 2
Top of Zone 1
Base of Geomodel (Base Zone 1)

Table 4: Table summarises key stratigraphic units and how they are acquired and uses within velocity modelling
and geomodelling. See Figure 15 for stated surfaces.
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Figure 15 – Top Left: Depth structure map of the Top T10 Sullom Sandstone displaying transect A and B. A:
dip line through 204/16-1 showing synthetic seismogram, reservoir interval and major east west trending faults.
B: Intersection through both Marjun wells showing key horizons used for velocity and static modelling
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4.4.1 Depth Conversion
The velocity model was segmented into layers based on changes in velocity and density. The layered model
included the following regional horizons: Top Seabed, Top Balder, Base Flett, Top Vaila, Top T10 Sullom
Sandstone and Base Tertiary (Figure 16).

Figure 16: Intersection through both Marjun wells showing key horizons used for velocity modelling
All surfaces were depth converted using the DIX converted migration velocities. Seismic velocities were tied
using well velocities and the final depth converted surfaces tied to their formation tops at both 6004/16-1Z and
204/16-1. Figure 17 compares the time and depth structure maps using this velocity modelling approach.
It is evident when the horizon is converted from time to depth the saddle between 6004/16-1Z and 204/16-1
becomes more prominent, generating two separate anticlinal structures as opposed to one. Figure 17 highlights
the inferred OWC at -4197 m TVDSS, where the lack of updip trap closure between 6004/16-1Z and 204/16-1
becomes evident.
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Figure 17: Top T10 Sullom Sandstone time and depth structure maps

4.4.2 Seismic Features
As documented in F018_Relinquishment_Report_July_2016.pdf., there are modern day submarine fans found
on the seabed. This series of fans cover an area of nearly 500 km2 fed through slope channels running parallel to
the slope. These fans are considered a good analogue for sandstones deposited during Sullom times and have
been used to condition facies distributions in geological modelling (Figure 18).
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Figure 18: 3D image of the seabed (twt), of the reprocessed seismic dataset illustrating a range of
geomorphological features including submarine fans and extensional faults.
Important features identified on the seismic in the Marjun area include evidence of extensive magmatic activity
including sill intrusions, sub vertical dykes, fluid escape features and pockmarks at Balder level which are
summarised in Figure 19. Not only do these features have significant impact on seismic interpretation they also
add complexity to Marjun’s petroleum story. Hydrothermal fluids can have a large effect on the reservoir quality
and sill tip intrusions below the reservoir, can help to form the anticlinal trap found at Marjun.
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Figure 19: Seismic intersection showing clear evidence of extensive igneous activity in the region in and around
Marjun. The depth structure highlights the location of the seismic intersection in relation to Marjun.

4.5

Local Structural Setting

Locally the Judd Basin, a Palaeocene depocentre is flanked to the east by the Judd and Westray basement highs
and to the west by the Sjurdur Ridge (Figure 20). The prevailing structure in the Paleocene is dominated by a
broad arch plunging to the northwest which was formed by a combination Miocene compressional events and
underlying volcanic intrusions. The Palaeocene is characterised by a number of east west extensional faults
formed during localised rifting, structures are limited to 3 and 4 way fault bound closures. Volcanic intrusions
heavily affect the T10 Sullom sandstone interval with increasing intensity towards the north west of Marjun.
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Figure 20 - Top T10 Sullom Sandstone twt map illustrating local tectonic setting

4.6

6004/16-1Z AVO Modelling

One of the licence commitments for F019 was to complete an AVO analysis and fluid substitution to determine
if the T10 Sullom Sandstone Member at Marjun could show an AVO response. For a generalised rock physics
method summary see F018_Relinquishment_Report_July_2016.pdf.
1D synthetic gathers were generated for well 6004/16-1Z, to assess any potential of modelling AVO responses
in the T10 sands of the Sullom Formation. Porosities average about 12% across the sand package in the T10.
The synthetic angle gathers use only the in situ logs to model the potential response of hydrocarbons. The
modelled gathers within the T10 sand for this well are flat indicating no AVO response, which is also observed
in both the legacy and newly reprocessed data set where no AVO or amplitude anomalies are present (Figure
21). It is therefore concluded that the Top T10 reservoir sands at Marjun do not show an AVO response,
primarily because of the low porosity.
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Figure 21 - Synthetic Gathers For Well 6004/16-1Z
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5
5.1

Marjun Static Modelling
Static Modelling Approach

The Marjun geomodel is built following a set methodology (Figure 22) beginning with quality control checking
faults interpreted from seismic. With this structural framework in place, a top, middle and bottom skeleton grid
can be attached to the faults. Once this framework is built it is possible to start to apply seismic interpreted
surfaces, divide the model into zones which can then be broken down further into layers. It is then possible to
populate the 3D grid with different petrophysical parameters like facies, porosity or water saturation to compute
final in place volumes.

Figure 22: Schematic of the static modelling workflow
Three geological scenarios have been constructed for Marjun to assess uncertainty around the updip trap extent,
the largest factor affecting field extent. Each deterministic scenario examines a different geological idea and
each of these scenarios has then undergone a complete stochastic uncertainty analysis. Scenario 1 is considered
to be the most viable scenario and therefore the most likely.

5.2

Structure

5.2.1 Structural Modelling
A total of 31 faults were mapped for static modelling from seismic interpretation. Edge detection and
dip/azimuth seismic attributes were used to guide the fault pillars into the correct location.
The modelled region was cropped from the original seismic interpretation to speed up model run time (Figure
23). The cropped region allows enough space to include 204/16-1 well but also to incorporate three separate
updip trap scenarios and totals 190 km2. The model is divided into grid cells which have a 200 m x 200 m grid
size. The model is rotated so that the model azimuth was orientated with the E-W striking faults (Figure 23).
An average thickness of 0.8 m helped to capture thin heterogeneous layers as well as capturing thin cement
doggers, a non-net component of the reservoir (Figure 27). Marjun sits in the distal section of the submarine
lobe and often sands can become very thin and heterogeneous, hence, finer layering can help to capture these
key features within the model.
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Model Outline

Figure 23: Marjun model showing 200 x 200 m mid skeleton grid populated with faults.

