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ABSTRACT
The Lower Tertiary Balder Formation in the Beryl Embayment, North Sea, consists
of sands interbedded with claystones and tuffs. The sands are massive and well sorted
and can be up to 400 feet (122 m) thick, and are highly porous and permeable
hydrocarbon reservoirs. The sands form large lobate and circular bodies of sands a
few kilometres in diameter, with steep sides that are sometimes controlled by fault
planes. The margins of the sands sometimes display thick sand wings extending up
along fault planes. The sands display dewatering structures such as sills and dykes
have

a

complex

geometrical

relationship

with

the

surrounding

sediments.

Hydrothermal mineralisation is displayed as nodules, concretions and cementation of
the sands within the Balder interval.

The concept of seismic pumping, which

postulates the rapid upward migration of deep fluids as the result of fault movement,
was introduced to the literature some eighteen years ago, but fell into disrepute.
However, it is argued here that re-shear of normal faults in the reverse direction can
under certain critical physical conditions cause seismic pumping and can transport
large quantities of deep seated fluids rapidly. This gives rise to the expulsion of fluid
from depth into conventionally deposited massive sands of submarine fan
environments, belonging to the Balder Formation, and thus in the fluidisation of the
sediments. These sands have been intruded into the surrounding rocks and along fault
planes forming a complex distribution of in situ and remobilised sands, thereby giving
rise to the observed sand geometries and structures.
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Introduction

1 INTRODUCTION
1.1 OBJECTIVES

The objectives of this thesis are four fold, to examine and analyse all the data
that is available for the Gryphon Field in the North Sea which contains a number of
unusual structures in the sediments. Secondly to establish a model for the genesis of
the reservoir sands in the field; the chosen model is that of seismic pumping (Sibson
et al 1975) and we will establish the conditions which are required to cause re-shear
in a reverse direction on a steeply dipping pre-existing normal fault, and to determine
whether the seismic pumping mechanism proposed by Sibson et at (1975) is a feasible
model for fluid transport from depth, it will also be demonstrated that these conditions
are exactly those one would expect in the North Sea during Tertiary basin inversion.

In trying to achieve these objectives it will also be necessary to explain the
origin of large scale clastic sand intrusions in the sedimentary succession. In addition
a correlation scheme will need to be established for the Gryphon Field reservoir sands,
and this will be discussed.

1.2 AREA OF STUDY

The basis of this study will be the Gryphon Oilfield which is located in United
Kingdom Licence Block 9 /18b in the North Sea. The Field is 320 km north-east of
Aberdeen,

223 km east of the Orkney Islands and 12 km west of the United

Kingdom-Norwegian median line in the South Viking Graben.

It lies between

longitudes 59°20’N and 59°22’N, and latitudes 1°30’E and 1°36’E and covers an area
of approximately 19 square kilometres (Fig. 1.1).
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Fig. 1.1 Location map of the Gryphon Field in the U.K. North Sea (the main
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1.3 BACKGROUND O F STUDY

Block 9 /18b was awarded during the Ninth Round of Offshore United
Kingdom Licensing in 1985. The Gryphon Field was discovered by well 9/18b-7, the
first well drilled on the block in 1987. The well encountered 97 m (320 feet) of
hydrocarbon pay in a massive sand in the Balder Formation. Appraisal of the field
followed, and involved the drilling of 12 vertical wells and 8 sidetracks.

It was

demonstrated from the early appraisal wells and 2-D seismic data shot in 1985, 1987
and 1988, that the field was geologically complex, and did not fit into any
conventional geological model.

Initial work on the establishing of a mechanism of emplacement was conducted
by Elliott (1988), Price (1989) and Cullen (1990) in internal reports for the partners
involved with the Gryphon Field.

Elliott’s (1988) report was based on the

examination of cores, a limited amount of seismic data and discussions with the
geologists and geophysicists in Clyde Petroleum pic. This report established that the
preferred emplacement mechanism for the reservoir sands of the Gryphon Field was
one of mass transport of sediments from the shelf edge by gravity driven slides which
deformed internally during their down-slope translation. Cullen’s (1990) report was
mainly concerned with examining the core data from the wells and again established
a conventional sedimentological model, one of submarine fan deposition by turbidity
currents. Price’s (1989) model was established from a more restricted database but
arrived at an emplacement mechanism that involved expulsion of deep-seated fluids
which remobilised sands at a higher stratigraphie and structural level and transported
these sands to higher levels where they formed lenses.

This current study originated as a result of the ideas presented in the report by
Price (1989) and the wish that Clyde Petroleum had for understanding the Gryphon
Fields geological complexity more fully.

19

Introduction

1.4 DATABASE

A large amount of data was made available, for examination and analysis, from
the Gryphon Field. Four regional seismic lines which were shot in 1982, and fortythree lines which were shot over the Gryphon Field in surveys carried out during
1985, 1987 and 1988, have been examined from the 2-D seismic dataset. Composite
well logs were interpreted from eight vertical wells and three sidetracks, including the
exploration well (9/18b-7). Core information was seen from eight wells. In addition
data obtained from the 3-D seismic data acquired in 1990 was used.

1.5 METHODOLOGY

Initially three months were spent making oneself familiar with the regional
geology of the area, after which the 2-D seismic data and composite well logs were
interpreted. The interpretation of the well logs was primarily based on the gamma ray
and impedance/resistivity log responses to identify the lithologies that were present.
Strati graphical naming of these lithological units was based on the evidence from the
biostratigraphical

analysis conducted

by

Robertson’s

Research.

When

the

interpretation of the logs was complete the logs were tied into the seismic sections and
key horizons were picked. The horizons picked were the tops of the Sele Formation,
Balder Tuff interval, reservoir sand and Balder Formation.

On completion of the

interpretation of all the seismic sections by hand, two way travel time depth maps of
all picked horizons, were constructed by hand at a scale of 1:1250. These were drawn
by picking the depth of each horizon along every seismic line at a 10 shot point
spacing and then contouring at a 10 msec interval. This process which involved tying
all the seismic lines from all the surveys together and constructing closed loops of
interpreted lines took approximately nine months.

In order to evaluate the possibility of the seismic pumping mechanism in
giving rise to the intrusive sands, the physical conditions required to cause reverse
20
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motion re-shear along a normal fault, and the conditions necessary for seismic
pumping to work were examined. This work involved the construction of M ohr’s
Circle diagrams graphically for a variety of different predicted crustal conditions to
see under which variety of physical constraints re-shear of normal faults and seismic
pumping could take place. From the initial conditions for which the M ohr’s circle
was constructed, one variable at a time was changed until it was established what
critical conditions must prevail for re-shear to occur. This work took approximately
nine months.

Several months were spent examining all the sedimentological data available.
This involved logging, sketching, photographing and sampling the core which was
retrieved from the wells and was stored in Aberdeen. The samples which were taken
were sectioned for petrographical study using both normal light microscopy and
cathodoluminescence microscopy.

Some time was spent investigating analogues, from field examples and
published literature, for the Gryphon Field reservoir sands.

In this thesis all the geological data which was examined is described and then
the model established from the interpretation of this data is presented. Chapter two
presents a review of some of the literature that has been published on the North Sea.
The chapter outlines the geology of the North Sea, to present the reader with a
background to the geological setting of the Gryphon Field.

The third and fourth chapters describe the data that was examined. Chapter
3 describes the sediments as they were observed in the cores. Initially the lithologies
a re
of the sediments
described from the Sele, Balder and Frigg Formations. It also
details the diagenetic features of the rocks seen.

The last part of chapter 3 is a

discussion which involves a description of the lithofacies to which the sediments
belong.

The subdivision of the rocks into lithofacies allows one to determine the

depositional environment, which is presented in the final part of the discussion.
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Chapter four is devoted to an account of the geometry and architecture of the
reservoir sands.

It first describes the distribution of the various stratigraphical,

lithological and lithofacies units of interest in the wells. The interpretation of the
seismic data is then described concentrating on certain key seismic lines. The 2-D
data is dealt with first and then the higher resolution 3-D data, which only became
available in 1991 and which gives the more confident interpretation of the distribution
of the units studied.

The fifth chapter deals with the seismic pumping concept. The chapter starts
with a description of earthquakes which have been associated with hydrological
changes. The mechanics of re-shear along existing steeply inclined faults is then dealt
with. This involves stress analysis from the basic laws of rock mechanics. The final
part of the analysis involves a calculation of the stress drop, volumetries and
energetics of the process.

In chapter six the model for the Gryphon Field is finally presented.

The

chapter begins with a list of the characteristic features of the Gryphon field and then
goes on to describe several possible analogues for the oilfield. The basic mechanisms
are then described which could have resulted in the genesis of such a sand body.
Finally the model for the emplacement of the sands is given.

Chapter 7 summarises all the conclusions that have been made in the thesis and
highlights some of the problems that can be encountered when examining sub-surface
data. It also gives some suggestions for further research and exploration of such sand
bodies.
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2. REGIONAL HISTORY OF THE NORTHERN NORTH SEA
BASIN

2.1 INTRODUCTION

The purpose of this chapter is to familiarise the reader with the Northern North
Sea Basin’s South Viking Graben. The history of the basin will be divided into two
parts. Firstly the structural history will be summarised with emphasis on the evolution
of the basin from the initial uplifting through, its rifting, to its eventual subsidence,
downwarp and inversion.

The second part of this chapter will confine itself to regional stratigraphy of
the graben; dealing with the sediments and the environments during their deposition,
and the control of these environments by the structural elements of the basin. The
first two sections of the chapter, which describe the structure and stratigraphy of the
North Sea region, are based on the course notes for the J.A.P.E.C. course
"Introduction to the petroleum geology of the North Sea" (Glennie, 1986a and 1990a),
and the reader is referred to this reference for a more detailed description of the
regional geology and a fuller list of references on the North Sea.

The section following the summary of the Northern North Sea geological
history will emphasise the specific events that have had a control on the evolution of
the Beryl Embayment.

The final part will summarise the classification schemes which have been used
in earlier work on the area. The usefulness of these classification schemes, and the
scheme which will be used in this thesis will be discussed.
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2.2 STRUCTURAL EVOLUTION

2.2.1 Introduction

The present day South Viking Graben was initiated in the Permian (Glennie,
1986b). However the locality and geometry of the graben were controlled by events
which took place prior to the initial Permian rifting phase, namely the Caledonian and
Hercynian orogenies (Glennie, 1986b). The initial rifting during the Permian was
followed by rotation and further extension in the Triassic and Jurassic (Hay, 1978,
Badley et al, 1988) . It is considered that during the Cretaceous thermally-related
downwarp became the dominant mechanism of subsidence (Sclater and Christie,
1980).

In the early Tertiary inversion of the Basin marked the final stage of the

development of the present day South Viking Graben (Morgan, 1990) (Fig. 2.1).

2.2.2 Pre-Permian Framework (Pre 286 Ma)

If the "economic basement" is defined as: the depth at which sediments’
porosity and permeability are of a quality which is unable to form a significant
reservoir, or where the temperatures have exceeded those at which economic
hydrocarbons would be preserved then, the pre-Permian surface is that basement for
the Northern North Sea. The structures which evolved in this period have provided
a major control on this basin’s development, and thereby dominating the future
environment and facies distribution (Fig. 2.2) (Frost, 1987, Hay, 1978).
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2.2.2.1 The Caledonian Orogeny (600-350 Ma)

This orogeny lasted from the Cambrian to the Devonian (Anderton et al, 1985).
In the Lower Proterozoic the two continental masses of Laurent!a and Baltica had
drifted apart as the lapetus Ocean opened up.

When the lapetus Ocean and the

Tom quist Sea began to close in the Early Palaeozoic their oceanic plates began
subducting. The continental landmasses of Laurentia and Baltica collided (Cocks and
Fortey, 1982). The accretion of continental material from these landmasses, formed
the Caledonian mountain chain which was uplifted along the suture of the Laurentia
and Baltica platforms. The north-east to south-west strike of the Caledonides marks
the attitude of the two margins involved in the collision. This period of collision was
followed by a phase of rifting, with lateral, sinistral displacements occurring. The
Great Glen Fault system indicates the sinistral shear movement between the Laurentian
and Baltic plates (Glennie, 1986b).

2.2.2.2 The Variscan Orogeny

In the Late Devonian the closure of the Proto-Tethys ocean brought the
continents of Laurasia and Gondwana into collision creating the super continent of
Pangaea (Anderton et al, 1985).

At the collision boundary, uplift of the Variscan

(Hercynian) mountain chain began at about Late Carboniferous time (Fig. 2.3). The
collision was followed by a switch in relative movement between the two sides of the
collision zone; from predominantly north-south prior to the collision to east-west
immediately succeeding it. Right lateral movement along north-west south-east faults
and left lateral movement along the conjugate north-east south-west wrench faults
followed (Glennie, 1986b and 1990b, P.A. Ziegler, 1982,).

Re-activation of the major Caledonian and Variscan faults later in the history
of the basin provided a major control on the distribution of structural and
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sedimentological features (Glennie, 1986b, P.A. Ziegler, 1978 and 1982, W.H. Ziegler,
1975).

2.2.3 Formation of Proto-Atlantic (286-208 Ma)

2.2.3.1 The Permian Basins

The continued rifting, in the area which was to become the North Atlantic,
which led to the eventual breakdown of the Variscides was accompanied by the
extension-related subsidence of two large basins in the foreland, just prior to the
beginning of the Permian. The two basins were separated by the east - west trending
positive structural features, the Mid North Sea-Ringkobing-Fyn-Mon Highs which had
developed in the Late Carboniferous and Early Permian.

The Northern Basin overlay the ancient Old Red Sandstone Basin and
displayed only a limited tendency to subsidence during the early part of the Permian.
The southern Permian Basin overlay the position of the earlier Variscan foredeep basin
and in places encroached the northern margin of the fold belt. Large topographic
depressions evolved in the Southern Permian Basin as a result of subsidence exceeding
deposition.

Both the northern and southern basins were flooded by the rapidly

transgressing Zechstein Sea that approached from basins further to the north, which
are now currently situated in the Arctic. The beginning of the Triassic was marked
by possible rift doming to the north of the Permian basins. The effect was to end the
marine connection with the northern basins (Taylor, 1986 and 1990, Anderton 1985).

P. A. Ziegler (1978) describes the tectonic setting of the Southern Basin relative
to the Variscan fold belt as comparable to that of the Black Sea relative to the Alpine
fold belt.
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2.2,32 The Break-up of Pangaea

In the Late Permian to Early Triassic the triple rift system associated with the
North Sea began to manifest itself for the first time (Glennie, 1986 and 1990, Badley,
1988).

The Permian basins were now isolated from the Arctic basins and their

structural framework was continually and gradually modified. Rifting gave rise to a
series of grabens which were accompanied by flexure bound troughs on the graben
shoulders. These new structural elements were superimposed on the old Permian fea
tures. To the south-west the Central Atlantic Ocean had already begun opening as the
North American Plate and the Afro-Arabian Plate began to drift apart about a central
spreading ridge.

Transform faulting and rifting in the Tethys region marked the

disintegration of the Pangaean super-continent. Large regions around the future plate
margins were subjected to extension tectonics during the Triassic as a pre-cursor to
actual continental separation (Fig. 2.4) (Anderton et al, 1985, Glennie, 1986b and
1990b, P.A. Ziegler 1978 and 1982, W.H. Ziegler, 1975).

Regional extensional strains in the North Sea gave rise to normal faulting
which delineated the Viking and Central grabens. The Oslo-Hom-Bamble rift system
subsided rapidly displaying an asymmetric subsidence pattern.

The continued

evolution of the North Sea rift systems resulted in the Mid North Sea-RingkobingFyn-Mon high being dissected. Further subsidence of the North Sea basins and the
Polish Trough and Hessian Basin, which had developed throughout Europe, eventually
linked the Triassic basins of Tethys and North-west Europe (W.H. Ziegler 1975, P.A.
Ziegler 1978).

The eastern part of the Viking Graben displayed differential tilting of the top
of the basement. This was caused by movement along a series of north-south faults
lying approximately 15 kilometres apart. Tilting is said to have resulted from block
rotation along basement involved listric faults, however the supporting evidence is not
always conclusive (Badley et al, 1988).
30

I^

J

^

A
^

/ 7<
r /I

y ?

h

N
-(5 ^
--*
i-o
b
m
|

r-'i »!-;
t
UH

GRAMPIAN
HIGH

F E N N O SC A N D tA N

f

"""

1

“É c= ^

FORTH

/ a pproaches
BASIN

M a io f FauM

I
;

CORNISH

B asem ent or
f n tra S a s m a i H ig h

/

PLATFORM

W SB
ESB
W SP
M FB
OBB
HH
FG
UH
ES
rfh

HG
SB

W e st S tie lla n d B a s m
E a s t S h e tla n d B a sin
W e st S h e tla n d P la tto rm
M o ra y F irth B a s in
D u tc h B a n k B a sin
H a lib u t H o rs t
F la d e n G r o u n d S p u r
U ts ir a H ig h
E g e r s u n d S u b - b a s in
P i n g k e b in g - F y n H ig n
H o rn G r a b e n
S to r d B a s in

Fig. 2.4 Triassic structural framework for the North Sea region (from Fisher and M udge 1990)

31

Regional History

2.2.4 The Formation of the Viking Graben (208 Ma-PRESENT)

2.2.4.1 The Cimmerian Tectonic Phase

At around 200 Ma the Central Atlantic, had already begun its rifting sequence
in the Triassic, and continued into its drift phase, separating Africa and North
America, towards the late Jurassic. In the North Atlantic region rifting began along
a north-south axis, so beginning the separation of North America from Europe in the
late Cretaceous (c.60 Ma) (Glennie, 1990).

In the Viking Graben region subsidence, as a result of thermal changes, became
the dominant tectonic process. Thermal subsidence was the result of increased heat
flow and crustal attenuation in the region (P.A. Zeigler 1978). This was accompanied
by faulting which displayed little rotation or tilting on the fault at a time when
thermal subsidence was thought to be prevailing. The effects of this subsidence phase
is displayed in the thickening of the Dunlin and Brent Groups sediments towards the
basin centre. There is thinning of the two Groups back into the footwall blocks during
footwall uplift although no major structural topography evolves (Fig. 2.5) (M.E.
Badley et al, 1988).

In the early Bajocian the uplift of the Mid North Sea High, as a rift dome,
divided the basins of the Viking and Central Grabens. The central part of this rift
dome formed in the area where the Central and Viking Grabens and the Moray Firth
Basin now intersect. At the junction was emplaced an alkaline volcanic centre.

The Viking Graben continued to subside as sediments eroded off this newly
uplifted high were deposited within the basin. After deposition of the Brent Group
renewed block tilting occurred (Badley et al, 1988).
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The cessation of volcanic activity coincided with the gradual subsidence of the
Mid North Sea High. A further rifting phase in the Kimmeridgian halted regional
subsidence. This phase was accompanied by a eustatic sea level rise (P.A. Ziegler,
1978). The Kimmeridgian rifting phase was preceded by movements along north-east
south-west trending faults.
phase.

This second major rifting phase overprints the earlier

The faults involved in this phase were reactivated from the initial rifting

period. No uplift or pre-rift doming accompanied the rifting although there was some
localised footwall uplift. A second more localised period of extension involved listric
normal faults reactivated by passive rotation. This phase was restricted to the northern
part of the basin.

Differential subsidence in the region coincided with the

transgression of the Jurassic seas (Badley et al, 1988).

In the Late Jurassic the Shetland Platform was uplifted and tilted. Subsequent
erosion of this platform provided a source for sediments supplied to the Viking
Graben.

During the Early Cretaceous the late Cimmerian phase had a strong influence
on the Viking Graben region. The rifting of this phase imposed a strong block-faulted
relief. This was the last major tectonic phase to involve major extension of the basins.
A significant component of the faulting was accommodated on north-east south-west
faults (Fig. 2.6) (Badley et al, 1988).

2.2.4.2 Basin Inversion

The down-faulting during the final Cimmerian phase (60-70 Ma) was accompa
nied by the uplift and emergence of the flanks of the rifts (P.A. Ziegler, 1978).
Tensional movements in the Viking Graben accentuated the marginal troughs which
had developed on the boundaries of the rift basin (Sclater and Christie, 1980).
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In Southern Europe the rotation of the African continent succeeding its
separation from North America was resulting in it colliding with the Eurasian plate.
This collision evolved into the Alpine orogeny. The collision in the Alpine region
caused the earlier tensional regime in North-western Europe to become compressional.
The effect was to produce inversion (c.60Ma) of the major Mesozoic troughs in this
northern region.

The inversion resulted, in the most developed cases, in faulting

occurring in the reverse direction on steep faults. In the less developed of the inverted
basins compression exhibits itself regional warping and faulting at depth.

In most

cases faulting probably took place by reshear in the reverse mode along earlier normal
faults (Sclater and Christie 1980, Badley et al, 1988).

The Shetland Platform was uplifted and tilted in an easterly direction as a result of
this compressional phase. The drainage system was modified as a result by being
directed eastward. Through the latter part of the Tertiary the inverted basins remained
relatively stable compared to the earlier rift basins. Sediments supplied mainly from
the Shetland Platform were deposited as submarine fans prograding across the basin
(Fig. 2.7) (Knox et at, 1981).

2.3 REGIONAL STRATIGRAPHY

2.3.1 Introduction

Overlying the crystalline basement of the Northern North Sea are a wide range
sediments, whose nature has been controlled by the tectonic and structural events
which have been described in the earlier section. The Devonian Old Red Sandstone
deposits gave way to a mixture of clastic and coal deposits in the Carboniferous. A
marked change occurred in the early Permian when desert sedimentation was
dominant.

In the later Permian transgressive seas under a hot climate precipitated
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evaporites. Clastic sedimentation again dominated in the Jurassic. This was a time
when both the richest source rock and the largest reservoir sand in the North Sea were
deposited.

In the late Cretaceous another major change in the environmental

conditions led to thick accumulations of Chalk being deposited over most of the North
Sea. The Tertiary sequence reverted to clastic sedimentation as the region stabilised.

2.3.2 Basement

On the East Shetland Platform the basement is represented by crystalline
igneous rocks that have undergone metamorphism in the orogenic phases prior to and
including the Caledonian event. These or similar rocks are also considered to be the
basement of the Viking Graben. By definition the economic basement is the depth at
which sediment porosity and permeability is of a non-reservoir quality, or where the
temperatures have exceeded those at which economic hydrocarbons would be
preserved and is determined by the depth of burial and the geothermal gradient. In
the North Sea grabens it is in the range of 5000 to 6000 m (16400 to 19700 feet).

2.3.3 Devonian (408-360 Ma)

The closure of the lapetus Ocean and uplift of the Caledonian orogenic belt
provided a sediment source for the Old Red Sandstone Basin . Widespread fluvial
sequences dominated a vegetation-free continental realm with a seasonal rainfall
controlling the sediment supply.

The fluvial sequences normally terminated in

intramontane basins, though widespread the deposition of sediments was controlled by
a drainage system which ran sub-parallel to the recently formed Caledonides,
converging towards the present North Channel between Scotland and Ireland (Fig. 2.8)
(Richards, 1990).
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Fig. 2.8 Devonian palaeogeography; A Lower Devonian; B Middle Devonian; C Upper Devonian (from Glennie, 1990b)
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Later in the Devonian the basin configuration altered and sediment was then
transported and deposited in the Midland Valley of Scotland and the Northumberland
Trough. Within the Orcadian Basin to the north, straddling the Great Glen Fault, 5
kms of sediment was deposited (Richards, 1990, Glennie, 1986).

The ocean Proto-Tethys, which was later to close, prior to the Variscan
Orogeny, existed south of the Old Red Sandstone continental landmass. The orogenic
belt which resulted from this closure was to follow a structural trend determined by
the closure of the Tomquist Sea and the earlier Caledonian orogenic belt (Glennie,
1986 and 1990, W.H. Ziegler 1975, P.A. Ziegler, 1978).

The Devonian Sea spread as far north as the Auk and Argyll embayment where
shallow marine carbonates and evaporites accumulated. This embayment was later
inherited as a line of weakness which controlled the development of the Central
Graben (Richards, 1990, Glennie, 1986).

The Late Devonian Old Red Sandstone sediments occupied a north-west to
south-east depression supplied from the uplifted areas surrounding the basin. These
uplifted areas were namely: a) the Scandinavian Highlands, b) the Scottish Highlands,
c) the Southern Uplands, c) the Manx-Cumbria High and d) the south-east IrelandWales-London-Brabant High. The later Cenozoic North Sea Basin followed a similar
trend to that outlined by the Late Devonian Old Red Sandstone depression (Glennie,
1986).
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2.3.4 Carboniferous (360-286 Ma)

23.4.1 Dinantian (360-333 Ma)

As Laurasia slowly drifted northwards climate changed and the sediments
deposited at the beginning of the Carboniferous represented a transition from the arid
continental red bed environment of the Old Red Sandstone to the equatorial, humid
Coal Measure deposits. North of the Highland Boundary Fault sedimentation was
dominated by non-fossiliferous elastics which were eroded off the Caledonian
mountain chain and deposited into the basins. South of the Highland Boundary Fault
a plain extended over the present southern North Sea to the axial part of the Variscan
foredeep basin. Marine conditions prevailed across the southern part of the basin with
the northern areas subject to occasional periods of desiccation as inland sheets of
water regressed and invaded. Lacustrine conditions existed within the Midland Valley
of Scotland and here muds with high organic content were deposited which eventually
developed into oil shales (Besly, 1990, Glennie, 1986b, P.A. Ziegler 1978).

The western British Isles were dominated by shallow marine carbonates. As
the marine environment advanced east, the Midland Valley was flooded and shallow
marine limestones deposited. Similar limestones were deposited over the flanks of the
London -Brabant Platform (Fig. 2.9) (Anderton et al, 1985).

In the late Dinantian, period cyclic alternations between marine and terrestrial
sediments reflected the eustatic sea level changes, presumably caused by episodic
subsidence and Permo-Carboniferous glaciations. The effect of these glaciations can
be seen throughout the Carboniferous; the Yoredale cyclothems being the most well
known (Glennie, 1986b).

Late in the Dinantian several of the northern basins also began to subside. The
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major effects of this phase are shown by the Midland Valley and the lapetus Suture
along the Dublin-Solway-Northumberland Trough.

The subsidence phase was

accompanied by igneous activity in localised regions (Glennie, 1986b).

2.3,4.2 Namurian (333-315 Ma)

Renewed uplift of the Scottish Highlands increased the supply of sediments and
this resulted in the southerly progradation of the fluviodeltaic sequence termed the
Millstone Grit. The thickest succession accumulated along a north-south zone, equiva
lent to the present Pennine axis, and thinned out to the east and west (Fig. 2.9) (Besly,
1990).

2.3.4.3 Westphalian-Stephanian (315-300 Ma)

The late Carboniferous represents the greatest development of coal in Britain.
The coal accumulated in coastal plain paralic sediments which were prograding south.
In the south the London-Brabant Platform formed a positive barrier which was to last
until the Cretaceous when it was next transgressed by the sea. The coal in the Coal
Measures sequence is interbedded with marine bands showing that glacial/interglacial
periods were still effecting the equatorial regions (Besly, 1990, Glennie, 1986).

The uppermost Carboniferous is marked by the oxidised Barren Red Measures.
In the marginal coal swamps areas coal bearing grey beds were intercalated with red
beds of the Etruria Formation.

Such interbedding permits one to infer that even

towards the end of the Carboniferous a seasonal monsoon climate was prevalent.
Good drainage and strong evaporation allowed the oxidation of the sediments (Besly,
1990, Glennie, 1986).
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It has been suggested (Glennie 1986b and 1990b) that strong winds associated
with the Permo-Carboniferous Gondwana glaciations had a marked deflationary effect,
removing all traces of the Stephanian from the British Isles.

Southern parts of the North Sea and the Palaeozoic grabens were affected by
Variscan (Hercynian) compression changing the sediment supply in Westphalian ’C ’
times from the Caledonides in the north to the south and the Variscides (Fig. 2.9)
(Glennie, 1986).

2.3.5 Permian (300-245 Ma)

23.5.1 Rotliegende (300-285 Ma)

The classic Rotliegende sequence lies in the Southern Permian Basin which
stretched from eastern England, a distance of 1500 kms, to the Russo-Polish border.
There was also a smaller North Permian Basin situated between the Mid-North Sea
High and the Shetland and Egersund Platforms (Fig. 2.10a) (Glennie, 1986c and
1990).

Deposition also occurred in the Moray Firth Basin and a series of half-graben
basins stretching from south-west England to south-west and west Scotland. Unlike
the southern basin the sequence in the northern basin cannot be sub-divided into lower
and upper Rotliegende.

The southern sequence is sub-divided by the presence or

absence of volcanic material in the sediments (Glennie, 1986c and 1990).

There is an incomplete knowledge of the facies distribution in the northern
basin although it is assumed that the facies present will be similar to those in the
south, namely fluvial, aeolian and sabkha. The sand-dominated sequence has been
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termed the Auk Formation while the more shaley sequence is named the Fraserburgh
Formation. Palaeowind data shows that the winds in the North Permian Basin were
blowing in an opposite direction to those in the South Permian Basin, indicating the
presence of a high pressure zone over the Mid-North Sea High (Glennie, 1986c and
1990).

The Auk Formation is predominantly an aeolian dune sand but locally it has
developed a basal conglomerate comprising clasts of quartz and schist. The shale
dominated Fraserburgh Formation is inter-calated with dolomitic and micaceous
sandstone stringers and with the presence of adhesion ripples has been interpreted as
a dune bordered sabkha (Glennie, 1986c and 1990).

Tilted and rotated fault blocks led to the accumulation of varying thicknesses
of sediment and also provided a possible source for the basal conglomerate of the Auk
Formation (Glennie, 1986c and 1990).

In the Moray Firth Basin subsidence and sedimentation kept pace with each
other and following the Zechstein transgression a shallow marine succession
developed. In the North Permian Basin subsidence was more rapid than sedimentation
and succeeding the Zechstein marine invasion

a basinal halite facies evolved

(Glennie, 1986c and 1990).

