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Abstract 

Bedding-parallel veins of fibrous calcite ('beef') are historical in the Wessex Basin. The 

veins are common in Mesozoic mudstones and shales, especially of Liassic to Mid-

Cretaceous ages. Cone-in-cone structures, which consist of multiple nested cones, are also 

well developed within the 'beef'. To investigate the distribution and the context of formation 

of 'beef' in the basin, we have made several field studies and analysed numerous samples. The 

veins are widespread vertically and horizontally in the sedimentary sequence, but they are 

especially common near or within potential source rocks for petroleum or near major tectonic 

faults. The internal structures of some 'beef' veins have revealed that they formed during Late 

Cretaceous to Tertiary compressional inversion of the basin. The typical composition for 

'beef' is of calcite, with some pyrite and fragments of shale. However, inclusions or patches of 

hydrocarbons (liquid or solid) occur within calcite crystals or between fibres, respectively. 

According to some previous studies, as well as ours, 'beef' veins of the Wessex Basin 

represent natural hydraulic fractures, which formed as a result of fluid overpressure. This may 

have resulted in part from chemical compaction of petroleum source rocks, during Late 

Cretaceous to Tertiary times. Indeed, source rocks at outcrop in the Wessex Basin could be 

more mature than previously thought and the 'beef' veins may be good markers of maturation. 

Keywords: Wessex Basin, ‘beef’, overpressure development, organic matter 
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1. Introduction 

Bedding-parallel veins of fibrous calcite (‘beef’) are common worldwide in sedimentary 

basins, especially in shales or mudstones (see the recent reviews by Cobbold et al., 2013, and 

Gale et al., 2014). Buckland and De la Beche (1835) may have been the first geologists to use 

the term ‘beef’ for calcite veins in the Wessex Basin, SW England. Workmen there had 

already adopted the term, because of the resemblance between the fibrous veins and animal 

muscle (Fig. 1A). Some veins of ‘beef’ also contain ‘cone-in-cone’ structures, which consist 

of multiple nested cones of fibres (Fig. 1B). These internal structures were especially well 

described by Denaeyer, mostly in France, but also in England (e.g. Denaeyer, 1943, 1947). 

Hereafter we will use the term ‘beef’ for all bedding-parallel veins of fibrous calcite and only 

mention ‘cone-in-cone’ as an internal structure of these. In the Wessex Basin, Mesozoic strata 

are well exposed along the coast (Fig. 2). Over the last two centuries, many authors have 

described 'beef' in this basin (e.g. Buckland and De la Beche, 1835; Lang, 1914, Lang et al., 

1923; Howitt, 1964; Palmer, 2014). This is especially true near the localities of Lyme Regis 

and Charmouth, Devon, where Lang et al. (1923) named a sequence of Liassic age (now a 

Member of the Charmouth Mudstone Formation) the 'Shales-with-Beef'. 

More generally, during the last centuries, numerous scientists have suggested the 

mechanisms of formation of fibrous veins, distinguishing between (1) fracturing and (2) fibre 

growth within the fractures. Fibres may grow by a crack-seal mechanism (Ramsay 1980) or in 

a continuous manner (Taber, 1918; Durney and Ramsay, 1973; Means and Li, 2001). Tarr 

(1933) and Bons and Jessel (1997) argued that fibrous minerals grow under the effects of 

concentration gradients. Indeed, fibrous crystals grow by precipitation from supersaturated 

aqueous solutions, under various conditions of temperature and pressure. 

For the generation and opening of fractures, some authors have privileged internal 

agents, such as force of crystallization (Keulen et al., 2001; Gratier et al., 2012). It seems, 

however, from theoretical and experimental data (Taber, 1918; Means and Li, 2001; Keulen et 

al., 2001), that this force is not always great enough to open a fracture. There are however 

several potential external agents, especially tectonic stress and pore fluid pressure. For 

developing horizontal fractures, Gustavson et al. (1994) advocated dissolution at depth, 

whereas Shearman et al. (1972) and Stoneley (1983) highlighted the role of fluid 

overpressure. Several authors have argued that the tensile strength of the rock should be 

smallest in a direction perpendicular to bedding (Cosgrove, 1995, 2001; Lash and Engelder, 

2005) and certainly this should help. However, Cobbold and Rodrigues (2007) argued and 
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demonstrated experimentally that an upward-decreasing overpressure gradient leads to the 

development of vertical seepage forces and therefore may create horizontal fractures. Indeed, 

several authors (Lang et al., 1923; Rodrigues et al., 2009; Cobbold et al., 2013; Zanella et al., 

2015) have described evidence for progressive antitaxial growth of calcite, during the opening 

of 'beef' veins, in both the Wessex Basin and the Neuquén Basin (Argentina). Thus Lang et al. 