5.3

Reservoir

5.3.1 Zonation and Layering
The geomodel has been constructed with three zones within the Sullom Formation based on an intra-reservoir
well log correlation of the Marjun wells and the nearby offset wells. The three zones comprise an upper
sandstone zone (3), an intra shale layer (2) and a lower sandstone zone (1) (Figure 24).

Figure 24: Intersection through geomodel showing three zones
The intra-shale documented in 6004/16-1Z (Figure 12) has been correlated at neighbouring wells (Figure 25).
Below the semi-regional intra-shale layer (Zone 1) log character at the Marjun and Marjun Appraisal well are
very similar showing very spiky, heterogeneous lower GR readings. Core porosity and permeability cross plot
data from Zone 1 at 6004/16-1Z and 204/22-2Z form a grouped cloud (Figure 26 (shaded orange)). As no sand
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is present in well 204/21-1 (Table 5) it is possible to infer Zone 1 sands are sourced from the eastern edge of the
Judd High and correlate with those penetrated in well 204/22-2Z. 6004/16-1Z and 204/16-1 share similar log
character as they are interpreted to penetrate the same fan lobe (Figure 25A).
Above the semi-regional intra-shale layer (Zone 3) 6004/16-1Z and 204/21-1 share a similar log character,
showing three clear sand pulses (Figure 25). These three sand pulses are absent from 204/22-2Z and partially
present in the Marjun Appraisal well. Core poro/perm cross plots from 204/16-1 (Zone 3) form a separate group
from that of the data in Zone 1 (Figure 26). This in conjunction with little sand being present in 204/22-2Z at
this level (Table 5), indicates the sediment is being sourced from the western edge of the Judd High at 204/21-1.
While submarine fans are active on the western edge of the Judd High, fans are not active on the eastern edge
and hence, background shale is deposited as shown in 204/22-2Z. Unlike in Zone 1, the sands in 6004/16-1Z
and 204/16-1 in Zone 3 are not derived from the same fan lobe.
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Figure 25: A T10 Sullom sandstone intra-reservoir well log correlation. A, B and C show schematics of the
gross depositional environment for each zone.
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Figure 26: Core porosity and permeability crossplot annotated with zonal colours from Figure 25.

Well
6004/16-1Z
204/16-1
204/22-2Z
204/21-1

Porosity
Zone 1
Zone 3
11.5%
13%
11%
12%
13%
7%
7%
17%

NtG
Zone 1
71%
58%
29%
0%

Zone 3
51%
38%
5%
80%

Table 5: A summary table detailing the average CPI effective porosity and NtG by zone for the T10 Sullom
Sandstone Member.

5.3.2 Facies Characterisation and Upscaling
Facies characterisation was determined using DONG Energy’s internal lithological classification scheme. Facies
characterisation separates net facies from non-net facies. This model is populated with one sand net facies and
three non-net facies, shale, cement and sill intrusions.
Both facies and porosity were upscaled using an arithmetic averaging, applying a discrete average for each layer
in the model using the computed CPI’s. Figure 27 compares the CPI porosity log (black) with the modelled
porosity (red) indicating the layering suitably resolves both the facies and porosity logs.
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Figure 27: Well section comparing wireline and upscaled facies, porosity and water saturation logs

5.4

Facies modelling

Facies modelling is a process using well data to populate the rest of the grid cells in the model. An algorithm is
implemented to help to populate both the net and non-net facies away from the well. In this model, a pixel-based
algorithm uses facies fractions from well data to guide the distribution and connectivity of each facies in the
model.
Variograms were used to model vertical and spatial continuity of the four litho-facies. With only two lateral data
points (6004/16-1Z and 204/16-1) in the model it is very difficult to quantify the spatial distribution of the
sands. Fortunately, modern day seabed analogues (Figure 28) can be found sitting almost directly over the
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Marjun field. These submarine fans can be imaged by taking a variance of the mapped seabed. Major and minor
axis dimensions can be measured and these dimensions used to guide the sand and shale propagation in the
model. Trend maps determined from analysis of the offset and Marjun wells were also used to implement
different updip trapping scenario’s which are discussed in greater detail in the individual scenario sections.

Figure 28: A variance attribute map of the seabed showing modern day submarine fans

5.5

Petrophysical Modelling

5.5.1 Porosity and Permeability
Porosity was modelled using a similar pixel based algorithm to facies modelling. The porosity is conditioned to
facies and this prevents shale facies grid cells being populated with high porosity values for example and
assumes there is a direct link between facies and porosity. Shale, cement and sill intrusions were assigned a
porosity of zero.
Data analysis, which included Marjun offset wells, showed Zone 1 sand porosity to have a mean of 11 % and a
standard deviation of 3 % (Figure 29 left) and Zone 3 has a mean of 13 % and a standard deviation of 4.4 %
(Figure 30 left). This semi-regional distribution for each zone is implemented in the geomodel (Figure 29 right,
Figure 30 right). Due to the nature of discrete lithology boundaries, some siltstone and shales porosity values
are represented in histograms generated directly from well logs (Figure 29 left and Figure 30 left). Using mean
and standard deviations which have been generated by truncating lower porosity values enabled the shoulder
effect to be eliminated within the model.
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Figure 29:Left: Semi-regional porosity data analysis (6004/16-1Z, 204/16-1, 204/21-1, 204/22-2Z and 204/22-1)
for sand facies in Zone 1. Right: Well log (red) (6004/16-1Z and 204/16-1 only), upscaled (green) and modelled
(blue) comparison for sand facies.

