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Abstract

Old Red Sandstone deposition in North East Scotland occurred during Devonian times
within the Orcadian Basin, a northeast-southwest elongated structure. The basin formed in an
extensional tectonic regime that resulted from gravitational collapse of over thickened
Caledonian crust. A half graben topography resulted with the faulting largely controlled by

crustal heterogeneities inherited from the Caledonian period of mountain building.

The ORS around the Inner Moray Firth is a red bed sequence deposited on the
southern margin of the Orcadian Basin. The succession consists predominantly of braided
fluvial sandstones, siltstones and mudstones, with lesser amounts of aeolian sandstones,
evaporitic sabkha sandstones (only in the Upper ORS), and lacustrine mudstones and
limestones (Middle ORS only). Lithologically the sandstones are coarse to fine grained,

moderately to well sorted, and predominantly sublitharenite in composition.

The sandstones show the following diagenetic sequence: (1) Eodiagenesis: formation of
clay/Fe oxide rims and the dissolution of lithic fragments; (2) Mesodiagenesis: the precipitation
of a blocky, irregularly distributed, calcite cement; and (3) Telodiagenesis: a major dissolution
event following inversion during the late Carboniferous involving partial removal of the calcite
cement, feldspars (predominantly plagioclase), and lithic fragments (mainly sedimentary and

metamorphic) and an associated precipitation of kaolinite.

Intergranular macroporosity is most abundant with lesser amounts of intragranular and
microporosity. Porosity values are quite low (an average of 6% for both the Middle and the
Upper ORS) and permeabilities are also poor (an average of 17 and 51mD respectively).
Porosity reduction has occured mainly through cementation rather than compaction. The low
permeabilities are thought to be due to low pore interconnectivity because of the patchy nature
of the calcite cement, and to the presence of pore lining/filling kaolinite. Diagenesis has acted
to largely overprint the primary permeability characteristics of the different lithofacies
identified within the sandbodies. Some fractured samples however, had permeabilities of up to
1400mD similar to the situation in the Buchan Field ORS fluvial sandbody reservoir, where

fracturing is the major control on reservoir characteristics.

Reservoir heterogeneities occur on a variety of scales within the ORS and have a
marked effect. At the microscale diagenetic heterogeneitites have reduced porosity and
permeability to very low levels. Cross-bedding and other sedimentological structures exert
directional anisotropies on the permeability. Additionally, the Middle ORS is separated into
discrete segments from 10-100m thick by lateraily extensive lacustrine deposits, resulting in
there being virtually no vertical connectivity between sandbodies. The Upper ORS has a much
higher sandbody connectivity with only Loca £ ‘horizons of thin, discontinuovs fluvial

mudstones which are - §carce due to syndepositional erosion.
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Chapter 1
Introduction

1.1 Aims of the project

Following the discovery of oil in the Devonian Old Red Sandstone (ORS) of

the Buchan Field in the northern North Sea oil province there has.been speculation as
commerce{_ kydro aceecsmu Lo

to the possibility of finding further 5 elsewhere within the ORS. Since ORS

sedimentation occurred across the whole of the northern North Sea Province large

thicknesses of sand, and therefore potential reservoirs, may be present, albeit at great

depth, beneath Mesozoic and Tertiary cover.

The aim of this project is to study the ORS sediments exposed at outcrop
around the Inner Moray Firth as a possible model for similar sediments present off-
shore, and to describe and quantify their reservoir characteristics and heterogeneities.

The techniques employed in this study include:

1) An investigation of the diagenetic and burial history of the sediments from

the time of their deposition through to the present day;

2) An evaluation of the porosity and permeability characteristics of the
sandstones within the succession and how these characteristics relate to such features

as lithofacies, texture, compaction and cementation;

3) An assessment of sandbody geometry and connectivity, and the presence of

heterogeneities of different scales within the sediments and their effect on fluid flow.

The field area around the inner Moray Firth is bounded to the south and west
by the limit of the ORS outcrop; and extends as far north as Dornoch and as far east as
Nairn (Fig. 1.1). It includes the more marginal, fluvially dominated sediments rather

than the lacustrine dominated sequence found farther north in Caithness. This
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Fig. 1.1. Geological/location map of northeast Scotland. (I=Inverness, N=Nairn, D=Dornoch,
Bl=Black Isle, ER=Easter Ross, C=Caithness, GGF=Great Glen Fauli, HF =Helmsdale Fault, -
BF =Brough Fault, WBF =Walls Boundary Fault}.




study is mainly concerned with the Middle and Upper ORS. The Lower ORS has been
excluded because it has a limited geographical distribution and a very low ratio of
sandstone which makes it exceedingly unlikely that it will contain any suitable reservoir

rocks.

1.2 Geological history

Before any study can be undertaken into the reservoir characteristics of the Old
Red Sandstone, it is necessary to discuss the processes involved in the initiation,
development and sedimentary history of the Devonian Orcadian basin and its regional

tectonic setting.

The Orcadian Basin is a SW- .NE orientated structure (Fig. 1.2a). It has a
faulted western boundary, forming part of a more extensive genetically related series of
faults running from west of the Moray Firth in the south, to the Strathy Fault west of
the Orkneys, in the north. The southern margin is largely unconformable on the
Dalradian highlands. The Orcadian Basin is one of several Devonian basins that
formed across the northern North Sea from north Scotland to west Norway. These are
filled with a succession of continental red beds, which in the Orcadian Basin, are
predominantly fluvial sandstones and siltstones, with lesser amounts of aeolian

sandstones and lacustrine siltstones, mudstones and limestones.

1.2.i Initiation of the Orcadian Basin

The Devonian basins in northern Britain and northwestern Europe were
initiated immediately following the Caledonian Orogeny within the Caledonian
mountain chain itself. Two theories have been put forward to explain their origin (Fig.
1.2b,c). The first theory attributes their origin to sinistral megashear (Ziegler, 1982;
Bukovics et al, 1984), based on the presence of several faults which have been

interpreted as having had strike-slip movement (the Great Glen Fault, the Highland



Boundary Fault and the Walls Boundary Fault, in Scotland; the Mere-Trgndelag Fault

in Norway; and the Billefjgrden Fault in Spitzbergen). The second theory is an

ETIENSION OF TiaCaEnED )
crunt,

Fig. 1.2. Pre-rift configuration of the northeast Atlantic region showing a) Distribution of Devonian
sediments, b) Sinistral megashear hypothesis, and ¢} Extensional collapse hypothesis. (After Norton,

et al., 1987).

extensional collapse hypothesis (Dewey, 1982; McClay et al.,, 1986) which claims that
the basin formed as a result of extensional gravitational collapse of crust overthickened

by the Caledonian Orogeny.

The fault pattern identified in the Orcadian Basin is one of numerous arcuate
faults, dipping to the east. These faults define various sub-basins, bounded to the west
by a series of faults (western boundary fault system), which are similar in scale to those
found in the Lake Tanganyika region of the East African Rift (Rosendahl er al., 1986).
The oblique segments of these arcuate faults can be used to constrain the overall

extension direction as approximately northwest-southeast (Entield and Coward, 1987,



Norton et al.,, 1987) which is parallel to pre-existing Caledonian structures, but oblique
to that expected if sinistral shear was the main causal mechanism. In Shetland the
situation is more complex, although Beach (1985) is of the opinion that the Devonian
basal marginal fault here is an extensional detachment. Norton et al. (1987) have
found unequivocal sense of shear indicators on Foula that indicate extension in an
approximate east-west direction, that is parallel to the orientation of earlier Caledonian

compression.

The Norwiegan basins show a similar pattern of arcuate faults forming sub-
basins within a larger half graben structure, except that these faults dip to the west and
are fault bounded to the east, the exact opposite to that in Scotland. However, the
direction of extension again mimics that of the Caledonian structural grain which is
also opposite to that in Scotland. Additionally, the Norw egan faults are longer, have a
greater spacing and a greater displacement than those in Scotland (Norton et al,
1987). Three models have been suggested for basin development in Norway:
extensional half grabens (Hossack, 1984; Norton, 1986, 1987; Seranne & Seguret,
1987); transtension along strike-slip faults (Steel, 1976; Steel et al,, 1977; Steel &
Gloppen, 1980); and allochthonous basins emplaced by thrusting (Sturt, 1983; Torsvik
et al., 1986). The overall increase in size of the basins compared to those in Scotland
can be explained by the fact that the immediately post-Caledonian crust was thicker in

the Norway region than farther to the west (Norton et al., 1987).

Further, there are several general arguments against the dominance of strike-
slip related sedimentation in the Devonian:
eonuwsb-

1) Basins have developed in a very widespread area, A far removed from
any known strike-slip structures (eg. the Turriff basin in Scotland and the Rgragen
basin in Norway) (Norton et al., 1987).

2) There is a lack of clear sedimentary signature from Devonian strata near to

the major strike-slip faults (Rogers, 1987).



3) The consistency of implied extension directions at high angles to the strike-
slip faults (Norton et al., 1987).

4) The correlation between the area of greatest crustal thickening with the
largest extensional structures (Norton et al., 1987).

5) The presence of alkaline, calc-alkaline, and rhyolitic volcanics in Greenland,
and calc-alkaline volcanics in Scotland, which commonly form during the syn-rifting

phase of crustal extension.

From the above evidence a sequence of events leading up to the time of basin
initiation can be constructed. The closure of the lapetus ocean during the Caledonian
orogeny led to a thickened crustal welt in the Scottish region due to the overriding of
Lewisian basement slices and Moine and Dalradian metasediments over Lewisian
foreland. This thickening, which is greater to the east around Norway, was completed
by end-Silurian times (420 Ma) (Watson, 1984; Powell & Phillips, 1985). This crust

wovld then spread laterally given sufficient lateral density variation and topographic head
(England, 1982; Coney & Harms. 1984). Work by Glazner & Bartley (1985) suggests
that this collapse should take place 15-20 Ma after the initial thrusting, which is in

agreement with the general timing in the Caledonides (McClay et al., 1986).

Thus, pure shear in the lower crust would lead to overall thinning of the crust
to a more stable thickness of 30-40 km, with a surface expression of listric extensional
faulting and basin development. This faulting, although not as a result of direct
reactivation of Caledonian thrusts, was probably controlled by an overall Caledonian
anisotropy in the middle and upper crust (Norton et al., 1987). Despite the dominance
of extension, there were probably minor strike-slip mdvemcnts during the Devonian,

but these had no effect on basin formation (McClay et al., 1986; Rogers, 1987).



1.2.jj Dating the ORS

The Devonian ORS sediments have been subdivided into three units based on
lithostratigraphy and to a lesser extent, biostraigraphy, namely the Lower, Middle, and
Upper Old Red Sandstone (Fig. 1.3). It is important to point out that these
subdivisions are pot synonymous in any way with the chronostratigraphic divisions
Early, Middle, and Late Devonian. In fact Lower ORS deposition probably did not
begin until Emsian times (late Early Devonian) in most areas. Accurate dating of the
ORS succession is difficult because of the continental setting which means that there
are few fossils. Lower ORS deposits, which were classified as Middle ORS by early
workers, until Westoll's work of 1948 and 1951, have only fairly recently been
accurately dated using palynology (Richardson, 1967, Mykura & Owens, 1983).

Donovan (1978) also reports the finding of a single fish scale of Lower ORS age.
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Fig. 1.3. Chronostratigraphy of the Orcadian Basin. The Achanarras-and John O'Groats Horizons

are time markers representing widespread lake transgressions. (From Rogers et al., 1989).




The Middle ORS has proved very difficult to date with respect to the standard
Devonian succession (Rogers, 1987). The fish fauna found extensively in lacustrine
deposits, despite being useful for correlations, only give an approximate age of Middle
Devonian (Traquair, 1896, 1897), with more precise dates given by Westoll (1977)
and Mykura (1983) being unconfirmed. Palynological work by Richardson (1960,
1962, 1964) largely agrees with the fish biostratigraphy (Eifelian-Givetian). However
the palynological work of Marshall (in Rogers, 1987) suggests that the Middle ORS

may be slightly older, some of it being Lower Devonian (Emsian).

The Upper ORS succession in the south of the basin (SE of the Great Glen
Fault) is probably the best dated anywhere, using fish fauna. Correlations have been
made with the Devonian of Latvia, Estonia, Lithuania and NW Russia, the most recent
refinements being by Tarlo (1961), Miles (1968), Westoll (1977) and Mykura (1983).
Another accurately dated locality is on Hoy where Upper ORS sandstones overlie a
lava that has been dated at 379+10 Ma and 3668 Ma (Mid/Late Devonian) (Halliday
et al., 1977, Halliday, 1982). However, many other areas, especially in the main thesis
area, to the north of the Great Glen Fault, are only poorly constrained due to a lack of
fossil evidence. In general though Upper ORS ages are from mid Givetian to late

Frasnian.

1.2.iii Palaeogeographic evolution

Before the reservoir characteristics of the Old Red Sandstone can be discussed,
it is necessary to examine the sedimentary history of the Orcadian Basin throughout
Devonian times, in order to place the sediments within a proper stratigraphic context

and to get an idea of the relationship between the facies present.

Palacomagnetic data can be used to estimate a palacolatitude for the Orcadian
Basin. Tarling (1983, 1985) has suggested that its position at the base of the Devonian
was 20-22°S, moving to 15-16°S by the end of the Devonian, which would place it in

trade wind desert conditions. Palaeoenvironments can also be used as climatic



indicators. Typical Orcadian environments, ephemeral fluvial systems and playa lakes,
together with some calcretes (especially in the Upper ORS), indicate considerable
aridity. Rogers and Astin (1991) suggest heavy rainstorms with a frequency of a few

to tens of years, but with no seasonality, for Middle ORS playa lakes in Caithness.

The occurrence of deep permanent lakes across large areas of the basin,
possibly lasting up to 10,000 years (Rayner, 1963) indicate a change to a much wetter
climate (Donovan, 1980). Also the varved laminites which formed in these deep lakes
point to a strong seasonal influence (Rayner, 1963; Donovan 1980). This suggests a
semi-arid climate with a wet winter and dry summer. Recent work on palacobotany
(Gray, 198S5; Banks, 1987) suggests that there was a well developed terrestrial flora by
the Middle Devonian, and therefore the presence of aeolian dune deposits within the
Middle and Upper ORS advocates the notion of considerable aridity as opposed to a
simple lack of stabilising flora. Astin (pers. comm., 1991) suggests a surface

temperature of 15-20°C.

A: Lower ORS

Lower ORS environments have been described in some detail by numerous
workers (Armstrong, 1964, 1977; Donovan, 1978; Archer, 1978; Blackbourn,
1981a,b; Mykura, 1978, 1983; Mykura and Owens, 1983; O'Reilly, 1985; Parnell,
1985b; Richards, 1985c; Sweet, 1985) and a fairly detailed picture has been built up.
Lower ORS deposits have also been recognised in four boreholes offshore (Andrews et

al., 1990).

Deposition began with the onset of rifting during ?late Siegennian to Emsian
times, in narrow fault bounded basins, elongated N-S to NE-SW parallel to bounding
faults and separated by oblique fault zones, or transfer faults, with the basins fed by
locally sourced streams. Small alluvial fans formed along syndepositional marginal
faults, whilst within the basins evaporitic lakes developed containing carbonates and

organic rich mudstones. Fluvial systems were not fully developed, and sandstones are



found only as distal deposits on alluvial fans. The existence of some mature calcretes
around the Moray Firth (Donovan, 1982) shows that some of the basins underwent
long periods with no subsidence and deposition. Although the exact offshore locations
of Lower ORS basins are not known, it is possible that they coincide with the

depositional centres of Mesozoic basins (Norton et al., 1987).

Much debate has raged over the nature of the transition from the Lower to
Middle ORS. When Westoll (1948, 1951) first proposed the existence of the Lower
ORS within the basin he also speculated on the existence of a basin-wide Lower-
Middle ORS unconformity, which has indeed been recognised at several localities.
Armstrong (1964, 1977) used the presence of intensely deformed Lower ORS in Ross-
shire to indicate pre-Middle ORS compression, and hence an unconformity. Pyrolysis
data of Parnell (1985a) indicates a higher thermal maturity for the most intensely
deformed Lower ORS in Ross-shire, than for the adjacent Middle ORS, thus appearing

to support the idea of a compressional event.

There are, however, several factors that argue against the presence of an
unconformity. Firstly, at other localities thermal maturities for the Middle and Lower
ORS are similar (Parnell, 1985a; Hillier & Marshall, 1992). Also, at various places
throughout the Orcadian Basin Middle ORS rocks show high thermal maturities due to
the presence of granites within the basement. The deformation of the Lower ORS
could be attributed to syndepositional faulting during Middle ORS times. Rogers
(1987) has found that at all localities around the Inner Moray Firth, north of the Great
Glen Fault, where an unfaulted Lower-Middle ORS contact is exposed, it is
conformable. Additionally, there is no biostratigraphic evidence for a long time gap

between the Lower and Middle ORS.( Qoyn, '('37)

Although there is considerable doubt as to the presence of a regional
unconformity, there is undisputedly an increase in the proportion of coarse fluvial

sediments across the Lower-Middle ORS boundary, which could be related to tectonic

10



activity. Rogers (1987) proposes that the change in facies across the Lower-Middle
ORS boundary is due to a combination of increased extension and an increase in the
size of the fluvial systems. Rogers (1987) also argues that the Lower-Middle ORS
boundary is in fact diachronous, based on lithostratigraphic considerations. He states
that a thick Lower ORS sequence overlain by only very thin lower Middle ORS
deposits is at least partially contemporaneous with the base of a thicker Middle ORS

sequence further east.

B. Middle ORS

The beginning of Middle ORS times saw the onset of concurrent basin wide
deposition (Mykura & Evans, 1985). However, there was still considerable
syndepositional faulting, as shown by the presence of thick rudite deposits which
represent fault scarp alluvial fans (Stephenson, 1972, 1977, Mykura, 1982). These
alluvial fans varied in size from small fans of similar size to those in the Lower ORS (a
few km) (Mykura, 1982) to much larger ones, several tens of km or more in extent
(Rogers, 1987). Distally these fans deposited sheet flood and channel sands which
were intercalated with playa lake mudstones. This is illustrated in Fig. 1.4 which is a
more detailed stratigraphic column for the Middle and Upper ORS from the Easter

Ross coast, and Fig. 1.5 which is a palacogeographical reconstruction of the Middle

ORS.

Three major fluvial systems occurred in the Moray Firth region during Middle
ORS times (Rogers, 1987). One drained the Great Glen region and entered the basin
along the central axis of the half graben system. The other two originated in the
Central and Northern Highlands respectively, and entered the basin at the intersections
of normal and transfer faults, before joining the former axial system. Two other sites
of fluvial input into the basin existed along the south coast of the Moray Firth
(Mykura, 1976; Archer, 1978; Blackbourn, 1981c); there was no major fluvial input

into Caithness and Orkney during early Middle ORS times. The reasons

11
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Fig. 1.4. More detailed siratigraphy for the Easter Ross coast based on work by D.A. Rogers and J.
Marshall. Unit names are informal. Unit thicknesses are minimum values and the total thickness

may exceed 2000m. (D. Rogers, pers comm., 1992).
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for this are uncertain, but one possibility is the existence of a basement high along an

uptilted footwall block to the west of Orkney (Rogers, 1987).

Throughout the Middle ORS large permanent lakes had been forming every
few thousand years, centred around Caithness. Several of these lakes extended into
the Moray Firth area and by mid-Eifelian times the most extensive of these had formed,
covering almost all of the basin. This is the so called Achanarras lake highstand, which
is the best correlated horizon in the basin, based on fish fauna and lithostratigraphy.
Synsedimentary faulting was still occurring (Armstrong, 1977; Rogers, 1987), as is
shown by overlap and reworking of earlier Middle ORS deposits, and by the presence

of further alluvial fans. The axial drainage system was well established by this time.

By the end of the Middle ORS (early-mid Givetian times) the large lake had
been almost completely infilled, leaving the Moray Firth area as a large fluvial system
flowing northeast along the basin's axis being fed by smaller streams emanating from
the eastern and western margins of the basin. A slight upwards coarsening can be seen
as a result of increased uplift along the marginal faults and progradation of coarser,
more proximal sediment further into the basin (Rogers, 1987). It was at this time that
major fluvial systems entered the Orkney-Caithness region for the first time. Astin
(1985) has identified two river systems. One flowed northwest across Caithness and
into southern Orkney, while the other originated northwest of Orkney and flowed to
the south/southeast. These are tectonically controlled which caused parts of the
system to be abandoned allowing a large aeolian dune field to form (Astin, 1985).
Further dune fields formed around the inner Moray Firth, also due to channel

switching, again possibly tectonically controlled.

Offshore the Middle ORS has been identified in several boreholes (Andrews et
al., 1990). The succession resembles that seen onshore and in one borehole the spore

assemblages are very similar to those of the Lower Caithness Flags and the Achanarras

Limestone (Richardson, 1964).

13



As with the Lower-Middle ORS transition, the Middle-Upper transition is also
surrounded by controversy. Malcolmson (1859) was the first to suggest an
unconformity around the Moray Firth. Geikie (1878) used the existence of an
unconformity at the base of the Upper ORS in Orkney, and the fact that elsewhere in
Britain the Upper ORS unconformably overlays Lower ORS, to propose a basinwide
unconformity. The Geological Survey mapped the boundary as such even though in
many areas around the Moray Firth the boundary is not exposed (Black & MacKenzie,
1957).

The only place south of Caithness where the boundary is not conjectural is
along the Easter Ross coast. Many early workers (Sedgwick & Murchison, 1828;
Murchison, 1859a; Gordon & Joass, 1863) could all trace a conformable transition
there, despite the presence of several small faults, along one of which Armstrong
(1973) placed the bdundary. Some workers, however, still support the idea of a
regional unconformity (Westoll, 1977, Mykura, 1983; Trewin, 1985). Other evidence
against the regional unconformity, apart from a lack of outcrop and one conformable
transition, includes the lack of any biostratigraphic support for a significant time gap
and the use of onlap as an explanation for an absence of Middle ORS between Upper

ORS and basement rocks (Rogers, 1987).

C. Upper ORS

The base of the Upper ORS is distinctly coarser than the underlying Middle
ORS in many areas, despite the gradual coarsening upward trend seen towards the top
of the Middle ORS. In addition there is a sudden increase in the amount of reworked
Middle ORS sandstone fragments, suggesting a possible phase of increased tectonic
activity. However, the active fluvial systems at this time were essentially the same as
those in the Middle ORS, which suggests that the tectonic pattern was largely

unchanged (Rogers, 1987). The presence of an unconformity in Orkney can be simply
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explained as localised uplifting of a fault block, given the continuity of palacocurrent

directions in the Upper ORS of Orkney and Caithness (McAlpine, 1978).

uai Alluvial Plain Mountains

Alluvial System

0 50 km
————

Fig. 1.6. Palaeogeographic reconstruction for the Upper Old Red Sandstone (Givetian/Frasnian).

Aeolian dunes can occur anywhere on the alluvial plain; sabkhas occur distal 1o fluvial systems.

The only possible Upper ORS lacustrine sediments are found around Shetland.
Across the rest of the Moray Firth area there was a large alluvial plain with fluvial,
aeolian and siliciclastic sabkha environments (Figs. 1.4 and 1.6). Aeolian dune
deposits were present throughout the Upper ORS times (McAlpine, 1978; Astin, 1985;
Rogers, 1987). These would have formed between fluvial systems as well as distal to
them. The evaporitic siliciclastic sabkha deposits are a feature unique to the Upper
ORS and probably formed as a distal equivalent of the fluvial systems (Rogers, 1987).
They consist of flat bedded, fine to coarse sandstones which show pseudomorphs of -
calcite after halite and/or gypsum (Pamell, 1985b). The relative abundance of mature

calcretes in the Upper ORS around the Moray Firth (Peacock er al., 1968; Donovan,



1982; Parnell, 1985a,b) suggest that rates of subsidence and fault motion had slowed
down considerably from earlier times. Rogers (1987) suggests variable rates of

tectonism as the major control on lateral variations in the depositional environment.

Marshall et al. (1990) report the first findings of a marine influence in the
Orcadian basin in the form of two transgressive mudstone units of Frasnian (Late
Devonian) age which contain acritarchs and scolecodonts. Field investigations in
Orkney and Easter Ross apparently revealed a similar marine influence in slightly older
Givetian rocks. The marine transgressions probably originated in the arm of the

Devonian proto Tethys Ocean that existed in the North Sea at this time (Pennington,

1975).