(1923, page 53) described fossil prints of ammonites, on both sides of 'beef' veins in the 

Wessex Basin, demonstrating that opening occurred perpendicular to bedding. More 

specifically, Rodrigues et al. (2009, their Fig. 7) showed clear photographs of ‘beef‘ veins in 

the Neuquén Basin, in which calcite fibres link (1) original ammonite shells at the centres of 

the veins with (2) their prints at the outer edges, showing that the veins had opened 

antitaxially and somewhat obliquely. 

One mechanism for obtaining fluid overpressure is by load transfer during chemical 

compaction (Swarbrick et al., 2002; Zanella et al., 2014a). If part of the solid framework 

collapses (by transformation from solid to liquid), the weight of the overburden then transfers 

to the pore fluid. This leads to natural hydraulic fracturing, if the total fluid pressure becomes 

greater than the sum of the lithostatic pressure and the tensile strength of the rock. 

Indeed, in many sedimentary basins worldwide, calcite ‘beef’ occurs in or near potential 

source rocks for petroleum (Cobbold et al., 2013). This is particularly true in basins where the 

source rock is or has been mature. In this context, several authors have described liquid oil or 

bitumen as inclusions within fibrous veins of calcite (Stoneley, 1983; Dobes et al., 1999; 

Parnell et al., 2000) or specifically within calcite ‘beef’ (Rodrigues et al., 2009; Cobbold et 

al., 2013, 2015; Zanella et al., 2014b, 2015). Crystallization of ‘beef’, maturation of organic 

matter and migration of hydrocarbons may thus be synchronous phenomena. In turn, ‘beef’ 

veins may contain physical and chemical information that is relevant to our understanding of 

hydrocarbon generation in sedimentary basins (see, for example, Rodrigues et al., 2009). 

In such a context, we have revisited and sampled numerous ‘beef’ veins and host rocks 

throughout the Wessex Basin, so as to study the distribution and the timing of formation of 

'beef' veins. 

2. Geological context 

2.1. Stratigraphy and tectonics of the Wessex Basin 
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The Wessex Basin lies along the coast of South-West England (Fig. 2). It contains a 

Permian to Oligocene sedimentary sequence, which post-dates the Devonian-Carboniferous 

sequence of the Proto-Tethys Ocean (Glennie and Underhill, 1998; Fig. 3). The structural 

development of the basin started during the Late Carboniferous to Early Permian climax of 

the Variscan orogeny (Chadwick et al., 1983). Deposition of sediment occurred during 

Permo-Triassic rifting and then continued during the Mesozoic period (Fig. 4). Thus the 

sedimentary fill of the Wessex Basin consists of three megasequences (Permian to Lower 

Cretaceous; Upper Cretaceous; Tertiary; Fig. 3) with intervening erosional unconformities 

(Hawkes et al., 1998) (Fig. 4B). The corresponding sedimentary environments were, 

successively, (1) continental, (2) deepshore marine with mud-dominated sediments due to a 

widespread marine transgression and (3) near-shore to non-marine. The thickness of the 

sedimentary fill is very heterogeneous. Due to rifting, differential burial or Tertiary tectonic 

inversion and erosion, the stratigraphic thickness is variable from locality to locality, in 

particular near major tectonic faults or structural elements (Bray et al., 1998) (Fig. 4). It can 

be seen therefore that the history of the Wessex Basin has been quite complex, especially 

during the Cenozoic inversion, uplift and erosion. 

Major normal faults, E-W trending, developed during Late Palaeozoic to Mesozoic 

times and were reactivated in compression during Late Cretaceous to Tertiary times (e.g. 

Stoneley, 1982; Lake and Karner, 1987; Chadwick, 1993; Underhill & Paterson, 1998; 

Underhill & Stoneley, 1998). The largest of these structures is the Purbeck - Isle of Wight 

fault system (Figs. 2 & 4). This accommodated much of the compressional deformation 

during the Late Cretaceous and Tertiary periods, producing major monoclinal flexures. On the 

southern side of the fault, the hanging wall has undergone a regional uplift of about 1.5 km 

(Bray et al. 1998). As a result of such Late Cretaceous to Cenozoic inversion, the sedimentary 

fill of the Wessex Basin is well exposed along the coasts of east Devon, Dorset and 

Hampshire and on the Isle of Wight. Thus several generations of geologists have studied this 

area, which is now part of a World Heritage Site. 

Another result of mainly Tertiary inversion is the anticline in the Vale of Wardour, 

which is well inland (Fig. 2). There, Late Jurassic strata of the Purbeck Beds crop out along 

the valley and contain calcite 'beef' (Brodie, 1854; Andrews, 1881; Andrews and Jukes-

Brown, 1894). 

