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Abstract--Field evidence is presented for complex spatial and temporal perturbations of an otherwise systematic 
joint pattern around faults from well exposed faulted rock platforms. 

Joints propagating in perturbed stress fields will curve to follow the directions of the stress field trajectories. A 
progressive change in joint direction is observed from unperturbed regions away from faults, to strongly 
perturbed zones adjacent to faults. This indicates that the joint pattern can reflect perturbations of the regional 
stress field around faults. In the examples, the stress field perturbations are probably due to points of high friction 
on the fault plane which concentrate stress and distort the stress field in the surrounding rock. The corresponding 
joints converge at these points and are sub-parallel to the fault along the remainder of the fault plane. 

The possibility that a fault plane acts as a free surface contained within an elastic body is considered. In this 
situation the fault plane induces a rotation of the principal stress axes to become either perpendicular or parallel 
to the fault. The free surface model seems to explain the metre-scale curvature of joints in the vicinity of existing 
joints, but at the kilometre scale of a large fault plane the model becomes unrealistic unless the fault is open at the 
Earth's surface. 

Two examples are investigated from the Lias of Great Britain; at Nash Point and Robin Hood's Bay. Both 
comprise sub-horizontal strata of relatively homogeneous lithology and bed thickness, which provide striking 
examples of joints developed near faults. 

INTRODUCTION 

ONE of the most striking characteristics of joint sets in 
many areas is their consistency in orientation, or gradual 
changes over extensive areas (Engelder & Geiser 1980). 
As a result, joints have been employed as regional 
palaeostress markers (Nickeisen & Hough 1967, Han- 
cock 1985, Lorenz et al. 1991) assuming a straight- 
forward relationship between the joints and the princi- 
pal orientations of the regional stress field. Local abnor- 
mal patterns--directional deviations or complex super- 
position of several joint sets--are generally considered 
as anomalies of little interest and are neglected. 
Engelder (1987) stated that "random jointing develops 
when local folding and faulting have a complicated 
history , . .  The joint pattern that evolves under these 
circumstances is difficult or impossible to decipher". 
Recent advances have been made in the interpretation 
of perturbed joint patterns associated with folding (Dyer 
1988) and in bending plate models (Rives & Petit 1990a) 
but many other local superpositions in complex joint 
patterns remain unexplained. 

In this paper we consider that joints are mode I 
fractures. This point of view is widely accepted (Pollard 
& Aydin 1988) and is emphasized by the analogy be- 
tween natural and analogue fracture patterns in brittle 
coating models (Rives & Petit 1990a, b, Rives 1991). In 
geological conditions this implies that joints form per- 
pendicular to o3 and in the plane of al and a2 (where 

O" 1 > O" 2 > 03 are the principal effective stresses, and 
compressive stress is positive). The strike of each joint is 
the intersection of the ol a2 plane with the horizontal 
plane and is thus the direction of maximum horizontal 
stress (OH) at the instant of joint formation. 

Perturbations of the stress field around pre-existing 
fractures are known to exist and have been deduced 
from observation of the deviation of mesoscale stress- 
related structures such as styiolites and tension gashes 
(Rispoli 1981). Analogue and numerical models 
(Fletcher & Pollard 1981, Olson & Pollard 1989, Petit & 
Barquins 1990, Barquins & Petit, 1992, this issue) allow 
the description of the stress perturbations in the rela- 
tively simple cases of systems containing one or more 
fractures. 

Since joints follow stress trajectories, stress field per- 
turbations around pre-existing fractures (including 
joints and faults) may be associated with deviations in 
the orientation of younger joints. Localized joint pattern 
perturbations have been rarely described, however, 
Kazi (1982) showed a regional swing in joint orientation 
towards the North Craven Fault, northern England. 
Dyer (1988) and Rives & Petit (1991) showed changes in 
joint orientation due to folding, while Dyer (1988) and 
Simon et al. (1988) showed the effects of pre-existing 
joint sets on new joints. The large extent to which the 
stress field can be perturbed by even a simple defect 
suggests that most pre-existing faults must have per- 
turbed younger joint development. 
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Fig. 1. Map indicating the position of Nash Point, U.K. 

In addition to the effect of structures, joint develop- 
ment is also influenced by pore pressures (Secor 1965, 
Engelder & Lacazette 1990), mechanical rock proper- 
ties (Suppe 1985), bed thicknesses (Ladeira & Price 
1981, Narr & Suppe 1991), residual stress conditions 
(Reik 1973) and stress-strain magnitudes (Wu & Pollard 
1991, Rives et al. 1992, this issue). Where such con- 
ditions for joint development are dissimilar on either 
side of a fault, the joint pattern may also vary. This type 
of joint pattern variation is not due to the fault plane 
itself and is not considered further. 

