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Abstract

The Rattray Volcanics Member, at the triple junction of the North Sea rift, is here
subdivided into two informal sub-members based on analysis of core, wireline and seismic
data. The Lower and Upper Rattray Volcanics were emplaced during two distinct phases of
volcanism separated by a sustained volcanic hiatus. The presence of hyaloclastite and
abundant freshwater algae at the base of the Lower Rattray indicates large lakes were
present in the area prior to the volcanism, possibly indicating that collapse of the regional

Jurassic Central North Sea dome began prior to volcanism. Pulsed subsidence likely
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occurred through the duration of the volcanism with lacustrine conditions becoming re-
established during the mid-volcanic hiatus. Sediments were deposited across the Rattray
Volcanic Province in fluvial systems and floodplain coal swamps after the final cessation of
volcanism, with later marine transgression leading to drowning of the area in the Callovian
to Oxfordian. In terms of hydrocarbon prospectivity, no evidence is currently found to
confirm the presence of an intra-basaltic play analogous to the Rosebank Field in the Faroe-
Shetland Basin, although post-volcanic Pentland Formation sedimentary sequences in the
Fisher Bank Basin area indicates the possibility of supra-basaltic prospectivity in the triple

junction.

Introduction

The Rattray Volcanic Province is an area of basaltic rocks at the triple junction of the North
Sea rift system covering ~7400 km? and reaching a maximum thickness of ~1.5 km (Quirie et
al. 2019). The volcanics were erupted and emplaced during the Mid-Jurassic, c. 170-163.5 Ma
(Howitt et al. 1975; Underhill 1998; Husmo et al. 2002), prior to the main phase of
extension (Late Jurassic) responsible for the formation of the Viking Graben, Central
Graben and Moray Firth rift basins (Fraser et al. 2002). The volcanic rocks are
unconformably overlain by reservoir sandstones of Upper Jurassic age in the Outer Moray
Firth (e.g. the Piper Formation) and by marine source rocks of the Kimmeridge Clay
Formation in the Witch Ground Graben. The position of the volcanic succession beneath
these important petroleum system intervals has resulted in them being encountered by
>200 hydrocarbon exploration and appraisal wells, with an abundance of well data available
through the volcanic sequence, including petrophysical logs, core and cuttings material. The
volcanic rocks were first encountered by the Forties field discovery well (21/10-1) in 1970.

Recent re-evaluation using 3D seismic data has established the Rattray Volcanics were likely
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erupted in a series of fissure eruptions from linear fissure systems and small associated
volcanic edifices, including the major Buchan-Glenn Fissure System in the centre of the
Rattray Volcanic Province (Quirie et al. 2019).

While recent work has clarified the likely eruption mechanism for the Mid-Jurassic
volcanism, the precise tectonic and stratigraphic evolution of the North Sea triple junction
area before, during and after the Mid-Jurassic volcanism is not well constrained. Regional
uplift is suggested to have occurred during the latest Early Jurassic — early Mid-Jurassic
(Underhill & Partington 1993) followed by volcanism and later rifting during the Late Jurassic
(Fraser et al. 2002). However, the precise timing of emplacement of the volcanics and their
relationship to the background sedimentation is poorly understood. Very little detail has
been published about the c. 8 million years between apparent domal uplift of the area in the
Late Toarcian (c. 174.1 Ma (Gradstein et al. 2012)) and the cessation of volcanism which
likely occurred during the late Bathonian (c. 166.1 Ma (Gradstein et al. 2012)) in the Rattray
Volcanic Province.

The large and disparate datasets (including seismic, petrophysical logs and palynology
data) available in the Rattray Volcanics provide a rare and important opportunity to evaluate
the evolution of a volcanic province at a triple junction. Outcrop studies in onshore triple
junction volcanic provinces, e.g. the Afar Depression in East Africa (Barberi et al. 1972),
allow detailed evaluation of the volcanic rocks in situ but is limited by exposure. In contrast,
the abundance of seismic and well data through the Rattray Volcanics allows examination of
the volcanic province at a gross scale, in three dimensions.