Despite being found onshore all round the Moray Firth, and in Caithness and
Orkney, no Upper ORS sediments have been recognised offshore in the Inner Moray
Firth (Andrews et al., 1990), probably as a result of Carboniferous uplift and erosion
(see below). However, they are present in the outer Moray Firth, for example, in the
Buchan Field, where fining-up cycles of conglomerate, sandstone and siltstone have
been dated as Late Devonian-Early Carboniferous (Hill and Smith, 1979; Richards,
1985b)

D. Post ORS

Carboniferous age coal-bearing strata have been found in the Outer Moray
Firth Basin (Andrews et al, 1990) and the sandstones in the Buchan Field are of
Devonian-Carboniferous age. In fact, palynological dating in that region indicates a
Tournaisian age, while some microflora as young as Viséan have been found in the
Buchan Field (Hill and Smith, 1979) However, onshore and offshore around the inner
areas of the Moray Firth, the only Carboniferous age rocks are volcanic (Andrews et
al., 1990). This, together with the absence of Upper ORS sediments offshore in the

inner regions of the Moray Firth, indicates that there has been a period of either non-

deposition or erosion.
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Rogers et al. (1989, and references therein) summarise the evidence pertaining
to the timing of movements along the Great Glen fault system. They conclude that
there has been approximately 15-20 km of dextral displacement along the fault system
between the Frasnian cessation of Orcadian extension, and the onset of Permian rifting
in the Inner Moray Firth Basin. The orientation of compressive structures identified
within the Orcadian succession (Donovan et al., 1974; Rogers 1987) imply that these
fault motions were associated with basin inversion. Palacomagnetic readjustment of
the Middle ORS by meteoric waters in the Permo-Triassic (Robinson, 1985) is

consistent with this timing (Rogers et al., 1989).

Rogers et al. (1989) have estimated that the Upper ORS in Orkney was
probably only buried to a depth of 1 km, and used this to suggest that Orcadian
inversion occurred sometime in the mid-late Carboniferous, following late Devonian-
early Carboniferous deposition. Hillier and Marshall (1992) have used spore colour
and vitrinite reflectance to assess levels of organic maturation, and have estimated that
2-3 km of late Devonian/Carboniferous rocks are absent basin wide from the
succession. While this is a greater amount than suggested by Rogers et al. (1989) it
does provide strong evidence in support of the erosion theory.

Hall (1991) has reviewed the post Carboniferous history of the Orcadian Basin,
and the following summary is based on his review and on information from Andrews et
al. (1990). Following the Carboniferous inversion, there was deposition of a thin Late
Permian to Triassic sequence which ended with extensive calcrete development. This
was followed by deposition of a thin but continuous series of Jurassic rocks, with
evidence of contemporaneous fault movement near the top of the succession.
Reworked shallow water Jurassic corals suggest the presence of Jurassic deposits to
the west on the highlands. Cretaceous deposits are represented by abundant greensand
clasts in glacial drift from Grampian, and flint pebbles in Tertiary gravels attesting to

chalk cover over most of the Scottish highlands. The final phase of inversion was

during the Tertiary.
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Chapter 2
Sedimentology of the ORS

2:1 Introduction

A great deal of work has been carried out on the sedimentology of the ORS

over the years such that a3m¥ doal o? QNL(%:JM(Q can (e ?EMQA e Hlre g&\gr?,pgeé_
W;\iwi mmmm,.wze.g. Donovan et al,, 1976; Armstrong, 1977, Westoll, 1977; Mykura,
1976, 1982, 1983; Mykura & Owens, 1983; Astin, 1985; Rogers, 1987; Rogers &
Astin, 1991). The ORS exhibits facies and sedimentary structures typical of a variety

of environments: low-sinuosity braided fluvial; permanent and temporary lacustrine;

aeolian dune and interdune; and evaporitic siliciclastic sabkha.

Facies analysis is an important tool in aiding the description, correlation and
interpretation of depositional environments. Significant works in this field include
Allen (1970), Middleton (1973), Boothroyd & Nummedal (1978), Miall (1977, 1978,
1985) and Walker (1984). The work of Miall (1977, 1978) is of particular importance
because he introduced a code system that covered lithofacies descriptions for fluvial
environments (Table 2.1). Boothroyd & Nummedal (1978) added to this scheme by

including codes for aeolian dune cross-stratification.

In the first part of this chapter the lithofacies, as classified by Miall (1977,
1978) and Boothroyd & Nummedal (1978), that occur in the ORS are catalogued and
described. The lacustrine and sabkha deposits which are not covered by the lithofacies
coding scheme are also described. In the second part of the chapter the facies
associations and the depositional environments that they represent are described. The
Lower ORS is examined in much less detail than either the Middle or Upper ORS

because of the nature of its constituent facies which make it a very poor potential

reservoir.
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Facies

Code

Lithofacies

Sedimentary

Structures

Interpretation

Gm

St

Sp

Sr

i) Shu

Sh

ii) Shl

S1

Spe,She

massive, matrix
supported or crudely
bedded gravel

massive or crudely
bedded gravel

sand, fine to very
coarse, may be pebbly

sand, fine to very
coarse, may be pebbly
sand, very fine to
coarse
1) sand, very fine to
very coarse, may be
pebbly, silt
ii) sand, very fine to
coarse, silt

sand, fine

sand

sand, silt, mud

grading, horizontal
bedding

horizontal bedding,
imbrication

solitary or grouped
trough crossbeds

solitary or grouped
planar crossbeds

ripple marks of all
types
1) horizontal
lamination, parting or

streaming lineation

ii) horizontal
lamination
low angle laminations
(<10
analogous to Sp, Sh

fine lamination, very
small ripples

debris flow deposits

longitudinal bars, lag
deposits

dunes (lower flow
regime)

lingoid, transverse
bars, sand waves
(lower flow regime)

ripples (lower flow
regime)

i) upper flow regime

plane bed flow

ii) lower flow regime
plane bed flow;
suspension fallout

scour fills crevasse
splays, antidunes

aeolian dunes

overbank bartops or
waning flood deposits

Table 2.1. Lithofacies coding and interpretation. Adapted from Miall (1977, 1978) and Boothroyd &

Nummedal (1978)

2.2 Lithofacies description

2.2.i Massive/crudely bedded gravel (Gms, Gm)

Conglomerate bodies are common around the margins of the Orcadian Basin.
They are predominantly matrix supported and are massive to crudely bedded (Fig. 2.1).
Clast sizes range from 10cm to >1m (pebbles to boulders), with an average size of 15-

20 cm (cobble), while the matrix is a coarse to very coarse immature feldspathic

sandstone.
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bed origin (Shu). Characteristically it consists of small-scale asymmetric ripples (Fig.
2.7) with ripple lengths of between 4.5 and 15cm and ripple heights of 0.5-1cm.
Ripple index values of 8-13 are similar to the range of 6-10 given by Harms (1969) as
typical of current ripples. Theg ripples will have formed under lower flow regime

conditions in fine sediment (Allen, 1968; Miall, 1978).

The other ripples are more symmetrical with rounded crests (Fig. 2.8) and are
associated with lacustrine deposits. Ripple lengths are about 6cm and ripple heights
0.25cm, giving a ripple index value of 24. These are wave ripples which typically have
ripple index values above 25 (Harms, 1969). These form in standing water from waves

that are possibly wind generated (Rogers, 1987).
2.2.vi Horizontally laminated mudstone and siltstone (FI

The Fl lithofacies consists mainly of thin red mudstones, <50cm thick, with
minor amounts of siltstone (Fig. 2.9). The mudstones are mainly associated with
trough cross-bedded sandstones, capping some cosets, and with the Sl facies. These
laminated mudstones were probably deposited from suspension on floodplains from

overbank/unconfined flood events.

2.2.vii Aeolian deposits (Spe, She)

Aeolian deposits are dominated by buff, medium to coarse sandstones, showing
concave foresets (2-10cm thick) and tangential bottomsets (Spe) (Fig. 2.10). The sets
are thin (<2m), and normally isolated, although occasional thicker intervals with cosets -
between 12-15m thick do occur. Intercalated with the bottom-sets of the aeolian
cross-bedding are lesser amounts of horizontal to sub-horizontal laminae (She) (Fig.
2.11), composed of interbedded (on a scale of a few cm's) wind ripple laminae, grain

fall laminae and sand flow laminae.
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Parnell (1985) and Rogers (1987) both provide evidence for the former
presence of gypsum and halite nodules and horizons. Rogers (1987) has suggested
that these sabkha deposits formed on a flat, sandy, evaporitic plain with a water table
within 1-2m of the surface. The dominant processes in operation on these sabkhas is
growth of salt crusts - probably both gypsum and halite. Other features such as
adhesion ripples and desiccation of thin mud layers indicate that damp and even wet

conditions prevailed occasionally.

2.2.ix Lacustrine deposits

The lacustrine deposits can be separated into two different types. The most
abundant deposits are red, green and grey structureless mudstones (Fig. 2.14). These
range in Hidns; from a few cm's to over a metre and are interbedded with fluvial
sandstones. Less common, but locally abundant are grey, organic rich, varved,
carbonate-silt laminites (Fig. 2.15). The proportion of carbonate to teriginous clay in
the laminites is variable and the carbonate has frequently been remobilised during early
diagenesis into nodules or bedding parallel sheets. Some of these laminites contain

algal laminae and are brecciated as a result of desiccation.

Subordinate clastic facies are found associated with the carbonate silt laminites.
These include thick (<1m) grey massive mudstones; massive to flat laminated,
occasionally ripple cross-laminated fine sandstones and siltstones; and wave ripple

cross-laminated sandstones.

These lacustrine deposits represent different types of lake environment. The
first type originated from terrigenous muds which were deposited in temporary playa
lakes with water depths of a few metres and a duration of up to a few tens of years
(Rogers, 1987). The carbonate-clastic laminites formed in deeper permanent lakes
with little clastic input apart from along the margins, as evidenced by the subordinate

marginal clastic facies. Suggested depths for these lakes vary from 5 to 60m (Allen,
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1981a,b; Astin, 1985; Trewin, 1986), with a maximum suggested duration of about
10,000 years (Rayner, 1963; Trewin, 1985).

2.3 Depositional environments

Descriptions of the depositional environments present in the ORS are given
below for the Lower, Middle and Upper ORS. Most detail is given for the
environments seen around the Moray Firth, as this is the main thesis area. However,

comparisons will be made with other areas to highlight any significant differences.

2.3.i Lower ORS

This section is based on summaries of the work of Mykura (1983), Mykura &
Owens (1983), Rogers (1987) and on observations made durmg IhlBSludy The

Lower ORS consists of three intercalated depositional envuonmemg

1) Alluvial fan deposition as evidenced by lenticular matrix supported
conglomerates and breccias. The clasts are dominantly sub-angular to angular pebbles,
cobbles and boulders, derived locally from Moine or granite basement, set in a matrix

that can be either sandy or muddy.

2) Alluvial flood plain deposits forming distally to the alluvial fans which
deposited purple and grey, micaceous, medium to fine grained sandstones. These are
planar bedded (Sh) with frequent rippled bedding surfaces (Sr) and mudstone
intercalations (F1). Larger scale cross-bedding (St) as a result of channel formation,

with sets generally less than 50cm thick is rare.

3) Evaporating playa lakes which deposited grey and grey-green, organic rich

siltstones, mudstones and dolomicrites, which are flat or irregularly laminated.

The Lower ORS is dominated by fine grained sediments deposited in localised
basins, and as such there is much lateral variation in facies over relatively short

distances. The overall pattern is of alluvial fans passing distally into either flood plain
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deposits or lacustrine deposits, depending on local rates of subsidence and the amount

of fluvial input.

There are four depositional environments present in the Middle ORS around
the Moray Firth: alluvial fans, sandy fluvial, lacustrine and aeolian, each of which will
be discussed in turn.  Overall the fluvial deposits dominate with lacustrine
intercalations due to the  _southward expansion of lakes in the Caithness and Orkney

area as well as aeolian intercalationg.:)

Alluvial fan conglomerates and breccias are common around the margins of the
Orcadian Basin where they formed along active synsedimentary faults. The fans are
dominated by stream flow deposits with lesser amounts of debris flow deposits,
predominantly on the upper reaches of the fans. The alluvial fans intercalated distally
with the fluvial deposits below. The size of the fans varied from a few km up to
approximately 12km extent from fault scarps (Rogers, 1987) and compare with
modern analogues such as those in Death Valley, California, which normally extend for

not more than 20km from active fault scarps into the adjacent basin.

The sandy fluvial deposits can be divided into three categories (Rogers, 1987).
1) Medium to coarse intraformational conglomerate bearing sandstones. These are
dominated by trough cross-bedding (St) and upper flow regime plane bed horizontal
laminations (Shu) with minor amounts of planar cross-bedding (Sp) and ripple cross-
lamination (Sr). Thin mudstone intervals and convolute bedding are common. These

sediments were deposited in a braided fluvial environment.

2) Fine to medium grained sandstones dominated by upper flow regime plane
bed horizontal laminations (Shu) with subordinate low angle laminations (SI) and ripple

cross lamination (Sr). They occur in erosively based beds, <2m thick which can be
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isolated or stacked and intercalated with playa mudstones. These are the deposits of

unconfined sheet floods.

3) Fine to medium grained channel fill sandstones, dominated by upper flow
regime plane bed horizontal laminations (Shu) with subordinate trough cross-bedding
(St) and low angle laminations (Sl). These channels are erosively based, commonly
overlain by mudstone intraclast conglomerates; convolute bedding is also common.
The channels occur within the playa mudstones and sheet flood deposits, either

individually or erosively stacked.

The three categories of fluvial deposit represent a proximal to distal variation
from a fully developed braided river system to sheet flooding and incised channels

which formed on playa surfaces during flood events.

The most common lacustrine deposits are the playa mudstones intercalated
with fluvial sandstones and siltstones that formed in temporary lakes. These have a
higher proportion of clastic interbeds than the equivalent deposits further north
because they are nearer to the basin margin and fluvial input. The permanent lake
deposits are less common and are intercalated with fluvial and playa sandstones. They
consist of carbonate/siit laminites with subordinate grey mudstones and flat laminated
to ripple cross-laminated fine sandstones and siltstones resulting from fluvial input and

wave ripple cross-laminated sandstones that formed in shallow water.

The lacustrine deposits of Caithness and Orkney which are from nearer the
centre of the Orcadian Basin are quite different. In addition to having the
carbonate/silt laminites there are thick sequences of flagstones comprising thinly
bedded wave rippled or flat laminated, calcareous or dolomitic, fine sandstones and
siltstones, with thin mudstones. These flagstones will have formed in both permanent
and temporary lakes. There are also thick sequences (often tens of metres thick) of

sandstone which contain cross-bedding, flat laminations, current ripples, wind ripples,
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and convolute laminations. The sandstones are interbedded with thin mudstones.

These represent aeolian fluvial and marginal lacustrine deposits.

Aeolian deposits consist of cross-bedded dune sandstones (Spe) and
horizontally laminated grain fall and wind ripple laminae (She). The dunes were
probably compound barchanoid dunes - ridges transverse to the palacowind direction
with cuspate slip faces (Rogers, 1987). Dune sandstones within the Middle ORS are
separated by flat bedded interdune deposits of sand and mud which show wind ripple
flat lamination, granule rich horizons and dissipation structures (See Fig. 2.12). These

interdune deposits have a maximum thickness of at least 2m.

2.3.iii Upper ORS

The three main Upper ORS depositional environments are fluvial, acolian and
<é37.c

evaporitic sabkha.“ These have been grouped into four associations in Easter Ross:

aeolian; mixed sabkha and aeolian; fluvial; and mixed fluvial/sabkha (Rogers, 1987).

Elsewhere around the Moray Firth, only fluvial and aeolian environments have been

recognised (Armstrong, 1964, 1977; Peacock et al, 1968; Mykura, 1983).

The Tarbat Ness unit, the older of the two units comprising the Upper ORS, is
almost totally composed of fluvial deposits. Over 95% of this facies is composed of
medium to coarse, often pebbly sandstones. The most dominant lithofacies is trough
cross-bedding (St) with subsidiary planar cross-bedding (Sp), low angle and horizontal
laminations (S, Sh), and ripple cross-laminations (Sr). The majority of the succession
is composed of cycles 2 to 40m thick containing St passing up into Sh. Sometimes
erosion surfaces can be seen at the base of these cycles but usually neither the erosion
surfacc:; nor the cycles are easily recognised as a result of weathering and erosion.
Thin mudstones and siltstones representing overbank deposits and the final stages of
channel fills occur but are rare due to erosion by succeeding fluvial cycles as evidenced

by the fairly common occurrence of intraformational mud chip conglomerates.
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Upper ORS sediments. On a smaller more local scale, active syn-sedimentary faults
and avulsion resulted in abandonment of fluvial systems allowing the formation of
aeolian dune fields. A modern analogue can be seen in the Lake Eyre Basin, Central

Australia (Rust, 1981).

Overprinting the tectonism is a climatic control which is most noticeable in the
Middle ORS. Although the overall climate was arid, the presence of varved
permanent lake deposits suggests wetter (semi-arid) periods with marked seasonality.
The presence/absence of the playa lakes indicates more rapid fluctuations between
wetter and drier times within a generally arid climatic setting. In addition there is an
overall increase in aridity throughout the ORS, which can be linked to the northward

drift of the Devonian continent across the equator.

2.5 Summary

A wide spectrum of depositional environments exist within the ORS; aeolian,
fluvial, lacustrine and evaporitic sabkha. Braided fluvial deposits are the most
dominant, with lesser amounts of alluvial fan, aeolian, permanent and temporary
lacustrine (Lower and Middle ORS only) and sabkha (Upper ORS only) deposits. The

distribution of the different facies is controlled primarily by tectonism and climate.

A knowledge of the facies, the depositional environments and their distribution,
and details about the geometries and scale of the constituent lithofacies is essential
when assessing the quality of a potential reservoir rock. When used in combination
with diagenetic studies and poroperm characteristics it provides a means of subdividing

the reservoir into effective and non effective zones according to their fluid flow

properties.
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Chapter 3
Petrology and Diagenesis

3.1 Introduction

For the purposes of this study the Upper and Middle ORS have been largely
treated as one because of the many similarities between them. Examples from both
units will be used to illustrate the discussion, although any differences will be

highlighted.

Over seventy thin sections have been studied with a standard petrological
microscope.  In addition, twenty sections have also been examined under
cathodoluminescence; ten samples with a scanning electron microscope and eleven
(eight sandstones and three mudstones) by X-ray diffraction in order to determine

information about grain size, sorting, composition, packing, porosity and diagenesis.

3.2 Techniques used

3.2.i Petrographic techniques

Prior to sectioning, all samples were impregnated with a blue epoxy resin to
facilitate the recognition of porosity during petrographic examination. All thin sections
that were examined with a petrographic microscope were point counted (300
counts/section) to determine the mineralogical composition of the sample, the
proportions of cements and framework grains, and the amount of porosity present.
Also, the mean grain size and sorting for each section were obtained from grain

measurements.

Compaction estimates were made by randomly selecting 100 grains from each
section and counting the number of contacts for each grain and the proportions of the
different types of contact present. The terminology for contact types used is that

proposed by Taylor (1950): point; planar; concavo-convex; and sutured, which
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indicates increasing degrees of compaction. The amount of compaction that the
sandstones have undergone can be expressed in two ways. First is the compaction
index (CI), as suggested by Taylor (1950), and the second is the tight packing index
(TPI) introduced by Wilson and McBride (1988). Compaction index is simply the
average number of grains in contact with any other grain, while TPI is the average

number of planar, concavo-convex, and sutured contacts which any grain has.

Both CI and TPI are dependant on sorting and, to a lesser extent, grain size
(Harrell, 1981). For example, in a poorly sorted sand a large grain will have more
contacts than a smaller grain thus giving an abnormally high value for CI and, to a
lesser extent, TPI. As a result, only sands that were well sorted or better were used.
Although several workers have measured CI for uncompacted Holocene sands
(Harrell, 1983; Wilson and McBride, 1988; Atkins and McBride, unpublished data, in

McBride et al., 1990), the values obtained varied from 0.27 to 1.1.

Both CI and TPI increase with burial as a result of increases in the closeness of
packing with burial (Taylor, 1950; Moore, 1975; Wilson and McBride, 1988;.McBride
et al., 1990). The study by McBride et al. (1990) of the Palaeocene Carrizo
Sandstones from the Texas Gulf Coast suggests that maximum values of CI and TPI
were obtained at a depth of 3000m. This, however, is not typical of other examples
although they do all have different rates of compaction, which McBride et al. (1990)

attribute to differing thermal maturities of the sandstones studied.

Some sections were examined with a cold cathodoluminesence microscope to

obtain more information on the nature of the carbonate cement present.

3.2.ij SEM examination

Samples were selected for SEM examination so that a closer study could be
made of grain features and the relationships between grains and cements, and between

the various cements themselves. Samples were mounted on 10mm diameter stubs
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using a conductive silver paint. They were then gold coated to a thickness of

approximately 2um.

Two scanning electron microscopes were used: a Cambridge 600 in the School
of Engineering and Applied Science, University of Durham, and a Cambridge S240
from the Medical School, University of Newcastle Upon Tyne. Operating conditions
were 15Kv accelerating voltage at a vacuum pressure of 5 x 10-5 Torr. All the
photographs were taken on the latter microscope, using black and white film at

magnifications of up to 8500x.

3.2.iii X-ray diffraction

Eight sandstones and three mudstones were analysed semi-quantitatively for
their clay content using X-ray diffraction. The samples were coarsely crushed before
being powdered mechanically. Next Smg of powder were added to 100ml of distilled
water and left to settle for 30 minutes to separate out the bulk of the denser siliciclastic
material. Finally, glass slides were gently placed into the beakers which were then left
to desiccate so that the clay minerals settled out onto the slides in an orientated
fashion. For comparison some bulk sample slides were also made up by mixing a small
amount of the powder with acetone and then spreading on a glass slide and leaving to

dry.

The samples were run on a Philips 3kw PWI1130 X-ray generator
diffractometer assembly using a filament that produced cobalt radiation. The results
were plotted graphically to ease interpretation. All samples were glycolated for three
hours at 60°C and then re-run to give an estimate of the amount of mixed layer clays
present, before finally being heated to 500°C for one hour and run for a third time to

ascertain the amounts of chlorite present.
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3.3 Compositional analysis

For the purposes of point counting the framework grains were taken as mono-
crystalline quartz (Qm); feldspar (F); and total lithic fragments (Lt). This then enabled
their proportions to be plotted on ternary diagrams after the manner of Dott (1964)
and Dickinson and Suczek (1979). The feldspar is predominantly K-feldspar, which
suggests a granitic source rock, with lesser amounts of plagioclase and microcline.
Feldspars are rarely fresh, due to their instability, and show signs of dissolution and/or
replacement by calcite. Microcline is the least altered of the feldspars. The lithic
fragments consist of polycrystalline quartz fragments and chert (sedimentary and
metasedimentary); quartz/feldspar fragments (igneous); and ductile grains of

metamorphic origin and shale rip-up clasts.

Other grains present include biotite and muscovite mica (1-3%), but only in
fine-grained sandstones and mudstones, both clastic and carbonate. Micas (especially
muscovite) are frequently bent or broken. Both types of mica show signs of alteration
(see below). Also there are very rare trace amounts of heavy minerals, including rutile,
zircon and Mtourmaline. The paucity of heavy minerals could be a result of scarcity in
the source area or later dissolution. Although there is no direct evidence of the pre-
existence of other heavy minerals, their dissolution could provide material for the
clay/Fe-oxide rims observed; Pettijohn (1941) states that a dominance of rutile and
zircon could be due to them being more stable than the other heavy minerals. Also
Burley (1984) notes that chloritic clays such as those found in the ORS often form as a

result of the dissolution of ferromagnesian minerals.

The clay fraction has been studied by XRD. In every sandstone sample studied,
except one, kaolinite was the dominant clay present. The other clays identified, in
lesser amounts, are chlorite, interstratified chlorite-montmorillonite, illite and

muscovite (Fig. 3.1). The mud rocks yielded predominantly a mixture of illite and
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Fig. 3.1. Typical XRD trace of the clay fraction from ORS sandstones. Kaolinite (K) dominates the

assemblage with lesser amounts of chlorite (CH), illite (I} and muscovite (M).
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Fig. 3.2. Typical XRD trace of the clay fraction from an ORS mudstone. The assemblage is
dominated by u mixture of illite and muscovite (I+M) with lesser amounis of kaolinite (K) and

chlorite (CH).
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muscovite with lesser amounts of kaolinite, and chlorite (Fig. 3.2). This assemblage is
similar to those found by Burrolet et al, (1969) and Wilson (1971) in Middle ORS
rocks from Caithness and the Moray Firth which contained illite, chlorite, kaolinite

montmoriilonite and illite/smectite.

The illite, muscovite and chlorite are probably detrital (Wilson, 1971), while the
kaolinite and chlorite-montmorillonite are authigenic. Other mineral phases present in
the sandstones are all diagenetic and include calcite, haematite and pyrite. These, and

the clay minerals, will be discussed in more detail later in this chapter.