 

2.2. Petroleum geology and fluids of the Wessex Basin 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT
The petroleum geology of the Wessex Basin involves mainly Mesozoic strata (Fig. 3). 

The first exploration well (Poxwell-1) was drilled in 1937 (Buchanan, 1998). Another 

historical discovery (in the 1950s) was the Kimmeridge oilfield, on the Dorset coast, which is 

still in production (Buchanan, 1998). Onshore, the major oilfield of the Wessex Basin is 

Wytch Farm on the Isle of Purbeck, which entered production in the 1970s (Fig. 2). The 

petroleum system of the basin has three main potential source rocks: (1) the Blue Lias Fm and 

Liassic Clays, (2) the Oxford Clay Fm and (3) the Kimmeridge Clay Fm (Fig. 3). Some other 

formations, such as the Nothe Clay (Oxfordian), the Gault Clay (Albian) and the Purbeck 

Black Shale (Berriasian), have good generative potential or good TOC values (Akande, 

2012). In the Liassic and Kimmeridgian clays, the organic matter is of Type II, with a minor 

amount of Type III (Ebukanson and Kinghorn, 1986). Some potential source horizons are of 

Type I (Williams, 1986). Organic matter is quite abundant (Ebukanson and Kinghorn, 1985): 

up to 8% of Total Organic Carbon (TOC) for the Liassic Clays and about 20% for the 

Kimmeridge Clays. The maturity of source rocks in the Wessex Basin is still under 

discussion. Ebukanson and Kinghorn (1985) assumed that source rocks are immature, 

according to values of vitrinite reflectance, which are no more than 0.48% for the 

Kimmeridge Clay Fm. Nevertheless, some other authors demonstrated that the maturity of the 

Kimmeridge Clay Fm could be higher than previously thought. More recently, Akande (2012) 

showed, by coupling Rock-Eval and TOC analyses, that all potential source of petroleum 

substance rocks in the Wessex Basin could be more mature, especially the Blue Lias Fm and 

the Kimmeridge Clay Fm. According to his results, both of these reached the oil window. 

Furthermore, Bray et al. (1998) demonstrated, via Apatite Fission Track Analyses (AFTA), 

that the source rocks should have reached maturity some time ago and that hydrocarbon 

generation is a consequence of a very complex thermal history, due to several phases of uplift 

and erosion. Thus hydrocarbon generation was widespread through time, from the mid-

Jurassic (~170 Ma) to the late Tertiary (~20Ma). At each locality within the Basin, 

hydrocarbon generation peaked at a specific point in time. When plotted on a map, these 

peaks are seen to become progressively younger, as one goes eastward. 

Other evidence for fluid migration is visible, in the form of bitumen and 'beef' veins. Thus 

Lee and Cox (1937, page 164) indicated that, "veinlets of hard bitumen, which must originally 

have been fluid, occur in the Belemnite Marls, the Black Ven Marls, and in parts of the Blue 

Lias of Dorset". ‘Beef’ has been described at many localities in the Wessex Basin. At first, 

such veins in the Liassic rocks of the Dorset coast may have seemed to be of no more than 

local interest. However, other examples later came to light at many stratigraphic levels and 
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locations, such as (1) the Blue Lias and Liassic Clays of Early Jurassic age at Lyme Regis and 

Charmouth (Sorby, 1860; Woodward, 1893; Lang, 1914; Lang et al., 1923; Lang and Spath, 

1926; Marshall, 1982; Simms, 2004; Gallois, 2008; Paul et al., 2008; Gallois and Paul, 2009) 

as well as in East Devon (Page, 2002), (2) the Kimmeridge Clay of Late Jurassic age at 

Kimmeridge Bay (Coe et al., 1999; Morgans-Bell et al., 2001), (3) the Purbeck Beds of Early 

Cretaceous age at Swanage (Webster, 1826; Buckland and De la Beche, 1835; El-Shahat and 

West, 1983), (4) the Purbeck Beds of the Vale of Wardour (Brodie, 1854; Andrews, 1881; 

Andrews and Jukes-Brown, 1894; Reid, 1903; Simms, 2004; Hopson et al., 2006; Palmer, 

2014), (5) two distinct formations on the Isle of Wight, the Vectis Formation of Early 

Cretaceous age (Judd, 1871; Hopson et al., 2008) and the Wealden Group (Radley et al., 

1998; Zanella et al., 2011), (6) the Purbeck Beds of Sussex (Howitt, 1964) and (7) the 

Purbeck Beds of the Weymouth Relief Road (Woods, 2009). Few of these studies addressed 

the origin of such ‘beef’. An exception was the isotopic study of Marshall (1982), who 

identified large variations in δ18O along fibres and suggested that external fluid flowed in a 

bedding-parallel direction, supplanting the idea of precipitation from connate waters. 