In order to investigate stress field perturbations 
around pre-existing faults and their effect on joint devel- 
opment, we have selected two well exposed faulted 
sedimentary rock platforms. Each location consists of 
relatively homogeneous lithologies, bed thicknesses and 
with relatively minor folding. Joint patterns are de- 
scribed from Robin Hood's Bay along the Yorkshire 
Coast and from Nash Point along the South Wales coast. 
At both locations the complete joint pattern can be 
continuously observed over large distances, and changes 
in joint characteristics approaching the faults are obvi- 
ous. Joint development models derived from analogue 
and numerical models are presented and compared. 

GEOLOGICAL CONTEXTS AND JOINT 
N E T W O R K S  

Permo-Triassic. This was followed by subsidence during 
the late Triassic and Jurassic (Van Hoorn 1987). Normal 
faulting occurred in response to N-S extension devel- 
oped during the late Jurassic to early Cretaceous 
(Roberts 1989) which also reactivated the NNW-SSE- 
trending faults (Chadwick 1986, Holloway & Chadwick 
1986, Brooks et al. 1988). Uplift of the basin in the early 
Tertiary produced sinistral strike-slip movement on the 
NNW-SSE faults and reactivation of the basement 
thrust (Roberts 1989). No kilometre-scale faults cut the 
rock platform at Nash Point. The nearest of the NNW- 
SSE faults is the Watchet-Lothelstone Fault (Stoneley 
1982) which lies several kilometres to the west. 

The rocks studied are also Liassic, forming both an 
extensive E-W-trending cliff line and a well exposed 
wave cut platform at its base. Beds comprise 1 m thick 
hard pale grey limestone and less thick shale horizons. 
The dip is close to horizontal and at low tides single beds 
are often exposed over many hundreds of square metres 
(Fig, 2a). A series of conjugate strike slip faults cut the 
sequence trending 010 ° + 10 ° and 160 ° + 10 ° with hori- 
zontal trace lengths often greater than the width of 
exposure (100-200 m). The faults are often incipient, 
and display sub-horizontal striations with very small 
vertical offsets implying only minor displacement. 

Nash Point: joint network 

At a distance of approximately 100 m from the faults 
the joint pattern consists of parallel and horizontally 
extensive (commonly over 100 m) joints striking 170 ° 
(Fig. 2a), which are spaced approximately 0.25 m apart 
(Rives et al. 1992). An orthogonai set rarely crosses the 
170°-striking set. 

In the vicinity of the faults this pattern is perturbed, 
with joint directions changing such that the joints curve 
towards points of convergence distributed irregularly 
along the fault planes. Points of joint convergence along 
fault planes have not been previously described, A 
typical, simple perturbation is shown in Fig. 2(b) with 
joints curving to become perpendicular to the fault at 
two points of convergence Fig. 2(c) with several centres 
of convergence and joints radial to each. The joint 
pattern in this example shows little relationship to the 
unperturbed pattern at Fig. 2(a), only 300 m to the west. 
The closely spaced faults and the large number of points 
of convergence on each fault has produced a complex 
superposition of the joint pattern. 

Nash Point: geological setting Robin Hood's Bay: geological setting 

Nash Point is located on the coast of South Wales, to 
the south of Bridgend (U.K. map reference SS 92 68, 
Fig. 1). On a regional scale the exposure is part of the E-  
W-trending Bristol Channel Basin which is an exhumed 
half graben of Mesozoic age contained between Palaeo- 
zoic terrains to the north and south (Brooks et al. 1988). 
The origin of the basin appears to be related to localized 
extensional reactivation of S-dipping Hercynian thrust 
zones and NNW-SSE strike-slip faults during the 

Robin Hood's Bay (U.K. map reference NZ 9703) is 
located on the coast of North Yorkshire between Scar- 
borough and Whitby (Fig. 3a). The rocks investigated 
are from the Jurassic Lower Lias Formation and are 
composed of sandy or micaceous shales inter-bedded 
with thin more resistant calcareous and siliceous harder 
beds ranging up to 1 m in thickness (Fox-Strangways & 
Barrow 1915). The bay exposes a dome feature with a 
centre off-shore and beds dipping inland at less than 5 °. 
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(a) r . . . . .  

Fig. 2. Joint patterns of Nash Point. (a) A set of unperturbed linear fractures strikes 170 ° and is spaced 0.3 m. Orthogonal 
joints rarely cross-cut the 170 ° joints. (b) Simplc perturbations around 010 ° and 160 ° faults, two points of joint convergence 
are indicated on a 010 ° fault. Joints to the left of view arc relatively unperturbed and display a continuous curvature into the 
perturbed zones. (c) Complex perturbation with several points of joint convergence on adjacent faults. Joints are almost 

radial from each point creating a polygonal (and in some places rhombic) joint pattern. All views are towards 180 °. 
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Fig. 4. (a) & (b) Joint patterns at Robin Hood's Bay (Yorkshire coast, U.K. ). (a) Location 5 showing rhombic joint pattern. 
View towards 180 °. (b) Location 8, set J2 strikes 160 ° and shows linear and parallel geometry (spacing is approximately 4 m). 
Set J3 strikes 120 ° and curves to become perpendicular to set J2- View towards 160 °. (c) Analogue fracture pattern in brittle 