The average values for the framework grains are Qm,75%; F,6.5%; Lt,18.5%
for the Upper ORS and Qm, 67%; F, 8.7%; Lt,12.3% for the Middle ORS. As can be
seen from the ternary plots (Fig. 3.3) the majority of the points fall within the
sublitharenite field and there is no change in composition with varying lithofacies.
However, there is a slight increase in compositional maturity of the Upper ORS over
the Middle ORS, probably due to a certain amount of recycling of sediment which will

cause further removal of unstable feldspars and lithic fragments.

Quartz Quartz
100% 100%
B.
A.
M :" . Sublitharenite \ Sublitharenite
A 1Y
- - P ‘
. ® »/\ Lithic arenite
* - Ay~
Lithic arenite P 4 L .--
. *
. .
500/0 T T T T 500/0 500/0 T T T T 500/0
Feldspar Lithics Feldspar Lithics

Fig. 3.3. Compositional plot for ORS sandstones. a) Upper ORS; b) Middle ORS.




Continental block
provenance ‘

Recycled orogen
provenance

Fig. 3.4. Compositional plot overlaid with provenance fields of Dickinson and Suckzec, (1979). Om

= quartz grains; F = feldspar grains; Lt = lithic grains. a) Upper ORS; b) Middle ORS.

When the provenance fields of Dickinson and Suczek (1979) are overlaid on
the compositional plots, the data falls within -the recycled orogen field (Fig 3.4).
Shanmugam (1985) points out that dissolution of unstable framework grains (feldspar
and lithic fragments) causing a relative enrichment of quartz can lead to a
misinterpretation of the provenance. Also, Mack (1978) suggests that as much as 16%
of original feldspars are destroyed during the first 70km of transport. As a result of
this the ternary plots should be used with care. However, the recycled orogen field
indicated by Fig. 3.4 is still a fairly accurate assessment, as the source area was

Dalradian and Moinian metamorphic uplands of the Caledonian orogenic belt (see

Chapter 1).
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3.4 Grain si

The long axes of 100 randomly selected grains from each sample were
measured in order to calculate the mean grain size and sorting. The arithmetic mean
has been used for the grain size, while the sample standard deviation (in phi units) has
been used to obtain the sorting. Computational methods were employed instead of
graphic measures because they are far quicker to use. Although such methods are not
perfect (eg. McCammon, 1962b), graphical methods are not necessarily any better

(Folk, 1966). Folk (1966) states that:

"...each method has its advantages and its drawbacks, and each is

equally valid for comparing a suite of samples."

The grain size data havwbeen plotted on histograms because there is no need to
extract statistical information from the graphic presentation of the data and because
they visually portray the grain size spread adequately. The histograms (Fig. 3.5) show
a near normal distribution with only a slight negative skewness. The sands are very
clean (they contain virtually no terrigenous clays) and well sorted, with sorting
coefficients ranging from 0.39 (well sorted) to 0.73 (moderately sorted) with an
average of 0.54 (moderately well sorted). The mean grain size for the Upper ORS
(0.19mm) is slightly greater than that for the Middle ORS (0.14mm). This is due to
the fact that the Upper ORS deposits are of a more proximal nature, that is, they were
deposited by a higher energy system carrying coarser material (although not necessarily

physically closer to the source area).

This analysis was not carried out to help environmental interpretation, which is
well constrained from field evidence, but rather to aid in assessing the controls on the
poroperm characteristics which are discussed in more detail in Chapter 4. However, as
a matter of academic interest, some of the data have been plotted on arithmetic

probability paper, in the manner of Visher (1969), who carried out extensive work on
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the relationship between the depositional environment and the shape and make-up of
the cumulative curve in order to interpret the depositional environment of ancient
sandstones. Visher (1969) divided the plot into segments which correspond to the

processes of suspension, saltation, and traction (Fig. 3.6).

The fluvial environments of Visher (1969) are dominated by a well developed
suspension population and the absence of a traction population. As can be seen from
Fig. 3.7 all samples show a well developed saltation population with a suspension
population, while the traction population, although generally poorly developed is

dominant in some cases.

3.5 Diagenesis

Diagenesis is the chemical and physical changes that affect sediments following
deposition. These changes can occur anywhere from near surface to deep subsurface
environments. In a study of carbonate diagenesis Choquette and Pray (1970) divided
the diagenetic regime into three: (1) eogenetic - before effective burial in the
environment of deposition; (2) mesogenetic - at any depth of burial above the zone of
metamorphism; (3) telogenetic - during exposure following a period of burial. Schmidt
and McDonald (1979a) applied this terminology to sandstone diagenesis and the same
subdivisions have been used in this study (Fig. 3.8). Early changes include the
formation of calcretes and similar changes to those reported by Walker (1976) and
Walker et al. (1978) from recent desert sediments. The important changes as regards
the reservoir characteristics, are those which cause the destruction or creation of
porosity. These include compaction, dissolution of unstable grains and cements, and

the precipitation of calcite and kaolinite cements.

3.5.i Calcretes

Calcretes have been widely identified in Devonian sediments in Britain (Maufe,

1910; Burgess, 1961; Allen, 1965, 1973, 1974a,b; Leeder, 1976a). They occur
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Fig. 3.6. Segmented cumulative curve plotted on lognormal probability paper showing (a) the

suspension, (b) the saltation and (c) the traction populations (adapted from Visher, 1969).
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Fig. 3.7. Typical cumulative segmented curves of the Old Red Sandstone demonstrating a well

developed saltation population but poorly developed 5vspusion and traction populations.




EOGENETIC TELOGENETIC

Pre effective burial Post inversion
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Any depth of burial

Fig. 3.8. Diagenetic regimes of development of secondary sandstone porosity. Redrawn from

Schmidt & McDonald, (1979).

throughout the Orcadian Basin succession (although they are more common in the
Upper ORS), including around the Inner Moray Firth (Donovan, 1982; Parnell, 1983).
The calcretes occur both in-situ in mudstones and sandstones as well as being
reworked into channel deposits. They represent periods of non-deposition and

edogenesis (indicating increased tectonic stability).
peaog g y

Calcretes have been classified in a variety of ways. Firstly there is a
morphological classification which relates to stages of development of the calcrete
profile (Netterberg, 1980). This type of classification has been used by many workers
for both Quaternary and pre-Quaternary calcretes (Gile et al, 1966; Allen, 1974a,b;
Steel, 1974; Machette, 1975) with the classitication presented by Machette (1985)
being probably the most comprehensive (Table 3.1). In this classification six stages
have been recognised, representing a progressive increase in maturity, from thin grain

coatings to complex fabrics of laminae, commonly brecciated and recemented.

A
oy



Stage Detrital Diagnostic features CaCO, distribution Maximum
content CaCO,, content
1 High Thin discontinuous coatings on  Coatings sparse to Trace to 2%
pebbles, usually on undersides.  common.
Low Few filaments in soil or faint Filaments sparse to Trace to 4%
coatings on ped surfaces. common.
2 High Continuous, thin to thick Coatings common, 2-10%
coatings on tops and some carbonate in
undersides of pebbles. matrix.
Low Nodules, soft 5-40mm in Nodules common, 4-20%
diameter. generally non-
calcareous to slightly
calcareous.
3 High Massive accumulations Continuous in matrix 10-25%
between clasts, fully cemented  to form K (alpha)
in advanced forms fabric.
Low Mainly coalesced nodules, Continuous in matrix 20-60%
matrix is firmly to moderately 1o form K (alpha)
cemented. fabric.
4 Any Thin (<2mm) to thick (10mm)  Cemented, platy to >25%in high
laminae capping hard pan. tabular structure. detrital content.
0.5-1m thick >60 in low
detrital content
5 Any Thick laminae (>10mm) with  Indurated, dense, >50%in high
thin to thick pisoliths above. strong, platy to detrital content.
Laminated carbonate may coat  tabular. 1-2m thick >75 in low
fracture surfaces. detrital content
6 "~ Any Complex fabric of multiple Indurated, dense, >75% in all

generations of laminae,
brecciated and recemented,
pisolitic. Typically with
abundant peloids and pisoliths
in fractures.

thick, strong, tabular
structure. >2m thick

detrital contents.

Table 3.1. Classification of pedogenic calcretes . Redrawn from Machette (1985). High detrital

content refers to >50%; low is <20%. Non pedogenic carbonate must be ignored when assessing

CaCOg, distribution.

Secondly, calcretes can be classified according to their hydrological setting
(Carlisle, 1980, 1983). In addition to near surface conditions, calcretes can also form
within or just below the capillary fringe (Arakel & McConchie, 1982) or with or
without the influence of phreatophytic plants (Semeniuck & Meagher, 1981) at depths

of up to tens of metres below the surface.

Netterberg (1980) suggested a mineralogical division of carbonate duricrusts

based on their dolomite content. It would also be possible to devise classifications
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around 50mm seems reasonable (Goudie, 1973). At low precipitation rates gypcretes

and evaporites will form instead of calcretes (Goudie, 1983).

Apart from precipitation rate, the other important climatic factor is seasonality
(Arkley, in Reeves, 1970; Goudie, 1973; Semeniuck and Searle, 1985). Calcrete
formation is greatest when there is a mild wet winter followed by a hot dry summer. In
regions where the precipitation is concentrated in the hot season (ie. seasonally
peaked) the rainfall can exceed the rate of evapo-transpiration and leaching of the

carbonate will occur (Goudie, 1973).

The other important factor is sedimentation rate: the slower the sedimentation
rate the greater the chance of a calcrete developing. Williams & Polach (1971) and
Williams (1973) assembled radiocarbon datings on late Quaternary soils which show
that episodes of pedogenesis of the order of 100,000 years were required to form
calcrete profiles of stages 2/3 of Machette (1985) (Table 3.1) although this can vary
with climate (Wright and Tucker, 1991). Periods of non-deposition of similar duration
are likely to have been required during ORS times also. Rogers (1987) has suggested
that the greater occurrence of calcretes in the Upper ORS is due to a period of tectonic

quiescence and reduced rates of subsidence.

3.5.ii Eodiagenesis

Walker (1976) and Walker et al. (1978) have studied both recent and ancient
red beds and have identified a series of early authigenic changes that occur in arid
oxidising conditions. These are mechanical infiltration of clay, removal of framework
grains of feldspar and ferromagnesian silicates, and precipitation of authigenic phases
including quartz, haematite and calcite. These diagenetic alterations result in changes
to texture (eg. creation of dissolution voids and infiltration of interstitial clays) and

chemical composition (eg. removal by ground water of ions released by dissolution) of

the sediment.
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should weather to vermiculite under acid conditions and to vermiculite plus
montmorillonite under neutral and alkaline conditions. However, this transformation is
only rarely reported from red bed sequences (Turner, 1980). Walker (1949), Seddoh
and Pedro (1974) and Burley (1984) have all noted that biotite can oxidise almost

totally with little or no vermiculite forming despite substantial potassium loss.

Farmer et al. (1971) proposed three alternative mechanisms for the oxidation
of biotite not requiring the formation of vermiculite: a) by loss of interlayer cations, b)
by loss of hydroxyl protons, and c) by the loss of octahedral iron. Turner (1980)
summarises the evidence for and against all three methods and concludes that the third

is most likely. The loss of octahedral iron occurs as follows:
(Si3AlO,g)Fes2+(OH),K + /10, + Y2H50 ----- > (SizAlO, g)Fe,3+(OH),K + FeOOH

A problem with the above relationship is that oxidised biotites do not necessarily have
lower iron contents (Rimsaite, 1970) and that interlayer iron oxides have been shown
to exist (Farmer et al., 1971).

A possible solution to this problem is the development of an intermediate step
whereby iron is expelled through holes in the silicate sheet to an interlayer space. This
interlayer oxide is probably amorphous iron hydroxide or a crystalline phase of B-
FeOOH (Turner, 1980). There are two possible destinations for this interlayer iron
oxide. Either it can be expelled to form haloes around the biotite (Walker, 1967a,
1976; Walker et al., 1978; McBride, 1974) or it can remain in the interlayer space and
convert to haematite and replace the original biotite (Turner and Archer, 1977). It is
the interstitial conditions that dictate what actually happens to the iron oxide: alkaline
conditions will result in retention of the iron and acidic conditions will lead to
expulsion of the iron (Turner, 1980).

Biotite micas observed in ORS samples from this study are undergoing
psuedomorphous replacement by Fe oxide. This is visible in thin section as dark brown

opaque sheets of haematite parallel to the basal cleavage and results in partial to total






loss of pleochroism depending on the extent of the replacement (Fig. 3.16). This
therefore indicates alkaline conditions, consistent with the general climatic setting and

oxidising, alkaline nature of the early pore solutions.

In thin section muscovites are seen to be severely splayed, parallel to the basal
cleavage, towards the ends before passing into kaolinite (Fig. 3.17). This is a common
feature (Blanche and Whitaker, 1978; Bjorlykke et al., 1979; Burley, 1984) and occurs
as a result of cation loss, principally K, according to the following equation (Burley,
1984):

Ko Aly[SigAlO90](OH,F) ----------- > Aly[Si4O19](OH)g
Muscovite K, loss Kaolin

3.5.iii Compaction

Taylor (1950) and Moore (1975) both examined variations in grain packing,
that is types and numbers of grain contacts, during studies into burial compaction. In
an uncemented sand, initial grain rearrangement will cause an increase in point and
planar contacts. This will continue until the intergranular volume is reduced to 26%,
which represents rhombohedral packing, the tightest possible by grain rearrangement
alone (Graton and Fraser, 1935; Fiichtbauer, 1967). As compaction proceeds further,
grain interpenetration will commence. This will result in the formation of concavo-
convex and sutured contacts. Bell (1978) claims that in a well sorted sand, three or
more contacts per grain suggests that the porosity has been reduced by burnal

compaction.

In cemented sandstones, however, the story is different. Cements such as
quartz and calcite, if present in sufficient quantity, are strong enough to retard
compaction. Precise amounts required for this are uncertain (McBride ez al.,, 1990),
although Mack (1984) suggests that 5% by volume of quartz cement could be

sufficient (see also Chapter 4). If a cement was introduced in large volumes early on



before significant compactjon had occurred, it could result in an abnormally high
amount of point and planar contacts due to its inhibiting effect on grain

interpenetration.

+1
0 Floating/Point

2+3 b 4+>

Planar/Concavo-convex Sutred

Fig. 3.18. Triangular diagrams showing: a) the number of contacis per grain, and b) the type of

contacts present. Circles = Upper ORS; Squases = Middle ORS.

Once the data pertaining to compaction for the ORS samples had been obtained
(see Appendix 2), it was then plotted on ternary diagrams. Planar contacts dominate
with lesser amounts of concavo-convex and point contacts, while sutured and floating
contacts are negligible (Fig. 3.18b). The number of grain contacts falls between the
2+3 and the 4 and above poles on Fig. 3.18a, with the average number of contacts
being just over 3 (3.04 for the Upper ORS and 3.43 for the Middle ORS). These
relationships suggest that while a moderaté amount of compaction has occurred, only
grain rearrangement has occurred in significant quantities, with minimal grain
interpenetration. This is probably due to the early precipitation of a calcite cement (see

also Chapter 4).












Two of the major controls on calcite solubility are temperature and pH.
Solubility decreases with an increase in either temperature or pH but is more sensitive
to the latter (Blatt, 1979). Calcite precipitates at a pH of 7 and above, but the fact that
quartz grains have undergone dissolution and replacement along their margins suggests
that the pH might have been 9 or above (Fig 3.23). Another requirement is a low P,
which is linked to the pH, and a low Mg/Ca ratio. This ratio needs to be in the range
of about 1:1 to 1:10 for the precipitation of calcite, rather than dolomite, to occur.
The blocky anhedral morphology of the calcite described above requires a ratio below
1:2 (Folk and Land, 1975). The actual cut off will vary according to factors such as

salinity and temperature.
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Fig. 3.23. Relationship between pH and the solubilities for calcite, quariz, and amorphous silica.

(Redrawn from Blatt et al., 1980)

Biotite micas can be seen that have been split by the growth of calcite (Fig.
3.24). The micas may have been slightly split initially by early compaction which

created new mineral taces. These faces then absorb hydrogen creating strongly
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generation from Tissoty(1974) it is obvious that algal and mixed source rocks are
incapable of producing sufficient CO, and that only humic source rocks might be able
to do so (Giles and Marshall, 1986). The Middle ORS source rocks are lacustrine
laminites that are composed of organic/carbonate/clastic triplets (Trewin,1986) with
the organic content dominated by mixed and algal derived material (Marshall et al,

1985) and as such decarboxylation of organic matter is untenable.

With regard to organic acid anions, Carothers and Kharaka (1978) showed that
they can be present in oil-field waters throughout the temperature range 80 to 200°C,
with their peak concentrations between 80 and 100°C. They also proposed that these
anions control alkalinity. Surdam et al. (1989) describe the organic diagenetic
reactions that lead to the formation of the carboxylic acid anions and their affect on
mineral stability. Hillier and Marshall (1992) show that palacotemperatures resulting
from burial around the Moray Firth are in the region of 100-120°C, and therefore the

rocks studied will have passed through the zone of peak concentrations of acid anions.

However, Lundegard et al. (1984) and Giles and Marshall (1986) have their
doubts about this method also. In particular, Giles and Marshall (1986) again cite the
problem of source rock mineralogy, as for the method involving the production of

CO,.

This leaves meteoric flushing as the most likely cause of calcite dissolution in
the samples studied. The waters must have a high CO, content and be undersaturated
with respect to calcite. Meteoric water is unlikely to be able to cause dissolution at
depth because a) it will reach equilibrium with reactive minerals early on; and b) higher
temperatures at depth will cause faster reaction rates therefore leading to faster
attainment of water/rock equilibrium (Giles and Marshall, 1986). The problem of the
large volumes of water required for this dissolution is overcome by the length of time
that these rocks have been at the surface. Since inversion during the late

Carboniferous the rocks have been at or near the surface until the present day. Astin















thus allowing the precipitation of kaolinite. This would explain the commonly

observed occurrence of kaolinite adjacent to corroded calcite.

3.6 Summary

During burial, first compaction and then cementation have affected the
sediments. Early diagenetic éhanges are similar to those of modern arid environments
followed by the precipitation of a pore filling calcite cement which inhibited further
compaction during mesodiagenesis. The calcite has also corroded and replaced detrital
grains. Following inversion, meteoric waters flushed the rocks causing dissolution of
the calcite and unstable grains such as feldspars which led to the precipitation of

kaolinite. This diagenetic sequence of events is summarised in Fig. 3.33.

Post deposition | POS! %32?22:;”“5

Mineral paragenesis

Clay/iron oxide rims ===

Quartz overgrowths £ = = =

Calcite cement e

Pyrite _—

Plagioclase/Lithic L o o= e e oo

fragment dissolution

Calcite dissolution e = - = =

Kaolinite cement s - o
Diagenetic processes

Compaction ———— o o = = o

Early hydration ———

Fig. 3.33. Summary of the diagenetic sequence of the Old Red Sandstone around the Moray Firth.

With regard to the timing of the formation/destruction of porosity, early
compaction resulted in porosity losses that would have outweighed any gains due to
dissolution during eodiagenesis. The major period of porosity loss however, was
during mesodiagenesis with the precipitation of the calcite cement which occluded a

large proportion of the porosity. It was only after uplift and telodiagenetic changes
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that there was an increase in porosity following dissolution of the calcite and other
unstable grains. The major period of hydrocarbon generation was probably during late
mesodiagenesis after deposition of the Upper ORS. However, significant migration of
the hydrocarbons would have been inhibited by the low porosity and permeability of
the sandstones until the formation of secondary porosity and faulting during late
Carboniferous and Permian times (Marshall, et al., 1985; Parnell, 1985; Trewin, 1985).

This sequence of events closely resembles the situation in the Buchan field
sandstones (Upper Devonian/?Lower Carboniferous) from the Outer Moray Firth
except that these rocks have undergone deeper, more prolonged burial. As a result
late stage calcite and dolomite cements formed with illite forming after kaolinite and
smectite (Benzagouta, 1991). Unfortunately, Benzagouta (1991) has paid scant

attention to the causes/timing of the calcite dissolution that he recognises.
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Chapter 4
Poroperm Characteristics

4.1 Introduction
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study of, porosinyW;nd permeability has increased dramatically over the past two
decades, due mainly to oil company interést in more efficient reservoir modelling and
extraction. Some of the more important studies include Pittman (1979), Schmidt and
McDonald (1979a,b), Shanmugan (1984) and Kaiser (1984). Schmidt and McDonald
(1979a) and Shanmugan (1983) proposed porosity classifications based on the physical
and genetic characteristics of pore geometry. Studies like these have recognised many
factors which usually result in the partial or total destruction of porosity. For example
depositional porosities can range from 17% to 56%, while permeabilities have values in
the regioﬁ of several darcies (Pryor, 1973). However in the ORS samples
analysed in this study, porosities range from 0 to 14%, and permeabilities from 0 to
270md. This is due to changes to the pore netwqu which occur during diagenesis.

The following discussion considers the various ‘controls on the porosity and

permeability in these ORS samples.

ESN

2 Porosit
4.2.i Introduction

Pryor (1973) in his study of porosity and permeability characteristics of
Holocene sandbodies found that point bar sands had porosities with a range of 17 to
52% and a mean of 41%; other environments had values ranging from 39 to 56% with
means of around 49%. Other workers have reported porosity values in the range of 35
to 45% from a variety of modern environments (Fraser, 1935; Hamilton and Menard,

1956). Beard and Weyl (1973) made artificial grain packs and found porosities
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ranging from 27.9 to 42.4%. These porosities were dependant on the sorting of the
sampi&s'as follows: very poorly sorted, 27.9%; poorly sorted 30.75; moderately
sorted, 34%; well sorted, 39%; very well sorted, 40.8%; and extremely well sorted,
42.4%. Thus, depositional porosities can vary considerably, with an overall range of

17 to 56%.

Since the ORS samples are mainly well sorted (see Chapter 3) 40% has been
chosen as an average value for the original depositional porosity of the rocks, although
this is probably a conservative estimate. However, the porosities measured from the
ORS samples range from 0 to 14.3% with a mean of only 6.2%, suggesting that a large
proportion of the original primary porosity has been destroyed during burial and

diagenesis.
4.2.ii Classification

Porosity can be classified in two ways, either genetically or texturally. A

classification based on texture is more useful than a genetic one when considering

Kaolinite

Intragranular
porosity

cement Feldspar

Quartz

Intergranular porosity

Fig. 4.1. Diagram illustrating the textural classification of porosity.
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reservoir characteristics because it is the physical appearance of the pores (fe. micro-
and e o - oK commechiuoi
or macroporosity),that relates 1o permeability, and as such it is more important than
how the pores formed. However, textural classes can be further described according
to their genetic origin thereby providing insight into the relative timing of porosity
formation. The textural classification has three subdivisions: 1) intergranular porosity;
2) intragranular porosity; and 3) microporosity (Fig. 4.1). Intergranular porosity is all
the pore space between detrital grains and includes remnant primary (depositional)
porosity, secondary porosity, produced by the dissolution of either grains or cements,
and hybrid porosity which is a combination of both. Intragranular porosity is
secondary porosity within grains formed by the partial dissolution of the grains.

Microporosity includes any pores smaller than 0.5um in size, which mainly includes

pores within clay minerals and the smaller intragranular pores.

4.2.iii Porosity measurement

Samples were collected by hand from the field (with a hammer) and then
brought back to the department where any obviously weathered and discoloured
surfaces were removed with a rock cutter. The samples were then impregnated with a
blue resin to facilitate the recognition of porosity, before finally being made into thin
sections. Porosity values were then obtained by point counting and therefore only
represent macroporosity (ie. inter- and intragranular porosity) and not microporosity.
Some workers however, are of the opinion that the porosity of authigenic kaolinite can
be estimated at ¢. 50% (Ehrenberg, 1990; A. Hurst and P. Nadeau in Bj¢rkum et al.,
1990). A more accurate method of assessing the porosities (eg. helium or water
saturation) could not be used on samples collected by hand because these require the

use of core plugs which could not be cut from the samples owing to their size.

Most of the porosity present within the ORS is intergranular, with lesser
amounts of both intragranular and microporosity. The intergranular porosity is a

mixture of remnant primary porosity, secondary porosity after dissolution of calcite
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A. Porosity reduction

The established view, ever since Sorby's pioneering work (1863, 1908), is that
there are three processes which reduce porosity: a) mechanical compaction; b)
chemical compaction; and c¢) cementation. The following definitions have been taken
trom Houseknecht (1987):

Mechanical compaction: This is bulk volume reduction resulting from processes
other than grain dissolution and is characterised by the repacking and reorientation of
competent grains, or local fracturing of competent grains and detormation of ductile
grains. This leads to the reduction of intergranular volume and theretore porosity.