Figure 30: Left: Semi-regional porosity data analysis (6004/16-1Z, 204/16-1, 204/21-1, 204/22-2Z and 204/221) for sand facies in Zone 3. Right: Well log (red) (6004/16-1Z and 204/16-1 only), upscaled (green) and
modelled (blue) comparison for sand facies.
Permeability was not upscaled or distributed during static modelling, however, some data analysis was
completed for dynamic modelling purposes. Figure 31 shows the core plug permeability distribution for
6004/16-1Z and 204/16-1. The histogram of permeability in Figure 31 demonstrates the very poor core recovery
at Marjun and the improved recovery at Marjun Appraisal well. The data from Marjun alone is insufficient to
generate a normal distribution, however when the appraisal well is included, an improved understanding can be
reached.
The arithmetic mean of permeability in the T10 at 204/16-1 is 8 mD with maximum permeabilities reaching 41
mD. It is important to note that this is an arithmetic average and assumes perfect horizontal flow into the well.
Vertical core plugs were not acquired for either well, hence a Kv/Kh ratio cannot be calculated. The core plugs,
are also air permeabilities and therefore, they neither have an overburden or Klinkenberg correction applied and
are most likely an overestimation if to be used for dynamic modelling.
When the same plot is constructed using the CPI permeabilities for both Marjun and Marjun Appraisal wells
arithmetic mean permeabilities are 3 mD and 2.4 mD for 6004/16-1Z and 204/16-1 respectively with maximum
permeabilities reaching 29 mD (Figure 32). Permeability is also examined in the dynamic modelling section
(8.5.2 Permeability and Relative Permeability).
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Figure 31:A histogram plot showing the core plug permeability (horizontal) for 6004/16-1Z and 204/16-1

Figure 32: A histogram plot showing the CPI permeability for 6004/16-1Z and 204/16-1 for sand facies.
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5.5.2 Net to Gross
Due to the net/non-net facies characterisation a simple equation was used to ascertain NTG based on facies. Net
facies are assigned a value of one and all other non-net facies are assigned a value of zero.

5.5.3 Water Saturation
A saturation height model was proposed, however, on comparison with the CPI (Figure 27) with the modelled
result the saturation height function seemed to overestimate the final water saturation. As a result, an average of
0.36 determined from 6004/16-1z well average was implemented throughout the model.

5.6

Hydrocarbon Water Contact

MDT data was acquired at 6004/16-1Z and 204/16-1 (Figure 33). The MDT data at 204/16-1 confirms a water
gradient of 0.45 psi/ft. The MDT data, in 6004/16-1Z was considered to be of very poor quality, with many
points either tight, aborted or leaking when investigated. The free water level for well 6004/16-1Z could not be
determined from the pressure data and hence, an oil water contact predicted from the drop in oil saturation
approximated at -4197 m TVDSS on well logs (Figure 12).

Figure 33: A crossplot showing the MDT data for 6004/16-1Z and 204/16-1.

5.7

Fluid Parameters

A range of formation volume factors were chosen with a mid-case value of 1.25 rb/stb and low and high value
of 1.17 and 1.30 rb/stb respectively. A mid case gas oil ratio was set at 325 scf/stb with a low and high case of
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300 and 725 scf/stb chosen respectively. Values have been estimated based on hydrocarbon parameters from
nearby Palaeocene reservoir analogues such as Schiehallion and Loyal.

5.8

Geological Model - Scenario 1

5.8.1 Trap Definition
Scenario 1 trap is defined by faults that propagate during sill intrusions. A variance seismic attribute is used to
determine discontinuities on the Top Sullom sandstone horizon delineated faults in plan view. Around Marjun
there are noticeable high variance features which display a wide range of vergences many of which diverge from
east west extensional faults which commonly displace Paleocene strata (Figure 34A). Very high variance events
which are interpreted to relate to sill intrusions appear to form lineations that straddle the structural closure at
Marjun and could potentially form a component of the overall trapping geometry. The western extent (Figure
34B) clearly shows multiple stacked sill intrusions forming a barrier (red dashed line Figure 34B). Towards the
eastern extent there are subtle features which can be explained by the sill tip propagating through the reservoir
or offset faulting as a result of the sill intrusion itself. Both could cause a barrier and provide the up dip closure
for Scenario 1 (Figure 34B) Figure 35 demonstrates the overall trapping boundary with the down dip area
constrained by the the OWC.
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Figure 34: A: Variance seismic attribute of Top T10 Sullom Sandstone. B: Seismic cross section through
Marjun 6004/16-1Z well
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Figure 35: Depth structure map of the Top T10 Sullom Sandstone showing Scenario 1 boundary and -4197 m
TVDSS contact

5.8.2 Facies Model
To distribute the facies according to the depositional model outlined in Figure 25, sand facies probability maps
were generated for Zone 3 and Zone 1. Figure 36A and Figure 37A show two separate probability maps for
Zones 1 and 3. The probability maps were generated by considering whether a gross package of sand was
present in a well for a particular zone, if present a value of 1 was allocated, if not a value of zero was allocated.
The point values at each well were then gridded to generate a surface for Zone 1 and Zone 3 which honour the
well data and provide a means to capture the gross depositional trend for the separate fans of Zone 1 and 3. Two
probability maps were generated which attempt to honour the depositional model set out in Figure 25, whereby
Zone 1 and Zone 3 fans have different input points and geometries. Using the trend maps propagates more sand
where the probability is higher as shown in Figure 36B and Figure 37B.