The top of the Rotliegende is represented by the Weissliegende, an un
coloured, sructureless unit indicative of rapid submergence. This is equivalent to the
onshore Hopeman Sandstone which is stained red, due to a subsurface diagenetic
environment induced by overlying desert conditions at a later stage. Both these units
were probably on the margin of the Zechstein sea (Glennie 1972, 1986c and 1990).
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23,5.2 Zechstein (285-245 Ma)

The Zechstein represents a sequence of carbonates and evaporites forming in
a basin after an initial transgression into a continental environment. The current limit
of known Zechstein evaporites and carbonates is 59°30’N but it is believed to extend
north as far as 75°N. The equivalent sediments on Svalbard are deep marine shelf
shales (Fig. 2.10b) (Taylor, 1986 and 1990, Brunstrom and Walmsley, 1969).

There are five main cycles of Zechstein deposition.

Each cycle generally

comprises limestone/dolomite, halite, anhydrite and occasionally advancing to the
precipitation of potash salts (Taylor, 1986 and 1990).

The first cycle is marked by the Kupferscheifer which is a copper coloured
sapropelic shale deposited in anoxic conditions. The Kupferscheifer is the transitional
bed from the Rotliegende to the Zechstein. The first Zechstein carbonates are the
Zechsteinkalk and Werradolomit. These are deposits of two transgressive-regressive
phases. Initially there is an abundance of fauna which later becomes impoverished.
The last evidence of marine conditions consists of a packstone of macro fauna overly
ing the gradually impoverished carbonate. Dolomite grainstones pass into terrigenous
sands to the south. The Werraanhydrit depicts a break in conditions and the end of
the Z1 cycle. Desiccation and the precipitation of anhydrite in a laminated micro
dolomite host indicates exposure caused by evaporation (Taylor, 1986 and 1990,
Brunstrom and Walmsley, 1969).

The second cycle of Zechstein precipitation begins with a transitional dolomite,
the Hauptdolomit. This is a dark-brown to black, bituminous carbonate. The lower
part is mainly shaley and is known as the Stinkscheifer, this merges southward into
the overlying less shaley Stinkalk. In the deepest parts of the basin the limestone is
more common than the dolomite.

The carbonate show atypical assemblage of

restricted fauna. The Hauptdolomit is overlain by a thick evaporite sequence, the
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Stassfurt Evaporites. This evaporite deposit in its most developed areas consists of
more than 1400 m (4600 feet) of halite. At its margins, red beds pass into anhydrite.
In places an evaporite complex exhibiting foreset beds has developed. The Z2 cycle
terminates with a potash deposit (Taylor, 1981, 1986 and 1990, Brunstrom and
Walmsley, 1969).

The Plattendolomit is the first unit of the Z3 cycle.

It is a platy dolomite

reaching 90 m in thickness and overlies the Grauer Saltzon, a grey shale unit. The
dolomite appears to have formed in shallow quiet water conditions behind an algal
barrier.

The cycle’s evaporites originate as sabkha deposits with algal mats and

nodular anhydrite at the top of the dolomite unit passing upwards into 45 m ( 148 feet)
of anhydrite, the Hauptanhydrit, which attenuates towards the basin centre. A halitepotash sequence overlies the thick anhydrite and is topped by a potassic red bed
(Taylor, 1986 and 1990, Brunstrom and Walmsley, 1969).

Z3 is succeeded by a less well developed fourth cycle consisting of the
Pegmatit-anhydrit and Aller Halit units. The latter thickens to 90 m (56 feet) in the
centre of the southern basin (Taylor, 1986 and 1990).

A thin red mudstone divides the Z5 cycle from the earlier evaporites. The Z5
cycle is solely composed of the anhydrite known as the Grenzanhydrit which splits
basinward to include a thin halite member. Overlying the Grenzanhydrit are shale and
dolomite. The Zechstein terminates in two minor evaporite cycles which are probably
of continental rather than marine origin (Taylor, 1986 and 1990).
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2.3.6

Triassic

2.3.6.1 The Cormorant Formation

The Cormorant Formation is typically composed of pale coloured, fine to
medium grained, argillaceous sandstone and red-brown siltstones and shales. Thicker
sequences are developed towards the East Shetland Boundary Fault. These thicker
units include coarser sandstones and conglomerates overlain by the more typical facies
of the formation.

At the time of deposition, sedimentation was controlled by the local
topography. This resulted in variations in the thickness of the formation from one
fault block to another. The difference in thickness between the fault blocks can be as
much as 2000 m (6560 feet). Because of the differences in thickness correlation, both
lithostratigraphic and biostratigraphic, are difficult. There is, however, a widespread
argillaceous horizon near the top of the formation, which has been dated at Late
Norian-Early Rhaetian from palynological evidence (Brennand, 1975).

The complex tectonic setting controlled sedimentation patterns in the Viking
Graben, and it is therefore difficult to generalise about depositional environments of
the various facies. Shallow water conditions prevailed during the deposition of the
more widespread and laterally persistent cyclical sandstone and shale facies.

The

absence of marine fauna and flora may suggest a fluvio-lacustrine environment. The
sandstones are poorly sorted with argillaceous matrix and show transitional boundaries
with interbedded shales. The poorly sorted sandstones and presence of oxidised plant
debris in the shales, together with the lack of winnowed or reworked sediments in the
formation, indicate a low energy environment of deposition.

Access to the main

depocentres from the higher energy basin margins and fault terraces was, therefore,
relatively restricted (Fig. 2.11) (Steel and Ryseth, 1990).
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Clemmensen (1980) suggested that the sediments were deposited as alluvial
fans, feeding through braided streams and stabilised distributary channels into a
central, northwards draining, elongate basin or coalescing series of basins, which
included lacustrine and sabkha environments.

Towards the end of the Triassic, the transgression of the Boreal Sea established
marine environments in the central part of the basins at the northernmost end of the
Viking Graben, and fluvio-deltaic environments along the basin margins.

In the

central northern area of the Viking Graben there is a conformable passage from the
Cormorant Formation to the overlying Statfjord Formation (Steel and Ryseth, 1990).

2.3.6.2 The Hegre Formation

It has been suggested that the Cormorant Formation should be restricted to
describe the attenuated sequences on structural highs in the U.K. sector of the
Northern North Sea (Vollset and Doré, 1984).

Sediments that fall outside of this

category are allocated to the Hegre Group which comprises three formations: Teist,
Lomvi, and Lunde. Sediments of the group are generally white to red sandstones, red
shales and claystones associated with intervals dominated by coarse to fine elastics.
The base of the group has been defined by Lervik et al (1989)and the top is marked
by the base of the Statfjord Sands.

The Early to Late Triassic Teist Formation is composed of interbedded
sandstone, claystone and marl. The succession gradually coarsens upwards.

It is

presumed to be of continental origin: the sandstones are of fluvial and aeolian
character; the finer grained sediments are overbank and lacustrine deposits. The base
of the unit is marked by 274 m (900 feet) of red claystone overlying basement and
equates with the Smith Bank Formation (Lervik et al, 1989).
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The Lomvi Formation comprises fine to coarse grained kaolinitic sandstones
of fluvial origin. Lervik et al (1989) dated the formation as Skythian to Anisian,
although the formation may not be restricted stratigraphically. The transition to the
Lunde Formation is marked by a thick claystone unit.

Interbedded fine to coarse grained sandstone, claystone, marl and shale form
the Lunde Formation. The basal unit can be up to 300 m (985 feet) thick and is
locally consistent both in lithology and thickness.

It has a fairly widespread

distribution, the pattern of which indicates an absence from structural highs. Scott and
Rosendahl (1989) suggested that fluvial sedimentation in the south of the Viking
Graben was derived from a persistent high to the east eg: Egersund High-Horda
Platform area. A south-westerly source deposited sediment in lacustrine and fluvial
environments. Fine grained sediments at the top of the formation display small scale
ripple marks, cross-stratification and bioturbation, mud clasts and mud balls. There
is some cyclical sedimentation expression in localised wells. The formation has been
dated as Ladinian to Rhaetian.

2.3.63 The Statfjord Formation

The transition to the Statfjord Formation is indicated by an upward coarsening
succession of variegated grey, green and red shales interbedded with thin siltstones,
sandstones and dolomites. These Ethologies form the 60 m (197 feet) thick Raude
Member.

There was a slow marine transgression, continental deposition continued to the
south and the more elevated parts of the basin. The Statfjord formation onlapped from
the north with pronounced diachroneity.

Chauvin and Valacchi (1980) described

sedimentation as being in a floodplain environment with meandering streams,
comparable to the Gassum Formation described from the Egersund sub-basin. Roe
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and Steel (1985) acknowledge the fluvial source for most arenaceous units, whereas
the fine grained sediments represent coastal plain rather than overbank deposits.

There was marked fault activity during the transition from the Cormorant
Formation to the Raude Member, and this was associated with rapid basin subsidence.
Coastal alluvial fans and fan deltas were generated and prograded and abandoned
repeatedly onto the coastal plain (Steel and Ryseth, 1990, Roe and Steel, 1985).
Meams et al (1989) stated that the source for the Raude Member sediments was the
Lewisian Shield west of Shetland. The rocks have been dated as being o f possible
Rhaetian age.

2.3.7 Jurassic

2.3.7.1 Lower-Middle Jurassic

The beginning of the Jurassic is marked by a marine transgression which
deposited an important basal sand and was followed by a major marine shale
sequence.

Evidence from wells has shown that the middle Jurassic sequence lies

directly on the Triassic in places. The unconformity is thought to be the result of
upwarping in the Central North Sea during the Middle Jurassic.

The earliest Jurassic deposits are the sands belonging to the StatQord
Formation. The sediments represent a transition from non-marine to marginal marine
conditions.

They belong to floodplain, sinuous stream and braided stream facies

overlain by sediments belonging to the coastal plain facies.
sediments of a fan delta onlap westwards.

The higher units of the formation are

progressively unconformable on the Triassic (Richards, 1990).
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The Statfjord Formation is overlain by diachronous marine shale sequence
(Hettangian to Sinemurian) younging west.

The sequence, the Dunlin Shale, is

predominantly a marine shale with thin sand beds.

The Middle Jurassic is dominated by deltaic sands which are overlain by
marine shales that continue into the Upper Jurassic. The boundary between the shale
and sandstone is locally unconformable and regionally diachronous. The sequence
progrades from the south to the north. The thickness of the sequence shows a fault
controlled variation depending where in relation to the uplifted or tilted fault blocks
it occurs. Open marine conditions were first established in the Bathonian to the north
o f the Viking Graben. Marine shales initially established themselves in the south of
the area from Callovian to Oxfordian times. These were the shales o f the Heather
Formation. Volcanic clasts can be found in the sediments in the south as well as ash
bands in the Brent Group. Lavas in the Moray Firth have been dated as equivalent
to the Brent Group.

The Brent Group is the most productive sequence in the North Sea, and
consists of five separate sand units. The Broom Formation is a thin poorly sorted
arkosic sandstone of a sub-littoral sand sheet. The Rannoch Formation is a micaceous
shallow marine delta front sand. A massive well sorted barrier-bar sand forms the
Etive Formation which can be correlated to the Rannoch Formation.

Interbedded

sands, shales and coals comprise the Ness Formation, a back barrier lagoonal/alluvial
plain facies. Finally the Tarbert Formation which is thin to absent in places is an
arenaceous sometimes micaceous sand with minor shale intercalations.

This final

formation marks the initial stages of a marine transgression. These sediments occur
in the Beryl Embayment along the Beryl-Bruce trend (Fig. 2.12) (Brown et al, 1987,
Graue et al, 1987, Hamilton et al, 1987, Harris and Fowler, 1987).

Outside the confines of the East Shetland Basin Middle Jurassic paralic
sediments occur east of the Viking Graben axis. To the south in the Viking Graben
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heterolithic coal bearing strata has been dated as Bajocian to Bathonian (Sleipner
Formation) and passes laterally into the Heather Formation.

2.3.7.2 Upper Jurassic

Further subsidence and a marine transgression marked the onset of the Upper
Jurassic.

Sedimentation was dominantly marine shales but minor coarse clastic

sequences are locally important, especially on the western margins. The coarser units
are related to fault controlled fans. A relative rise in sea level reduces the clastic
supply resulting in the accumulation of an organic rich marine shale, the Kimmeridge
Clay, which rests on the Heather Formation. The Kimmeridge Clay onlaps and covers
the tilted fault blocks of the Middle Jurassic.

Proximal submarine fan sediments were deposited on the western margin of
the South Viking Graben, supplied from the Fladen Ground Spur. More distal sands
were deposited in the East Shetland Basin. The coarse elastics are overlain by a thin
veneer of the Kimmeridge Clay. These pass laterally and distally to sandy siltstoneshale intercalations and eventually Kimmeridge clay towards the axis o f the basin.

2.3.8 Cretaceous

2.3.8.1 Jurassic-Cretaceous Boundary

The Jurassic-Cretaceous boundary is marked by a major unconformity. This
regional scale break is a result of the Late Cimmerian rifting phase which caused fault
block rotation.

The deposits associated with the unconformity are submarine

sediments and can be assigned to be either syn-rift or post-rift sequences.
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boundary between the Jurassic and Cretaceous is considered to be post-rift (Rawson
and Riley, 1982).

2.3.8.2 Cretaceous

The change in sediments between the Jurassic and Cretaceous is marked by the
transition from the organic rich ,black shale of the Kimmeridge Clay Formation to the
grey mudstone and marl deposition of the Valhall Formation. The deposits of Lower
Cretaceous although bounded by steep faults were not as tightly controlled by them
as in the Jurassic. Cimmerian movements continued into the Early Cretaceous with
slow basin subsidence and upfaulting on the east and west flanks of the Graben.
Owing to the almost continuous deposition from Jurassic times, shales in the Viking
Graben reached thicknesses of hundreds of metres. Subsidiary basins on the western
flank were separated by elongated highs where the Lower Cretaceous is absent. In
similar basins on the eastern flank there is always a marked break between Jurassic
and Cretaceous sediments (Fig. 2.13) (Hancock and Scholle, 1975, Hancock, 1986 and
1990).

At the margins of the Shetland Platform some sands were deposited possibly
in similar circumstances as those of the Jurassic ‘Brae type’ sequences (Hancock,
1990).

In the Aptian to Albian period thin limestones and marls began appearing.
South of the current position of 57°N deposition was dominated by Chalk
sedimentation.

In the north there was still some clastic material being deposited.

North of 59°30’N clastic sedimentation was dominant although some carbonate still
accumulated such as in the Maastrichtian (P.A. Ziegler, 1978, Hancock, 1990).
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2.3.9 Tertiary

2.3.9.1 Palaeogene

The elastics of the Palaeogene were derived from the East Shetland Platform
and the Scottish mainland.

The elastics comprise sands of deltaic, shelf and

submarine fan environments (Fig. 2.14).

Large submarine fans are separated in

basinal areas by hemi-pelagic muds which correlate with periods of shelf and deltaic
deposition. These periods are correlated with high-stand and transgressive periods.
The large fans associated with an East Shetland Platform source are the result of shelf
by-pass correlating with low-stand, regressive periods. Although subsidence had some
control on the distribution of these fans the main control was sea level fluctuation
(Lovell, 1986 and 1990).

2.4 GEOLOGICAL HISTORY OF THE BERYL EMBAYMENT

2.4.1 Introduction

The previous section described the geological history of the North Sea region
as a whole. This section aims to focus on the history of the Beryl Embayment, and
in particular the Gryphon Field.

The Beryl Embayment is a fault terrace on the

eastern margin of the East Shetland Platform at latitude 1°30’N and longitude
59°30’E. It is separated from the South Viking Graben by the Crawford Ridge. The
Gryphon Field is situated in the south of the Beryl Embayment, on the western flank
of the Crawford Ridge.

The description of the evolution of the basin is based on the current published
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literature for the area, and unreleased geophysical well logs and seismic sections
covering the Gryphon Field.

Both the stratigraphy and the tectonic history of the basin will be discusssed
together, in stratigraphie order from the Triassic to the Recent. The Lower Tertiary
will be discussed, omitting any details which are specific to the sediments on which
the research for this thesis was carried out. These details will be discussed in later
chapters.

The stratigraphie section (2.15) is based on unpublished data from the
discovery well 9/18b-7 which was drilled to the Triassic Skaggerrak Formation, all
other wells were abandoned in the Upper Palaeocene.

2.4.2 Stratigraphy and tectonic history

2.4.2.1 Triassic

The earliest rifting in the Viking Graben probably began in the Permian and
continued through the Triassic.

The oldest rocks penetrated in the Gryphon field area are the interbedded
sandstones and shales. These have been placed in the Skaggerrak Formation (Kerr
McGee 1990).
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2A.2.2 Jurassic

Renewed extension in the Jurassic caused large displacements on the graben
boundary faults. The Crawford Ridge became an emergent high area.

Lower Jurassic Rocks are represented by sandstones and shales of the upper
part of the Statfjord Formation and the Dunlin Group.

Middle Jurassic to Upper

Jurassic sediments thin rapidly onto the high of the Crawford Ridge. The Middle
Jurassic is absent and the Upper Jurassic section is considerably condensed, containing
sands and organic claystones of the Kimmeridge Clay Formation. The Kimmeridge
Clay is most thickly developed to the east in the South Viking Graben, and also to the
north in deeper parts of the Beryl Embayment. At the present day the Kimmeridge
Clay is submature beneath Gryphon, but is the source of the oil when more deeply
buried within its depocentres.

Late mature Kimmeridge Clay and Middle Jurassic

coals may be the source of the gas cap seen in the Gryphon Field (Richards, 1990).

2.4,2.3 Cretaceous

Fault movement continued to control basin development into the Early
Cretaceous. As fault activity waned, flexural subsidence became the dominant process
deepening the Chalk Sea. Towards the end of the Cretaceous, sea levels were very
high and adjacent land masses were of low relief. The Crawford Ridge remained a
submarine feature onto which sediments thinned, although it became less prominent.

Cretaceous rocks are separated from the Jurassic by a marked unconformity.
The Lower Cretaceous is greatly thinned and contains Barremian-Hauterivian
claystones. The Upper Cretaceous is represented by argillaceous, chalky limestones
of the Shetland Group.
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2A.2.4 Palaeocene

During the Early Palaeocene, the East shetland Platform and Scottish Mainland
were abruptly uplifted, exposing large areas of Mesozoic and Upper Palaeozoic rocks
to erosion and transportation into the rapidly subsiding South Viking Graben. These
events were associated with the initiation of rifting between Scotland and Greenland.
This process culminated in the Late Palaeocene-Early Eocene, when Thulean volcanic
tuff deposits settled over the whole North Sea.

The reservoirs encountered in the Gryphon area are submarine sands, encased
in shales and tuffs of the Montrose and Rogaland Groups. The Gryphon reservoir
itself is within the Balder Formation, deposited during low sea level conditions at the
Palaeocene-Eocene boundary.

2,4.2,5 Eocene

The Eocene is characterised by a reduced rate of subsidence. Consequently,
the relief of the basin was markedly reduced.

Sea level rises combined with this

slower subsidence to make the early part of the Eocene dominantly transgressive. A
drop in sea level during the Middle Eocene, allowed sand to be transported into the
basin and deposited as a submarine fan system, the "Belton Member".

Claystone

deposition resumed in the Upper Eocene.

2.4.2.6 Oligocene - Recent

The latter part of the Cenozoic continued to be dominated by clastic deposition
controlled by subsidence rate and sea level changes until the complex fluvio-glacial
and marine deposits of the Quaternary. The last major reactivation of the Crawford
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Ridge occurred at the end of the Miocene in response to increased rate of spreading
across the Atlantic Ridge and the final Alpine phase of deformation. This produced
a transpressional stress regime in the Gryphon area (Kerr McGee, 1990).

2.5

STRATIGRAPHY AND ZONATION SCHEME

2.5.1 Introduction

It is difficult to establish an accurate stratigraphy for the Gryphon field owing
to the unique character of the reservoir sand distribution. The Gryphon field reservoir
comprises of several large sand bodies within the interval known as the Balder
Formation. Based on both well log and biostratigraphic data it can be inferred that
these sand bodies occur at different stratigraphical levels. It has been necessary to
establish a stratigraphy that can be used both for correlation on a regional scale, and
also one that can be used for detailed cross field correlation. The stratigraphy which
is used here is based upon the regional stratigraphy outlined in section 2.3, using the
terminology of Deegan and Scull (1977) and a zonation scheme for the Balder
Formation based on the content of tuffaceous material in the sediments, established
by Kerr McGee (1990). These two schemes have been modified and amalgamated to
produce a detailed stratigraphie framework that can be used both for regional
correlation and for the more complex and detailed correlation required across the
Gryphon field.

2.5.2 Tertiary stratigraphie framework

The regional stratigraphie framework is set out in 2.2, 2.3 and 2.4.

The

framework described there is one based on the published literature for the Beryl
Embayment using Deegan and Scull’s terminology. The terminology established by
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Deegan and Scull is restricted to describing formations, not members or smaller units,
it has therefore been necessary to establish a more detailed stratigraphy for the
Gryphon field. During the exploration and appraisal stages of the field the well log
interpreters have used finer scale stratigraphie intervals. A problem arises when trying
to correlate between wells as the stratigraphie divisions used on a member scale are
not consistent across the field.

A second problem that exists is that although the

relationship between the massive tuffs and the tuffaceous claystone is relatively clearly
defined, the actual affinity of these two units with the sandstone of the Balder
formation was uncertain.

It is clear from the seismic sections (Chapter 4) that the sands of the Balder
Formation are linked in a complex fashion. Hence, it would not be accurate to call
sands at different levels by different member names as they are all part of the same,
albeit complex, unit.

The Balder Formation can therefore, for the purpose of classifying its
individual units in the Gryphon field, be subdivided into three members.

These

members are the upper unit, the Balder Claystone, the lower unit, the Balder Tuff, and
the variously distributed Gryphon Sandstone. This form of classification is relevant
only to the Gryphon field although a similar classification may be able to be applied
to fields such as Forth. This stratigraphie scheme needs to be modified to help in
correlation as it does not represent a true chronostratigraphic division, the best way
to achieve this is to establish a zonation scheme within the Balder Formation.

2.5.3 Zonation scheme

To establish a scheme that can be used for precise correlation and description
of the Gryphon Sandstone, the stratigraphie framework characterised above needs to
be slightly modified. The simplest way to establish a scheme that will describe the
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complex distribution of the Gryphon Sandstone is to form a zonation system in the
Balder Formation. Kerr McGee established a zonation of the Balder Formation based
primarily on the tuff content of the sediments that surround the sands. These tuff
zones were established in conjunction with the biostratigraphic zonation established
by Robertsons Research.

These tuff zones have also been linked to the volcanic

phases outlined by Knox and Morton (1988). The ash beds are a widely observed
feature across the whole of the northern North Sea. They are wind blown deposits of
explosive eruptions that occurred in Greenland-Faeroes area.
reliable correlation horizon across the Gryphon area.

They form a very

The zones were initially

established using the well log signature of de-sanded logs, i.e. logs from which the
sand interval has been removed.

This enabled the widely, and relatively evenly

distributed claystone and tuff intervals to be used in correlation without the
complicating factor of the sand being involved.

Three chronostratigraphic zones have been established based on the quantities
of ash that were deposited. This therefore enables a relationship to be observed with
the volcanic phases of Knox and Morton (1988). Because of the subjective nature of
determining the quantities of ash in the sediment the zones have been tied into the
biostratigraphic markers identified by Robertsons Research (1989). These zones have
been named the B l, B2 and B3 zones (Table 2.1).

2.5.3.1 B l zone

The B l zone informally referred to by Kerr McGee as the "Massive Tuff
Member" relates to the lower part of the Balder Tuff Member in the stratigraphie
scheme outlined above. It represents a time when large quantities of volcanic material
was being expelled across most of the North Sea and northern Europe. The B 1 zone
or Balder Tuff Member form the ’ash marker’ seismic reflector used for regional
correlation across the whole of the North Sea and can be ascribed to the 2b volcanic
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TU FF CO NTEN T

G RYPH ON ZONE

VOLCANIC ZO N E

C

2d

B3

Not observed

B2

2c

Interbedded tuff and
clays indicating waning
volcanism.

Bl

2b

Closely packed tuff
layers deposited during
intense volcanism.

Few tuffs interbedded
with clays.
Rare tuff beds, indicating
volcanic quiescence.

I'able 2.1 Uryphon field zonation scheme based on tutt content (Kerr McCiee ly y i)
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subphase of Knox and Morton (1988).

The base of the zone is picked by the first major tuff unit and the top is
marked by a clear decrease in tuff content of the sediment deposited. The top of the
zone has been correlated with an influx of frequent Ulmipollenites spp. Although this
is a regionally reliable event from the lower part of the Balder Formation, in the
Gryphon area Ulmipollenites spp. occurs in low numbers and in some sections the
increase in numbers is too low to make a reliable assessment of the event.

The palaeontological and palynological data is not reliable enough to correlate
accurately with decrease in tuff abundance at the top of zone B l. Therefore, although
the base of the zone can be reliably picked using only the first major tuff unit
occurrence, the top of the zone relies purely on a subjective view as to at which point
the tuff begins to decrease in abundance.

If the interpreted top of the B l zone

coincides with the presence of a unit of the Gryphon sandstone then further
complications arise as the sand unit maybe a remobilised one.

2.53.2 B2 zone

Kerr McGee informally refer to this zone as the "Interbedded Tuff Member".
The zone represents the upper part of the Balder Tuff Member in the stratigraphy
outlined earlier (2.5.2). This zone being a transition to a more quiescent period of
volcanicity. It can be assigned to Knox and M orton’s (1988) 2c subphase. This was
a period of waning volcanic activity with increased claystone deposition between
eruptions.

The top of this zone is picked out by a marked decrease in the tuff content of
the claystones.

It is supported by palynological data.

This is established by the

highest occurrence of frequent Subtilisphaera sp. 1 RRI.
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correlative significance.

The top of this zone is more reliably established than the base as it is
supported by reliable palynological data.

2 .5 .33 B3 zone

Informally this zone is referred to as the "Balder Claystone Member" which
is the same as the unit of the same name in the stratigraphie framework outlined in
2.5.2. This zone consists mainly of hemi-pelagic or redeposited claystones. A few
significant tuff layers exist in the claystone matrix.

The top of the claystone is marked by an uphole increase in density and in
gamma ray response on well logs, and by the highest occurrence of common
Hystrichosphaeridium tubiferum.

The top of this zone can be reliably determined from the well log response and
using the reliable palynological data.

2.S.3.4 C zone

The C zone represents the Frigg Formation and consists of redeposited
claystones, siltstones and sands deposited as a slope fan complex. These sediments
are intensely reworked and the biostratigraphical data is frequently confusing and
unreliable. The base is characterised by an acme of abundant Apectodinium spp. and
superabundant Spiniferites ramosus gp., which dominate the palynofloral assemblages
in the lower part of this zone.

69

Regional H istory

2.S.3.6 Discussion

Owing to the complex distribution of the reservoir sands of the Gryphon field
a new stratigraphie framework needed to be established, to define the relationship
between the different sand bodies in the area.

A scheme created around a

chronostratigraphic base could not be used to identify those sand bodies, at different
stratigraphie levels within the Balder Formation. Similarly a framework based purely
around lithology would be confusing as sands at different stratigraphie levels could
all be identified as one member but it would not be clear where in the section these
sands occur. This complexity has resulted in the development of a stratigraphy that
is based on both lithology and a chronostratigraphic zonation scheme. The first is
based around an established framework (Deegan and Scull 1977) but modified for the
Gryphon area. The chronostratigraphic zonation is based around a system established
by Kerr McGee, which although is not without fault, is the best zonation of this type
that has been able to be constructed.

When referring to the Gryphon Sandstone

Member it will therefore be succeeded by the zone number in which it has been
identified. If the sand body occurs crossing the boundary between two zones it will
be succeeded by two identification numbers of the zones it crosses.

2.6 SUM M ARY

The nature of the present day South Viking Graben has mainly been controlled
by tectonic events which occurred in the Caledonian and Hercynian orogenies and
extensional events of the Triassic and Jurassic. Rifting began prior to the Permian and
continued into the Late Permian and Early Triassic. At this time the triple rift system
associated with the North Sea manifested itself.
Triassic.

A drift phase began during the

At this time also the Crawford Ridge became an emergent high.

Thick

sequences of shales and sandstones were deposited during the Jurassic. In the Beryl
Embayment area these sequences thin considerably towards the Crawford Ridge.
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Thermal subsidence was associated with a volcanic centre in the vicinity of the triple
rift junction.

Rifting occurred again in Kimmeridgian times.

Inversion of the

Mesozoic troughs occurred in the Cretaceous. The Cretaceous was dominated by thick
chalk deposition in most of the North Sea, but in the vicinity of the Crawford ridge
argillaceous and chalky sediments are very thin.

The Tertiary was dominated by

clastic deposition from the shelf supplying submarine floor fans.
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3 SEDIMENTOLOGY

3.1 IN TRO D U C TIO N

In this chapter the sediments will be described as seen in the cores from wells
9 /18b-10, 11, 12, 13, 14, 19 and 20, and from the core description chart for well
9/18b-17, for which the actual cores were not available for examination (Fig. 3.1).
In addition information provided by the composite logs of wells 9/18b-7, 8, 9, 10, 11,
ll z , 12, 13, 13y, 13z and 14 will be used. The description will be based on both
analysis of the whole core samples and petrological work (Fig. 3.1).

The lithological description of the sediments of all the formations of interest
will be given in the first part of the chapter. It should be noted that because of the
commercial constraints it is usual that only the most economically valuable, sand rich
sediments were cored. As a result the majority of the interval cored was limited to
the Balder Formation, and there has been little sampling of the Frigg Equivalent and
Sele sediments.

The last part of this section will deal with the diagenesis of the

sediments examined.

The final part of the chapter is devoted to a lithofacies description of the
sediments of the Sele, Balder and Frigg formations. The division of the lithofacies
is based on the scheme that was published by Pickering et al (1986) and those
described by Cullen (1990). The division of the sediments into lithofacies allows
clarification of the depositional environments of the sediments and the postdepositional modification of the lithologies. The final part of the discussion describes
the sedimentary depositional environment prior to any post-depositional modification.
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3.2 SELE FORMATION

The Sele Formation represents the depositional surface on which the sediments
of the Balder Formation were deposited.