A detailed petrographic and geochemical understanding of cored lavas in individual
boreholes has previously been established and possible implications discussed (Howitt et al.
1975; Gibb & Kanaris-Sotiriou 1976; Woodhall & Knox 1979; Dixon et al. 1981; Fall et al.

1982; Ritchie et al. 1988; Latin et al. 1990; Latin & Waters 1992). However, no regional scale
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well correlation of volcanic lithologies has been constructed across the Rattray Volcanic
Province and there exists no stratigraphic framework that systematically describes the
lateral and vertical volcanic lithology distribution through the Rattray succession.

In this paper we present an integrated analysis of the Rattray Volcanic Province using
core, petrophysical logs and 3D seismic reflection data to establish a lithostratigraphic
framework for the volcanic sequence. We show that the Rattray Volcanics Member can be
subdivided into two sub-members that were emplaced during two main phases of volcanism
separated by an eruptive hiatus, during which the area underwent subsidence. The extrusive
units that comprise the two main phases of volcanism are here named the Lower Rattray
Volcanics and Upper Rattray Volcanics Members. Combining volcanic lithological analysis
with palynological data from sedimentary interbeds we present a series of palacogeographic
diagrams representing the evolution of the Rattray Volcanic Province, providing fresh insight

into the geological history of the triple junction area during the Mid-Jurassic.

Geological Setting

The North Sea is a continental rift basin with the main phase of extension occurring during
the Late Jurassic (Fraser et al. 2002). The Rattray Volcanic Province is located across UK
offshore Quads 15, 16, 21 and 22 at the rift triple junction where the Viking Graben,
Central Graben and Outer Moray Firth Basin intersect (Fig. ). The triple junction area is
comprised of a series of fault-bounded sub-basins and intra-basinal highs with the pre-rift
volcanic rocks downthrown by ~3 km in basinal areas by later faulting (Quirie et al. 2019).
The Rattray Volcanics Member (RVM) is part of the Mid-Jurassic Pentland Formation
(Richards et al. 1993) with the volcanic rocks interbedded with mudstones, coals and
sandstones around the fringes of the lava field (Fig. 2; Richards et al. 1993) indicating

eruption in a fluvio-deltaic environment. The RVM was likely sourced in a series of effusive
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eruptions from fissures including the major Buchan-Glenn Fissure System, which is thought
to have exploited the Highland Boundary Fault which developed during the Caledonian
Orogeny in the Devonian Period, c. 220 million years prior to the Rattray eruptions (Quirie
et al. 2019). The RVM is broadly coeval with the Ron Volcanics Member (Richards et al.
1993), located ~150 km south in the West Central Graben, which is not considered further

in this study.

Data & Methodology

The main dataset used in this study is publicly released hydrocarbon exploration and
appraisal well data from the UK Oil and Gas Database (CDA), now the National Data
Repository (NDR). A variety of well data was used including cuttings, core, palynological
data and petrophysical logs. 3D seismic reflection data were used to investigate the basin-
scale architecture of the volcanic province, and to indicate potential volcanic facies in areas
with limited well control. We subdivide the Rattray Volcanic Province into five main areas,
based on structural elements established during Late Jurassic rifting, to enable systematic
interpretation of the volcanic facies in each region (Table I; Fig. 3).

There are 235 wells which encounter the RVM with 148 (63%) drilled in the NW Area of the
volcanic province (Tab. 2). The wells in the NW Area predominantly targeted Upper Jurassic
Piper Formation sandstone reservoirs which unconformably overlie the volcanic succession.
The RVM is also relatively thin (~200-400 m thick) in the NW Area, meaning that 4| wells
(~28% of NW Area wells) penetrate the base of the volcanic succession. In contrast, wells in
the SW Area and SE Areas of the volcanic province targeted younger reservoirs, e.g.
Paleocene sandstones of the Forties Field. As such, only 16 wells (~10% of total Rattray well
penetrations) are located in the SW and SE Areas of the volcanic province. Additionally,

most wells that encountered the volcanic rocks in the SE and SW Areas ceased drilling
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within the volcanic succession and so do not penetrate the base of the Rattray sequence
(only three base-Rattray well penetrations occurred). Consequently, uncertainty remains
with regards to the palaeoenvironments and volcanic facies associated with the initiation of

volcanism in the southern areas of the Rattray Volcanic Province.