Variations in δ13O values are also large (from nearly -17 ‰ to 0 ‰; Marshall, 1982, his figure 

5). Marshall attributed these variations to the successive involvement of carbon, deriving 

mainly from organic matter, or from marine or connate waters. In contrast, Kiriakoulakis et al. 

(2000) suggested that the calcite fibres forming the concretions of the Birchi Bed (upper part 

of the ‘Shales-with-Beef’) are the result of early diagenetic (late bacterial) processes. 

More recently, Worden et al. (2015) focussed their study on calcite veins in relation to 

fault systems in the Wessex Basin. They concluded that fluid migration occurred throughout 

the Wessex Basin and that calcite crystallized in veins at temperatures between 50° and 70°C, 

especially within Jurassic, Lower Cretaceous and Upper Cretaceous host-rocks. Nowhere did 

they mention bedding-parallel calcite 'beef' or any of the previous publications, which had 

referred to that. 

 

3. Field Data 

In the Wessex Basin, ‘beef’ is visible along many of the coastal cliffs (Fig. 5). Previous 

studies had described ‘beef’ within shale or mudstone at 6 stratigraphic levels in the basin. 

During our study, we investigated the entire stratigraphic sequence. As a result, we also found 

‘beef’ in (8) the Blue Lias at Chippel Bay (Figs. 6 & 7), (9) the Oxfordian Clays at 

Osmington Mills and at Ringstead Bay, (10) the Purbeck Beds at Durdle Door, Stair Hole, 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT
Lulworth Cove (see the website of West, 2013) (Figs. 8 & 9), Mupe Bay and Worbarrow Bay, 

and (11) Early to Middle Cretaceous strata at Sandown and Brighstone Bay on the Isle of 

Wight. Thus ‘beef’ occurs in Mesozoic strata, from Liassic to Middle Cretaceous ages (Fig. 

3). This time span matches those of the source rocks and reservoirs (Fig. 3). Calcite is the 

main constituent mineral of the ‘beef’, but we also found pyrite and shale particles within it 

and these probably contribute to the typical grey colour of the ‘beef’ (for more information 

about the composition of 'beef' veins, please refer to section 4). Throughout the Wessex 

Basin, we have found no obvious correlation between the dimensions of 'beef' veins, their 

total volumes and their stratigraphic positions. The veins are typically a few millimetres to 3-

4 decimetres thick (reaching 20 centimetres at Lyme Regis and 30 cm at Charmouth) and 

from several centimetres to tens of meters in length, so that many of them have very planar 

aspects. At outcrop scale, ‘beef’ veins commonly appear at several levels within the same 

formation. At some localities, for example in the ‘Shales-with-Beef’ Member at Lyme Regis, 

veins are very small but numerous (Fig. 7). Structurally, although most ‘beef’ veins are 

parallel to bedding, some of them are of variable thickness, due to folding or faulting during 

growth of the veins (Fig. 9).  

According to several authors (e.g. Lang et al. 1923; Webster 1926; Woods 2009; 

Zanella et al. 2011), ‘beef’ seems to have formed more readily in impermeable shale or 

mudstone. During our fieldwork, we found (using hydrochloric acid) that the more carbonate-

rich the host rock, the more abundant the 'beef'. As an extreme, carbonate-free levels of clay-

rich sediment are devoid of 'beef'. Thus the mineralogical composition of the host rock may 

have exerted a local chemical control on the fluid-rock system. For all that, 'beef' veins seem 

to be, not local structures, but widespread at the scale of the Wessex Basin (Fig. 5). 

Two localities in the Wessex Basin are especially worthy of description: Lyme Regis 

and Lulworth Cove. Both are historical and easily accessible areas, having good examples of 

easily observable ‘beef’. However, the nature of the 'beef' differs strongly, from one locality 

to the other. At Lyme Regis the lowermost formations exposed are Lower Jurassic in age and 

thus correspond to the base of the petroleum system in the Wessex Basin. Here ‘beef’ veins 

are of almost uniform thickness, indicating little or no deformation, other than vertical 

opening. In contrast, at Lulworth Cove the ‘beef’ varies in thickness across folds and faults. 

Such deformation is most obvious in the vicinity of the Purbeck - Isle of Wight fault system 

(Fig. 9). Also visible at Lulworth Cove are numerous steeply dipping calcite veins, which 

almost certainly imply a vertical component of fluid migration.  
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3.1. Lyme Regis outcrops 

About 600 metres west of Lyme Regis port, cliffs line the coast between Chippel Bay 

and Seven Rock Point. Outcropping strata, from the Blue Lias Formation (Top of Hettangian) 

to the ‘Shales-with-Beef’ Member (Sinemurian), are mainly of alternating shale and limestone 

(Figs. 2 & 6). The beds are nearly flat-lying across a gentle anticline, trending N-S (Fig. 6). 

