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Abstract

Field and photogeological studies were made of 90 zones of interacting fracture segments along the rift zone of Iceland. Each
zone consists of a pair of extension fractures or a pair of normal faults, with lengths from metres to kilometres. These zones

evolve from an underlapping stage, through an overlapping stage (the most common con®guration) and, ®nally, to a linkage
stage. Of all the zones, only 7% are underlapping, whereas 93% are overlapping, with hook-shaped fracture pairs. The length/
width ratios of the overlapping zones have a mean value of 3.5. The preferred geometry of the overlapping zones depends upon
the initial con®guration of the interacting fractures (length, overstep) and the development of the interaction. In the overlapping

zones, most fracture pairs show moderate shear (strike-slip) components, related to local variations in the extension (opening)
directions. Vertical displacements on normal faults decrease as the overstep and length of overlapping zones increase; both, in
turn, are proportional to the total lengths of the faults forming the pair. The geometrical and kinematic features of overlapping

spreading centres at mid-ocean ridges show close similarities to those reported here. These similarities indicate that the
architecture and evolution of overlapping zones are scale independent. 7 2000 Elsevier Science Ltd. All rights reserved.

1. Introduction

Extension fractures and shear fractures are com-
monly composed of segments that show power-law
length±size distributions (Segall and Pollard, 1983;
Gudmundsson, 1987a; Scholz, 1990; Zhang et al.,
1991; Cladouhos and Marrett, 1996; Cowie et al.,
1996; Marrett et al., 1999). During the growth of a
fracture, its segments interact mechanically and link up
into gradually larger segments that, eventually, may
form large structures (Macdonald and Fox, 1983; Pol-
lard and Aydin, 1988; Dawers and Anders, 1995; Kou-
kouvelas et al., 1999). The segment interaction and the
overall fracture growth depends on various par-
ameters, such as the remote di�erential stress ®eld
(Olson and Pollard, 1989), the initial con®guration of

the segments (Du and Aydin, 1991) and their propa-
gation velocities (Olson, 1993).

Interactions between fracture segments in regimes of
thrust faulting and strike-slip faulting have been stu-
died in the ®eld (Aydin and Nur, 1982; Aydin and
Schultz, 1990; An, 1997), in experiments (An and Sam-
mis, 1996; An, 1998; Basile and Brun, 1999; Schreurs
et al., 1999) and by means of numerical models (Segall
and Pollard, 1980; Cox and Scholz, 1988; Olson and
Pollard, 1991; Lebel and Mountjoy, 1995). Many stu-
dies have also been made of the interactions between
segments of extension fractures and between segments
of normal faults, in continental areas (Gibbs, 1984;
Ebinger, 1989; Faulds et al., 1990; Nelson et al., 1992;
Childs et al., 1995; Clemson et al., 1997; McClay and
Khalil, 1998; Ferrill et al., 1999) and at mid-oceanic
ridges (Macdonald et al., 1984; Sempere and Macdo-
nald, 1986; Macdonald et al., 1988; Grindlay and Fox,
1993; Taylor et al., 1994; Gudmundsson, 1995; Cowie,
1998; Macdonald, 1998).
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Numerical models (Pollard et al., 1982; Pollard and
Aydin, 1984; Nicholson and Pollard, 1985; Gudmunds-
son et al., 1993; Willemse et al., 1996; Willemse, 1997;
Maerten et al., 1999) and analogue models (Thomas
and Pollard, 1993; Mauduit and Dauteuil, 1996; Aco-
cella et al., 1999) have been used to study the mechan-
ical interactions of fractures in extensional regimes.
Theoretical results indicate that the geometry of inter-
acting segments of normal faults or segments of exten-
sion fractures tends to be generally similar (Willemse,
1997), a common feature being partial overlap of
hook-shaped fractures (e.g. Childs et al., 1995). For
any two overlapping normal fault segments, the fault-
displacement distribution in the overlap zone depends
on the initial con®guration of the faults (Maerten et
al., 1999). These features may indicate a common
mechanism that largely controls the mechanical inter-
action.