Core & Cuttings

Core and cuttings of the RVM were viewed at the British Geological Survey (BGS) core
store in Keyworth with samples taken for preparation of thin sections. The cuttings available
for the RVM are often closer to dust or coarse powder in consistency, rather than the
typical small pieces of rock. As such, features such as the proportion of vesicles in the lava
package (used to indicate whether lavas are tabular or a compound series of flows (Millett et
al. 2014)) are not discernible from the cuttings examined in this study. The variability of
colour of the cuttings was used as an indicator of the type of subaerial volcanic material
present in the RVM: tabular lavas generally produce cuttings which are dark grey and dull,
with very little colour variation. Compound lavas produce cuttings with more colour
variation (Millett et al. 2014) due to the high proportion of crust in compound flows, which
is generally more weathered and has a higher proportion of amygdales than dense flow
cores. However, given the lack of discernible features in cuttings, subaerial lava facies were

interpreted primarily using wireline signature.

Petrophysical logs

Mafic igneous lithologies produce characteristic wireline log signatures which can be used to
indicate rock types in wells without core data (Planke 1994; Archer et al. 2005; Nelson et al.
2009; Watton et al. 2014; Millett et al. 2016; Watson et al. 2017, 2019; Hardman et al. 2018,

2019). Figure 4 shows examples of typical igneous wireline facies drilled in the Rattray
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Volcanic Province. Logs used for lithological interpretation of igneous rocks in this study
include gamma ray, deep and micro-resistivity, density, neutron porosity, acoustic travel
time, caliper and photoelectric factor, though in some wells only a partial log suite is
available.

Basaltic material produces typically low gamma values (15-60 API) due to the low
abundances of U, Th and K in early crystallising minerals from mafic melts. Tabular lavas
(individual flows comprised of singular cooling units) are characterised by blocky log motifs
— often with asymmetrical bell-shaped profiles (Planke 1994; Fig. 4(i)) — with high resistivity
(20-200 ohm.m), high density (2.7-3.1 g.cm”) and fast acoustic travel times (40-60 ps.ft' or
5.1-7.6 km.s"') (Fig. 4(i)). Compound lavas (multiple stacked thin lavas with a high proportion
of crust) produce serrated log profiles with slightly lower average densities and acoustic
travel times than tabular lavas due to the increased proportion of flow crust and alteration
of thinner flow cores (Nelson et al. 2009; Millet et al. 2016; Fig. 4(ii)).

Hyaloclastite (Fig. 4(iii)) produces log profiles with lower density (2.2-2.6 g.cm™) and
resistivity (1-10 ohm.m) and slower acoustic travel time (80-100 ps.ft' (3.0-3.8 km.s™)) than
subaerial lavas, and high neutron porosity values (40-60 pu) due to clay-bound water in the
diagenetic alteration products of volcanic glass (Planke 1994; Bartetzko et al. 2005; Watton
et al. 2014). Hyaloclastites can exhibit variable log character due to the inherent
heterogeneity associated with rapid quenching of hot magma during interaction with water
(Watton et al. 2013; Greenfield et al. 2019). Volcaniclastic sedimentary rocks (Fig. 4(iv)) have
lower densities (2.3-2.5 g.cm™), resistivities (1-10 ohm.m) and acoustic travel times (60-80
us.ft' (5.1-3.8 km.s')) than subaerial lavas, exhibiting high neutron porosity due to the
presence of clay-bound water, and display a wide density-neutron separation similar to that
of shale (Watson et al. 2017). Hyaloclastite and volcaniclastic sedimentary rocks display

significant overlap in rock properties such as density and acoustic travel time and as such


http://jgs.lyellcollection.org/

Downloaded from http://jgs.lyellcollection.org/ by guest on February 20, 2020

distinguishing between these facies on wireline alone can be problematic. For the purposes
of this study we have identified uniform units with thickness in the order of >50m as
hyaloclastite given that large interbedded thicknesses of epiclastic volcanic sediment would
take much longer to accumulate than hyaloclastite, and would likely undergo significantly
more compaction during burial. It is therefore likely that the proportion of hyaloclastite in
the Rattray Volcanic Province has been underestimated, with thinner hyaloclastite units
included as generic volcaniclastic facies. Increased gamma ray signature can indicate
increased sediment content (clay minerals) and non-mafic constituents, which can be helpful
in identifying siliciclastic sedimentary units, although again, defining these units based on
petrophysical characteristics alone without cuttings is challenging (Andersen et al. 2009).

