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A B S T R A C T   

Strong tidal currents in the Pentland Firth separating NE Scotland and Orkney have stripped recent seafloor 
sediments revealing geological structures in parts of the Devonian Orcadian Basin that are otherwise limited to 
narrow coastal outcrops. Here we interpret and analyse a 220 km2 high-resolution bathymetric dataset and 
combine these findings with onshore aerial imagery, field observations, and photogrammetric Virtual Outcrop 
Models created from coastal outcrops. This approach allows a reappraisal of the structure, stratigraphy and 
tectonic evolution of the Orcadian Basin, and gives new insights into fold and fault structures developed at sub- 
seismic to reservoir scales. A major basin-scale Devonian structure – the Brough-Brims-Risa Fault – can be traced 
from Caithness to Hoy and has partitioned reactivation-related deformation in the Orcadian Basin during later 
deformation episodes. Carboniferous inversion-related folds formed during E-W shortening are mapped and 
correlated between Caithness and Orkney. These structures are cross-cut by widespread highly connected frac-
ture networks formed by steeply-dipping ENE-WSW and subordinate WNW-ESE trending structures developed 
during Permian NW-SE transtensional rifting. The offshore dataset demonstrates the continuity and topology of 
structures related to superimposed rifting and basin inversion events across a much greater scale range than was 
hitherto possible. [end].   

1. Introduction 

Recognizing the age and structural styles associated with individual 
deformation events in ancient basins, in addition to assessing the role of 
pre-existing structures, can be challenging and difficult to constrain (e.g. 
Tamas et al., 2022a). In offshore settings this may be due to the limited 
resolution, or absence of geophysical data (e.g. seismic reflection data), 
which can lead to significant uncertainties or contrasting models. 
Onshore areas may be limited by restricted or inaccessible surface ex-
posures (e.g. steep coastal cliffs) and lack of evidence to constrain the 
absolute/relative age of fault movements. A better understanding of 
structural styles and reactivation histories can give key insights into 
basin development, fluid transport pathways, reservoir storage potential 

and, more generally, to a reduction in sub-surface uncertainties. For 
example, Tamas et al. (2022a, 2023a, b) have recently shown how 
geochronological dating of syn-tectonic mineral fills associated with 
basin-related faults exposed onshore in the Inner Moray Firth Basin, 
Scotland, can be used to better constrain the age of correlative faulting 
episodes seen offshore. Similarly, in those parts of the same basin where 
datable syn-faulting mineralization is absent onshore, correlation of 
specific faults with those seen in offshore areas covered by good quality, 
well correlated seismic reflection data also allows the timing of move-
ments to be better determined (e.g. Tamas et al., 2022b). 

Recent studies by Collier et al. (2006), Nixon et al. (2012), Westhead 
et al. (2014), Sanderson et al. (2017), Yeomans et al. (2021), and Craven 
and Lloyd (2023) have used offshore bathymetric datasets around the 
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UK to provide continuous images of the bedrock geology cropping out at 
the present seabed in areas lacking recent sediment cover. The seabed 
exposures can give a visually impressive new perspective on structural 
geometries and development. It provides a useful alternative to the use 
of seismic reflection data in offshore regions, especially in areas where 
such data are either absent, or are of low resolution. Furthermore, sea 
floor rock platforms are commonly developed in near-shore, shallow 
water settings where seismic data are difficult to capture whilst bathy-
metric data are generally of the highest quality. It is also a critical zone 
for the direct correlation of structures between onshore and offshore 
regions. 

A 2 h difference in tidal phase on either side of the Pentland Firth 
drives tidal flow in the North Atlantic through this narrow channel into 
and out of the North Sea, generating currents with peak velocities of 5–6 
ms− 1 (Draper et al., 2014 and references therein). These currents have 
scoured away recent sediment cover over a wide area of the seafloor. 
High resolution bathymetry was collected during feasibility studies for 
tidal power schemes, which spectacularly reveal the structure of the 
underlying bedrock. 

In this paper, we use publicly available bathymetric data covering c. 
220 km2 (Figs. 1 and 2) to produce a new structural map of the offshore 
region separating mainland Scotland (Caithness) and the Orkney 
Islands. Analysis of these data provides new insights into the location 
and continuity of structures developed within the Devonian rocks of the 
Orcadian Basin, which are otherwise limited in exposure to narrow 
coastal outcrops. Field observations and desk studies have been sup-
plemented using drone imagery and virtual outcrop models to further 
analyse the geology of inaccessible coastal exposures and correlate them 

with the structures seen offshore. These rocks are commonly used as 
analogues to better understand the sedimentological and structural 
characteristics of Devonian sub-surface reservoirs offshore in the UK, 
most notably the Clair Field, the largest known hydrocarbon resource on 
the UKCS (Fig. 1a; Witt et al., 2010; Ogilvie et al., 2015; Robertson et al., 
2020). 

2. Regional setting 

The Devonian Orcadian Basin occurs onshore and offshore in the 
Caithness, Orkney, and Moray Firth regions of northern Scotland, 
overlying Caledonian basement rocks of the Northern (Moine) and 
Central Highland or Grampian (Dalradian) terranes (Fig. 1a; Johnstone 
and Mykura 1989; Friend et al., 2000). It belongs to a regionally linked 
system of Devonian basins formed due to sinistral transtensional 
collapse of the Caledonian mountain belt that projects northwards into 
Shetland, western Norway and eastern Greenland (Seranne, 1992; 
Duncan and Buxton 1995; Woodcock and Strachan 2012). It is partially 
overlain by a number of Permian to Cenozoic, mainly offshore depo-
centres, including the West Orkney and Moray Firth basins (Fig. 1a). 

Lower Devonian (Emsian) syn-rift alluvial fan and fluvial-lacustrine 
deposits are mostly restricted to the western fringes of the Moray Firth 
region (Rogers et al., 1989) and small areas of Caithness (NIREX, 1994a) 
and Orkney (Mykura et al., 1976a) occurring in a number of small 
fault-bounded basins of limited extent (Fig. 1b). These are overlain 
partially unconformably by Middle Devonian (Eifelian-Givetian) syn-rift 
alluvial, fluvial, lacustrine to locally marine and subordinate volcanic 
sequences that dominate the onshore sequences exposed in Caithness, 

Fig. 1. (a) Regional map of the Orcadian Basin with 
Clair Oil Field highlighted. Modified after Dichiarante 
and Holdsworth (2016) and Oil and Gas Authority 
(2019). Green dashed box outlines location of 
Bathymetric survey. (b) Simplified geological map of 
Orkney and northeast Caithness with known principal 
structures shown. Modified after (Mykura et al., 
1976a, b; BGS 1982, 1985a; Astin 1985, 1990; Brown 
et al., 2019). SJ = St John’s Point. (c) Regional cross 
section through the Orkney-Shetland Platform 
showing the regional basement high which is flanked 
and overlain by Paleozoic sedimentary basins. Modi-
fied after (BGS 1985a).(d) Cross section through the 
Eday Syncline. Modified after (Mykura et al., 1976a, 
b; BGS 1982, 1985a). For location of cross section see 
Fig. 1b. (For interpretation of the references to colour 
in this figure legend, the reader is referred to the Web 
version of this article.)   
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Fig. 2. (i) Uninterpreted bathymetric map of the Pentland Firth showing main geographic features/locations. The known onshore geology, stratigraphy and regional-scale structures are also shown (Mykura et al., 
1976a, b; BGS 1982, 1985a, b, 1986, 1999). Virtual outcrop locations (VM-i to VM-vii in Appendix B, Supplementary Materials) are highlighted in blue. 1:50,000 base map courtesy of the Ordnance Survey via Digimap. 
(For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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Orkney and Shetland (Fig. 1a–c; Marshall and Hewett 2003). Upper 
Devonian (latest Givetian-Famennian), post-rift fluvial and marginal 
aeolian sedimentary rocks (Friend et al., 2000) are only found as 
fault-bounded outliers at Dunnet Head in Caithness, and the island of 
Hoy in Orkney (Fig. 1b). 