The ®rst aim of this paper is to improve our under-
standing of the interaction between, and linking up of,
segments of extension fractures and normal faults. For
this purpose, we made ®eld and photogeological stu-
dies of 47 zones between interacting segments of exten-
sion fractures and 43 zones between interacting
segments of normal faults (metres±kilometres scale) in
the rift zones of Iceland. A second aim is to use these
data to develop a conceptual model on the evolution
of the interaction between extension fractures and nor-
mal faults and to compare the model implications with

data on overlapping spreading centres (hundreds±thou-
sands of kilometres) at mid-ocean ridges.

2. Tectonic framework

The Icelandic part of the Mid-Atlantic Ridge con-
tains two main volcanic zones: the East Volcanic Zone
(EVZ), approximately 400 km long and 60 km wide,
and the West Volcanic Zone (WVZ), which is a con-
tinuation of the Reykjanes Ridge and approximately
200 km long and 40 km wide. The EVZ is shifted by
many tens of kilometres towards the east with regard
to the ocean ridges north and south of Iceland, result-
ing in ocean-ridge discontinuities in the northern and
southern parts of Iceland (Fig. 1). In North Iceland,
the Tjornes Fracture Zone, a transform fault that is
partly strike-slip and partly extensional, connects the
Kolbeinsey Ridge with the EVZ (Young et al., 1985;
Gudmundsson et al., 1993; Fjader et al., 1994; Lang-
backa and Gudmundsson, 1995; Rognvaldsson et al.,
1998). In South Iceland, the segments of the volcanic
zones partly overlap and give rise to the South Iceland
Seismic Zone, SISZ (Gudmundsson and Brynjolfsson,
1993; Luxey et al., 1997; Bergerat et al., 1998). The
SISZ consists of an area of active faulting, the primary
seismogenic faults being NNE-trending dextral faults
and ENE-trending sinistral faults (Bjarnason et al.,
1993; Gudmundsson, 1995; Passerini et al., 1997;

Fig. 1. Tectonic and volcanic features of the Icelandic part of the Mid-Atlantic Ridge. Insets show the main structural features of the investigated

areas at Kra¯a and Thingvellir (modi®ed from Opheim and Gudmundsson, 1989; Saemundsson, 1992; Johannesson and Saemundsson, 1998).
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Bergerat et al., 1998). The SISZ also contains NE-
trending normal faults that originated in the WVZ,
but these are less active. The present-day stress ®eld in
the SISZ is partly related to the southwest propagation
of the EVZ (Gudmundsson, 1995).

We studied 90 zones of interaction between overlap-
ping segments of extension fractures and between over-
lapping segments of normal faults. Half the number of
zones were measured in the Thingvellir graben, a part
of the Thingvellir ®ssure swarm in the WVZ, the other
half in the Kra¯a ®ssure swarm in the EVZ (Fig. 1).
The Thingvellir ®ssure swarm marks the divergent
plate boundary in Southwest Iceland. Its main struc-
ture, the 40-km-long and 5±7 km-wide Thingvellir gra-
ben, de®ned by the normal boundary faults
Almannagja and Hrafnagja, dissects a 9000-year-old
pahoehoe basaltic lava ¯ow north of Lake Thingvellir
(Gudmundsson, 1987b; Gudmundsson et al., 1992;
Saemundsson, 1992).

The Kra¯a ®ssure swarm (Fig. 1), about 80 km long
and 10 km wide, bisects the Kra¯a central volcano, a
caldera (Tryggvason, 1986; Opheim and Gudmunds-
son, 1989) which was subject to a volcanotectonic epi-
sode in 1975±1984. The ®ssure swarm consists of
vertical extension fractures, vertical normal faults and
eruptive ®ssures.

We use the general term `fracture' for all types of
mechanical discontinuities or breaks in the host-rock,
including the two main types of fractures discussed in
this paper: extension fractures and normal faults. The
term extension fracture is used when the separation is
primarily by movement normal to the failure surface,
but shear fracture (fault) when the separation is pri-
marily by movement parallel to the failure surface. We
infer that the extension fractures discussed in this
paper are generally formed when the minimum princi-
pal compressive stress (considered positive) is negative
so that they are true tension fractures. The ®ssure
swarms of the rift zone in Iceland are thus named
because they mostly contain fractures where the walls
have moved apart, i.e. ®ssures (extension fractures and
normal faults). The term crack is here regarded as
synonymous with fracture as de®ned above. All these
are traditional de®nitions in structural geology, but set
forth here for convenience.

