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Abstract—Analysis of normal faults and extensional veins developed in the Upper Triassic and Lower Jurassic
succession exposed along the Bristol Channel coast indicate a protracted period of rift-related deformation, from
Late Triassic to Early Cretaceous. During this period it is demonstrated that a consistently oriented stress system
operated with o3 oriented NE-SW, but with stress ratios (¢ = (62 —a3)/(61 —03)) varying from 0.9-0.1.

Two approaches are described to estimate rifting stress magnitudes. The first involves data from synsedimentary
faults, and yields, for Late Triassic rifting, 6;=0.714 MPa, ¢,=0.169 MPa and ¢;=0.033 MPa. The second is
developed for faulting in the Lower Jurassic section, where no direct evidence of age is available. The method
calculates stress magnitudes, with the rifting stress ratio of 0.9, for varying increments of overburden load. Each
increment represents the possible magnitude of tectonic stresses at the time indicated by the amount of burial. By
incrementally adding the estimated remaining Lower Jurassic-Lower Cretaceous overburden load to the stress
magnitudes of each case, a plot of reducing stress ratio for each age of faulting is determined, and that which best
reproduces the range of stress ratios calculated represents the modelled estimate of stress magnitude and timing.
The results suggest an end Early Jurassic onset of faulting, with principal stress magnitudes of ¢, =12.98 MPa,
g, =12.56 MPa, o5 = 8.80 MPa. Several simplifying assumptions used in the analysis are discussed. Copyright ©

1996 Elsevier Science Ltd

INTRODUCTION

Normal faults associated with extensional sedimentary
basins may record a spectrum of movement histories,
from those active throughout the entire period of basin
development, to those with only one slip event. Provided
the sedimentary fill had become sufficiently lithified and
brittle, these events will be preserved as discrete slicken-
side surfaces containing lineations that record the slip-
vector of the fault event. Unless clear evidence relating
the fault activity to synsedimentary growth is present, it is
not generally possible to date a faulting event to any
particular stage of the extensional history of a basin. Such
information, however, could be highly significant for two
important reasons: firstly it would help in understanding
the tectonic development of a basin; and secondly it
would indicate periods when fluids, such as hydrocar-
bons, may have migrated along fractures which were
opened during fault activity.

This paper describes a technique for analysing palaco-
stress developed in an extensional basin, such that both
the magnitudes of the principal tectonic stresses, and the
stage within the basin development when a particular set
of faults were active can be determined. The technique
has been developed for the Inner Bristol Channel Basin
(Fig. 1), where Triassic to Early Cretaceous rifting was
followed by Early to Late Cretaceous quiescence, and
Early Tertiary inversion (Kamerling 1979, Nemcok et al.
1995).

The Bristol Channel basin is one of a connected series
of rift-related Mesozoic basins that extend east-west
across southern England to the Celtic Sea (Chadwick
1986, Lake & Karner 1987). These were initiated during
the Permo-Triassic by NW-SE extension (Van Hoorn

1987, Chadwick & Smith 1988, Nemcok et al. 1995), and
rifting continued throughout the Jurassic into the Early
Cretaceous (Aptian) with NE-SW extension (Ziegler
1989, Nemcok et al. 1995). During this period the Bristol
Channel basin received some 1-2 km of shallow-water,
largely calcareous sediments, accommodated by active
rifting in an E-W trending half-graben (Nemcok er al.
1995) (Fig. 1). In many cases the controlling normal
faults reactivated basement Variscan structures (Brooks
et al. 1988, Nemcok et al. 1995). There is evidence for syn-
sedimentary growth on some of the faults during the Late
Triassic (Norian) and Jurassic (Hettangian and Sinemur-
ian), but a major period of erosion during the Late
Cretaceous, prior to Early Tertiary basin inversion, and
inversion-related erosion removed the onshore record of
later Mesozoic synsedimentary extensional activity
(Nemcok et al. 1995). The palaeostress analysis presented
in this paper aims to demonstrate that active extensional
faulting continued into this younger Mesozoic interval
with essentially constant stress magnitudes.

GEOLOGICAL SETTING

The Mesozoic rocks that crop out along the north and
south coasts of the Bristol Channel (Fig. 1) represent a
succession comprising >160m of Upper Triassic
(Norian and Rhaetian) sediments overlain by >150m
of Lower Jurassic (Hettangian and Sinemurian) sedi-
ments (Waters et al. 1987). The Upper Triassic succession
is formed dominantly of non-marine red and green
calcareous mudstones with evaporites (the Mercia Mud-
stone Group) that pass laterally into a variable marginal
facies of breccias, conglomerates and sandstones. The
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Fig. 1. (a) Map of the southern part of the British Isles showing the area of the inner Bristol Channel studied. (b) Map of the

area studied showing the computed o3 vectors for the rifting-related extension at the numbered localities. 1 =Penarth marina,

2=Sully/St Mary’s Well Bay, 3 = Bendrick Rock, 4=Barry Old Harbour, 5= Rhoose Point, 6 = St Donats, 7= Nash Point,

8 =Trwyn y Witch/Southerndown, 9 = Sandy Bay, Porthcawl, 10 =St Audrie’s Bay, 11 = Watchet. (c) Geological map of the
area studied, showing the main faults.

upper 12 m of the Triassic (Rhaetian) section consist of a
transgressive unit of marine dark and pale grey mud-
stones with subordinate sandstones and limestones, that
pass upwards into Lower Jurassic marine grey, calcar-
eous mudstones and thin bioclastic calcilutites (Waters et
al. 1987). A lower Jurassic shoreline facies of conglom-
erates and calcarenites is locally present along the
northern coast of the Bristol Channel. The section is cut
by numerous, predominantly WNW-ENE striking
normal faults and associated calcite veins, which form
the subject of this paper.