Recent work (e.g. Wilson et al., 2010; Dichiarante, 2017; Dichiarante 
and Holdsworth, 2016; 2020a, b; Tamas et al., 2023a) has reappraised 
the structural evolution of the Devonian sedimentary sequences in 
onshore Caithness and Orkney. Three regional phases of outcrop-scale 
deformation have been recognised based on orientation, kinematics 
and associated fault rocks/vein fills. 

Group 1 faults are mainly N–S and NW-SE striking and record pre-
dominantly sinistral strike-slip to dip-slip extensional move-
ments. They form the dominant outcrop-scale structures in the 
eastern regions closest to the offshore trace of the Great Glen 
Fault (GGF) (Fig. 1a). Basin-scale faults such as the Brough, 
Brims-Risa and North Scapa faults (Fig. 1b; Astin 1985, 1990; 
Hippler 1989, 1993; Dichiarante and Holdsworth, 2016; 
2020a) are associated with significant sediment facies and 
thickness changes. Deformation bands, gouges and breccias 
associated with these faults display little or no associated 
mineralization or veining. Stress inversion analyses of fault and 
slickenline data suggests that these structures are related to 
Devonian ENE-WSW transtension associated with sinistral 
shear along the Great Glen Fault during formation of the 
Orcadian basin (Wilson et al., 2010; Dichiarante et al., 2020a).  

Group 2 structures are closely associated systems of metre-to kilometre- 
scale mainly N–S trending folds and thrusts related to a highly 
heterogeneous regional inversion event recognised locally 
throughout Caithness, Orkney and Shetland (Coward et al., 
1989; Dichiarante et al., 2020a). Regional-scale structures 
include the shallowly plunging N/S trending open folds such as 
the Ham Anticline in Caithness and Eday Syncline in Orkney 
(Mykura et al., 1976a) (Fig. 1b–d). Once again, fault rocks 
associated with these structures display little or no associated 
mineralization or veining. Group 2 features are likely due to 
late Carboniferous to early Permian E-W shortening related to 
dextral reactivation of the Great Glen and Walls Boundary 
faults (Coward et al., 1989; Seranne, 1992; Dichiarante et al., 
2020a; Armitage et al., 2020).  

Group 3 structures are the dominant features seen the Caithness coastal 
section west of St. John’s Point (SJ in Fig. 1b). They comprise 
dextral oblique NE-SW striking faults and sinistral ~ E-W to 
ENE-WSW striking faults with widespread syn-deformational 
low temperature hydrothermal carbonate mineralization (±
base metal sulphides and bitumen, the latter sourced from local 
Devonian organic-rich strata) both along faults and in associ-
ated mineral veins (Dichiarante et al., 2016; 2020a, 2020b and 
references therein). Re–Os model ages of syn-deformational 
fault-hosted pyrite in Caithness yield Permian ages (ca. 267 
Ma; Dichiarante et al., 2016). This is consistent with field ob-
servations that Group 3 fractures and mineralization are syn-
chronous with the emplacement of ENE-trending lamprophyre 
dykes east of Thurso (intrusion ages of ca. 268-249 based on 
K–Ar dating; Baxter and Mitchell, 1984; Dichiarante et al., 
2020a). Stress inversion of fault slickenline data associated 
with the carbonate-pyrite-bitumen mineralization imply 
NW-SE regional rifting (Dichiarante et al., 2016; 2020a), an 
episode also recognised farther west in the Caledonian base-
ment of Sutherland (e.g. Wilson et al., 2010). There is no 
compelling evidence to suggest that structures with move-
ments younger than the Permian are widespread or significant 
along the north coast section of Scotland (Dichiarante et al., 
2016), although this cannot be completely ruled out. 

3. Methods 

Mapping of the seafloor geology and geomorphology of the Pentland 
Firth was carried out using bathymetric data (Fig. 2) (Survey: 2009 
2011–147366 Isle of Stroma Pentland-Firth) sourced from the United 
Kingdom Hydrographic Office via the ADMIRALTY Marine Data Portal. 
Data coverage begins between 500 and 700m from the shoreline and 
covers an area of approximately 220 km2 with large gaps (18–20 km2) in 
the data surrounding the islands of Swona and Stroma. Further details 
concerning the survey are given in Appendix A. The data were delivered 
in geoTIFF format (WGS, 1984 UTM 30N) with maximum vertical and 
horizontal resolutions of 6 mm and 2m respectively. 

Bathymetric data were loaded into Globalmapper v17.0 to produce 
hillshade, dip (slope) azimuth and slope angle maps (Fig. 3aii, iii, bii, iii, 
4aii, iii), collection of orientation data (strike, dip, dip direction, Figs. 3 
and 4) before export into ArcGIS 10.5 for mapping, geological inter-
pretation and lineament analysis at 1:5000 scale. Having mapped out 
fault and fracture lineaments (Fig. 5), fracture topology - a network 
characterisation technique (Mauldon et al., 2001; Rohrbaugh et al., 
2002; Sanderson and Nixon 2015) that simplifies a 2D fault or fracture 
network into discrete branches (fracture segments) and nodes (fracture 
connections) - was used to define both the geometrical features and 
network relationships between elements of the imaged fractures seen in 
the bathymetry (Fig. 6). This is a particularly useful way to describe 
fracture interconnectivity and therefore potential fluid transport prop-
erties. The proportions of the different types of nodes (I, T, X; Isolated tip 
– ‘I’, Terminating – ‘T’ – also known as ‘Y’ - and cross-cutting ‘X’), and 
the NB/NL ratio - number of fractures branches vs number of faults - can 
be used to determine the relative connectivity and spatial characteristics 
of the studied fracture network (Sanderson and Nixon 2015). The 2D 
topological analysis of bathymetry and aerial imagery was undertaken 
using the NetworkGT toolbox for ArcGIS (Nyberg et al., 2018). This was 
carried out to provide a quantitative assessment of fracture (lineament) 
connectivity using dimensionless intensity (2D fracture intensity x 
average branch length), a scale invariant measure of fracture intensity 
which takes into account sampling bias (Sanderson and Nixon 2015; 
Nyberg et al., 2018). To investigate the spatial variability in the fracture 
patterns further, a series of 2.8 km2 square sample boxes (n = 14) were 
used to sub-sample the nodal and fracture trace length map (Fig. 6a). 
Box size was chosen to maximise the number of fractures sampled. 
Sample positions were chosen to investigate differences in fracture in-
tensity and connectivity adjacent to the major faults (e.g. the 
Brough-Brims-Risa fault and the sinistral strike slip fault north of Dun-
cansby Head) and across the km-scale N–S trending folds present in the 
offshore region (Figs 2, 4av). 

Fieldwork was carried out in both Orkney and Caithness to ground- 
truth interpretations and investigate the outcrop-scale expression of 
structures observed in bathymetric data in coastal sections adjacent to 
the offshore study area. The use of an aerial drone allowed images to be 
collected from several inaccessible cliff sections that were used to create 
3D Structure from Motion (SfM) Virtual Outcrop Models. Models were 
generated in Agisoft Photoscan and were analysed and interpreted 
within the VRGS software package (Hodgetts 2019) to extract geological 
orientation data. Links to a selection of these models are presented in 
Appendix B (VMi-vii) of the Supplementary Materials and their locations 
are shown on Fig. 2. Structural analysis was carried out using Stereonet 
9.5 and the study was supplemented using high resolution aerial im-
agery courtesy of the Ordnance Survey via Digimap and published 
onshore and offshore geological maps (and bedding orientation data) 
(BGS 1982, 1985a, 1985b, 1986, 1999, 2019). A fracture topology 
analysis was also carried out in one particularly large and well exposed 
rock platform within the hinge region of the regional scale Ham anti-
cline (Fig. 2). The approach used followed that used offshore, with the 
spatial variability in the fracture patterns being further investigated 
using square sample boxes to sub-sample the nodal and fracture trace 
length map. This allowed a comparison of onshore and offshore topology 
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datasets, albeit at different scales. 