varnish, initial set lincar and parallel, second set oblique with curving perpendicular geometries. 
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Fig. 3. (a) Geographical location and geological setting of Robin Hood's  Bay (Yorkshire coast, U.K.) .  The dark stippled 
area is Jurassic outcrop. (b) Position of locations 1-10 around Robin Hood's  Bay. The zone in which the J~ joints are 
concentrated is indicated. (c) Detail of the area between location 3 and the Peak Fault. The position of each J~ joint is 
indicated. Schematic details of the joint patterns at locations 3-10 are presented in inset circles which are connected by a line 

to thc position where the joint pattern is exposed. Locations 3~'~ arc on the same bedding surface. 

The dome is part of the E-W-trending axis of the 
Cleveland Anticline which can be traced for many kilo- 
metres to the west of the bay with gentle dips both to the 
north and south. The Cleveland Anticline is related to 
N-S Tertiary compression (Kirby et al. 1987) which 
uplifted the Lower Lias from a maximum burial depth of 
between approximately 1.7 km (a minimum value from 
extrapolation of overlying sediments, P. Bentham 1990, 
personal communication) and 2.5 km (Hemingway & 
Riddler 1982, from geochemical analysis). The dome is 
truncated to the east by the N-S-trending Peak Fault 
(Fig. 3) which downthrows Upper Lias sediment to the 
east, with a vertical throw of between 120 and 150 m 

(Fox-Strangways & Barrow 1915). Analysis of recent 
seismic sections (Milson & Rawson 1989) and field 
studies (Alexander 1986) reveals that the Peak Fault 
forms the western border of a faulted sedimentary 
trough, some 30 km long and 5 km wide. The Peak Fault 
has been active since the Triassic with further move- 
ments during the mid- to late-Jurassic (or early Creta- 
ceous) and again during early Tertiary compression, 
with the latter possibly involving strike slip motion 
(Hemingway & Riddler 1982). The Ravenscar peninsula 
corresponds to a fork in the Peak Fault which now 
exposes a small block of Middle Liassic. The joint 
pattern at Robin Hood's Bay has attracted previous 
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attention (see Attewell & Taylor 1971); however the 
perturbation due to the fault has not been considered. 

Robin Hood's Bay: joint network 

The joint pattern systematically changes with decreas- 
ing distance to the Peak Fault (Fig. 3c). Joint traces 
exposed on the surfaces of the resistant calcareous- 
siliceous beds are described at 10 representative loca- 
tions along a traverse towards the fault (Fig. 3b; e.g. 
Figs. 4a & b). Locations 3-6 are within the same bed. 
The surface features of the joint planes are unexposed 
and as a result propagation directions cannot be deter- 
mined by fractographic analysis. 

In aerial photographs of Robin Hood's  Bay at a scale 
of 1:10,000 several large-scale joints striking 160 ° are 
observed (set Jl, Fig. 3c), some with horizontal trace 
lengths of over 300 m. At outcrop, the traces of the J~ 
'joints' observed in the aerial photographs can be seen to 
be highly weathered zones of closely spaced joints. A 
vertical offset of approximately 5 cm is displayed by 
several Jl zones. As this movement could easily be the 
result of differential subsidence, uplift or flexures to 
either side of the fracture plane, the term 'joint' is used 
in preference to 'fault'. Most of the J~ traces are concen- 
trated in an area around locations 3-7 (Fig. 3c). In cliff 
sections adjacent to location 3 the height of the J I joints 
is over 40 m. 

The joint patterns at locations 1, 2 and 3 are similar. 
At each of these locations a set of vertical joints with 
horizontal trace lengths generally between 5 and 100 m is 
present (set J2, Fig. 3c). This joint set is present, with 
slight changes in direction, along the coastline between 
Scarborough and Whitby, and is present in Liassic and 
Middle Jurassic sediments (Rives et al. 1992). At Robin 
Hood's  Bay, the strike of J2 changes gradually from 145 ° 
at stations 1 and 2, to 170 ° at location 3, and slightly 
oblique to the J~ joints (J2 joints at station 1 are shown in 
the fig. lc of Attewell & Taylor 1971). Joints orthogonal 
to set J2 are present at location 3 (set J3, Fig. 3c). J3 joints 
are vertical and usually abut against the nearest J2 joints 
creating the 'rungs' of a ladder-like pattern on the 
surface of the bedding plane. Only a few J3 joints cross- 
cut one or two J2 joints before abutting. The J3 joints 
often display a forking geometry before either abutting 
against or traversing the J2 joints (Fig. 5a). The frequent 
abutments of J3 against J2 and the forking geometry of 
the J3 joints when a J2 joint is approached, indicates that 
J3 is younger than J2- 

At location 4 the directions and characteristics of set 
J2 and J3 are the same as at location 3 (Figs. 3c and 5b) 
except that J3 joints cross-cut a larger number of J2 joints 
which creates a pattern of squares on the surface of the 
bedding plane. 