At outcrop we identified one vertical strike-slip fault, but this has little effect on the overall 

structure. 

In this area, ‘beef’ is especially abundant within shale, especially in the ‘Shales-with-

Beef’ Member, visible at the top of the cliff (Lang et al. 1923; Fig. 7). Here, ‘beef’ veins are 

numerous and continuous and, being hard, they protrude. Indeed, these were the levels that 

Marshall (1982) studied (Fig. 7B). Since then, episodic landslides have provided some 

excellent fresh exposures. As well as continuous layers of ‘beef’, the formation also contains 

many small ‘beef’ veins within the entire thickness of the organic-rich shale formation. 

In the Blue Lias Formation, we have identified 10 levels of ‘beef’ (Fig. 7A). In dark 

organic-rich marly shale, 'beef' veins are parallel to bedding. Calcite fibres are easily visible 

and have formed perpendicular to the margins and thus appear to be perpendicular to bedding. 

In some examples, ‘beef’ veins are shorter and overlap ‘en échelon’ (Fig. 7A). The thickness 

of the ‘beef’ veins varies from several millimetres to 1 - 2 centimetres (Fig. 7C). The length 

of each vein is more variable, from several centimetres to tens of metres. Some of the thinnest 

'beef' veins are difficult to distinguish, especially those at low levels, between the “2nd Tape” 

and “3rd Quick” strata (Fig. 7A). 

Eastward from Lyme Regis to Charmouth, 'beef' occurs within strata of the Blue Lias 

and the Charmouth Mudstone. Nevertheless, between both towns, landslides are common and 

outcrops are very unpredictable and hazardous. In this area, Lees & Cox (1937) also reported 

bitumen veinlets in the Black Ven Marls, the Belemnite Marls and the Blue Marls (Liassic 

Clays). However, they did not specify exact localities for these veinlets. In the same area, we 

identified some small fragments of bitumen veins within shale and some larger loose 

fragments in coastal landslides. 

3.2. Lulworth Cove outcrops 

Outcrops at Lulworth Cove are easily accessible at low tide. Here the Purbeck - Isle of 

Wight fault system, trending E-W, cuts through the entire sedimentary sequence, which dips 
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locally towards the North, forming the limb of a monocline, due to basin inversion (Figs. 4A 

& 8). From Durdle Door in the West, through Stair Hole and Lulworth Cove, to Mupe Bay 

and Worbarrow Bay in the East, outcropping Cretaceous strata range in age from the Portland 

Beds to the Chalk Group (Fig. 3). The best outcrop of ‘beef’ is on the eastern side of 

Lulworth Cove (red box, Fig. 8), immediately above the uppermost limestone bed of the 

Upper Purbeck Fm. We have also seen ‘beef’ at about 2 metres beneath the Cinder Bed at 

Stair Hole, but veins become more numerous in the Upper Purbeck Beds (for example those 

of Lulworth Cove, Fig. 9). Most commonly, the ‘beef’ veins are within mudstone. 

As at Lyme Regis, so at Lulworth Cove, 'beef' veins are grossly parallel to bedding. 

However, at Lulworth Cove the veins are generally thicker (20 to 30 cm) and the width 

changes, across internal folds (Fig. 9B) or faults (Fig. 9D). In many examples, calcite fibres 

are somewhat sigmoidal and longer within synclines (Fig. 9C). Indeed, fold trains of 'beef' are 

asymmetrical, having thicker synforms and thinner antiforms (Fig. 9B). This indicates that 

'beef' vein development was synchronous with tectonic activity. Moreover, curved 'beef' 

fibres indicate shearing along the edges of some veins (Fig. 9C). The fibres grew 

progressively and the veins continued to open, while they were subject to shortening along the 

bedding. Thus fibre growth took place during horizontal shortening. Rodrigues et al. (2009, 

their figure 11, parts A to G) described similar evidence for shortening, in the form of folding 

and faulting, during growth of calcite 'beef' in the Neuquén Basin of Argentina. 

At some localities (especially at Stair Hole, West of Lulworth Cove), steep cross-cutting 

veins of white and sparry calcite are also visible. These veins cut through flat-lying shales and 

calcareous beds of the Purbeck Fm and do not reach the main ‘beef’ level (just above the 

Upper Purbeck limestone). The veins are several metres long, but only 1 or 2 cm thick, and 

they are perpendicular to the hinge of the regional anticline.  

4. Composition of 'beef' veins 

Structurally, 'beef' veins consist of fibres, which are perpendicular (or almost so) to the 

vein margins. Nevertheless, most of the 'beef' veins in the Wessex Basin contain multiple 

nested cones, which are tight and typical of cone-in-cone structures. Good examples are 

visible at Lulworth Cove (Fig. 9C). 