4. Geology and submarine geomorphology of the Pentland Firth 

4.1. Seabed morphology 

Water depths in the Pentland Firth range up to 135m, with the 
seabed dominated by rocky sea floor and exposed swept bedrock, clas-
sified as “Atlantic and Mediterranean high energy infralittoral rock” 
(EUNSIS, 2007-11 Scheme) (Shields et al., 2009; Martin-Short et al., 
2015). These areas of swept bedrock reveal the underlying geological 
structure of the Devonian rocks in the Pentland Firth, accentuated by the 
differential erosion of weaker geological structures (e.g. fault and frac-
ture zones) and stratigraphic units (e.g. shales and siltstones) (Figs. 2–6). 

Many faults and associated damage zones have been eroded to depths 
many tens of metres below that of the surrounding sea floor, forming 
distinct gullies and chasms that can extend for many kilometres along 
strike (Figs. 2 and 5). 

Local areas of modern marine sediment are preserved, such as the 
10–20m high SE-NW longitudinal dunes and the 4 × 3 km dune field 
rising to a height of 15 m located respectively E and W of Stroma (Fig. 2; 
for further details and analysis, see Appendix A). Bottom sampling 
shows that the unconsolidated sediments are predominantly composed 
of poorly-to well-sorted coarse sands, fine gravels and gravel-sized, 
benthic bioclasts (BGS 2019). 

Fig. 3. Detailed bathymetric images of examples of fold structures in the Pentland Firth. (a) Major gently S-plunging km-scale synform between South Ronaldsay and 
Swona with down plunge projection showing fold geometry; stereonet shown poles to bedding and interpreted profile plane and beta axis (regional fold plunge). (b) 
smaller Dm-scale northerly plunging anticline offshore South Walls, with down-plunge projection. For locations, see Fig. 2. 
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4.2. Stratigraphy 

Onshore outcrops in Caithness are dominated by Middle Devonian 
sedimentary rocks of the Caithness Flagstone Group (Fig. 2), which is 
subdivided into the Lybster Flagstone, Spital Flagstone and Mey Flag-
stone formations (BGS 1985b, 1986). These formations are predomi-
nantly fluvial and lacustrine in origin and contain several fossil-rich 
horizons or ‘fish beds’ (Johnstone and Mykura 1989), most notably the 
Achanarras Fish Bed Member that separates the Lybster and Spital 
Flagstone formations. They are overlain by the predominantly fluvial 
sedimentary rocks of the John O’Groats Sandstone Group. Upper 
Devonian fluvial and aeolian sedimentary rocks of the Dunnet Head 
Sandstone Group are restricted to the headland of Dunnet Head (see 
virtual outcrop models Vi and VII, Appendix B) and are faulted against 
older rocks to the east by the Brough Fault (Fig. 2) (Johnstone and 
Mykura 1989; Dichiarante et al., 2020a). 

On Orkney, Middle to Upper Devonian sedimentary rocks and minor 
volcanics dominate and are the lateral equivalents to the Caithness 

Flagstone Group (Fig. 2; Mykura et al., 1976a). The lacustrine Upper and 
Lower Stromness Flagstone formations – separated by the Sandwick Fish 
Bed Member (BGS 1999) - are overlain by the rocks of the Eday Group, 
which preserve a transition from mixed lacustrine and marginal flu-
vial/alluvial deposits to predominantly fluvial deposits. The Upper 
Devonian Hoy Sandstone on the island of Hoy is formed by a ~1 km 
thick sequence of fluvial and aeolian sandstones and marls that uncon-
formably overlie lavas and tuffs of the Middle Devonian Eday Group 
known as the Hoy Volcanics (Mykura et al., 1976a; BGS 1999). They are 
a faulted against other parts of the Eday Group by the Brims-Risa Fault 
which has long been correlated on regional geological grounds with the 
Brough Fault in Caithness (Fig.. 1b and 2) (Coward et al., 1989; Mykura 
et al., 1976a; Seranne, 1992). 

Based on their likely continuity with adjacent onshore outcrops, it 
seems likely that the seafloor west of the Brough-Brims-Risa Fault in the 
offshore survey area (see below) comprises Upper Devonian units 
equivalent to those seen onshore in Hoy (Fig. 2). To the east of the fault, 
it is likely that the sea floor comprises Middle Devonian units from the 

Fig. 4. (a) Form map highlighting the offshore 
Pentland Firth, showing (ai) uninterpreted bathyme-
try, (aii) derived dip azimuth and (aiii) slope, (aiv) 
extracted bedding dips, and (av) form lines and major 
fold structures. (b) Equal area stereoplots showing 
poles to bedding for (bottom to top) (i) the entire 
study area; (ii-v, left column) the onshore-offshore 
regions west of the BBRFZ; and (vii-x, right column) 
the onshore-offshore regions east of the BBRFZ. 
Interpreted profile planes and beta axes are shown. 
Colour coding is used to indicate specific datasets as 
indicated. (For interpretation of the references to 
colour in this figure legend, the reader is referred to 
the Web version of this article.)   
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Fig. 5. Detailed images of examples of faults and 
fracture systems in the Pentland Firth – for locations 
see Fig. 2. (a)i-iv Maps and cross sections of the 
deeply eroded BBRFZ offshore and subordinate fault 
zones. (b) Faulting associated with more diverse fold 
patterns and highly variable bedding orientations east 
of the BBRFZ. (c) Apparent sinistral offsets of sub-
marine bedding planes. Inset shows oblique view. (d) 
Rectilinear pattern of lineaments in the area between 
Stroma and Swona. Dip azimuth and slope colours are 
as in Figs. 3 and 4. (For interpretation of the refer-
ences to colour in this figure legend, the reader is 
referred to the Web version of this article.)   

Fig. 6. (a) Topological analysis of mapped linea-
ments. Orientation of lineaments subdivided by set 
and nodes coloured by node type. Boxes show loca-
tion of sampled sub-areas presented in Fig. 6c and e. 
(b) Length weighted rose diagram of mapped linea-
ments showing 4 major trends; N–S, ENE-WSW, NE- 
SW and NW-SE. (c) Ternary diagrams showing branch 
and node topology for mapped lineaments. (d) Length 
vs orientation plot for mapped lineaments. (e) Plot of 
fracture intensity vs Connectivity (CB) for the various 
sub-areas shown in Fig. 6a. Heat maps of Nodal 
Density are also shown in Appendix C, Figure C1.   
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Caithness-Stromness Flagstones and overlying units. A more detailed 
stratigraphic assignment has not been attempted and may be chal-
lenging, although it may be possible in the future to attempt to differ-
entiate and contrast units that are more sand-rich and massive (e.g. 
aeolian/fluvial deposits), from those that are more heterogeneously 
layered, and likely represent more interbedded/stratified units (e.g. 
lacustrine deposits). 