It comprises three members the Lower

Mudstone Member, the Middle Sand Member and the Upper Mudstone Member
(Fig.3.2). The top of this formation is encountered in all the wells. Full sections of
the Sele formation have been penetrated in wells 9/18b-7, 9/18b-9, 9/18b-l 1, 9 /18b-12
and 9/18b-13. The thickness of the formation varies from 59 feet (18 m) in 9/18b-7
to 445 feet (13.5 m)in 9/18b-13. The interval is described using the data from 9/18b13 and the cored section from 9/18b-19.

3.2.1 Lower Mudstone Member

From core analysis, the Lower Mudstone Member, is observed to comprise of
a medium grey to dark grey sometimes silty mudstone interbedded with thin tuff beds
(cm scale) (Fig.3.2). The mudstone makes up approximately 80% of the total unit.
The unit’s siltier beds are generally a medium light grey.

There is abundant

disseminated carbonaceous material in the mudstone. The beds contain moderate to
strongly laminated intervals defined by grain size variations.
horizons, give the rock a mottled appearance (Plate 3.1).

Rare bioturbated

Calcite veins, pyrite

cemented fractures and rare pyrite nodules, a few mm in diameter, also occur (Plate
3.2).

The sand grade tuff units are generally light to medium bluish grey. The units
are normally less than 2 inches (5 cm) in thickness. They are silty to fine grained
with sharp bases to the beds. Some intervals show normally graded units (Plate 3.1).
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UPPER MUDSTONE MEMBER
Medium to dark grey tuffaceous mudstone
(70-80%). Carbonaceous material
localised on sub-horizontal laminae.
Pyrite nodules. Interbedded with light to
dark grey-blue tuffs; and fine grained well
cemented quartz arenite.

MIDDLE SAND MEMBER
Pale yellowish brown to light olive grey,
moderate to well sorted, low sphericity,
angular to sub-angular sub-litharenite to
quartz arenite. High porosity, locally
cemented by calcite or silica. Occasional
disseminated carbonaceous material and
tuffaceous laminae.

LOWER MUDSTONE MEMBER

%

Medium to dark grey mudstone (80%)
with disseminated carbonaceous
material interbedded with cm scale tuff
beds.

10m

Fig. 3.2 Summary sedimentary log of the Uppermost Sele Formation.
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3.2.2 Middle Sand Member

The Middle Sand Member is dominated by a massive sandstone unit with rare
thin beds of mudstone (Fig.3.2). The sandstone varies in colour from pale yellowish
brown to light olive grey. Sandstone beds are faintly to strongly planar laminated
(Plate 3.3), and rarely exhibits poorly defined bed boundaries. In cores, scattered mud
clasts occur locally becoming abundant in places. Large amounts of carbonaceous
material is disseminated throughout the rock. Tuffaceous material is concentrated on
laminae within the sandstone unit.

Although poorly consolidated and cemented

fractures are observed, which have been later filled by calcite.

The fractures are

inclined at about 20-30° in the cores.

Sandstones Petrography
Petrographical study of numerous samples reveal a moderate to well sorted,
fine to medium grained sandstone, with grain sizes ranging from 0.1mm to 0.8mm,
but more normally 0.2mm (Plate 3.4). Grains have a moderate to low sphericity, and
are angular to sub-rounded with no preferred orientation. The sediment is moderately
homogeneous.

The grain packing is generally loose and hence there is a high

intergranular porosity (25-30%), although local cementation by calcite or silica can
reduce this to almost zero.

There is no matrix present in the sandstone.

Its

mineralogical composition is dominated by quartz (90 - 95%) with minor amounts of
muscovite mica (<5%), plagioclase feldspar (<3%), chlorite (<1%) and lithic
fragments, predominantly polycrystalline quartz (<2%) and opaques (<1%).

This

classifies the sandstone as a sublitharenite to quartz arenite (Pettijohn et al, 1973).
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3.2.3 Upper Mudstone Member

The Upper Mudstone Member is a predominantly mudstone dominated unit
(70-80%) interbedded with several decimetre thick sandstone beds and tuff intervals
(Fig.3.2).

Mudstones
The mudstone is medium to dark grey and becomes light grey when silty. The
more silty units are commonly bioturbated and this disrupts a faint, planar, parallel
lamination that is occasionally observed. Where the bioturbation has been picked out
by silt grade material or pyrite the mudstone appears mottled. Locally subhorizontal
horizons occur that are abundant with carbonaceous material. Rare horizons cemented
by medium to coarse grade calcite are observed. Some beds are seen to have load
structures on their bases. Fractures are occasionally present. Coarse crystalline calcite
occurs as fracture and vein fills.

Tuffaceous material is rare in the mudstones,

although thin tuff laminae do exist.

The tuff interbeds are non-erosive and are composed of light to dark bluish
grey, silt to medium grade volcanic material. The beds have sharp bases and are
usually normally graded and contain evidence of bioturbation. The beds are normally
hard, although this is only rarely caused by cementation, and is generally the result
of compaction. Where cementation does occur it is by calcite.

Sandstones
The rare sandstone occurs as two thin (<1 foot; 30 cm) beds, the bases of
which are well defined and one v. thick, bed (5.7 feet; 1.74 m) with a planar base and
top. The upper of the thin beds contains carbonaceous debris and displays cross
bedding. The bed contacts of the lower thin bed are obscured by faulting and has
elongate bedding-parallel mud intra-clasts.
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homogeneous and structureless although rare faint laminations are present. The sand
beds are all well cemented.

Petrographically the sandstone beds are similar to each other (Plate 3.4). They
are fine grained, the grain size rarely exceeding 0.2mm. The units are moderately to
well sorted and comprise sub-angular grains of moderate sphericity. The beds are
highly homogeneous with a loose packing and no preferred grain orientation. They
have no matrix.

Mineralogically they comprise 95%-97% quartz, <2% lithic

fragments, <2% muscovite mica and approximately 1% plagioclase feldspar. The rock
is entirely cemented by calcite. These sandstones can be classified as quartz arenites
(Pettijohn et al, 1973).

3.3 BALDER FORMATION

As described the Balder Formation comprises a thick, laterally extensive,
complex sand unit variably interbedded between a claystone overlying a tuff (Fig. 3.3).
It has been penetrated by all the wells drilled in the area.

Core has been made

available from wells 9/18b-10, 11, 12, 13, 14, and 19. The composite logs for all the
wells have been studied.

Direct analysis of the core from well 9 /18b-17 was not

possible, although the core description sheets were available for examination.

3.3.1 Balder Tuff

In the Gryphon area the Balder Tuff is a relatively continuous member found
in all the wells in the field (Fig. 3.3).

Its thickness is reasonably constant (25m)

across the field. The Tuff member is regarded as the base of the Balder formation.
The Balder Tuff Member comprises tuff and tuff rich claystones.

------

BALDER CLAYSTONE
Mudstone becom ing increasingly tuffaceous towards b a se,
locally silty. Faint to moderate, undulose, wavy or parallel
lamination. Bioturbated {Chondrites burrows). Occasional
bioclastic fiorizons. Local carbon aceous fiorizons. Calcite
nodules and concretions. Nodular and dissem inated
pyrite. Kaolinite aggregates.

\v j
@ )

Interbedded with:
Stringers of olive grey to blue grey tuff, normally graded
and Üoturbated. Locally cem ented by calcite;

©
and:
Moderate dark yellow-brown to olive grey m icaceous
san dston es, generally fine grained, local clay laminae,
occasional angular m udstone clasts.

I

IS »

/GRYPHON SANDS

I

I Medium olive grey with dark yellow oil staining. Fine
grained, occasionally coarse, well sorted, moderate to low
sphericity, sub-angular to sub-rounded sub-litharenite to
quartz arenite. Lacks primary sedim entary structures.
Loosely packed, high porosity, non-consolidated to weakly
consolidated, and friable. Unit boundaries often sharp and
som etim es steeply dipping. O ccasional steeply inclined
clay lamination. Dewatering structures common, mainly
sills and dykes.
Interbedded with:
Occasional light olive grey to brown grey claystone with
kaolinite aggregates;
\ and
\

\Rare olive grey to light bluish grey tuffs.
BALDER TUFF
Light grey to blue grey tuff with so m e swelling clays.
Fine to medium grained, normally graded with
occasional wavy lamination and load structures,
normally sharp boundaries. Locally calcareous;
Interbedded with:
^ Laminated grey m udstone
clay isilt.^ÇTiA

Fig 3.3 Summary sedimentological log of the Lower Eocene Balder Formation.
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T f#
The tuff is very light grey to bluish medium grey in colour. It is very fine to
fine grained and occasionally silty. The beds are normally graded. The beds display
horizontal planar lamination with occasional wavy lamination developed locally. The
lamination is picked out by the different coloured horizons, which are defined by the
tuff content. The base of the tuff beds frequently show load structures (Plate 3.5).
Where the tuff is bounded by sand the contacts are always sharp.

The tuffs are

calcareous and locally calcite, and less commonly pyrite, cements fractures.

Tuffaceous claystone
The tuffaceous claystone horizons in the Balder Tuff Member comprise
laminated, light olive grey, medium grey to medium dark grey mudstones. Lamination
is often disrupted by bioturbated and burrowed horizons, frequently picked out by
calcite and pyrite cements and nodules. The claystones are tuff-rich and are normally
comprised of swelling clays.

3.3.2 G ryphon Sandstone

The Gryphon sandstone is not laterally extensive across the Gryphon field.
The interval, in which it occurs, is penetrated by all the wells. In those wells in which
it is found it appears to be a reasonably homogeneous unit consisting of massive sand
units with occasional claystone and tuff interbeds (Fig. 3.3).

The thickness and

number of sand beds in the unit varies across the field from 450 feet (157.5 m) in
9 /18b-10 to zero in 9/18b-9. However, its stratigraphie position with respect to the
Balder Claystone and Balder Tuff does vary across the field from well to well (see
section 4.2).
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Sandstones
In core specimen the sandstone is medium olive grey in colour, but it is usually
observed as pale to dark yellowish brown because of staining by oil. The sands are
massive and non-graded (Plate 3.6). The majority of the sand is unconsolidated or
only weakly consolidated and is friable. Bedding planes are not observed, though the
tops and bases of the sand units are always sharp and sometimes appear to be faulted.
The boundaries of the units vary from horizontal to being inclined at 75°. Locally
concentrated horizons of faintly to moderately laminated sands occur, which have been
described as dish structures (Cullen 1990). The lamination can be either planar or
wavy, horizontal or inclined up to 50-60° (9/18b-12 5623 feet; 1714 m).

Where

laminations do occur they are on a mm scale (Plate 3.7). The tops of some of the
sand beds are marked by dewatering structures such as dykes (Plate 3.8), flame
structures and sills .

Some of the sands that are observed in the core and are

described as sand beds/units (Cullen 1990) have very sharp boundaries inclined at high
angles and are of a pipe type geometry. Concretions of microcrystalline calcite with
diameters in excess of 30cm occur (9/18b-l 1 5866-5870.3 feet; 1788-1789.5 m), but
are restricted to local horizons in the sands (Plate 3.9). Another localised feature seen
in the sands are concentrations of angular to subangular clay fragments from 0.2-5cm
in length (9/18b-14 5582 feet; 1700 m).

The clay fragments are either oriented

parallel to bedding, or randomly oriented (Plate 3.10). Another feature in the sands
that appears to have a tectonic origin are a series of clay healed fracture planes
(Downie et al 1990).

These appear as dark steeply inclined (60°-70°) laminae

approximately 1mm in width. When these fractures occur they tend to be pervasive
throughout 13-16.5 feet (4-5 m) of cored section (Plate 3.11).

Petrographical analysis of the sands show that

fine grained sediments

with occasional medium to coarse grade material (Plate 3.12). Grain sizes normally
range from 0.1mm to 0.2mm although in some beds grains can be up to 0.5mm. The
grains are well sorted with a moderate to low sphericity, and are sub-angular to sub
rounded. The sediment displays loose packing with a very high porosity (25-30%)
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with minor silica cement developed at grain-grain contacts. Permeability of the sands
range up to lOD. Occasionally the sands are cemented by calcite or silica cements.
The grains show no preferred orientation. Mineralogically the sands are composed of
90-95% quartz, 2-5% plagioclase feldspar, 1-2% muscovite mica and a small (<1%)
proportion of lithic fragments, the latter being polycrystalline quartz and opaque
grains.

The sediment has very little matrix material, though where argillaceous

material is present it is disseminated throughout particular zones of the rock. All the
porosity can be occluded by calcite or silica the cement can comprise up to 25-30%
of the rock. The Gryphon Sandstone is a sublitharenite to quartz arenite (Pettijohn et
al, 1973).

Claystones
The sandstone is occasionally interbedded with minor amounts of claystone.
The claystone is light olive grey to brown grey, with some more tuffaceous beds
taking on a dark grey to blue colouration. The beds are slightly silty, tuffaceous and
sometimes carbonaceous.

Finely to strongly developed parallel lamination is

occasionally disrupted by bioturbation, which gives the bed a mottled appearance.
Nodules of calcite and pyrite occur, the latter can also be disseminated throughout the
bed.

White speckling in some beds is caused by the presence of aggregates of

kaolinite, probably the result of feldspar diagenesis.

Tuffs
The sandstone layers are only rarely interbedded with thin tuff bands (Plate
3.13). These tuffs are olive grey to light bluish grey. They are variably sandy, and
locally mottled by pyritised burrows. The beds have sharp bases and are normally
graded. The tuffs are cemented by calcite, and veins of calcite cut through the bands.
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3.3.3 Balder Claystone

The Balder Claystone is a laterally continuous unit across the Gryphon area.
It shows some variation in vertical thickness across the area of study (see section 4.2).
It normally overlies the Gryphon sand, but the latter can be found to be interstratified
with the claystone unit (Fig. 3.3).

Mudstone
The unit is composed mainly of mudstone that becomes increasingly tuffaceous
towards its base. The more tuffaceous intervals display a white speckling, caused by
the alteration of feldspar to kaolinite (Plate 3.14). The mudstone becomes slightly to
moderately silty in places. Where it is silty it shows fining upwards beds.

It is

faintly to moderately laminated, the lamination showing undulose, wavy or parallel
character (Plate 3.15). These laminations can sometimes be thin and discontinuous
or they can be disrupted by bioturbation. The bioturbation comprises sub-horizontal
to sub-vertical burrows of the Chondrites type. When the burrows are infilled by
pyrite, it gives the rock a mottled appearance (Plate 3.15/16). Locally carbonaceous
horizons occur.

Some beds contain scattered clasts of medium to coarse grade

bioclastic debris, mainly shell fragments, occasionally cemented by calcite. Horizons
of abundant calcite nodules have been previously described as coprolites (Cullen 1990)
(Plate 3.17). The nodules predominantly are elliptical or lozenge shaped, with long
axis between 1cm and 6cm, and are orientated subhorizontal to bedding. They are
composed of granular calcite, sometimes containing bitumen in the cavities. Some of
these nodules form the nuclei for the concretions of micro-crystalline calcite that occur
both in the claystone and in the Gryphon sandstone (Plate 3.18). The claystone is
hard, but is only occasionally cemented by calcite.
nodules and disseminated throughout a bed.

Pyrite occurs, locally as both

Fractures which occur within the

mudstone are normally observed to be cemented by calcite and/or pyrite.
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T u fs
Interbedded within the Balder Claystone are tuff beds and sandstone which
occurs as beds, stringers and intrusions. The tuff is olive grey to light bluish grey
(Plate 3.19).
graded.

It forms thin, sharp based beds and is variably sandy and normally

The beds show mottling where bioturbated and these horizons appear

yellowish brown.

Bioturbation occasionally disrupts a locally developed wavy

lamination. Some of the harder bands are cemented by calcite.

Sandstones
The sandstone interbeds comprise a moderate dark yellowish brown, pale
yellowish brown to light olive grey, generally fine grained sand, though occasionally
are medium grained.

It is variably argillaceous, and slightly micaceous.

The

sandstone beds can be up to approximately 49 feet (15 m) thick. The beds have sharp
tops and bases and are not graded. Locally a lamination has developed which has
been described as dish structures (Cullen 1990). Some sand beds contain clasts of
mudstone, resembling rip-up clasts (Plate 3.20).

These are normally l-2cm long

fragments which describe concave surfaces and are very angular.

3.4 F R IG G FO RM A TIO N

The Frigg formation comprises one unit of a laterally continuous siltstone with
minor tuff and sandstone interbeds of which 330 feet (100 m) has been examined in
core (Fig. 3.4). The sandstone is sometimes quite well developed near the base of the
unit as in 9 /1 8 b -ll.

It is encountered in all the wells drilled in the area.

The

formation is described using information from the various composite logs and the data
retrieved from the cored interval from well 9 /18b-19.
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VJ
FRIGG SILTSTONE UNIT
Light grey to olive grey, siltstone with
occasional laminae. Agglutinated benthic
foraminifera, and ZoopT/ycos trails. Occasional
blue grey to yellow brown tuffaceous horizons.
Interbedded with:
Pale to moderate yellow brown to light olive
grey micaceous sandstone with abundant
carbonaceous material concentrated on
laminations. Poorly to moderately
consolidated, with local silica cement.

10m

Fig. 3.4 Summary sedimentological log of the Lower Frigg Formation (Siltstone
Unit only)
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3.4.2 Siltstone Unit

The siltstone unit of the Frigg formation comprises of three lithologies, the
main one being siltstone with minor tuff beds and sandstone horizons (Fig. 3.4).

Siltstone
The siltstone is a light grey, light olive grey to olive grey. Locally it can be
medium light to medium dark grey and dark yellowish brown in burrow fills. There
are rare horizons of carbonaceous debris, shell fragments and agglutinated benthic
foraminifera. Planar to undulose lamination is present throughout. Unit bases are
rarely defined.

Beds are frequently bioturbated with scattered well preserved, silt

filled Zoophycos trails (Plate 3.21).

There are scattered calcite nodules and

concretions which commonly contain shell fragments and pellets preserved within the
concretions.

The interbedded tuffs are a light bluish grey to dark yellowish brown. They
form thin beds of silt grade material with sharp bases and bioturbated tops.

Sandstone
The other interbedded lithology, the sandstone is pale to moderate yellowish
brown, dusky or pale yellowish brown to light olive grey (Plate 3.22).

It is fine

grained and micaceous with locally abundant carbonaceous debris, mud pellets and
angular mud clasts. The boundaries of the sandstone are frequently discordant to the
siltstone and are normally sharp.

Faint horizontal planar lamination is developed

locally. The sands are generally poorly to moderately consolidated with only local
silica cement development.
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3.5 DIAGENESIS

As mentioned earlier most of the data on which these observations are based
is from the sand rich Gryphon Sandstone interval. The sandstones are largely poorly
consolidated.

There have been some minor diagenesis including cementation and

dissolution. The primary character of the sand remains dominant, the primary porosity
being reduced from 36% to 33%. Previous studies have divided the diagenetic events
into two groups: those that occurred at a shallow depth down to circa 1500 feet (460
m), and those which occurred down to the present depth of circa 5600 to 6000 feet
(1700 to 1830 m) (Kerr McGee 1990). This subdivision of diagenetic events may not
work because of the large amount of remobilisation of sediments that has been
considered to have occurred. Hence in this study the diagenetic events are classified
according to their relative timing.

Early Diagenesis
The early events resulted in the early modification of the primary porosity from
its value of 36%. The first event to effect the sands would have been simple grain
settling. The grain settling would have occurred soon after deposition as the grains
in this fine to medium grained and well sorted sand arranged themselves into the most
stable packing order.

Alternatively following remobilisation, the grains within a

liquified slurry would settle as the pressure and fluid dissipated.

During this early stage of diagenesis the precipitation of clay rims occurred
around the quartz grains.

Some of the clay rims are detrital in origin but some

authigenic clay precipitation is evident from the absence of clay rims at grain contacts
(Plate 3.23). Another early diagenetic effect would have been the breakdown and
alteration of unstable components especially the volcanic material as indicated by the
alteration of tuffaceous clasts. This degradation would have released silica, calcium,
magnesium, iron, aluminium and other ions into solution.
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Local precipitation of disseminated grains of pyrite probably occurred at an
early stage of burial when reducing conditions had been established in the sands and
the claystones (Kerr McGee 1990).

Compaction occurred prior to cementation. For in situ sands the timing of the
compaction of the sands would have been progressive on deeper burial. For those
sands which have undergone remobilisation the amount of compaction which they
have undergone is dependent on the amount of overburden that existed at the time
remobilisation took place and more importantly whether the sand unit remained
overpressured on continued burial. If the fluid pressure in the sand body dissipated
then compaction of the unit would be comparable to that of the in situ sands.

Late Diagenesis
It can be shown from a study of the cm scale dykes in the core that the
majority of the cementation of the sandstones occurred after the remobilisation of the
sediment. Some of the dykes are cemented with either silica or calcareous cement.
Several phases of cementation have occurred (Plate 3.24).

The first phase was

precipitation of ferroan dolomite as both a cement and replacement phase, replacing
volcanic clasts and lithic grains (Plate 3.25). This cement phase is possibly associated
with the corrosion of the quartz grains as seen from scanning electron micrographs.
The ferroan dolomite precipitation does not appear to have a major effect on porosity.
Other later cements including quartz overgrowth, kaolin formation and a second
generation ferroan dolomite.

Silica cementation is restricted to the presence of quartz overgrowths. These
are only locally developed, but where they do occur they may result in complete
cementation of the sandstone. Where developed the overgrowth envelopes either full
or partial clay rims on grains, the latter being either detrital or authigenic.

Feldspar and other unstable grains are degraded, dissolved and replaced by
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kaolinite aggregates. The precipitated kaolin aggregates occupy the dissolution pores
and envelope the quartz overgrowths. In core, the kaolin aggregates appear as white
speckling in the sediments.

A later phase of precipitation of ferroan dolomite and ferroan calcite encloses
the quartz overgrowths and postdates the feldspar dissolution. The cements nucleate
around altered or dolomitised lithic clasts. The cements are blocky or poikilotopic
(Plate 3.26).

There are some localised clay cements developed in the latter stages of
diagenesis.

Local illitisation of detrital clay grain coatings and sericitisation of

feldspar grains. Kaolin precipitation increases by replacement of muscovite and the
kaolin locally occupies dissolution pores.

The final stage of diagenesis involved

dissolution of the more unstable volcanic grains. These late stage dissolution pores
are not occupied by any authigenic mineral.

3.6 LITH O FA C IES

In this section the lithofacies are identified from the sediments from the Sele,
Gryphon and Frigg formations and the distribution within the Gryphon field is then
given (Fig. 3.5). The lithofacies that are described are then related to the schemes of
Cullen (1990) and Pickering et al (1986).

The reason for not adhering to the

terminology of either one of the schemes is to allow easier correlation of the
lithofacies described here with those described by other authors.

Cullens (1990)

notation has to be mentioned as this is the scheme that is in use by the companies
involved in the Gryphon field; the classification of Pickering et al is referred to so that
lithofacies identified in the subsurface can be compared to those observed in field
examples. All lithofacies and their distribution in wells are shown in Fig. 3.5.

89

9/18b-19

9/18b-13
9/18b-12
9/18b-20

9/18b-14

9/18b-10 9/18b-11

TTiT;

9/18b-17

Fig. 3.5 Schematic lithofacies distribution determined from cored intervals for
wells in the Gryphon Field (No correlation made)(not to scale).
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3.6.1 Thick massive sands

3.6.1.1 Description

This lithofacies comprises thick to medium bedded sands.

The sands are

medium grained and well sorted quartz arenites to lithic arenites. Commonly they are
unconsolidated, though locally they are cemented by calcite. They lack grading and
typically have sharp flat bases and tops.

The tops and bases of the beds are

sometimes steeply inclined. Individual sand beds are not continuous across the whole
area and may only be observed in a single well (see section 4.2). The sands lack any
primary syn-sedimentary features. The only sedimentary structures present are those
caused by dewatering and fluid escape processes: dish and pillar structures, flame
structures, dewatering pipes and small centimetre scale sills and dykes.

This lithofacies is seen in seven of the wells examined (9/18b-10, 9 /1 8 b -ll,
9/18-12, 9 /18b-13, 9 /18b-14, 9 /18b-17 and 9 /18b-19). It is best developed in well
9 /18b-12 where it is 230 feet (70 m) thick, occurring between 5757 and 5987 feet
(1755 and 1825 m).

This is lithofacies A in Cullen’s (1990) scheme and can be classified as
lithofacies B l.l described by Pickering et al (1986).

3.6.1.2 Depositional processes

The thick massive sands exhibit very few primary sedimentary features because
the original source sediment was winnowed and well sorted.

These sands were

deposited rapidly from high concentration turbidity currents by the rapid loss of
energy of the flow, and the instantaneous deposition of the sediment load; or from
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amalgamation of deposits from fluidised and liquefied flows; or they were caused by
the post depositional fluidisation of sands, destroying any primary sedimentary
structures.

Sand creep and other grain flow processes on steep slopes can form

disorganized sands (Pickering et al 1986). They could result from intense sorting of
the sand material both on the shelf prior to redeposition and then by bottom currents.

3.6.2 Interbedded massive sands and mudstones

3.6.2.1 Description

This lithofacies consists of interbedded sands and mudstones. The sands are
medium to fine grained and moderately to poorly sorted lithic arenites (Pettijohn
1973). The sandstone beds display rippled and parallel laminated tops. The sandstone
beds are generally greater than 1 foot (30 cm) thick. The mudstones are subordinate
in this facies forming less than 40% of the facies, and are generally thin.

The lithofacies is most evident in four of the studied wells (9/18b-14, 9 /18b-17,
9 /18b-19 and 9/18b-20) and is best developed in 9/18b-14 between 5573 and 5832 feet
(1700 and 1780 m) where it is 259 feet (80 m) thick.

Cullen (1990) subdivided this lithofacies into two separate facies Cl and C2.
Pickering et al (1986) would also classify this unit as two different facies, C2.1 and
C2.2. Cullen’s (1990) facies were subdivided on the amount of mudstone present,
whereas Pickering et al (1986) subdivided the facies on the sandstone bed thickness.
The lithofacies has not been subdivided here because there is very little difference in
mud content throughout the facies, it is always less than 40% of the facies, and it is
impossible to subdivide the facies on sandstone bed thickness because the thickness
of the beds is widely varying throughout the units described here.
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3.6.2.2 Depositional processes

This lithofacies was deposited from high concentration turbidity currents. A
near complete Bouma cycle is deposited from such processes. The coarser grained
material is redeposited from the shelf and slope having been transported by turbidity
currents. The muds are predominantly deposited from hemipelagic suspension fallout
but also from differential settling of the sediments carried by the turbidity currents.

3.6.3 Thinly laminated mudstones

3.6.3.1 Description

This lithofacies is dominated by thinly laminated mudstones, these can
comprise in excess of 65 feet (19.8 m) of the section. The mudstones may show some
normal grading from silt grade to clay grade. Colour grading gives the unit a banded
appearance. Lenticular and planar beds of silty mudstones occur throughout. Major
bioturbation is absent although some small scale burrowing can be seen.

The thinly laminated mudstones are not widespread and are only observed in
three wells (9/18b-10, 9/18b-13, 9 /18b-19). The facies is closely related with the
interbedded tuff and claystone facies, occurring above or below the tuff interval. The
facies is best observed in well 9 /18b-19 between 5996 and 6066 feet (1827.5 and 1849
m) and 9/18b-10 between 5560 and 5710 feet (1695 and 1740 m).

Cullen (1990) refers to this lithofacies as the B1 facies.

In the scheme

described by Pickering et al (1986) the facies would fall into the E2.2/E2.1 lithofacies
group.
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3.63.2 Depositional processes

High and low concentration turbid suspensions deposited the sediment and,
hemipelagic suspension fall out respectively. The general absence of bioturbation may
indicate an anoxic marine environment.

Periodic fluctuations in the influx of

terrigenous and biogenic sediments and sorting of differential grain sizes by deep
marine currents results in the lamination.

3.6.4 Bioturbated mudstones and claystones

3.6.4.1 Description

The mudstones and claystones appear mottled owing to the texture caused by
bioturbation. The mudstones are poorly bedded and have few sedimentary structures
(indistinct wavy lamination and parallel layering), those that do occur have been
disrupted by bioturbation and burrowing.

The lithofacies is seen in wells 9/18b-12, 9/18b-13 and 9/18b-19. It is well
developed in wells 9/18b-12 (above 5655 feet; 1723 m) and 9/18b-13 (above 5692
feet; 1735 m), in both these wells it is in excess of 200 feet (61 m) thick.

In Cullen’s (1990) clas^fication this is lithofacies B2. In the Pickering et al
(1986) scheme this is facies E1.3.
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3.6.4,2 Depositional processes

The mudstones and claystones are deposited from hemipelagic suspension
fallout. The environment was oxic allowing the establishment of marine organisms
and resulting in bioturbation of the sediments. Some reworking occurs by bottom
currents or muddy contourites, although this is limited.

3.6.5 Intensely bioturbated silty mudstone

3.6.5.1 Description

The mottled appearance of this facies is caused by intense bioturbation of the
interbedded silty mudstones and siltstones.

The beds are thin and generally have

irregular bedding planes caused by the bioturbation. The silt occurs as laminae, lenses
and mottles of silt in mud. The beds have sharp or gradational bounding surfaces
except where disrupted by bioturbation.

The siltstones and mudstones are poorly

sorted and occasionally display normal grading.

This lithofacies is isolated to the three wells 9/18b-13, 9 /18b-19 and 9/18b-20.
It is poorly developed in the first of these wells, but is very thick in the latter two
wells where it exceeds 200 feet (61 m) and is greater than 350 feet (107 m) in well
9/18b-20.

Cullen (1990) classified this facies as B3, in Pickering et al (1986) it would
be categorised as a D 1.3 lithofacies.
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3.6.S.2 Depositional processes

This lithofacies is deposited from low concentration turbidity currents and
hemipelagic suspension fallout.