Between locations 4 and 5, and on the same bedding 
surface as location 3, the 'square' pattern is gradually 
replaced by a 'rhombic' pattern (Figs. 3c, 4a, 5c and 6). 
At location 5 the strikes of set J2 and J3 are, respectively, 
160 ° and 110 °. Both sets have horizontal trace lengths 
between approximately 1 and 30 m. Set J3 is less linear 

than J2 (Fig. 5c) but is more linear than set J3 at location 
4 (Fig. 5b). The forking geometry displayed by J3 joints 
when a J2 joint is approached is less apparent than at 
location 4 (Figs. 4a and 5c). The rhombic pattern is 
present at all points on the bedding surface to the east of 
location 5, except for a tendency of J3 to become 
orthogonal to J1 within approximately 30 m of the latter 
(Fig. 6). The rhombic pattern is also present within 
overlying beds (e.g. location 7, Fig. 3c). 

Location 8 is closer to the Peak Fault and displays a 
different joint pattern. Set J2 strikes 160 ° and has hori- 
zontal trace lengths of over 30 m. At location 8 set J3 is 
oblique to J2 (striking 120 ° ) and has a curving- 
perpendicular geometry at abutments with J2 joints 
(Figs. 3c and 4b). Between locations 8 and 9 joint set J2 
curves progressively to 135 ° and set J3 rotates anti- 
clockwise to 110 ° . 

Between locations 9 and 10 set J2 curves to become E-  
W (Fig. 3c). At  location 10 set J3 is either not present or 
is parallel to J2. From location 10 to the Peak Fault the 
strike of set J2 does not change. 

To summarize the joint pattern at Robin Hood's Bay, 
set J~ is a widely spaced set with horizontal trace lengths 
commonly over 300 m with a near constant strike of 160 ° 
not influenced by the Peak Fault. Set J2 has horizontal 
trace lengths normally between 5 and 100 m. The strike 
of set J2 is 145 ° in the northwest of the bay and rotates 
clockwise to 170 ° in the area of J~ concentration. Closer 
to the Peak Fault set J2 rotates anti-clockwise from 170 ° 
to 090 °. The perturbation in the direction of set J2 by Jl 
indicates that set J2 is younger. Set J3 has horizontal 
trace lengths generally between 1 and 30 m. Set J3 strikes 
mostly 110 ° except in the vicinity of a J~ joint where J3 
joints curve to become perpendicular to the J l joint. 
Between locations 8 and 9 the strike of set J3 rotates 
slightly anti-clockwise. At location 10 set J3 is absent or 
sub-parallel to J2. The interactions (abutments, forking 
and curving perpendicular geometries) indicate that J~ is 
younger than J2. 

REGIONAL DIRECTIONS OF THE MAXIMUM 
HORIZONTAL STRESS 

In order to interpret local stress field perturbations it 
is necessary to identify the regional (or remote) unper- 
turbed directions of the principal stresses at the time of 
joint formation. The strike of a regional joint set, with a 
constant direction, is parallel to the maximum regional 
horizontal stress and is therefore the direction of either 
o~ or o2 (provided that one principal stress is vertical). 

Nash Point 

The regional direction of the joints at Nash Point is 
approximately 170 ° indicating that oH had the same 
direction. Because the orthogonal set does not cross-cut 
the 170 ° joints it is probably the result of relaxation 
phenomena and does not represent a separate regional 
stress event (Nickelsen & Hough 1967, Rives & Petit 
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Fig. 5. Details of the joint pattern exposed on bedding surfaces at Robin Hood's Bay. (a) Location 3, ladder pattern. (b) 
Location 4, orthogonal pattern. (c) Location 5, rhombic pattern (see Fig. 4a). All views are drawn from photographs, (a) is a 

view vertically downwards, (b) and (c) are views towards the north. 
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Fig. 6. Lines following the strikes of sets J2 and J3 on the bedding surface between locations 3 and 6. The positions of the Jl 
joints are indicated. In the vicinity of a JI joint sets J2 and J3 are orthogonal. At a distance from JI joints J2 and J3 form a 

rhombic pattern. 

1990a, b). The  points of joint convergence along the 
fault planes indicate local perturbations of this regional 
stress field. 

Robin Hood's Bay 

Set Jl strikes approximately 160 ° and shows no change 
in direction towards the Peak Fault, indicating that the 
direction of the regional maximum horizontal stress 
during the formation of set Jl (OHJ,) was 160 °. The 
constant 145 ° direction of the strike of set J2 between 
locations 1 and 2 indicates that, at the scale of the bay, 
this was the regional direction of oH during the forma- 
tion of set J2 (OH J_,). The regional direction of oH during 
the development  of J3 (OHJ~) is not well constrained 
because the continuation of set J3 to the west and north 
of location 4 and to the east of location 9 is uncertain. At 
location 3 the J3 joints could be the result of purely 
relaxation phenomena as they only rarely cross-cut the 
J2 joints (Nickelsen & Hough 1967, Rives & Petit 1990a, 
b) 2 The curvature of J2 towards the Peak fault and more 
local deviations of J2 and J3 indicate perturbations of the 
remote stress fields. 