4.3. Offshore structural geology 

Various styles of faulting and folding are observed in the offshore 
study area, and it is mostly possible to link larger (km-scale) structures 
mapped onshore with those exposed on the seafloor, providing an 
almost continuous structural map of the Pentland Firth and surrounding 
area (Figs. 2, 4a and 6a). Bedding was distinguished from fracture and 
fault lineaments based partially on the dip of the adjacent sea floor, but 
also from the morphology of the lineament, which is best seen in oblique 
section views. Faults tend to form straight, deeply eroded lineaments, as 
opposed to regularly spaced and often more asymmetric lineaments 
created by dip and scarp surfaces across bedding (e.g. Figs. 3 and 5). The 
kinematics of faults are inferred from the apparent offset of bedding 
traces where visible (pixel resolution ~2 m), but vertical throws are 
difficult to assess. Further constraints come from known senses of offset 
and displacement for faults with particular trends seen in the adjacent 
onshore areas (e.g. BGS 1985a, b, 1986, 1999, 2019; Dichiarante 2017; 
Dichiarante and Holdsworth, 2016, 2020a, b). 

The sinuous trace of the generally NNE-SSW Brough-Brims-Risa 
Fault Zone (BBRFZ, Figs. 2 and 4a, b, 5a, 6a) divides the region into two 
distinct domains. The strata immediately to the west of the fault appear 
to be less deformed, with bedding gently dipping towards the W and NW 
(Fig. 4a, bi-v) together with a lower number, density and diversity of 
fault lineaments. An importance caveat here is that the region to the 
west of the BBRFZ trace is less well exposed over a smaller area of 
seafloor. Nevertheless, the apparently less deformed state is consistent 
with these rocks being Upper Devonian strata, as onshore (at Dunnet 
Head and Hoy) they are typically less affected by deformation compared 
to the Middle Devonian strata (Dichiarante 2017). The region to the east 
of the BBRFZ is generally more folded (e.g. Figs. 2 and 4a) with more 
variable bedding orientations (Fig. 4bi, vi-x) and a higher concentration 
of fault and fracture lineaments (Fig. 6a). This variation is due in part to 
the presence of several km-scale N–S oriented fold structures (Figs 2, 
4avi, v) in addition to the development of localised zones of complexity 
and folding related to major fault zones. 

Folds: The bathymetry reveals the presence of several large, km- 
scale, upright to shallowly plunging, open to gentle fold structures 
trending generally NNE-SSW to NW-SE (Figs. 2–4). A large N–S trending, 
N-closing fold can be traced for ~18 km along strike running from the 
west coast of South Ronaldsay down to the region offshore and to the 
north of John O’Groats (Figs. 2 and 4a). A down plunge projection cross 
section of this fold reveals a slightly asymmetrical open syncline which 
plunges extremely shallowly towards the south (Fig. 3ai-iv) with gentle 
(120–180◦) interlimb angles, and a slight eastward vergence. The highly 
oblique cut through this structure on the seafloor makes the fold appear 
tighter than it actually is, a common feature in offshore bathymetric 
surveys thorough folded strata (e.g. Craven and Lloyd 2023). Another 
smaller (dm-to hm-scale) northward-plunging and -closing open anti-
cline (interlimb angle approximately 150◦) is exposed on the seafloor 1 
km south of South Walls (Figs 2, 3bi-iv). Bedding orientation data from 
the offshore region east of the BBRFZ (Fig.4bviii) reveal an almost 
subhorizontal NNE-SSW regional fold plunge, whilst those in the central 
offshore area between the islands of Stroma and Swona plunge very 
shallowly to the SSW (Fig. 4bvi). 

To the west of the large synform, a N–S trending anticline is 
observed, with the hinge running southwards towards the island of 
Stroma which seems to represent the southward continuation of this 
very gentle fold hinge zone (Figs. 2 and 4a). A series of less well-defined 

N–S folds are seen in the region west of this anticline and may link 
northwards into folds of similar trend seen onshore in South Walls and 
easternmost Hoy in the region east of the BBRFZ (Fig. 4a); the northward 
continuation of the Ham Anticline on Caithness in not exposed and may 
be cut out by the BBRFZ northwards. 

A series of very open (Interlimb angle (ILA) > 150◦), NW-SE folds are 
seen in the region immediately to the west of the BBRFZ, south of Hoy 
(Figs. 2 and 4a, bii,-v). A gentle synclinal fold with the same NW-SE 
trend is also seen in the Upper Devonian rocks at Dunnet Head in 
Caithness, west of the Brough Fault (Fig. 2; 4a, bv). Furthermore, 
bedding data from onshore Hoy, west of the BBRFZ reveal very open, 
shallowly W-plunging folds (Fig. 4biv). Subordinate NW-SE folding is 
also seen in the onshore data from Orkney in the region immediately to 
the east of the BBRFZ (Fig. 4bix) and at Dunnet Head onshore in 
Caithness (Fig. 4bv, x). 

Faults and fractures: A total of 3178 offshore lineaments inter-
preted to be related to brittle fractures (no discernible offset observed) 
and faults (where offset could be observed) were mapped from the ba-
thymetry (Fig. 5a–f, 6a), with a cumulative trace length of >1500 km, a 
mean length of 247.96 m and a maximum of 3717.55 m (Table 1). Four 
trends are identified, with ENE-WSW (n = 1607) being the predominant 
set, in addition to NE-SW (n = 443), WNW-ESE to NW-SE (n = 740), and 
N–S (n = 388) (Fig. 6a and b). The longest lineaments are orientated N–S 
to NE-SW, and ENE-WSW (Fig. 6d). 

The correlation of the Brough and Brims Risa faults in Caithness and 
Orkney, respectively, has long been accepted based on the association 
with Upper Devonian strata to the west of the fault traces and similarly 
complex movement histories (e.g. Mykura et al., 1976a, 1976b; Coward 
et al., 1989); the sea-floor lineaments also clearly line up in the ba-
thymetry (Fig. 2). The BBRFZ forms the longest mapped lineament, with 
several segments up to 3–4 km long, and trending NNW-SSE to NE-SW 

Table 1 
Comparison of fracture data from the onshore and offshore Pentland Firth.  

Sample Area Onshore Offshore 

Area (m2) 60889.22 1005053316.79 
No. Lineaments 8077 3178 
Mean Lineament Length (m) 3.05 247.96 
Max Lineament Length (m) 45.13 3717.55 
StDev Lineament Length (m) 3.53 257.28 
Mean Lineament Orientation (◦) 82.49 74.16 
StDev Lineament Orientation (◦) 42.48 46.12 
No. Edge Nodes (E) 215.00 39.00 
No. I Nodes (I) 2358.00 2479.00 
No. X Nodes (X) 669.00 246.00 
No. Y Nodes (Y) 3623.00 953.00 
No. Unknown Nodes (U) 0.00 0.00 
No. Nodes 6650.00 3678.00 
No. Branches 7951.50 3161.00 
No. Lines 2990.50 1716.00 
No. Connections 4292.00 1199.00 
Average Connect/Line 2.87 1.40 
Average Line Length (m) 8.21 1010.25 
Average Branch Length (m) 3.09 607.06 
Average Connect/Branch 1.70 1.22 
2D Intensity 0.40313 0.00174 
Dimensionless Intensity 1.24449 0.83033 
No. Branches (minus unknown branches 7939.50 3153.50 
No. C – C (doubly connected branches) 5737.00 1281.00 
No. C – I (singly connected branches) 1864.00 1258.00 
No. C – U (singly connected branches) 92.50 8.00 
No. I – I (isolated branches) 234.00 595.00 
No. I – U (singly connected branches) 12.00 11.50 
No. U – U (unknown/edge branches) 0.00 0.00 
Total Length C – C (m) 15517.42 513847.72 
Total Length C – I (m) 6442.53 626695.92 
Total Length C - U(m) 1118.40 10792.43 
Total Length I - I(m) 1200.65 348663.71 
Total Length I - U(m) 200.16 7070.10 
Total Length U - U(m) 67.40 0.00 
Total Trace Length (m) 24546.57 1507069.88  
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with a total exposed length of ~12 km (Figs. 2, 5ai and 6a). This 
structure typically is associated with a 10–15 m deep gully feature with 
several NNE to NE trending splays developed on its eastern flank 
(Fig. 5ai-iv). These structures are concentrated in the area where the 
fault swings from a NE to NNW trend and may have formed due to strain 
localisation adjacent to a restraining and/or releasing bend during 
oblique movement on, or reactivation of, the fault. In the immediate 
area surrounding the fault zone, particularly in the hanging wall, 
bedding is difficult to identify, probably corresponding to a damage 
zone up to 200 m wide, with numerous subordinate faults and smaller 
folds (Figs. 2, 4a and 5ai, 6a). Other prominent N–S lineaments (NNW to 
NNE) up to ~1 km long are found in the region north of Stroma and 
running though the region between South Ronaldsay and John O’Groats 
(Figs 2, 5bi-iii, 6a). 