A
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Figure 36: A: Zone 1 sand probability map with conceptual sand deposition overlay. B: Effects of probability
map on sand propagation

A

B

Figure 37: A: Zone 3 sand probability map with conceptual sand deposition overlay. B: Effects of probability
map on sand propagation
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Figure 38: Intersection through model and Marjun wells showing modelled facies
Figure 38 shows a cross section through the model intersecting 6004/16-1Z and 204/16-1 and the OWC marked
at -4197 m TVDSS. Here it is possible to see Zone 3 (upper zone) is populated with more shale towards the
204/16-1 well as well as the main normal fault providing the up dip trap for Scenario 1.
The facies model uses well data to populate sand, shale, sills and cement in the model. Below the contact at
6004/16-1Z extensive sand is populated down dip. It is highly likely here that thickening on the seismic in this
region is caused by extensive sill intrusions. With a 2% sill fraction documented in 6004/16-1Z the algorithm
will honour the well data, hence, sand is populated in these areas instead of sill intrusions. To overcome this
problem, a multiplier is applied during the uncertainty modelling stage to accommodate potentially higher sill
fractions.

5.8.3 Porosity Model
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The methodology presented in Section 5.5.1 Porosity and Permeability describes how porosity was populated
throughout the model. As described, porosity is linked to facies, so therefore, follows the facies distribution.
Figure 39 shows a corresponding porosity distribution to facies.

Figure 39: Intersection through model and Marjun wells showing modelled porosity

5.9

Scenario 2

5.9.1 Trap Definition
Scenario 2 is a hydrothermal or intrusive barrier between the wells 6004/16-1Z and 204/16-1. The model
postulates that hydrothermal fluids causing diagenetic changes in combination with vertical dyke intrusions
form a barrier between Marjun and the updip 204/16-1 water wet well. The same gross depositional model of
submarine fans from scenario 1 is assumed, however, the updip trap extent differs.
The geological evidence to support this theory is derived indirectly from seismic observations and relies on the
inference that hydrothermal fluids or vertical dykes, not always visible on seismic, are providing a barrier
between the two wells. There are, however, some key indicators to support this theory when analysing the
seismic more closely (introduced in 4.4.2 Seismic Features and Figure 19). When a variance attribute is
extracted from the Top Balder surface there is a clear indication of pockmarks on the horizon (Figure 40A).
Pockmarks are formed when fluids from deep below leak and make their way to the paleo-seabed. These fluids
could be hydrothermal or hydrocarbons in origin. Often when fluids are leaking from deep below the seismic
amplitudes are dimmed producing a gas chimney. This is particularly noticeable when an amplitude extraction is
taken along the T22 shale horizon (Figure 40B). Seismic amplitudes along the T22 horizon are significantly
reduced in the region where pockmarks are found on the Top Balder.
The final piece of evidence linking these pockmarks with hydrothermal fluids is the significant spatial
correlation between the pockmarks and sill intrusions found below the T10 Sullom sandstone. A time slice
through this region links multiple intrusion episodes with the pockmarks and gas chimneys (Figure 40C). When
these maps are overlain together their locations correlate suggesting these features are linked (Figure 41).
It is possible to deduce that if extensive damage is found two seconds above the sills on the Top Balder, more
damage is likely to be found at the T10 Sullom Sandstone reservoir interval which sits only just above the sill
intrusions. Not only is a dyke barrier possible but also extensive hydrothermal alteration between Marjun and
the updip extension. Thin sections at 6004/16-1Z have already suggested porosity is affected by hydrothermal
alteration precipitating diagenetic authigenic clays. Both the Marjun and Marjun Appraisal well sit just on the
margins of the Top Balder pockmarks (Figure 41) and, no doubt, hydrothermal alteration would be heightened
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in the main pathway of fluids running between 6004/16-1Z and 204/16-1. This combination of vertical dyke
barriers and hydrothermal alteration define the trap for Scenario 2.
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Figure 40: Left: A seismic section highlighting three key horizons. A: Variance of the Top Balder showing
amalgamated pockmarks. B: Amplitude extraction of T22 shale showing amplitude dimming between 6004/161Z and 204/16-1. C: A timeslice at -3620 ms showing extensive sill intrusions.

Figure 41: Figure 40A, B and C overlain together linking sill intrusions, fluid chimneys and pockmarks on the
Top Balder.
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Figure 42: Depth structure map of the Top T10 Sullom Sandstone showing Scenario 2 boundary and -4197 m
TVDSS contact
Figure 42 summarises the final Scenario 2 boundary. The white dashed line follows the outer perimeter of the
pockmarks found at the Top Balder. Down dip the structure is constrained by the OWC at -4197 m TVDSS. It is
also important to note that with this outer boundary, Marjun would be heavily compartmentalised due to the east
west trending faults prevalent in the area.

5.9.2 Facies Model
The methodology presented in Section 5.4 Facies modelling and Section 5.8.2 Facies Model does not differ for
Scenario 2.

5.9.3 Porosity Model
To realise this geological concept into the model the probability maps implemented during the facies modelling
stage are kept the same as Scenario 1, however, an additional probability map is applied during the porosity
modelling stage. Where pockmarks are found on the Top Balder, a probability is given a value of zero with
everywhere else assigned a probability of one. This probability map is allowed to be co-kriged during porosity
modelling (Figure 44). When visualised on the vertical section there are noticeable porosity reductions and a
clear vertical barriers where the probability map was awarded zero (Figure 45).
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Figure 43: A probability map overlain on Top Balder variance attribute map showing intersection plane relevant
to Figure 45.