MODELS FOR STRESS FIELD PERTURBATION 
AT FAULTS 

The observed local joint pattern deviations, with re- 
spect to oH, at the described exposures could be 
explained with reference to two models of stress field 
perturbation in the vicinity of fractures. 

fracture (Bandis et al. 1981). The stress transmitted 
across the fracture surface is therefore concentrated at 
these points causing a spatial perturbation in the stress 
field. Points of high stress concentration may act as 
Hertzian indentors, which can produce diverging isosta- 
tics (Lawn & Wilshaw 1975a, b, Lindqvist 1984, Mougi- 
not & Maugis 1985). A photo-elastic study of the stress 
state close to simulated rock fractures (Hyett  & Hudson 
1990) has shown the stress concentration at points along 
a typical fracture surface. Hyet t  (1990) indicated that 
decreasing the number  of contact points, for example by 
offsetting the fracture surfaces from their mated con- 
dition, increases the stress concentration at each point,  
thereby increasing the size of the per turbed zones. From 
a photo-elastic study of a fracture surface with distinct 
points of contact,  the stress trajectories are found to 
converge towards the points (work in progress, Fig. 7). 
As joints follow the stress trajectories they will converge 
at each point of contact. 

A related mechanism (Fig. 8) occurs when points of 
high friction on a fault plane (a step or other  barrier) 
restrain lateral movement  of the fault and therefore 
concentrate stress. During reactivation or propagation 
of rock fractures such stress point concentrations are 
common (Jaeger & Cook 1979, Segall & Pollard 1980, 
Liu 1983) and can perturb the stress field in the adjacent 
rock. 

Joints following the per turbed stress trajectories can 
be expected to curve towards points of stress concen- 
tration on fault planes. 

Free surface model 

Point of stress concentration model 

It is well known from physical models of friction that 
the behaviour of the two surfaces in contact is best 
described by the existence of distinct points of contact,  
rather than an even contact along the interface (Kragels- 
kii 1965). This applies even for apparently smooth 
fractures due to the inability of the two surfaces to meet  
exactly. Increasing normal stress applied across the 
fracture only enlarges the existing points of contact and 
creates new points but does not completely close the 

Elastic 'analysis of the stress field at an existing open 
fracture of height 2c (Fig. 9) and infinite length in an 
otherwise homogeneous,  infinite body indicates that one 
of the principal stresses must be perpendicular to the 
free surface and have zero magnitude. For remote 
stresses inclined to the free surface this requires a 
rotation of the principal stresses and a decrease in the 
magnitude of at least one principal stress. Joints follow- 
ing the stress trajectories can curve to become parallel or 
perpendicular to the free surface. 

In the analysis of Dyer  (1988) ol is vertical, o3 -- - lot 
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Fig. 7. Photo-elastic study of the stress trajectories about  a single point 
of contact on a fracture surface inclined with respect to the applied 
stress. The photo-elastic plate (P M M A)  contains a pre-existing discon- 
tinuity within which a relatively small section of metal is inserted to 
represent  a distinct point of  contact between the two surfaces. The 
plate is uniaxially loaded in a compression cell. Stress concentrates  at 
points of contact causing the stress trajectories to converge towards 
them.  The shaded areas correspond to regions of isotropic stress. The 
size of the per turbed zones,  relative to the size of the fractures may be 
many t imes greater  than that illustrated (see also Hyett  & Hudson 

1990). 
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Fig. 8. Deviat ions of the major  principal stress direction linked to the 
presence of a fault (F) deduced from micro-structures and mathemat -  
ical modelling. The compressive relay zone consti tutes a stress concen- 

tration zone (from Liu 1983). 

for joint propagation (where ot is the tensile strength of 
the rock, considered as the 'unit tension'),  and the angle 
T between the free surface and the remote maximum 
horizontal stress is 30 ° (oH = 02). For a uniform fluid 
pressure P in the rock, joint propagation will occur 
providing that 03 - P = - l o t .  The existing fracture will 
remain open and act as a free surface providing that the 
normal stress at the fracture surface is zero or tensile (o;., 
in the analysis of Dyer)  (Fig. 9). For the specified 
geometry and stress condition o ~  is zero or tensile for 
the range - lot < 02 < 3Or. A joint propagating towards 
an open fracture is predicted to show curving- 
perpendicular geometry if the horizontal stress parallel 
to the free surface is tensile (o:: in the analysis of Dyer) 
which requires - l o t  < 02 < 1/3or. If o,  is greater than 
1/3Or, oz: is compressive and curving-parallel geometry 
is expected provided the fracture remains open (i.e. 
1/3or < 02 < 3Or). At o2 > 3at the normal stress O)y at the 
free surface is compressive and the fracture is assumed 
to be closed. Under  the closed condition, with or with- 
out frictional sliding, the stress field perturbation is such 
that a joint propagating towards the existing fracture 
would enter a zone in which 03 is compressive and 
further joint propagation would be inhibited. 