Regionally, the most numerous, laterally extensive and deeply 
eroded lineament set trends ENE-WSW (Fig. 5b–d, 6a, b, d). Many of 
these features show apparent sinistral offsets, particularly where they 
bisect and offset the trend of dipping beds (e.g. Fig. 5c and d). A sub-
ordinate set of WNW-ESE to NW-SE trending lineaments appear to form 
an apparent conjugate set to the ENE-WSW trending lineaments and 
show some apparent dextral offsets (Fig. 5d). These structures are 
generally some of the shortest in length and commonly terminate 
against ENE-WSW and NE-SW trending lineaments. Both ENE-WSW and 
NW-SE sets appear to cross-cut the larger fold structures in the region. 
Swarms of these fault/fracture sets produce a pronounced rectilinear 
pattern, particularly in the area between Stroma and Swona (Figs. 2, 5d 
and 6a). 

Fault and fracture topology: Topological analysis for the entire 
offshore region shows a low level of connectivity with I nodes dominant 

(Fig. 6a, c). Fracture branches with C–C (doubly connected) topology are 
dominant, although the presence of a significant number of C–I and I–I 
branches means that the CB (number of connections per fracture branch) 
value of approximately 1.2 confirms the low overall connectivity 
(Fig. 6c). A high number of I nodes and the low proportion of X nodes 
suggest that many fractures do not crosscut and remain isolated. 

As a result of the apparent spatial clustering displayed by the NE-SW 
to N–S and the ENE-WSW fracture sets, the intensity of fracturing varies 
across the sample area of exposed bedrock (Fig. 6a). Our sample boxes 
were chosen to investigate differences in fracture intensity and con-
nectivity adjacent to the major faults and across the km-scale N–S 
trending folds present in the offshore region (Figs. 2, 4 and 5). Across the 
14 sample areas, dimensionless fracture intensity values vary between 
13.3 and 79 and the connections per branch (CB) varies from low 
(0.9–1.1) to moderate (>1.4) values (Fig. 6e). Areas of high to moderate 
connectivity correspond to the hangingwall region of the BBRFZ (Sam-
ples 2a-c) and the region to the north of the Duncansby Head which lie 
close to the ENE-WSW sinistral strike slip fault and its immediate side-
walls (Samples 4c-f) (see also maps in Appendix C, Fig. C1). All other 
samples areas displayed moderate or low connectivity (CB < 1.1). High 
fracture intensity does not always correspond to higher connectivity 
(Fig. 6e). 

4.4. Onshore structural geology 

Brough-Brims-Risa Fault Zone (BBRFZ): On the south coast of 
Hoy, the Brims-Risa fault juxtaposes Upper Devonian rocks of the Hoy 
Sandstone Formation against the Middle Devonian Upper Stromness 
Flagstone and Lower Eday Sandstone formations (Fig. 2). The Brims-Risa 

Fig. 7. Onshore exposure of the Brims Risa Fault Zone at The Witter, Hoy [ND 327783 988866] (a) Drone image of the Brims Fault in cliffs near The Witter. (b) 
Stereonets of structural data derived from 3D photogrammetric model of the coastline at The Witter, Hoy (See VMi, Appendix B, Supplementary Material). (c) Drone 
image of ENE/WSW trending fault zones. (d) Drone image of folding and faulting in the hanging wall of the Brims-Risa fault. 
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Fault is exposed but inaccessible near The Witter [ND 327783 988866] 
where the fault dips ~50◦ towards the NE (150/50NE, in the convention 
strike, dip, dip direction) (Fig. 7a; see also virtual outcrop VMi, Ap-
pendix B). The thin-bedded flaggy sandstones of the Upper Stromness 
Flagstone that lie in the hangingwall of the fault are faulted against more 
thickly bedded red-orange sandstones of the Upper Devonian Hoy 
Sandstone Formation in the footwall. The apparently reverse offset here 
is consistent with the suggestion that the Brims-Risa fault is a Group 1 
Devonian-age normal fault strongly inverted during late Carboniferous 
(Group 2) E-W shortening (Coward et al., 1989; Dichiarante et al., 
2020a). This is also consistent with the observation that bedding in the 
fault footwall is generally very shallowly dipping (Fig. 7bii) containing 
few faults, whilst the Middle Devonian strata in the hangingwall dip 
moderately NE (Fig. 7biii) and are fractured and faulted throughout 
(Fig. 7bi, c). The dominant fault trends (Fig. 7bi) are ENE-WSW, NE-SW 
and NNE-SSW with normal to oblique slip senses. Inland, at the Witter 
Quarry [ND 327945 989146], north -dipping flagstones are cut by 
similarly oriented NE-SW trending normal faults and NE-SW to EW 
trending subvertical extension fractures, which are partially mineralized 
with calcite. 

On the north coast of Caithness, the N–S-trending Brough Fault 
passes through the harbour north of the village of Brough [ND 322097 
973978] (Fig. 2). Here, Upper Devonian rocks of the Dunnet Head 
Sandstone Group to the west are juxtaposed against the Middle Devo-
nian Spital Flagstone Formation to the east (Fig. 8a–c). The fault core 
runs through the harbour, though not exposed, forming a marked gully 
feature in the cliff and foreshore (Fig. 8a, c). 

In the cliffs to the east of the fault trace, bedding dips are generally 
shallow to moderate W-dipping with small-scale westerly verging NNE- 
SSW Group 2 folds plunging gently SSW (Fig. 8b). Several much larger 
Group 2 folds are exposed in the cliffs along the coast for several hun-
dred metres to the east of the Brough Fault and one fold pair, at Langypo 
[ND 322880 974189] (see also virtual outcrop VMii, Appendix B), is 
accessible on foot. Here a shallowly north-plunging, westerly-verging 
open fold pair is exposed (Fig. 8d), which is cut by two ENE-dipping 
thrust faults (Fig. 8e). Axial planes trend N–S toNNE-SSW and dip 
steeply E. All these folds are consistent with Group 2 inversion due to E- 
W shortening along the Brough Fault. As shown by Dichiarante et al. 
(2020a), these folds are everywhere cross-cut by moderately to steeply 
dipping dextral oblique normal to dextral strike slip faults trending N–S 
to NE-SW. These faults are widely associated with calcite mineralization 
in veins and local breccias and a stress inversion analysis of faults 
exhibiting slickenlines gives a NW-SE extension direction consistent 
with Group 3 structures regionally. 