Reworking by bottom currents has occurred over

prolonged periods. This facies was deposited in oxic marine conditions where marine
organisms can establish themselves and cause pervasive bioturbation.

3.6.6 Interbedded tuff and claystone

3.6.6.1 Description

Mudstones are interbedded with tuffs. The tuffs have sharp bases and display
normal grading at several scales: both laminae and individual bed scale. Occasionally
dish structures are present. Colour grading and horizontal planar lamination occur.
Bioturbation often disrupts the lamination.

The tuff facies is widespread occurring in all but two of the wells examined
(9/18b-10, 9 /1 8 b -ll, 9/18b-12, 9/18b-13, 9/18b-19 and 9/18b-20). The facies unit is
thickest in 9 /18b-19 where it is almost 300 feet (91m) thick.

Cullen (1990) called this unit facies T.

There is no lithofacies group in

Pickering et aVs (1986) scheme which was designed to classify predominantly
siliciclastic lithofacies and not those containing a large amount of volcanic material.
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3.6.6.2 Depositional processes

The tuff couplets were deposited by either fractionation of air-fall tuffs settling
through the water column or emplacement of lower unit by density flow and upper
unit from suspension. Claystones deposited from hemipelagic suspension fallout in
times of quiescent volcanic activity. Subsequent reworking produces lamination in the
unit.

3.6.7 Chaotic sandstone and claystone

3.6.7.1 Description

Coherent sandstones and mudstone units appear in contorted and slumped
attitudes. Sandstones also appear at high angles of inclination and have clay laminae.
The bounding surfaces are sharp sometimes appearing faulted. Inter- and intra-stratal
clay smeared shear planes are common.

This lithofacies occurs as very thin units within larger units of the thick
massive sands and thick interbedded massive sands and mudstones lithofacies. It is
best developed in 9/18b-12 between 5655 and 5757 feet (1723 and 1755 m).

This lithofacies is not classified as a separate unit in Cullen’s (1990) scheme.
It is regarded as being the result of soft sediment deformation of the pre-existing
facies. It would probably fall into the lithofacies group F (Pickering et al 1986) for
chaotic deposits although none of the subdivisions truly describes the nature of the
unit seen in the Gryphon field.
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3.6.7.2 Depositional processes

Emplacement of this type of unit results from either gravity induced sediment
sliding and slumping or from the injection of fluidised sand into the overlying
mudstone strata. This injection sometimes occurs explosively; fluidisation also results
in some slumping of the weakened sediment.

3.7 DEPOSITIONAL ENVIRONMENT

The association of the sediments and lithofacies described from the Sele,
Balder and Frigg formations permits one to infer deposition within a deep marine
environment. During the Tertiary the depositional environments of these sediments
were controlled by the relative rise and fall of sea level, and allows the identification
of depositional systems and system tracts using the techniques described by
Posamentier et al (1985). In this scheme, at times of high sea level, most of the
sediment was trapped on the shelf, and although the deltaic and shelf facies are
prograding, there was limited sediment input to the basin floor.

When sea level

lowered, sands were transported down on to the basin floor and deposited as slope and
basin floor fan complexes. Although the origin of the thick, structureless sands is still
unclear.

According to the Haq (1991) sea level curve the sandstone and claystone
sequences of the Balder Formation in the Gryphon area were deposited at a time of
relative sea level fall, and the development of a lowstand systems tract might be
expected in the area. On seismic sections a type 1 sequence boundary (Posamentier
et al, 1985), i.e. an unconformable surface overlain by an onlapping sequence, can be
observed at the base of the Balder Formation. It appears as an unconformity above
which there is a slight shift of coastal onlap towards the basin.
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The sediments deposited in the Lower Tertiary can be interpreted in two stages:
i) a basin floor fan complex (Fig.3.6) and ii) a slope fan complex (Fig.3.7).

3.7.1 Basin floor fan complex

As sea level fell at the end of the Sele and beginning of the Balder time the
gradient of the slope of the fluvial channel system to the west would have increased
and allowed increased sedimentation. Large volumes of sands were input onto the
shelf where well-sorted sediments were produced by multiple reworking. Increased
supply of clastic detritus by redeposition within the Beryl Embayment may have been
caused by medium to large scale slope failures and other catastrophic events, caused
by slope instability as a result of increased sediment input or seismic activity. Sand
was carried across the .embayment and was deposited as thick massive units against
the Crawford Ridge.

The sands were followed by deposition of thinly laminated

mudstone and sandstones possibly representing smaller slope .

The location of

deposition of clastic sediments would have been controlled by the original topography
and the relief caused by the subsequent deposition of sediment following initial
compaction. The initial deposition of sands and muds from turbidity currents was
followed by widespread volcanic activity and deposition of the tuffaceous sediments.
This was associated with further deposition of sandstone and mudstone from turbidity
currents. Claystones were deposited from turbid suspension and hemipelagic fallout.

3.7.2 Slope fan complex

By the time of the deposition of the Frigg formation sediments, sea level
continued to fall and lowstand deltas built up across the shelf. The rise of sea level
raises the base level (i.e. the level down to which erosion can proceed) of rivers and
encourages further erosion of valley systems. Mature sands are no longer recognised

99

BLOCK 9/18b

GRYPHON FIELD

Incised Valley

Sand flushed from fluvial systems

Sand reworked by coastal processes

Sediment slumped away

Basin Floor Fan

Fig. 3.6 Cartoon of the Basin Floor Fan Complex of the type that probably existed in the Gryphon area during the Early Tertiary (modified after
Poasamentier et al 1985)

BLOCK 9/18b
GRYPHON FIELD

Early stage Lowstand Delta
(some slumping)

Earlier lobe and channel deposits
Proximal Slope Fan (Canyon fil
Channel fill sand/silt
Top Slope Fan surface
Distal fine grained
/ turbidites

Chaotic slump
Basin Floor Fan
Deposits

Fig. 3.7 Schematic diagram of the slope fan complex envisaged for the region around the Gryphon Field (modified from Posamentier eî al,
1985 and Cullen, 1990)

Sedimentology

and the Frigg sediments are less well sorted. This led to deposition of more classical
turbidite sequences with more complete intervals as initially described by Bouma
(1962) (interbedded massive sand and mudstone facies).

Oxygenation of bottom

waters encouraged intensive bioturbation of the silty material and resulted in the
intensely bioturbated silty mudstone facies and bioturbated mudstone and claystone
facies, being deposited on the slope.

3.8 SUMMARY

The sediments of the formations have been described as they appear in the
cored sections and there may be lateral variations in the formations which have not
been cored and cannot be resolved on seismic sections.

The environments of

deposition which have been discussed are those which are probably responsible for the
primary emplacement of the sandstones and claystones in the area, and the present
nature of the sands is not necessarily representative of their geometry and character
of the sands at that time.

In this chapter the sediments are described from the Sele, Balder and Frigg
formations, although only those features which were considered to be of a primary
sedimentary origin have been discussed. Several times in this chapter evidence for the
remobilisation of sands has been mentioned, this is discussed fully in chapters 4 and
6.
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3.1

SELE FORMATION - LOWER MUDSTONE MEMBER

Facies: Thinly laminated mudstone.
Laminated tuffaceous mudstone with some grading (G), bioturbation
(B) and pyrite nodule in lower part of core (P).
(Scale bar in 1/10 ft intervals).
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3.2

SELE FORMATION - LOWER MUDSTONE MEMBER

Facies: Bioturbated mudstone and claystone.
Calcite vein (V) within mudstone interval (M), pyrite nodules (P)
concentrated on margins of vein. Vein inclined at 20®.

3.3

SELE FORMATION - MIDDLE SAND MEMBER

Facies: Interbedded massive sand and mudstone.
Laminated/ thinly bedded sub-lith-arenite. Laminations picked out by
concentration of carbonaceous material, or increase in clay material.

3.4

SELE FORMATION - MIDDLE SAND MEMBER

Photomicrograph of fine grained lith-arenite, darker bands are clay rich
laminae.
(Scale bar is 1cm).
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3.4

3.5

BALDER FORMATION - BALDER TUFF

Facies: Interbedded tuff and claystone.
Blue-grey tuff showing normal grading (G), planar lamination (P) and
load structures (L) some beds show erosional bases, also some calcite
nodules and concretions have formed.
(Scale bar is in 1/10 ft intervals).
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3.6

BALDER FORMATION - GRYPHON SANDSTONE

Facies: Thick massive sands.
Massive, structureless medium grained quarts arenite.
unconsolidated and stained by hydrocarbons.
(Scale bar is in 1/10 ft intervals).

106

Sands are

am

m
3.6

w

m

3.7

BALDER FORMATION - GRYPHON SANDSTONE

Facies: Interbedded massive sand and mudstone.
Thinly

laminated

sandstone

lithic

arenite.

Laminations

are

concentrations of carbonaceous and clay material.

3.8

BALDER FORMATION - GRYPHON SANDSTONE

Facies: Chaotic sandstone and claystone.
Sandstone dykes/ dewatering pipes (D) intruded into claystone
overlying Gryphon sandstone bed. Lower intrusion is unconsolidated
sand, higher intrusions are cemented.
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3.7

3.8

3.9

BALDER FORMATION - GRYPHON SANDSTONE

Facies: Thick massive sand.
Microcrystalline calcite concretions (C) developed in the massive
unconsolidated quartz arenite of the Gryphon sandstone.

Claystone

(dark) bed possibly large clast? incorporated during intrusion.
(Scale bar is in 1/10 ft intervals).
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3.9

3.10

BALDER FORMATION - GRYPHON SANDSTONE

Facies: Chaotic sandstone and claystone.
Randomly oriented clay fragments at top of sandstone unit overlain by
claystone. Clay clasts oreinted sub-parallel to bedding near top of bed,
more chaotic distribution lower in the unit.

3.11

BALDER FORMATION - GRYPHON SANDSTONE

Facies: Thick massive sand.
Clay smeared fracture/shear planes in massive, structureless sand unit.
Sand unit breaks cleanly along clay laminae. Sand is unconsolidated
quartz arenite and is hydrocarbon stained.

3.12

BALDER FORMATION - GRYPHON SANDSTONE

Photomicrograph of quartz arenite from Gryphon Sandstone. Blue is
pore space, quartz grains are light coloured, darker patches are residue
from hydrocarbons. Visible porosity 25-30%.
(Scale bar is 1cm).

3.13

BALDER FORMATION - GRYPHON SANDSTONE

Facies: Thick massive sand.
Tuff bed (light coloured) within Gryphon Sandstone. Base of tuff bed
is marked by kaolinite aggregates (K) and a sharp and inclined contact.
Top of the bed (T) is irregular and fractured (F).
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3.12

3.13

3.14

BALDER FORMATION - BALDER CLAYSTONE

Facies: Interbedded tuff and claystone.
Altered, speckled, tuff rich interval (T) in claystone (C) with irregular
boundaries and abundance of kaolinite aggregates (K).

3.15

BALDER FORMATION - BALDER CLAYSTONE

Facies: Thinly laminated mudstone.
Laminated claystone with pyrite nodules, showing some effects of
loading (L) at the boundaries with the siltier bed (s).

3.16

BALDER FORMATION - BALDER CLAYSTONE

Facies: Bioturbated mudstone and claystone.
Bioturbated and burrowed horizon in claystone disrupting the
lamination.

3.17

BALDER FORMATION - BALDER CLAYSTONE

Facies: Bioturbated mudstone and claystone.
Lozenge shaped, coarse grained calcite nodules (C) in claystone.
Hairline fractures could indicate possible fluid migration paths.

110

5 INS
10 CMS

3.14

345

5 INS
10 CMS

5 INS
10 CMS

3.16

3.17

3.18

BALDER FORMATION - BALDER CLAYSTONE

Facies: Interbedded massive sand and mudstone.
Microcrystalline calcite concretion (C) nucleated around calcite nodule
(N) at boundary between a thin sand bed (S) and laminated claystone
(LC).

3.19

BALDER FORMATION - BALDER CLAYSTONE

Facies: Interbedded tuff and claystone.
Tuff rich interval. Tuff beds (T) are light coloured.

Speckling in

mudstone (darker) beds shows the presence of tuffaceous material in
predominantly mudstone intervals.

3.21

FRIGG FORMATION - SILTSTONE UNIT

Facies: Interbedded tuff and claystone.
Intensely bioturbated and reworked claystone interval. Sands stained
with hydrocarbons (dark), and calcite filled burrows (pale grey).
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3.21

3.20

BALDER FORMATION - BALDER CLAYSTONE

Facies: Chaotic sandstone and claystone.
Sands with sharp, irregular contacts intruded into laminated tuffaceous
claystone. Central sand unit contains clay intraclasts.
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3.20

3.22

FRIGG FORMATION - SILTSTONE UNIT

Facies: Interbedded massive sand and mudstone.
Laminated sandstone (L) with carbonaceous rich interval below (C).
Irregular upper boundary to sandstone bed.
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%

3.22

3.23

Photomicrograph of quartz arenite from Gryphon Sandstone

(thick massive sand facies) interval showing clay rims,

quartz

overgrowths. Visible porosity 30%.
(Scale bar 1cm).

3.24

Cathodoluminescence photomicrograph of calcite

nodule

showing 2 definite (1,2) phases of calcite precipitation indicated by
different intensity of orange colour.
(Scale bar 1cm).

3.25

Ferroan calcite (blue) replacing lithic clasts in tuff.

(Scale bar 1cm).

3.26

Ferroan calcite cement in a quartz arenite. Right side stained

with Alizarin Red S and potassium ferricyanide.
(Scale bar 1cm).
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4 RESERVOIR SANDS ARCHITECTURE

4.1 INTRODUCTION

The previous chapter describes the sedimentology and lithofacies present in the
Gryphon field from the well data. This chapter aims to detail the distribution of the
various lithologies and facies, from the previous chapter, within the Gryphon Field.
From the description of the distribution of the various lithologies it is hoped to
highlight the architecture/geometry of the Palaeocene-Eocene sediments of the
Gryphon Field.

Data was made available from eleven straight wells, 9/18b-7, 8, 9, 10, 11, 12,
13, 14, 17, 19 and 20, and three sidetracks from two of these wells: 9 /1 8 b -llz, 9/18b13y and z. O f the fourteen wells, composite logs were examined from eight of the
straight wells, 9/18b-7, 8, 9, 10, 11, 12, 13 and 14, and all three of the sidetracks.
Sedimentological cores were examined from seven wells, 9 /18b-10, 11, 12, 13, 14, 19
and 20. Core description sheets were also available for these wells and in addition for
well 9 /18b-17, whose core was not seen (Fig. 4.1).

Seismic data was made available from both 2-D and 3-D seismic surveys. The
initial interpretation of the Gryphon Field was based on 2-D seismic from three
surveys (1985, 1987 and 1988). Altogether 43 seismic lines from the 2-D surveys
were examined. The 3-D survey covering the Gryphon Field was made available in
1991. The interpretation resulting from this data modified the original interpretation
of the Gryphon Field reservoir sands and the final model for its emplacement.

In the first part of this chapter the sediment and lithofacies distribution in each
of the wells examined will be detailed. The second part of the chapter will describe
the 2-D and 3-D seismic data that was examined and the interpretation of a few key
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lines will be given. The final section will summarise the geometry of the Gryphon
Field reservoir sands determined from the well data and the seismic sections.

4.2 CORRELATION OF WELL DATA

4.2.1 Correlation o f Stratigraphie Units from Composite Log Data

The top of the Sele Formation has been penetrated in all the wells examined,
and can be traced across the whole field. It varies in depth from 5838 feet (1780 m)
in well 9 /18b-13 to 6122 feet (1866 m) in well 9 /18b-10, approximately 2300m away.
In two way travel time the top of the Sele Formation ranges in depth from 1732 msec
in 9/18b-13 to 1786 in well 9/18b-10.

The top of the massive Balder Tuff can be identified in all the wells. The
depth of the horizon varies from 5459 feet (1664 m) in well 9 /18b-11 to 5812 feet
(1771.5 m) in well 9/18b-7. The two way travel time depth of this horizon ranges
from 1637 msec in well 9/18b-l 1 to 1706 msec in well 9/18b-7.

The massive Balder Sand Member was only penetrated in nine of the wells
whose composite logs were studied (9/18b-7, 10, 11, ll z , 12, 13, 13y, 13z and 14).

4.2.1.1 Key stratigraphie interval signatures from composite log data

Characteristic well log signature o f the Sele Formation
The Sele formation is identified in the well logs using the data from the
gamma ray trace and the impedance trace. The top of the Sele formation is marked
on composite logs by marked a down hole increase in the gamma ray response and
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little change in the response from the impedance trace or the density log (Fig. 4.2).

Characteristic well log signature o f the Balder Tuff
The Balder Tuff is marked by a moderately high response from the gamma ray
log while the impedance trace remains moderately low and the density response is
reasonably consistent and moderately high (Fig. 4.2).

Characteristic well log signature o f the Balder Claystone
The downhole response for the Balder Claystone is shown by a moderately
high to very high gamma ray reading. The resistivity log shows a gradual decrease
to a moderately low level and the density log shows a series of high density kicks
(Fig. 4.2).

Characteristic well log signature o f the Gryphon Sand Member
The Gryphon sands are marked by a clear decrease in the gamma ray response
which remains consistently low. The density log shows a reasonably constant reading
at about 210 (US/F) The resistivity logs remain consistently low when the sands are
water bearing with a close shadowing of the deep and shallow readings. When oil
bearing there is a marked increase in the resistivity readings and a large separation
between the deep and shallow tool readings. Gas is marked by an increase in the
resistivity reading, but a closer relationship between deep and shallow recordings (Fig.
4.2).

4,2 A.2 Distribution o f stratigraphie units determined from composite well log data

Each section is based on correlating horizons as they appear in the well data
retrieved. Each correlation section is hung on a datum horizon, namely the top of the
Sele Formation. This allows a correlation to be made between wells-based on the
approximate time of deposition, assuming that the Sele Formation was deposited
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BALDER CLAYSTONE
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BALDER TUFF

SELE FORMATION
NOT TO SCALE
Fig. 4.2 Schematic representation of key stratigraphie interval signatures from
composite logs; showing gamma ray and impedance log responses.
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approximately horizontally.

Balder Tujf
The de-sanded well correlation section (Fig. 4.3) best shows the distribution
of the Balder Tuff across the Gryphon field. It is a unit of a reasonably constant
thickness of 150-200 feet (46-61 m) across the field.

It forms the major marker

horizon and stratigraphie indicator in correlation of the reservoir sands in the Gryphon
Field.

In most wells the base of this unit represents the stratigraphie base of the

Balder Formation.

Normally it is overlain by the Balder Claystone, however the

unusual distribution of the Gryphon Sands Member in the field means that in some
wells the Gryphon sands overlie the Balder Tuff (9/18b-7, 12 and 13) (Fig. 4.4, 4.5
and 4.6).

Balder Claystone
The Balder Claystone is the stratigraphie top of the Balder Formation. It varies
in thickness across the field from approximately 115-240 feet (35-73 m). It forms a
continuous cap to the Gryphon Sands in all wells, except 9/18b-7 where the Balder
Claystone appears to be absent (Fig. 4.4, 4.5 and 4.6).

Gryphon Sands
The Gryphon Sands Member is not restricted to any particular stratigraphie
horizon, this is illustrated in Figures 4.4, 4.5 and 4.6.

The Gryphon Sand is

penetrated, at some stratigraphie level, in all the wells, for which composite logs were
examined except 9/18b-8 and 9/18b-9.

The sand does appear to be laterally

continuous at its base across the whole field, although Gryphon Sand at the Balder
Tuff level is absent in wells 9/18b-8, 9 and 13y. Figures 4.4 and 4.5 show that the
sand also varies in thickness across the field from 438 feet (133.5 m) in 9/18b-10 to
12 feet (3.65 m) in 9/18b-13y. The sands, where applicable, all have a common oil
water contact (OWC) at a depth below the sea surface of 5735 feet (1748 m) (Fig. 4.4,
4.5 and 4.6). The thickest sands occur in wells 9/18b-7, 10, 11, llz , 12 and 14, in
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all these wells it exceeds 220 feet (67 m) and in 7,10,11 and 1 Iz it exceeds 350 feet
(107 m) (Fig 4.4 and 4,5). The sand occurs below the Balder Tuff horizon in three
wells, 9 /18b-10, 11 and l l z. In all these wells it is therefore the base of the Balder
Formation, directly overlying the Sele Formation. In wells 9/18b-13, 13z and 14 the
Balder sands are found within the Balder Tuff. Balder Sand is found at the boundary
of the Tuff and Claystone in wells 9 /18b-12 and 13. In wells 9 /18b-13 and 13z the
sand is located within the Balder Claystone interval.

In 9/18b-7 the Balder Sand

overlies the Tuff and forms the uppermost unit of the Balder Formation, the Balder
Claystone is absent (see above). Three sand horizons exist in well 9/18b-13.

4.2.2 Correlation o f Sedimentological Units from Core Data

4.2.2.1 Distribution o f lithological units in the Gryphon Field

There are three basic correlatable lithological units or horizons in the intervals
studied from core, these are: i) sands, ii) tuffs, and iii) nodules. In section 3.6 these
lithologies were subdivided into lithofacies units, the distribution of which is detailed
in the next section 4.2.2.2. This section will describe the distribution of individual
lithological units and their correlation across the field.

Sands
Large units of massive sand were cored in wells 9 /1 8 b -ll, 12, 14 and 17. In
well 9/18b-l 1 there are six units of massive sand (Fig. 4.7, 4.8 and 4.9). All the sand
units occur interbedded with tuff. The lowermost massive sand unit occurs at the base
of the cored interval and is 9 feet (2.75 m) thick with its top at a depth of 5864 feet
(1787 m) (below rig datum). Overlying this unit separated by a thin bed of claystone
is a unit which is approximately 21 feet (6.4 m)4hick, the top of which is at 5843 feet
(1781 m). The massive sand bed above this is penetrated at 5806 feet (1770 m) and
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is just over 32 feet (9.75 m) thick. The next unit, separated by tuff is 28 feet (8.5 m)
in thickness and occurs at 5755 feet (1754 m). The fifth sand unit is at a depth of
5698 feet (1737 m) and has a thickness of about 34 feet (10.3 m). The top massive
sand unit is penetrated at the top of the core, a depth of 5669 feet (1728 m), and is
23 feet (7 m) thick.

There are five massive sand units which have been cored in well 9 /18b-12
(Fig. 4.7 and 4.8). The lowest lies over tuff and a thin sand bed. It is 20 feet (6 m)
thick and is at a depth of 5984 feet (1824 m). The thickest unit overlies the first sand,
separated by a few feet of tuff/claystone. The sand is 203 feet (62 m) thick and its
top is at a depth of 5757 feet (1755 m). The remaining three massive sand units occur
within claystone that contains calcite nodules. The lower of these sands is at 5654
feet (1723 m) and is 21 feet (6.4 m) thick. The last two sand beds lie within the gas
leg of the core at 5597 and 5577 feet (1706 and 1700 m) and are 28 and 14 feet (8.5
and 4.25 m) thick respectively. The sands at 5654 and 5597 feet (1723 and 1706 m)
both display high angle clay laminae.

9 /18b-13 core has penetrated two massive sand units (Fig. 4.8). The lowest
unit is at the boundary between the Balder Tuff and Balder Claystone at a depth of
5735 feet (1748 m) and is 23 feet (7 m) thick. The upper sand is within the Balder
Claystone and just within the gas leg. The top of the bed is at 5593 feet (1705 m)
and it has a thickness of 32 feet (9.75 m).

Well 9 /18b-14 has cored 5 thick sand units (Fig. 4.7), the uppermost of which
is within the Frigg Formation.

The lowermost unit, at 114 feet (34.75 m), is the

thickest of the five sands, and is at 5832 feet (1778 m). The next sand occurs at 5782
feet (1762 m) and is 11 feet (3.4 m) thick. Both these sands occur within the Balder
Tuff interval. The third and fourth sands are within the Balder Claystone interval and
are at 5691 and 5658 feet (1734.5 and 1724.5 m), and are 16 and 18 feet (4.9 and 5.5
m) thick respectively. The lower of these sands shows clay laminae oriented sub-
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horizontally. The uppermost unit of sand is at a depth of 5548 feet (1691 m) and 23
feet (7 m) thick. It displays steeply dipping clay laminae at its base.

Only two massive sand units have been cored from well 9 /18b-17 (Fig. 4.8 and
4.9). These are at 5744 and 5676 feet (1751 and 1730 m). The lowest unit is the
thickest and is 93 feet (28.3 m) thick compared to the 10 feet (3 m) of the top sand.
The thicker and lower sand is within the Balder Tuff interval while the upper, thinner
sand is in the Balder Clay interval.

The two massive sands from 9 /18b-19 both occur in the Sele Formation (Fig
4.9), and are separated by a very thin bed of mudstone. The lower unit is 15 feet (4.6
m) thick and is overlain by a 28 feet (8.5 m) thick sand at a depth of 6065 feet (1849
m).

No massive sand is found in the cored interval of well 9/18b-20 (Fig. 4.7).

The cores for all the wells, except 9 /18b-11 and 20, have penetrated the top
of the Balder Tuff (Figs 4.7, 4.8 and 4.9). The core for 9/18b-l 1 starts well below
the top of the Balder Tuff (Fig. 4.8 and 4.9), whereas that of 9/18b-20 finishes before
the Balder Tuff interval has been penetrated (Fig 4.7). However, the top o f the Balder
Tuff determined from the composite log data (see section 3.2.1) does not always
coincide with the occurrence of the first tuff bed (Figs 4.7, 4.8 and 4.9). There is
approximate agreement in the three wells: 9 /18b-10, 14 and 19 where the first tuff bed
appears at 5708, 5756 and 5800 feet (1740, 154.5 and 1768 m) respectively. In 9/18b12 the top tuff bed occurs at 5716 feet (1742 m). The first downhole occurrence of
a tuff bed in well 9 /18b-13 is at 5700 feet (1737 m). In 9 /18b-17 there are no tuff
beds within the cored interval, although the cored interval does cover the stratigraphie
top of the Balder Tuff.
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Calcite Nodules
An examination of the occurrence and abundance of calcite nodules within the
cored sections gives support to other methods of correlating the wells and their
sediments, although it is not diagnostic when used individually. No nodules were
found present in the core from 9/18b-20, and an accurate value for nodule abundance
was not possible for 9 /18b-17 as only the core description sheet was available for
examination, therefore there are no data for these wells.

The top and base of the nodular interval in 9 /18b-10 is not determinable,
because the entire cored section contained nodules.

The nodules in 9 /18b-11 are

concentrated as a very thin horizon at about 5740 feet (1749.5 m) (below rig datum).
The occurrence of nodules ranges from a depth of 5540 to 5750 feet (1688.5 and
1752.5 m) in 9/18b-12’s core.

The core for 9 /18b-13 shows the second greatest

concentration of nodules between 5420 feet (1652 m) and the bottom of the core at
5848 feet (1782.5 m), if the intervals where there are large amounts of sand are
ignored. Nodules are seen between 5580 and 5830 feet (1701 and 1777 m) in the core
of 9 /18b-14. The greatest abundance of nodules is in the core from 9 /18b-19 where
nodules range from a depth of 5550 to 5950 feet (1691.5 to 1813.5 m) and reach a
concentration of 50 nodules per foot (167 nodules per metre) of slabbed core. The
nodules occur both in the tuff and in the claystone in wells 9 /18b-10, 12, 13, 14 and
19, and in the tuff alone in 9/18b-ll (Figs 4.13 to 4.16).

4.2.2.2 Distribution of facies units in the Gryphon Field

Seven lithofacies units have been identified from the core data. These are: i)
interbedded tuff and claystone, ii) thick massive sand, iii) intensely bioturbated silty
muds, iv) thinly laminated mudstone, v) bioturbated mudstone and claystone, vi)
interbedded sands and mudstones and vii) chaotic sandstone and claystone (see section
3.6).
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Massive Sand
The thick massive sand lithofacies is present in all the wells examined except
9/18b-20 (Figs 4.10, 4.11 and 4.12). In well 9 /18b-10 it is present between 5710 and
5740 feet (1740.5 and 1749.5 m ) , overlying the interbedded tuff and claystone facies,
and overlain by a thinly laminated mudstone facies unit. Well 9 /18b-11 the facies
occurs at three different levels between: i) 5806 and 5875 feet (1769.5 and 1791 m),
ii) 5755 and 5783 feet (1754 and 1762.5 m) and iii) 5669 and 5736 feet (1728 and
1748 m). 9/18b-12 shows two units of the massive sand facies at 5757 to 5987 feet
(1755 to 1825 m) and 5576 to 5675 feet (1699.5 to 1730 m).

There are two

occurrences of the facies in 9/18b-13. The lowest at 5734 to 5758 feet (1748 to 1755
m), and the uppermost unit between 5592 and 5625 feet (1704.5 and 1714.5 m). The
facies has been identified at 5832 to 5946 feet (1777.5 and 1812.5 m) in 9 /18b-14.
In 9/18b-17 the facies is recognised between 5744 and 5837 feet (1751 and 1779 m).
The facies has been detected within the Sele interval of 9 /18b-19 at 6065 to 6118 feet
(1848.5 and 1865 m).

Interbedded tujf and claystone
This facies occurs at or below 5750 feet (1752.5 m) in wells 9 /18b-10, 11, 12,
13, 19, and 20. It is encountered at the base of the cored section in wells 9 /18b-10
(5740 feet; 1749.5 m), 12 (5987 feet; 1825 m), 13 (5785 feet; 1763 m) and 20 (5812
feet; 1771.5 m). In 9/18b-l 1 the facies has been recognised between 5735 and 5755
feet (1748 and 1754 m), and 5783 and 5806 feet (1762.5 and 1769.5 m), separated by
a unit of the massive sand lithofacies. There is a continuous unit o f this lithofacies
identified in 9/18b-19 between 5717 and 5995 feet (1742.5 and 1827 m) (Figs 4.10,
4.11 and 4.12).