Following Dyer  (1988) the size of the per turbed zone 
around an open vertical fracture is proportional to its 
height. Curving-perpendicular geometry is expected to 
occur at a distance of y/c  ~- 0.2, where y is the normal 

c2 r - ~ - z  t73 

~51 = 0 " 4  , 

Propagating 
fracture 

Curving 
perpendicular 
geometry 

Curving 
parallel 
geometry 

Y/C 

Fig, 9. Parameters  employed in the free surface model  of Dyer  (1988). 
Idealization of the existing joint as an infinitely long crack of height 2c. 
The z-axis is horizontal and parallel to the crack, the y-axis is perpen- 
dicular to the crack and the x-axis is vertical. The  crack is subjected to 
far field stresses in the horizontal plane (o~ and 02). al is vertical and 
co-linear with the x-axis, r is the angle between 02 and the z-axis. The 
resolved stresses on the crack are ox,, oy,y and o:z. A second crack 
propagating towards the existing crack follows the direction of 02. 
Curving perpendicular  is predicted for o:: < 0 and curving parallel for 

Ozz > O. 
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distance from the free surface. Curving-parallel geom- 
etry is expected to occur at a larger distance y/c ~- 0.6 
(inferred from Dyer's fig. 12). Dyer does not consider 
the interaction between the growing joint and the pre- 
existing joint and as a result the analysis is described as a 
'first approximation' to the true state. 

Rives (1991) created curving-perpendicular (Fig. 4c) 
and curving-parallel geometries with fractures in a 
brittle varnish coating following (i) initial traction creat- 
ing linear parallel fractures, and (ii) a second traction 
direction 45 ° anti-clockwise from the first. The second 
direction induces fractures at 45 ° to the first fractures 
which act as free surfaces in the brittle coating. As the 
new fractures propagate towards the existing fractures 
they curve to become perpendicular to and finally abut 
against initial fractures. In this model or1 is vertical and 
approximately zero, and -1o- t < o 2 < 0. Varying the 
angle r between first and second fractures it was found 
that above a critical angle of approximately 20 ° curving- 
parallel geometry is replaced by curving-perpendicular 
geometry. 

In the analogue model, the fractures are open at the 
surface and sealed at depth. The perturbation size for 
curving perpendicular geometry (y/c > 10) is much 
greater than that predicted by Dyer (1988; y/c = 0.2) for 
free surfaces closed both above and below in an infinite 
medium. The greater size of the perturbed zone in the 
analogue model can be explained intuitively by the 
absence of elastic restraint above the existing fracture, 
so allowing greater perturbation. The analogue model 
may therefore correspond more closely to the pertur- 
bation around a fault which cuts the Earth's surface, 
than a joint contained within the rock. 

APPLICATION OF THE PERTURBATION 
MODELS 

Nash Point--stress concentration model 

The continuity of the joints from the regional unper- 
turbed set to strongly perturbed zones in the vicinity of 
faults indicates that the joint pattern reflects a pertur- 
bation of the regional stress field. The points of joint 
convergence along the fault planes are not consistent 
with the free surface model as the joint pattern does not 
show systematic curving-parallel or -perpendicular 
geometries. The joint pattern is more easily explained by 
the points of stress concentration model. In this model 
the regional stress trajectories (striking 170 ° ) locally 
converge to points of stress contact on the fault planes. 
The strike-slip faults at Nash Point could correspond to 
the un-mated fracture condition of Hyett  & Hudson 
(1990) with high stress concentrations at relatively few 
points of contact (Fig. 2b). The resulting joints converge 
towards the points of stress concentration. Many adjac- 
ent points of convergence could produce the complex 
superpositions of the converging joints observed at Nash 
Point between closely spaced faults (Fig. 2c). Although 
it appears that the joint pattern developed within a 

relatively short time, the detailed sequence of joint 
development in such situations can be very complex. 