The exposures of Upper Devonian strata lying immediately to the 
west of the Brough Fault are strongly deformed (Fig. 8c). Bedding in the 
small islands known as The Clett and in the wave cut platform to the 
west is generally steeply dipping to sub-vertical and strikes sub-parallel 
to the Brough Fault. In The Clett, the bedding dips steeply to the E and is 
overturned (Enfield 1988), whilst strata exposed in the foreshore to the 
west are steeply dipping, but young eastwards based on cross-bedding in 
the sandstones (Fig. 8c; Dichiarante et al., 2020a). This suggests that a 
tight synclinal fold lies in the unexposed region that separates The Clett 
from the remainder of the foreshore to the west (Fig. 8c). Traced further 
west into the cliffs on the north side of Dunnet Head, the bedding dips 
become much shallower. Thus, the steepening of bedding close to the 
fault is thought to reflect deformation related to movements along the 
Brough Fault (Trewin 1993). A series of moderately to steeply plunging, 
metre to tens of metre-scale, open to tight N–S trending Z folds are 
exposed in the sub-vertical strata of the foreshore area and also appear to 
deform a small Permian volcanic vent (Fig. 8c; Dichiarante et al., 
2020a). This deformation is interpreted to be the result of Permian 
(Group 3) dextral shear along the immediately adjacent Brough Fault. 
Since the closure direction of the unexposed syncline cannot be deter-
mined, it is impossible to say whether this is an older Group 2 fold 
formed during E-W shortening, or a Group 3 structure formed due to 

later dextral reactivation of the Brough Fault. 
Faults and folds: In Caithness and Orkney, the Ham Anticline and 

Eday Syncline (Fig. 1b), respectively, are the principal regionally rec-
ognised folds. These folds are generally accepted as being related to 
Group 2 deformation associated with regional inversion during the 
Carboniferous (Mykura et al., 1976a; Coward et al., 1989; Dichiarante 
2017; Dichiarante et al., 2020a). They are N–S trending, low amplitude, 
gently plunging, long wavelength structures. Smaller scale N–S folds 
form cm-to dm-scale localized fault-related structures, through to large, 
km-scale folds are also recognised all across Caithness and Orkney (e.g. 
Figs. 2 and 4a, bi, vii, ix, x, 7–10; Enfield and Coward 1987; Coward 
et al., 1989; Dichiarante 2017; Dichiarante et al., 2020a) and are most 
widely developed east of the BBRFZ. 

A series of regional scale N-plunging folds (Figs. 2 and 9a) are rec-
ognised along the N coast from Brough Harbour towards Duncansby 
Head, some of which can be traced offshore using the bathymetry. In 
Gills Bay [ND 332848 972824] rocks of the John O’Groats Sandstone 
Formation are folded into an open NE-trending, gently plunging syncline 
(Fig. 9bi-ii). Near Ness of Duncansby, strata from the same unit are 
folded into another open NE trending, gently N plunging syncline 
(Fig. 9ci-ii). Close to the hinge of this fold, an undeformed small, vol-
canic vent outcrops which comprises monchiquites and tuffs (Chapman 
1975). Macintyre et al. (1981) obtained a poorly defined K–Ar age of c. 
270 Ma from these intrusive units suggesting that they are related to a 
series of regionally recognised Permian volcanic vents and minor in-
trusions in Caithness-Orkney (Fig. 2). A poorly exposed anticline runs 
out through the coast at the Ness of Quoys and is apparently offset by a 
large ENE-WSW fault lying immediately to the south with an inferred 
sinistral-normal shear sense (Figs. 2, 9a and 12). The folds are separated 
by three, mostly poorly exposed NW-SE faults in the region between St 
John’s Point and Duncansby Head (Fig. 9a). One of these faults outcrops 
as a steeply SW-dipping structure exposed in the cliffs near to Thirle 
Door, on the southeast side of Ducansby Head (Trewin, 1993). Here, the 
apparently normal displacement and absence of mineralization associ-
ated with faulting has led Dichiarante (2017) to conclude that these 
NW-SE faults are Group 1 (i.e. Devonian) normal faults. 

Other small-scale NW-SE trending folds have been recognised by 
Dichiarante et al. (2020a) in onshore Caithness in two structural set-
tings. The first, exemplified by the metre-scale WNW-ESE-oriented folds 
exposed at St John’s Point (location shown on Fig. 1b), are interpreted to 
have formed due to Group 3 sinistral shear along closely associated sets 
of ENE-WSW bounding faults (Dichiarante et al., 2020a, their Fig. 12). 
The second set are more complex and are associated with NW-SE fault 
zones as seen at Skarfskerry (Fig. 2; see also virtual outcrop VMiii, Ap-
pendix B). Here, unusually tight NNW-SSE to NW-SE folds are preserved 
adjacent to a fault zone characterized by the intense development of 
early Neptunian dykes and other soft-sediment deformation structures 
in the immediate wall rocks. This has been interpreted by Dichiarante 
et al. (2020a) to represent a Group 1 fault active at the time of deposition 
of the Devonian strata that was then obliquely inverted by sinistral 
transpression during Group 2 E-W shortening. Most of these structures 
are likely below the resolution of the offshore bathymetry and are much 
tighter than the NW-SE folds recognised offshore. 

As in Caithness, numerous smaller (cm-dm) scale Group 2 folds, and 
associated thrust structures are exposed along the coastal sections in 
Orkney (Dichiarante 2017). For example, along the southwestern most 
part of South Ronaldsay, several N- to NE-trending fault zones are well 
exposed in rather inaccessible cliff sections (Fig. 10). In Horse Geo [ND 
343140 984995] (see also virtual outcrop VMiv, Appendix B) for 
example, a deeply eroded gully corresponding to an ENE-WSW trending 
Group 3 fault zone exposes an array of N–S orientated, ramp and flat 
thrusts, back thrusts, fault propagation folds and reactivated normal 
faults (Fig. 10a). Further to the north at Tainga [ND 342703 986012], 
(Fig. 10b) closely spaced (0.5–1m) top-to-the-west thrusts and folds 
locally steepen the bedding with small, distributed reverse offsets. To 
the south at The Wing [ND 343599 983915] (see also virtual outcrop 
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VMv, Appendix B) a large E-dipping fold and thrust zone (Fig. 10 c-e) is 
exposed which appears to be truncated westwards against a N–S 
orientated steeply dipping fault zone (red plane shown in Fig. 10c) 
which seems to act as a local buttress. 

Onshore fracture networks and topology: A topological analysis 
of fracture networks was carried out using an orthorectified aerial image 
of the coastline, west of Ham Harbour, where fractures cutting part of 
the hinge region of the Ham Anticline are exceptionally well exposed 
[ND 323912 973928]. A total of 8077 lineaments were mapped from the 
aerial imagery with a trace length of ~24.5 km, a mean length of 3.05 m 
and maximum of 45.13 m (Table 1 and Fig. 11a). Mapped lineaments 
correspond to faults and fractures, with three principal trends identified: 
ENE-WSW to E-W (n = 3216); NNE-SSW to N–S (n = 3417); and NW-SE 
(n = 1444) (Fig. 11b). 

ENE-WSW to E-W trending lineaments are the most numerous and 
spatially extensive across the rock platform and form discrete corridors 
of fractures (Fig. 11a). The longest lineaments correspond to the three 
dominant trends that are observed (Fig. 11c). Topological analysis 
shows a moderate level of connectivity (overall CB of ca. 1.7), with Y 
nodes dominant (Fig. 11d). Branch topology shows a high degree of 
connectivity with C–C (doubly connected) branches being the most 
numerous (Fig. 11d). A high number of Y nodes and low proportion of X 
nodes suggest that many fractures do not crosscut or remain isolated. 
The three sample boxes (HA1-3) display variable fracture intensity 
values (from 4.5 to 27.5) and all show relatively high values of con-
nectivity (CB 1.7–1.8) (Fig. 11e) compared to the offshore datasets. The 

highest connectivity values were recorded in the centre of the rock 
platform where all of the major fracture sets are present, including one 
long N–S fracture that provides connectivity to other clusters in the 
sample area (see also maps in Appendix C, Fig. C2). Due to coastal 
erosion, other N–S orientated faults zones and associated structures are 
under-represented here, with connectivity in these areas likely being 
higher. 