Layer 100

Figure 44: Modelled porosity showing low porosity zones (purple) where pockmarks were identified.
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Figure 45: Cross section showing a clear vertical barrier between 6004/16-1z and 204/16-1 (Intersection shown
on Figure 43)

5.10 Scenario 3
5.10.1 Trap Definition
Scenario 3 proposes a stratigraphic barrier between 6004/16-1Z and 204/16-1 with sands in the two wells
sourced from opposite provenances and shale separating sands penetrated in the two wells. This interpretation is
based on heavy mineral analysis which was conducted on five wells (6004/12-1 &1Z, 6004/16-1 & 1Z,
6005/15-1, 204/16-1 together with 204/22-2 & 2Z in the Judd Basin.
The T10 sandstones in 6004/16-1Z and 204/22-2Z show marked differences in provenance. The principal
differences in the heavy mineral assemblages between the wells are that 204/22-2Z T10 sands have low ATi
(apatite/tourmaline) and relatively high RuZi (rutil/zircon), whereas 6004/16-1Z T10 sands have high Ti and
low RuZi. 204/16-1 T10 sands is also distinctive in that the cuttings samples proved to contain volcanic material
(high abundances of clinopyroxene).
The source supplying the 204/22-2Z T10 sands is believed to have lain on the Scottish side of the FaroeShetland Basin to the southeast, since sandstones with similar characteristics have been recognised along the
Orkney-Shetland Platform margin. The source for the 6004/16-1Z T10 sands is believed to have lain on the
western margin of the Faroe-Shetland Basin. This is because samples contained basaltic volcaniclastic detritus,
which were derived from the basaltic lava fields. Sandstones with volcanic detritus are common for sandstones
in the Kangerlussuaq Basin in East Greenland supporting the presence of a western provenance area for the
6004/16-1Z T10 sands.
This evidence supports two separate sand provenances and therefore, the Scenario 3 updip trap infers a
stratigraphic component. Figure 46 shows this conceptual well log correlation. Although heavy mineral analysis
supports this depositional environment it does seem unlikely that sand thicknesses of over 150 m at both
204/16-1 and 6004/16-1Z would pinch out and shale out in a distance of 6 km between them. In addition, with
such intensive and extensive volcanic activity happening in the area it is also perhaps difficult to distinguish
between original sand provenance characteristics and later diagenetic effects when conducting heavy mineral
analysis. With this in mind, Scenario 3 is considered to be the least probable scenario.
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Figure 46: Well log correlation showing two potential sands provenances and stratigraphic component between
6004/16-1z and 204/16-1.

5.10.2 Facies Model
As Scenario 3 depositional model differs considerable to Scenario’s 1 and 2, a separate probability map was
generated to produce an up dip stratigraphic trap component within the model (Figure 47). The zero sand
probability zone is placed as close to 204/16-1 and using the same trend (NE SW) as seen in the modern day
analogues in Figure 28. The probability map places a barrier in the geomodel between 6004/16-1Z and 204/16-1
(Figure 48). When visualised vertically a thick shale barrier can be seen between the two wells (Figure 49).
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Figure 47: Sand probability map for both Zone 1 and 2 with zero probability barrier between 6004/16-1Z and
204/16-1
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Figure 48: Modelled facies showing stratigraphic trap between 6004/16-1Z and 204/16-1.
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Figure 49: Cross section showing a clear stratigraphic vertical barrier between 6004/16-1Z and 204/16-1

5.10.3 Porosity Model
As the porosity is conditioned to facies where shale is populated as a stratigraphic barrier porosity is
automatically assigned to zero, hence, no further probability maps need to be applied at this stage. The
maximum volume calculation boundary is placed as close to well 204/16-1 as it is difficult to determine this
boundary from the available supporting data.

Figure 50: Depth structure map of the Top T10 Sullom Sandstone showing Scenario 3 boundary and -4197 m
TVDSS contact
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6

Volumetrics and Uncertainty

Using the semi-regional wells which penetrate T10 Sullom sandstone, it is possible to quantify ranges for all
volumetric parameters. Where possible, the most likely case has been determined from the Marjun well
6004/16-1Z with variations in the offset wells aiding the determination of the low case and high case numbers
(Table 6). The NtG uncertainty range has a prominent negative skew to account for seismic scale volcanic
intrusions and also possible sub-seismic volcanic intrusions. A 20% multiplier was implemented to the water
saturation which factored in various uncertainties relating to the Archie equation used to build the water
saturation log. This multiplier is determined by DONG Energy’s in-house petrophysicist. The oil water contact
was derived from the water saturation log and a +/-10m range is applied to the most likely case to account for
uncertainty in picking the contact and depth conversion. In addition to well day modern day seabed analogues
were also incorporated to constrain uncertainty and geometries (variograms).

Table 6: Summary of the key uncertainty ranges on the main STOIIP parameters.
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Figure 51: Depth structure map summarising the final volume boundaries for each scenario. Scenario 1 in blue,
Scenario 2 in green and Scenario 3 in pink.
The STOIIP histograms have been subdivided based on their scenario boundaries, Scenario 1, 2 and 3 in blue,
green and pink respectively (Figure 51). All scenarios have assumed that the sill intrusions on the western edge
have provided a trap.
Calculated volumes for Scenario 1 are considered the most geologically robust, with a P50 STOIIP of 182
MMbbl (Figure 52). Alongside each STOIIP distribution histogram a STOIIP volume height map is also shown.
Volume height maps help to determine where the main contributing areas would be found for each scenario.
Scenario 1’s volume (Figure 53) is contained within the sill induced faults which were interpreted on seismic.
The circular nature of the volume height map shows how the sands are encased in the sill intrusion found below
the reservoir sands.

Figure 52: STOIIP distribution for Scenario 1
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Figure 53: Scenario 1 Mid-case STOIIP volume height map (m)
Scenario 2, the volcanic intrusion/hydrothermal barrier concept, have volumes ranging from 335 to 721 MM bbl
and a mid-case of 548 MM bbl (Figure 54). The volume height map shows where the hydrothermal fluids have
caused a significant and sudden reduction in STOIIP (Figure 55). To cause a barrier between 6004/16-1Z and
204/16-1 (as shown in Figure 55) diagenetic clay precipitation would have to be pervasive between the two
wells which is difficult to validate with the data available.