FIELD OBSERVATIONS

Figure 2 shows the rift-related macro and meso-scale
normal fault populations, most of them developed by
brittle faulting, studied in this investigation. Figure 3
shows the associated extensional veins, filled either by
idiomorphic calcite crystals or by fibrous calcite oriented
normal to the rock walls. Rifting vectors (¢3), determined
from normal faults at localities 1, 2, 4, 5, 7 and 8 (Fig. 1),
show a consistent regional pattern. Some of the faults,
such as the normal faults at Nash Point (locality 7, Fig.
1), formed above reactivated pre-existing Variscan
structures. These faults, with an ENE-WSW strike
instead of the typical WNW-ESE strike (Fig. 2), were

generated as neoformed oblique-slip normal faults under
the regional stress configuration (Fig. 1).

At Rhoose Point (locality 5) two structures, occurring
in a region of more dense normal faulting, show Riedel
shears and associated extensional veins. The Riedel
shears are located in the extensional quadrant, at an
angle ¢/2 to the principal displacement zone, where ¢ is
close to 38°—the friction angle in argillaceous calcilu-
tites, determined by Davies ef al. (1991) from a locality
near Gileston between localities 5 and 6 in Fig. 1. These
are interpreted as embryonic normal faults, based on the
fact that the zone lacks evidence of P and R’ shears, and
that the principal displacement zone cuts all the shears.
This suggests that the faults present in the outcrop ceased
activity at an early stage in their development, as
indicated by the shear experiments of Wilcox er al.
(1973) and Bartlett er al. (1981). The structures have
been rotated approximately 30° towards the south about
an axis parallel to fault strike, in the southern limb of a
major roll-over antiform. An array of bed-parallel
décollements within mudstone layers has developed
within the roll-over, recording layer-parallel displace-
ments. Calcite growth within the décollements took place
by a crack-seal mechanism, and shows evidence for
multiple reactivations (Fig. 4a). Similar features are also
present at Barry Old Harbour (locality 4) in Lower
Jurassic rocks.
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Fig. 2. Rifting-related normal faults shown as great circles on lower hemisphere equal area stereographic projections at the
numbered localities (see Fig. 1 for locations). Poles with arrows indicate slip vector in fault plane.

At Watchet (locality 11) two synsedimentary normal
faults are present in the Triassic Mercia Mudstone
Group. The first of these dips 30° towards 211° in the
lower part of its listric shape, and layering in the
hangingwall dips 5° to 153°. An undisturbed fissile
mudstone bed lies above its upper tip and a sequence of
marker beds consisting of three gypsum layers inter-

bedded with siltstone layers show a systematic increase in
displacement down the dip of the fault, from 0.15m in
the upper gypsum layer to 1.03 m in the lower gypsum
layer. The total thickness of the same stratigraphic
section containing the marker beds is 3.7m in the
hangingwall and 3.03 m in the footwall of the fault. The
second normal fault dips 20° to 200° and bedding in the
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Fig. 3. Rifting-related extensional veins shown as great circles on lower hemisphere equal area stereographic projections at the
numbered localities (see Fig. 1 for locations). Poles indicate orientation of mineral fibres in the veins.

hangingwall dips 20° to 049°. In this fault, displaced
marker beds indicate dip separations of 0.3 m in the
upper portion of the fault, increasing systematically
downwards to 1.05 m. The total thickness of the same
stratigraphic portions containing the marker beds is
2.59 m in the hangingwall and 2.33 m in the footwall.

Extensional veins are ubiquitously developed in asso-
ciation with the rift related normal faults. The most
common mineral filling the veins is calcite. Some of the
veins, developed in Triassic and Lower Jurassic sedi-
ments, are partly filled by barite, e.g. Barry Old Harbour
(locality 4), St Audrie’s Bay (locality 10, Fig. 5a),
Lavernock Point (to the east of locality 3) (Waters et al.
1987), and Ogmore (to the west of locality 8) (Lee 1991).
At St Audrie’s Bay, on the southern margin of the Bristol
Channel, the barite shows growth during early stages of
extensional fracturing. Extensional veins in Triassic
fissile mudstones commonly contain gypsum in the form
of satin spar, that in some cases shows vertical injection
structures {(e.g. at Penarth Head, to the southeast of
locality 1).

Evidence that several deformation mechanisms oper-
ated during the rifting event are present. For example,
pressure-solution arrays, associated with a shear plane at
locality 5, curve from lying perpendicular to o, distant
from the shear plane, to sub-parallel slickolitic structures
(Hancock 1985) along the shear plane. Many veins are

filled by stretched calcite fibres, indicating syn-deforma-
tional growth. Evidence for their syn-deformational
relationship with normal faulting is present at Rhoose
Point and Trwyn-y-Witch (localities 5 and 8), where the
veins were formed as pull-aparts, perpendicular to the
sub-horizontal layering, and linked by normal faults with
slickolites, the likely source of the calcite. This illustrates
a typical feature of all the normal faults, in that the fault
shear planes change orientation as they pass through
differing lithologies. Normal faults occur in mudstone,
linked by extensional veins in limestone, indicating
contrasting rheological properties for the two lithologies.
These veins are often filled by calcite lacking fibrous
form. Commonly voids are still present in the veins and
are lined by idiomorphic calcite and sometimes barite
crystals.