Intensely bioturbated silty mudstones
This facies has been recognised in three wells: 9 /18b-13, 19 and 20. In 9/18b13 it forms a small unit between 5735 and 5760 feet (1748 and 1755.5 m).
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Fig. 4.10 Well correlation section for lithofacies units identified from wells
9/18b-17, 11, 13 and 12 (see Appendix 3 for key to lithofacies).
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Fig.4.12 We 1correlation section for the lithofacies units identified in wells
9 /18b-10, 14, 20 and 12 (See Appendix iii for lithofacies symbols).
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sandwiched between the interbedded tuff and claystone facies below and a thick
massive sand unit above. In the other two wells it is identified as being the top most
facies of the core interval. In 9 /18b-19 it is 335 feet (102 m) thick and in 9/18b-20
it is 395 feet (120.5 m) thick. However in the latter well it is disrupted by a unit of
chaotic sands and clays and a unit of interbedded sands and claystones (see below)
(Figs 4.10, 4.11 and 4.12).

Thinly laminated mudstone
The thinly laminated mudstone facies unit also only appears in three wells,
9 /18b-10, 13 and 19. In 9 /18b-10 it occurs at the top of the cored section overlying
a massive sand unit. The laminated mudstone unit is approximately 50 feet (15 m)
thick.

In well 9 /18b-13 the unit also overlies a massive sand facies unit, and is

overlain by a thick bioturbated mudstone and claystone unit. In this well the thinly
laminated mudstone unit is recognised between approximately 5690 and 5735 feet
(1734.5 and 1748 m). This facies unit lies between 5535 and 5580 feet (1687 and
1701 m) in 9 /18b-19. It is overlain by the intensely bioturbated silty mudstones facies
and overlies the interbedded sands and mudstone facies (Figs 4.10, 4.11 and 4.12).

Interbedded sand and mudstone
This lithofacies has been identified in four wells (Figs 4.10, 4.11 and 4.12).
In two these wells, 9/18b-14 and 17, it forms the top of the cored interval. In 9/18b14 it is approximately 285 feet (87 m) thick and overlies the massive sand facies. The
identified unit in 9 /18b-17 is about 75 feet (23 m) thick and also overlies the massive
sand lithofacies.

In the other two wells, 9 /18b-19 and 20, the facies has been

recognised overlying the bioturbated mudstone and claystone facies, and the intensely
bioturbated silty mudstone facies respectively. In 9 /18b-19 the unit is approximately
80 feet (24 m) thick at 5580 feet (1701 m) and is overlain by the laminated mudstone
facies. In 9/18b-20 it is overlain by the intensely bioturbated silty mudstones facies
and is about 112 feet (34 m) thick-at a depth of 5665 feet (1726.5 m).
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Bioturbated Mudstone and Claystone
The bioturbated mudstone and claystone unit is recognised in wells 9 /18b-12,
13 and 19 (Fig. 4.10, 4.11 and 4.12).

In the first two of these wells it forms the

uppermost interval of the cored section. In 9/18b-12 it occurs between 5383 and 5655
feet (1641 and 1723.5 m) with two units of massive sand facies breaking up its
continuousness. In 9 /18b-13 the unit has been identified between 5337 and 5692 feet
(1627 and 1735 m), and similarly to the unit in 9 /18b-12 is broken by a unit of
massive sand facies. The facies can be seen at the base of 9/18b-19 at the base of the
cored section where it underlies massive sand and is approximately 35 feet (10.5 m)
in thickness. It can also be seen overlying interbedded tuffs and claystone between
5585 and 5660 feet (1702 and 1725 m). In 9 /18b-19 it is overlain by interbedded
sands and mudstones.

Chaotic sandstone and claystone
This facies has only been identified in well 9/18b-20 where it occurs in the
Frigg interval (Figs 4.10, 4.11 and 4.12). It is located at a depth of 5462 feet (1665
m) and is 20 feet (6 m) thick. It is overlain and underlain by intensely bioturbated
silty mudstones.

4.2.3 Correlation of Biostratigraphic Data

4.2.3.1 Micropalaeontological and palynological correlative events

Frigg Formation Events
The appearance and consistent occurrence of the agglutinated benthic
foraminifera Spiroplectammina navarroana marks the top of the ME(B)3a subzone.
It is 4he first definitive micropalaeontological evidence for the penetration of Lower
Eocene sediments.

This event forms a regional correlative event.

137

The highest

Reservoir Architecture

consistent occurrence of calcareous benthic foraminifera usually occurs close to the
top of the Upper Frigg Formation. These events together with the highest occurrence
of the calcareous benthic foraminifera Lenticulina spp., at the top of Subzone
ME(B)2b, and the first consistent downhole occurrence of the planktonic foraminifera
of the Subbotina linaperta group, mark the top of subzone M E(P)lb, and are evidence
of the penetration of the Frigg Formation.

The peak abundance Cordosphaeridium sp. and the occurrence of abundant
Dracodinium spp., including Dracodinium solidum, in association with the top of
abundant Spiniferites ramosus group are all palynological evidence that the Upper
Frigg Formation has been encountered. The Lower Frigg is marked by the acme of
abundant Apectodinium spp. (including A, summissum and A. homomorphum), which
also coincides with a gamma ray peak at the base of the Frigg Formation.

Balder Formation
The penetration of the top of the Balder Claystone is confidently assessed by
the highest occurrence of the agglutinated benthic foraminifera assemblages which
include Haplophragmoides spp. and RhizamminalBathysiphon spp. at the top of the
zone MP(B)4. Definite penetration of the Balder Claystone is verified by the highest
occurrence of the diatom Coscinodiscus spp. which also marks the top of subzone
MP(P)6c.

Palynological events which indicate the presence of the Balder Claystone are
the highest occurrence of Hytrichosphaeridium tubiferum and the highest occurrence
of abundant Inapertutopollenites with Caryapollenites simplex group, Retiricolpites
spp., Triporopolenites coryhides and Triatriopolenites.

The palynological indicator shown by the highest occurrence of frequent
Subtilisphaera sp.l is evidence of the Balder Tuff member having been encountered.
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The highest occurrence of superabundant thin Leiospheres can tentatively be
used in correlation of the Gryphon Sands.

Sele-Lista Formation
Zone MP(P)6a3 is marked by the reappearance of frequent Coscinodiscus sp. 1
which is indicative of Sele Formation sediments. With the highest occurrence of a
distinct assemblage of astrorhizid and lituolid agglutinated benthic foraminifera at the
top of zone MP(B)3 the Lista Formation has been penetrated.

The Sele-Lista Formation boundary is at the top subzone PP5a. This event is
indicated by the highest occurrence of frequent/common Apectodinium spp. including
A. augustum.

4.3 SEISMIC DATA INTERPRETATION

4.3.1 Seismic marker horizons

In the interpretation of the 2D seismic data four horizons were picked for their
seismic character and stratigraphie importance, these will be termed "seismic markers"
in the description of the seismic interpretation. The four markers were: i) the top Sele
Formation, ii) top Massive Tuff, iii) top Sand and iv) top Balder Claystone/top Balder
Formation.
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4.3.1.1 Top Sele Formation Seismic Marker

The top Sele Formation is marked by a transition from the Balder Formation
to a low impedance shale with a high gamma ray character. On seismic section it
appears as a moderate to strong negative character event. The event is of low seismic
frequency. It is most marked below the high impedance tuffs and sands at whose
boundary there is a marked density, velocity and impedance contrast with the shale
of the Sele Formation (Fig. 4.13).

4.3.1.2 Top Massive Tuff Seismic Marker

At the top of the Massive Tuff there is generally a sharp density, velocity and
impedance increase. This marker forms a prominent and laterally continuous horizon
that contrasts markedly with the lower impedance shales and sands around it. It is
normally a strong to medium amplitude event and is of a higher frequency and sharper
than the overlying interbedded tuff. However where sand overlies the massive tuff,
the high impedance of the sand decreases the contrast between the tuff and overlying
lithology, and therefore the clarity of the event is reduced (Fig. 4.13).

4.3.1.3 Top Sand Seismic Marker

This seismic marker represents the top of the reservoir sands and is the most
difficult of all the horizons to identify, because the sands are not restricted to one
stratigraphie level (see Section 3.3, 4.4). As a result the lithologies which the top of
the sands bounds varies and therefore, so does the density, velocity and impedance
contrast at this boundary.

The sands generally have a high impedance and so the

contrast between sand and tuff is not marked by a large change in seismic character
The marker in this case will be seen as a low amplitude event.
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TOP BALDER FORMATION
(TOP B3 ZONE)
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Fig. 4.13a Character of the major seismic horizons picked for interpretation. Fig. 4.13b Relative acoustic impedance variations of the units
identified from the seismic data.
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bounding shale there is a marked contrast and the pick will be one o f high am plitude

and high frequency (Fig. 4.13).

4.3 J .4 Top Balder Claystone and/or Balder Formation Seismic Marker

The top of the Balder Formation is marked stratigraphically by the Balder
Claystone unit. This unit is mainly a low amplitude claystone with minor tuffs and
localised sands. It gives a strong negative signal with a central frequency. There is
excellent continuity in this horizon. It is only slightly distorted by coincidence with

gas sands or the gas oil contact (GOC). Because of the similar impedance contrast
at the GOC and at the top of the Balder Claystone the seismic event will appear to
fork and the more defined event will follow the GOC, while a fainter event will
continue at the top Claystone level (Fig. 4.13).

4.3.2 2-D seismic data

4.3.2.1 2-D seismic data coverage

Seismic data was made available from one regional survey and three surveys
based on covering block 9/18b. The three surveys covering the area of block 9/18b
were shot in 1985 (KMG 851), 1987 (KMG 871) and 1988 (KMG 881). Lines from
the three surveys resulted in a good quality 2D grid over the area.

Swrvgy

857
Survey KMG 851 was shot on a north-south, east-west grid. Eleven seismic

lines were exam ined from the 1985 survey of which five were north-south lines (12,

14, 16, 18 and 20), and six east-west lines (21, 23, 25, 27, 29 and 31). Line spacing
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on the north-south survey lines varies from 750m to 1450m , on the east-w est lines the
line spacing ranges from 590m to 1560m (Fig. 4.14).

Survey KM G 871 was also shot on a north-south, east-w est grid, though two

oblique lines were shot: line 13 which runs north-west to south-east and line 11 which
ran south-west to north-east.

The two oblique lines were made available for

examination along with five east-west lines (01, 03, 05, 07 and 09) and eight northsouth lines (02, 04, 06, 08A, lOA, 12, 14A and 16). The line spacing varies from
390m to 1520m for the east-west lines, and 450m to 850m for the north-south lines
(Fig. 4.14).

The 1988 survey was shot on a northeast-southwest, northwest-southeast grid,
although one line was shot oblique to this grid on a north-northeast-south-southwest
trend (KMG 881-45). Nine northeast-southwest lines were available for examination
(27, 29, 31, 33, 35, 37, 39, 41 and 43), and seven northwest-southeast lines (18, 20,
22, 24, 26, 28 and 30). Spacing of the lines ranges from 800m to 1500m for the
northeast-southw est lines and 300m to 1500m for the northwest-southeast lines (Fig.

4.14).

2D

CnW (TiTMG ^57,7[MC ^77

TiTMG ^<87)

The seismic grid which resulted from the three Kerr McGee surveys gives very
good coverage of the Gryphon field area. The north-south grid has an average spacing
betw een lines of 450-500m (surveys KM G 851 and KM G 871). The east-w est line
spacing from the two earlier surveys is approxim ately 500m . Superim posed over this

grid is the 1988 survey grid which is orientated at approximately 45° to the combined
1985/1987 grid. The total area of coverage by the 2-D seismic data is approximately
16km X 12km. The densest coverage is centred on the region of well coverage in
block 9/18b, an area of 8 x 8km (Fig. 4.14).
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Fig. 4.14 2-D Seismic database of the area around the Gryphon Field, showing the area
of study (red lines show interpreted sections and fig. nos).
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43.2.2 Key seismic line interpretations

Line KMG 851-25 is tied into wells 9/18b-7, 11 and 8 from w est to east,
which help in controlling the position o f the seismic horizons, and was shot from east

to west (Fig 4.15).

This seismic line shows several high angle basement faults extending into the
Lower Palaeocene rocks. The faults mainly dip to the east and show some minor
reverse m ovement. Associated with these are m inor antithetic norm al faults.

At the base of the Balder interval the top of the Sele formation is identified as
reasonably consistent horizon showing some low relief topography of the order of 140
msec. This horizon is not cut by any major faulting, although there is possibly some
minor faulting restricted to the Balder interval, and not displaying any displacement
that is resolvable from the seismic data. There appear to be three separate lens shaped
bodies of sand, although interpretation of further sections reveals that there are in fact
only two separate sand bodies. The three central bodies of sand, two below the Balder
T uff and one above are located between shot points 180 and 340. These sand bodies
are overlain by the Balder Claystone that shows evidence of differential com paction.

This seismic line was shot from south to north. It is controlled by tying the
line to well 9 /18b-14 which lies along the line of survey and wells 9 /18b-10 and 12
w hich are situated just off the line (Fig. 4.16).

There are two deep faults linked to the basem ent.
tow ards the south.

These faults dip steeply

The deep faults show normal m ovem ent.

shallow er faults dip to the south on the line of section.

Tw o of the three

Fault G shows reverse

movement. The third of the shallow faults dips to the north and displays normal
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Interpreted 2-D seismic line, KMG 851-25.

4.16

Interpreted 2-D seismic line, KMG 871-06.
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displacement.

The Top Sele horizon shows relief of less than 50 msec of two way travel
time. The sand interval shows three elongate bodies.

Two are separated by the

Balder Tuff horizon. The northernmost of these bodies of sand lie below the Tuff,
and the southern body of sand lies within the Balder Tuff interval. The third sand
body appears isolated from the other two and rests on the top of the Tuff. The
Claystone interval overlies the lower part of the Balder Formation. The Claystone
remains of reasonably constant time thickness and shows evidence of flexure over
some of the sand mounds.

Survey Line KMG 871-13
This seismic line was shot from the southeast towards the northwest. It is
controlled by tying the line to wells 9/18b-7 and 10 which lie along the line of survey
and 9/18b-13y and 13 which are just off the line (Fig. 4.17).

There are seven major faults which are linked to the basement. The five
deepest faults all dip steeply towards the southeast on the section. All the deep faults
show normal movement except for one (Fault E). The two shallower faults both dip
to the northwest on the line of section. Fault G shows reverse movement.

The interval of interest shows a Top Sele horizon with 50 msec of two way
travel time relief. The sand interval shows two elongate bodies separated by the
Balder Tuff horizon. The northwestern body of sand lie below the Tuff, and the
southeastern body of sand overlies the Tuff marker. The Claystone interval overlies
the lower part of the Balder Formation. Within the claystone are two small lenses of
sand.

The Claystone remains of reasonably constant time thickness and shows

evidence of flexure over some of the sand.
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Interpreted 2-D seismic line, KMG 871-13.
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4.3.3 2.5-D (Synthetic 3-D) Seismic Data

4.3.3.1 Seismic coverage

The digital data from nine 2-D seismic surveys over the Gryphon Field was
used to construct a synthetic 3-D seismic grid over the area by Kerr McGee (Fig
4.18).

A process which involved a phase matching, 3-D gridding and migration

algorithm was used. The output is synthetic 3-D grid o f seismic data in 25m x 25m
grid nodes and is termed a 2.5-D dataset. Analysis and comparison of the 2-D and
2.5-D datasets confirmed the 2.5-D as a valid dataset and was used for mapping the
field. Although generally reliable the 2.5-D data was suspect in the vicinity of 9/18b14 and 20 and in the southern 500m of the grid area. This is because in this region
the separation between data points is of the order of 100m.

4.3.3.1 Seismic Interpretation

Initially 2.5-D traces were generated in the identical position of key 2-D
seismic lines which tied as many of the straight hole wells as possible. Kerr McGee
carried out seismic facies analysis on the dataset tying to the 24 wells in the Gryphon
Field. The chronostratigraphic and lithostratigraphic boundaries used by Kerr McGee
are those that are discussed in section 2.5.3. An example of the interpretation of one
of the key lines made by Kerr McGee from the 2.5-D dataset is given below.

2.5-D Generated Survey Line KMG 881-45
The line is oriented south-south-west to north-north-east. It is tied into well
9/18b-7 on the line of section and 9/23b-12, 5 and 14, and 9 /18b-12 and 20, and
9/18a-21 off the line of section but close to the line (Fig. 4.19).
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Interpreted 2-D seismic line, KMG 871-13.

T’

Fig. 4.18 2-D seismic database used for the construction of the synthetic 2.5-D
sections and maps for the Gryphon Field, U.K. block 9/18b (red line shows
approximate location of KMG 881-45).
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Fig. 4.19 Interpretation of 2.5-D synthetic seismic section KMG 881-45
showing B l, B2, B3 and C zone sands (Kerr McGee 1991)(sands are stipled).

Reservoir Architecture

One fault linked to a deep structure was interpreted dipping north-north-east.
Several shallower depth faults were also interpreted at about the Lower Tertiary level.

The Balder Claystone interval was identified across the section as being of
reasonably constant thickness, thickening only where sand was present in the interval.
Three different bodies of sand are described (A, B and C sands, Fig, 4.19).

The

middle sand body (sand B) represents the Gryphon Field sand reservoir. This sand
forms an elongate lens shaped body of sand, which has been divided by Kerr McGee
into four separate units (the B l, B2, B3 and C zone sands, see section 2.5.3).

4.3.4 3-D Seismic D ata

43.4.1 Seismic coverage

A 3-D seismic survey was shot over the Gryphon-Forth area in 1991. The
total survey consisted of around 1500 lines shot in an approximately west-north-west
to east-south-east direction (Fig. 4.20). The line spacing was 12.5m. Of all the lines
shot on the survey about 450 crossed the area of interest, namely the Gryphon Field.
The data which was obtained from this survey, conducted by British Petroleum, is the
best resolution seismic reflection data to date. Because of the large volume of data
resulting from such a survey interpretation of only a few key lines has been possible,
the most useful of which are described below. The interpretation of the entire volume
of data was carried out at Clyde Petroleum and it is their maps which are used in
further interpreting the architecture of the Gryphon Field.
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U.K. block 9 /18b (red lines show interpreted sections).
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43.4,2 Interpretation o f key seismic lines

In-Line 1080
This line is one of the original lines of survey running approximately westnorth-west to east-south-east. It ties in three wells 9/18b-7, 9/18b-l Iz and 9/18b-19z
(Fig. 4.21).

The section shows a series of synthetic and antithetic normal faults in the
Tertiary area of the section.

The top of the Sele Formation is picked at about 1870 msec at the west-north
western end of the section. It remains at this level until approximately CDP point 300
where it rises and is continued to be picked at around 1740 msec. A sand body has
been interpreted between CDP 300 and 570. The base of the sand unit is reasonably
flat picked at just below 1700 msec. The top of the sand forms a convex surface. At
around the position of 9/18b-7 the sand thickens upwards along two adjacent faults.
At the east-south-eastern end of the section the sand body forms a ’wing’ feature
where sand is again concentrated up along a fault. This is highlighted by a bright spot
as the sand enters the gas leg.

3-D Reconstructed Line A-A’
This line is one of the original lines of survey running approximately westnorth-west to east-south-east. It ties in three wells 9/18b-7, 9/18b-l Iz and 9/18b-19z
(Fig. 4.22).

The section shows a series of synthetic and antithetic normal faults in the
Tertiary area of the section.

The top of the Sele Formation is picked at about 1870 msec at the west-northwestern end of the section. It remains at this level until approximately CDP point 300
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where it rises and is continued to be picked at around 1740 msec. A sand body has
been interpreted between CDP 300 and 570. The base of the sand unit is reasonably
flat picked at just below 1700 msec. The top of the sand forms a convex surface. At
around the position of 9/18b-7 the sand thickens upwards along two adjacent faults.
At the east-south-eastern end of the section the sand body forms a ’wing’ feature
where sand is again concentrated up along a fault. This is highlighted by a bright spot
as the sand enters the gas leg.

3-D Reconstructed Line C -C
The top Sele Formation horizon undulates between 1730 and 1780 msec.
There are two sand bodies identified from the seismic (Fig. 4.23). The southern most
sand appears in section as a lens shaped body bounded, and possibly controlled by two
adjacent faults. The second sand is more extensive and is crossed by a northwards
dipping fault. On the southern side of the fault the base of the sand is identified at
1700 msec and drops down to approximately 1720 msec on the northern side of the
fault. Along the fault the sand is overthickenend. The Balder Claystone covers all
the sand except for at the fault where sand concentrated on the fault plane pierces the
top Balder Formation horizon.

4.4 GEOM ETRY/ARCHITECTURE OF TH E GRYPHON RESERVOIR

The initial interpretation from the 2-D seismic data concluded that the reservoir
interval of the Gryphon Field consisted of three elongate sand bodies running
northwest to southeast, and with a lens shaped cross section (Fig. 4.24 and 4.25). This
interpretation was not greatly altered by the synthetic 3-D data, only modifying the
shape of the lobes of sand.

The true 3-D data however did improve resolution

between the top and base Balder Formation reflectors and the interpretation of the
geometry changed (Fig. 4.26a, b and c).
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The Gryphon Sands form three interconnected lobes of sand connected to a
more elongate body to the northwest. The main lobe lies slightly north and central
within the area of study with the other two lobes to the southeast and south west of
the main one. The main body of sand is asymmetrical with the thickest sand to wards
the south west area and attaining a thickness of 350 feet (107 m). A wing of sand
rises up along a fault running northwest to southeast along the southwest flank of the
body. The eastern margin of this body of sand is controlled by an approximately
north-south trending fault.

The southeast lobe can be subdivided into two minor

lobes. The first is to the east and 125 feet (38 m) thick and the other lies to the south
and has a thickness of 175 feet (53 m). The southwestern lobe shows a ridge of
thicker sand running northwest to southeast with an average thickness of 200 feet (61
m) reaching a maximum of 250 feet (76 m). Another ridge of thicker sand runs east
from this high at a thickness of 200 feet (61 m).

The Gryphon Sand where it does occur is always overlain by the Balder
Claystone, except in the region of well 9/18b-7. In this area the sand penetrates the
Balder Claystone where a deep seated fault cuts through the succession. Throughout
the oilfield the sands rest on top of Balder Tuff, although not necessarily the
maximum thickness of tuff. Thin beds of sand occur throughout the section some of
which are connected to larger units and are sills and dykes and some which form
isolated units. There is a horizon of calcite nodules which occurs within the claystone
and the position of this marker helps in defining if sand are remobilised. The massive
sand units which are identified in wells 9 /1 8 b -ll, 12, 14 and 17 are separate sand
bodies but are directly linked by nature of being deposited on top of or directly
adjacent to one another. The 9 /18b-11 sand lies beneath the Tuff interval, whereas
that in 9 /18b-12 overlies the tuff. The 9 /18b-14 and 17 sand units are both deposited
within the tuff interval. The thinner units of massive sand generally all occur within
the calcite nodule horizon and are all probably linked as sills and dykes, evidence for
which is there sharp boundaries which are sometimes steeply inclined and cross-cut
the tuff and claystone lamination. The thick massive sand units in 9/18b-7 and 10 are

164

Reservoir Architecture

shown in seismic sections to be lying along a fault plane. As the base of the thick
units of massive sand are normally not seen in the cored interval it is difficult to
determine whether their bases are erosive and therefore enable a confident prediction
of whether they are sedimentary in origin or as a result of remobilisation as in 9/18b-7
and 10. It is possible that the individual sand beds, with steeply inclined boundaries,
that are identified in the interbedded sand and mudstone lithofacies, could be
interconnected as one clastic intrusion which weaves in and out of the line of
penetration of the well in which they are seen. In well 9 /18b-14 between 5605’ and
5599’ a steep sided sand intrusion displays a ’tracer’ or ’shadow’ sand injection.

Calculations of the volume of sand present in the Gryphon field conducted by
Kerr McGee (pers. comm.) estimate that in the B1 zone there is 597 700 000 m^, in
the B2 zone there is 189 600 000 m^, and 157 000 000 m^ in zone B3.

These

estimates of sand volume are based on the sands in different zones being unconnected.
If the different sand bodies at various stratigraphie levels are connected then these
estimates will be on the low side, because they would not take into account the
quantity of sand that has been injected upwards along faults.

There are a series of deep seated faults which all run sub-parallel to each other
and run approximately northwest to southeast. Another associated set of faults cross
cuts these faults running northeast to southwest (Figs. 4.27 and 4.28). Some of these
faults show reverse motion, with the main fault along which sand lies and which runs
through wells 9/18b-7 and 9 /18b-10 showing approximately 10-20 msec of movement.
Over these faults and restricted mainly within the Balder interval are a series of small
faults with no appreciable displacement.
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5. THE MECHANICS OF SEISMIC PUMPING

5.1 INTRODUCTION

This chapter will consider the seismic pumping and seismic valving
mechanisms proposed by Sibson et al (1975) and Sibson et al (1988). The conditions
necessary for the process to work will be covered in detail by examination of the
stresses, rock properties and fault geometry required. The process will be shown to
be feasible in some natural conditions.

The first section will describe examples from the literature of earthquakes of
magnitude 7 or greater that have been associated with regional scale hydrological
changes following the event. These phenomena have been recorded in detail in the
literature from several seismic events. The Matsushiro earthquake is an example of
an event related to strike slip movement along a fault. The volume of fluid that was
expelled following the earthquake demonstrates that dilation at depth does occur prior
to a seismic event. The Borah Peak and Hebgen Lake earthquakes from the U.S.A.
are examples of dilation related to seismic activity on normal faults.

The two

American examples also describe observations of sand being expelled from fissures
that opened up after the earthquakes.

The second section deals with the mechanics of re-shear along existing steeply
inclined faults and with the effects of dilation around the fault zone. It begins with
a resume of the models of seismic pumping and seismic valving proposed by Sibson
et al (1975) and Sibson et al (1988).

This is followed by a discussion of the

relationship between laboratory derived data and that obtained from the field, this
relationship is returned to later in the section.

The experimental data relating to

dilation is discussed before the main stress analysis is entered into.
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The heart of the chapter is the stress analyses which is dealt with in sections
5.2.3, 5.2.4 and 5.2.5. In section 5.2.3 the theoretical conditions required for re-shear
along a pre-existing fault are briefly described from the basic rock mechanic laws.
This provides a background to section 5.2.4. In the next section the actual conditions
that are required for re-shear along a pre-existing fracture are examined. To simplify
matters this is achieved by discussing a particular case and then altering the conditions
as necessary to show that, where under some circumstances reshear is not feasible
along a particular fault, if the conditions are varied slightly reshear can become
possible. A range of conditions for which reshear is possible is displayed in table
format. The final part of the stress analysis section deals with the calculation of the
stress drop, the volume of rock affected and the energetics of a seismic event at which
dilation and seismic pumping can proceed.

It begins with a brief resume of the

problems that are faced by geophysicists and geologists in relating their data,
discussed in 5.2.1 and then moves on to explain the calculations that are used and the
values that are obtained.

The final section of the chapter is a summary of the seismic pumping process.
It will discuss the feasibility of the process, and the problems associated with the
mechanism.

5.2 EX A M PLES O F SEISM IC PU M PIN G A CTIV ITY

Evidence for the existence of dilatancy and of seismic pumping is provided in
the literature, by direct observations of phenomenon following large earthquakes
(Murphy and Brazee, 1964, Swenson, 1964, Swastrick 1964, Nur, 1974, Wood, 1985,
Whitehead, 1985, Waag, 1985, Sibson et al, 1975 and Sibson et al, 1988).

All

examples have in common that the earthquakes which are associated with seismic
pumping are all magnitude 7 or above on the Richter scale.

The Kern County

California Earthquake of 1952, with a seismic magnitude of 7.7 on the Richter scale.
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was cited by Sibson (1975) and Sibson et al (1988) as an example of dilation. During
the earthquake warm springs discharged directly from granite. Granites are dry rocks
and any fluid they contain will be stored in fractures. The ejection of warm fluids
from such environments is evidence of seismic pumping or valving occurring at
considerable depth. This section describes three of the best documented earthquake
phenomenon associated with regional changes in fluid discharge. It will illustrate that
dilation and fluid flow is associated with some large magnitude earthquakes from deep
levels and is most probably related to fracture flow.

5.2.1 Matsushiro, Japan Earthquake Swarm

Details of the Matsushiro earthquake swarm are presented in a paper by Nur
(1974). Over 600 000 earthquakes were recorded over a period of 18 months to 2
years, between 1965 and 1967. Various Japanese geophysical institutions carried out
extensive field studies on every aspect of the earthquake swarm.

The earthquake

swarm was of the strike-slip variety and was concentrated along a zone that was
approximately 10 km long and had an offset in the region of 1.5 to 2 m.

The

horizontal displacements had a major asymmetrical component about the fault trace.
The vertical displacement had a maximum of 1 m and was symmetrical along the fault
trace. The upheaval pattern resulting from these displacements appears as a rounded
dome surrounding the region of fault slip and ground cracks. This magnitude and type
of deformation near surface is associated with volumetric expansion and is what would
be predicted by the dilatancy theory in near surface (z < 5 km) situations.

The active portion of the fault which gave rise to the Matsushiro earthquake
swarm was 11 km long. If it was active to a depth of 8 km and extended laterally a
distance of 2.5 km, then a, b, and c are 2.5, 4.0 and 5.5 respectively. The volume of
rock involved in the event was, therefore, 268 km^ (« 2.7 x 10" m^). The amount of
fluid extruded by the system was 10’ m \ If it is assumed that a comparable quantity
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of fluid was extruded laterally, away from the fault block area (7 x 10^ m^), the total
quantity of fluid that could have escaped from the area over the year would be in the
region of 2.7 x 10^ m \

From the total quantity of fluid and the volume of rock

involved, the average, negative volumetric strain was 10 \ this is a similar conclusion
to that reached by Nur. As the bulk modulus of brine is about 2 x 10^ MPa, the
volume reduction would result in an average increase in fluid pressure throughout the
rock of 0.2 MPa.