Figure 54: STOIIP distribution for Scenario 2
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Figure 55: Scenario 2 Mid-case STOIIP volume height map (m)

Figure 56: STOIIP distribution for Scenario 3
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Figure 57: Scenario 3 Mid-case-STOIIP volume height map (m)
Scenario 3, the stratigraphic barrier, has volumes ranging from 817 to 1509 MM bbl and a mid-case of 1132
MM bbl (Figure 56). The volume height map shows gradual reduction in volume as you move towards 204/16-1
reflecting the gradual fining out of the submarine fan (Figure 57).
Perhaps the most interesting conclusion when running the volumes for each range is that the volume
calculations do not overlap, a testament to Marjun’s current under-appraisal and difficulty in defining the up dip
trap extent. Based on this outlook alone, Marjun STOIIP ranges are very uncertain without additional data.
While Scenario 1 volumes are solely in the Faroe region, Scenario 2 and 3 both extend across the FO/UK
border.
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7

Conclusions from Static Model

Model

Description

Modelled Surfaced

Faults

Zones

Scenario 1

Sill Induced Fault Barrier

Top T10 Sullom Sandstone,
Base T10 Sullom Sandstone

31

3

Scenario 2

Intrusive/Hydrothermal
Barrier

Top T10 Sullom Sandstone,
Base T10 Sullom Sandstone

31

3

Scenario 3

Stratigraphic Barrier

Top T10 Sullom Sandstone,
Base T10 Sullom Sandstone

31

3

Water Saturation

Maximum
Volume Area

2 different sand
Conditioned to Facies
lobes from the south
No probabilty map

0.36

1046 x10^6 m3

2 different sand
lobes from the south

Conditioned to Facies
Probabilty map cokriged

0.36

5139 x10^6 m3

1 sand lobes from
the south 1 sand
lobe from north

Conditioned to Facies
No probabilty map

0.36

8677 x10^6 m3

Facies Model

Porosity Model

Table 7: Summarises the key similarities and differences between each scenario
The reprocessing of legacy 3D seismic data has greatly improved the structural understanding in the F019
licence area. Despite improved structural understanding, however, Marjun’s up dip trap extent is still very
uncertain, hence, a deterministic scenario based approach was implemented to estimate in-place volumes.
Scenario 1 explores the potential structural trap formed by sill intrusions below and it is this scenario that is
considered the most geologically robust with a mid-case volume estimate of 182 MM bbl (Table 8). Scenarios 2
and 3 represent upside geological concepts with area of hydrocarbons extending across the FO/UK boundary
and mid-case volumes of 548 and 1132 MM bbl respectively. Table 7 summarises the similarities and
differences between the three scenarios with the main key difference being the maximum volume area. Volumes
determined for each scenario vary significantly due to the highly uncertain up dip trap extent, attributed to
Marjun’s under-appraisal. Scenario 1 is put forward for dynamic modelling as a most likely case and Scenario 2
as the potential upside.

Low
Case

Mid
Case

High
Case

Table 8: Final STOIIP summary table colour coded by scenario boundary from Figure 51

Page 55

8

Reservoir Engineering

8.1

RE Evaluation 2014

Reservoir simulation modelling of the Marjun discovery was initially carried out in 2014 prior to the updated
static modelling based on the reprocessed 3D seismic data.
Low, Mid, High and Mean deterministic production profiles were generated based on the probabilistic P90-P50P10 range of in-place oil volumes available at the time. The range of volumes used is given in Table 9.
Marjun Volumes
Low (P90)
Mid (P50)
High (P10)
STOIIP
(mmSTB)
33
101
216
GIIP
(bcf)
10
33
156
Combined
(mmboe)
34
107
244
Table 9 : Marjun hydrocarbon volume range used in 2014 reservoir simulation

Mean
114
37
121

The reservoir modelling was evaluated using the IPM package, using a tank model (Mbal) based on a well
model (Prosper). A tank model containing two to four tanks dependent on the degree of reservoir faulting was
assumed. The tanks were serially interconnected with transmissibilities to represent possible communication
between compartments. The method of evaluation assumed the characteristics of a typical production well
(performance calculated using Prosper) which was used as an average well in the Mbal-modelling where
possibly many (average) wells are assumed drilled. Darcy and non-Darcy coefficients were used to describe the
well performance (computed from the results of the IPR-curve from Prosper). injection wells were defined
directly using Mbal only.
In order to calculate a high and low-case a number of input parameters were varied deterministically before
running the models. The volumetric range for the G&G parameters included uncertainties on static parameters
such as porosity, irreducible saturations and structure.
Production profiles generated in Mbal were adjusted slightly to include downtime (if not already included in the
Mbal model) or perhaps a ramp-up of the production reflecting a more realistic development scenario.
Finally simple decline curve analysis (DCA) was performed based on the already computed Mbal models.
The temperature and pressure of the models was computed using simple gradient calculation as a first guess
unless other information are available (either from wells or analogue fields in the area) to suggest that the
reservoir is not normally pressured.
In general hydrocarbon-properties comparable to known discoveries in the area was assumed (Foinaven,
Rosebank & Schiehallon).
Well design was assumed comparable to other developments in the area. With respect to the well modelling, no
detailed friction or temperature modelling was performed. Marjun was assumed to be developed with a number
of wells with the well-count was based on a desired off-take rate for the field and was not optimised at this
stage. For an oil-filled reservoir both production and injection wells were used and the resulting recovery factors
from the Mbal model are given in Table 10. The production profiles are given in Figure 58. Note that the Low
case model does not flow because of the low permeability (1 mD).
Marjun Recovery Factors
Low (P90)
Oil (full profile)
0%
Gas (full profile)
0%
Oil (after 25 years)
0%
Gas (after 25 years)
0%
Table 10 : Recovery factors calculated from Mbal
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Mid (P50)
25%
23%
24%
22%