The contrast in rheology of the limestones and
mudstones during the extensional deformation is well
illustrated in a major normal fault structure at St
Audrie’s Bay (locality 10). In the downthrown hanging-
wall of the north-dipping fault, an extensional vein-
related boudinage structure has V-shaped clefts that cut
through earlier calcite-filled veins (Fig. 5a). The re-
opened centres of these veins are filled by barite and
calcite, in which the latter is clearly separated from the
earlier calcite-fill event. Some of the clefts are filled by an
untextured limestone/mudstone mixture derived from
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Fig. 4. (a) Calcite filled bed-parallel décollement zone in Lower Jurassic mudstone at Rhoose Point (locality 5, located in Fig.
1). The mineralisation grew by a crack—seal mechanism during the rifting event. (b) Extensional veins at Rhoose Point (locality
5) folded by vertical compaction.
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Fig. 5. (a) Shale injections at St Audrie’s Bay (locality 10, located in Fig. 1) in Lower Jurassic limestone/mudstone succession.
Line tracing shows the limestone layers separated by extensional veins. Internal parts of veins are filled by baryte, external

parts by calcite. Clefts formed at tips of veins are filled by injected mudstone. (b) Multiply re-opened extensional calcite veins at
Porthcawl (locality 9, located in Fig. 1).
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the underlying beds. The normally bed-parallel fabric of
the underlying shale is tightly folded into the base of the
clefts, suggesting an origin as a soft sediment injection
structure, discussed below. The boudinage occurred
along discrete minor normal faults. Displacements in
the mudstones were so high that these high-angle faults
lose their discrete character at the limestone/mudstone
boundary. The mudstone layers have accommodated this
stretching by ductile deformation, with no discrete shear
planes being visible. Differential movement of adjacent
mudstone horizons, and movement along brittle frac-
tures in the limestone layers, have produced a significant
rotation of the bedding that has in some cases detached
lozenge-shaped blocks.

Evidence that extensional veins associated with normal
faulting were formed before complete compaction of the
sediments is present at Rhoose Point (locality 5). Here, in
the footwall of a normal fault, a set of tightly folded,
calcite-filled extensional veins is present (Fig. 4b). Their
orientation (e.g. 58/90, 04/83, 28/82—dip direction/dip)
is similar to that of the other extensional veins in the
section (Fig. 3). Their original shape has been folded by
compaction that has resulted in a vertical shortening of
between 50% and 75%. Bedding planes in the host
limestone are irregular, and the limestone is rich in
fossils. Similar folded veins have not been observed at
any other locality.

Composite, calcite-filled extensional veins are common
at localities 4, 5 and 9 (Fig. 5b). Slightly differing forms of
the calcite-fill indicate the multi-stage re-opening of the
veins.

METHODS AND DATA

Two stages are involved in calculating the stress
associated with the extensional faulting in the Bristol
Channel. The first is the determination of the orientation
of the principal stresses and their ratios, described below.
The second involves the determination of stress magni-
tude, and requires knowledge of the stratigraphic load,
and the frictional and cohesive properties of the rocks at
the time of their deformation. These parameters, together
with the methods for calculating stress magnitude are
also discussed below.

It is apparent from extensional veins associated with
faults that fluid pressures were important in modifying
tectonic stresses in the basin at the time that the
extensional faults were active. The nature and origin of
these fluids are discussed below.

Calculation of stress orientation and stress ratios

Data from the extensional faults shown in Fig. 2 have
been used for a stress inversion calculation. An example
of a typical data-set is given in Table 1. Palacostress
configurations under which this, and the fault popula-
tions for the other localities, could have originated are
listed in Table 2. The stresses have been determined by
the grid search routine of Hardcastle & Hills (1991),
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Table 1. Data taken from the rifting-related fault population at Trwyn-

y-Witch (Fig. 2, locality 8). Each fault datum is characterised by its

displacement sense and the confidence level with which the determina-
tion was made (1-high, 4-low)

Fault Slip vector Sense  Confidence

Dip direction  Dip Trend Plunge

204 60 234 54 Normal 1
206 60 196 59 Normal 1
198 54 256 34 Normal 1
214 83 195 77 Normal 1
209 63 258 48 Normal 1
198 52 202 50 Normal 1
350 40 054 17 Normal 1
188 68 245 52 Normal 1

chosen as one of the numerous currently available
palaeostress techniques. Readers are referred to this
paper for further details about the algorithm.

Data for stress computations

The method used to calculate the magnitudes of the
principal stresses, described below, requires knowledge of
the stratigraphic load. As the outcrops along the Bristol
Channel borders are restricted to the Triassic and Lower
Jurassic, it was necessary to estimate the pre-erosional
lithostratigraphic column for the area, based on the
regional geology (Kamerling 1979, Cope 1984, Cornford
1986, Table 3). Only one set of thickness data is used for
all localities for the following reasons: (1) the localities lie
in an E-W zone along the Bristol Channel margin,
parallel to the presumed lithofacies belts; (2) South
Wales is believed to have sourced the Bristol Channel
basin during rifting-related pre-Albian deposition; and
(3) major normal faults that controlled basin deposition
are approximately parallel to the zone of outcrops
studied. Any differences in local stratigraphy, not
apparent in the generalised column of Table 3 are
unlikely to affect the stress magnitude computations
more than errors in assumptions made in the algorithm
itself.

The additional data required for the stress magnitude
computation are rock mechanics parameters. Cohesion
and angle of internal friction for both intact and
anisotropic rock used in the computation were taken
from Davies et al. (1991) who analysed samples from a
locality near Gileston (between localities 5 and 6 in Fig.
1). Limestone has values for peak and residual cohesion
of 29 and 18 MPa respectively, and for peak and residual
friction of 38° and 36° respectively. The tensile strength is
25 MPa. Mudstone has peak cohesion and friction of
8 MPa and 25° respectively. Because mudstone fails
before limestone, the mudstone values for these rock
parameters have been used in the calculation of stress
magnitudes for the Triassic and Jurassic through Early
Cretaceous rifting events. A Poisson’s ratio of 0.344 was
used.