5.2.2 The Borah Peak, Idaho Earthquake

The Borah Peak earthquake occurred on October 28 1983 and was recorded as
a magnitude 7.3 event on the Richter scale. The earthquake caused a 34 km long
rupture at the surface. W ood-(1986) and Whitehead (1986) recorded many of the
hydrological effects of the earthquake. Fluid discharge increased at several locations,
some over 90 kms from the surface rupture. Flow in major rivers draining a basin of
18 000 km^ increased for a period of several months after the initial shock. Many of
the warm springs in the area nearly doubled in flow, and one increased ten times its
original flow.

In the epicentral area a surge in artesian pressure was recorded which resulted
in a 35 m increase in the pressure head. This rise in artesian pressure was associated
with bursts of muddy waters from hills composed of carbonate rock and fissure
eruptions an sand boils from alluvium filled areas around Chilly Butte. Flow from the
Chilly Buttes area resulted in minor flooding and the formation of a temporary lake
in Thousand Springs Valley. A temporary lake also appeared in the Pahsimeroi River
Basin.

Along the zone of surface breakage several new springs arose after the
earthquake. Between 5 and 60 kms from the line of faulting several warm springs
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increased in flow. At Ingram’s Warm Springs Creek, south of Challis, the flow was
recorded as 170 litre/second prior to the earthquake ceased immediately after the
shock.

However eight days after the earthquake the flow rate increased to 1 640

litres/second. Flows approximately doubled in several of the larger rivers in the area.
North Fork river increased in flow from 1 420 litres/second to 3 400 litres/second.
The flow in the Big Lost River increased from 4 960 litres/second to 11 300
litres/second after the earthquake dropping to 9 200 litres/second a few months after
the event. Flows in Big Wood River, Little Wood River and the Pahsimeroi River
also increased.

In an observation well near Chilly the level of the water rose by 4 m from the
pre-earthquake level and settled at 1.5 m higher shortly after.

At a 409 m deep

observation well in a confined aquifer 210 kms south-west of the epicentre rose after
the earthquake.

At the underground Clayton Silver Mine pumping o f water from the lower
workings had to be increased from 62 litres/second to 126 litres/second to ensure
continued operation. This was caused by the water level in the mine having risen 185
feet (56.5 m) by November 7, initially rising at a rate of 5 feet/hour (1.5 m/hour)
immediately following the earthquake.

Temperatures of the fluids ejected ranged from 16°C to 30°C.

From the

geothermal gradient in the region of the earthquake one may infer that the fluid
expelled originated from 0.5 - 2 km depth.

Geodetic calculations established a displacement along the fault o f 2 - 2.5 m.
If this is distributed as a co-seismic compressional strain over a depth of 8 km of the
hanging wall, then the strain near the fault will be about 2.5 x 1 0 1 With respect to
distance at 15 km the strain must decrease to about 2 x 10 ^. From observations at a
well near Chilly Buttes there was a fluid pressure increase of 35 m of water or 0.35
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MPa. If the compressibility of water is taken as 4.5 x 10'^ MPa ’ then the volumetric
contractual strain necessary to produce this increase in water pressure is approximately
10'^. The values of volumetric strain obtained above are in close agreement with each
other and in close agreement with the strains of 2.5 x 10'^ that Stein and Barrientos
(1985) computed.

Following the Borah Peak earthquake of October 28 1983 it was observed that
there were a large number of changes in the hydrological environment of the region.
In the 6 months following the event the volume of water in the 1160 km^ drainage
basin of North Fork and Big Lost rivers increased by 0.1 cubic km. It is estimated
that the volume of water in the major rivers over an area of 18 000 km^ was one cubic
kilometre.

5.2.3 The Hebgen Lake, Montana Earthquake

On August 17,1959 a magnitude 7.1 earthquake was recorded at Hebgen Lake,
Montana.

13,000 aftershocks were recorded up to 15 October. The epicentre was

located just north-east of Hebgen Lake at the terminus of Red Canyon fault. The
hypocentres were at a depth of 10-12 km (Murphy and Brazee, 1964).

Hydrological effects were recorded on several rivers in the area of the
earthquake and are presented by Swenson (1964). The flow and levels of the Madison
and Gallatin Rivers were particularly affected. Lesser effects were recorded on the
Red Rock and Ruby Rivers. Prior to the earthquake the Madison River’s discharge
was decreasing and was recorded at 357 cubic feet/second (101 litres/second) on
August 16 and 17. Between August 18 and August 20 the rate of river flow was
initially recorded as 500 cfs (142.1 1/s) rising to 514 cfs (145.5 1/s). This represents
a 41 % increase in rate of flow or 0.35 cfs per square mile (0.04 1/s per sq. km) of die
drainage area. The compound net inflow between 1 and 16 August was 610 cfs (173
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1/s) rising to 1100 cfs (310 1/s) between 21 and 31 August, an 80% increase or 0.54
cfs per square mile (0.06 1/s per sq. km) of drainage area. On the Gallatin River a
40% or 0.28 cfs per square mile (0.03 1/s per sq. km) of drainage area increase was
recorded in flow over the five days following the earthquake. At the Gardiner River,
near Mammoth, the waters became more turbid and there was a 50% or 0.33 cfs per
square mile (0.03 1/s per sq. km) of drainage area increase in the flow rate. The daily
inflow on the Gardiner River was recorded at 63 cfs (18 1/s) for one month succeeding
the earthquake compared with 27 cfs (7.6 1/s) for the equivalent time period in
previous years.

Normally crystal clear waters discharged from springs in the region of the
earthquake became turbid after the initial shocks. Discharge also changed in the many
springs in the region, increasing to up to three times the normal outflow in some
springs and decreasing in others, ceasing completely in some springs.

The

temperature of the waters discharged following the earthquake varied between 40°F
(4.4°C) to 53°F (11.6°C) (Swenson, 1964).

At a well at Narrows Motel which was 58 feet (17.7 m) deep the water was
ejected to the surface following the earthquake. At Horse Butte an 81 feet (24.7 m)
deep well was observed to eject coarse sand after the earthquake. This was followed
by the ejection of finer material and finally by clear water. An oil test well on Deep
Well Ranch now forms a fountain five feet above ground, prior to the earthquake the
well tapped artesian water at a depth of 280 feet (85.3 m). A well 150 miles (241
kms) from West Yellowstone, near Billings, Montana, began to flow the day after the
earthquake. Prior to the earthquake the water level in the well was 1 foot (0.3 m)
below the surface. After the earthquake the level of the well settled at 0.2 foot (0.06
m) below the surface.

Artesian pressure in an 800 feet (240 m) deep well in

Lewistown, Montana increased by 5 - 10 psi (0.03 - 0.06 MPa) after the earthquake,
equivalent to a pressure head rise of 11.5 - 23 feet (3.45 - 6.9 m).(Swenson, 1964).
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Another phenomenon that was observed after the Hebgen Lake earthquake was
the occurrence of sand spouts (Swenson, 1964). Near Beaver Creek cracks developed
in the glacial moraine along which sand was injected. The material was injected along
fissures or erupted as discrete craters. The material ejected was mainly uniform fine
grained sand. Sand spouts were also observed north-east o f Hebgen Lake along a
trend running N60°E, normal to a fault scarp half a mile to the north-east. At Horse
Butte Peninsular and along a fault trace on the south shore of the Madison arm of
Hebgen Lake sand spouts were also observed.

To understand the nature and origin of the features described above it is
necessary to examine the mechanisms of seismic pumping and fault valving.

5.3

STRESS ANALYSIS OF THE SEISMIC PUMPING AND VALVING

MECHANISM

A model for seismic pumping was first presented in a paper by Sibson et al.
(1975). It gave a qualitative model of events associated with strike-slip motion along
a vertical fault. The model (Fig. 5.1) is based on the concept, that prior to shear
failure along the existing fault, the region around the focus of the subsequent
earthquake, dilates in response to the rising tectonic shear stresses by the development
and opening of extension fractures. It was indicated that these fractures would be
orientated normal to the direction of least principal compressive stress (Oj).

The

development of this fracture porosity causes fluid pressure within the dilatant zone to
decrease. The decrease in fluid pressure around the fault causes a rise in the frictional
resistance to shear along the fault and at the same time the reduction in fluid pressure
induces a slow migration of fluid towards the fault zone. This inward migration of
fluid gradually reverses the tendency for fluid pressure decrease. As this pressure
climbs back to its original value there is a concomitant decrease in the frictional
resistance to shear along the fault.

When the increasing shear stress equals the
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Fig. 5.1 Schematic diagrams showing the dilatancy models for fluid transport, assuming
displacement is along a spherical dilation zone;
A - the seismic pumping mechanism for a strike-slip fault (after Sibson et al ,1975).
B - the seismic valving mechanism for reverse shear on a steeply dipping fault.
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frictional resistance failure will occur. At failure there is a rapid partial relief of shear
stress which allows the cracks within the dilatant zone to relax, expelling the fluids
they contain in the direction of easiest pressure relief. Sibson et a/, pointed out that
with normal and wrench faults, where 6^ is horizontal, the cracks would lie in a
vertical plane, the upward migration of fluids is likely through these fractures.

This model was based on the rock mechanics experiments conducted by Scholz
et al, in which dilatant fractures developed at high differential stress in a hither to
unfractured specimen. However, when applying this concept to crustal conditions it
is reasonable to assume the existence of well established joint patterns.

Joints

perpendicular to the least principal stress will dilate more readily than the generation
of new fractures so, seismic pumping in the crust will operate at a lower differential
stress than the value inferred from the laboratory experiment.

5.3.1 Relationships between laboratory and field evidence

The difficulties of interpreting the behaviour of large volumes of rock using
laboratory data are obvious.

For example, a laboratory test specimen is usually

reasonably homogeneous and isotropic. Large volumes of crustal rock are, almost
invariably, neither homogeneous nor isotropic.

The differential stress necessary to induce failure in laboratory experiments
designed to illustrate dilational behaviour prior to failure may be 300-400 MPa, with
a commensurately high stress-drop associated with failure. The stress-drop associated
with natural failure on large faults is commonly reported to be about 10 MPa, or less.
These obvious differences between experimental and natural conditions and the
disparity in the stress-drop after failure in the two situations have been invoked to
indicate the extreme difficulty, if not impossibility, of correlating the experimental
results with natural events. While the difficulty is acknowledged of extrapolating from
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laboratory conditions to the environment in the field, it is incumbent upon people
working in this subject to do so; otherwise the chances of correctly quantifying the
mechanical response to natural seismic events becomes vanishingly small.
be.Vvoeeyv'VKcd'
The large differences in the stress-drop^determined from the laboratory and that

for a typical natural event, can be explained by recourse to known rock mechanic
concepts and the application of common sense. The dilational experiments, to date,
were conducted on "strong" dry rock.

If the experiments had been conducted on

saturated specimens with the fluid pressure set and controlled so that it is equal to the
total least principal stress, then the differential stress at failure and the attendant stressdrop could easily be a factor of 3-4 lower than that cited earlier, so that the stress-drop
in experiments which more correctly model crustal environments would be about 10
M Pa or less.

It is also known that the strength of some rocks is related to the size of the
volume of rock considered. For example, rock types such as coals and shales which
contain a large array of small fractures, exhibit a very marked decrease in strength
with an increase in size. Thus, if the volume of the test specimens is increased by 8-9
orders of magnitude, the strength of the specimen is reduced by as much as 90
percent. The relationship between strength and specimen size for strong rocks is, as
yet, not known.

However, in a rock mass with relatively few fractures it can be

argued that the rate of decrease in strength with dimensions of the rock mass will be
smaller than that for coals and shales of similar mass, so that in the crust the strength
o f a rock unit (with a low fracture density) may not be much smaller than that
obtained in the laboratory under commensurate conditions of temperature, effective
confining pressure and strain-rate.

Thus even accounting for inherent fractures in-situ, the stress-drop inferred
-from modified small scale experimental data are still too large, in that they exceed
reported natural stress-drops by about an order of magnitude. However we note that
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the presence of water in rocks at elevated crustal pressures and temperatures leads to
chemically related weakening of the rocks. This effect is not accounted for in the
standard laboratory experiments. The weakening effects are accelerated by long term
deviatoric stresses and high temperatures, and can be expected to reduce the inherent
strength of rocks, possibly by as much as an order of magnitude.

Furthermore, natural stress-drops are not directly observed but are inferred
from field data. These inferred values are averages for the whole of the various active
fault zones that have been studied. It can reasonably be assumed that in such fault
zones, the stress-drop goes from near zero at the edges o f the area of active
displacement (or the stress may increase) to some maximum positive value, where the
rock within the affected volume had a maximum resistance to shear. With such a
distribution of real stress-drops, it requires little imagination to conclude that the
interpretation of the average stress-drop associated with a real seismic event would not
be greatly different from an average stress-drop that could be calculated from an
integration of the individual stress-drops, obtained in the laboratory, for the range (and
relative proportion) of rock types and strengths associated with a natural seismic event.

Unfortunately, it is not possible to ascertain, with any accuracy, the exact types
and variations of rock strengths involved in any natural event.

Similarly, the

magnitudes of the principal stresses and the orientation of these stresses everywhere
on the fault plane are not ascertainable. As a consequence, at this time, relatively
simple models representing natural seismic phenomena have to be utilised. In this
regard the following sub-sections will outline the theoretical knowledge and the
experimental evidence regarding dilation and then apply these concepts to a model of
reshear on a fault. In the model, slip on an existing fracture is taken as being related
to frictional resistance and the stresses represent the appropriate average stress
conditions of both magnitude and orientation with regard to a planar fault. Although
such a model is obviously very rough, it is thought to be adequate for inferences of
first order behaviour at shallow depths in the Earth’s crust.
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5.3.2 Experimental evidence regarding dilation

Experimental evidence relating to dilation of rock samples subjected to a
differential stress is sparse, and takes the form represented in Fig. 5.2.

The

deformation of a specimen is divided into four parts. In regions I and II the specimen
experiences compressive volume change. The hypothetical extrapolation of this path
to failure stress (f’) is represented by the dashed line that continues into areas III and
IV.

However, estimates of the change in volume of the specimen, based on

measurements of the longitudinal and lateral strains , indicate that at the boundary
between II and III the decrease in volume of the specimen departs from the linear
relationship which dominates in zone II. The rate of decrease in compressive volume
change reaches zero at the boundary between zones III and IV and becomes markedly
dilational in zone IV. The degree of total dilation is indicated by the horizontal line
connecting f to f’. In experiments, the length of this line permits one to infer that the
increase in volumetric strain is of the order of lOA

The position of the boundary between zones II and III is likely to be specific
to a given rock type. However, for our purposes it is sufficient to assume that this
boundary occurs at approximately half the final failure stress. In Fig 5.3 the large
stress circle represents the conditions necessary to induce brittle failure for an
arbitrary, but representative, failure envelope in an intact specimen.

However, as

faults are initiated only once, and re-shear occurs many times along a single pre
existing fracture, it is necessary to look at the case for failure along an already
existing fault.

The failure envelope for a suitably oriented shear plane, with zero

cohesion, is shown passing through the origin. Three stress (semi) circles, A,B and
C, are also represented. That is, they depict the stress conditions when the boundary
between zones II and III are attained. In the build up from zero differential stress to
the stress conditions represented by these circles
occurs within the rock specimen.
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b

and c , little or no dilation

FAILURE DILATION
A-

long
1

OIL

long
Fig. 5.2 Qualitative representation of the relationship between stress/strain and
stress/volume for a dry cylindrical rock specimen at a confining stress (0 3 ) and
subject to a progressively increasing axial strain (0 %) until failure is induced (f).
(eiat - lateral or circumferential strain; e^ong - longitudinal or axial strain;
( a i - a 3 )DiL differential stress on the onset of dilation (usually 1/2 that required by
failure'' (after Price 1989).

Fig. 5.3 Envelopes showing the failure conditions for unsheared (f) and sheared
(f) rock, when the axis of maximum stress is at the optimum angle. The smaller
circles have magnitudes of stress which are half that required to cause initial
failures [( o if-a 3 f)/2 ] and are representative of (al-a3)D iL in fig 5.2.
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In Fig. 5.3 it will be seen that circle a is tied to o^f. This circle is incompatible
with the failure envelope, so that re-shear would occur at a differential stress less than
that shown by circle a. Hence, it can be inferred that for the situation in which the
stress circle is tied to

dilation of the specimen, prior to re-shear, will not take

place. Similarly, if we take circle c, which is assumed to develop about the mean
stress point it will be seen in Fig 5.3 that this stress circle is not quite capable of
inducing re-shear. If the differential stress is slightly increased, re-shear will then
occur and the specimen will experience a minute amount of dilation.

Only for circle b, which is anchored to a,f, are the stress conditions well below
that required for re-shear. For re-shear to take place when the stress circle is tied to
o,f, the diameter must exceed that of circle b. Only for this condition will a modest
amount of dilation take place prior to re-shear.

It can be inferred that the stress circles a,b and c relate to the three main
groups of faults. Circle a relates to re-shear on a thrust, when the vertical stress is
equal to the least principal stress; circle b relates to a normal fault, when the
maximum principal stress is equal to the vertical stress; and circle c relates to
movement on a strike-slip fault, when the vertical stress is taken to be the intermediate
principal stress (which is here assumed to (o, + o^)/!).

Extending these experimental and theoretical concepts to field conditions, then
the conclusions indicated above are in agreement with the statement that significant
dilation of the country rock adjacent to an active fault can rarely be inferred from
seismic data. Even if we take the example of circle b, the conclusion that a small
amount of dilation will take place is compatible with the statement that such minor
dilation is likely to be restricted to the zone adjacent to the shear plane.

The arguments set out above are based on conditions lacking certain
dimensions. For example, the junction between zones II and III may be different from
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that represented in Fig. 5.2 and the failure envelopes may have slopes which are
different from those shown in Fig. 5.3. However, adjustment of these quantities is not
likely to result in a major change to the expressed conclusions.

Hence, these

conclusions, which also fit in with the statements made by others, do not appear to
augur well for the occurrence of dilation and earthquake induced seismic pumping.
However, there is an in-built tacit and limiting assumption to the preceding arguments,
namely that the orientation of the axis of maximum principal stress makes an angle
(0 ) with the existing plane of weakness, such that 0 = 45° - (|)/2 where, it will be
recalled, (}) is the angle of sliding friction. It is also a tacit assumption that the axis
of intermediate principal stress is contained within the plane of shear.

Provided the rock in question obeys the Navier-Coulomb failure criterion, this
relationship exists when the plane of weakness is initiated. However, it is a special
case if the stress conditions satisfy Eq. 5.1 (see below) when the plane of weakness
experiences re-shear. It is to be expected that, more usually, the conditions for Eq.
5.1 will not be satisfied. This is the general case, which will now be addressed.

5 . 3 .3 C o n d i t i o n s f o r r e - s h e a r o n a n e x i s t i n g f r a c t u r e

High angle reverse faults are structures which are not compatible with
Anderson’s classic theory for the inception of faults.

The expectation from the

Coulomb Failure Criteria is that in a stress field where a , > O2 > O3 faults will
develop at an angle 0=45°-O /2 where 4^ ranges from 20° to 40°, consequently 0 is
often 25° - 30° to the maximum principal compressive stress (c,), and within the
plane containing the intermediate principal compressive stress axis (O2). Therefore it
is reasonable to infer that it is not easy to initiate high angle reverse faults at or near
the Earth’s surface where stress trajectories are assumed to be sub-horizontal or sub
vertical. Thus, it is reasonable to surmise that high angle reverse faults are often the
result of reactivation of pre-existing structures. Situations where this is likely to occur
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are: (i) reactivation of normal faults when compression takes place; (ii) transpression
across a steeply inclined strike-slip fault, when the stress field becomes misaligned
with the fault system; and (iii) continuing reactivation of an initially thrust sense shear
zone, that steepens progressively as the wall rocks absorb some of the regional
shortening strain (Sibson er <3/^1988). The first of these situations is the most probable
in the Northern North Sea, where extension in the Mesozoic was followed by a phase
of compression/inversion in the Early Cenozoic.

In saturated crust with fluid pressure (P) failure will be governed by the
effective principal compressive stresses:
Oi= ( S i - P ) >02=

{S2-P)

>03= (S3-P)

Eq. 5.1
A Coulomb type failure criteria may now be used to approximate the frictional
shear strength of the existing fault:
x= C + H go'= C + |i^ (o„-P )

Eq. 5.2
where x is the shear stress and
cohesive strength of the fault, and

is the normal stress on the fault surface, C is the
is the rock’s coefficient of sliding friction where

p=tan O. If cohesion along the fault plane is zero, the frictional shear strength for an
existing fault will be approximated by Amonton’s Law failure criteria:

Eq. 5.3
By representing the conditions for fault reactivation on M ohr’s circle diagrams
(Fig. 5.4) the stresses required for reverse movement along a normal fault can be
assessed.

These conditions will be discussed later using the M ohr’s circle

constructions.

The seismic pumping model fell into disrepute in the 1980,s“because the
predicted dilation could not be found by seismologists, even though they looked for
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Fig. 5.4 Mohr's circle construction showing the conditions required for re-shear to
occur along an existing fault plane inclined at an angle 0,

oc
Fig. 5.5 Mohr,s circle construction showing that the conditions required to cause
re-shear (AB) on a pre-existing fault ( f ) inclined at an angle 6 exceeds the strength
of the whole rock (f), and therefore new fractures will develop in the rock in
preference. CD represents the maximum stress conditions attainable for the fault
before failure of the whole rock will occur.
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this particular feature. Archambeau and Price (1991) showed that seismic pumping
only occurs in specific conditions when Sj makes a high or very low angle with the
fault plane.

The reverse movement model discussed here meets the high angle

requirement.

The mechanical principles involved in the seismic pumping/valving mechanism
are understood, and are described in Fyfe et al (1978).

The quantifying of these

volume changes, though, presents a problem. Probably the simplest way of answering
the problem is to calibrate the model with reference to several natural events
(described above) for which data on fluid movement is available.

5.3.4 Stresses required to initiate reverse faulting

Initially we shall discuss the conditions required for re-shear to occur by
assuming a situation that is reasonable in nature. If we take the normal fault plane
as having an inclination (0 ) of 70° and an angle of sliding friction (({)) of 25°, which
is for convenience assumed constant for the whole fault plane. The value for the
angle of sliding friction, for the plane, is reasonable for rock units which have been
responding to stress fields that have been in existence for a long period (lO^a).
However, it is prudent to assume that the uniaxial strength of the rock units involved
will not be constant, but varies with depth, age and lithology (Table 5.1).

In assuming the values in Table 5.1 the effects of increased temperature have
tried to be accounted for. Although these values are Open to debate, they are thought
to be reasonably representative. However it will be shown, in the remainder of the
chapter, that these values are not critically important to the following analysis, and as
such they can be taken on trust.

Let us assume that at the moment of initiation of reverse movement along the
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D EPTH
(M)

UNIAXIAL STREN G TH
(M Pa)

1500

55.26

3000

8288

4500

110.51

6000

82.88

7500

55.26

9000

27.63

T able 5.1 Table showing the assumed variation of uniaxial strength of rock with depth
for the Northern North Sea. Twe. voULucas cxsecV
cke.pev\cLevs3r ow^HrVvje. fe.AoooA
î)VroO»-\.^'nc>“p V \^ o Ç +Vvq_ MorWvSâcA- ok eS crv b ecL iw CV\£x.pVejr 2 ..
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normal fault plane dipping at 70°, the axis of maximum principal compressive stress
(Oi) is acting horizontally. From the assumptions that we made, above, regarding the
physical properties of the rock and the orientation of the axis of compression, we can
easily infer either graphically or mathematically, the stresses which are required to
cause reverse motion on the fault plane. Fig. 5.5 shows that the minimum angle that
the axis of maximum principal compressive stress makes with the fault plane (0 ) is
70°. To determine the stresses that cause reverse movement on the fault graphically,
M ohr’s circle constructions are used (Appendix I).

We will assume, that for the

situation under consideration, the differential stress ([a, - o ^/2 ) has a value of 41.5
MPa. It can be inferred from the construction in Fig. 5.5 that the stress circle A-B
cannot be realised in nature. Firstly the value of the minimum principal compressive
stress, at point A, of -20.7 MPa greatly exceeds the tensile strength which is likely to
be exhibited by any rock which would be encountered naturally, within the zone of
crust which interests us. Secondly, it can be seen in Fig. 5.5 that the stress circle A-B
exceeds the failure envelope U -U ’ for unbroken rock.

Thus, even if the tensile

strength of the rock was not exceeded, thrust faults would develop, at an angle a to
the axis of maximum principal compressive stress. This would occur in preference
to reactivation along the already existing fault plane. Even the smaller stress circle
C-D has a sufficient differential stress to cause thrust fault development. Although
it appears that this is a special case, the diagrams in Appendix I show that, whatever
stress circle is chosen, when the differential stress is sufficiently large

to cause

reverse re-shear along the normal fault plane, the failure envelope for unbroken rock
is exceeded, and low angle thrust fault will therefore be initiated in preference.

The previous paragraph shows that for our initial assumptions it is impossible
to cause reverse reactivation of a normal fault. Thus it is necessary that we modify
our assumptions within certain limits, thereby ensuring that we do not assume
conditions which are impossible to be realised in nature. If, to modify our model, we
assume that the fault contains gouge which, has a significantly lower angle of sliding
friction, than the average value cited for a clean rock-to-rock contact, it is indeed
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possible to induce reverse motion on a normal fault model.

When gouge with a

significantly small O is present reverse movement will occur even when the axis of
compression is exactly horizontal, for differential stresses less than those for which
thrust faults developed preferentially in the earlier model. The manner in which the
maximum value of the angle of sliding friction for gouge (())g), that is compatible with
the stress conditions, that can give rise to reverse movement, when o, acts
horizontally, is indicated in Fig. 5.6. Such a graphical construction can be used to
show that the value of sliding friction of gouge ((j)g) required, for failure to occur as
reverse motion on a normal fault in preference to new thrust faults developing, must
be smaller than 15°. As can be seen in Table 5.2, this is not an impossibly low value
of <t>g. However it would not be prudent to assume that gouge, with the necessary
value of sliding friction, existed along the entire area of the fault plane, without
evidence from drill cores to substantiate the assumption.

As no evidence of fault

gouge occurring along the entire fault plane exists, it is necessary to, again, modify
our assumptions.

We suggest that it is reasonable to conclude that, with the

reasonable physical properties of rock which have been set out above, and with the
given dip of the faults, the initial assumption that a, acted horizontally at the time of
reverse re-shear is invalid for our model.

If we now consider a , to be inclined, we are faced with the problem of
determining the inclination of the axis of maximum principal compressive stress (a,)
that is compatible with reverse re-shear along the normal fault plane. This can, again,
be achieved using the M ohr’s circle graphical construction.

There are, of course,

several possible solutions to the problem. For ease of explanation we shall consider
a particular situation, that where the a, axis is perpendicular to the fault trend and
inclined at an angle of 12.5° to the horizontal, for the actual values of inclination of
the a , axis, which are pertinent to particular conditions the reader is referred to Table
5.3. The value, of 12.5°, chosen for the dip of the maximum principal stress axis is
approaching the smallest angle of dip that is compatible with reverse movement along
the normal fault plane.
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140
16°

a,

Fig. 5.6 Mohr's circle construction, showing how fault gouge along a fracture
plane reduces the magnitude of the stress required to cause re-shear along that
fracture.

Fig. 5.7 Mohr's circle construction showing the effective normal stress (a^) acting
on a fault plane (N). Also shown is the effective normal stress (0 ^') acting on the
fault plane after a stress drop of (Oj-Gg)
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O (deg)

M A T E R IA L
Sedimentary rocks
Sandstone/greywacke

27 - 38

Siltstone

43

Shale/mudstone

37

Limestone

>40

In fill materials
Calcite

20 - 27

Breccia

22 - 30

Rock aggregate

40

Shaly material

14-22

Clay

10 - 20

T able 5.2 Table of the angles of sliding friction for sedimentary rocks and materials
found infilling faults.
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D E PT H

<t>

0

Oz

Gg

1500

25

12.5

17.0

14.41

69.72

3000

25

12.5

27.2

23.06

111.56

4500

25

12.5

30.6

25.94

125.50

6000

25

12.5

27.2

23.06

111.56

7500

25

12.5

17.0

14.41

69.72

9000

25

12.5

10.2

8.65

41.83

1500

20

12.5

17.0

15.63

44.91

3000

20

12.5

27.2

25.01

71.86

4500

20

12.5

30.6

28.13

80.84

6000

20

12.5

27.2

25.01

71.86

7500

20

12.5

17.0

15.63

44.91

9000

20

12.5

10.2

9.38

26.95

Table 5.3 Table showing some of the conditions under which reshear along an existing
normal fault can occur (fault dips at 70°).
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To proceed with the analysis and development of the model it is necessary, at
this stage, to make some further assumptions. These new criteria involve the fluid
pressure distribution within the fault blocks adjacent to the fault, along which reverse
re-shear takes place. Equation 5.1 shows the influence that fluid pressure has on the
effective stress, from the equation it can be seen that the total effective stress is
reduced by the presence of a component of fluid pressure. It is for this reason that
fluid pressure effects must be accounted for in any fault reactivation model. It can
be inferred that compressive stress acting on a fault, at very slow strain rates, will
cause the fluid pressure, in the region affected by compression, to increase. Fluid
gradients will develop in the fault block as a result of the compression. This will
encourage fluids to migrate, so that the ratio (k) of fluid pressure (P) to the total
vertical stress (S J will not be constant throughout the fault blocks, which are adjacent
to the fault. In the upper layer of the fault block the rock is likely to be weak. The
value of X in this weak layer is not likely to exceed 0.5 (McKenzie et al, 1987). If
we define the upper layer of the fault block as being down to a depth of 1500 m we
can then assume that in the lower layers of the fault block that X increases by
increments of 0.1 for every 1500 m increase in depth, down to a depth of 7500 m.
Below 7500 m the value of X is assumed to increase by a smaller increment o f 0.05.
This smaller increment is introduced to avoid the analytical problems that would arise
if ? .= 1.0.