Chemical compaction: This is the bulk volume reduction caused by the
dissolution of framework grains at points of contact (see Fichtbauer, 1967). This

reduces the volume of tramework grains, and the intergranular volume, and therefore

porosity.



Cementation: This is the occlusion of intergranular volume (and therefore
porosity) as a result of the precipitation of authigenic minerals without a reduction in

bulk volume.

Intergranular volume (IGV) is defined as the sum of intergranular porosity plus
all cements that occupy intergranular space (Houseknecht, 1987). It was apparently
first used by Weller (1959), and is synonymous with minus-cement porosity

(Rosenfeld, 1949; Heald 1956), and pre-cement porosity (Wilson and McBride, 1988).

However, Tada and Siever (1989) state that there are many discrepancies
between theoretical, experimental and field evidence as regards chemical compaction.
Stephenson et al. (1992) provide a model for sandstone compaction by grain
interpenetration that is an entirely mechanical process, and as a result suggest that the
term mechanical compaction be replaced with grain rearrangement and that chemical
compaction be replaced with grain interpenetration. The terms of Stephenson et al.
(1992) have been used hereafter because they describe the processes that are in

operation, whether grain interpenetration is a chemical or a mechanical phenomena.

As a sediment is buried it will undergo grain rearrangement and then grain
interpenetration, both of which serve to reduce the intergranular volume from its
original 40%. The relative importance of these two processes is very difficult to assess
but assuming spherical grains, the tightest packing possible by grain rearrangement
alone is rhombohedral which has an intergranular porosity of 26%. Therefore any rock
with an intergranular volume less than this value will have undergone grain
interpenetration. Cementational porosity loss is more straight forward and can be

quantified from point counting.

Houseknecht (1987) introduced a method to rapidly assess the relative
importance of compaction and cementation as methods of destroying intergranular

porosity from point count data. To do this a plot of intergranular volume (vertical

85



A. Upper ORS

% Cement
2} 10 20 30 40

40 : &~

2 - 0

/

C ”

A

30 4 / 25

50 % Original porosity

%IGV 20 +
destroyed by

% intergranular compaction
porosity .
10 4 75
0 . 100
o 65' . 50 75 1
% Qriginal porosity destroyed by cementation
B. Middle ORS
%Cement
0 10 20 30 40
40 +- /,.‘ 7 Vi —{ 0
- s yd .
/ Ve
/ / /
- / / /0‘
T2
\ e o/
Ry 7/ 25
30 < / / . :/
o0 «s
- %
Pl 3% Original
%IGY 20 ¥ “/‘.‘ 0’ 30 porosity
/ \\ destroyed by
- m i
/ sNntergranular compaction
/ rosi
10 porostty s
0 . t | T 1 100
0 25 75 100

% Original porosn!y destroyed by cementation

Fig. 4.6. Plot of cement against intergranular volume. A) Upper ORS; B) Middle ORS. Dashed
diagonal line separates those samples in which cementationt porosity loss dominates (upper right)
from those in which compactional porosity loss dominates. Note the dominance of cementational

porosity loss.




axis) against the percentage of cement present (horizontal axis) is constructed (Fig.
4.6). The vertical axis of Fig. 4.6 can also be used to quantify the percentage of

original porosity destroyed by compaction according to the following equation:

% original porosity destroyed by compaction

= 40 - intergranular volume x 100 (Eq4.1)
40

where intergranular volume is expressed as a percentage of whole rock and an original

porosity of 40% has been assumed.

Equally, the horizontal axis of Fig. 4.6 can be used to ascertain the amount of
original porosity destroyed by cementation using the following equation:

% original porosity destroyed by cementation

=% cement x 100 (Eq.4.2)
40

where the volume of cement is expressed as a percentage of whole rock.

Intergranular porosity is represented on this diagram by straight diagonal lines
and can be estimated directly from the diagram or calculated from the following

equation:
intergranular porosity =% intergranular volume-% cement. (Eq.4.3)

The dashed diagonal on Fig. 4.6 divides those samples in which cementation is
more important (upper right) from those in which compaction has been more important
in destroying intergranular porosity (lower left). This allows rapid assessment to be

made of the importance of compaction and cementation.

When the data for the ORS samples are plotted, the majority of the points

clearly fall in the upper right hand half of the diagram, which shows that overall
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cementation has destroyed more porosity than compaction. Average figures for the
Upper and Middle ORS are:

% original porosity % original porosity
destroyed by cementation.  destroyed by compaction.

Upper ORS 54 30

Middle ORS 46.2 38.7

(The complete data set is in Appendix 3.)

The increase in importance of compaction in the Middle ORS, although only
slight, reflects its greater burial depth. Average intergranular volumes for the Upper
and Middle ORS are 28% and 24.5% respectively, and bearing in mind that the
probable minimum as a result of grain rearrangement alone is 30%, this suggests that
grain interpenetration has played only a minor role. As a result there has been virtually
no grain volume reduction except by deformation of ductile grains. This in line with
the findings of Wilson and McBride (1988) from their study of sparsely cemented
sandstones from the Ventura Basin, California, where they showed that grain
rearrangement has been the greatest cause of porosity loss (up to 53% of original

porosity in some samples).

Both Ehrenberg (1989) and Pate (1989) have suggested modifications to this
type of diagram that would have the overall effect of increasing the importance of
compaction relative to cementation by altering the equation used to calculate the
amount of porosity destroyed by compaction (Eq. 4.1). Pate's (1989) modification,
however, involves filtering the data through a set of equations before plotting and thus,
the data does not represent the physical characteristics of the rocks analysed
(Houseknecht, 1987). Ehrenberg's (1989) technique is to be preferred because it keeps
the original axes of the diagram allowing direct plotting of the petrographic data
(Houseknecht, 1987). However, the main reason for using Houseknecht's (1987)
original equations in this study, is because when these and Ehrenberg's (1989)

equations were used to calculate the porosity of the samples, Houseknecht's (1987)



equations were consistently more accurate when compared to the point counted

values.

There are, however, limitations to this method of assessing porosity
destruction. For example, if a sandstone contains abundant ductile grains or
intragranular porosity it will not work. Despite the high proportion of lithic grains
within the ORS (between 10 and 39%) they are mainly non-ductile so their affect is
minimal. Likewise the intragranular porosity is only a minor fraction of the total
porosity. As a result this method allows a rapid, objective assessment of porosity

destruction.

When intergranular volume is plotted against compaction (represented by the
compaction index) there is a clear trend of decreasing intergranular volume with
increasing compaction (Fig. 4.7), as is to be expected. Also when cement is plotted
against intergranular volume (Fig. 4.8) an increase in cement causes an increase in
intergranular volume (ie. intergranular volume is preserved), again as is to be expected.
This confirms that compaction results in porosity loss due to bulk volume reduction,
while cementation preserves bulk volume. Plots of cement and compaction against
porosity show a far more interesting relationship. A plot of total cement against
porosity shows a clear trend of decreasing porosity with increasing cement (Fig. 4.9)
as expected, whereas when compaction is plotted against porosity there is an increase
in porosity with increasing compaction (Fig. 4.10). It is also worth noticing the inverse
relationship between cement and compaction (Fig. 4.11). These latter relationships are
due to the early timing of the cement halting compaction and occluding the majority of
the porosity. However, where there was less cement, compaction could proceed to a
greater extent, although nowhere does it occlude as much porosity as the cement. The
fact that the higher porosities are associated with higher degrees of compaction and the
lower amounts of cement adds further support to the dominance of cementation over
compaction as a means of porosity destruction. Thus, there has only been a minimal

reduction of bulk volume.
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Further evidence comes from a plot of porosity against depth (Fig. 4.12).
Although the depths on Fig .4.12 are only relative and not spaced regularly one would
still expect a reasonable correlation between depth and porosity. However, there is no
correlation because of the dominance of cementation (which is not depth dependant)
over compaction. The only cement present in these samples with sufficient strength to
retard compaction is calcite. However, there is little data available on the precise
amounts of calcite required to achieve this (McBride er. al, 1990). Mack (1984)
suggests that 5% by volume of quartz cement is needed to retard compaction while
Stephenson et al. (1992) suggest a wide range of values. They divide cement into two
types: supporting (load-bearing) cement; and passive (non load-bearing) cement.
Supporting cement is that which is deposited around intergrain contacts such that it
increases the area of contact and thus acts to increase the resistance to further grain
interpenetration (compaction). Passive cement on the other hand, is any pore filling
material that does not affect the rate of interpenetration (Fig. 4.13). An example from
Stephenson et al. (1992) which uses data from Houseknecht (1987) indicates that as
little as 1% supporting quartz cement will act to inhibit compaction a little, while 15%
supporting cement could be sufficient to halt compaction totally. As the average
values of calcite present in the ORS are 11-12% this is probably sufficient to retard

compaction.

Scherer (1987) in a study of the factors influencing porosity in sandstones from
all around the world found that the dominant controls were age, depth of burial,
sorting, and detrital quartz content in samples that had little or no cement. However,
in the ORS samples these factors have no effect on porosity, which is due to the high
cement proportions. Scherer (1987) and McBride et. al. (1990) have both suggested
that a high thermal gradient could cause increased compaction by increasing the
solubility of quartz and thus increasing grain interpenetration. Scherer (1987) is more
specific in that he considers a thermal gradient would have to be in excess of 40°/km to

be of any major importance. A probable thermal gradient for the Inner Moray
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Firth during the Devonian.is 35°/km (T.R. Astin, pers. comm.) which is unlikely to
have greatly affected compaction according to the value determined by Scherer (1987).
Stephenson (1977) and Stephenson et al. (1992) suggest that variations in geothermal
gradient will only have an effect on compaction at depths of burial greater than 2.5-

3km.

Supporting cement

Passive cement

Fig. 4.13. Diagram illustrating passive and supporting cement. (After Stephenson et. al., 1991)

B. Porosity Enhancement

Secondary porosity due to dissolution of cements or detrital grains is an
important torm of porosity in many reservoir sandstones (eg. Blackbourn, 1984; Knox
et al., 1984; Burley, 1986). In the ORS the importance of cementation in porosity
destruction provides a high intergranular volume that can potentially be returned to
porosity. Hayes (1979) and Schmidt and McDonald (1979b) have listed several
criteria for the recognition of secondary porosity in thin section including such features
as corroded grain margins, irregularly shaped pores and patches of authigenic cement

in optical continuity, all of which have been observed within these samples (See Figs.
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3.22, 3.23). The secondary porosity has formed mainly as a result of dissolution of the
calcite cement (see Chapter 3). The fact that dissolution has occurred at all indicates
that there must have been some residual primary porosity in the sandstones to allow
the leaching fluids to pass through, and therefore the samples with the highest primary
porosity have the highest potential for leaching (Bjgrlykke, 1984). Unfortunately, it is
impossible to differentiate between intergranular porosity due to dissolution and that

which is remnant primary porosity (Fig. 4.2).
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Fig. 4.14. Diagram demonstrating the relative timing of porosity reduction/enhancement.

Although the formation of kaolinite associated with the leaching of the calcite,
tills intergranular pore space it does not totally occlude it, because of the microporosity
associated with the kaolinite (Fig. 4.3) Nevertheless, this reduction in pore diameter is
detrimental to the permeability (see below). Fig. 4.14 shows the relative timing of
these porosity changes and the diagenetic regimes in which they occurred. Another
possible method of increasing the porosity is by fractures, both microfractures and
macrofractures, as a result of overpressure or compaction of the reservoir section.

Several thin sections contain heavily fractured grains. However, these were almost









valve to control the flow of air through the permeameter. The air supply is contained

in a metal cylinder which holds about 2001b of air.

Calibration of the minipermeameter was done by taking measurements from a
set of seven core plugs which had known permeabilities in the range of, 3 to 563 md.
During calibration, and at all times thereafter, a constant air pressure,of 1 psi was
maintained whilst taking readings. For each plug a set of six measurements (three from
each end) were made with each flow meter. The highest and lowest values were
discounted, and the remaining four readings were averaged to give a single value for
each plug with each flow meter (see also Eijpe & Weber, 1971). These flow rate
values were then plotted against the known permeabilities of the plugs to construct a
correlation curve (Fig. 4.17). Flow meter A (0 to 10 cc/min) gave consistently low
readings and was thus discounted, also flow meter D (0 to 250 cc/min) gave high
readings for the plugs with permeabilities less than 40md, and consequentially these
readings were also discounted. A regression line was then fitted to the remaining data

points (Fig. 4.18) used to convert all measured flow readings to permeabilities.

The original plan was to use the minipermeameter to obtain some detailed
information from outcrops about- permeability anisotropy associated with cross
bedding, similar to the work done by Weber et al. (1972) and Weber (1982) as well
compiling a more general data set. However, when the minipermeameter was used in
the field it was impossible to get a good enough seal between the probe tip and the
rock surface to get any sort of reading, due to the roughness of the rock and the
inflexibility of the rubber ring around the tip. As a result samples had to be collected
by hand and brought back to the department where smooth faces were cut to take
measurements from. As a result the detailed field measurements which had originally

been included in the research proposal could not be made.
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4.3.iii Permeability controls

Pryor's (1973) study showed that in recent fluvial and aeolian sandbodies
permeability is controlled by grain size and sorting, which are directly related to the
depositional environment. The relationship between texture and environment results
from the unique set of physical conditions associated with any environmént or
bedform. Under these circumstances different lithofacies should intuitively have quite
distinct permeability characteristics. However, when the lithofacies are plotted against
permeability (Fig. 4.19), there is a marked overlap in permeability values for the
different lithofacies and there is no correlation between permeability and grain size
(Fig. 4.20) or sorting (Fig. 4.21). It is also worth noting that when porosity is plotted
against permeability for different lithofacies, there is again an overlap (Fig. 4.22).
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Fig. 4.19. Plot of lithofacies against permeability. Note the large overlap in values for different

lithofacies. St = trough crossbeds; Sh = horizontal laminations,; Sr = ripple cross lamination.
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However, there is a good correlation between porosity and permeability (Fig.
4.23), despite the narrow range of permeabilities. Earlier in this Chapter it has been
shown that the calcite cement was the major control on the amount of porosity, which
in turn exerts a control on permeability. Thus, the cement must also affect the
permeability, as can be seen in Fig. 4.24. The plots of permeability against
intergranular volume (Fig. 4.25) and compaction (Fig. 4.26) show inverse relationships
similar to those shown by the respective plots against porosity, which is to be expected
in view of the dependence of permeability on porosity. It follows therefore, that
because the porosities are low, so too are the permeabilities. However, there is still the
problem of the much lower permeability values in the Middle ORS relative to the
Upper ORS, even for similar lithofacies. This appears to be due to a smaller average
pore diametér in the Middle ORS samples, resulting from a small crystal size of the
calcite cement. This in turn leads to smaller pores after dissolution, thereby restricting

the free flow of tluids (ie. decreasing the permeability).
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permeability.
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Fig. 4.27. Plot of permeability against clay. Note that the clay has no effect on permeability until it

is present in quanuities greater than c. 8% by volume.

Clay minerals can have a very detrimental effect on permeability by occluding
intergranular porosity, which is the type of porosity most relevant to permeability.
Fibrous clays like illite, which have high surface areas and bridge pore throats, have the
worst effect, while platy clays like kaolinite, are less detrimental (Stadler, 1973).
Kaolinite is the most common clay in the ORS of the study area, and even then it is
usually present in only small amounts, with the result it probably has only a minor
effect on permeability. Ehrenberg (1990) in a study of cores from the Jurassic Garn
Formation in the North Sea showed that illite only has a significant etfect on porosity
when it occupies a major percentage of the total porosity (ie. there is a significant
reduction in the average pore diameter). A similar relationship may apply to the ORS,
in that the plot of clay against permeability (Fig. 4.27) appears to show no correlation
until the clay minerals are present in amounts in excess of about 8% rock volume, after
which any further increase causes a decrease in permeability. However, the etfect will
be less marked than that observed by Ehrenberg (1990) because the dominant clay is

kaolinite not illite.



Selley (1985) states that fractures are important in ewimwj low permeability,
brittle and semi-brittle rocks into economic reservoir rocks. There are several
examples of fields producing from fractured rocks to support this view: a) Devonian-
Carboniferous ORS, Buchan Field, North Sea (Butler et al, 1976); b) Jurassic age
Franciscan sediments, Long Beach and other fields, California (Truex, 1972); and c)
the Augila Field (fractured granite) of the Sirte Basin, Libya (Williams, 1972).

It is not the total number of fractures that is important when considering
permeability, but the number of fractures that are open, and not filled by later cements.
The rare fractures that are seen in thin section at the micro scale, are all open, and the
few samples tested for permeability that were fractured had very high values (550-
1400md) compared to host rock permeabilities. However, many fractures seen in the
field around the Moray Firth were obviously closed, while with many others it was
impossible to tell from their surface expression. Thus, although fractures do improve
permeability it is not certain as to whether there are a sufficient number of open
fractures to make an economic reservoir. It is also worth noting that the majority of
the fracturing occurs in the Upper ORS which has a very high sand/shale ratio (c. 9)

thus making it more homogeneous and more brittle than the Middle ORS.

4.4 Summary

Porosity and permeability are closely linked, with permeability depending on
the presence of - porosity. In recent sandbodies the values for porosity and
permeability are very high and are controlled by textural characteristics (fe. grain size
and sorting) which vary according to depositional environment. In the ORS samples
however, permeabilities are reduced by several orders of magnitude and porosities by
over 80%, on average, resulting in very poor values. The lack of correlation between
textual parameters and porosity suggests that it is primarily controlled by diagenetic
effects. The relative contributions of compaction and cementation to porosity loss

vary, but on average cementation has been more important.
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Intergranular macroporosity is the most important pore type present. This is a
mixture of primary porosity and dissolution porosity after calcite cement, but it is
impossible to quantify precise amounts of dissolution porosity. There are minor
amounts of intragranular and microporosity also, but these are not as significant. A

schematic summary of the porosity evolution path is shown in Fig. 4.28.
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Fig. 4.28. Schematic representation of the porosity evolution path.

Permeability is directly related to macroporosity, which is controlled by the
above mentioned factors. When clay minerals occlude a large proportion of the
macroporosity, the resultant decrease in pore size causes a reduction in permeability.
However, only a few samples contain sufficient amounts of clay to drastically affect the
permeability. The overall reduction in permeability values in the Middle ORS relative
to the Upper ORS is ~ due to a decrease in average pore diameter of the
macroporosity. Fractures, despite locally increasing permeability, might not be present
in sufficient quantity to make a significant diff«:rence{;O the reservoir characteristics, as

they do in the Buchan Field.
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Chapter 5
Reservoir Heterogeneities

3.1 Introduction

No rock body, carbonate or siliciclastic is entirely homogeneous. The presence
of internal heterogeneities in rock bodies such as physical barriers to fluid flow or
gross variations in permeability, can greatly reduce the effective recovery of oil from a
reservoir. Problems such as these have been recognised for many years, as evidenced
by the early works of Mills (in Ambrose, 1921) on the effects of permeability variations
in trapping .oil during waterflood. Thus, analysis of the types of heterogeneity
present, and their distribution, within a reservoir is an essential part of any study into
the fluid flow and reservoir characteristics of a rock body. In most reservoirs the wide
spacing of wells means that there is insufficient data to model heterogeneities
adequately, therefore analogues have to be derived from outcrop studies. The
presence and probable distribution of heterogeneities is generally predictable due to
their close relationship with depositional environments, diagenetic history and tectonic

setting (Weber, 1986).

5.2 Classification of heterogeneities

Heterogeneities occur on a variety of scales. Pettijohn et al. (1973) proposed a
hierarchical four fold sequence of controls on permeability. Haldorsen and Lake
(1984) proposed a modification to this model as follows: 1) microscopic, or pore scale,
2) macroscopic,based on the scale of individual core plugs, 3) megascopic,based on the
size of grid blocks in a field model, and 4) gigascopic, which is the total formation or
reservoir scale. Weber (1986) however, subdivided the scales slightly differently and

arrived at a fivefold breakdown. Dreyer et al. (1990) have combined both of these

models into a single diagram (Fig. 5.1).
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Fig. 5.1. Levels of reservoir heterogeneity in relation to facies-related permeability classes.

Example from a fluvial reservoir. (Redrawn from Dreyer et al., 1990).

According to Weber (1986) size is very significant when assessing the
importance of heterogeneities, and large tectonic features, eg. faults, have a greater
effect on overall fluid flow characteristics than small scale features, eg.
sedimentological characteristics. As a result, Weber (1986) suggested a classification
of heterogeneities based on their size and genetic origin which can be used in the

quantification of heterogeneities (Fig 3.2).

5.3 Description and quantification of heterogeneities from the ORS

The description of heterogeneities is a problem of size. Faults may be visible
on seismic sections, whilst most other heterogeneities have an extent less than average
well spacing. In particular, the extent of shale intercalations is very difficult to
ascertain from logs and correlations. In general, with the exception of faulting and
fracturing, the key to the analysis of heterogeneities is the correct identification of
environments of deposition and diagenetic history (Weber, 1986). Comparison with

modern day analogues and outcrop studies is essential, hence cores of the reservoir are
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necessary. In this section, each class of heterogeneity, from large to small scale (Fig.
5.2), will be described as they occur in the ORS, and their affect on the reservoir

potential of the ORS will be discussed.

1 Faults,
sealing/non-sealing |’

2 Permeability
zonation within units

3

Baffles within units

4 Lamination,
Cross bedding

5 Textural,
Mineralogical

6 Fracturing,
tight or open

Fig. 5.2. Classes of heterogeneity. (After Weber, 1986).

S5.3.i Faults

Faults can have either beneficial or detrimental affects on a reservoir depending
on whether they are sealed or not. Weber (1986) maintains that although faults are
often clearly visible on seismics or from log correlations their sealing capacity is
difficult to ascertain unless fluid contacts or pressures can be observed across the fault.
As a result it also virtually impossible to adequately quantify the effects of faulting
from field observations, especially if the actual fault planes are only rarely visible as is

often the case in the Orcadian basin.
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There are three main mechanisms by which fault sealing may occur: clay
smearing along the fault plane, cataclasis of fault gouge material and diagenetic sealing
of faults. Clay smearing is a process particularly important during synsedimentary
faulting of clay/sand sequences, as for example in deltaic environments (Weber, 1986).
This process has been described from Niger delta oil-fields (Weber et al, 1978) and
from Louisiana Gulf Coast oil-fields (Smith, 1980). The resulting sealing capacity of
the fault is mainly a function of the percentage of clay in the section that passed over

the fault (Weber et al., 1978).

Cataclasis can strongly reduce fault zone permeability, and additionally, the fine
grain gouge is more susceptible to diagenetic alteration. It is more common in wrench
and reverse faulting (Weber, 1986). Diagenetic sealing of otherwise permeable faults

has been described by Smith (1980) and is very difficult to predict or quantify.

Clay smearing is unlikely to be a major feature of the Devonian faults, despite
the fact that many of them were active synsedimentary faults. This is because there is
relatively little mud in the ORS succession, and because the synsedimentary faults were
at the basin margin where the coarsest deposits (sand and gravel) are to be found.
Equally, the majority of the faults are normal extensional faults, and therefore unlikely
to have undergone much cataclasis. There are however, transfer faults linking many
normal faults which have a wrench motion, and as such could be susceptible to
cataclasis. Diagenetic sealing of faults is the most likely mechanism to have occurred,
given the preponderance of calcite cement throughout the ORS. Nevertheless

continuous movement along synsedimentary faults would keep reopening them.

5.3.ii Fractures

Fractures, in terms of their effect on reservoir characteristics, can be classified
as open or closed, as with faults. Some differences between faulting and fracturing are
that fractures tend to be on a smaller scale than faults, and there is only one method of

sealing fractures, that is diagenetically. Open fractures have a beneficial effect in that
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they can greatly increase porosity and especially permeability, thereby enhancing the
potential of what might have been an otherwise poor reservoir. Closed fractures on
the other hand are very detrimental in that they can divide a perfectly good potential

reservoir into unconnected units.

In the ORS fractures occur on two scales: micro fractures, and macro fractures,
or joints. Micro fractures are best observed in thin section, being 0.1-0.3 mm wide and
extending for a few cm's (Fig. 5.3). All observed examples of these small fractures are
uncemented and open. Larger scale fractures or joints are visible in the field (Fig 5.4).
These can extend for several tens of metres and have on average, a spacing of lm.
They are found almost exclusively in the Upper ORS, probably as a result of the very
high sand/shale ratio (approx. 9) which makes it far more homogeneous and therefore
more likely to undergo brittle deformation. The jointing also appears to be more

abundant in aeolian sandstones in the succession than in the fluvial sandstones.
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Fig. 5.3. Open microfracuure in a fluvial sandstone enhancing porosity and permeability. (PPL;
FOV = 3mm).