The stress magnitude calculations also require data
describing porosity and permeability of both the rock
and its original sediment (Table 4). Taking into account



1308

M. NEMCOK and R. GAYER

Table 2. Palacostress configurations computed from rifting-related faults at 6 localities

shown in Figs. 1 and 2. The orientation of the stress axes is indicated by azimuth/plunge. The

stress ratio used is ¢ = (03— 03)/(61—03). The BRUTES3 grid search method of Hardcastle &
Hills (1991) was used for computation

Stress tensor

Locality  Age of rock No. of faults  Sigmal Sigma2 Sigma3  Stress ratio
1 Triassic 4 101/70 318/16 225/11 0.2
2 Triassic 18 095/80 285/10 195/02 0.2
4 Lr Jurassic 7 000/80 116/04 207/09 0.1
5 Lr Jurassic 23 051/85 297/02 207/05 0.6
8 210/70 301/00 031/20 0.9
7 Lr Jurassic 13 045/80 136/00 226/10 0.5
8 Lr Jurassic 7 029/70 137/06 229/19 0.7

Table 3. Estimated pre-erosional lithostratigraphic column for the Bristol Channel borders. Lithological abbreviations: cong=conglomerate,

sst = sandstone or sand, mdst = mudstone, cl = clay, sh = shale, Ist =limestone, and olst = oolitic limestone. Sources of density data: (1) Brooks, pers.

com.; (2) Cain 1982; (3) Briggs 1980; (4) Telford et al. (1976); (5) Singh (1976); (6) Brooks & Thompson (1973); (7) Green et al. (1965); (8) Kroos et al.

(1993) and (9) Byerlee (1968). N.B. where no density data are available for a local rock type, data for a similar rock type from the local older sequence

have been used, since these will have sourced the Bristol Channel basin-fill. Failing this, data from the literature have been included. In the case of
multiple sources, average values (av.) have been used

Source of Thickness (m)
Age density

system Stage Lithology Density (kg m ) data Max Min
Triassic Norian—Rhaetian cong, sst, mdst 2350-2450(2400) (av.) 1,2,4,7 200 —
Lower Jurassic Hettangian-Toarcian mdst, Ist, sh 2400-2900(2642.6)(av.) 3,4,5,6,7,8,9 800 600
Middle Bajocian—Bathonian olst 2400-2550(2475) (av.) 4,7 165 —
Jurassic Callovian cl 2210 4 185 145
Upper Oxfordian sst 2350 4 260 —
Jurassic Kimmeridgian cl 2210 4 165 130

Portlandian Ist, ¢l 2380 4 50 -

Cretaceous Valanginian—Aptian sst 2350 4 1000 250

that commercial reservoirs have porosities from 10 to
30% and permeabilities of a few millidarcies to 1 darcy
(Telford et al. 1976), Tables 3 and 4 indicate that the
Lower Jurassic sediments behave as seals, and only the
overlying portions of the Mesozoic sequence contain
sediments that could act as reservoirs.

Table 4. Porosity and permeability data from Triassic and Jurassic
rocks used for calculations. Sources of data: (1) Singh (1976); (2) Jaeger
& Cook (1976); (3) Matray et al. (1993); (4) Kroos ez al. (1993); (5)
Hanebeck et al. (1993); (6) Thomas (1962); (7) Houston & Kasim (1982)

and (8) Byerlee (1968)

Sediment Porosity (%) Permeability (md) Source
Limestone 0.3-43 < 0.05 2,7,8
Skeletal limestone. 4-15 0.8-25 6
Uncemented 19 250 6
Skeletal limestone
Qolitic limestone 0 6
Uncemented 15 600 6
Opolitic limestone
Fine grained 0-3.4 1,6
Limestone
Sandstone 0.7-34 217 1,2,7
Triassic sandstone 4-22 3
Siltstone 2.2-5.6 < 0.05 1,2
Shale 1.6-25 7
Muddy shale 4.7 < 0.05 2
Source shale 1.66-15 4
Mature silty shale < 1-2 5
Immature silty 13.2 5

Shale

However, studies by many authors (e.g. Robertson
1967, Chilingarian 1983 and Moore 1989) indicate that
the sediments acting currently as seals were highly porous
and permeable during the time of their deposition. The
original sediments underwent two processes: mechanical
compaction by fabric rearrangement, plastic deforma-
tion and grain breakage; chemical compaction with
pressure solution between grains, and various processes
of cementation, within the protective and skeletal
structures of organisms.

Recent clay and silty sediments have porosities ranging
from 65% to over 80% at the time of deposition.
However, they progressively undergo compaction of
about 50% during burial to a depth of 1 km, when their
porosity is about 26% (Kukal 1990 and references
therein). Chilingarian (1983) suggested that the initial
porosity of clays, of up to 80%, rapidly decreases during
the first 500 m of burial. If such a sediment is rich in
organic matter, a compaction from 1.4:1 to 30:1 can be
expected (Kukal 1990). Moore (1989) described the
compaction rate of aragonite mud with an original
porosity of 40%. The porosity dropped to 20% and
10% at 400 m and 600 m burial, respectively, which
suggests that rapid dewatering occurs. Cementation can
begin in the sulphate reduction zone (<1 m below the
sediment/water interface) and continues at the interface
between the sulphate reduction zone and the methano-
genic zone (< 10 m below the sediment/water interface)
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(Bottrell & Raiswell 1990). Bedding-parallel fibrous
calcite veins are common in some of the mudstone
successions, and these are thought to represent the effects
of deeper cementation processes (& 500 m depths) prob-
ably in the decarboxylation zone (Marshall 1982). More
or less complete cementation is likely to have taken place
between depths of 600 and 800 m, and the first compac-
tion fracturing occurs at a depth of 1100 m, with a
consequent increase in porosity to 30%.

DSDP cores in the areas of recent deposition of
carbonate muds document that several million years are
sufficient for dissolution of carbonate fossils, complete
cementation and recrystallisation (Kukal 1990 and
references therein). Bjorkum & Walderhaug (1990) have
shown that supersaturation of calcite for cementation is
first reached in fossil-rich layers. The nature of the
limestone units in the Lower Jurassic limestone/mud-
stone succession of the Bristol Channel region (Waters et
al. 1987) suggests that they formed along such fossil-rich
layers.