For the calculations which follow assumptions have been made concerning the
density of the overburden. The values used are based on the presumed lithologies of
the overburden and the depth of burial, and are shown in Table 5.4. Table 5.4 lists
the values of fluid pressure (P), total vertical stress ( o j , and effective vertical stress
( o / ) for the assumed values of X and the density of layers in the fault block.

Now we consider the situation when the axis of maximum principal stress is
inclined at an angle (a). When the axes of principal stress are inclined then it follows
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Oz
(M Pa)

P
(M Pa)

(M Pa)

0.5

34.0

17.00

17.00

2310

0.6

68.0

40.80

27.20

4500

2310

0.7

102.0

71.40

30.60

6000

2310

0.8

136.0

108.80

27.20

7500

2310

0.9

170.0

153.00

17.00

9000

2310

0.95

204.0

193.80

10.20

D epth
(m)

Density
(K g m ')

\

1500

2310

3000

Table 5.4 The variation of density, the ratio of fluid pressure to total vertical stress,
total vertical stress, fluid pressure and effective vertical stress with depth.
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that the vertical stress ( a j will act as a normal stress and must be compatible with the
stress equation:
o.

= - ^ - ( - Y ^ ) c o s 20

5.4
The above equation, however, has two unknowns, a , and o^, hence, to obtain an
analytical solution for the envisaged model, it is necessary to set up other equations,
which are compatible with the failure criteria already outlined.

Fig. 5.6 shows the situation for re-shear along a fault when the angle of sliding
friction ((j>), the inclination of the maximum principal stress to the fault plane (a) and
the vertical stress ( a j is known. Using the sine rule for congruent triangles the radius
of the stress circle ((a ,-a 3)/2 ) can be described in terms of the mean stress ((a ,+ 03 )72):

sin (180°-a-<|))

/

5.5

\
_ (0

2

sin(<|)+a)

2

sine))

1

-

0 3

)

sin<J)

sin(<|)+a)

5.6

5.7

The maximum principal stress is equal to the sum of the mean stress and the radius
of the stress circle:

5.8
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Substituting Equation 5.7:

5.9
By solving this equation a , can be given in terms Oÿ
S in *

2

,

sin(<t)+a)

5.10

5.11

(i_

sin<l)
'
sin(4>+a)

2

(1 ^
2

sin*
,
sin(<l)+a)

5.12

5.13

f sin(<|)+a) -sin4)^
^
sin(<I)+a)

[ sin(<l)+a) -sincj)
^
sin(<t)+a)

5.14

Oi (sin (<t>+a) -siiKj)) =o^ (sin {<J)+a) +sin()))
5.15
_
^

(sin(<|)+(x) +sin4>)
^ (sin((j)+a) -sin<j))

5.16

Equation 5.4 can now be solved by substituting the term for a , from Equation 5.16
into Equation 5.4. Table 5.5 gives a range of values of a , and
of a , ((), and o^. The values of

for different values

are dependent on the value of X for a given depth,

these are listed in Table 5.4.
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If the relationship for failure, from Price, 1966, is used:

5.17
then by allocating different values for (j) and the appropriate values for S^, from Table
5.1, the maximum principal stress, o,p, required to cause failure by the generation of
new thrust faults can be calculated. These values are listed in Table 5.5.

The values of a ,, cited in Table 5.5, are always less than the corresponding
magnitude of a,p for any depth.

It will also be noted that when the angle of

inclination of the axis of compression (o,) for a fault dipping at 70° is greater than
5° OiF is always greater than a ,. As these are the values of o, which will give rise
to reverse shear on an existing fault, we can conclude from the figures in Table 5.5
that, for all the depths cited the solutions are compatible with re-shear along the fault
when a , is inclined at an angle greater than 5° when gouge is not present.

It will be noted, from Table 5.5, that should the fault planes contain gouge
throughout their whole extent, the magnitude of stress, that is required to cause re
shear, is reduced, for an angle of dip of the axis compression of 12.5°. Similarly the
presence of gouge will allow re-shear along an existing fault at lower angles of incli
nation of the axis of compression.

In further assessing the model, the analysis will take into account the different
possible conditions that may be involved in causing re-shear along an existing fault,
illustrated by the values in Tables 5.5. To portray clearly the effects of the presence
of gouge on the fault plane, and the effects of inclining a ,, in each of the next
analyses the case when no gouge is present and a, is inclined at 12.5° will be dealt
with initially, followed by a discussion of the effects of changing the conditions of re
shear.

The problem of the probable stress-drop that arises when re-shear in the

reverse mode is accomplished will now be dealt with.
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D EPTH

<t>

G3

1500

25

14.41

69.72

90.66

3000

25

23.06

111.56

139.54

4500

25

25.94

125.50

174.22

6000

25

23.06

111.56

139.54

7500

25

14.41

69.72

90.66

9000

25

8.65

41.83

48.88

1500

20

15.63

44.91

87.04

3000

20

25.01

71.86

133.74

4500

20

28.13

80.84

167.70

6000

20

25.01

71.86

133.74

7500

20

15.63

44.91

87.04

9000

20

9.38

26.95

46.71

1500

15

16.22

32.78

82.72

3000

15

25.96

52.45

126.83

4500

15

29.20

59.01

159.92

6000

15

25.96

52.45

126.83

7500

15

16.22

32.78

82.72

9000

15

9.73

19.67

44.11

1500

10

16.58

25.50

78.71

3000

10

26.53

40.81

120.42

4500

10

29.85

45.91

152.71

6000

10

26.53

40.81

120.42

7500

10

16.58

25.50

78.71

9000

10

9.95

15.30

41.71

Gif

T able 5.5
Table showing the maximum principal stress required to cause the
development of new thrust faults for appropriate values of principal stresses ( 0 = 12.5°,
a = 115°).
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5.3.5 Stress Drop, Energetics and Volumetric Strain

It has been shown in sections 5.2.1 and 5.2.2 that when comparing data and
results which have been established in the laboratory with those that have been
determined from field data, the values of stress drop calculated from laboratory
experiments are normally several magnitudes greater than those that are derived from
the field. The reasons given for such a discrepancy are due to laboratory experiments
on the whole being restricted to "strong" dry rock experiments and not those
considering the effect of fluid saturation. It was also indicated that the strength of
some rocks is dependant on the size of rock that is considered. Furthermore the stress
drops that are determined from natural events are not directly observed but are
inferred values that are averages for the whole of the active fault zones studied.
Finally it is impossible to ascertain, with any accuracy, the exact types and variations
of rock strengths involved in any event or the magnitude and direction of the principal
stresses involved in any event.

However, earthquakes are observed to influence

changes in the crustal fluids behaviour in the region of an earthquake (e.g. Matsushiro,
Borah Peak, Hebgen Lake and Kern County).

5.3.5.1 Stress drop

It can be seen from Fig. 5.7, which represents conditions necessary for re-shear
at a depth of 4600, that the effective normal stress (o^) acting on the fault plane (point
N) is large (about 98 MPa).

When the fault begins to move, work is done to

overcome the very significant amount of frictional resistance and this generates
sufficient heat to cause water in the immediate vicinity of the fault plane to expand,
resulting in a build up of fluid pressure. Sibson (1975) calculated that even with the
maximum expected dilatancy within the rock mass, the fluid pressure could potentially
exceed 200 MPa. The actual fluid pressure which is attained is dependent on the
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stress regime in which it is generated, and the magnitude of the total stress acting
parallel to the fault trend, as will be shown later. The calculation of potential fluid
pressure assumes that the fault is sealed, and no fluid adjacent to the fault escapes.
However, even if fluid does escape, because the time interval at which fluid escape
is critical is small, the quantity of fluid that flows away from the fault is small. As
the volume of fluid adjacent to the fault plane is also relatively small, the small
amount of fluid that escapes, means the potential fluid pressure will not be reached.
There will, nevertheless, be a significant increase in the value o f fluid pressure.

If we assume that the stress-drop is such that a , is reduced until it equals the
value of the effective vertical stress, the new stress condition which remains
compatible with re-shear on the fault is represented by the stress circle in Fig. 5.7.
Even under this greatly reduced differential stress a significant normal stress

will

continue to act on the fault plane. Frictional work will, therefore, continue to be done
with a commensurate increase in the amount o f heat generated. A relatively high fluid
pressure therefore continues to be generated. From this argument it follows that the
stress-drop is likely to continue and the value o f Oj will reduce to a value smaller than
the original

value. To ensure a realistic model is developed we assume that the

stress-drop in the x-direction (i.e. perpendicular to the trend of the fault plane) is such
that, at all depths, the magnitude of o, decreases until it reaches the pre-shear value
of o^, as listed in Table 5.4.

If the change in strain, parallel to the fault plane, is taken as zero then by the
Poisson effect, the change in stress in the y-direction is given by (o, - a j/m , where
m is Poisson’s number (the reciprocal of Poisson’s ratio), to which the value of 3.0
is reasonably attributed.

After the stress drop, it is likely that the stresses in the x and y directions are
not greatly different from the values that existed when the extension phase operated.
At that time, it will be recalled, that the stress Oy parallel to the fault trend was
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particularly low, but the overall

and Oy were probably not greatly disparate in

magnitude.

The data in Table 5.6 are represented graphically in Fig. 5.8, in which the
tensile strength of the rock is represented by the vertical dashed line T - T ’. It will
be seen that at all levels above 6700 m, the potential value of Oj’ is such that it is
likely to induce failure of the rock mass. Adjacent to the fault

the least principal

stress, is aligned in the y-direction, hence any resulting hydraulic fractures will be
developed in the zx-plane (fracture set A in Fig. 5.9).

Another near-vertical

orthogonal set of fractures (set B in Fig. 5.9) may already have developed as the result
of very small changes of dip as the shoulders of the graben were formed in the
extension phase.

As the magnitude of the stress decreases away from the fault plane, and
because these fractures are related to the high fluid pressures generated by frictional
heating along the fault plane, the fracture pattern indicated in Fig 5.9 will be best
developed in, or even restricted to, the rocks reasonably close to the fault plane.

The stress-drop induced by re-shear can induce volume changes that can also
cause an increase in the magnitude of the fluid pressure. However, it is important that
the probable magnitude of the stress-drops along the length of the fault plane and
away from the fault are considered.

5.3.5.2 Geometry and Extent o f Rock Mass Affected by Stress-Drop

From the usual assumption that rocks behave as linear-elastic material, it
follows that the distance from the fault plane to which the effect of shear on the fault
can be detected is dependent on two parameters. The two controlling parameters are:
the differential stress required to cause shear along the fault, and the variation in
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D EPTH

y

d ir e c tio n

- Gz
(M Pa)

( g , - G z )/m

1500

52.72

17.57

3000

84.36

28.12

4500

94.90

31.63

6000

52.72

17.57

7500

84.36

28.12

9000

31.63

10.54

(m )

Table 5.6
12.5).

X d ir e c tio n
Gj

(M Pa)

The calculated stress drops in the x and y directions (for ()) = 25, and ©
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-20000
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Fig. 5.8 Graphical representation of the variation of stress with depth showing the
effects of fluid pressure with depth.

Fracture set B

Fracture set A

Fig. 5.9 Pattern of hydraulic fracture sets that develop during failure in the reverse
direction on a normal fault.
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displacement along the fault.

The first of these parameters, the differential stress, is directly proportional to
the distance to which the effects of shear are detectable. Table 5.5 illustrates the
manner in which the failure stresses vary with depth, for the model being discussed.
Hence, the geometry of the boundary of strain will have the general form of the a ,
curve in Fig. 5.8. Assuming that the failure criteria for the fault plane are uniform
throughout it’s area, the geometry of the strain boundary will be constant in shape, but
not magnitude, in the zx plane. However, fault planes are not infinite in extent, and
die out both laterally and vertically.

This leads to the second parameter, that of the variation in displacement on the
fault plane, that influences the distance to which shear along the fault plane affects the
surrounding rock mass.

In a simple, idealised fault, the displacement attains its

maximum expression in the central portion of the fault plane.

The displacement

decreases laterally in both directions, in a smooth fashion, until it reaches the limits
of the fault plane where it is zero. Fig 5.10 can be taken to illustrate either the finite
or the incremental displacement on a simple, idealised fault.

The diagram in Fig. 5.10 shows that a shear displacement U results in a lateral
displacement d which, in turn gives rise to a specific strain, e, where e = d/D.
Therefore any increase in the magnitude of the shear displacement U means there will
need to be an equivalent increase in the magnitude of D that is necessary to contain
the induced strain.

Hence, the boundary represented in Fig 5.10 is not constant

throughout the lateral extent of the fault.

It follows therefore, that the general envelope of strain induced by fault
movement is as indicated in Fig. 5.1 la, which shows a doubly truncated and inclined
ellipsoid with semi-axes A,B and C.

To facilitate calculations and to introduce

another safety factor into the analysis, it shall be assumed that the strained volume of
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PLAN

FAULT PLANE

SECTION

Fig. 5.10 Diagram showing the shear displacement (u) that results in a lateral
displacement (d) along a fault plane (F), and the distance (D) away from the fault that is
required to contain the induced strain.
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a

-—

X\

Fig. 5.11 (a) Doubly truncated and inclined ellipsoid with semi-axes A, B and C,
which represents the general envelope of strain that is induced by fault movement.
Fig. 5.11 (b) Strain ellipsoid with semi-axes a, b and c, for the strained volume of
rock that is defined in the analysis.
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rock has semi-axes a,b and c, as defined in Fig. 5.1 lb.

5.3,5.3 Volumetric Changes Associated with the Stress-drop

It has been established by rock tests that the volume changes in a test
specimen, subjected to compression until it fails, are not simple (Fyfe, Price and
Thompson, 1978). The stress-strain curves in the longitudinal and lateral directions
are indicated in Fig. 5.12. It will be seen that the stress-strain curve can be divided
into four zones. In zone I the stress/longitudinal-strain curve is concave upwards.
This concave shape is attributed to the closing of void and pore spaces. Throughout
zones II and III the stress/longitudinal-strain is linear, so one must turn to the lateral
strains to differentiate between these two zones.

It will be observed that the

stress/lateral-strain relationship is linear in zone II, but in zone III it is non-linear. In
zone IV the stress/longitudinal-strain relationship is once again non-linear, but in this
case is concave downwards.

From the lateral and longitudinal strains, one may readily calculate the volume
changes in the specimen throughout the test. In zones I and II the volume changes
(ÔV) in the specimen follow a similar pattern to that shown by the longitudinal strain:
i.e. there is a relatively rapid decrease in the volume of the specimen as the pores and
void spaces close. In zone II, the linear decrease in volume with increase in stress can
be attributed to the volume decrease of the constituent grains of the test specimen.

The rate of volume change decreases progressively in zone III until, at the zone
III-IV boundary, it becomes zero. Thereafter, in zone IV there is a rapid and dramatic
increase in the volume of the specimen until the specimen fails.

The ^p aren tly anomalous volume changes in zone III and IV are due to the
development of micro-flaws and cracks. The development of such cracks has been
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Fig. 5.12 Qualitative representation of the relationship between stress/strain and stress/volume for a dry cylindrical rock specimen at a confining
stress ( 0 3 ) and subject to a progressively increasing axial strain ( a i) until failure is induced (f). (ejat - lateral or circumferential strain; ejong ’
longitudinal or axial strain; (a%-03)[)%L differential stress on the onset of dilation (usually 1/2 that required by failure))(after Price 1989).
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substantiated by techniques which include listening to the micro-seismicity within a
specimen during testing, to determine the P-wave velocity of pulses transmitted
through the test specimen.

Shallow foci earthquakes, along some active faults, have been predicted on the
basis of the experimental conclusions described above, and the changes of P-wave
velocity recorded between stations in the field. It has been noticed that, over certain
periods, field stations, adjacent to active faults, have recorded significant variations
in P-wave velocity (Vp). The "normal" value of Vp, shown by AB, is established from
records obtained during "quiescent" periods of the fault. At time B there begins a
decrease in Vp which attains a minimum value at time C. Thereafter, there follows an
abrupt increase in the P-wave velocity until it attains the original "quiescent" value at
time D. The onset of fault movement is marked by the last stage, the rapid increase
in the P-wave velocity, with an associated shockwave. These field observations are
compatible with the experimental data. That is, it can be inferred that prior to failure
(in zones III and IV) cracks and fissures develop around the fault. Initially these are
devoid of fluid, the value of Vp decreases. As fluid percolates into the voids the Pwave velocity gradually increases. Fluid pressure increases until the failure criterion
is satisfied and fault movement occurs.

With the stress-drop there will be an accompanying expansion of the rock
material adjacent to the fault. However, in response to the closure of voids in the
rock material, following failure on the fault, the rock mass will contract. This con
traction is delayed, caused by the presence of fluid in the voids, which is ejected from
these spaces as rapidly as possible.

This is the basis of the seismic pumping

mechanism.
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53.5,4 Energetics

To obtain an estimate of the total energy (W) involved in our model seismic
event, it is necessary to calculate the average work done per unit volume (w) and
multiply this latter quantity by the volume of rock (V) affected by the event. For an
average stress drop (Od):

5.18
where e is the strain induced in the unit volume by the event. However,

5.19

^

where E is Young’s modulus for the rock. Hence,

5.20
If we take the total volume of rock (V) to be a triaxial ellipsoid with semi-axes
a,b and c, then:
TT-

4n , (a+jb+c)

\ 3

Table 5.6 shows that the average stress-drop in the x direction, in the fault
plane, is 68.5 MPa. Also, from Fig. 5.13, the average stress-drop for the ZX section
of the ellipse, when the stress-drop curve for one fault is considered, is 30% o f that
which occurs on the fault plane, if we consider an exponential decay from the fault;
or 25% for the power law relationship (i.e. the average stress-drop is 20.5 MPa or
17.1 MPa for the exponential or power law decay respectively). The assessed stressdrop associated with natural seismic events are in the range of 1 to 10 MPa, therefore
it would be most reasonable to use the stress-drop for the power law relationship, with
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DFig. 5.13 Graphs of the average stress drop for the ZX section of the strain ellipse for one fault; (a) exponential decay of stress drop away from
fault; (b) decay of stress drop away from fault for power law relationship.
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an average stress-drop of 17.1 MPa (i.e. 1.71 x 10* dynes cm'^).

If values are assumed for the Young’s modulus which are appropriate with the
depth intervals that have been used, it is possible to calculate the energy per unit
volume (w) consumed during reverse shear on faults at different levels in the crust,
using Equation 5.20.

(^-71x10°)^ =1 . 4 6 x l 0 ®e
2x2x10^^

r g s / cm ^

for a Young’s modulus of E = 2 x 10" dynes/cm^ (or 2 x 10^ MPa)

Table 5.7 lists the values of Young’s modulus which have been used in the
following equations. These value are based on the lithology of the various formations
at depth. Let us now estimate the volume by assuming that a = 2 kms, b = 4 kms and
c = 6 kms, so that the volume is given by:
V=1. 3 3 x 6 4 x l0 ^ ® c /n ^ = 2

. 7 x 1 0 ^ ^ cm^

By multiplying these two quantities, the total energy (W) is given by:
W=Vxw

5.22

Table 5.7 lists the values of the energy per unit volume, and the total energy for
particular depths and assuming the volume effected is 2.7 x 10^^ cm3. A proportion
o f this energy is utilised in overcoming frictional resistance to movement on the fault
plane and in doing work moving the fault blocks against gravity. Geophysicists allow
up to 90 per cent of the total energy to these two processes. However, the generation
of high fluid pressure as a result of frictional heating can greatly reduce the energy
required to overcome friction.

The relationship for the magnitude of the shock (M) associated with the energy
available for shock propagation (W’) was given by Holmes (1965) as:
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DEPTH
M

YOUNG’S MODULUS
MPaxlO^

w
ergs/cm’xlO^

W
ergs/cm^X10“

1500

2

13.9

3.75

3000

2

17.8

4.81

4500

2

22.5

6.08

6000

2

17.8

4.81

7500

2

13.9

3.75

2
0.68
2.5
I'able 5.7 Values oit the energy per unit volume (w) and the total energy (W) or
faulting for various depths.
9000
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L o g W ^ = k + g .M

5.23

where k = 5.8 and q = 2.4.

From the relationships just given the magnitude of the shock for the model
seismic event at given depths is:

5.24

^

If the values given above are substituted in to equation 5.24, the magnitude of
the event is:
M=

(21.3-5.8)

_5

2 .4

This estimated magnitude of earthquake is in reasonably good agreement with
the Matsushiro earthquake swarm discussed later in the chapter.

The Matsushiro

event’s slightly lower magnitude is in keeping with the fact that our model is dealing
with reverse faulting , while the Matsushiro earthquake was related to strike slip
motion.

5.3.5.S Fluid Over-pressures and Flow-rates

To make a reasonable estimate of the fluid over-pressures, which can develop
between two layers of rock, it is necessary to know i) the existing over-pressures
below the boundary of the two layers, ii) the probable dimensions of the channels
through which the fluids flow and, iii) the average rates of fluid flow in these
channels.
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Using the assumed values of X listed in Table 5.8 and the appropriate value for
the hydraulic head (P^) for a particular depth, where:

Pj,=p.g.z
(and where p is the density and g the gravitational constant), the ambient overpressure
can be simply calculated. These values are listed in Table 5.8.

It is now necessary to calculate the volume of water that must drain from the
layer in unit time. In a natural event the volume of fluid ejected from the system is
about 10^ m^. The model system is more energetic than the cited natural systems, so,
for convenience, let us assume that the volume of fluid that would be ejected in a year
is 3.65 X 10^ m^, so that the average volume ejected per day is 10^ mVday. It follows,
therefore, that the system ejects 1.2 mVsecond.

The volume of fluid that flows

through impervious rock will be negligible, so that the whole of this fluid rate is
accommodated through fractures.

The fractures which are most likely to be utilised as flow paths are those
represented as set A in Fig. 5.9. From field observations master joint fractures in
massive units are commonly spaced between 2 and 10 metres apart (Price pers
comm.). Let us take the average fracture separation to be 5m. It was noted in Fig.
5.8 that the fluid pressure was sufficient to cause hydraulic fractures (set A in Fig.
5.9).

After the formation of the fractures, the fluid pressure, in excess of the

magnitude of the least principal stress

is available to open the fracture. The strain

e induced by the excess fluid pressure (P’) is given by:

^ E

where, as before, E is Young’s modulus (2 x 10^ bars). From Fig. 5.8 we can infer
that the value of P ’ is about 100 bars, so that e = 0.5 x 10 \
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DEPTH
(m)

A

P
(MPa)

Ph
(MPa)

P-Ph
(MPa)

1500

0.5

17.00

14.7

2.3

3000

0.6

40.00

29.4

10.6

4500

0.7

71.40

44.1

27.3

6000

0.8

108.80

58.8

50.0

7500

0.9

153.00

73.5

79.5

9000

0.95

193.80

88.2

105.6

T able 5.8 The variation of fluid pressures (P), hydraulic head (P^) and overpressure (P-P^)
with depth.
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However e also equals d/D, where D is the average separation between
fractures (which is taken to be 5 m) and d is the openness of the fracture. Thus,
because e = 0.5 x 10'^ and D = 5000 mm, it follows that the average width of an
individual fracture is:
d = e X D = 0.5 X 10 ^ x 5000 = 2.5 mm
or, d = 2.5

X

10 ^ m

Let us assume that the fractures of set A extend for a distance along the trend
of the fault for 8 km, so that the total number of fractures will be about 1600. These
fractures were caused by the transient over-pressures generated by frictional heating
on the fault, so that they are unlikely to penetrate far into the fault block. Let us
assume that the fractures only extend for a distance of 100 m, normal to the trend of
the fault. Then, from these various figures, it follows that the fractures, in plan, have
an area A given by:
A = 1600 X 100 X 2.5 x 10 ^ m^
= 400 m^

It was noted that the rate of fluid ejection from layer A was 5.8 mVsecond.
If this volume of fluid is ejected through fractures with a total void area, in the
horizontal plane, of 400 m^, then the average flow rate of the fluid (Vf) through the
fractures is:
1.2m /sec
^
400m^

I0‘^cm/sec

By making further assumptions regarding the average geometry and dimensions
of individual fractures in set A, it is possible to calculate the viscous retardation of the
flow of the fluid through such fractures. For example, it can be shown that the fluid
over-pressure (?„) required to drive a fluid of viscosity (v) at a velocity (V) through
a fracture width (t) and length (1) is given by:
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p _ 8v.K./^
®

Va

If we use the velocity of 3 x 10'^ cm/sec, previously derived, a width of fracture (2t)
of 2 mm and a length of fracture of 5 km, coupled with the appropriate value for the
viscosity of the fluid, it transpires that this retardation is extremely small and
consequently does not significantly diminish the magnitudes of the over-pressures
listed in Table 5.8. However, it is unlikely that individual fractures reach from great
depths from the seismic zone. A more tortuous path must therefore be inferred, so a
greater proportion of the excess over-pressure is required to drive the fluid being
ejected. However the potential overpressures that may develop in the region of the
focus of the seismic event can be several tens of MPa.

5.3 CONCLUSION

The previous sections have shown that reshear in a reverse direction is possible
along steeply inclined faults in conditions that could prevail in the natural geological
environment.

It is true that several assumptions have had to be made, these

assumptions though are all considered to be realistic conditions in a geological setting
of inversion or compression. These assumptions are based on both knowledge of how
rocks react in controlled laboratory experiments and the relationship of this data to
that which is obtained in the field following natural seismic events.

To eliminate the argument that the values used in the model are biased, to fit
the model to the natural events, the calculations have been carried out on a variety of
different conditions. It is hoped that this would eliminate any chances of bias in the
argument by showing the conditions for both a model that fits the natural events, and
one that does not. It will therefore be seen that under certain circumstances a model
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can be found that fits the natural event, and so shows that seismic pumping is a
physically feasible mechanism for fluid expulsion.

This chapter has shown that reshear along a fault and seismic pumping are
mechanically possible. The final chapter will deal with the specific environment of
the Gryphon field and the relevance of these processes in the emplacement and
distribution of the reservoir sands.
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6 DISCUSSION ON THE GENESIS OF THE
GRYPHON FIELD

6.1 INTRODUCTION

This chapter aims to set out the model which the author has attributed to
explain the evidence that has been described in chapters 3 and 4.

Facts will be

highlighted which are crucial to the interpretation of a mechanism for the genesis of
the sandstone bodies.

This chapter will outline a mechanism for the emplacement of these large scale
clastic bodies.

Initially the characteristics will be cited of the sediments that are

observed in the Gryphon field of the Tertiary, North Sea. It will then describe several
field exposures of recognised clastic intrusions that have been visited by the author
or described by other authors.

The mechanisms will be described that could be

responsible for the genesis of the Gryphon Sands. Finally a model will be proposed
that will explain both the scale of the North Sea sand bodies and the unique features
which are seen associated with the sands.

6.2 CHARACTERISTICS OF THE GRYPHON FIELD

The large sand bodies which form the reservoirs for the Gryphon Field,
northern North Sea are a hitherto unreported phenomena from that region. The sand
bodies occur in the Uppermost Palaeocene - Lower Eocene sequence of the Beryl
Embayment, within the Balder Formation (Deegan and Scull 1977). The sand body
geometry, interpreted from 3-D seismic sections, is one of a laterally extensive source
bed with large wings (or dykes) of sand lying along fault planes (see Chapter 4). The
wings of sand are in the order of 100 m long (up dip along the fault) and 35-50 m
thick and have a lateral extent in the region of a few kilometres. The sands lying
along the fault planes are massive, clean, well sorted quartz arenites with sharp tops
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and bases. They occasionally contain clasts of clay material, which appear as shards
and broken blocks giving the impression that one is dealing with an explosive texture,
and steeply dipping clay laminae of unknown origin.

Small (centimetre) scale

sandstone dykes can be observed in several of the cores, occasionally with an
associated ’tracer’ dyke sub-parallel to the main intrusion.

The sands have an approximately mounded cross section both along their
length and their width. Where faults either cut the sand bodies from below or where
they appear to be originating from the vicinity of the sand body large masses of sands
are observed resting along the fault planes. The entire volume of sand is in the order
of lO^m^. There appears to be no obvious source for these sands, although several
possible provenances exist.

The surrounding tuffaceous clay stone generally appears relatively undisturbed,
showing parallel lamination between the tuffaceous and non tuffaceous layers.
However, nodules and concretions of calcareous material can be seen. The nodules
are commonly elliptical or lozenge shaped and appear to be concentrated to the less
tuffaceous horizons in the claystone. The nodules form the nuclei to the concretions.
The latter do not seem to have any pattern in their distribution.

It is these features outlined above which are not explained by the conventional
model, where shelf sediments have been redeposited as fan systems on the basin floor.
The mechanisms which it is suggested can explain these features and the emplacement
of the Gryphon Sands will be discussed later in the chapter, subsequent to reports on
analogue features recognised from the field and from published literature.
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6.3

POSSIBLE FIELD ANALOGUES TO THE GRYPHON RESERVOIR

SANDS

Deep water massive sands have been described by several authors as having
been generated by the fluidisation and injection of sediment into the overlying strata
caused by the cyclic stresses induced by ground shaking following earthquakes
(Anderton in press, Aspler and Donaldson 1986, Beaudoin and Fries 1982, Beaudoin
et al 1983, Beaudoin et al 1985, Beaudoin et al 1987, Parize and Beaudoin 1987,
Parize et al 1986, Hiscott 1979, Downie pers comm.).

Large scale failures of shallower water facies into deeper parts of sedimentary
basins which may provide analogues for the Gryphon field are common in a number
of settings:

In extensional basins where cusp-shaped splay faults cut into high part

of the footwall of major faults removing sediment cover to the footwall and on
occasions, footwall rocks.

In association with major deltas, particularly those located at or near the shelf
edge where large volumes of sediment may fail either in association with shelf edge
growth faults or simply as gravitational collapse structures (eg: Tertiary to present day
Gulf of Mexico, Carboniferous deltas in western Ireland, Cretaceous deltas in
Spitsbergen).