Intrusions typically exhibit blocky log profiles with little variation through thin
intrusions due to the relatively consistent distribution of minerals through the intrusive
body (Nelson et al. 2009; Mark et al. 2018). Basaltic intrusions exhibit low gamma ray values
and are very dense and acoustically fast (5.5-5.6 km.s") due to the crystalline groundmass
and lack of porosity (Planke et al. 1999; Nelson et al. 2009). No large-scale intrusive sill
complexes are observed on seismic data associated with the Rattray Volcanic Province
(Quirie et al. 2019) and so while intrusions are present within the RVM (Fall et al. 1982;
Richie et al. 1988; Quirie et al. 2019) the majority are sub-seismic scale. However, late-stage
basaltic melt likely intruded into the existing basaltic lava pile (Quirie et al. 2019), with
relatively thin basaltic intrusions likely indistinguishable from basaltic lava on seismic and
wireline data. As such the proportion of intrusive material in the RVM is therefore likely
underestimated.

Subsurface basaltic melts undergo crystalline fractionation with time, commonly
resulting in later intrusions of more evolved mineralogical compositions (Bailey & Schairer

1966; Kushiro 1979). The Rattray Volcanics are alkaline (Howitt et al. 1975; Woodhall &
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Knox 1979; Gibb & Kanaris-Sotiriou 1976; Dixon et al. 1981; Fall et al. 1982); as such
fractionation of the same melt would produce trachytic and phonolitic late-stage melt
compositions (Bailey & Schairer 1966; Kushiro 1979; Fall et al. 1982). Evolved alkaline melts
have higher proportions of K-bearing minerals such as potassium feldspar and hornblende
compared to non-alkaline melts due to the low silica content and resulting low proportion
of quartz (Pechnig et al. 2005). The presence of evolved alkaline intrusions within the
basaltic volcanic succession would likely result in significant increase in baseline gamma ray
values (Delpino & Bermudez 2009) — this is observed in the centre of the Rattray Volcanic
Province in well 21/03b-3 (see Rattray Igneous Lithologies section). Evolved alkaline
intrusions have lower proportions of dense mafic minerals (e.g. olivine and pyroxene)
compared to their basaltic counterparts and exhibit correspondingly lower density values

and can even display density-neutron overlap similar to a limestone (Mark et al. 2018).

Palynological data

Palynological data was collated from well documents including palynological reports, charts,
logs and end of well reports from wells drilled throughout the 1970s to 1990s. No new
samples were processed. The vintage of the palynological data meant that only limited
quantitative data was available for the Pentland Formation in the triple junction area, with
the majority of the data set compiled being in the form of presence/absence matrices. Most
of these data were recorded from cuttings samples and, rarely, side wall cores. Cavings
from overlying strata are therefore potentially present in the data set; where obviously
caved species were noted in reports, the species were disregarded. Because these well data
sets were prepared over several decades by different analysts, a degree of taxonomic
variability is present. To resolve this issue with the metadata set, individual species were

collated into higher taxonomic groups: ferns, bryophytes, lycopsids, xerophytic
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gymnosperms, gymnosperms, cycads, conifers, acritarchs, dinocysts and other algae. In
addition, some ostracods and foraminifera were recorded. The palynological data was
subjected to principle component analysis, correspondence analysis and detrended
correspondence analysis (for an overview of these methods see Hammer & Harper 2007),
however, because of the nature of the data set, no statistically significant results were
obtained. An alternative approach using broad palynomorph ecogroups after Abbink et al.
(2004) and Olivera et al. (2015) was used, in conjunction with the definition of petrophysical
and seismic facies, to indicate broad palaeoenvironmental conditions during the
development of the Rattray Volcanic Province. The absence of quantitative data meant that
the grouping of different species into different palynomorph ecogroups is subjective and

should be considered as a preliminary environmental model for the area.