Indeed, the sealed joints form permeability barriers and effectively partition the host
sandstone into unconnected compartments (Fig. 5.5). In the case of the ORS the main
host for the fractures is the acolian sandstone which is the only unit in the succession

with reasonable matrix permeabilities.

5.3.jiil Permeability zonation

In a sandbody unaffected by diagenetic alteration textural variations coincide
with lithofacies variations, and therefore, with permeability variations. Thus, it follows
that variations in gross permeability would occur vertically and laterally, as for example
through an upwards fining channel fill sequence. However, as shown in chapter 4
diagenetic events have exerted a strong control on poroperm characteristics and largely
overprint the textural control. As a result permeabilities are very similar for the
different lithofacies with differences between lithofacies of only a few tens of

millidarcies; so small as to be almost insignificant.

However, as mentioned in Chapter 4, there is a marked difference in
permeabilities for similar lithofacies from the Upper and Middle ORS. Values for the
Middle ORS are consistently lower than those in the Upper ORS despite similar
porosities. A visual examination indicates that this is due to the average pore size in
the Middle ORS being less than in the Upper ORS. This in turn appears to be a
function of the smaller average size of the calcite crystals in the Middle ORS. The
cause of this is probably the finer grain size in the Middle ORS and therefore the closer
spacing of nucleation centres for calcite in the finer sediment resulting in smaller

crystals.

It is very interesting to note that the acolian sandstones from both the Middle
and Upper ORS have very different poroperm characteristics despite being from similar
depositional environments. The Upper ORS acolian deposits have permeabilities
significantly higher (around 200md) than any other facies while the Middle ORS

aeolian sandstones have {swer permeabilities (only about 20md). Aeolian deposits
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in general tend to be very clean, well sorted and texturally mature, and as such they
have high initial porosities and permeabilities. This will result in cementing fluids
readily entering them and occluding large proportions of the porosity, as has happened
in the Middle ORS. With the Upper ORS however, the presence of early fractures (see
above) has had a beneficial effect in that the cementing fluids have preferentially passed

along the fractures instead of the host rock, thus leaving it less well cemented, and
with higher porosities/permeabilities, Mou%&\ mor-L %W\’JAWJ :
5.3.iv Permeability baffles

Low permeability silts and impermeable mudstones are present to varying
degrees in all depositional environments. These cause anisotropies in reservoir sands
by greatly inhibiting fluid flow in the vertical direction, therefore knowledge of their
lateral continuity and how they terminate within the sandbody is essential in describing
the reservoir characteristics. Zeito (1965) examined rocks from several different
environments (marine, deltaic and channel sands) and measured the length of the shale
breaks and their frequency in an attempt to draw up some confining limits. Other
workers have since added further data (Verrien et al.,, 1967; Weber, 1982; Geehan et
al, 1986) and Fig. 5.6 combines all the data onto a single graph that relates the
probability of a shale break extending over a certain length within a particular
depositional environment. Shale breaks from different environments have markedly
different characteristics and continuous layers, for example, are far more prevalent in
marine sands than in channel sands. Even within channel sands the nature and
discharge characteristics of the channel effect the thickness, abundance and lateral

continuity of shale breaks.

The Middle and Upper ORS have very different distributions and frequencies of
shale breaks as a result of the different depositional environments present. In the
Middle ORS lacustrine deposits are common throughout, particularly in the lower part.

These consist of mudstones, a few tens of cm's thick, that formed in short-lived
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Allen (1978) used a quantitative model to examine the architecture of avulsion
controlled alluvial suites. During this study he found that in afluvial suites containing
more than 50% fines that the sandbodies were virtually unconnected, whereas the
degree of connectevity  grew rapidly as the proportion of sand increased above 50%.
The Upper ORS contains about 95% sand and as a result has a very high degree of
connectivily Although the Middle ORS contains about 70% sand, the fines are
concentrated into the extensive lacustrine horizons (a phenomena not accounted for in
Allen's model) which means that the degree of vertical connectivity is zero, while the
horizontal connectivity will be reasonable. Thus, there is strong«‘zsr?isotropy present in

the Middle ORS. Overall the Upper ORS is much more homogeneous than the Middie

ORS and the sandbodies have far higher connectivity.

5.3.v Lamination and cross-bedding

Cross-bedding Paks o nalod “heterogeneity in sandstones and the ORS
is no exception to this, given the large proportion of cross-bedded sands that it
contains. Heterogeneities associated with sedimentological features form as a direct
result of depositional processes, although diagenesis can greatly enhance the effects of
these heterogeneities (Weber et al, 1972). In general, the effects of cross-bedding on
permeability in both recent and ancient sediments are fairly well known, largely as a
result of the work done by Weber et. al. (1972), Weber (1982), Pryor (1973) and
Pryor & Fulton (1978).

Weber et al. (1972) concluded that the maximum permeability direction is
along the direction with the least bottom-sets per unit length (ie. parallel to the channel
axis) because these are usually of low permeability due to their association with high
concentrations of mud and silt. In fluvial systems the sets tend to be preferentially
aligned and elongate parallel and subparallel to the flow direction (Fig. 5.12). Pryor
(1973) also found that there was a directional permeability parallel to the length of sets

and increasing down the dip of the foresets (Fig. 5.13).
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Fig. 5.12. Block diagram of a trough cross-bedded sand body showing typical internal geometry and

the principle fluid flow direction (arrow). (From Weber et al., 1972).
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Fig. 5.13. Block diagram showing typical permeability rends within a river bar sand body (From
Pryor, 1973).







will bring the bottom-sets closer together thereby increasing the permeability
anisotropy. For the fluvial cross-bedded sandstones the average set thicknesses for the

Upper ORS are 50-60cm, whilst in the Middle ORS they are only half this thickness

suggesting an even greater anisotropy.

The aeolian cross-bedded sands act as a much more homogeneous unit because
they are cleaner sands and do not have muddy bottom-sets, although grain fall deposits
are more common along the base of foresets, and because changes in grain size across
set boundaries will probably have a slight effect. In particular the aeolian sands present
in the Upper ORS have no muddy interdune deposits associated with them either,
leading to the development of thicker bodies of sand. In contrast, Middle ORS dune

sands are interspersed with mudstones and siltstones (see above).

llling (1939) stated that the most difficult zone to flush with water is the
coarse/fine interface. Thus, the more textural changes within a rock body the harder it
will be to extract any oil. As textural changes occur with changes in lithofacies, this
will have more serious consequences for the Upper ORS where fluvial/sabkha and
aeolian/sabkha interbedding occurs on a scale of usually less than 2m, leading to a
rapid interbedding of lithofacies, thus significantly enhancing the heterogeneity (Fig.

5.15).

Horizontally laminated and rippled sands will also have strong permeability
anisotropies associated with them. Laminated sands will have a much greater
horizontal permeability than vertical permeability as a result of the textural changes
resulting from the stacking of several thin beds. Additionally the long axes of the
grains are parallel to the palaeo flow direction which will act to increase this horizontal
anisotropy. Rippled sands will have a similar anisotropic effect to that of cross-bedded
sands except on a smaller scale, and thus will have a more detrimental effect. Both
rippled and laminated sands and silts are fairly common in the Middle ORS, whereas

they are much less frequent in the Upper ORS.
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The effect of different heterogeneities on fluid flow characteristics and oil
recovery is varied, but is almost always detrimental. This is certainly the case in the
ORS. At the microscale diagenetic heterogeneities have greatly reduced porosity and
permeability to virtually insignificant levels. The effect of cross-bedding has been to
exert a directional anisotropy parallel to the length of the sets, along the flow direction.
Additionally, the Middle ORS is separated into discrete segments from 10-100m thick
by laterally extensive lacustrine deposits. This has resulted in there being virtually no

vertical connectivity between sandbodies.

The Upper ORS has a much higher sandbody connectivity as a result of its
greater sand content (about 95%, well above the 50% cut off suggested by Allen,
1978, above which sandbody connectivity rapidly increases). However, it suffers from
presence of a large number of sealed joints which compartmentalise the sandbodies.
The only hetfrogeneity to enhance the reservoir characteristics are the micro joints,
- although these are so sparse that the detrimental effects of the other heterogeneities far
outweighs their positive influence. Overall the presence of the heterogeneities is very

detrimental to the reservoir potential of the ORS.
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Chapter 6
Conclusions and Discussion

6.1 The Old Red Sandstone lithol and sedimentolo

Old Red Sandstone deposition in North East Scotland occurred during
Devonian times within the Orcadian Basin, a northeast-southwest orientated structure.
The basin formed in an extensional tectonic regime that resulted from gravitational
collapse of over-thickened Caledonian crust. Pure shear in the lower crust caused an
overall thifming of the crust with a surface expression of listric extensional faulting and
basin development controlled by a Caledonian anisotropy in the middle and upper
crust.
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Fig. 6.1. Diagram illustrating the relationship between mineralogical matrity of the Middle and

Upper ORS sandstones and stratigraphy, from the Inner Moray Firth.

The ORS sandstones are texturally and mineralogically sub-mature to mature
sublitharenites. They are sourced from Dalradian and Moinian metamorphic highlands
intruded by granites, which occur over much of northern Scotland, to the south and

west of the Orcadian Basin. Compositional maturity increases up the succession,
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probably as a result of sediment recycling (Fig. 6.1). Sorting is very consistent
throughout the ORS with the sediments being on average well sorted, while the grain

size shows a slight increase in the Upper ORS compared to the Middle ORS (Fig. 6.2).

“Tm
I
i

Grain size (mm)

Fig. 6.2. Diagram illustrating the relationship berween grain size and stratigraphy for the Middle

and Upper ORS around the Inner Moray Firth.

Grain size distribution plots show that there is a shift from a fine grain
skewness in the Middle ORS to a more symmetrical distribution with a coarse tail in
the Upper ORS. This change in grain size distribution and the increase in average
grain size at the Middle/Upper ORS boundary are as a result of increased tectonic
activity, which caused uplift of the source area and progradation of coarser clastics

further into the basin.

"The ORS sediments comprise five main depositional environments: alluvial fan;
sandy fluvial; lacustrine; aeolian; and sabkha. The Lower ORS deposits are dominated
by planar and current rippled medium to fine grain sandstones, organic rich siltstones
and mudstones and dolomicrites. These represent floodplain and lacustrine deposits.

Alluvial fan conglomerates occur along the lines of active synsedimentary faults.
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Following the initiation of half graben faulting Lower ORS deposition occufed in

small, unconnected, locally sourced, fault bounded basins.

The beginning of Middle ORS times saw the onset of basinwide deposition for
the first time, as opposed to the small, unconnected basins present during the Lower
ORS. The dominant environments represented are sandy braided fluvial and lacustrine
with marginal conglomerates. The fluvial deposits consist of approximately equal
proportions of trough cross-bedded and horizontally laminated sands with minor
amounts of ripple cross-laminated sands and silts. These represent part of a braided
fluvial system and sheet floods. Lacustrine deposits occur in two forms, clastic muds
or organic-rich carbonate/clastic laminites. The former represent short lived, shallow
temporary lakes and the latter long lived, deeper water, more permanent lakes.
Aecolian deposits are present in the form of dune cross-bedding, which represent the

remnants of barchanoid dunes, and interdune deposits.

The Upper ORS consists predominantly of trough cross-bedded and planar
bedded, often pebbly sandstones with soft sediment deformation, deposited within a
braided fluvial system. Aeolian deposits are present as either compound barchanoid
dunes, as in the Middle ORS, or as smaller isolated barchan dunes which frequently
occur interbedded with fluvial sands or horizontally bedded evaporitic sabkha sands.
Sabkha deposits are also interbedded with fluvial cross-bedded sands. The Upper ORS
differs from the Middle ORS in that the lacustrine environment is replaced by the
evaporitic siliciclastic sabkha which occurs distal to the fluvial deposits, and the fluvial

sandstones are of a more proximal nature.

6.2 Controls on the reservoir potential of the ORS

6.2.i Poroperm controls

Porosities from the ORS are much lower than those from similar Holocene

sandbodies and artificial grain packs, ranging from 0-14.3% with a mean of 6.2%.
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Since textural parameters, grain size and sorting show no correlation with porosity,
diagenetic changes, principally compaction and cementation must be the dominant
controls on porosity. Both compaction and cementation have acted to reduce the
porosity to levels well below its primary depositional value of about 40%. Compaction
(predominantly grain rearrangement as opposed to grain interpenetration) has
destroyed 30-39% of the original porosity, while cementation has destroyed 46-50%.
The cement responsible for this is a poikilotopic framework supporting calcite cement
which was precipitated during early diagenesis as indicated by the low levels of

compaction.

During inversion in the late Carboniferous meteoric flushing caused dissolution
of the calcite cement which lead to a slight increase in macroporosity. However,
kaolinite formed at the same time and occluded much of this porosity. Micro fratures

have also contributed a small amount of porosity, but this is too small to be significant.

Pefmeability is also much lower in the ORS than in recent sandbodies,
sometimes by several orders of magnitude (14-270 md as opposed to <200 darcies).
Since permeability is closely related to porosity the controlling parameters are
essentially the same. Thus, permeability shows no relationship with grain size or
sorting, but has a clear correlation with the proportion of calcite cement. The presence
of authigenic kaolinite only has a detrimental effect on permeability when present in

amounts greater than 8% by volume.

6.2.ii Heterogeneities within the ORS

Heterogeneities within a rock body play an important part in controlling its
fluid flow characteristics, and thus its suitability as a reservoir rock. Heterogeneities
within the ORS include fractures, shale breaks and diagenetic changes. These occur on

0,
a variety, scales from the microscale to the megascale.



Fractures occur on two scales: micro and macro. Micro fractures are 0.1-
0.3mm wide by a few cm's long and are usually open, thereby increasing porosity and
permeability. However, fractures are relatively scarce and their overall effect on
poroperm values is negligible. Macrofractures or joints are far more common
especially in the more homogeneous sand dominated Upper ORS. However, the
majority of these appear to be cemented with calcite and, rather than acting to increase
porosity and permeability, they tend to compartmentalise the sandbodies thereby

rendering them almost useless as reservoirs.

Another major heterogeneity within the ORS awzshale breaks. These are most
important in the Middle ORS (Fig. 6.3), where there are frequent, laterally extensive
lacustrine deposits, some of which cover the entire Orcadian Basin. These horizons
mean that there is virtually no vertical connectivity between sandbodies which will
inhibit any vertical movement of fluids. The Upper ORS has a much higher degree of
connectivity, with the only shale breaks being thin laterally discontinuous overbank

mudstones (Fig. 6.4) which impart only a slight anisotropy to the sandbodies.

On a smaller scale heterogeneities occur associated with sedimentary
structures. Trough cross-bedding, which dominates the Upper ORS in particular, has a
maximum permeability parallel to the palacocurrent direction, which in general is to the
north-east in the Orcadian Basin. The Middle ORS has a higher proportion of
horizontally laminated and rippled sands which will have strong permeability
anisotropies associated with them, with horizontal permeabilities being much greater

than vertical permeabilities.

As mentioned above, microscopic heterogeneities are  a result of diagenetic
changes rather than primary depositional textural characteristics. The widespread
calcite cement has not only greatly reduced total porosity levels, but because of its
patchy distribution, the porosity is only poorly interconnected, thereby reducing the

effective porosity and the permeability even further. Pore filling kaolinite cement
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which has also reduced porosity and pore size has a detrimental effect on permeability.

6.3 Source rock potential and hydrocarbon generation in the Orcadian Basin

fLes:dual hydrocarbons have been recognised in joints and veins from around the

Moray Firth for well over one hundred years (Witham, 1825; Anderson & McKenzie,
1863; Barron, 1883: Morrison, 1883, 1888b, 1889). It was also recognised that
Devonian organic-rich argillites were the probable source of these hydrocarbons
(Murchison, 1859; Morrison, 1888a). Organic rich Lower ORS shales were described
by Horne and Hinxman (1914) from around the southwestern Orcadian Basin and Hall
& Douglas (1983) showed these to have significant organic contents dominated by oil
prone amorphous organic matter (probably of algal origin). Middle ORS laminites
have also been shown to contain oil prone organic matter derived from an algal source

(Donovan, 1978; Hall & Douglas, 1983; Douglas et al., 1983).

Several workers have recently published work on the organic matter content
and thermal maturation levels of potential hydrocarbon source rocks from the Orcadian
Basin (Hamilton & Trewin 1985; Pamell, 1985; Marshall et al., 1985; Irwin & Meyer,
1990; Hillier & Marshall, 1992). These studies all indicate that total organic contents
of the lacustrine facies are commonly around 0.5% although values of between 1% and
5% are not unusual, especially in Caithness, where Marshall et al. (1985) consider
some 20% of the flagstone succession to have in excess of 1% organic matter, and
around the Moray Firth. Marshall e al (1985) found that the organic matter is mainly
Type II and Type HIA kerogen (classification of Tissot and Welte, 1978) which would

produce high wax oils and gas (Fig. 6.5).

The maturation level has been measured in a variety of ways with the most
detailed study being that of Hillier and Marshall (1992). Maturation levels measured at
outcrop throughout the Orcadian Basin show great variation. In the Moray Firth area
the highest maturities (vitrinite reflectances (R,) <10%) are along the line of the Great

Glen fault. Elsewhere in the region R, values range from 0.5% to 2.4%, with an
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average of about 1%. Southern and central Caithness have high maturities (>3% R,),

while in northern Caithness maturities are much lower (0.6-1.9% R,).

H10 ks

' i

2
H{C ralin
Fig. 6.5. Kerogen evolution paths overlaid with kerogen compositions from the Orcadian area.
Kerogens range from oil prone Type [I's to gas prone Type [[[A's (After Marshall, et al., 1985).

Vitrinite retlectance values from Orkney show little variation (1-1.5%)
indicating a more uniform level of maturity. It is important to note that there is no link
between thermal maturity and stratigraphy in Caithness and Orkney (Hillier &
Marshall, 1992). The maturity values from Shetland fall into two groups on either side
of the Melby Fault. To the west of the Melby Fault vitrinite reflectance values are
between 0.7 and 1.7% R, while to the east of the Melby Fault values range from 3.2

7

to 8.9% R,

In terms of oil generation scales the wide range of vitrinite reflectances are
equivalent to near the base of the oil window (approx. 0.5% R) to beyond the dry gas
zone (3-4% R,) (Heroux et al, 1979). Areas with high R, values in excess of about
4% must have reached temperatures in the region of 250-350°C. In the Walls Basin on

Shetland the Sandsting Granite (a Late Devonian intrusion) is an obvious cause of



these high temperatures. Magnetic anomalies under southeast Shetland (interpreted as
basic intrusions by Wilson, 1965) and an exposed metamorphic aureole on Fair Isle to
the south of the mainland (Mykura, 1972) suggest that contact metamorphism related

to intrusions caused the heating of the sediments.

In Caithness there is no direct evidence of any contact metamorphism. Thus, if
the maturation levels were to be explained by burial alone a very deep and complex
burial history would be required. However, vitrinite reflectance values similar to those
of Shetland, and the presence of a large magnetic anomaly below Wick which has been
interpreted as an intrusion at depth (Flinn, 1969), have led to the suggestion of the
presence of a 'Caithness Granite' at some 1-2km depth (Hillier & Marshall, 1992).

This granite intrusion could then have metamorphosed the adjacent sediments.

The other area of high maturities along the Great Glen fault is very much
restricted to the line of the fault zone. Given the presence of highly sheared and
metamorphosed rocks, including ORS sediments, between Foyers and Fort William
(Eyles & MacGregor, 1952) Hillier & Marshall (1992) have suggested that the zone of
high maturities is a northwards extension of the metamorphism and probably related to

post Devonian strike slip movements along the Great Glen fault.

The lower levels of maturity in the remainder of the basin will be as a result of
burial maturation with the maximum temperatures reached being around 100-120°C
(Barker & Pawlewicz, 1986). The thickness of late Devonian to Carboniferous
sediments, since removed, that caused the organic rich facies to enter the oil window is
uncertain. Trewin (1985) estimates that 1km of sediment is missing based on Middle
ORS sediment thicknesses proposed by Donovan et al., (1974). However recent work
(eg. Astin, 1990; Rogers, pers. comm. 1992) indicates that the thickness of the Middle
ORS sediment pile should be reduced and Hillier & Marshall (1992) have suggested

that as much as 3km of sediment has been removed.
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The Orcadian Basin, consisting of a series of half-grabens filled with lacustrine
and alluvial sediments can be classed as a continental rift basin (Enfield & Coward,
1987; Rogers, 1987; Astin, 1990). Generally rift basins have high but variable
geothermal gradients (Robbins, 1983) and this is shown by the Mid to Late Devonian
igneous intrusions. This generally high heatflow and contact metamorphism associated
with the intrusions combined with the maximum depth of ORS burial occurring at the
end Devonian/Carboniferous would have caused an early maturation event leading to
the generation of hydrocarbons in the léte Devonian (Parnell, 1985; Trewin, 198S;
Hillier & Marshall, 1992). Evidence for this is seen on Orkney where Permian dykes
have altered hydrocarbons already reservoired in the sandstone (Astin, 1990). The

dykes themselves had little effect on maturation levels (Marshall et al., 1985).

As a result of early cementation by calcite, especially in the sandstones
associated with the organic rich laminites, porosities and permeabilities were very low,
thereby restricting the migration of any hydrocarbons produced at this time. Another
problem is the lack of oso-o& reservoir rocks within the Devonian. As this study
demonstrates there are no suitable reservoirs around the Inner Moray Firth, and the
situation elsewhere within the Orcadian Basin is little better with only some aeolian
dune sandstones from Orkney (Yesnaby Sandstone, Lower ORS), Eday Group
sandstones (Middle ORS) and the Upper ORS of Hoy and Dunnet Head showing solid
hydrocarbons (Astin, 1985; Parnell, 1985a). Aeolian sandstones from Shetland
occurring near to laminite horizons on Shetland are the only other possible reservoirs

(Mykura, 1976; Allen & Marshall, 1981; Astin in Marshall et al,, 1985).

It is interesting to note that not only are the highest maturity areas all near to
the Great Glen/Walls Boundary fault zone, but solid hydrocarbon occurrences as
fracture and vein fills, and in vugs are commonly associated with fracture systems and
igneous intrusions (Parnell, 1983, 1985). This would suggest that the fault systems

provided a conduit for both igneous intrusions and hydrocarbons.
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The Variscan inversion event would have had two effects. Firstly it would
have halted hydrocarbon generation and secondly it would have either redistributed
reservoired hydrocarbons or exposed them to the degrading effects of meteoric waters.
Permian and Mesozoic sedimentation was only very thin over the areas of onshore
outcrop (Andrews et al., 1990; Hall, 1991) and would have been insufficient to cause a
further period of hydrocarbon generation. However, further east sedimentation rates
increased such that in the offshore regions as much as 4km of sediments accumulated
in some of the Mesozoic half grabens, mainly in the late Jurassic to early Cretaceous
(Andrews et al., 1991). This period of burial will have produced hydrocarbons from
the ORS source rocks which had the lowest maturities at the end of the Palaeozoic

(Hillier & Marshall, 1992).

As well as causing a second period of hydrocarbon generation Mesozoic
sedimentation provided plenty of potential reservoir rocks. Duncan & Hamilton
(1988) suggested that the oil in the Jurassic age Beatrice Field in the Outer Moray
Firth was at least partly sourced from the Devonian. Since then these results have been
confirmed by Peters er al. (1989), who estimated a Devonian component of 60%, and
Bailey et al. (1990) who suggest that the Beatrice Field is entirely sourced from

Devonian lacustrine sediments.

6.4 Future exploration areas

It is unlikely that any of the hydrocarbons reservoired during Devonian times
will be preserved in situ because of losses from fault leakage or degradation by
meteoric waters during the Variscan inversion event (Marshall e al., 1985; Trewin,
1985). As a result the most promising sites for future exploration are offshore within
the Moray Firth in areas where the three following criteria are met: (1) A thick
sequence of oil prone lacustrine sediments; (2) These source rocks must have had low

thermal maturities at the end of the Palaeozoic; and (3) Sufficient Mesozoic

sedimentation to initiate hydrocarbon generation.
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The Lower ORS depoéits are restricted in distribution to localised basins and
have only been found in two areas offshore (Richards, 1985; Andrews et al., 1991)
(Fig 6.5). Norton et al. (1987) consider it likely that the centres of Mesozoic
deposition were the same as those where Devonian rifting began, therefore it is likely
that many of the younger basins will have Lower ORS at great depth in them. Middle
ORS lacustrine deposits similar to those found in Caithness and Orkney probably occur
widely across the Moray Firth, to the east and north of the onshore outcrop (Mykura,

1983), and have been found in several places offshore (Andrews er al, 1991) (Fig.
6.9).
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Fig. 6.6. Map of the Moray Firth showing areas with potential Devonian reservoirs. See text for
discussion. Dotted line = proven extent of Lower ORS source rocks, dashed line = possible extent of
Middle ORS source rocks; WFIB = West Fair Isle Basin, EOB = East Orkney Basin, WSB = Wick
Sub Basin, GGSB = Great Glen Sub Basin, SBG = Smith Bank Graben, LSB = Lossiemouth Sub
Basin, BSB = Ban(f Sub Basin.