In compressional basins where emergent or near-emergent thrusts jack-up the
shelf break surface on the basin floor, creating regional scale mass emplacement
events which are characterised by olistostromes and/or exceptionally high volume
megaturbidites (eg: Hecho Group, southeast Spain (Mutti 1992)).
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6.3.1 Rosans, Alpes-de-Haute-Provence, S.E. France

The sedimentary sills in the Aptian-Albian sequence at Rosans were first
described by Beaudoin et al (1983).

The Aptian-Albian succession in the region

represents the infilling of a sedimentary basin. The basal beds are a thick, chaotic,
deep marine black shale and sand/marl sequence, which displays slumping on a scale
of tens of metres. This redeposited sequence passes into sandier clastic beds of metre
scale and then into a shale and marl sequence which is capped by a carbonate
platform deposit.

The outcrop of the sills extends for 600 m along a road cutting and the western
flank of the valley of I’Esclate (IGN 3239 ouest OR) (Fig. 6.1). The beds dip gently
to the west. The sandstones are a redeposited marine sand. The beds in outcrop
display both primary sedimentary structures and those caused by fluidisation and
injection. Figure 6.1 is of a section of the outcrop showing an in situ channel sand
and the sedimentary sills with their in situ source beds. The source beds are up to 4
m thick while most of the sills attain a maximum thickness of 1 m although they can
extend laterally for over 100 m. It is observed that the sills are of a transgressive
nature.

Two types of dyke are observed in this outcrop.

The first is the ’true’

neptunian dyke. This vertical sand filled structure can be seen to taper downwards
from its obvious source bed, and is indicative of the infilling of a fissure or mud crack
as the sand was initially deposited in the area. The second type of dyke is a sensu
stricto clastic intrusion.

The source bed can be seen, with the dyke extending

vertically upwards cross-cutting the overlying sand bed and abutting against the
channel sand above.

To the north-east of this outcrop several sandstone dykes cut through the shale
stratigraphy at angles between 40° and 60°. The largest of these intrusive sands can
be observed in outcrop as being 5 m wide and exposed to a height of 10 m in a road
cutting (Plate 6.1). This particular intrusion can be traced across the road, a distance
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Fig. 6.1

Schematic section across the sills at Rosans, South-east France, showing the relationship between the sands and surrounding sediment.

of approximately 20 m before it is obscured by vegetation. Adjacent to this large
intrusion are several narrower (approximately 10 cm wide) (Plate 6.2), although
vertically just as extensive sandstone dykes, one of which displays the ’tracer’ dyke
(Plate 6.3) feature observed in core from 9/18b-13.

In a setting such as this it can prove difficult to differentiate between those
sands which have undergone re-mobilisation due to fluidisation/liquefaction and those
which have been to a great extent unaffected. The classification scheme proposed by
Archer (1984) can be used to help separate injected and deposited sands. It must be
pointed out that sands which are clean and well sorted will rarely show any internal
structure whether injected or deposited. To differentiate these sands it is necessary
to examine the overall geometry of the beds concerned and look closely at those
features that are not characteristic of a conventionally deposited sediment. Chapter
4 shows how the overall geometry of the sands cannot be explained by a conventional
sedimentary model alone. The A sand in the south appears to be an off-shoot of the
thicker B sand; as it is followed north it can be seen to transgress downwards a short
distance and then amalgamate with the thin sand bed C these two beds then coalesce
with the thicker bed D above. If the sandstones are examined closely it can be seen
that those sands that are definitely injected show no internal structure, whereas the
sands which have been deposited conventionally show convoluted laminae and some
cross lamination.

6.3.2 Devons, Drôme, S.E. France

The examples of sandstone dykes from Devons have been described by
Beaudoin and Fries (1982) and Beaudoin et al (1985) (Fig. 6.2). On the northern
flank of the hill of Puy in the Jabron valley (IGN 3340 ouest OR) Aptian grey marls
outcrop in a section 120 m high and 500 m long. The marls are cross cut by a series
of thin injections. The injections comprise clastic dykes and calcareous veins. Both
types of injections cut the bedding at angles between 40° and 90°7 The sandy
injections range in thickness from a few centimetres to slightly over 0.5 m in
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Fig. 6.2 Field sketch of the clastic injection structures at Bevons, South-east France

thickness, and penetrate up to 50-60 m of visible section. It is unreasonable to assume
that as the only possible visible source of these sands lies above the marls that these
beds are the source. The scale of the injections tends to direct the origin of these
dykes as being below the marls but not exposed.

The model proposed by Beaudoin et al (1982), of the sand being injected down
an open network of cracks as the turbidite is deposited, has several fundamental flaws.
At the time of deposition of the sandstone beds overlying the marls the marls would
not have been lithified, therefore the existence of a fracture network in a cohesionless
material is hard to imagine. A fluidised (i.e. saturated) body of sand being deposited
in marine conditions, where its top surface was unconfined (except for the sea above
it), would release any excess pore pressures upwards in the direction of least pressure
gradient, not as has been suggested downwards into the sediment below.

The

association of veining with the clastic intrusions would lend credence to the sands
having been injected from below during a period of hydraulic fracturing possibly
following a seismic event.

6.3.3 Port Ban, Argyllshire, Scotland

The Dalradian of north-western Scotland show some giant clastic intrusions at
Port Ban (GR NR700740) (Fig. 6.3), these have been described by Anderton (in press)
and Downie (1989). Although there has been regional deformation and metamorphism
to greenschist facies of the Dalradian Super-Group, the rocks of interest in the
Ardrishaig Phyllites are resistant quartzites. The sequence has been rotated so that the
beds now lie almost vertical which allows easy examination of the cross section.

The outcrop exposes the source bed and the clastic injections, which comprise
both sills and dykes.

The source bed is approximately 5 m thick but shows

thickening, caused by re-mobilisation of sand, to 10 m locally (Fig. 6.3). The base
of the source bed is planar and is concordant with the beds below showing no cross
cutting features.

The top of the bed displays a wide range of structures associated
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Fig. 6.3 Sketches of the outcrop of the Crinan grits at Port Ban, Argyllshire, Scotland (modified from Anderton, in prep.).
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with liquefaction, such as sills, dykes and apophyses (Downie 1989) (Plate 6.4). The
section shows clastic dykes and sills extending to 25 m above the source bed. If
compaction is taken into account then this implies that these injected sand bodies were
at time of injection probably 50 m above the top of the source bed, some of the larger
intrusions would have been 1 m across and a conservative estimate of the volume of
sand injected would be of the order of 10 000 tonnes (Anderton). The method for the
emplacement of these intrusions has been given to be by liquefaction brought about
by the cyclic stresses associated with seismic shock.

6.3.4 Santa Cruz, California, U.S.A.

In a paper which came to the author’s notice towards the end of the research
Newsom (1903), describes a large "chimney shaped" intrusion in sediments on the
coast of California, near Santa Cruz (Fig. 6.4). The intrusion is a dyke composed of
soft, yellowish grey and brown sandstone. The dyke is exposed for 225 feet (70 m)
along the base of a sea cliff, which is about 50 feet (15 m) high. Shales at the top of
the cliff are cut by this "chinmey shaped mass" which attains a width of 40 feet (12
m). Irregular wavy bands, interpreted by Newsom as flow structure, are observed.
The line of contact between the sandstone and the shale is irregular.

The largest of several intrusions in the area described by Newsom (1903) has
an exposed width of 600 feet (183 m) along the sea cliff and extends a quarter of a
mile inland. It is composed of fine grained, yellowish brown and grey sand free from
bitumen. The sandstone is variably friable and cemented. The intrusion displays a
"peculiar" wavy banding with some of the thinner bands forming resistant ribs.

The article by Newsom (1903) describes a large number of clastic dykes, from
around the Santa Cruz area in U.S.A.. The publication is the earliest that the author
is familiar with, that describes clastic dikes as being intruded in to the overlying strata.
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Fig. 6.4 Large sandstone intrusion on the coast at Santa Cruz. Wavy banded structure in the vertical part of the
intrusion. Sea terraces are shown in the background. At the top of the sea cliff in the foreground the Pleistocene
gravels and sand rest unconformably upon the underlying diatomaceous shales (Newsom 1904).

6.3.5 Gulf of Mexico

The Gulf of Mexico was discussed as a possible analogue to the Gryphon
sands evolution by Elliott (1989):
" Massive shelf edge failures have been a common feature in the evolution of the
Gulf o f Mexico deltaic province (Fig. 6.5). In one example initiated in the Late
Pleistocene the failure scar covers 18 700 sq km and involved the removal of a 500
m thick sequence of shelf and upper slope sediments to a site at the base of the
continental slope (Coleman et al, 1983). Facies involved in the failure included a
considerable amount of coarse, sand grade deltaic sediments deposited in the
Pleistocene. These sediments are now present in the upper part of the Mississippi fan,
but are not known in detail.

The scale of the giant slump scar left by the Late

Pleistocene event is such that it acted as a small sub-basin in the deltaic province.
The fill of the scar involves rapidly prograding deltas characterised by relatively
steeply dipping delta front surfaces (6-8°) which appear as oblique clinoforms in
shallow, high resolution seismic data. These sediments often creep downslope or fail,
causing renewed episodes of mass transport, though on a smaller scale.

Slump sheets in a similar position and of similar scale have been mapped and
display low relief, mound like forms up to 70 m high which extend over 50-110 kms
in width and abruptly overlie the preceding flat sea-floor (Walker and Massingill,
1970).

These features have also been imaged on shallow, high resolution data from
the Gulf of Mexico (Nardin, 1987). The Rio Grande mass transport complex is a
composite unit more than 375 m thick in which individual slumps showing chaotic
to mounded reflection patterns are separated by thin discontinuous horizons of
sediment with more coherent reflectors.

The East Breaks mass transport unit is

interpreted as the result of a single large scale failure which is associated with a
crescent shaped failure scar which extends for 40 km along strike in the front o f the
associated delta. The preserved form of these slump deposits is strongly influenced
by diapirism on the basin floor.

Similar large scale failures are common on the sides of submarine canyons
of the Gulf of Mexico, involving cusp shaped failure scars and thick, mound like
masses of sediment opposite the failure scar. Similarly, in Wilmington canyon on the
mid Atlantic continental margin the walls of the canyon are frequently ornamented
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by large slump scars adjacent to which are lobe shaped aprons of debris covering 10
sq km (Farre et a i , 1983)."

6.3.6 Similarities between field analogues and the Gryphon Field

The field examples from Rosans, S.E. France and from Port Ban, Scotland
have very similar geometry to the sand bodies observed in the Gryphon Field. The
Rosans exposure shows laterally extensive massive sands deposited in a deep marine
environment with equally extensive sand sills originating from in situ sands. Both the
re-mobilised and conventionally deposited sands are structureless and can only be
separated by their geometry. The Port Ban outcrop displays detached and isolated
sand bodies with thin dykes and sills connected to the main sand body. The latter was
a conventionally deposited deep marine sediment. If sections are taken through these
two units to show what would be seen if a core was taken through the units then the
features are very similar to those seen in Gryphon Field sedimentological cores.
Although several of the features observed from these field examples bear a
resemblance to those that are interpreted for the Gryphon field from seismic data, and
observed in core, they are of a scale which is an order of magnitude smaller than the
Gryphon Field examples.

The Gulf of Mexico examples could be related to the original deposition o f the
Gryphon Sands. The geometry of the entire Gryphon sand body suggests that they
were deposited as mounds of sand although their original geometry is now disturbed.
Unfortunately there is no information on the detailed internal architecture of these
the
large scale failure masses, but^form and scale of these bodies is broadly compatible
with that of the stratigraphie unit which contains the Gryphon sandstone bodies. It is,
perhaps, significant that none of these examples display the free standing, steeply
dipping sand bodies of the type seen in the Gryphon Field. This may support the
suggestion that the sand-bodies are contained within large mass-transport units which
are broadly analogous to some of the shelf-edge failures referred to above.

The mechanism proposed by these authors for sand emplacement is acceptable
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for the scale of clastic intrusions encountered in field outcrop.

However, recent

exploration of Tertiary sediments in the North Sea has encountered sediments which
appear to be large scale clastic intrusions. These bodies are several kilometres in
lateral extent, and about one hundred metres long extending up dip along a fault plane
and tens of metres wide.

6.4 MECHANISMS RESPONSIBLE FOR THE GENESIS OF THE GRYPHON
SANDS

6.4.1 Controls on the initiation of large scale sediment failures at the shelf edge

The conditions which control large scale sediment failure have been discussed
by Elliott (1988) with reference to the Gryphon field:
"It is currently fashionable to relate major episodes of delta related sediment
failure to periods o f eustatic lowstand in sea level.

Exposure of the shelf during

lowstand causes deltas to be fixed at the shelf/slope break and results in
oversteepening o f the upper slope so that sediment is transferred via major failure
events to the deeper parts o f the basin. Since the lowstand, shelf edge deltas tend to
be relatively sand rich in the context of a given basin (the fluvial system having
migrated basinward by the lowstand event), this model is used as an exploration
strategy to predict sand dominated mass movement deposits in the deeper parts of
basins.

There are two complications to this:
i) high sediment supply triggered by hinterland characteristics and events can
override eustatic sea level fluctuations. Shelf edge deltas can therefore correspond
to periods o f high sediment supply rather than lowered sea level.
ii) the timing o f mass movement processes on a curve o f fluctuating sea level
can equally correspond with periods o f sea level rise when the shelf edge which was
previously richly supplied with sediment is effectively abandoned and therefore fails
repeatedly to generate a major slump deposit lower on the slope (Galloway, 1989).

A critical difference here is that in the lowstand model it is the sediment being
directly supplied by the lowstand delta which forms the source for the mass transport
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units, whereas in the transgressive model the source is determined by whatever
happens to be at the particular shelf edge location.

In view of these objections it would seem unwise to relate major mass
transport events in the study area to the eustatic sea level curve and to assume that
the mass transport deposits are likely to be sand prone."

However it is still apparent that large scale sediment failure will result in fan
complexes on the basin floor. Therefore in some cases it may be desirable to use
some of the terminology of Po samentier et al (1985) purely as a descriptive term of
the location of the fans. However, if as is the case in this study, the lowstand on the
eustatic sea level curve does match the timing of sand deposition in the fans it is
reasonable to assume that it could be one of the contributory factors for the Gryphon
Field. Although it is unclear whether this mechanism was responsible for depositing
the sands in the Balder formation, or whether it deposited sands earlier which were
later remobilised and intruded to a higher level.

6 .4 .2 M e c h a n ic s o f g e n e s is o f c l a s tic s a n d s ills a n d d y k e s

Mills (1983) summarised the differences between the two main processes of
sediment remobilisation as they had been identified and described in earlier literature:
"Liquefaction and fluidisation are related processes that account for some soft
sediment deformation features. One of the forces which results in these processes is
vertical gravitational compaction acting on metastable sands with excess pore pressure
and low cohesion. However the effect of this process would be small in the top 1500
m of sediment, and because dry sediments take on a degree of cohesion they would
not lose their structure very readily. Liquefaction and fluidisation represent the rapid
breakdown of the grain supported framework of under consolidated sands (Allen and
Banks, 1972). Liquefaction occurs when metastable, loosely packed grains are shaken
apart from one another by generated stress. The excess pore pressure establishes a
fluid supported matrix (Terzaghi, 1956; Seed, 1968). During liquefaction, there is a
net movement of sediment particles downward and pore fluid upward until grain stability and hydrostatic pressure are in equilibrium. Fluidisation occurs when there
is rapid dewatering. The upward rush of escaping water produces a fluid drag on the
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sediment particles equal to or greater than the downward gravitational force resulting
in a temporary state of equilibrium or upward movement of sediment particles (Selley
and Shearman, 1962). In liquefaction the fluid source generally is considered to be
within the sands body, whereas the source of fluids in fluidisation may be intraformational or from underlying sediments.

Both processes produce slurries, but

liquefaction occurs homogeneously throughout the bed, fluidisation is more brief and
local, with fluid movement restricted to vertical pipes or conduits (Brenchley and
Newall, 1977). The cause of spontaneous rapid water loss is attributed primarily to
cyclic, concentrated earthquake shocks, but may occur during rapid deposition of
overburden eg: slumping or by altered groundwater movement."

Hot fluids can cause an increase in the in situ pore fluid pressure as they are
heated.

This greater overpressure may cause hydraulic fracturing and aid sand

expulsion.

Sandstone intrusions have been described, from various localities, whose origin
is a result of ground shaking following earthquakes.

Following recent large

earthquakes increased groundwater movement has been recorded, probably as a result
of seismic pumping. It is argued that these large sand intrusions have been emplaced
by a mechanism involving fluid expulsion from depth, following an earthquake, to
cause liquefaction, re-mobilisation and injection of sediment through overlying strata.

6.5

MODEL FOR THE GENESIS OF THE GRYPHON SANDS, BALDER

FORMATION

At the beginning of this chapter the characteristics of the Gryphon field were
listed, which could not be accounted for from a simple sedimentological model, where
sands derived from the shelf and/or slope area, have been redeposited as fans on the
submarine basin floor. The reservoir sands of the Balder interval do not display any
erosive nature.

The encapsulating claystone and tuff is of a relatively constant

thickness across the whole of the field, with no section missing, indicating that none
or very little of the claystone was removed in the deposition of the Gryphon Sand
member. The Gryphon Sands show no primary sedimentary features, in the form of
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either grading or bedding and lamination. This could be because of the clean and well
sorted nature of the sands, which have presumably been derived from the shelf, where
sediments are reworked and winnowed removing most argillaceous and clay grade
material. However, clay laminae are observed in some of the sands inclined at very
steep angles and arranged in ’horsetail’ type features. This suggests that argillaceous
material was present in the sands.

A further problem with the sedimentological

redeposited submarine fan model is that there is no evidence for a provenance for the
sands. Feeder channels are not seen on the seismic (Fig. 6 .6 ) and there are no heavy
minerals to give a clue as to the sands origin. It has only been assumed that the
sediments are derived from the East Shetland Platform. Therefore a model needs to
be established which could answer some or all of the anomalies and questions listed
earlier.

The large sand bodies that have been described from the Gryphon field have
a similar geometry to the clastic intrusions that have been observed at outcrop.
However they are of a much larger scale, almost one order of magnitude bigger than
the field examples. It is therefore necessary to establish a mechanism that is energetic
enough to re-mobilise and inject the large volume of sand that is being considered in
the Gryphon field. One such mechanism is seismic pumping (Sibson et al 1975),
which involves the expulsion of fluid from around a fault following an earthquake.
The expulsion of fluid and clastic material has been recorded following several
earthquakes: Borah Peak, Idaho (Wood 1976, Whitehead 1976), Hebgen Lake,
Montana (Stermitz 1964, Swenson 1964, da Costa 1964, Marier 1964), Matsushiro
Earthquake swarm, Japan (Nur 1974) and Arvin-Techapi earthquake, Kern County
(Briggs and Troxell 1955). All these earthquakes were greater than magnitude M6.3
and normally in excess of magnitude M7 (Section 5.2). The amount of fluid outflow
varies from approximately lO^m^ for Matsushiro (Sibson et al 1975) to lO^-lOW for
Kern County.

Towards the end of Sele time the gradients of rivers supplying the shelf of the
East Shetland Platform increased, in turn increasing the volume of sediment that was
being supplied to the shelf. The large volumes of sand which were deposited on to
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the shelf, were well sorted by multiple reworking by currents on the shelf. Instability
was caused by the increase in sediment supply to the shelf edge and failure may have
been triggered by this instability caused by sheer volume of sediment or more likely
by ground shaking during seismic activity (Fig. 6.7). The resulting failure of the
sediments at the shelf edge supplied high density, sand laden turbidity currents which
ran down on to the basin floor.

As the energy of these turbidity currents waned

sediment was deposited up against the western flank of the Crawford Ridge in the
Beryl Embayment.

The deposition of these sand bodies was controlled by the

topography created by earlier sediment deposits, the latest sediment being deposited
in the topographic lows between earlier fan deposits (Fig. 6.7). Sand deposition was
rapid and energetic, and was followed by the more gentle and slower deposition of
claystones overlying the sands. The deposition of sands punctuated deposition of
volcanic air fall tuff deposits probably derived from the Thulean volcanic province
(Knox and Morton, 1988).

After burial the sands were re-mobilised as a result of seismic activity. The
fluids expelled following the earthquake would take the path of easiest pressure relief
which would normally be upwards along the fault. Fluid released in this fashion
would on encountering the high porosity sand migrate towards it. As this sand is
confined both above and below by the Balder Claystone, Balder Tuff and Sele
sediments, and was already saturated then the introduction o f a large amount of hot
fluid under pressure would overpressure the sand and create a liquified sand slurry.
Hydrothermal fluids being introduced into a sediment with in situ fluids will also
cause the temperature of these fluids to be increased. This provides an additional
mechanism for overpressuring the pore fluids in the sands.

When the hydrostatic

pressure exceeded the lithostatic pressure hydraulic fracturing would have occurred.
The fractures would occur at the margins of the uplifted laccolith of sand where the
lower part of the overlying unit is in tension, or alternatively, would take advantage
of any pre-existing weakness in the overburden eg: a fault (Fig. 6.7). This fracturing
would have resulted in some fragmentation of the overlying clay clasts of which
would be picked up and incorporated into the injected body of sand. This fracturing
would be taken advantage of, as would any pre-existing weakness in the surrounding
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rock eg: a fault. The overpressured sand slurry would then take this new route of
pressure relief. Sand would then be deposited along the fracture as the overpressure
dissipates. Thus the distribution of the sands which have been intruded along fault
planes is explained. Sands which have been injected along fractures that are the result
of doming of the overburden appear as marginal wings, whereas those sand dykes
which originate from the middle of a sand body are probably intruded along a pre
existing plane of weakness.

Some of the features of the injected sand would differ from the originally
deposited in situ sands. The injected sands would be expected to be cleaner with
fewer heavy minerals because the velocity of the fluid required to entrain these
particles is greater than that needed to transport sands.

If some clay material is

entrained in the expelled flow of sand slurry, then this may appear as clay laminae
representing flow structures in the intruded sand body.

However, owing to the

possibly clean, well sorted nature of the originally redeposited sediment a
differentiation cannot be made with any confidence. If the sands have been injected
then an overthickening of the sands on the margins of the main body and a trend
roughly related to the faults in the region would be expected. The injected sands
would have sharp tops and bases and be inclined at unusually steep angles for a
normally deposited sediment, and will be expected to be discordant with the bedding.
Some of these contacts may appear to be of a faulted nature as opposed to being
erosive. The fact that it appears that none or very little of the claystone succession
is absent from the Gryphon field area suggests that mass intrusion could have
emplaced the sands, as if it was intruded from below it would not be expected to
remove any of the encapsulating sediment as it would only be emplaced where space
has been created for the material. The convolutions in the smaller intrusions observed
in core (Chapter 3) suggest that these sands were re-mobilised prior to compaction of
the encapsulating claystones. As the claystones would have undergone the majority
of their compaction within the first 600 m of burial, from well data the re-mobilisation
probably occurred in about Upper Eocene to Lower Oligocene times.

From the involvement of fluids from a deep seated origin one can infer that
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there should be a reasonably large volume of mineralisation associated with the
mechanism. Several phases of cementation have been identified in the Balder interval
including a large amount of calcite nodule precipitation (Section 3.4).

The creation of a sand slurry would inevitably reduce the strength of the
sediment. Following the pressure reduction after expulsion of sands and fluids along
faults and fractures there would be some collapse of the overburden into the sediment
below. This would deform the sand and result in the development of localised shear
planes in the sand where there is a larger amount of argillaceous material.

The expelled hydrothermal fluid originating at depth would precipitate any
minerals that it was carrying as the pressure and temperature decreased. If such lai'ge
amounts of fluid are being expelled (10 V ) then a large volume of minerals would
be expected to be precipitated. If lO^m^ of fluid is expelled after a magnitude M7.7
earthquake (Kern County), if a geothermobaric gradient of 35°C km ' and 300 bar km '
is assumed and that the fluid originated from a depth of 10 km then water can
potentially dissolve lO'^g of quartz, with a drop in temperature to 100°C on ascent the
volume of quartz precipitated would be in excess of 95% of its dissolved weight. The
precipitation of silica and calcite cements within some of the intruded sands implies
that at least some mineralisation occurred after intrusion/re-mobilisation of the sand
bodies.

The presence of oil in the intruded/re-mobilised sands indicate that oil

migration occurred post-intrusion and post-cementation, for at least some phases of
mineralisation.

With most of the field examples there is no evidence of any hydrothermal
mineralisation. The deposits in the Gryphon field, however display a large number
of carbonate nodules, concretions and cements that appear to be of hydrothermal
origin. This fact in association with the scale of the sand bodies suggests that the
seismic pumping model for the re-mobilisation and injection of sands comprehensively
explains all the features observed.

The mechanism proposed by Price (1989), which was based on a limited data
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set and incomplete sedimentological evidence, is thought to be a possible model for
the Gryphon Field. Although the intrusion of sand is considered to be important in
the genesis of the Gryphon reservoir, there is no evidence of sand depletion from a
lower stratigraphie level, which would be expected if the entire volume of sand was
thought to be intruded. This could be as a result of the resolution of the seismic data,
which is relied upon to give an image of the subsurface geometry of the sand bodies.
The effect that depletion would have on the geometry of the source unit and overlying
strata would vary dependent on the scale of the source unit and volume of sand
intruded and/or transported. If the entire volume of sand (lO^m^) (Section 4.4) has
been injected and the effects of depletion are taken to be unresolvable on seismic i.e.
less than 10 m vertical relief then the area from which the sediments are to be derived
need only be lO^m^ (i.e. 10 km x 10 km). It is therefore not improbable that the entire
volume of sand is injected from beneath the Balder interval, as there are believed to
be laterally extensive sands in the underlying Sele formation.

However it is not possible to conclusively prove or disprove that the entire
volume of the Gryphon Sand has been intruded from a lower stratigraphie level,
because as in the case for the sedimentological model it is not possible to confirm a
source for the sands. It has been shown that a mechanism that involves deep seated
fluids and sand re-mobilisation is required to explain the large number of anomalous
features described in the text.

6.6 CONCLUSION

The origin of most of the recorded clastic intrusions described from field
outcrops can be adequately explained by already existing mechanisms, namely ground
shaking of saturated sediments during seismic activity. To explain the emplacement
of large scale features such as those seen in the Gryphon field it is necessary to
invoke a method that involves increasing the volume of fluid in the system and at the
same time explains the features associated with large scale clastic intrusions. The
seismic pumping mechanism gives a viable model for producing the volume of fluid
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that is required and also giving rise to the features that are seen in the intruded sands.
As well as enabling the large scale re-mobilisation of sand, the mechanism could also
assist in the migration of hydrocarbons.
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6.1

ROSANS, ALPES-DE-HAUTE-PROVENCE

Large clastic dyke (yellow) exposed in a road cutting.

Dyke cuts

through shale (grey) at a steep angle to the shales bedding (red line).
(Approx. 5m (wide) x 10m (high)).

6.2

ROSANS, ALPES-DE-HAUTE-PROVENCE

Sandstone dyke (D) intruded through in situ sandstone bed (S). Dyke
is now contorted owing to the effects of compaction.
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6.1

I
6.2

6.3

ROSANS, ALPES-DE-HAUTE-PROVENCE

Sandstone tracer dyke (mm scale) running sub-parallel to larger (cm
scale) dyke (Same locality as plate 6.2).

6.4

PORT BAN, ARGYLL

Quartzite dyke (D) intruded through a pelite ‘float*, connecting the
source body (S) with an overlying quartzite body ((J).
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6.3

6.4

Summary

1 SUMMARY
7.1 Conclusions

1. The geological features of the sediments that form the reservoir for the Gryphon
Field, 9/18b, U.K. North Sea, cannot be explained using simply a conventional
sedimentological model.

2.

The establishment of the depositionai environments o f the sediments o f the

Gryphon Field reservoir interval has been enabled by subdividing the sediments into
lithofacies units based on the scheme devised by Pickering et al. The environments
of deposition of the sediments has been determined as a basin floor fan complex.

3. A chronostratigraphic framework for the classification and correlation o f the rocks
in the Balder Formation identified in the wells from the Gryphon Field area does not
work conclusively and needs to be aided by use of other schemes of classification and
correlation.

4. Correlation of the sediments of the Balder Formation has only been possible, to
any accuracy, by use of all the available data from both seismic and well sources. A
multidisciplinary approach has therefore been essential to the establishment o f a
feasible model which explains all the features encountered in the Gryphon field.

5. The resolution of the 2-D seismic data gave a false impression of the geometry of
the sands which form the reservoir of the Gryphon Field making correlation o f the
sand units extremely difficult. The better resolution 3-D seismic data improved the
detail of the sub-surface image of the sands and enabled correlation o f the sands to
be carried out which agreed with the other data available.

6.

Caution is needed when trying to determine the depositionai environment of
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Summary

submarine fan complexes based solely on the scheme set out in Haq et aU because
large scale sediment failure on the shelf edge is not necessarily caused by a eustatic
sea level rise or fall.

7. Evidence from the sediments of the Balder Formation indicates that there has been
a large amount of hydrothermal activity which can be explained by seismic pumping.

8.

Re-shear in reverse direction on a steeply dipping pre-existing normal fault is

possible under certain conditions of stress magnitude and direction.

9. The seismic pumping and valving mechanisms can actively work under special
conditions of stress orientation and magnitude, and is responsible for fluid
transport/expulsion from depth, rapidly.

10. Conventionally deposited sediments, such as those encountered in the Gryphon
Field, can be severely modified by remobilisation after liquefaction and/or fluidisation,
which in some instances can be directly as a result o f fluids expelled by the seismic
pumping mechanism.

11. W hen examining field analogues for features seen in the sub-surface, they may
either be useful in determining mechanisms which resulted in the features seen or in
determining the distribution and architecture of the sub-surface features.

12.

The "wings" which have developed on the margins of the sand bodies are

controlled mainly by basement linked faults along which fluids could be transported
following dilation collapse at depth.
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A PP E N D IX I

MOHR’S CIRCLE DIAGRAMS FOR CONDITIONS FOR WHICH RESHEAR
ON A NORMAL FAULT WILL OCCUR AND WILL NOT OCCUR.
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