Seismic Data

Two 3D seismic surveys were used in this study: the PGS 3D Central North Sea
MegaSurveyPlus (MSP) and the PGS 3D North Sea MegaSurvey (MS) (Fig. 3), which cover
the majority of the Rattray Volcanic Province. The previously defined western Central Area is
not covered by either survey and thus the interpretation of the stratigraphy in this area is
solely based on well control. The MSP and MS are displayed in the time domain and extend
to ~6-7 s two-way travel time (TWT), with the heavily faulted Top Rattray surface mapped
at depths ranging from 2-2.4 s TWT (c. 2.3-2.8 km) on fault block footwalls to 4.4-4.9 s
TWT (c. 5.6-6.2 km) in downthrown grabens (Quirie et al. 2019). A downwards increase in
acoustic impedance corresponds to a negative amplitude seismic reflection (displayed in
blue) and a downwards decrease in acoustic impedance corresponds to a positive amplitude

seismic reflection (displayed in red).
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RESULTS

Palynology of the Pentland Formation in the triple junction area

The palynological record of the Middle Jurassic Pentland Formation is dominated by
terrestrial palynomorphs, with an abundance of fern spores, gymnosperm pollen (e.g.
Conifers, Ginkgo-types and Cycads) and freshwater algae. The Pentland Formation in the
Rattray area can be divided into two broad palynomorph ecogroups: Aquatic and Lowland
Terrestrial. Examples of marginal marine palynomorphs are present in supra-basaltic
Pentland Formation sedimentary units in the north of the Rattray Volcanic Province but are
very rare within the volcanic succession. Table 3 shows a condensed summary of the taxa
recorded in twenty-five wells; five in each defined area of the Rattray Volcanic Province. A
full table containing the recorded Pentland Formation palynology in each of the 62 examined

wells can be found in the supplementary material.

Aquatic Environments

The Aquatic palynomorph ecogroup is comprised of species representative of freshwater
environments. Well 15/12-1 in the far north of the NW Area of the Rattray Volcanic
Province records the occurrence of the fresh to brackish water ostracods Darwinula incurve
and Belekocytheridea punctate within the RVM. Numerous other wells in the NW Area
contain abundant Botryococcus, a chlorophycean algae, in the volcanic succession (e.g. 15/06-
[, 15/17-10, 15/18-2, 15/18b-3, 15/21-4; Tab. 3). Chlorophycean algae such as Botryococcus
occur in freshwater environments (Tappan 1980) in eutrophic standing water (e.g. Jolley et
al. 2008). Chlorophycean algal blooms have been associated with episodes of volcanism due
to the increase in available nutrients associated with volcanic ash deposits (Jolley et al. 2008).

Occurrences of Botryococcus in the RVM are recorded within hyaloclastite deposits (see
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Rattray Igneous Lithologies section below), indicating lava progradation into a freshwater

lacustrine environment rather than a fully marine embayment.

Lowland Terrestrial Environments

The Lowland palynomorph ecogroup comprises spores and pollen from a variety of fern,
bryophyte (e.g. mosses), and lycopsid (e.g. clubmosses) spores, xerophytic gymnosperms,
and gymnosperm families. Fern, bryophytes and lycopsid spores are indicative of plants
which likely grew in relatively wet lowland environments (Abbink et al. 2004; Olivera et al.
2015), e.g. fluvial floodplains or lake-side vegetation. Gymnosperm pollen are indicative of
larger plants such as cycads, pines and araucarian conifers and were likely derived from
upland areas or drier floodplain environments (Abbink et al. 2004). Gymnosperm pollen are
easily transported by wind and water — when coupled with the variety of lowland spores
found in the Pentland Formation their occurrence is probably indicative of transported
pollen rather than in situ gymnosperm forests.

Lowland terrestrial palynomorphs are found in wells throughout the Rattray
Volcanic Province (Tab. 3) indicating that the volcanics were erupted across a relatively wet
lowland environment consisting of fluvial channels, associated floodplains and lakes. Drier
upland areas were likely the site of larger forests, sourcing wind-transported gymnosperm

pollen to be preserved in floodplain environments with lowland group palynomorphs.