As regards the second requirement, thermal maturities at or near the base of the
oil window at the end of the Palaeozoic, the high levels of maturity seen onshore are all

associated with magmatism and low levels of metamorphism around fault zones, it is
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therefore highly likely that large areas of the basin away from the Great Glen/Walls
Boundary fault systems will have maturities similar to the lower levels onshore: near to

the base of the oil window (Hillier & Marshall, 1992).

To satisfy the third requirement at least 2km of Mesozoic burial are necessary.

Three main areas in the Moray Firth had sufficient levels of sedimentation: the Great

Glen Sub Bzisin, the Wick Sub Basin and the Smith Bank Graben. By the end of the
Cretaceous the Great Glen Sub Basin had undergone over 4km of burial while the
Wick Sub Basin and the Smith Bank Graben had undergone about 3%km. The bulk of
this sedimentation occurred during the late Jurassic and early Cretaceous, with
sufficient depth of burial to cause hydrocarbon generation during the Middle to Upper

Jurassic.

Areas further north with good source rock potential e.g. the West Fair Isle
Basin and the East Orkney Basin have not undergone sufficient Mesozoic burial to
generate hydrocarbons. In the south of the Moray Firth, where Mesozoic
sedimentation reached levels of around 2km, the Devonian sediments are more

proximal in nature and source rocks are largely absent.

The best reservoir properties are shown by the Upper ORS. This about 1km
thick, although this will vary according to the amount of Variscan erosion, which is
generally lower to the east, and is about 95% sandstone (Fig. 6.7). Permeabilities are
typically 15-30md, (sometimes >200md) with porosities typically <10%. In this more
distal area the Upper ORS will consist of interbedded sabkha, fluvial and acolian
sandstones in approximately equal proportions, typically in units 1-5m thick. The
aeolian dune crossbedding, which has the highest permeabilities at 100-200md locally

occur in sequences 12-15m thick.

The Middle ORS while being thicker at around 2km, has lower porosities
(typically 5-10%) and permeabilities (<50md) in the more proximal deposits studied.

However, further into the basin, these marginal deposits are not present, and are
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“replaced instead with sequences of flagstones (interbedded mud and silt/fine sand)
~around 10m thick, permanent lake organic rich carbonate/clastic laminites (the

potential source rocks) at 1-2m thick and playa lake clastic mudstones (<1m) (Fig.

6.8).

Potential traps within the ORS will most likely be in sandstone accumulations
banked against irregular basal unconformities (eg. the Yesnaby sandstone) (Trewin,
1985) and in fold structures eg. rollovers adjacent to faults. It is also possible that
Devonian sourced hydrocarbons are reservoired in Mesozoic sandstones in fault traps,
rollover structures or fault block drapes. The area of the Moray Firth that best fulfils
all the above requirements covers the southeastern corner of Quadrant 11, the southern
half of Quadrant 12 and the southwestern corner of Quadrant 13 (Fig. 6.6), in

partic-ular the Great Glen Sub Basin, the Wick Sub Basin and the Smith Bank Graben.
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Fig. 6.7. Schematic representation of the facies distrbution in the Upper ORS.

Braided fiuvial sandstone with rare thin
mudstones and local aeolian sandstones

Playa lake clastic mudstones

Lacustrine carbonate aﬁd

c2km

with flagstones

Marginal conglomerates/breccias

_Permanent lake organic carbonate laminites

Fig. 6.8. Schematic representation of the facies distrbution in the Middle ORS.

141b

clastic mudstones interbédded



Appendix 1

Point count data

T/S No %Qtz %Fsp %Lt Grain Sz. Sorting Porosity %IGV %Clay %Calcite %FeO
mn 798 32 17 0.25 05 26 272 46 20 0
1/2 851 53 97 0.16 042 143 236 7 0 23
1/3 782 35 18 0.25 0.51 23 255 16 21.6 0
1/5 841 43 12 017 0.39 78 30.7 4 18.3 0.6
1/6 797 57 15 0.15 0.48 7 289 56 16.3 0

1712 747 39 2 0.2 0.65 10 216 5 56 1
1713 791 3.1 18 0.11 0.37 2 316 176 0 12
1/14 713 35 25 0.14 0.5 0.6 329 25 0 73
1/15 621 72 31 02 0.68 0 328 57 257 14
1716 718 51 23 0.17 0.49 10 208 28 6 2
1/18 624 5 33 0.23 0.57 1.2 288 16 23.6 24
121 776 51 17 0.18 04 7 22 4 10.5 05
123 623 6 32 0.19 0.53 3 245 2 19.5 0
125 709 85 20 0.17 0.57 12 29 7 10 0
22 689 93 22 0.15 0.5 45 24 18 1.5 0
23 635 108 26 0.23 0.59 11 24 12 0 1
24 776 34 19 0.15 0.78 0.5 26 18 75 0
2/5 754 11 14 0.18 0.5 5 40 12 10.5 12.5
26 805 66 13 02 - 058 8.3 278 53 13.6 0.6
2/7 753 113 13 0.28 0.73 1.1 177 10 6.6 0

28 779 68 15 0.18 0.43 2.3 315 116 73 10.3
3/2 78 64 16 0.16 0.49 76 27.2 8 113 0

33 803 61 14 0.22 0.52 106 284 73 99 0.6
34 711 69 22 0.27 0.61 4.6 26.8 4 17.6 0.6

3/5 80 5 15 0.18 049 106 282 123 6.3 0
3/8 702 149 15 0.24 0.63 43 368 73 23.6 1.6
311 832 73 95 0.17 0.96 116 332 146 5 2

3/13 814 53 13 0.16 0.49 123 316 6 13.3 0
mn 689 6 25 0.14 0.46 3 309 03 23.3 43
7/2 655 77 28 0.2 0.54 5 29 8 16 0
713 564 85 35 0.21 0.69 2 288 46 15.6 6.6
7/4 649 97 26 0.16 0.64 0 339 03 223 11.3
7/9 69 4 26 0.156 0.55 14 193 53 0 0
710 658 92 25 0.16 057 6.3 312 53 19.6 0
711 697 36 27 0.13 0.56 0 339 06 233 10

8/2 720 75 23 0.16 0.6 12 23 4 7 0
8/4 689 86 23 0.12 0.32 8.6 211 03 8.6 3.3
8/8 70 6 24 0.11 0.43 0 26.9 0 253 1.6
8/9 737 26 24 0.13 0.4 0 223 0 20.3 2

8/13A 582 3.7 38 0.2 0.54 0.9 20.4 0 19.2 03
814 603 3.1 37 0.19 0.51 133 231 06 1.6 7.6
816 60 3.7 37 0.15 05 103 185 16 6.3 03
818 657 6 28 0.09 0.49 53 239 03 17 1.3
819 669 89 24 0.1 047 46 27.5 0 16.3 6.6
820 74 44 22 0.08 047 0 283 0 20.3 8

9N 539 72 39 0.13 0.68 9.6 185 0.6 8 0.3
9/6 675 69 26 0.08 048 03 195 0.6 18.6 0

9/8 539 158 30 0.15 0.67 10 205 26 7.6 0.3
9/10 613 112 28 0.15 0.56 12 25.9 1 12.6 0.3




Appendix 1

911 638 72 29 0.12 0.54 03 273 0 27 0
10/1 676 42 28 0.17 0.6 116 208 6.6 23 0.3
10/2 791 22 19 0.08 0.63 1.6 26.8 6 7.6 11.6
103 756 56 19 0.14 0.6 9.6 28 86 4.3 0.3
10/5 707 27 27 0.17 0.65 46 259 8 123 1
108 696 79 23 0.12 0.57 6.3 23.6 4 113 2
109 692 75 23 0.16 0.61 79 194 10.2 1.3 0
1010 757 12 12 0.11 0.62 7 29 66 9.3 0
10711 707 117 18 0.14 0.47 123 236 63 4 1.6
10/14 668 113 22 0.17 0.69 8 253 106 6.7 0
10/15 677 111 21 0.15 0.6 9 205 56 53 0.6
10717 702 9 21 02 0.63 26 285 26 153 8
10/21 659 148 19 0.17 0.61 56 234 116 56 0.6
1022 65 102 25 0.13 0.63 53 29 10 6.6 1
10/23 668 151 18 0.15 0.44 1.3 298 6.2 20.7 1.6
11/4 635 119 25 0.1 0.65 2.6 28.5 2 15.6 8.3
11/5 689 132 18 0.12 0.59 74 245 55 1.3 03
11/8 684 127 19 0.13 0.43 6.7 182 3.2 7.7 0.6
1113 68 147 17 0.12 0.43 73 19.5 7 26 2.6
11/16 648 203 15 0.12 0.52 106 216 4 7 0
11/17_65.8 193 15 0.1 0.45 1.3 28.2 1 20.3 5.6
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Appendix 2

Contact data

T/ISNo ClI TPI Contact types (%) N2 contacts (%)
Point Long C-C Sutred 0+1 243  4+>
n 32 22 316 52 138 26 49 585 36.6
1/2 4 32 186 651 151 1.3 0 263 737
1/3 26 24 105 597 282 17 211 555 234
1/ 32 24 219 61 166 05 6.6 54.1 393
176 29 25 134 605 256 06 11.7 63.6 25
112 31 24 204 586 194 16 6.5 63 29
1/13 35 25 275 624 10 0 1.5 462 523
1/14 31 24 208 575 213 05 6.3 54 39.7
1115 23 19 175 638 175 12 176 676 147
1716 34 31 139 594 253 14 6.3 546 48.1
1/18 3 24 218 497 269 15 9.4 625 28.1
1/21 35 29 156 569 257 1.7 3 44 4 525
1/23 27 23 168 57 24 22 21.2 455 333
1/25 3 27 88 58 30.1 3.1 94 563 344
22 26 23 141 538 314 06 23.7 492 271
2/3 32 3 105 479 405 11 7 526 404
2/4 26 19 27 513 217 0 16.9 627 203
2/5 23 17 252 489 259 0 26.6 60 13.3
2/6 31 25 157 494 343 06 54 643 303
28 24 2 184 528 27 0.2 22.1 574 205
32 36 35 97 481 351 1.1 49 39 56.1
3/3 31 28 93 51 376 21 6.5 56.5 37
- 3/4 3 27 112 50 382 06 6.8 644 288
3/5 3 27 11 523 36.7 0 58 67.3 26.9
38 28 27 77 523 374 26 7.4 666 259
3/13 37 33 114 485 401 0 0 444 556
Yal 29 27 213 543 244 0 14 526 333
7/3 3 22 255 495 245 05 11.9 49.2 39
7/4 34 26 223 611 16 0.6 1.9 558 423
7/9 38 34 9 615 295 0 19 32.1 66
7/10 33 28 124 589 286 0 53 439 509
7711 3.1 25 197 595 208 0 10.7 50 39.3
8/2 36 33 121 535 335 09 3.4 43.1 534
8/4 33 38 83 537 371 0.9 48 413 54
8/8 34 29 152 549 288 1.1 5.6 463 481
8/9 36 33 94 563 343 0 3.8 453 509
8/13A 32 27 133 497 364 06 7.3 509 418
814 24 21 105 629 266 0 16.7 68.3 15
8/16 4 35 125 547 297 03 0 313 687
8/18 4 36 11 57 29.2 03 0 389 61.1
819 37 34 86 614 257 04 0 526 474
9/6 39 36 85 606 296 0 0 333 66.7
9/8 31 28 102 475 407 17 0 684 316
9/10 33 29 127 46 38.1 0.3 53 474 473
10/1 31 29 63 516 391 0.3 48 619 337
10/2 4 38 36 482 434 36 0 333 66.7
10/3 35 32 79 556 286 63 56 50 44 4
10/5 36 33 71 518 446 54 6.3 437 50
10/8 34 32 39 519 403 39 0 609 391
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10/9
10/10
10/11
10/14
10/15
10717
10/21
10/22
10/23

11/4

11/5

11/8
1113
11/16
11117

34

33

34

3.6
3.55
3.30
3.94
3.50
3.40
2.89
2.89
3.24
4.09
3.48
3.70

6.9

92

4.7

8.5

79

16.5
3.8

74

44
113
88

43

6.3

6.4

51

48.6
44.6
50
40.8
53.90
50.6
62
471
574
58.1
52.6
53.6
479
55.1
60.3

417
446
453
45.1
34.2
32.9
329
39.7
324
258
33.3
348
458
34.6
33.3

28
1.5

28
39

1.3
59
59
48
53
7.2

38
1.3

oomooomogoo

FS

40
444

38.9
40
35

278

389
40

63.2

722

38.1

27.3

429
30

60
55.6
444
61.1

55

722
61.1

36.8
278
571
722
57.1
70
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Appendix 3

Porosity loss data

T/S No Porosity Cement IGV % original porosity
desroyed by:
compaction  cementation
in 26 27.2 246 32 61.5
172 14.3 23.6 9.3 41 23.2
1/3 23 255 232 36.25 58
1/5 78 30.7 229 23.25 57.25
1/6 7 28.9 219 27.75 54.75
112 10 216 116 46 29
1/13 2 316 29.6 21 74
1/14 0.6 329 323 17.75 80.75
1/15 0 328 328 18 82
1/16 10 20.8 10.8 48 27
1/18 1.2 28.8 276 28 69
1/21 7 22 15 45 375
1/23 3 245 215 38.75 53.75
1/25 12 29 17 275 425
2/2 45 24 19.5 40 48.75
213 1 24 13 40 325
2/4 0.5 26 255 35 63.75
2/5 5 40 35 0 875
2/6 83 278 19.5 30.5 48.75
217 1.1 17.7 16.6 55.75 415
2/8 23 315 29.2 21.25 73
3/2 7.6 27.2 19.3 32 48.25
3/3 10.6 284 17.8 29 445
3/4 4.6 26.8 222 33 55.5
3/5 10.6 29.2 18.6 27 46.5
3/8 43 36.8 325 8 81.25
3/11 11.6 33.2 21.6 17 54
3/13 12.3 316 19.3 21 48.25
mn 3 279 30.9 22.75 69.75
7/2 5 24 29 27.5 60
7/3 2 26.8 288 28 67
7/4 0 339 339 15.25 84.75
7/9 14 53 19.3 51.75 13.25
7/10 6.3 249 31.2 22 62.25
711 0 339 339 15.25 84.75
8/2 12 11 23 425 275
8/4 8.6 12.2 211 47.25 305
8/8 0 26.9 269 32.75 67.25
819 0 22.3 22.3 44.25 55.75
8/13A 0.9 19.5 20.4 49 48.75
8/14 13.3 9.8 23.1 42.25 245
8/16 10.3 8.2 18.5 53.75 205
8/18 53 18.6 239 40.25 46.5
8/19 46 229 275 31.25 57.25
8/20 0 28.3 28.3 29.25 70.75
971 9.6 8.9 18.5 53.75 22.25
9/6 0.3 19.2 19.5 51.25 48
9/8 10 10.5 20.5 48.75 26.25

146




Appendix 3

9/10
9/11
10/1
10/2
1073
10/4
10/5
10/8
10/9
10710
10/11
10/14
10/15
10117
10/21
10/22
10/23
11/4
11/5
11/8
1113
11716
11/17

12
03
11.6
1.6
9.6
8.6
46
6.3
79

——
O oo N
w

2.6

5.6

53

1.3

2.6

74

6.7

7.3
10.6
1.3

139
27
9.2
19.6
13.2
15.8
21.3
17.3
11.5
159
19
173
115
259
17.8
17.6
28.5
259
171
11.5
12.2
11
26.6

259
27.3
20.8
26.8
22.8
244
259
23.6
194
229
236
253
20.5
28.5
234
229
29.8
28.5
245
182
19.5
216
28.2

35.25
31.75

39
35.25
41
51.5
42.75
41
36.75
48.75
28.75
415
42.75
25.5
28.75
38.75
545
51.25
46
29.5

34.75
67.5

49

39.5
53.25
43.25
28.75
39.75
29.75
43.25
28.75
64.75

445

71.25
64.75
42.75
28.75
30.5
275
66.5
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Appendix 4

Middle ORS poroperm data

Unit: Cromarty Sample No Perm/md Porosity Lithofacies
Age: ? Eif/Giv 15/1-91 15 -- Gm
Locality: Miller's Bay 15/2-91 43.5 -- Sh
71 12 3 Sh
7/9 29 14 St
7/10 21 6.3 St
7/3 12 2 S
7/4 12 0 Sl
7/11 17 0 Sr
Unit: Geanies/Cadboll Sample No Perm/md Porosity Lithofacies
Age: Ems/Eif 9/6 13.5 0.3 Sm
Locality: Hilton 7/4-91 0 - Sm
8/2 29 12 St
8/14 23 13.3 St
8/16 23 5.3 St
9/10 13.5 12 St
9/11 13.5 0.3 St
6/4-91 48 - St
6/5-91 42,5 8 St
6/6-91 39 - St
6/8-91 8 - St
7/1-91 19.5 5 St
7/2-91 17.5 - St
8/4 23 8.6 Sh
8/8 15 0 Sh
8/18 13.5 5.3 Sh
6/1-91 9.5 -- Sh
6/7-91 8 - Sh
7/3-91 0 - Sh
6/2-91 8 - Sr
6/3-91 11 4.3 Sr
3/1-91 20 - Spe
Unit: Rockfield Sample No Perm/md Porosity Lithofacies
Age: Eif/Giv 10/2 13.5 1.6 St
Locality: Rockfield 10/3 17 9.6 St
10/9 14 7.9 St
10/14 15 8 St
11/13 17 7.3 St
8/2-91 36.5 - St
8/4-91 0 - St
8/6-91 22 5.6 St
8/7-91 10 - St
10/4 20 8.6 Sh
10/8 13.5 6.3 Sh
10/10 17 7 Sh
10/21 13.5 5.6 Sh
11/16 10 10.6 Sh
1117 13.5 1.3 Sh
8/1-91 7 - Sh
8/3-91 3 - Sh
8/5-91 0 -- Sh
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Upper ORS poroperm data
Unit: Tarbat Ness Sample No Perm/md Porosity Lithofacies
Age: Givetian 1/2 100 14.3 St
Locality: Embo 1/15 23 0 St
1/16 46 10 St
1/23 15 3 St
1/25 53.5 12 St
1/3-91 15 - Sp
1/6 25 7 Sh
Unit: Tarbat Ness Sample No Perm/md Porosity Lithofacies
Age: Givetian 2/2 18.5 45 St
Locality: Tarbat Ness 2/3 48 11 St
2/7 34.5 1.1 St
4/2-91 42 10 St
4/3-91 22 -- St
4/6-91 27.5 7 St
4/7-91 2 - St
4/8-91 14.5 25 St
4/9-91 14.5 3 St
4/10-91 30 - St
4/11-91 17 - St
4/12-91 23 6 St
4/13-91 30 - St
4/14-91 17 4 St
4/15-91 26 - St
4/16-91 28.5 - St
4/13-91 36.5 6.3 St
2/5 18.5 5 Si
4/1-91 28.5 - Sh
4/4-91 14.5 2 Sh
4/5-91 23 - Sh
4/17-91 22 5 Sh
4/18-91 23 - Sh

Unit: Nairn Sandstone
Age: Givetian
Locality: Naim

Unit: Gaza
Age: Giv/Fras
Locality: Tarbat Ness

Sample No Perm/md Porosity Lithofacies

Nairn-A
Nairn-B

40
27

9
7

St
St

Sample No Perm/md Porosity Lithofacies

4/21-91
4/23-91
9/1-91
9/2-91
9/3-91
1/8-91
4/20-91
4/22-91
9/4-91

64
250
270
170
210

57

33
145
255

20

16

13.6

6.2

St
St
St
Spe
Spe
Sabkha
Sabkha
Sabkha
Sabkha
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Appendix 4

Unit: Gaza Sample No Perm/md Porosity Lithofacies

Age: Giv/Fras 3/5 41.5 10.6 Sm

Locality: Portmahomack 3/8 245 4.3 St
3/ 20 11.6 Sh
3/13 55 12.3 Sr

150




References

ALLEN, J.R.L. (1978) Studies in fluviatile sedimentation: An exploratory quantitative
model for the architecture of avulsion-controlled alluvial suites. Sediment.
Geol.,, 21, 129-147.

ALLEN, J.R.L. (1974a) Studies in fluviatile sedimentation: implications of pedogenic
carbonate units, Lower Old Red Sandstone, Anglo Welsh outcrop. Geol. Jou.
9, ii, 181-208.

ALLEN, J.R.L. (1974b) Sedimentology of the Old Red Sandstone (Siluro-Devonian) in
the Clee Hills area, Shropshire, England. Sedim. Geol., 12, 73-167.

ALLEN, JR.L. (1973) Compressional structures (patterned ground) in Devonian
pedogenic limestones. Nature, Phys. Sci. 253, 84-86.

ALLEN, J.R.L. (1970) Studies in fluviatile sedimentation: A comparison of fining-
upward cyclothems with special reference to coarse-member composition and
interpretation. Jou. Sed. Pet., 40, 298-323.

ALLEN, J.R.L. (1965) Sedimentation and palacogeography of the Old Red Sandstone
of Anglesey, North Wales. Proc. Yorks. Geol. Soc. 35, 139-185.

ALLEN, JR.L. (1963) The classification of cross stratified units, with notes on their
origin. Sedimentology, 2, 93-114.

ALLEN, P.A. (1981a) Devonian lake margin environments and processes, SE Shetland,
Scotland. Jou. Geol. Soc. Lond., 138, 1-14.

ALLEN, P.A. (1981b) Wave generated structures in the Devonian lacustrine sediments
of south-east Shetland and ancient wave conditions. Sedimentlogy, 28, 369-
379.

ALLEN, P.A. & MARSHALL, J.E.A. (1981) Depositional environments and palynology
of the Devonian south-east Shetland Basin. Scott. Jou. Geol., 17, 257-273.

AMBROSE, A.W. (1921) Underground conditions in oil fields. Bull, USBM,
Washington, 70-72.

151



ANDERSON, G. & MACKENZIE, A.C. (1863) On the occurence of a bituminous
substance near Mountgerald, Scotland. Q. J. Geol. Soc. Lond., 19, 522-524.

ANDREWS,L.J., LONG, D., RICHARDS, P.C., THOMSON, A.R., BROWN, S., CHESHER,
J.A. & McCorRMAC, M. (1990) United Kingdom offshore regional report: the
geology of the Moray Firth. HMSO for the British Geological Survey,
London, 96pp.

ARAKEL, A.V. & McCoNCHIE, D. (1982) Classification and genesis of calcrete and
gypsite lithofacies in palacodrainage systems of inland Australia and their
relationship to carnonite mineralisation. J. Sedim. Petrol., 52, 1149-1170.

ARCHER, R. (1978) The Old Red Sandstone outliers of Gamrie and Rhynie,
Aberdeenshire. Ph. D. thesis (unpubl), Univ. of Newcastle Upon Tyne.

ARMSTRONG, M. (1977) The Old Red Sandstone of Easter Ross and the Black Isle.
In 'Moray Firth Area Geological Studies' (Ed. G. Gill). Spec. Publ. Inverness
Field Club, 26-34.

ARMSTRONG, M. (1964) The Geology of the region between the Alness River and the
Dornoch Firth. Ph.D. thesis (unpubl.) Univ. Newcastle Upon Tyne.

AsTIN, T.R. (1990) The Devonian lacustrine sediments of Orkney, Scotland;
implications for climate cyclicity, basin structure and maturation history. Jou.
Geol. Soc.,London. 147, 141-151.

ASTIN, T.R. (1985) The palacogeography of the Middle Devonian Lower Eday
Sandstone of Orkney. Scott. Jou. Geol., 21, 353-375.

BAILEY, N.J.L., BURWOOD, R. & HARRIMAN, G.E. (1990) Application of pyrolysate
carbon isotope and biomarker technology to organofacies definition and oil
correlation problems in North Sea basins. Organic Geochemistry, 16, 1157-
1172.

BAL, L. (1975) Carbonate in soils: a theoretical consideration on, and proposal for its
fabric analysis. 1and II. Neth. J. Agric. Sci., 23, 18-35, 163-176.