Robin Hood's Bay--the free surface model for J2 

The joint pattern at Robin Hood's  Bay displays com- 
plex variations. Set Jl is unperturbed whereas set J2 
displays a large-scale curvature towards the Peak Fault. 
In this section we try to interpret the curvature of set J2 
joint pattern in terms of the previously described free 
surface model. The angle between the regional direction 
of oH during the formation of set J2 (oHj2) and the Peak 
Fault was approximately 35 °. Set Je curves to become 
perpendicular to the Peak Fault over a distance of 
approximately 1 km (Fig. 3). If the curvature of set J2 is 
due to a stress field perturbation the effective remote 
stress condition could have been 03 = - l o t ,  - 1  < o2j: < 
1/3o t and ty I vertical. Following Dyer's conclusion that at 
r = 30 °, curving-perpendicular geometry will occur at a 
distance of y/c ~- 0.20 from the existing fracture, the 
vertical height over which the Peak Fault acted as a free 
surface during the formation of set J2 must have been 
approximately 5 km. This would require near constant 
effective stress conditions throughout a 5 km thick 
sedimentary pile which is unrealistic. If the Peak Fault 
was open at the earth's surface and therefore more 
comparable to the analogue model (Fig. 4c), the height 
over which the fault was open may have been consider- 
ably less than 5 km and possibly only 100 m (if y/c = 10 
as in the analogue model). The unperturbed direction of 
J1 suggests that the Peak Fault was closed during the 
development of this set. During the later development 
of J2 the Peak Fault was partially open and perturbed the 
stress field such that the direction of o H curves over 
approximately 1 km from 145 ° to become perpendicular 
to the fault. Set J2 follows the curving-perpendicular 
stress trajectories (Fig. 10a). 

In addition to its curvature towards the Peak Fault, set 
J2 also curves towards parallelism with set Jr in the area 
between locations 3 and 6 (Fig. 10b). In this area the 
angle r between the regional direction of OHj~ (145 °) and 
Jl (160°) was approximately 15 °. Set J2 curves gradually 
over a distance of approximately 500 m to become 
parallel to the J x joints in this area. The curving-parallel 
geometry is in agreement with the low r. 

Robin Hood's Bay--the point of stress concentration 
model for J2 

The point contact model for joint convergence at 
Nash Point can also be applied to set J2 at Robin Hood's 
Bay. The curvature of set J2 towards the fork in the Peak 
Fault could be due to a point of stress concentration at 
the fork (Fig. 11). The fault bifurcation at the Ravenscar 
peninsula could define a singular point of high stress 
concentration towards which the regional stress trajec- 
tories could converge. Set J2 follows the isostatics and so 
converges towards the fault plane at the fork. At a 
smaller scale the interaction between sets J1 and J2 could 
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Fig. 10. Free surface model for the perturbation of the stress field 
during the formation of set J2 at Robin Hood's Bay. The regional 
direction of the maximum horizontal stress is 145 °. The Peak Fault is a 
free surface and perturbs the stress field such that the maximum 
horizontal stress curves to become perpendicular to the fault. Set J2 
follows the perturbed stress trajectories. Set J1 joints are also free 
surfaces and perturb the stress field such that the maximum horizontal 

stress becomes locally parallel to them. 

Fig. 11. Stress point concentration model for the perturbation of the 
stress field during the formation of set J2, Robin Hood's Bay. The 
regional direction of the horizontal stress is 145". Locally the direction 
of the maximum horizontal stress converges towards a point of high 
stress at the fork in the Peak Fault. Set J2 forms parallel to the direction 

of the perturbed maximum horizontal stress. 

be similar to that described above,  assuming 
surface model.  

Robin Hood's Bay--the development of  J3 

a free 

Set J3 is only clearly developed between locations 4 
and 9 and although a slight anti-clockwise rotation in the 
direction of set J3 is present  between locations 8 and 9, 
this may not be the result of a stress field per turbat ion 
around the Peak Fault. The development  of set  J3 is 
considered firstly at a metre  scale and secondly at the 
kilometre scale of the bay. 

At a small scale, the deviation in the direction o f J  3 can 
be interpreted in terms of the free surface model.  The 
free surface model is most  clearly invoked for the 
curving-perpendicular geometry  as J3 joints approach J2 
joints at locations 8 and 9 (Fig, 4b). The value of r is close 
to 30 ° (assuming that 02 is parallel to the strike of the 
linear sections of the J3 joints at locations 8 and 9). 
Following Dyer  (1988) this indicates that 03 = - l a t ,  
- l a  t < o 2 -<1/3o t and ol was vertical during the forma- 
tion of set J3 (at locations 8 and 9). The height (2c) of  the 
Jz joints at locations 8 and 9 cannot be observed directly, 
but normally the horizontal traces cut two or three 1 m 
thick beds. If the joint height is equal to three beds 
(c ~ 1.5 m) the size of the per turbat ion,  approximately 
0.3 m, is in agreement  with Dyer ' s  analysis (y/c ~- 0.2). 
At a larger scale, set  J3 curves from 110 ° to 080 ° to 
become perpendicular  to  J1 joints, (Fig. 3c). The high 
angle r (60 °) is in agreement  with the curving perpen-  
dicular geometry.  J3 joints cross-cut several J~ joints in 
the area between locations 4 and 6. This indicates that 
the magnitude of o2j~ was high enough to close J2 joints 
but not high enough to close set J~. This could be 
because each J t joint is a zone of tightly spaced parallel 
fractures that may require a greater  normal stress to 
close completely.  