To investigate the composition of 'beef' veins in the Wessex Basin, we carried out 

ESEM analyses at 5 localities (Fig. 10). All of this 'beef' consists basically of calcite. 
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However, some pyrite is present between calcite fibres and fragments of shale are also visible 

(Fig. 10). Moreover, an important observation is the presence of hydrocarbons within the 

'beef' veins. These are visible as concentrations of carbon on ESEM images (Fig. 10). The 

hydrocarbons are either liquid or solid and thus appear to be, respectively, oil or bitumen. 

They are disseminated through the 'beef', either between calcite fibres (“patches”, Fig. 10) or 

within crystals (“inclusions”, Fig. 10). These inclusions are distinguishable by their very 

smooth contours and dot-like forms on ESEM images. Such hydrocarbons appear to be 

present in all the samples of 'beef' that we have analyzed. 

5. Discussion 

5.1. Distribution of 'beef' veins 

Calcite minerals with some pyrite and fragments of shale make up the 'beef' veins of the 

Wessex Basin. Bitumen is present within the 'beef' between fibres of calcite or as inclusions 

within crystals. At the basin scale, 'beef' veins are very widespread. They are distributed 

within shales and mudstones of the basin, essentially near or within potential source rocks for 

petroleum. Nevertheless, 'beef' also occurs in shales of the petroleum system overburden, 

close to regional tectonic structures, such as the Purbeck - Isle of Wight fault system. This is 

in particularly well seen at the localities of Lulworth Cove and Swanage. Thus the distribution 

of 'beef' seems to be, not random, but dependent on various parameters. Such parameters have 

been already investigated, in particular by Rodrigues (2008) for the Neuquén Basin in 

Argentina. In that study, the author determined a geochemical relationship between 'beef' 

veins and calcite of the host rock. He concluded that the carbonate composition of the source 

rock for petroleum, which is also the host rock for the 'beef', controls the distribution and the 

composition of 'beef' veins. By analogy, for the Wessex Basin, the carbonate composition of 

the host rock would seem to have the same effects on the 'beef' veins.  

Worden et al. (2015) studied calcite veins in the Wessex Basin. They focussed their 

study on veins associated with faults and not at all on the 'beef'. We notice that, in terms of 

composition, fault-related veins are similar to 'beef'. Both sets contain calcite crystals and 

hydrocarbons. Thus they may have formed under similar conditions. This may explain why, 

when 'beef' is not within a potential source rock, it occurs near major faults of the Wessex 

Basin. 
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5.2. Origin and timing of generation of 'beef' veins 

'Beef' veins of the Wessex Basin affect much of the Mesozoic sedimentary infill. 

Nevertheless, as previously described, these veins are especially common within potential 

source rocks for petroleum, in other words, shales and mudstones. The origin of 'beef' would 

seem to be due to fluid overpressure, especially within shales (Rodrigues et al. 2009; Zanella 

et al. 2011; Cobbold et al. 2013). Zanella et al. (2014a) used physical models to verify that 

chemical compaction, during the maturation of organic matter, leads to overpressure and 

natural hydraulic fracturing. In the Wessex Basin, 'beef' contains significant amounts of 

hydrocarbons, as inclusions within calcite crystals. This argues in favour of synchronicity 

between 'beef' crystallization and hydrocarbon migration. Thus the origin of 'beef' veins in the 

Wessex Basin is linked with the generation and migration of hydrocarbons. These veins 

provide evidence at outcrop for natural hydraulic fracturing. All this is in agreement with data 

from Akande (2012), who demonstrated that the source rocks in the Wessex Basin are more 

mature than most people previously thought.  

There is considerable evidence in the Wessex Basin that the generation of hydrocarbons 

started in the Early Cretaceous to Palaeogene and reached a peak during early Tertiary times 

(Bray et al. 1998). Synchronously with this generation, tectonic inversion of the Wessex 

Basin took place from the Late Cretaceous to the Tertiary (Underhill and Stoneley, 1998). At 

localities like Lulworth Cove, this proposed link between the tectonic deformation and beef 

formation probably explains the differential thicknesses of 'beef' veins, their curved calcite 

fibres, and their inclusions of hydrocarbons. 

6. Conclusions 

In the Wessex Basin, bedding-parallel veins of fibrous calcite (‘beef’) are widespread 

within Mesozoic shale and mudstone. The ‘beef’ is regionally quite homogeneous in 

composition. It consists of calcite fibres and intervening grains of pyrite or shale. Liquid or 

solid hydrocarbons are also present between fibres or as inclusions within crystals of calcite. 