3. Geometrical features of interacting fractures

At Thingvellir the general trend of the fractures is
northeast, whereas at Kra¯a it is north (Fig. 1). All
the fractures are vertical at the surface, which in both
®ssures consists mostly of ¯at-lying pahoehoe lava
¯ows. The surface is free of shear stress, so that verti-
cal fractures at or near the surface must coincide with
principal stress planes. There is no evidence that the

fractures, either at Thingvellir or Kra¯a, are hydro-
fractures. It follows that the near-surface vertical parts
of the fractures must be generated by absolute tension.
Consequently, the extension fractures in these swarms
are true tension fractures (formed when the minimum
principal compressive stress is negative). Similarly, the
uppermost parts of the normal faults are generated by
absolute tensile stresses (Gudmundsson, 1987b). These
stresses are generated in the rift zones as a conse-
quence of the North American and the Eurasian plates
being pulled apart at an average (spreading) rate of 1.8
cm/y (Gudmundsson, 2000).

The common stress ®eld, similar trends and the
same near-surface dips of the extension fractures and
normal faults indicates a common origin. Thus, many
of the normal faults develop from pre-existing exten-
sion fractures (Gudmundsson, 1987a; Opheim and
Gudmundsson, 1989; Gudmundsson and Backstrom,
1991; Forslund and Gudmundsson, 1992; Gudmunds-
son, 1992; Angelier et al., 1997). The extension frac-
tures, in turn, develop from columnar (cooling) joints

Fig. 2. Example of interacting opening-mode extensional fractures at

Kra¯a. The extensional fractures interact forming an overlapping

zone with hook-shaped paths.
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in the basaltic lava ¯ows. Some of the normal faults,
particularly those that are closed at the surface, may
also have developed directly from sets of columnar
joints (Gudmundsson, 1992).

In our study, two segments (either of a pair of
extension fractures or a pair of normal faults) are
regarded as interacting if (a) the segments have an
overlapping con®guration and/or (b) the nearby tips of

the segments become curved (in map view) while
approaching each other. For nearly all such pairs,
there develops an overlapping zone where the adjacent,
propagating fractures become hook-shaped on
approaching each other (Fig. 2). In only four of the 90
overlapping zones, all occurring in the Thingvellir ®s-
sure swarm, the crack±crack interactions lead to
straight rather than hook-shaped overlapping frac-
tures.

Our data indicate three main stages resulting from
crack±crack interaction during the propagation of
adjacent fracture tips (Fig. 3). In the ®rst stage, the
underlapping tips of the main fractures begin to curve
slightly outwards from their earlier, straight pathways
(Fig. 3a); around 7% of the overlapping zones are pre-
sently at this stage. In the next stage, the fractures
develop a hook-shaped geometry (Figs. 2 and 3b);
around 76% of the overlapping zones are currently at
this stage. In the third stage, fracture segments link up
and coalesce into a single, sinuous fracture (Fig. 3c);
around 17% of the overlapping zones are presently at
this stage. Thus, approximately 93% of the studied
zones are at stages two or three and thus with overlap-
ping segments, whereas 7% of the zones are with
underlapping segments.

The main geometrical parameters of the overlapping
zones, as de®ned in Fig. 4, were measured. As might
be expected from the common origin of extension frac-
tures and normal faults, their geometric and kinematic
relationships are the same. This indicates that the
mechanical behaviour of interacting extension fractures
and interacting normal faults in Iceland is essentially
uniform and depends on the same parameters.