BANKS, H.P. (1987) Comparative morphology and the rise of palaeobotony. Rev.
Palynol. Palynology, 50, 13-29.



BARKER, C.E. & PAWLEWICZ, M.]. (1986) The correlation of vitrinite reflectance
with maximum temperature in humic organic matter. In 'Lecture notes in
Earth Sciences, 5. Palaeogeothermics. (Eds. G. Buntebarth & L. Stegena),
Springer-Verlag, Berlin.

BARRON, J. (1883) (Ed) Excursion to Alness and Strathrory. Trans. Inverness Sci.
Soc. Field Club 2, 317-323.

BASSETT, W.A. (1960) Role of hydroxyl orientationin mica alteration. Bull. Geol.
Soc. Am., 71, 449-450.

BEACH, A. (1985) Some comments on sedimentary basin development in the northern
North Sea. Scott. Jou. Geol., 21, 493-512.

BEARD, D.C. & WEYL, P.K. (1973) Influence of texture on porosity and permeability
of unconsolidated sand. Bull. Am. Assoc. Petrol. Geol. 57, 349-369.

BELL, F.G. (1978) Petrological factors relating to the porosity and permeability in the
Fell Sandstone. Quart. Jou. Eng. Geol,, 11, 113-126.

BENZAGOUTA, M.S. (1991)  Petrophysical controls on sandstone reservoir
charactristics in the Buchan oil field, Northern North Sea. Ph.D Thesis
(unpubl.) University of Newcastle Upon Tyne.

BigrRKUM, P.A., Migs, R., WALDERHAUG, O. & HURST, A. (1990) The role of the
late Cimmerian unconformity for the distribution of kaolinite in the Gullfaks
Field, northern North Sea. Sedimentology. 37, 395-406.

BIBRLYKKE, K. (1984) Formation of secondary porosity: how important is it ? In
'Clastic Diagenesis' (Eds. D.A. McDonald and R.C. Surdam). Mem. Am.
Assoc. Petrol. Geol. 37, 277-286.

BIoRLYKKE, K. (1981) Diagenetic reactions in sandstones. In 'Sediment diagenesis’
(Eds. A. Parker and B.W. Sellwood) NATO ASI, Series C, Math. Phys. Sci.
115, 169-214.

BigRLYKKE, K., ELVERH@I, E. & MALM, A.O. (1979) Diagenesis in Mesozoic
sandstones from Spitsbergen and the North Sea - A comparison. Geologische

Rundschau, 68, iii, 1152-1171.

153



BLAack, G.P. & MACKENZIE, D.H. (1957) Supposed unconformities in the Old Red
Sandstone of Western Moray. Geol. Mag., 118, 409-414,

BLACKBOURN, G.A. (1984) Diagenetic history and reservoir quality of a Brent Sand
sequence. Clay Minerals, 19, iii, 377-389.

BLACKBOURN, G.A. (1981a) Correlation of Old Red Sandstone (Devonian) outliers in
the Northern Highlands of Scotland. Geol. Mag, 118, 409-414.

BLACKBOURN, G.A. (1981b) Probable Old Red Sandstone conglomerates around
Toungue and adjacent areas, north Sutherland. Scott. Jou. Geol., 17, 103-118.

BLACKBOURN, G.A. (1981c) Red bed successions on the Western Seaboard of
Scotland. Ph. D. thesis (unpubl), Univ. of Strathclyde.

BLANCHE, J.B. & WHITAKER, J.A.McCD. (1978) Diagenesis of part of the Brent Sand
Formation (Middle Jurassic) of the northern North Sea. Jou. Geol. Soc., , .

BLATT, H. (1979) Diagenetic processes in sandstones. In ‘Aspects of diagenesis'
(Eds. P.A. Scholle and P.R. Schluger) SEPM Spec. Publ. 26, 141-157.

BLATT, H., MIDDLETON, G. & MURRAY, R. (1980) Origin of Sedimentary Rocks
(2nd edn.). Prentice-Hall Inc., New Jersey. 782p.

BLUCK, B.J. (1980) Evolution of a strike-slip fault controlled basin, Upper Old Red
Sandstone, Scotland. In ‘Sedimentation in Oblique-slip mobile zones' (Eds.
P.F. Ballance & H.G. Reading), Spec. Publ. Int. Ass. Sediment., 4, 63-78.

BLUCK, B.J. (1979) Structure of coarse grained braided stream alluvium. Trans. Roy.
Soc. Edin. Earth Sci., 70, 181-221.

BOLES, J.R. (1984) Secondary porosity reactions in the Stevens sandstone, San
Joaquin Valley, California. In 'Clastic Diagenesis' (Eds. D.A. McDonald and
R.C. Surdam). Mem. Am. Assoc. Petrol. Geol. 37, 217-224.

BOOTHROYD, J.C. & NUMMEDAL, D. (1978) Proglacial braided outwash: a model for
humid alluvial fan deposits.  In 'Fluvial Sedimentology’, (Ed. A.D. Miall).
Mem. Can Soc. Petrol. Geol., 5, 641-648.

154



BrROwN, D. M., MCALPINE, K. D. & YoLE, R. W. (1989) Sedimentology and
sandstone diagenesis of Hibernia Formation in Hibernia Oil Field, Grand Banks
of Newfoundland. Bull. Am. Assoc. Petrol. Geol. 73, v, 557-575.

Buczynski, C. & CHAFETZ, H.S. (1987) Siliciclastic grain breakage and displacement
due to carbonate crystal growth: an example from the Lueders Formation
(Permian) of north-central Texas, U.S.A. Sedimentology, 34, 837-843.

Bukovics, C., CARTIER, E.G., SHAW, N.D. & ZIEGLER, P.A. (1984) Structure and
development of the mid-Norway continental margin. In 'Petroleum Geology of
the North European Margin' (Eds. Spencer et al.), Graham and Trotman,
London, 407-424,

BURGESS, E.G. (1961) Fossil soils of the Upper ORS of South Ayrshire. Trans Geol.
Soc. Glasg. 24, 138-153.

BURLEY, S.D. (1986) The development and destruction of porosity within Upper
Jurasic reservoir sandstones of the Piper and Tartan fields, Outer Moray Firth,
North Sea. Clay Minerals, 21, iv, 649-694.

BURLEY, S.D. (1984) Patterns of diagenesis in the Sherwood Sandstone Group
(Triassic), United Kingdom. Clay Minerals, 19, 403-440.

BURLEY, S.D. & KANTOROWICZ, J.D. (1986) Thin section and SEM textural criteria
for the recognition of cement-dissolution porosity in sandstones.
Sedimentology, 33, 587-604.

BURROLET, P.F., BYRAMIEE, J. & Couppey, C. (1969) Contribution a l'etude
sedimentlogique des terrains Devonien du Nord-est de 1"Ec0sse. Notes et
Memoires No. 9. Companie Francaise des Petroles. Paris.

BUTLER et al. (1976) Evaluation of a fractured sandstone reservoir. Trans. 4'h
European Formation Evaluation Symp. Soc. Prof. Well Log Analysts, 1-18.

CaNT, D.J. & WALKER, R.G. (1978) Fluvial processes and facies sequences in the

sandy braided South Saskatchewan River, Canada. Sedimentology, 28, 625-
648.

155



CANT, D.J. & WALKER, R.G. (1976) Development of a braided fluvial facies model
for the Devonian Battery Point Sandstone, Quebec. Caﬁ. Jou. Earth Sci., 13,
102-119.

CARLISLE, (1983) Concentration of uranium and vanadium in calcretes and gypcretes.
In 'Residual Deposits' (Ed. R.C.L. Wilson). Geol. Soc. Lond. Spec. Publ. No.
11, 185-195.

CARLISLE, (1980) Possible variation in the calcrete-gypcrete uranium model. Open-
File Rep. US. Dept. Energy, GIBX-53(80), 38pp.

CAROTHERS, W.W. & KHARAKA, Y.K. (1978) Aliphatic acid anions in oil-field waters
- implications for origin of natural gas. Bull. Am. Assoc. Petrol. Geol. 62,
2441-2453.

CARROLL, D. (1970) Clay minerals: A guide to their X-ray identification. Geol. Soc.
Am. Spec. Pap. 126, Geological Society of America.

CeciL, C.B. & HEALD, M.T. (1971) Experimental investigation of the effects of grain
coatings on quartz growth. Jou. Sed. Pet. 41, 2441-2453.

CHOQUETTE, P.W. & PrAY, L.C. (1970) Geologic nomenclature and classification of
porosity in sedimentary carbonate. Bull. Am. Assoc. Petrol. Geol. 54, 207-
250. |

Coney, PJ. & HARMs, T.A. (1984) Cordilleran metamorphic core complexes:
Cenozoic extensional relics of Mesozoic compression. Geology, 12, ix, 550-
554.

DEER, W.A., HOWIE, R.A. & ZUSSMAN, J. (1966) An introduction to the rock
forming minerals.' Longmans, Green & Co., London, 528pp.

DEWEY, J.F. (1982) Plate tectonics and the evolution of the British Isles. Jou. Geol.
Soc. Lond., 139, 371-414.

DickiNsON, W.R. & Suczek, C.A. (1979) Plate tectonics and sandstone

compositions. Bull. Am. Assoc. Petrol. Geol. 63, 2164-2182.

156



DIxoN, S.A., SUMMERS, D.M. & SURDAM, R.C. (1989) Diagenesis and preservation
of porosity in the Norphlet Faormation (Upper Jurassic), southern Alabama.
Bull. Am. Assoc. Petrol. Geol. 73, 707-728.

DoNOVAN, R.N. (1982) Devonian calcretes (cornstones) near Tain. Scott. Jou. Geol.
18, ii/iii, 125-129.

DoNovAN, R.N. (1980) Lacustrine cycles, fish ecology and stratigraphic zonation in
the Middle Devonian of Caithness. Scott. Jou. Geol. 16, 35-50.

DoNoVAN, R.N. (1978) Caithness. In ‘A field guide to selected outcrops of the
Devonian of Scotland, the Welsh Borderland, and South Wales.' (Eds. P.F.
Friend & B.P.J. Williams) Palaeotological International Symposium on the
Devonian System (P.A.D.S. 78), 37-53.

DoNoVAN, R.N., ARCHER, A., TURNER, P. & TARLING, D.H. (1976) Devonian
Palaeogeography of the Orcadian Basin and the Great Glen Fault. Nawure, 259,
550-551.

DoNovaN, R.N., FOSTER, R.J. & WESTOLL, T.S. (1974) A Stratigraphical revision of
the Old Red Sandstone of north-eastern Caithness. Trans. R. Soc. Edin., 69,
167-201.

Dott, R.H. (1964) Wacke, graywacke and matrix - What approach to immature
sandstone classification ? Jou. Sed. Pet. 34, 625-632.

DougLas, A.G., HaLL, P.B. & SoLLl, H. (1983) Comparative organic geochemistry
of some European oil shales. In ‘Geochemistry and Chemistry of Oil Shales.'
(Eds. F.P. Miknis & J.F. McKay), Washington.

DREYER, T., SCHEIE, A. & WALDERHAUG, O. (1990) Minipermeameter-based study
of permeability trends in channel sand bodies. Bull. Am. Assoc. Petrol. Geol.
74, iv, 359-374.

DUNCAN, AD. & HAMILTON, R.F.M. (1988) Palaeolimnology and organic
geochemistry of the Middle Devonian in the Orcadian Basin. In ‘Lacustrine

Petroleum Source Rocks’ (Eds. AJ. Fleet, K. Kelts & M.R. Talbot.) Spec.
Publ. Geol. Soc. Lond., 40, 173-201.

157



EHRENBERG, S.N. (1990) Relationship between diagenesis and reservoir quality in
sandstones of the Garn Formation, Haltenbanken, Mid-Norwegian continental
shelf. Bull. Am. Assoc. Petrol. Geol. 74, x, 1538-1558.

EHRENBERG, S.N. (1989) Assessing the relative importance of compaction processes
and cementation to reduction of porosity in sandstones: Discussion;
Compaction and porosity evolution of Pliocene sandstones, Ventura Basin,
California: Discussion. Bull. Am. Assoc. Petrol. Geol. 73, x, 1274-1276.

EUPE, R. & WEBER, K. J. (1971) Mini-permeameters for consolidated rock and
unconsolidated sand. Bull. Am. Assoc. Petrol. Geol. 55, ii, 307-309.

ENFIELD, M. & CowARD, M.P. (1987) The structure of the West Orkney Basin,
northern Scotland. Jou. Geol. Soc. Lond., 144, 871-884.

ENGLAND, P. (1982) Some numerical investigations of large scale continental
deformation. In 'Mountain Building Processes' (Ed. K.J. Hsii). Academic
Press, New York.

EYLES, B.A. & MACGREGOR, A.G. (1952) The Great Glen crush belt. Geol. Mag.,
89, 426-436.

FARMER, V.C., RUSSEL, J.D., MCHARDY, W.T., NEWMAN, A.C.D., AHLRICHS, J.L. &
RIMSAITE, J.Y.H. (1971) Evidence for loss of protons and octahedral iron
from oxidised diotites and vermiculites. Min. Mag., 38, 121-137.

FUNN, D. (1969) A geological interpretation of the aeromagnetic maps of the
continental shelf around Orkney and Shetland. Geol. Jou., 6, 279-292.

FoLK, R.L. (1966) A review of grain size parameters. Sedimentology, 6, 73-93.
FoLk, R.L. & LaND, L.S. (1975) Mg/Ca ratio and salinity: Two controls over
crystallisation of dolomite. Bull. Am. Assoc. Petrol. Geol. 59, i, 60-68.
FRANKS, S.G. & FORESTER, R.W. (1984) Relationships among secondary porosity,
pore-fluid chemistry and carbon dioxide, Texas Gulf Coast. In 'Clastic
Diagenesis' (Eds. D.A. McDonald and R.C. Surdam). Mem. Am. Assoc.

Petrol. Geol. 37, 63-79.

158



FRASER, H.J. (1935) Experimental study of the porosity and permeability of clastic
sediments. Jou. Geol. 43, 910-1010.

FOCHTBAUER, H. (1967) Influence of different types of diagenesis on sandstone
porosity. 7" World Petroleum Congress Proceedings, 2, 353-369.

GEEHAN, G.W., LAWTON, T.F., SAKURI, S., KLoB, H., CuFTON, T.R., INMAN, K.F. &
NITZBERG, K.E. (1986) Geologic prediction of shale continuity, Prudhoe Bay
Field. In Reservoir Characterization, (Eds. L.W.Lake and H. B. Carrol, Jr.)
Academic Press, 63-82.

GEIKIE, A. (1878) On the Old Red Sandstone of Western Europe. Trans. R. Soc.
Edin., 28, 345-352.

GILE, L.H., PETERSON, F.F. & GROssMAN, R.B. (1966) Morphological and genetic
sequences of carbonate accumulations in desert soils. Soil. Sci., 100, 347-360.

GILE, L.H., PETERSON, F.F. & GROSSMAN, R.B. (1965) The K horizon: a master soil
horizon of carbonate accumulations. Soil Sci., 99, 74-82.

GILES, M.R. & MARSHALL, J.D. (1986) Constraints on the development of secondary
poroisty in the subsurface: re-evaluation of processes. Marine and Petroleum
Geology, 3, 243-255.

GLAZNER, A.F. & BARTLEY, J.M. (1985) Evolution of lithospheric strength after
thrusting. Geology, 13, 42-45.

GORDON, G. & Joass, J.M. (1863) On the relations of the Ross-Shire sandstones
containing reptilian footprints. Quart. Jou. Geol. Soc. Lond., 19, 506-509.

GOUDIE, A.S (1983) Calcrete. In '‘Chemical Sediments and Geomorphology' (Eds.
A.S. Goudie and K. Pye), 93-131. Academic Press, London, New York.

GOUDIE, A.S (1973) Duricrusts in Tropical and Subtropical Landscapes. Clarendon
Press, Oxford.

GRATON, L.C. & FRASER, H.S. (1935) Systematic packing of spheres and particular
relation to porosity and permeability. Jou. Geol., 43, 785-909.

GRAY, J. (1985) The micro fossil record of early land plants: advances in in

understanding of early terrestrialization, 1970-1984. In 'Evolution and

159



environment in the Late Silurian and Early Devonian' (Eds. W.G. Chaloner &
J.D. Lawson), Phil. Trans. R. Soc. Lond., B309, 167-195.

HALDORSEN, H. H. & LAKE, L. W. (1984) A new approach to shale management in
field-scale models. Soc. Petrol. Eng. Jou. 24, iv, 447-452.

HaLL, A M. (1991) Pre-Quaternary landscape evolution of the Scottish Highlands.
Trans. Roy. Soc. Edinb.,82, 1-26.

HALL, P.B. & DoucLAs, A.G. (1983) The distribution of cyclic alkanes in two
lacustrine deposits. In ‘Advances in Organic Geochemistry 1981' (Ed.
M.Bjorgy), John Wiley.

HALLIDAY, AN. (1982) “0Ar/39Ar age of the Hoy Lavas, Orkney. In ‘Numerical
dating in stratigraphy' (Ed. G.S. Odin) Wiley, Chichester.

HALLIDAY, A.N., MCALPINE, A. & MITCHELL, J.G. (1977) The age of the Hoy Lavas,
Orkney. Scott. Jou. Geol., 13, 43-52.

HaMILTON, E.L. & MENARD, HW., JR. (1956) Density and porosity of seafloor
surface sediments off San Diego, California. Bull. Am. Assoc. Petrol. Geol. 40,
754-761.

HaMILTON, R.F.M. & TREWIN, N.H. (1985) Excursion guide to the Devonian of
Caithness. Petroleum Exploration Society of Great Britain, Aberdeen Branch.

HARRELL, J.A. (1983) Grain size and shape distributions, grain packing, and pore
geometries within laminae: characterisation and methodologies. Ph.D. thesis
(unpubl.) Univ. Cincinatti, 583p.

HARRELL, J.A. (1981) Measurement errors in thin-section analysis of grain packing.
Jou. Sed. Pet. 51, 674-676. |

HAYEs, J.B. (1979) Sandstone diagenesis - the hole truth. In 'Aspects of diagenesis’
(Eds. P.A. Scholle and P.R. Schluger) SEPM Spec. Publ. 26, .

HEALD, M.T. (1965) Lithification of sandstones in West Virginia. West Virginia
Geological and Economic Survey Bulletin, 30, 28p.

HeALD, M.T. (1956) Cementation of Simpson and St. Peter sandstones in parts of

Oklahoma, Arkansas and Missouri. Jou. Geol., 64, 16-30.

160



HeM, J.D. (1985) Study and interpretation of the chemical characteristics of natural
water. U.S. Geological Survey Water-Supply Paper, 2254, 263p.

HEROUX, Y., CHAGNON, A. & BERTRAND, R. (1979) Compilation and correlation of
major thermal maturation indicators.  Bull. Am. Assoc. Petrol. Geol. 63,
2128-2144.

HILL, P.J. & SMITH, G. (1979) Geological aspects of the drilling of Buchan Field.
Offshore Europe 79 Conference. Soc. Petrol. Eng., Paper 8153. 1.

HIILIER, S. & MARSHALL, J.E.A. (1992) Organic maturation, thermal history and
hydrocarbon generation in the Orcadian Basin, Scotland. Jou. Geol. Soc.,
Lond., 149, 491-502.

HORNE, J. & HINXMAN, B.A. (1914) The geology of the country round Beauly and
Inverness. Mem. Geol. Surv.

HossACK, J.R (1984) The geometry of listric growth faults in the Devonian basins of
Sunnfjord, W. Norway. Jou. Geol. Soc. Lond., 141, 629-637.

HOUSEKNECHT, D.W. (1989) Assessing the relative importance of compaction
processes and cementation to reduction of porosity in sandstones:Reply. Bull.
Am. Assoc. Petrol. Geol. 73, x, 1277-1279.

HoOUSEKNECHT, D.W. (1987) Assessing the relative importance of compaction
processes and cementation to reduction of porosity in sandstones. Bull. Am.
Assoc. Petrol. Geol. 71, vi, 633-642.

ILLING, V.C. (1939) Some Factors in Oil Accumulation. Richard Clay and Co., Ltd.,
Suffolk, England.

IRWIN, H, & MEYER, T. (1990) Lacustrine organic facies. A biomarker study using
multivariate statistical analysis. Organic Geochemistry, 16, 197-210.

JounsoN, H.D. & KroL, D.E. (1984) Geological modeling of a heterogeneous
sandstone reservoir: Lower Jurassic Statfjord Formation, Brent Field. Soc.
Petrol. Eng. paper 13050.

KAISER, W.R. (1984) Predicting reservoir quaity and diagenetic history in the Frio
formation (Oligocene) of Texas. Am. Assoc. Petrol. Geol., 37, 195-215.

161



KELLER, W.D. (1978) Classification of kaolins exemplified by their texture in scan
electron micrographs. Clays and clay minerals, 26, i, 1-20.

Krarpa, C.F. (1980) Rhizoliths in terrestrial carbonates: classification, recornition,
genesis, and significance. Sedimentology, 27, 613-629.

KNox, R.W.O'B., BURGESS, W.G., WILSON, K.S. & BATH, A.H. (1984) Diagenetic
influences on reservoir properties of the Sherwood Sandstone (Triassic) in the
Marchwood Geothermal Borehole, Southampton, UK. Clay Minerals, 19, iii
441-456.

LASSETER, T.J, WAGGONER, J.R. & LAKE, L.W. (1986) Reservoir heterogeneities and
their influence on ultimate recovery. In Reservoir Characterization, (Eds.
L.W.Lake and H. B. Carrol, Jr.) Academic Press, 545-559.

LEEDER, M.R. (1976) Palacogeographic significance of pedogenic carbonates in the
topmost Upper ORS of the Scottish Border Basin. Jou. Geol. 11, 21-28.
LUNDEGARD, P.D., LAND, L.S. & GALLOWAY, W.E. (1984) Problems of secondary
porosity: Frio Formation (Oligocene), Texas Gulf Coast. Geology, 12, 399-

402.

MCALPINE, A. (1978) The Upper Old Red Sandstone of Orkney, Caithness and
adjacent areas. Ph.D. Thesis (unpubl.) Univ. Newcastle upon Tyne.

MCcBRIDE, E.F. (1974) Significance of color in red, green, purple, olive, brown and
gray beds of the Difunta Group, Northeastern Mexico. Jou. Sed. Pet., 44, 760-
773.

MCcCBRIDE, E.F., DiGGs, T.N. & WILSON, J.C. (1990) Compaction of Wilcox and
Carrizo Sandstones (Paleocene - Eocene) to 4420m, Texas Gulf Coast. Jou.
Sed. Pet., 61, i, 73-85.

McCAMMON, R.B. (1962) Moment measures and the shape of size frequency
distributions. Jou. Geol., 70, 89-92.

McCLAY, K.R., NorTON, M.G., CONEY, P. & Davis, G.H. (1986) Collapse of the
Caledonian orogen and the Old Red Sandstone. Nature, 323, 147-149.

162



MACHETTE, M.N. (1985) Calcic soils of the southwestern United States. In ‘Soils and
Quaternary Geology of the Southwestern United States', (Ed. D.L.Weide).
Spec. Pap. Geol. Soc. Am., 203, 1-21.

MACK, L.E. (1984) Petrography and diagenesis of a submarine fan sandstone, Cisco
Group (Pennsylvanian), Nolan County, Texas M.Sc Thesis (unpubl.): Univ.
Texas at Austin, 254p.

MAcK, G.H. (1978) The survivability of labile light mineral grains in fluvial, aeolian
and littoral environments; the Permian Cutler - Cedar Meas Formations, Moab,
Utah. Sedimentology, 25, 587-683.

MALCOLMSON, J.G. (1859) On the relations of the different parts of the Old Red
Sandstone in which organic remains have recently been discovered, in the
counties of Moray, Nairn, Banff and Inverness. Quart. Jou. Geol. Soc. Lond.,
15, 336-352.

MALIVER, R.G. & SIEVER, R. (1990) Influences if dolomite precipitation on quartz
surface textures.

MARSHALL, J.E.A., BROWN, J.F, & HINDMARSH, S. (1985) Hydrocarbon source rock
potential of the Devonian rocks of the Orcadian Basin. Scott. Jou. Geol. 21, iii,
301-320.

MARSHALL, J.LE.A., WHITELEY, M.J. & ROGERS, D.E.A. (1990) The Scottish marine
Devonian (abs) Palaeontological Association Meeting, University of Durham,
December, 1990.

MARTIN, J.H. & COOPER, J.A. (1984) An integrated approach to the modelling of
permeability barrier distribution in. a sedimentologically complex reservoir.
S.P.E./A.I.M.E. 13051.

MiaLL, A.D. (1985) Architectural-element analysis: a new method of facies analysis
applied to fluvial deposits. Earth Sci. Revs., 22, 261-308.