Stress magnitude computation
The magnitudes of the three principal compressive

stresses were calculated using the following equations of
Angelier (1989):

= 0'3/0'1 (1)
¢ = (02 — 03)/(01 — 03) )]
a1 = 0y, 3)

¢ is the stress ratio, calculated by the stress inversion
method, and listed in Table 2.

For a given lithology, the ratio of minimum to
maximum principal stress (@) is derived from the Mohr
circle and envelope construction shown in Fig. 6. The
Mohr envelope is first constructed as a line inclined to the
x-axis (normal stress) at the angle of internal friction ¢
(Fig. 6), and cutting the y-axis (shear stress) at the value
of cohesion. An arbitrary Mohr circle is then constructed
tangentially to the envelope, giving a value for the angle
or o (f =2a, Fig. 6). For normal faulting, the value for g,
equals the overburden load oy, which is given by pgh,
where p is the density, g the acceleration of gravity
(rounded to 9.812 ms~?), and h the thickness of over-
burden. Knowing o, and the angle «, o5 is found by the
Mohr circle construction, and the value of ¢ can then be
calculated using equation (1).

Finally o, can be calculated by combining equations
(H—(3):

oy =0{p+ ¥ — ¢y). €Y

Two methods have been used to determine the over-
burden load o,. In the case of synsedimentary faulting,
such as the normal faulting at Watchet (locality 11), an
arbitrary value of 50 m for the burial depth has been
assumed. The density of the uncompacted overlying
sediment is derived from the rock density, the initial
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Fig. 6. Mohr envelopes and circles for Lower Jurassic mudstones. Peak

values of cohesion and angle of internal friction are 8 MPa and 25°

respectively (Davies ef al. 1991). The value of ¢ is given by o3/0,, where

g3 is distance from origin (O) to A and o, is distance from origin (O) to

B. For all stress configurations related to a particular Mohr envelope: «
and B angles of all stress states are equal, and =2z,

sediment porosity and the density of the pore fluid
(assumed to be water with a density of 1000 kg m ~3).

Where no evidence for synsedimentary faulting is
present, faulting could have occurred at any stage
between the Norian and Aptian, and thus at various
burial depths. In this case a range of tectonic stress
configurations is computed assuming different values of
overburden load o,. Table 5 lists six cases for burial
depths of 100, 200, 300, 400, 600 and 800 m.

Modelling of tectonic stresses at various overburden states

Taking into account the observed soft sediment
faunlting, any one of these six cases could represent the
values for the tectonic stresses developed in the basin
during the rifting event. In each case any subsequent
faulting event will have occurred under an increased
overburden load, adding to the tectonic stress and
resulting in a decreased stress ratio. Figure 7 shows the
effect of addition of overburden to the tectonic stress of
case 2 (initial faulting in Lower Jurassic rocks at 200 m
burial) in 11 steps until the end of the Lower Cretaceous,

Table 5. Values of stress magnitudes calculated for the stress ratio

¢ =(02—03)/(61—03)=0.9, and different values of burial in the Lower

Jurassic succession. Assumed rock and water densities were 2642.6 and

1000 kg m™; cases 1, 2 and 3 assumed 40% porosity, and 100, 200 and

300 m burial, respectively; case 4 assumed 20% porosity and 400 m

burial; and cases 5 and 6 assumed 10% porosity and 600 m and 800 m
burial respectively

[ a3 o3 Y(o3/ay)
Case 1 1.95 MPa 1.79 MPa 0.15 MPa 0.08
Case 2 3.90 MPa 3.66 MPa 1.57 MPa 0.40
Case 3 5.84 MPa 5.53 MPa 2.72 MPa 0.47
Case 4 8.11 MPa 7.89 MPa 4.91 MPa 0.60
Case 5 12.98 MPa 12.56 MPa 8.80 MPa 0.68
Case 6 17.84 MPa 17.31 MPa 12.53 MPa 0.70
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Fig. 7. Triangular diagram representing the shapes of stress ellipsoids,
plotting (o;—¢,) and (62—03), both normalised with respect to oy,
along the left and right hand axes respectively. The ratio of the principal
stresses ¢ = (o, —03)/(61 —03) is plotted along the horizontal axis. All
ellipsoids lying along a line radiating from the upper apex have the same
stress ratio, indicated by the intersection of the line with the horizontal
axis. See Nemcok (1995) for a detailed explanation. The diagram shows
the stress ratios (¢) of the stress configuration resulting from the
addition of overburden to the tectonic stress for case 2 (B2) from Table
5. Points 1-6 indicate the results after additional 100, 200, 300, 400, 500,
600 m of Lower Jurassic succession; points 7-11 indicate the results
calculated for the Middle Jurassic, and the Middle/Upper Jurassic
(Oxfordian/Kimmeridgian), the Jurassic/Cretaceous and the Lower/
Upper Cretaceous boundaries. Poisson’s ratio n=0.344, and density
values from Table 3 have been used.

when rifting is thought to have ceased. The stress ratio
progressively decreases from its original value of 0.9, at
the time when 200 m of Lower Jurassic sediments had
been deposited, to the value 0.05 at the Aptian/Albian
boundary. Increments of vertical load were added
directly to the ¢, value. The consequent increases in the
g, and o3 stresses are given by v/(pgh(1—v)) following
Jaeger & Cook (1976), where v is Poisson’s ratio, p
density, g acceleration due to gravity and 4 thickness.

Origin and character of water in the sedimentary sequence

The major fluid phase is provided by depositional
water. By analogy with Upper Triassic waters in the Paris
Basin (Matray et al. 1993), it is likely that the Triassic
(Norian) succession of the Bristol Channel region
contained Na—Ca—Cl type waters with a high saline
load. In the Paris Basin, concentrations of Ca are higher
than values expected for NaCl secondary brines. Matray
et al. (1993) suggested that Ca enrichment took place
during the formation of brines and their long-range
transport through Upper Triassic layers. The Lower
Jurassic sequence will also have trapped its own water.