High (P10)
35%
33%
30%
31%

Mean
24%
23%
24%
23%

Figure 58: Marjun production profiles from 2014 reservoir simulation

8.2

RE Evaluation 2016

Following the completion of the updated static modelling in 2016 the reservoir engineering work was updated to
match the in-place volumes in the most likely geological scenario (Scenario 1) which were higher than the mean
case used in the 2014 reservoir simulation study. The critical assumptions on PVT, relative permeability and
fractional flow analysis were also revisited.
Previous assumptions on the well spacing, type and well count were maintained, along with assumptions about
the host and available ullage. The development assumption is a subsea tie-back to an FPSO in UK Quad204
such as Schiehallion or Foinaven which are 30 km away, The reservoir pressure is assumed to be maintained by
water injection.
Updates carried out in 2016 included the following;




Volumes and saturations from Static Model 2016 incorporated
Spacing study and type well approach
Update of material balance models - Eclipse model used alternatively

The most likely geological case is Scenario 1 with a P50 STOIIP of 182 MMstb. This has been used as the base
case simulation model. Scenario 2 (P50 STOIIP 542 MMstb) is considered an upside and the base case model
can be scaled up to incorporate the larger area in Scenario 2.
To maintain a level of 27000 stb/d for the first year of production the requirement for a Scenario 1 (Static model
base case), the development is up-front drilling of 5 horizontal producers and 6 horizontal injectors of 2000 m
length with additional drilling of 2 producers and 2 injectors to maintain the rate for the subsequent 2 years. The
mean profile for a 1 year plateau (5+6 well drilled prior to production) is shown in Figure 61: Oil and water
production rates for different well spacing.
The initial phase consist of 11 wells. Assuming one drilling rig 2-3 wells per year is feasible, this means the preproduction drilling phase will take 3-4 years.
After approximately 10 producers and 11 injectors this will conclude the Scenario 1 (182 MMstb) development
as there is no more area to develop.
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Given a Scenario 2 outcome the development will be more of the same (more wells with the same recovery per
well).

8.3

Development Concept

Environment: West of Shetlands, water depth 975 m.
Drive mechanism: Water injection/pressure support
Host: Foinaven or Schiehallon (30 km from Marjun)

8.4

Well Spacing Study

The concept chosen for Marjun is a water injection pattern with alternating parallel horizontal injectors and
producers (Figure 59). To appreciate how the concept works a conceptual study of the pattern efficiency was
conducted.

Spacing
(200-1000 m)
I

P

I

P
½ Injector

I

P

I

P

I

½ Injector

1 Producer

Well

….

Length
(2000 m)

Figure 59: Well spacing diagram
The boxed in part of the pattern above was analysed for varying well spacing between 200 m and 1000 m. The
details of the model follow the conventional wisdom for modelling patterns and as seen from the plot this means
that the boundary condition in the direction of displacement is half of an injector to each side of the producer,
with the associated half injectivity and pore volume for the connected cells.
Specifically for Marjun Scenario 1 with a 400 m spacing this would imply something like the depiction in
(Figure 60):
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Figure 60: Scenario 1 area of hydrocarbons and development well pattern
The cumulative oil production and the water rate (showing breakthrough) is shown below for the spacing cases
(Figure 61).

Figure 61: Oil and water production rates for different well spacing
A summary of the analysis is provided in the Table 11: Well spacing production rates. The table has been
derived for Scenario 1 with mean STOIIP of 178 MMstb and mean properties as stated in the property table.

Spacing (m)

200
300
400
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In-place
vol. per
pattern
(MMstb)
9.1
13.7
18.2

Max. # of
patterns in
Scenario 1
Area
19.5
13.7
9.8

1st year
average
rate
(stb/day)
6006
5570
5146

Req.'ed # of
patterns to meet
27000 bpd (1st
year)
4.5
4.8
5.2

Total
Perforated
Producer
length (m)
9000
9600
10400

Achieved 1st
year rate
average
27000
27000
27000

500
22.8
7.8
600
27.3
6.5
700
31.9
5.6
800
36.5
4.9
900
41.0
4.3
1000
45.6
3.9
Table 11: Well spacing production rates

4829
4601
4431
4299
4215
4154

5.6
5.9
6.1
6.3
6.4
6.5

11200
11800
12200
12600
12800
13000

27000
27000
24729
20994
18295
16229

As an example, using 400 m spacing, 5.2 type well patterns are needed to achieve a first year average rate of
27,000 bopd. Given the area of the Scenario 1 accumulation there is room for a total of 9.8 drilled patterns. This
means that by drilling additional wells (patterns) the plateau can be extended (in this case to a maximum of 3
years).
Using the table results and the assumed field oil capacity of 27000 stb/d (implying a required field capacity of
30000 stb/d with an uptime of 90%) a spacing of up to 600 m is feasible. It is however important to note that the
box simulation model assumes homogeneous reservoir properties and a Kv/Kh ratio of 1.0. It also assumes that
all of the reservoir is accessed (sweep efficiency 100%). Therefore a 400 m spacing has been chosen making it
possible to add productivity if needed.
Please note that there is also a maximum number of patterns that can be drilled in the Scenario 1 given the area
of the reservoir and the spacing (column 3 Table 11). Therefore the first year rate requirement cannot be
achieved with a 700 m spacing or more due lack of space (area).