5. Discussion 

5.1. Onshore-offshore correlation and fold patterns 

A fully interpreted geological and structural map of the onshore- 
offshore region surrounding the Pentland Firth is shown in Fig. 12. 
The folds and faults mapped using bathymetry from the Pentland Firth 
show that the regional-scale structures and trends seen in both Orkney 
and Caithness (e.g. Fig. 1b) are broadly continuous and consistent. 
Structures representing all three phases of deformation seen onshore 
(Groups 1–3 of Dichiarante et al., 2020a) can be identified offshore with 
varying degrees of confidence. 

Group 1 structures are the most difficult to recognise as they are 
commonly obscured by later deformation and reactivation, as is the case 
onshore (Dichiarante et al., 2020a). Such structures likely include the 
BBRFZ, and many of the other NW to N, and sometimes NE trending 
faults such as those that lie offshore of South Ronaldsay (Fig. 12). 

Group 2 fold structures are more easily recognised and include the 

Fig. 8. (a) Oblique aerial overview image of Brough Harbour showing the onshore exposure of the Brough Fault in Brough Harbour, Caithness [ND 322105 974007]. 
Main fault passes close to the position of the jetty (b) Oblique field photograph of Group 2 folding and reverse faulting in the Middle Devonian rocks in the eastern 
hanging wall of the Brough Fault. Inset detailed image of W-verging folds. (c) Oblique view looking ENE of Group 3 folds and faulting in the Upper Devonian strata 
exposed in The Clett and foreshore region which lie in the immediate western footwall of the Brough Fault. The location of the deformed volcanic vent described by 
Dichiarante et al. (2020a) is also shown. (d) Drone image of intense W-verging Group 2 folding and localised deformation in the Spital Flagstone Formation at 
Langypo [ND 322880 974189]. (e) Stereonet of structural data collected in the field, supplemented by data derived from 3D photogrammetric model (see VMii, 
Appendix B, Supplementary Material). 

Fig. 9. Mapping of regional scale fold structures 
around the southern margin of the Pentland Firth. (a) 
Geological map of coastline from Brough to John 
O’Groats showing long wavelength fold structures, 
faults and bedding. (b) i) Aerial image and ii) ster-
eonet of syncline at Gills Bay. (c) i) Aerial image and 
ii) stereonet of syncline at Ness of Duncansby. 
Bedding data sourced from the BGS and supple-
mented with additional field data. Stereonets show 
profile plane and plunge/trend of fold (beta) axis. 
Lower hemisphere equal area projections. Aerial im-
ages courtesy of the Ordnance Survey.   
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widespread N–S- to NNE-SSW-trending folds that have been mapped 
both onshore and offshore. Many of the smaller scale and locally com-
plex low angle or bedding-parallel thrust and fold structures seen 
onshore which are locally prominent in coastal cliff sections (e.g. Figs. 7, 
8d and 10) are difficult to identify on the bathymetry and are probably 
mostly below the resolution of the data. 

Group 3 structures likely include reactivated N–S faults such as the 
BBRFZ, as well as sinistral ENE-WSW and more localised dextral NW-SE 
trending structures associated with regional transtension during the 
Permian (Dichiarante and Holdsworth, 2016; 2020a). Onshore, some of 
the ENE-WSW trending structures correspond to the traces of faults 
and/or Permian age dykes, such as those mapped onshore at Castletown 
(Dichiarante et al., 2020a). It seems likely that similar intrusions also 
occur offshore, but distinguishing such features from fault lineaments 
has, so far, not proved possible. NW-SE faults with dextral Group 3 
displacements are also recognised onshore, most notably at Skarfskerry 
where dextral Reidel shears and cm-scale steeply plunging Z folds are 
exposed overprinting all other structures in the reactivated Group 1 fault 
core exposed in the harbour (Dichiarante et al., 2020a; their Fig. 10f). 
This suggests that the subordinate NW-SE dextral faults seen offshore 
may correspond to reactivated Group 1 faults. 

In the relatively limited area of exposed rock lying to the west of the 
BBRFZ, deformation appears to be is less intense, both onshore and 
offshore, with fewer large-scale folds like those observed in the hanging 

wall (Fig. 12). Dichiarante et al. (2020a) followed Coward et al. (1989) 
by proposing that the Brough-Brims-Risa fault initiated as an E-side--
down basin-, or sub-basin-controlling Group 1 normal fault during the 
Devonian. The development of N–S to NNE- SSW trending, E− and 
W-verging Group 2 folds both onshore and offshore east of the BBRFZ in 
most of the study area (Figs. 2, 4a and 9a) is consistent with E-W 
compression and inversion in Permo-Carboniferous times. The relative 
lack of Group 2 deformation structures west of the BBRFZ suggests that 
this fault system acted as a buttress, preventing deformation from 
propagating further to the west. This is also consistent with proposed 
links between dextral reactivation of the Great Glen Fault and E-W 
compression and inversion (Coward et al., 1989; Wilson et al., 2010; 
Seranne 1992). 

There is good onshore evidence for Group 3 reactivation of the 
Brough Fault as a dextral strike-slip Group 3 structure during the 
Permian (e.g. Fig. 8c; Dichiarante et al., 2020a). The open NW-SE 
trending folds seen offshore and onshore (Dunnet Head, Hoy) in the 
Upper Devonian strata exposed west of the Brough-Brims Risa fault 
(Figs. 2 and 4a, bii-v, viii, ix, 12) are most likely transtension-related 
structures like those seen on a smaller scale at a number of onshore lo-
cations adjacent to reactivated N–S to NE-SW-trending Group 1 faults (e. 
g. Bridge of Forrss fault, Dichiarante et al., 2020a). 

The ~1–2 km gap between the regions covered by the bathymetry 
and the onshore exposures makes it difficult to unequivocally link all 

Fig. 10. Drone images of complex polyphase struc-
tures related to repeated oblique reactivation that are 
developed along the coastline of South Ronaldsay, 
Orkney. (a) Polyphase deformation exposed in the 
cliffs on the Northern side of Horse Geo [ND 343140 
984995], an eroded ENE-trending fault zone (see also 
VMiv, Appendix B, Supplementary Material). The 
headland of Barth Head [ND 342655 985574] can be 
seen in the background which is cut by a significant 
North/South trending steeply dipping sub-vertical 
fault, which may be the onshore continuation of a 
deeply eroded lineament observed on bathymetric 
data immediately to the south. (b) Distributed Group 
2 fault propagation folds and thrusts exposed at 
Tainga, South Ronaldsay, Orkney Isles [ND 342703 
986012]. (c) Aerial image of Group 2 thrust fault 
exposed at The Wing, near Burwick, South Ronaldsay, 
Orkney Isles [ND 343599 983915]. (d) Detail of fault 
zone showing distorted and contorted bedding in a 
zone bound by two top-to-the-west thrusts. (e) Ster-
eonet of structural data derived from 3D photo-
grammetric model (see also VMv, Appendix B, 
Supplementary Material).   
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faults and folds recognised in the two domains, a common problem that 
is encountered in onshore-offshore studies of this kind (e.g. Craven and 
Lloyd 2023). Nevertheless, it is possible to make some broad connec-
tions between major folds mapped in onshore regions, to those seen 
offshore. The prominent N–S syncline running between South Ronaldsay 
and Swona appears to represent the northward continuation of the open 
syncline exposed in Caithness at the Ness of Duncansby (Figs. 2, 9a and 
12). This fold, and the antiform that lies to the west of it appear to be 
offset by a prominent apparently sinistral ENE-WSW fault that passes 
through the Caithness coastline just east of the Ness of Quoys. The 
poorly exposed anticline and well exposed syncline located still further 
to the west around Gills Bay, appear to merge into a fold pair imaged in 
the bathymetry south of the island of Stroma. The island itself is domi-
nated onshore by flat-lying strata cut by prominent N–S faults that 
plausibly correspond to the hinge zone of the major open antiform seen 
in the bathymetry immediately to the north of the island (Figs. 2, 4a and 
12). 