However, only part of the water volume will have been
provided by fluids trapped during deposition. It is likely
that an additional proportion of Upper Triassic waters
was formed by the following reaction, suggested by
Worden & Smalley (1993):
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CaSO4 + CHy — CaCO5; + H,S + H,0

Mg?* + CaSO,4 — Ca®* + MgSO,.

Both reactions are therefore very likely since methane
could be provided by maturation of the Lower Jurassic
source rocks, and calcium sulphate by solution of
Triassic gypsum. Recent outcrops of Upper Triassic
show evidence of solution of gypsum horizons. The first
reaction might have been active later, when the younger
Lower Jurassic source rocks started to produce hydro-
carbons, which would require a significant amount of
overburden. Such an increased depth would agree with
the fact that this reaction has an autocatalytic character
with increased temperature (Worden & Smalley 1993).
However, in the Wessex Basin the Lower Jurassic source
mudstones produced type II kerogen (Stoneley & Selley
1986), which generates predominantly oil with only
minor quantities of gas (Leythaeuser 1993). Since all the
hydrocarbons would have been expelled as a single phase
fluid, maturation and expulsion will not have generated
sufficient methane for reaction 2 to proceed to any
significant extent. However, the experimental work of
Kroos et al. (1993) suggests that this expulsion will itself
have produced a large amount of water and additional
pore space at the maturity level for the region determined
by Cornford (1986).

Jenkins & Senior (1991) analysed the '*0/'*C isotopic
composition of water in both the Toarcian fill of
synsedimentary dykes and the fibrous calcite of some of
the synsedimentary fractures. The water of the dyke fill
indicated a marine origin, whereas that of the fibrous
calcite from the upper levels of the fractures suggested
fresher water derived from underlying Lower Jurassic
organic rich clays. However, as pointed out by Chilingar-
ian (1983), the salinity of solutions squeezed out from
mudstones progressively decreases with increasing over-
burden pressure, and can become fresher than water in
sandstones and limestones belonging to the same
sequence.

RESULTS AND INTERPRETATION

Tectonic stresses during the Triassic and Jurassic through
Early Cretaceous rifting events

The calculated o5 orientations for the Triassic rocks at
Penarth and Sully/St Mary’s Well Bay (localities 1 and 2)
are similar to those at the other localities along the
northern coast of the Bristol Channel (Table 2 and Fig.
1). Most of the faults were formed in at least partly
lithified rocks by brittle faulting. The only synsedimen-
tary normal faulting was observed in the sediments of the
Triassic Mercia Mudstone Group at Watchet (locality
11). The tectonic stresses can be calculated directly for
localities 1 and 2 using the first method described above.
By assuming a burial depth of 50 m at the time of
faulting, and with average densities for rock and water
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of 2400 kgm ™3, and 1000 kg m ™" respectively and a
porosity of 67.5%, and using ¢=0.2 (Table 2), the
calculation yields ¢,=0.714 MPa, ¢,=0.169 MPa and
03=0.033 MPa. If additional overburden is added to this
Triassic tectonic stress, which has a ratio of ¢ =0.2, the
resulting stress configuration would decrease the ratio.
However, the stress ratios calculated for the Lower
Jurassic localities listed in Table 3 show values equal to,
or higher than, plane stress (¢ =0.5). The only exception
is Barry (locality 4) with ¢ =0.1. Thus, most of the Lower
Jurassic localities indicate stress configurations with
extension playing a significant role, and none of them
could be explained by simple addition of overburden to
the stress computed for synsedimentary Triassic faulting.

It is possible to establish which of the six tested Lower
Jurassic stress configurations approximates to the tec-
tonic stress field, using the following technique. There is
field evidence for a protracted period of rifting until the
end of the Aptian (Cornford 1986, Stoneley & Selley
1986, Roberts 1989, Jenkins & Senior 1991). The Bristol
Channel Lower Jurassic localities show a range of stress
ratios from 0.1 to 0.9, computed by inversion stress
methods (Table 2). However, it is likely that the tectonic
stress configuration that caused rifting would have been
very prolate (strongly extensional), with a stress ratio of
about 0.9. Thus the stress configurations that controlled
the faulting at the different Lower Jurassic localities have
been modified by an increased o,, caused by additional
overburden. This implies that the faulting at the different
localities occurred during different younger episodes
between the Lower Jurassic and Lower Cretaceous,

2.3.45.6.7.8 .91
R

B c cctaceous BB U Jurassic

| | M Jurassic L Jurassic
L .

Fig. 8. Triangle diagram (for explanation of diagram see caption to Fig.
7 (Nemcok 1995)) showing the stress ratios of stress configurations
resulting from the addition of overburden to the tectonic stress of the 6
cases from Table 5 (B1-B6). Procedure as in Fig. 7. The inset shows an
enlargement of the region of minimum stress ratios for each case. Cases
1-4 result in a minimum stress ratio less than 0.1, and case 6 in a
minimum stress ratio greater than 0.1. Case S results in a stress ratio
close to the observed minimum of 0.1.

0 .1
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resulting in progressively smaller stress ratios, with a
minimum of 0.1 (Table 2). Figure 8 shows the results of
incremental overburden addition to each of the six
possible ‘tectonic’ stresses given in Table 5 for the time
steps between the age of the tested tectonic stress and the
Aptian/Albian boundary. The youngest configurations
of cases 1-4 and 6 are either smaller or larger, respec-
tively, than the 0.1 limit. The best fit, given by case 5,
indicates both the level of tectonic stress, and the age that
this rifting event started, i.e. after 600 m of Lower
Jurassic limestone and mudstone had been deposited,
towards the end of the Pliensbachian. Our data reveal a
significant interval in the faulting between the Triassic
and end Lower Jurassic, followed by a succession of fault
events through to the Early Cretaceous. The end Lower
Jurassic stress magnitudes, 01=12.98 MPa,
0,=12.56 MPa and 03;=8.80 MPa, show a major
change in stress configuration from the earlier Triassic
event. This may represent the onset of rifting, with earlier
stages showing a prolate character of the stress ellipsoid
and later stages with an oblate stress ellipsoid.