Marine Palynomorphs: isolated incursions and post-volcanic transgression

Towards the northern fringes of the Rattray Volcanic Province in the NW Area and NE Area
there are rare occurrences of marine palynomorphs within the Pentland Formation against a
background of terrestrial sedimentation (Tab. 3). These marine palynomorphs

(predominantly dinocysts e.g. Gonyaulacysta and Dichadogonyaulax) are restricted to thin
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horizons (e.g. a thin clay unit in 16/23-3 in the NE Area; sample 1402) and may represent
short-lived marine incursions during instances of high relative sea level; marine conditions
reached the Buchan area in the Callovian, likely from the Viking and Central Grabens
(Davies et al. 1996), and a Late Bathonian transgression in the South Viking Graben is
identified by Cockings et al. (1992). However, the paucity of marine palynomorphs sampled
in the majority of the RVM indicates that during the deposition of the Pentland Formation
(~Bajocian-Bathonian in this area) the depositional environment remained broadly terrestrial
(Cockings et al. 1992; Richards et al. 1993).

Marine palynomorphs in association with Lowland Terrestrial palynomorphs are
recorded in supra-volcanic siliciclastic Pentland Formation units in wells in the far north of
the NW Area of the Rattray Volcanic Province (e.g. well 15/12-1 sample 201; Tab. 3), likely
indicating the initiation of transgression at the fringes of the lava field following the cessation
of volcanism. However, supra-volcanic Pentland Formation palynomorphs in the majority of
the volcanic province (e.g. 22/05b-4; 16/23-4) are assigned to the Lowland Terrestrial group
with no marine palynomorphs recorded.

The few well penetrations in the southern areas of the Rattray Volcanic Province
(Tab. 2) result in very limited palynological data for the Pentland Formation in this area.
However, the supra-volcanic Pentland Formation in the SE Area is dominated by Lowland
Terrestrial palynomorphs, which are interpreted to be indicative of post-volcanic drainage
systems being established on the exposed volcanic landscape. The lack of marine taxa in
available palynomorph data in the Pentland Formation in the south of the volcanic province
compared to the northern areas indicates that the post-volcanic marine transgression may

have progressed from north to south, although well data bias may be a factor.


http://jgs.lyellcollection.org/

Downloaded from http://jgs.lyellcollection.org/ by guest on February 20, 2020

Rattray Igneous Lithologies

Using wireline and core data we identify three major igneous lithological associations within
the RVM: subaerial volcanic rocks, subaqueous volcanic rocks and a minor intrusive suite.
The subaerial group is composed of subaerial lavas, including tabular and compound lavas,
and volcaniclastic sedimentary interbeds. The subaqueous group is comprised of basaltic
hyaloclastite and reworked subaqueous volcanic material. The minor intrusive suite intrudes
into the lava pile and underlying strata. Figure 5 shows the proportions of different igneous
and sedimentary lithologies present in drilled Pentland Formation sequences across the

Rattray Volcanic Province.

Subaerial volcanic rocks: lavas and volcaniclastic sedimentary interbeds

Subaerial basaltic lavas with interbedded volcaniclastic sedimentary rocks are found across
the majority of the areal extent of the Rattray Volcanic Province (Fig. 5). Volcaniclastic
rocks include both primary deposits (thin hyaloclastite units from interaction of lava with
surface water, e.g. streams and ponds) and epiclastic deposits which have been reworked by
surface processes (Fisher 1966). Tabular lavas are formed by high volume eruptions with fast
effusion rates (Walker 1971). When erupted into areas of increased accommodation space,
lava ponds in topographic lows and inflates with continued eruption, resulting in the
formation of thick individual lava flows. Individual flows with thicknesses >30 m are
observed in the NW Area (well 15/24b-3; Fig. 4). Compound lavas are composed of multiple
thin stacked flows (individual flow units ~5cm-5m thick) and form when the effusion rate is
lower (Walker 1971). The proportion of compound to tabular lavas increases distally to the
source of volcanic eruptions (Nelson et al. 2009). The proportion of compound flows