The exposed strike of J3 does not display a significant 
change in direction between locations 3 and 9. It is 
probable  therefore that set  J3 is not per turbed by the 
Peak Fault (excluding the small-scale curvature of J3 

towards Jt or J2, the strike o f J  3 varies only 10 ° between 
110 and 120°). Because set J3 is parallel to the strike of 
the beds, and sub-parallel to the axis of the Cleveland 
Anticline, this set could be related to a localized tensio- 
nal stress perpendicular to the fold axis during the 
Tertiary compression.  However  it could be possible that 
set J~ results from a similar perturbat ion of the regional 
stress field as required for J2. In particular a secondary 
point of stress concentration may have developed 
further to the north of the exposed fault bifurcation 
resulting in a local anti-clockwise rotation of the stress 
trajectories and superimposing J3 o v e r  J2 (Fig. 12). 
However  such a hypothesis remains speculative. 

DISCUSSION OF THE JOINTING CONDITIONS 

Nash Point 

The regional joint strike and the acute bisector to the 
conjugate strike-slip faults are closely parallel to the 
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Fig. 12. Stress concentration model of the formation of sets J2 and J3, 
Robin Hood's Bay. The point of stress concentration at the bifurcation 
of the Peak Fault is the same as Fig. 11 and produces set J2. Movement 
on the fault produces a second point of contact to the north. The stress 
trajectories converge at the second point. The stress magnitude de- 
creases away from the fault. Set J3 follows the perturbed stress 

trajectories. See text for details. 

approximately N-S Tertiary compression direction. The 
regional joint set is strongly perturbed by the faults and 
is therefore syn- or post-faulting and probably Tertiary 
in age. The absence of an early and well-developed E-W 
joint set suggests that joint development did not occur 
during the late Jurassic or early Cretaceous N-S exten- 
sion. 

Robin Hood's Bay 

Joint sets J2 and J3 display changes of direction 
towards, and may terminate against, existing joint sets. 
This indicates that sets J l, J2 and J3 probably formed 
within a relatively short period of time, not sufficient for 
the joint walls of existing joints to be sealed or welded 
together. If the existing joints were sealed they may not 
have acted as free surfaces and have perturbed the stress 
field during the propagation of later joints. 

The joint network at Robin Hood's Bay could be 
related to either Mesozoic E-W extension (North Sea 
rifting) or Tertiary N-S compression. At early stages of 
burial during the Jurassic it is possible that the Peak 
Fault was open to the Earth's surface, creating the 
conditions required for a free surface stress field pertur- 
bation. With increasing burial it becomes less probable 
that the Peak Fault remained open between the Lias 
horizon and the Earth's surface. Therefore if the joints 
are Jurassic in age then they must have formed at 
relatively shallow depths. The continuity of the joints 

throughout the Lower and Middle Jurassic (at Whitby 
and Scarborough) argues against the free surface model, 
as this would require the Peak Fault to have been 
connected to the surface after the deposition of the 
Middle Jurassic, a height of over 600 m. 

During the Tertiary the effective normal stress on the 
fault plane was probably mostly compressive and com- 
patible with the conditions required for the point of 
stress concentration model. The direction of the maxi- 
mum horizontal stress would be approximately parallel 
to that of the joint set exposed between Scarborough and 
Whitby. The possibility that J3 is related to the forma- 
tion of the Cleveland Anticline is also compatible with a 
Tertiary age. 

As a result a Tertiary age for the joints at Robin 
Hood's Bay is favoured by the authors. 

CONCLUSIONS 

Joint patterns can be perturbed in the vicinity of 
faults. Although the joint patterns appear complex, 
relatively simple models can be invoked to explain the 
development of the joints based on the analysis of 
perturbed stress fields. 

At the two localities described, Nash Point and Robin 
Hood's Bay, a model based on the perturbation of the 
stress field due to stress concentration at points of 
contact along fault planes can help explain the observed 
joint patterns. In the proposed model, the local direction 
of the maximum horizontal stress is orientated towards 
each point. Joints follow the stress trajectories, and so 
converge at the points of contact. In places where there 
are closely spaced faults with adjacent points of conver- 
gence, the final joint pattern is the result of a complex 
superposition of the joints converging towards each 
point. 

At Robin Hood's Bay a model based on the pertur- 
bation of the stress field around faults acting as free 
surfaces can explain various metre-scale patterns, in 
particular curving-perpendicular and -parallel geom- 
etries as existing joints are approached. At the scale of 
the Peak Fault the free surface model is problematic due 
to the unrealistic height over which the fault plane must 
be open. 

In both of the examples the perturbations in the stress 
field are revealed only by the joints; other sensitive stress 
markers are absent. This indicates that joints can be used 
as markers of stress field perturbations around faults. 

A future application of this work may be to consider 
the role of joint interpretation in seismic studies, both in 
terms of determining the directions of the stress field and 
indentifying 'barriers' or 'asperities' which prevent 
stable fault sliding. 
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