Extensional veins—fluid pressure cyclicity

The occurrence at Rhoose (locality 5) of compaction
folded, calcite-filled extensional veins vertically shor-
tened by 50-74% (Fig. 4b), indicates that the extensional
veins originated during the early stages of burial. There is
clear evidence that these veins were associated with the
normal faulting in the area, and thus the end Lower
Jurassic age of faulting deduced in the previous section
appears to be at variance with the partially compacted
state of the Lower Jurassic sediments. The paradox can
be explained by invoking overpressured pore fluids, as
discussed below, which prevented the normal processes
of compaction until fault-induced fractures allowed the
fluid to escape.

Moore (1989) has shown that freshly deposited mud-
supported shelf sediment (wackestone) has a porosity of
about 60-78%. An apparently stable grain framework is
reached for this type of sediment at approximately 40%
porosity under a burial of 100 m or less (Moore 1989).
This is the stage when grain-to-grain contact is reached
after an average of 61% of vertical shortening has been
recorded. We presume that the state of apparently stable
grain framework represents a threshold for the develop-
ment of our extensional veins. However, a vertical
shortening of only 60% would reduce sediment porosity
from 40% to zero. This type of fully lithified sediment has
a porosity of 0.3-5% (Table 4), requiring an even lower
amount of compaction. However, as suggested earlier,
irregular bedding planes recorded at Rhoose indicate
differential compaction, that could explain localised
higher values of compaction calculated at this locality.
It should be stressed that no similarly compacted veins
have been found at other localities, suggesting unique
conditions preventing compaction occurred at locality 5,
Rhoose.

Other, uncompacted, extensional veins are either filled
by fibrous calcite or both idiomorphic calcite and barite.
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They have been formed as sediments, undergoing
diagenesis, progressively increased in cohesion, shear
strength and Poisson’s ratio.

The fibrous extensional veins can be explained as
crack-seal growth synchronous with their opening. They
formed when fluids became available as a result of: (1)
expulsion from the sediment by compaction; (2) hydro-
carbon expulsion; (3) dissolution of gypsum; or (4)
pressure solution induced by the stress concentration at
the tips of elastically opened fractures.

The extensional veins that lack a fibrous fill occurred
where fractures opened faster than the rate of fluid
supply. Veins containing idiomorphic crystals indicate
the presence of hydrocarbons in the system which
prevented the fractures being fully sealed by precipitation
from the migrating fluids. Some of the calcite will have
been derived locally from dissolution of fossils, a process
that started during the initial stages of diagenesis
(Bjorkum & Walderhaug 1990). Barite on the other
hand indicates long-range fluid migration. The occur-
rence of soft sediment injections into extensional frac-
tures at St Audrie’s Bay (locality 10) indicates that these
structures formed during the early stages of diagenesis.
At that time, the limestones were nearly lithified,
cemented by calcite in part provided by fossil-rich layers
in the mudstone sequence. Their cementation caused an
abrupt loss of porosity, when they will have acted as
hydraulic seals between unlithified mudstones. The soft
sediment injections were caused by overpressuring within
the shale layers. The fluid overpressure was caused by the
increasing overburden (i.e. compaction), and by the input
of additional water into the system, resulting from
hydrocarbon expulsion or gypsum dissolution.

The presence of overpressured units suggests that the
assumptions made in the calculation of the magnitudes of
tectonic stresses were too simplified. The evidence of
overpressuring implies that the Lower Jurassic succession
was not normally compacted, because the load of over-
burden was largely borne by the pore fluids rather than
by the sedimentary particles. This would slow down the
effects of diagenesis.

The numerous fault-related composite extensional
veins (Fig. 5b), indicate many episodes of re-opening,
and suggest a cyclicity in the development of the over-
pressuring. Each build-up was caused by a local accel-
eration of deposition in a normal-fault related system.
Fluid pressure increased from its hydrostatic levels
towards the lithostatic value. The magnitudes of the
regional tectonic stresses were reduced by the fluid
pressure to the levels of effective stresses. It caused a
shift of the reduced Mohr circle along the x-axis towards
the origin until fracturing occurred. As shown in Fig. 6,
the situation changed after the first cycle, when, once
failed, cohesion and the angle of internal friction decrease
from their peak values for intact rock, to their residual
values. Each fracture event resulted in fluid discharge
from the overpressured zones along the normal faults.
After each discharge, the level of fluid pressure returned
to hydrostatic value and mineral precipitation com-
menced within the fractures. Mineral precipitation
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laterally sealed the unlithified layers and allowed fluid
pressure to build-up, thus starting a new cycle.

The juxtaposition of extensional veins in limestone and
normal faults in mudstone indicates a drop in effective
stresses and a shift of the Mohr circle to the left. Rock
strength testing suggests that the compressional strength
of arock is greater than its shear strength, which in turn is
greater than its tensional strength. Each of these strength
parameters is greater for a limestone than for a
mudstone. Thus, as fluid pressures increased, so the
magnitudes of the principal stresses decreased until they
reached a value when shear failure occurred in mudstone,
but only extensional failure was possible in limestone.

DISCUSSION

Additional factors influencing the stress analysis

The principal objective of this paper is to demonstrate
how stress magnitude calculations can be used to identify
distinct rifting events. In order to clarify the procedure,
some simplifying assumptions have been introduced into
the calculations. Although these modify the final results,
they do not seriously affect the overall technique.