increases in the east of the Rattray Volcanic Province (Fig. 5).
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A core through the RVM in well 15/22-13 contains examples of the different
subaerial volcanic lithologies (Fig. 6). Examples of both aphyric and porphyritic lavas are
drilled in close succession (Fig. 6(i) and (ii)). Both have a groundmass of pyroxene and
plagioclase feldspar (the latter showing some degree of flow alignment (i)), and contain
abundant opaque minerals, likely magnetite as reported by Howitt et al. (1975) and Fall et al.
(1982). The porphyritic basalt in well 15/22-13 has large phenocrysts (~2 mm across) of
heavily altered olivine; the olivines are entirely replaced by secondary minerals. There are
also large pyroxene phenocrysts (~2 mm), which in the pictured sample are relatively fresh,
but in other flows have also undergone pervasive secondary alteration. The presence of
pyroxene and olivine phenocrysts without plagioclase phenocrysts indicates these
porphyritic basalts may represent the ankaramites previously reported by Fall et al. (1982).

The 15/22-13 core also contains a series of basaltic clastic packages situated between
subaerial lavas (Fig. 6). The basal ~7 m of the core contains repeated fining-upwards
reworked volcaniclastic (i.e. epiclastic (Fisher 1966; Millet et al. 2014)) packages. These
include conglomerate with large (up to 10 cm across) rounded cobbles of different volcanic
lithologies, including porphyritic and aphyric basalt with variably grey-green to purple-black
groundmass, fining upwards into sandstone and siltstone. The two main fining-upwards
packages are ~2-3 m thick separated by a thin fining-upwards sequence ~50 cm thick.

These repeated volcaniclastic fining-upwards sedimentary units are interpreted as
being deposited in a fluvial system (e.g. Bridge & Tye 2000) within the volcanic province
during a hiatus in eruption (or at least during a time when lava did not reach this part of the
province). The variety and rounded nature of the volcanic cobbles in the conglomerate
indicates that the clasts are not always derived from the immediately adjacent volcanic
strata, with prolonged transport in the fluvial system likely. The stacked channel system

indicates these deposits represent a hiatus of sufficient time for a sustained fluvial system to
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be established, which can take several thousand years, compared to equivalent lava
thicknesses which accumulate in decades (Hole et al. 2013). The individual fining upwards
packages comprise stories that record minimum channel depths of 2-3 m, with channel belts
likely in the order of <I-2 km in width (e.g. Gibling 2006).

The stacked fluvial channels are overlain by a ~3 m thick unit of primary
volcaniclastic rock (Fig. 6(iii)) which differs markedly from the fluvial conglomerates and
sandstones. It has a dark red-brown fine-grained clay matrix with clasts of dark grey-black
fine-grained basalt. The clasts vary in size from ~1-30 mm and are either angular to sub-
angular or have uneven clast edges, with the latter likely representing juvenile basalt clasts
(primary magma clasts that solidify in situ, rather than being redeposited following
reworking of existing volcanic rocks (Fisher & Schmincke 2012)). There is a high proportion
of a white pore-filling mineral, identified as calcite in thin section, infilling vesicles in basalt
clasts and large areas of the matrix.

The presence of juvenile and fragmented basalt clasts, volcanic clay matrix and a high
proportion of secondary pore-filling calcite leads to interpretation of this unit as a thin bed
of hyaloclastite formed by lava being quenched and fragmented during contact with surface
water. The volcanic clay matrix likely replaced primary volcanic glass that formed from rapid
cooling of magma upon contact with water; volcanic glass alters very readily to clay minerals
(Cerling et al. 1985). The pervasive pore-filling calcite indicates that the rock initially had
relatively high porosity, likely due to fragmentation during interaction with the water. This
cored sequence of fluvial sediment-hyaloclastite-subaerial lava (Fig. 6) is interpreted as

having formed by lava flowing into a topographic low occupied by a fluvial system.
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Subaqueous volcanic rocks: hyaloclastite