Offshore from Hoy and South Walls, a series of N–S folds seen 
onshore seem to correspond to a series of folds offshore with similar 
trends in the region located to the east of the Brims-Risa Fault (Figs. 2, 4a 
and 12). A large gap in the exposed bedrock further to the south means 
that it is unclear whether some of these folds are broadly equivalent to 
the Ham Anticline and associated folds in Caithness, although this seems 
likely (i.e. they are all Group 2 structures). 

One other notable feature of the folds is that those onshore in Orkney 
and Caithness appear to be generally plunging gently to the north (e.g. 
Fig. 4bix, x) whilst those in the central part of the offshore region are 
subhorizontal (Fig. 4bviii), or plunge shallowly S (Fig. 4bvi). Confir-
mation of this change comes from the closed elongate basin shape of the 
syncline that runs between South Ronaldsay and the Ness of Duncansby 
(Figs. 2, 4a and 12). This kilometre-scale change in fold plunge implies 
the presence of a regional-scale plunge depression beneath that Pentland 
Firth. It is possible that this bedrock structure may have exerted an in-
fluence over the location of the much younger Quaternary seaway. 

5.2. Fracture patterns and resource implications 

The bathymetric data used in this study could be considered to be 
roughly equivalent in terms of spatial coverage and resolution to a Z 
(horizontal) slice from a 3D seismic volume. The fault zones in the 
Orcadian Basin show various levels of complexity across a range of 
scales, with much of that observed complexity, at or below the resolu-
tion of the bathymetry and by proxy would likely also not be seismically 
resolvable. 

If the Orcadian Basin is viewed as a potential analogue to fractured 
reservoirs offshore, it appears that brittle deformation is concentrated 
around major N–S trending structures such as the BBRFZ and the ENE- 
WSW strike-slip fault north of Duncansby Head (Fig. 6a, e, 12) and 
longer N–S fractures in the onshore regions (Fig. 11). However, these 
N–S structures do not in general affect a large volume of rock and, as 
shown by the topology study, it is only locally adjacent to these struc-
tures that higher connectivity occurs. On a larger scale, our analysis 
shows that areas such as the footwall to the BBRFZ and the central part 
of the Pentland Firth with km-scale open fold structures have lower 
fracture intensity and low connectivity. In contrast, areas in the hang-
ingwall to the BBRFZ and sidewalls of the ENE-WSW strike-slip fault 
north of Duncansby Head show higher connectivity, but variable frac-
ture intensities. Higher connectivity requires all of the N–S to NE-SW, 
NW-SE, ENE-WSW and WNW-ESE structures to co-exist, but in partic-
ular, it seems to be the presence or absence of the apparently most 
clustered fracture set, the N–S fractures, that affects the connectivity 
onshore and offshore by connecting the other systems. From this we 
infer that in a reservoir appraisal study, it would be important to not 
only characterise the major seismic-scale structures, but also the 
geometrical and spatial properties of the smaller-scale fractures that are 
more widely distributed and of different orientations to the major 
structures. Using our example as an analogue, the presence of major 
seismic-scale faults and at least two further distributed sub-seismic-scale 
fracture sets would be required to provide the fracture connectivity to 
effectively deliver fluids to or from a wellbore. 

Fig. 11. (a) Orthorectified aerial image of fracturing in the hinge region of the Ham Anticline with interpreted lineaments with three principal trends identified; ENE- 
WSW, N–S to NE-SW and NW-SE. (b) Length weighted rose diagram of mapped lineaments. (c) Plot of lineament length vs orientation. (d) Ternary diagrams showing 
branch and node topology. (e) Plot of fracture intensity vs Connectivity (CB) for the various sub-areas shown in Fig. 11a. Heat maps of Nodal Density are also shown 
in Appendix C, Figure C2. 
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Fig. 12. Summary interpretation of the onshore and offshore geological structure of the Pentland Firth.  
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The km-scale fold structures identified in this study may be analo-
gous to trapping structures, in geometry and size, to those that host 
hydrocarbons seen in offshore data elsewhere. Offshore, many of 
Devonian sequences in the northern part of the UKCS are buried beneath 
significant thicknesses of Mesozoic and Cenozoic fine grained lithologies 
and Zechstein evaporites. These younger sequences prevent detailed 
imaging of the deeper structures which underlie potential seals to hy-
drocarbon accumulations sourced from Devonian and Carboniferous 
source rocks. Thus, the Pentland Firth structures give a potential insight 
into the nature, scales and geometries of structures in these deeper 
underexplored Palaeozoic plays (see also Tamas et al. 2022). 

6. Conclusions 

Recently acquired offshore multibeam bathymetry in combination 
with aerial imagery, photogrammetric 3D virtual outcrop models and 
fieldwork to ground truth observations, provides new insights into the 
size, shape, continuity, distribution and complexity of the structures 
within the Orcadian Basin across a range of scales. Analysis of a 220 km2 

survey of the Pentland Firth has produced a new structural map of the 
offshore region (Fig. 12) and reveals aspects of the structure and geology 
of the region that are sometimes poorly exposed or inaccessible onshore. 
The findings further re-enforce the observation that structural 
complexity in surface/seabed outcrops at all scales in the Orcadian Basin 
reflect both local reactivation of pre-existing faults during regional 
inversion events and superimposition of obliquely-orientated rifting 
episodes during later basin development (e.g. Dichiarante et al., 2020a, 
b, Tamas et al. 2021; 2023a, b). 

The dominant structure is a 12 km long roughly N/S trending 
curvilinear lineament which is interpreted as the offshore continuation 
of the BBRFZ, likely as one linked structure. This key basin-wide struc-
ture seems to partition later deformation and inversion acting as a 
buttress to reactivation, with well-developed N–S-trending, long (km 
scale) wavelength folds and complex fault/fold relationships well 
developed mainly to the east of the structure. These almost certainly 
correspond to Group 2 structures of Late Carboniferous age linked to E- 
W shortening and inversion related to dextral reactivation of the Great 
Glen Fault. The rocks adjacent to the BBRFZ both onshore and offshore 
also preserve evidence for later dextral transtensional reactivation 
during Group 3, NW-SE Permian rifting. A series of mostly gentle NW-SE 
trending folds formed during transtensional deformation are recognised, 
particularly – but not exclusively - in the otherwise less deformed Upper 
Devonian strata in the footwall of the BBRFZ. 

Numerous faults and fractures have been mapped offshore and 
fracture topology analysis has identified 4 predominant trends; ENE- 
WSW, NE-SW, WNW-ESE to NW-SE and N–S, which are consistent 
with trends identified during previous studies onshore and offshore. 
Major N–S fault zones are connected to a wider rock mass by later 
crosscutting and connecting fracture systems. Fault and fracture net-
works appear to be better connected at higher resolutions. These find-
ings may have implications for hydrocarbon exploration and 
development, and future operations in the under explored and more 
poorly understood Palaeozoic basins of the Moray Firth, East Shetland 
Platform, East Orkney Basin, and many areas associated with the Faroe 
Shetland Basin west of Shetland, including the Clair Basin. 

Finally, multidisciplinary onshore-offshore studies such as this will 
likely become more commonplace for offshore wind, tidal power and 
marine geohazard projects where a detailed description of the seafloor 
geomorphology is integrated with geological interpretation as part of 
site surveys (e.g. Petrie et al., 2022). 
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