8.5

Reservoir

8.5.1 PVT
In the Marjun RE evaluation from 2014, the approach to was based on a number of nearby analogues. Published
reservoir fluid data from Schiehallion was used in the mid case and Rosebank was used for the high case.
To set up the box model a consistent PVT set for Low, Mid, High and Mean was required (Table 12). The
analogue input selection did not constitute a consistent input data set for standard black oil correlations. For this
reason it was decided to adjust the GOR to maintain the formation volume factor for oil (FVFO/Bo) supplied to
field geologist and use the and accept the viscosity following from this.
Property
Low
Mid
High
GOR
325
500 (325)
625
Oil gravity
17.5
30
40
Gas gravity
Water salinity
Initial Bo
1.17
1.25
1.3
Initial Pressure
Temperature
220
230
240
Initial oil viscosity
5.62
1.3
0.68
Table 12: Marjun Reservoir fluid properties used in simulation modelling

Mean
470
28
0.7
30,000
1.24
7,600
230
1.66

Unit
scf/stb
API
SG
ppm
rb/stb
psia
Deg. F
cP

8.5.2 Permeability and Relative Permeability
The updated static model has led to updates of the connate water saturation and air permeabilities.
The relative permeability parameters are given in Table 13 and the mean case relative permeability curves are
shown in Figure 62.
Property
Air permeability
Klinkenberg correction (new)
Swc
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Mean
2.9
0.69
0.4

Unit
mD
None
None

Soi
Sgcr
Krw_oi
Kro_cw
Krg
Nw
No
Ng
Table 13: Marjun relative permeability parameters

0.80

0.25
0.15
0.5
0.7
0.9
3.5
5.0
3.0

None
None
None
None
None
None
None
None

Oil-Water

0.70

0.60
0.50
0.40

Krw

0.30

Kro

0.20
0.10
0.00
0.00

0.10

0.20

0.30

0.40

0.50

0.60

0.70

0.80

-0.10

1.00

Oil-Gas (with connate water)

0.90
0.80
0.70
0.60
0.50

Krg

0.40

Krog

0.30
0.20
0.10

0.00
-0.10

0.00

0.05

0.10

0.15

0.20

0.25

0.30

0.35

0.40

Figure 62: Marjun mean case relative permeability curves
The model was initialized using the connate water saturation and pressures from the static model and earlier
studies. A simple capillary pressure curve was used in combination with the SWATINIT keyword in Eclipse
100 (forced saturations, stretched Pc curve).
In the following section the recovery factor and water cut development based on the mean input from relative
permeability is investigated.

8.5.3 Fractional Flow Analysis
To evaluate the upper bound for recovery in the mean case a simple Buckley-Leveret fractional flow analysis
was performed using the mean properties for the fluid and relative permeability saturations and endpoints along
with the Corey exponents.
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Output

Fractional flow water/oil
Fw
1.0
0.9

Fw

0.8

Tangent

0.7

0.6
0.5

0.4
0.3

0.2
0.1
0.0
0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

Sw

Welge method to find Sw_bt
14.0
12.0

M (endpoint)
2.96
max movable oil saturation
0.35
max RF
58.3%
At water break through:
left point right point
Sw_bt
0.5741
0.573
0.577
point
50
51
Welge residue
0
-0.153
0.472
WOR
8.0
7.695
9.137
WOR (surface)
9.7
9.264
10.999
Fw
0.89
0.885
0.901
Fw (surface)
0.906
0.903
0.917
Ms (shock front)
0.29
0.286
0.301
Np
0.1964
0.190
0.216
RF
32.7%
31.7%
36.0%
Sw avg
0.5964
0.590
0.616
Ms (Sw_avg)
0.40
0.354
0.553
Sw_avg - Sw_bt
0.0223
0.016
0.042
After a given CumInj:
CumInj
/ PV
1.00 Injection
Oil Production
vs Water
Np (roughly!)
0.230
Np / PV RF
38.3%
1.0

dFw/dSw

0.9

Fw/(Sw-Scw)

0.8

10.0

0.7
0.6

8.0

0.5
0.4

6.0

0.3
4.0

0.2
0.1

2.0

0.0
0.0

0.0

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

Sw

1.0

2.0

3.0

4.0

5.0

Water Injected / PV

Figure 63: Marjun fractional flow curves and parameters
The tangent point defines the fractional flow at the time of breakthrough (57.4%) (Figure 63). The recovery at
the time of breakthrough is (Sw_avg-Swc)/(1-Swc)=(59.64-40.0)(100-40)%=32.7%. The RF from the
simulation runs is approximately 33% at water breakthrough. The simulation model and the fractional flow
analysis are therefore both representing the displacement process equally well.
Note that under ideal conditions and with infinite time at hand the ultimate recovery is (1-Soi-Swc)(1Swc)=58.3%. From the oil production versus water injection plot it is also seen that breakthrough happens after
injection of 0.2 pore volumes.
Injection of 5 times more volume increases the recovery by 5.7% (1.2 MMstb). This will take 5 times the time to
breakthrough (ie almost 30 years).
For all practical reasons this means that when water breakthrough happens the well would not be economical.
For the 400 m well spacing concepts this takes about 5-6 years.
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9

Conclusion from Reservoir Engineering

A full field production profile has been generated for Scenario 1 using the Eclipse E100 simulation software
based on a mean case STOIIP of 182 MMstb with 11 wells (5 producers, 6 water injectors) and a 400m well
spacing. The total production interval is 10400m before start-up with a total of 12400m injection interval. This
has a plateau of 27,000 bopd and is shown in Figure 63.

Figure 64: Marjun field profile for Scenario 1 (Mean Case - 11 wells in total - 400 m well spacing)
For other static model scenarios with higher STOIIP the development concept is similar with an increased
number of wells to cover the larger area of the oil accumulation. The limiting factor on all the production
profiles is the well deliverability which is constrained by the low permeability of the T10 Sullom formation
reservoirs with average air permeability from core of only 2.9 mD.
The profiles show that high water injection rates are required from the start of production and that water
breakthrough occurs after 5 years. After this water cut increases very rapidly and would exceed 80% within 6
years which would make continued production uneconomic. Cumulative oil recovery after 6 years is 31 MMstb.
While this type of development is theoretically possible, it is currently thought to be technically and
economically unfeasible because of the large number of wells required in the harsh deep-water environment in
the West of Shetlands. The individual wells have a relatively short life before water breakthrough and the
number of wells needed to develop and sustain a reasonable production level would be very difficult to achieve
due to the short drilling window and the high drilling cost.
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