This demonstrates that liquid hydrocarbons were present during crystallization of ‘beef’ veins. 

The formation of ‘beef’ was synchronous with the migration of hydrocarbons in the basin. 

That is why ‘beef’ contains such hydrocarbons. We therefore should envisage the 

synchronous migration of two fluid phases: an aqueous phase and hydrocarbons. The 

thickness of 'beef' veins tends to be uniform, in areas where tectonic deformation is gentle, but 
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highly variable near major tectonic faults. At Lulworth Cove, veins show internal folds and 

faults, which developed while the calcite fibres were growing. This suggests that some 'beef' 

veins were forming during compressional deformation and Upper Cretaceous to Tertiary 

inversion of the Wessex Basin. From this our study of the Wessex Basin, as well as another 

study of the Neuquén Basin, we believe that ‘beef’ is a strong marker of fluid overpressure 

and hydrocarbon generation and suggest that further studies of ‘beef’ could provide important 

insights into the mechanical and chemical processes operating during the evolution of a 

petroleum system. 
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Figure captions 

 

Figure 1. A. Photograph of ‘beef’ vein (polished section) from Blue Lias Formation, between 

Lyme Regis and Charmouth, Dorset. ‘Beef’ consists mainly of crystalline calcite and its 

fibrous structure is typical. Grey colour is mainly due to presence of pyrite and shale 

fragments between fibres of calcite. Notice horizontal symmetry plane at centre of vein, from 

which ‘beef’ began to grow outwards. Second generation is visible at both edges of vein 

(below and above). B. Photograph of ‘cone-in-cone’ structure (bottom right) is from Chief 

Beef Member at Swanage, Dorset. 

 

Figure 2. Geological map of Wessex Basin, SW England, including onland exposures and 

offshore structures (modified after Underhill & Stoneley 1998). A corresponds to the North-

South cross section in Figure 4A. 

 

Figure 3. Generalized stratigraphical column of Wessex Basin, (modified after Underhill & 

Stoneley 1998; West 2013). Potential petroleum source rocks and conventional reservoirs are 

mainly within Mesozoic strata (especially Jurassic and Early Cretaceous). 'Beef' is also 

present (see right-hand column), especially in or near potential source rocks. 

 

Figure 4. Geological cross-sections of the Wessex Basin. A: North-South cross-section of the 

basin showing the Purbeck fault, the major structure of the basin (modified after Underhill & 
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Stoneley 1998). B: Schematic East-West cross-section of the basin showing the general 

eastward dipping of the sedimentary fill and the differences in thickness for Cretaceous 

sediments. 

 

Figure 5. Location map for 'beef' veins, which are visible at outcrops. The map is a 

combination of literature data and our experience in the field. The numbers refer to the 

following localities: (1) Chippel Bay and Monmouth Beach; (2) Church Cliffs and 

Charmouth; (3) Stonebarrow Hill; (4) Weymouth Relief Road; (5) Osmington Mills and 

Ringstead Bay; (6) Durdle Door; (7) St Oswald's Bay; (8) Stair Hole; (9) Lulworth Cove; (10) 

Mupe Bay; (11) Worbarrow Bay; (12) Kimmeridge Bay; (13) Chapman's Pool; (14) Durlston 

Bay and Peveril Point; (15) Brighstone Bay; (16) Sandown; (17) Vale of Wardour; (18) from 

Culverhole Point to Seven Rock Point (East Devon). 

 

Figure 6. Panorama of Chippel Bay outcrops, westward from Lyme-Regis. Strata form very 

gentle anticline. The 'Shales-with-Beef' Formation (near top of cliff) is above the well-bedded 

Blue Lias Formation, which consists of alternating limestones and mudstones. For details, see 

Fig. 7. 

 

Figure 7. Lyme-Regis outcrop observations. A. Schematic representation of local stratigraphic 

nomenclature for Blue Lias Fm. Notice multiple ‘beef’ layers (black, central column). B. 

Photograph of main ‘beef’ level in ‘Shales-with-Beef’ Fm. C. Photograph of typical ‘beef’ 

from Blue Lias Fm. 

 

Figure 8. Panorama on eastern side of Lulworth Cove (red box refers to Figure 9). Main 'beef' 

veins are just above Upper Purbeck Beds, on the northern limb of an anticline, in the footwall 

of the Purbeck - Isle of Wight fault system (to the S, not visible here). 