An important measure of the overall architecture of
overlapping zones is the aspect ratio A=L/W, where L
is the length and W is the maximum width of the over-
lapping zones (Fig. 4). Around 88% of the aspect
ratios are between 2 and 6, with a mean value of A=
3.5 (Fig. 5a). Clustering of the data around the mean
value suggests that overlapping zones have certain pre-

Fig. 4. De®nition of the geometrical parameters associated with an

overlapping zone. Lt=total length of both fractures; S = overstep

between fractures; OL=overlap between fractures; L = maximum

length, parallel to the direction of the fractures, of overlapping zone,

limited by the points where the fractures start to curve; W = maxi-

mum width of overlapping zone, orthogonal to the direction of the

fractures; L/W=aspect ratio of overlapping zone.
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Fig. 3. The collected data allow us to distinguish schematically three

stages of evolution of an interaction zone between small-scale (verti-

cal displacement approximately 50 cm) normal faults (Kra¯a area).

(a) Initial stage, characterised by an underlapping con®guration of

the fractures. (b) The propagation of the nearby tips of the normal

faults promotes an overlapping con®guration. (c) One of the normal

faults propagates, linking with the other. The linkage stage is charac-

terised by the development of a single continuous structure.
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ferred geometric features. This conclusion is supported
by the mean aspect ratio of the overlapping spreading
centres on the East Paci®c Rise being 3 (Sempere and
Macdonald, 1986). A similar mean aspect ratio, 3.5,
was obtained in ®eld studies and in sand-box exper-
iments on strike-slip fault segments (Aydin and Nur,
1982; Basile and Brun, 1999).

Some 12% of the zones have aspect ratios larger
than 6, showing a slightly asymmetrical distribution
(Fig. 5a). The skewing of the distribution towards the
largest aspect ratios is because the width W (in the
ratio A=L/W ) increases with the overstep S (Fig. 5b).
Interactions were also observed for initially collinear
fractures (overstep S = 0). Then, however, W is smal-
ler and A thus larger (Fig. 5b). Many of the high A
values (Fig. 5a) are therefore related to fractures that
were initially collinear.

The geometrical features of the overlapping zone
depend also on the size (lengths) of the interacting
fractures (Fig. 6). The data are scattered (especially for
lower values), but all the diagrams show a positive cor-
relation.

Comparison of the total length of the fracture pairs
(Lt) and their oversteps S indicates that larger over-
steps are associated with longer overlapping fractures
(Fig. 6a). The lack of data showing interactions
between fractures with a total length of the same order
of magnitude as the overstep indicates that, for such a
con®guration, there is no interaction. Thus, for a given
overstep, there is a critical minimum length for the
fractures to interact and overlap; below this critical
length no interaction and thus no overlapping occurs.
From the slope of the linear best-®t curve, it follows
that this minimum length has to be nearly 14 times the
overstep between the fractures. This value may be sig-
ni®cantly in¯uenced by the host-rock properties and
the local boundary conditions during fracture. Never-
theless, interactions between strike-slip fault segments
in sand-box models yield similar minimum critical
fault lengths (about 10 times their overstep) for linkage
to occur (An, 1997). The lack of linkages for Lt � S
(Fig. 6b) indicates that no interaction occurs between
fractures which are much longer than their oversteps.

The length L of an overlapping zone is proportional
to the lengths of its overlapping fractures Lt (Fig. 6b).
This suggests that two fractures start to `feel' each
other and interact when the along-strike distance (L )
between their nearby ends decreases below a certain
limit. The slope of the linear best ®t curve indicates
that, provided the fracture overstep is small (Fig. 6a),
this distance is around 1/3 of the total fracture length
Lt. This early stage of crack±crack interaction is com-
monly marked by the onset of the curved propagation
of the fractures (Pollard and Aydin, 1984).

The overlap OL of the zones varies positively as the
length of the fractures Lt (Fig. 6c); long fractures gen-
erate long overlapping zones (Fig. 6b) and thus large
overlaps. OL depends also on the state of evolution or
maturity of the overlapping zone. During an immature
stage, the overlaps are short, so that OL� L (Fig. 6d).
Conversely, at a mature stage, overlap lengths are
similar to zone lengths, so that OL 1 L (Fig. 6d). This
dependence of OL on zone maturity may partly
explain the scatter of OL data (Fig. 6c and e).