MiALL, A.D. (1978) Lithofacies types and vertical profile models in braided river
deposits: a summary. In Fluvial Sedimentology’, (Ed. A.D. Miall). Mem. Can

Soc. Petrol. Geol., 5, 597-604.

163



MIALL, A.D. (1977) A review of the braided river depositional environment. Earth
Sci. Revs., 13, 1-32.

MIDDLETON, G.V. (1973) Johannes Walth's Law of the correlation of facies. Geol.
Soc. Am. Bull., 84, 979-988.

MILES, R.S. (1968) The OIld Red Sandstone Antiarchs of Scotland: Family
Bothriolepiddidae. Palaeontographical Society Monographs, 122, 1-130.

MOORE, W.R. (1975) Grain packing-porosity relationships of Minnelusa sandstones,
Powder River Basin, Wyoming. Mountain Geologist. 12, 45-53.

MORAES, M.A.S. (1989) Diagenetic evolution of Cretaceous-Tertiary reservoirs,
Campos Basin, Brazil. Bull. Am. Assoc. Petrol. Geol., 73, 598-612.

MORRISON, W. (1883) The mineral Albertite and Strathpeffer Shales. Trans. Geol.
Soc. Edinb., 4, 307-310.

MORRISON, W. (1888a) The mineral Albertite and the Strathpeffer Shales. Trans.
Geol. Soc. Edinb., 5, 34-40.

MORRISON, W. (1888b) A new mineral tar in Old Rea Sandstone, Ross-shire. Trans.
Geol. Soc. Edinb., 5, 500-501.

MORRISON, W. (1889) Elaterite: a mineral tar in Old Red Sandstone, Ross-shire.
Min. Mag., 8, 133-134.

MURCHISON, SIR R.1. (1859) On the succesion of the older rocks in the northernmost
counties of Scotland; with some observations on the Orkney and Shetland
Islands. Quart. Jou. Geol. Soc. Lond., 15, 353-418.

MYKURA, W. (1983) OId Red Sandstone, In ‘Geology of Scotland, 2nd Edn.’ (Ed.
G.Y. Craig), Scottish Academic Press, Edinburgh, 205-251.

MYKURA, W. (1982) The Old Red Sandstone east of Loch Ness, Inverness-shire.
Rep. 1. G. S., 82/13, 26p.

MYKURA, W. (1978) South-western Moray Firth. In ‘A field guide to selected
outcrops of the Devonian of Scotland, the Welsh Borderland, and South
Wales.' (Eds. P.F. Friend & B.P.J. Williams) Palaeontological International

Symposium on the Devonian System (P.A.D.S. 78)

164



MYKURA, W. (1976) British Regional Geology: Orkney and Shetland.

MYKURA, W. (1972) Igneous intrusions and mineralisation in Fair Islae, Shetland
Islands. Bull. Geol. Surv. Great Britan, 43,33-51.

MYKURA, W. & EVANS, D. (1985) Orkney Solid Geology. British Geological Survey
1:250,000 Series map.

MYKURA, W. & OWENS, B. (1983) The Old Red Sandstone of the Mealfuarvonie
Outlier, Inverness-shire. Rep. I. G. S. 83/7, 17pp.

NETTERBERG, F. (1980) Geology of southern African calcretes. I. Terminology,
description, macrofeatures and classification. Trans. Geol. Soc. S. Afr., 83,
255-283.

NORTON, M.G. (1987) Nordfjord-Sogn Detachment, W. Norway. Norsk Geologisk
Tidsskrift, 67, 93-106.

NORTON, M.G. (1986) Late Caledonide extension in western Norway: a response to
extreme crustal thickening. Tectonics, §, 195-204.

NORTON, M.G., McCLAY, K.R. & WAY, N.A. (1987) Tectonic evolution of Devonian
basins in northern Scotland and southern Norway. Norsk Geologisk Tidsskrift,
67, 323-338.

O'REILLY, K.J. (1985) Composition and age of the conglomerate outliers around the
Kyle of Toungue, north Sutherland, Scotland. P.G.A., 94, 53-64.

PARNELL, J. (1985a) Hydrocarbon source rocks, reservoir rocks and migration in the
Orcadian Basin. Scott. Jou. Geol. 21, iii, 321-336.

PARNELL, J. (1985b) Evidence for replaced evaporites in the ORS of northemn
Scotland: replaced gypsum horizons in Easter Ross. Scott. Jou. Geol. 21, iii,
377-380.

PARNELL, J. (1983) Ancient duricrusts and related rocks in perspective: A
contribution from the Old Red Sandstone. In Residual deposits: Surface

related weathering processes and materials' (Ed. R.C.L. Wilson) Geol. Soc.

Spec. Publ. 11.

165



PATE, C.R. (1989) Assessing the relative importance of compaction processes and
cementation to reduction of porosity in sandstones: Discussion. Bull. Am.
Assoc. Petrol. Geol. 73, x, 1270-1273.

PEACOCK, I.D., BERRIDGE, N.G., HARRIS, A.L. & MAY, F. (1968) The Geology of
the Elgin District. Mem Geol. Surv. Scot. (Sheet 95).

PENNINGTON, J.J. (1975) The geology of the Argyll Field. In 'Petroleum and the
Continental Shelf of North West Europe’ (Ed. A.W.Woodland), Applied
Science Publishers, Barking, 285-291.

PETERS, K.E., MOLDOWAN, J.M., DRISCOLE, A.R. & DEMAISON, G.J. (1989) Origin
of Beatrice oil by co-sourcing from Devonian and Middle Jurassic source
rocks, Inner Moray Firth, United Kingdom. Bull. Am. Assoc. Petrol. Geol. 73,
454-471.

PETTUOHN, F.J. (1941) Persistance of minerals and geologic age. Jou. Geol. 49, 610-
625.

PETTUOHN, F.J., POTTER, P. E. & SIEVER, R. (1973) Sand and sandstone. Springer-
Verlag, Berlin, Heidleberg, New York. 618pp.

PrTTMAN, E. D. (1979) Porosity, diagenesis and productive capability of sandstone
reservoirs. In 'Aspects of diagenesis' (Eds. P.A. Scholle and P.R. Schluger)
SEPM Spec. Publ. 26, 159-173.

Potocki, D.J. (1989) The influence of deep meteoric invasion on the reservoir quality
of Cretaceous sandstones in the Mackenzie Delta, Canada. In Water-Rock
Interaction’ (Ed. D.L. Miles), Proc. 61 Int. Symp. on Water-Rock
Interactions, 561-564.

POWELL, D. & PHILLIPS, W.E.A. (1985) Time and deformation in the Caledonide
Orogen of Britain and Ireland. In The nature and timing of oragenic activity
in the Caledonian rocks of the British Isles’, (Ed. A.L. Harris). Mem. Geol.
Soc. Lond., 9, 17-40.

PRYOR, W.A. (1973) Permeability-porosity patterns and variations in some Holocene

sand bodies. Bull. Am. Assoc. Petrol. Geol. 57, i, 162-189.

166



PRYOR, W.A. & FULTON, K (1978) Geometry of reservoir type sandbodies in the
Holocene Rio Grande Delta and comparisons with ancient river analogs. Soc.
Petrol. Eng., 7045.

RAYNER, D.H. (1963) The Achanarras limestone of the Middle Old Red Sandstone,
Caithness, Scotland. Procs. Yorks. Geol. Soc., 34, 117-138.

REEVES, C.C,, JR. (1970) Origin, classification and geologic history of caliche on the
southern High Plain, Texas and eastern New Mexico. Jou. Geol. 78, 352-362.

REINECK, H.-E. & SINGH, L.B. (1973) Depositional Sedimentary Environments.
Springer Verlag, Berlin, Heidleberg, New York, 439pp.

RICHARDS, P.C. (1985b) Upper Old Red Sandstone sedimentation in the Buchan
oilfield, North Sea. Scott. Jou. Geol., 21, 227-237.

RICHARDS, P.C. (1985¢c) A Lower Old Red Sandstone lake in the offshore Orcadian
Basin. Scott. Jou. Geol.,, 21, 381-383.

RICHARDSON, J.B. (1967) Some British Lower Devonian spore assemblages and their
stratigraphic significance. Rev. Palaeobt. & Palynol. 1, 111-129.

RICHARDSON, J.B. (1964) Middle Old Red Sandstone spore assmblages from the
Orcadian Basin, north-east Scotland. Palaeontology, 7, 559-605.

RICHARDSON, J.B. (1962) Spores with bifurcate processes from the Middle Old Red
Sandstone of Scotland. Palaeontology, 5, 171-194.

RICHARDSON, J.B. (1960) Spores from the Middle Old Red Sandstone of Cromarty,
Scotland. Palaeontology, 3, 45-63.

RIMSAITE, J. (1970) Biotites intermediate between dioctahedral and trioctahedral
micas. Clays and clay Minerals., 15, 375-393.

ROBBINS, E.I. (1983) Accumulation of fossil fuels and metallic minerals in active and
ancient rift lakes. Tectonophysics, 94, 633-658.

ROBINSON, M.A. (1985) Palacomagnetism of volcanics and sediments of the Eday
Group, southern Orkney. Scott. Jou. Geol., 21, 285-300.

ROGERS, D.A. (1987) Devonian correlations, environments and tectonics across the

Great Glen Fault. Ph.D. Thesis (unpubl.), University of Cambridge.

167



ROGERS, D.A. & AsTIN, T.R. (1991) Ephemeral lakes, mud pellet dunes and wind
blown sand and silt: reinterpretations of Devonian lacustrine cycles in north
Scotland. In ‘Lacustrine facies analysis' (Eds. P. Anadén, LI. Cabrera and K.
Kelts), Spec. Publs. Int. Ass. Sediment., 13, 199-221.

ROGERS, D.A., MARSHALL, J.E.A. & AsTIN, T.R. (1989) Short Paper: Devonian and
later movements on the Great Glen fault system, Scotland. Jou. Geol. Soc.,
Lond., 146, 369-372.

ROSENDAHL, B.R., REYNOLDS, D.J., LORBER, P.M., BURGESS, C.F., MCGILL, J.M.,
LAMBIASE, J.J. & DERKSEN, S.J. (1986) Structural expressions of rifting:
lessons from Lake Tanganyika, Africa. In ‘Sedimentation in the African Rifts’'
(Eds. L.E. Frostick et al.), Spec. Publ. Geol. Soc. Lond., 23, 29-43.

ROSENFELD, M.A. (1949) Some aspects of porosity and cementation. Producers
Monthly, 13, 39-42.

Rust, B.R. (1981) Sedimentation in an arid-zone anastomosing fluvial system:
Coopers Creek, Central Australia. Jou. Sedim. Pet., 51, 745-755.

RusT, B.R. (1984) Proximal braid plain deopsits in the Middle Devonian Malbaie
Formation of Eastern Gaspé, Quebec Canada. Sedimentology, 31, 675-695.

SCHERER, M. (1987) Parameters influencing porosity in sandstones: a model for
sandstone porosity prediction. Bull. Am. Assoc. Petrol. Geol. 71, iv, 485-491.

ScHMIDT, V. & McDONALD, D.A. (1979a) The role of secondary porosity in the
course of sandstone diagenesis. In 'Aspects of diagenesis' (Eds. P.A. Scholle
and P.R. Schluger) SEPM Spec. Publ. 26, 175-207.

ScHMIDT, V. & MCDONALD, D.A. (1979b) Texture and recogniton of secondary
porosity in sandstones. In ‘Aspects of diagenesis' (Eds. P.A. Scholle and P.R.
Schluger) SEPM Spec. Publ. 26, p209-225.

SEDDOH, F. & PEDRO, G. (1974) Charactérization des différents stages de
transformation des biotites et biotites chloritisées dans les arénes granitiques du

Morran. Conséquences minéralogiques et géochemiques sur l'evolution des

168



micas dans les conditions du surface du Globe. Bull. Grpe. Fr. Argiles, 26,
107-125.

SEDGEWICK, A. & MURDHISON, R.I. (1828) On the structure and relations of the
deposits contained between the Primary Rocks and the Oolitic Series in the
north of Scotland. Trans. Geol. Soc. Lond., 24 Series, 3, 125-160.

SELLEY, R.C. (1985) Elements of Petroleum Geology. W.H. Freeman, 447pp.

SEMENIUK, V. & MEAGHER, T.D. (1981) Calcrete in Quaternary coastal dunes in
south western Australia: a capillary rise phenomenom associated with plants.
J. Sed. Pet., 51, 47-68.

SEMENIUK, V. & SEARLE, D.J. (1985) Distribution of calcrete in Holocene coastal
sands in relationship to climate, southwestern Australia. J. Sed. Pet., 55, 86-
95.

SERANNE, M. & SEGURET, M. (1987) The Devonian basins of western Norway,
tectonics and kinematics of an extending crust. In ‘Continental Extension
Tectonics' (Eds. M.P. Coward, J.F. Dewey & P. Hancock). Spec. Publ. Geol.
Soc. Lond., 219A, 385-412.

SHANMUGAN, G. (1985) Significance of secondary porosity in interpreting sandstone
composition. Bull. Am. Assoc. Petrol. Geol. 69, 374-378.

SHANMUGAN, G. (1984) Secondary porosity in sandstones: Basic contribution of
Chepikov and Savkevitch. Bull. Am. Assoc. Petrol. Geol. 68, 106-107.
SHANMUGAN, G. (1983) Secondary porosity in sandstones (abs). Bull. Am. Assoc.

Petrol. Geol. 67, 54.

SIGLEO, W. & REINHARDT, J. (1988) Paleosols in continental environments in the
southeastern United States. Geol. Soc. Am. Spec. Publ. 212, 123-142.

SMITH, D.A. (1980) Sealing and non-sealing faults in Louisana Gulf Coast Salt Basin.
Bull. Am. Assoc. Petrol. Geol., 64, 145-172.

SorBY, H. C. (1908) On the application of quantitative methods to the study of the

structure and history of rocks. Quart. Jou. Geol. Soc. Lond. 64, 171-233.

169



SorBY, H.C. (1863) On the direct correlation of mechanical and chemical forces.
Proc. R. Soc. Lond. 12, 536-550.

STADLER, P.J. (1973) Influence of crystallographic habit and aggregate. Structure of
authigenic clay minerals on sandstone permeability. Geol. Mijnb., 52, 217-220.

STEEL, R.J. (1976) Devonian basins of wstern Norway; sedimentary response to
tectonism and varying tectonic context. Tectonophysics, 36, 207-224.

STeer, RJ. (1974)  Cornstone (fossil caliche): its origin, stratigraphic and
sedimentological importance in the New Red Sandstone, west Scotland. J.
Geol., 82,351-369.

STEEL, R.J. & GLOPPEN, T.J. (1980) Late Caledonian (Devonian) basin formation,
western Norway: sirns of strike-slip tectonics during infilling. in ‘Sedimentation
in Oblique-slip Mobile-Zones' (Eds. P.F. Ballance & H.G. Reading). Spec.
Publ. Int. Assoc. Sediment., 4, 79-103.

STEEL, R.J., MA&HLE, S., NILSEN, H., R@E, S.L. & SPINNANGER, A. (1977)
Coarsening-upward cycles in the alluvium of Hornelen Basin (Devonian),
Norway: sedimentary response to tectonic events. Bull. Geol. Soc. Am., 88,
1124-1134.

STEPHENSON, D. (1977) Intermontane deposits associated with an early Great Glen
feature in the Old Red Sandstone of Inverness-shire. In ‘Moray Firth area
geological studies’ (ed. G.M. Gill), Spec. Publ. Inverness Field Club, 24-45.

STEPHENSON, D. (1972) Middle Old Red Sandstone alluvial fan and talus deposits at
Foyers, Inverness-shire. Scott. Jou. Geol., 8, 121-127.

STEPHENSON, L. P. (1977) Porosity dependance on temperature: limits on maximum
possible effect. Bull. Am. Assoc. Petrol. Geol. 61, 407-415.

STEPHENSON, L. P., PLUMLEY, W. J. & PALCIAUSKAS, V. V. (1992) - A model for
sandstone compaction by grain interpenetration. Jou. Sed. Pet. 62, i, 11-22.

STURT, B.A. (1983) Late Caledonian and possible Variscan stages in the orogenic
evolution of the Scadanavian Caledonides (abstr). The Caledonian Orogen-

IGCP Project 27, Symposium de Rabat.

170



SURDAM, R.C., CROSSEY, L.J., HAGEN, E.S. & HEASLER, H.P. (1989) Organic -
inorganic interactions and sandstone diagenesis. Bull. Am. Assoc. Petrol. Geol.
73, i, 1-23.

SWEET, I.P. (1985) The sedimentology of the Lower Old Red Sandstone near New
Arberdour, Grampian Region. Scott. Jou. Geol., 21, 239-259.

TADA, R. & SIEVER, R. (1989) Pressure solution during diagenesis. Ann. Rev. Earth
Planet. Sci. 17, 89-118.

TARLING, D.H. (1985) Palacomagnetic studies of the Orcadian Basin. Scort. Jou.
Geol, 21, iii, 261-273.

TARLING, D.H. (1983) Palacomagnetism. Chapman and Hall, Lond., 379p.

TARLO, L.B. (1961) Psammetoids from the Middle and Upper Devonian of Scotland.
Quart. Jou. Geol. Soc. Lond., 117, 193-213.

TAYLOR, J.M. (1950) Pore space reduction in sandstones. Bull. Am. Assoc. Petrol.
Geol. 34, iv, 701-716.

TEN HAVE, A. & HENNEN, W. (1985) Cathodoluminescence activation and zonation
in carbonate rocks: an experimental approach. Geol. Mijnb. 64, 297-310.

TissOT, B., DURAND, B., ESPITALIE, J. & COMBAZ, A. (1974) Influence of nature and
diagenesis of organic matter in formation of petroleum. Bull. Am. Assoc.
Petrol. Geol. 58, iii, 499-506.

Torsvik, T.H., STURT, B.A., RAMSAY, D.M,, KiscH, H.J. & BERING, D. (1986) The
tectonicl implications of Solundian (Upper Devonian) magnetization of the
Devonian rocks of Kvamshesten, western Norway. Earth Planetary Science
Letters, 80, 337-347.

TRAQUAIR, R.H. (1897) Additional notes on the fossil fishes of the Upper Old Red
Sandstone of the Moray Firth area. Proc. R. Phys. Soc. Edin., 13, 376-385.

TRAQUAIR, R.H. (1896) The extinct vertebrate animals of the Moray Firth area. In ‘A
vertebrate fauna of the Moray Basin'. (Eds. J.A. Harvie-Brown & T.E.
Buckley). David Douglas, Edinburgh, II, 235-285.

17



TREWIN, N. H. (1986) Palacoecology and sedimentology of the Achanarras fish bed of
the Middle Old Red Sandstone, Scotland. Trans. R. Soc. Edin. Earth. Sci. 77,
21-46.

TREWIN, N.H. (1985) Orcadian Basin Issue. Editorial introduction. Scott. Jou. Geol.,
21, iii, 225-226.

TRUEX, J. N. (1972) Fractured shale and basement reservoir Long Beach Unit,
California. Bull. Am. Assoc. Petrol. Geol. 56, 1931-1938.

TURNER, P. (1980) Continental red beds. Developments in sedimentology 29,
Elsevier, Amsterdam. 562p.

TURNER, P. & ARCHER, R. (1977) The role of biotite in the diagenesis of red beds
from the Devonian of northern Scotland. Sedim. Geol. 19, 241-251.

VERRIEN, J.P., COURAND, G. & MONTADERT, L. (1967) Applications of production
geology methods to reservoir characteristics analysis from outcrops
observations. Proc., 7!h World Pet. Congr., Mexico, 425-446.

VISHER, G.S. (1969) Grain size distribution and depositional processes. Jou. Sed.
Pet., 39, 1074-1106.

WALKER, G.F. (1949) The decomposition of biotite in the soil. Min. Mag., 28, 693-
703.

WALKER, G. R. (Ed) (1984) Facies Models, (2" ed.), Ainsworth Press Ltd., Ontario.
317pp.

WALKER, T. R. (1976) Diagenetic origin of continental red beds. In The continental
Permian in west, central, and south Europe’ (Ed. H. Falke) NATO Advanced
Studies Institute, Mainz, Germany, 1975, Proc: Dordrecht, Holland and
Boston: D Reidal Pub. Co., 240-282.

WALKER, T. R. (1967) Formation of red beds in modern and ancient deserts. Bull.
Geol. Soc. Am., 78, 353-368.

WALKER, T.R., WAUGH, B. & CRONE, A.J. (1978) Diagenesis in the first cycle desert
alluvium of Cenozoic age, southwestern U.S.A. and NW Mexico. Bull. Geol.

Soc. Am. 89, 19-32.



WATSON, J. (1984) The ending of the Caledonian orogeny in Scotland. Jou. Geol.
Soc. Lond., 141, 193-214.

WEAVER, L.E. & POLLARD, L.D. (1973) The chemistry of clay minerals.
Developments in sedimentology 15, Elsevier, Amsterdam, 213pp.

WEBER, K. J. (1986) How heterogeneity affects oil recovery. In Reservoir
Characterization, (Eds. L.W.Lake and H. B. Carrol, Jr.) Academic Press, 487-
544,

WEBER, K. J. (1982) Influence of common sedimentary structures on fluid flow in
reservoir models. Jou. Petrol. Tech. March, 665-672.

WEBER, K.J., EUPE, R., LEINSE, D. & MOENS, C. (1972) Permeability distribution in
a Holocene distributary channel-fill, near Leerdam (The Netherlands) -
Permeability measurements and in-situ fluid flow experiment. Geol. Mijnb. 51,
i, 53-62.

WEBER, K.J., MANDL, G., PILAAR, W.F., LEHNER, C. & PRECIOUS, R.G. (1978) The
role of faults in hydrocarbon migration and trapping in Nigerian growth fault
structures. Offshore Tech. Conf., Houston, paper OTC 3356.

WELLER, J.M. (1959) Compaction of sediments. Bull. Am. Assoc. Petrol. Geol. 43,
273-310. |

WESTOLL, T.S. (1977) Northern Britain, In ‘A correlation of Devonian rocks of the
British Isles’ (Eds. M.R. House, J.B. Richardson, W.G. Challoner, J.R.L.
Allen, C.H. Holland & T.S. Westoll). Geol. Soc. Spec. Rep. 7, 66-110.

WESTOLL, T.S. (1951) The vertebrate bearing strata of Scotland. Rep. Int. Geol.
Congr., 1948, xi, 5-11.

WiLLiaMs, G.H. (1973) Late Quaternary piedmont sedimentation, soil formation and
paleoclimates in arid South Australia. Z. Geomorph., 17, 102.

WILLIAMS, G.H. & POLACH, H.A. (1971) Radiocarbon dating of arid-zone calcareous
paleosol. Bull. Geol. Soc. Am., 82, 3069.

WILLIAMS, J.J. (1972) Augila Field, Libya: Depositional environment and diagenesis

of sedimentary reservoir and description of igneous reservoir. In ‘Stratigraphic

173



Oil and Gas Fields' (Ed. R.E. King), Spec. Publ. Am Assoc. Petrol. Geol., 16,
623-632.

WILSON, C.D.V. (1965) A marine magnetic survey near Lerwick, Shaetland Isles.
Scott. Jou. Geol., 1, 225-234.

WiLsoN, J.C. & McBRIDE, E.F. (1988) Compaction and porosity evolution of
Pliocene sandstones, Ventura Basin, California. Bull. Am. Assoc. Petrol. Geol.
76, vi, 664-681.

WiLsoN, M.J. (1971) Clay mineralogy of the Old Red Sandstone (Devonian) of
Scotland. Jou. Sed. Pet. 41, iv, 995-1007.

WITHAM, H. (1825) Notice regarding a vein of asphaltum, or slaggy mineral pitch,
found imbedded in gneiss, in the Hill of Castle Leod, near Dingwall, in Ross-
shire. Mem. Wernerian Nat. Hist. Soc.,6, 123-126.

WRIGHT, V.P. (1990) A micromorphological classification of fossil and recent calcic
and petrocalcic microstructures. In Soil micromorphology: a basic and
applied science' (Ed. L.A. Douglas). Developments in soil science, Vol 19,
410-407. Elsevier, Amsterdam.

WRIGHT, V.P. & TUCKER, M.E. (1991) Calcretes. Reprint Series Volume 2, Int.
Assoc. Sedim., Blackwell Scietific Publications, 352pp.

ZEITo, G.A. (1965) Interbedding of shale breaks and reservoir heterogeneities. Jou.
Petrol. Tech., October, 1223-1228.

ZIEGLER, P.A. (1982) Geological Atlas of Western and Central Europe. Elsevier,

Amsterdam. 130pp.

174 &hu,.
3/9\\/‘: i