 

Figure 9. Outcrops of 'beef' veins, Lulworth Cove (for location, see Fig. 8). A. Main outcrop 

of beef veins. B. Folded beef. Thickness of 'beef' is variable (thicker in syncline, thinner in 

anticline). C. Curved calcite fibres, which compose layer of 'beef' within a syncline. Cone-in-

cone structures are visible as well. D. Folded and faulted beef veins. Faults cut through 'beef' 

but not shale. Thicknesses of 'beef' veins vary across some faults and folds. 
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Figure 10. Analyses by scanning electron microscopy (SEM) of ‘beef’ samples from 5 

different localities (A to E) of the Wessex Basin. Composite BSE and X-ray images (right) 

show typical composition of ‘beef’. Intensities of colours reveal concentrations of elements 

(red = carbon; green = aluminium; yellow = sulphur; blue = calcium). 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

A

B

3 cm



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

WEALD BASIN

WESSEX BASIN

Vale of Pewsey

Vale of Wardour

A

Central Channel High

Wytch Farm
Oil Field

Isle of Purbeck

0 50 Km

Basement
Permo-Triasic
Lower Jurassic
Middle Jurassic
Upper Jurassic

Lower Cretaceous
Upper Cretaceous
Eocene
Eocene-Palaeocene

Approximate 
boundary

of Wessex Basin

Major
faults

Oligocene

Map Legend



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

Potential Reservoir

Potential Reservoir

Potential Reservoir

Potential Reservoir

Potential Reservoir

Potential Reservoir

Main Reservoir

Source Rock

Source Rock

Source Rock
Minor Reservoir

PETROLEUM
SYSTEMLITHOSTRATIGRAPHY

Pleistocene Gravels etc.

Solent Group

Barton Formation

Bracklesham Group (Poole Fm. etc)

Reading and London Clay

Chalk Group

Gault and Upper Greensand

Lower Greensand

Wealden Group

Portland and Purbeck Beds

Kimmeridge Clay Formation

Corallian Group
Oxford Clay Formation
Fullers Earth & Forest Marble

Liassic Clays

Blue Lias
Penarth Group

Mercia Mudstone Group

Sherwood Sanstone Group

Aylesbeare Mudstone Group

Exmouth & Dawlish Beds

Exeter Volcanic series

Pre-Variscian Basement

Bridport Sands
Down Cliff Clay
Thorncombe Sands
Downcliff Sands

Interior Oolite

‘Shales-with-Beef’ Fm

LITHOLOGY

gap

gap

gap

SYSTEMS
AND
PERIODS
QUATERNARY

ERAMa

50

100

150

200

250

300



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

Purbeck Hills

Purbeck Fault

0

1000

2000

3000

4000

0

1000

2000

3000

4000

metres metresENGLISH CHANNEL

S N

Wealden

Lower Greensand

Chalk

Upper Greensand

Portland

Purbeck

Gault

CharmouthSidmouth Abbotsbury
Burning

Cliff
Haldon
Hill Swanage

Isle of
Wight

W E

A

B
Basement
Permo-Triasic
Lower Jurassic
Middle Jurassic

Upper Jurassic
Lower Cretaceous

Upper Cretaceous
Eocene

Eocene-Palaeocene

Legend



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

Vale of Wardour

Lyme Regis

Lulworth
Cove Swanage

Isle of
Wight

Sandown
1 - 3

4 - 5
6 - 11

12 - 13 14

16
15

17

18

0 10 Km

Permo-TriasicLower JurassicMiddle JurassicUpper Jurassic
Lower CretaceousUpper CretaceousEoceneEocene-PalaeoceneOligocene



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

Figure 7C

Figure 7B

Figure 7A



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

Mongrel
Top Copper  
2nd Tape  
Top Tape  

3rd Quick Shales  
3rd Quick  

Gumption Shales  

Gumption  
2nd Quick  

Rattle Shales  

Rattle
2nd Bed Shales

2nd Bed

Best Bed

Venty Shales

Venty 
Top Quick Shales

Top Quick

Glass Bottle Shales

Glass Bottle

Grey Ledge Shales

Limestone

Shales

‘beef’

A

C

1
2
3

4
5

6
7

9
8

10

B



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

N S
Basal Purbeck Caps

Upper Purbeck Beds



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

A B C

D



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

E. Sandown

hydrocarbon
patch

hydrocarbon
inclusion

D. Lulworth

hydrocarbon
patch

C. Swanage

hydrocarbon
inclusion

B. Osmington
hydrocarbon

patch

A. Lyme Regis

hydrocarbon
inclusion



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

Natural hydraulic fractures in the Wessex Basin, SW England: 
widespread distribution, composition and history 

 
 
Highlights 
 
 
1. 'Beef' veins (natural hydraulic fractures) are widespread in the Wessex Basin. 
 
2. 'Beef' veins are distributed within Mesozoic shales or mudstones. 
 
3. Hydrocarbons are present within the fibres of 'beef' veins. 
 
4. The development of 'beef' has been synchronous with hydrocarbon generation. 
 
5. The formation of 'beef' has taken place during inversion of the Wessex Basin. 