The first simplifications were made in the computation
of the six tectonic stresses in Table S. In order to calculate
the overburden stress (o,) a fixed sediment porosity for
each of the chosen depth intervals was assumed. In reality
the amount of compaction within these 100 and 200 m
intervals would differ. For example, the equation:

e=-¢ —blogD, &)

where e is the void ratio at burial depth D, e, is the void
ratio at a depth of 1 m, and b is the compressibility of
clay, was derived for the void ratio in Lower Jurassic
mudstones of NW Germany (Chilingarian 1983).

The function will be even more complex if we take into
account diagenetic factors other than compaction. For
example, Moore (1989) has shown how cementation and
dissolution influence porosity with depth. In the case
demonstrated by Moore (1989) during the first 450 m of
burial, the mudstones increase in cementation from 5 to
20%. Dissolution increases during the same interval from
20 to 30%, but then finally drops to 20%. During the
subsequent 450-600 m depth interval, the dominance of
these two factors interchanges. Dissolution decreases
from 20 to 10% whilst cementation remains the same.
Mudstone experiences peak cementation from 20 to 45%
in the 600-800 m depth interval. These effects would
modify the estimates we have used for sediment densities.

A further simplification was made by ignoring the
consequences of effective stress. The real overburden
stress should be calculated as:

O, =0y, — P, (6)

where the effective load (6,) equals the total vertical load
(o), used in our simplified approach, minus the pore fluid

pressure (p).
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Effective stress also infiuences estimates of the over-
burden load added to the tectonic stresses at various
depths, in the construction of Figs. 7 and 8, where the
total vertical load, instead of the effective load, was added
to the tectonic stress. Another simplification concerns the
use of a fixed Poisson’s ratio (v). In reality, increasing
effective overburden increases the various rock properties
such as cohesion and Poisson’s ratio (v), which should
change as a function of all factors mentioned in the earlier
parts of this discussion.

The field work has shown that the lithologies of the
Lower Jurassic limestone/mudstone succession have
resulted partly from diagenesis. The evidence suggests,
in agreement with previous workers (Hallam 1964,
Wobber 1965, Weedon & Jenkyns 1990), that the original
sediment had a non-uniform character, with its frame-
work apparently controlled by input of material into a
shelf environment. The present succession shows a
differential compaction related to a varying percentage
of mud in the sediment. Chilingarian (1983) has shown
that skeletal carbonates undergo greater compaction
than mudstone, which accords with our observations.
This evidence would imply a lateral variation in the
effective overburden.

However, the main factor influencing a non-uniform
distribution of overburden would have been local fault-
controlled subsidence and deposition, which should also
be incorporated into the analysis.

Role of the fluid pressure

Our study has shown a cyclic behaviour in the fluid
pressure. This was the third major factor, in addition to
overburden and tectonic stress, that controlled the
normal faulting and extensional fracturing.

Equation (6) shows that the total load ¢, is supported
jointly by the fluid and rock material. The effective stress
a. 1s the stress borne by the rock grains. As the limestone
layers developed inside the Lower Jurassic succession
during diagenesis, their porosity was reduced and they
started to act as hydraulic seals. Mudstone horizons
would thus experience an increase in fluid pressure above
the hydrostatic value. Rocks would fracture when
potential normal fault planes undergo a shear stress 7
obeying Coulomb’s equation:

t>c+(uoy, —p) @)

where ¢ is the shear strength of the rock, u internal
friction, o, normal stress and p fluid pressure. The newly
formed fracture zones will immediately allow fluid to
drain from the overpressured mudstone layers. After the
first episode of normal faulting, the fracture zones will
become sealed by minerals precipitating from the migrat-
ing fluids, and a new cycle of overpressuring will start.
This fluid pressure cyclicity would further complicate the
calculations.

The fluid pressure cyclicity would itself delay the
diagenetic processes, and result in the estimated porosity
being reached at a greater depth and at a later period than
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predicted. This implies that the onset of the second rifting
period was later than suggested by the modelling shown
in Fig. 8.

CONCLUSIONS

(1) Palacostress analysis of faults and extensional
veins in the Mesozoic Bristol Channel basin indicate the
operation of a stress system with a3 oriented NE-SW and
arange of stress ratios ((6, — 63)/(6; — 63)) from 0.9-0.1.
Growth faulting and soft sediment deformation, present
both within the Bristol Channel area and in areas to the
east, suggest that rifting occurred periodically from
Triassic to Early Cretaceous.

(2) Two methods for calculating the magnitudes of the
tectonic stresses are discussed, using the equations of
Angelier (1989) and Mohr circle and envelope construc-
tions. The first involves data from synsedimentary faults,
and yields, for Triassic rifting, o¢,=0.714 MPa,
0,=0.147MPa and ¢3=0.033 MPa. The second is
developed for faulting in the Lower Jurassic succession,
where no direct evidence of age is available, and uses an
iterative process of burial load addition to determine the
age of faulting that reproduces most closely the calcu-
lated range of stress ratios. The results indicate that the
faulting is likely to be of end Early Jurassic age (after
600 m of Lower Jurassic deposition) with principal
stress magnitudes of ¢,=12.98 MPa, ¢,=9.18 MPa,
o3 =8.80 MPa.

(3) Compacted, calcite-filled extensional veins, asso-
ciated with normal faulting in Lower Jurassic rocks,
indicate that these sediments were prevented from
normal compaction by fluid overpressure until the end
Early Jurassic rifting opened fractures that allowed fluid
escape.

(4) The methods developed employ several simplifying
assumptions, which, although not affecting the principle
of the methods, could be refined to produce more realistic
results. These involve: varying the load with time
according to changing compaction and diagenesis;
considering the effect of fluid pressure; and taking into
account variations in far-field tectonic stresses.
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