Hyaloclastite forms when magma is quenched during interaction with water (Honnorez &
Kirst 1975; Watton et al. 2014). Rattray hyaloclastite generally displays higher density,
acoustic velocity and resistivity, and more homogeneous wireline log profiles than the
volcaniclastic sedimentary packages. The presence of hyaloclastite in the Rattray Volcanics is
inferred from wireline and seismic character. Although the subaerial volcanic rocks group
(discussed above) has thin (~3 m) individual hyaloclastite units interbedded with subaerial
lavas (Fig. 6(iii)), the subaqueous group comprises thick units of hyaloclastite (> 50-100 m
thick) forming correlatable units across the Rattray Volcanic Province. This thickness of the
hyaloclastite indicates that substantial volumes of lava flowed into a long-lived standing body
of water. Basaltic hyaloclastite packages have been drilled in the NW and Central Areas (Fig.
5). In the SW Area few wells penetrate to any great depth within the RVM, and so the total
extent of hyaloclastite is uncertain. In wells penetrating the base of the RVM succession (e.g.
15/21-3 and 15/23-1Z) hyaloclastite forms the lowest extrusive volcanic lithology of the
RVM, i.e. implying the presence of a standing water body pre-dating the onset of volcanism.
Seismic line A-A’ from north to south across the Buchan-Glenn Horst at the
western end of the Buchan Glenn Fissure System shows a distinct lateral seismic character
change within the Rattray Volcanics (Fig. 7). The seismic reflections in the centre of the
horst near the fissure are laterally continuous and horizontal, and change laterally into thick
packages (~0.6 s TWT thickness; ~1.6 km) of inclined seismic reflections dipping northwards
and southwards. The bright, laterally continuous reflections in the centre of the horst are
interpreted as subaerial tabular lavas (drilled nearby in well 21/03b-3). The inclined
reflections are interpreted as foresets of hyaloclastite deltas from lava that prograded
northwards and southwards from the subaerial fissure system into two adjacent bodies of

water, forcing the lakes backwards. Inclined seismic reflections are traceable across ~200
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km? of the SW Area. Hyaloclastite is drilled in multiple wells across the NW Area covering

~1800 km?”.

Intrusions

This group represents a minor suite of evolved igneous intrusions that were emplaced into
both the existing lava succession and underlying strata. Quirie et al. (2019) investigated the
volcanic province on seismic data and found no evidence of large-scale intrusive complexes
on seismic data. The intrusions, described here from core data from well 21/03b-3, cross-
cut pre-existing Rattray lavas. The intrusions generally range from < 10 cm to ~5 m thick
and have undergone extensive alteration. As the majority are centimetre-scale they are
typically not thick enough to be identifiable on either seismic data or petrophysical logs
(Schofield et al. 2017; Mark et al. 2018). The intrusions are composed of alkali feldspar, mica
and nepheline (Fig. 8). The thickest evolved intrusion drilled in the Rattray Volcanic Province
(well 15/23a-8) is ~50 m thick (Fig. 4). It produces extremely high gamma ray values (190-
220 API) likely due to the high proportion of potassium in the alkali feldspar, and the high
uranium and thorium content in nepheline. The intrusion is less dense than the surrounding
basaltic material (~2.5-2.6 g.cm’), which, combined with the low neutron values associated
with crystalline material due to the lack of porosity, produces a density-neutron wireline
overlap similar to that of limestone.

The alkali feldspar, mica and nepheline mineralogy is indicative of nepheline syenites,
which form by fractional crystallisation of silica-undersaturated alkali basalts (Delpino &
Bermldez 2009). The mineralogy and the cross-cutting relationship of the intrusions
compared to the basalts indicates that this intrusive phase was likely a minor late-stage
event that was not associated with the main phase of lava eruption. The intrusions are

therefore interpreted to represent the emplacement of the residual melt during the latter
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stages of magmatism (e.g. similar to the syenites associated with the alkali dolerite boss from

Cnoc Rhaonastil in Islay (Hole & Morrison 1992)).

Lithostratigraphic framework of the Rattray Volcanic Province

Using the volcanic lithology scheme described above, the RVM is subdivided into two main
lithostratigraphic sequences representing two distinct phases of eruption: the Lower RVM
(‘Lower Rattray’) and Upper RVM (‘Upper Rattray’) (Fig. 2), separated by a mid-volcanic
hiatus in eruption which is represented by the accumulation of volcaniclastic sedimentary
rocks, tentatively identified in wells across the width of the Rattray Volcanic Province.
Figure 9 shows a correlation panel of the wells containing the two distinct eruptive
sequences in the Rattray Volcanic Province. The differentiation between the Lower Rat