For a broad range of scales, the length of the
overlap OL between two segments is proportional
to their overstep S (Fig. 6e). Although the data are
quite scattered, the relationship indicates a clustering
of OL/S ratios around a mean value of 4.9 (calcu-
lated from the individual ratios for each interaction
zone). This relationship suggests that the architec-
ture of natural overlapping zones develops within a
limited range of proportions and that the overlap-
ping con®guration is primarily the result of a deter-
ministic rather than a stochastic process. A similar
relationship between overlaps and oversteps was
obtained in a study of the linkage of natural nor-
mal faults (Huggins et al., 1995; Willemse, 1997)

Fig. 5. (a) Aspect ratio (L/W ) distribution of the overlapping zones

between extensional fractures and normal faults at Kra¯a and Thing-

vellir. The mean value is A = 3.5. (b) Diagram showing the pro-

portional relationship between the overstep S and the width W of

overlapping zones, expressed as a function of the aspect ratio. Colli-

near fractures (S = 0) explain the presence of the asymmetric distri-

bution in (a), characterised by 12% of zones with A>6.
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and strike-slip faults (where the mean OL/S
ratio=4.7; Aydin and Schultz, 1990).

For a given overstep, the mean overlap OL (Fig. 6d
and e) is presumably related to the maximum propa-
gation energy of the interacting fracture pair (Pollard
and Aydin, 1984; Aydin and Schultz, 1990). With a
lower OL the growth of the overlapping zone is
enhanced; With a higher OL its growth is inhibited.
This explains why most (76%) of the studied inter-
actions have reached a mature overlapping stage,
whereas the great minority is in an underlapping stage
(Fig. 3).

4. Kinematic features of interacting fractures

A systematic study was made of the asperities of the
walls of the extensional fractures and normal faults.
Most asperities are related to the columnar cooling
joints in the lava ¯ows and develop when these joints
link up into extension fractures and normal faults
(Forslund and Gudmundsson, 1992; Gudmundsson,
1992). Matching (in map-view) between the asperities
of the walls of the fractures was used to evaluate the
extension direction along the interacting fractures.
Outside the overlapping zones there is good matching

Fig. 6. (a) The overstep S between overlapping extensional fractures and normal faults at Kra¯a and Thingvellir is proportional to their total

length Lt. (b) The length L of the overlap zone is proportional to the total length Lt of the fractures. (c) The overlap OL between overlapping

fractures depends upon their total length Lt. (d) The overlap OL is proportional to the length L of the overlap zone. (e) The overstep S between

interacting fractures is linearly proportional to the overlap OL for a broad range of scales, with a preferred OL/S ratio of 4.9. See text for further

details.
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between asperities of nearly all the fractures. Thus, the
extension directions are orthogonal to the fracture
trends, indicating a pure opening-mode extension.
Conversely, in the overlapping zones, mismatch
between the asperities of the fracture walls is common
(Fig. 7), indicating components of strike-slip along the
fractures.

The strike-slip components in the overlapping zone
were measured using the angle b (08 < b < 908)
between the direction of extension and the direction
orthogonal to the trend of the fracture (Fig. 8a); the
direction orthogonal to the trend of the fracture varies
along the segment and thus depends upon the part
under consideration. For b=08, the local direction of
extension coincides with the direction orthogonal to
the fracture: the fracture is thus generated by pure
extension (pure opening). Conversely, if b=908, the
extension direction coincides with the trend of the frac-
ture and the fracture is pure strike-slip. Positive values
of b correspond to left-lateral, and negative values to
right-lateral, horizontal shear on the fractures. All
values and signs of b, and thus the sense of shear (left-
or right-lateral) of the fractures in the overlap zone,
were consistent with the direction of the fractures with
regard to the extension direction.

The (absolute) values of the maximum horizontal
shear b were measured in the ®eld along parts of the
hook-shaped fractures bordering the overlapping zone
as well as along fractures inside the overlapping zone.
The distribution of these values (Fig. 8b) indicates that
for 82% of the shear along the fractures in the overlap
zone b is between 208 and 508. Horizontal shear with
b > 508 is rare. These data show that moderate shear
is common, but large shear is rare, on fractures in
overlapping zones.

The inferred direction of extension of fractures in an
overlapping zone normally coincides with the `regional'
extension direction outside that zone. Nevertheless, in
one or more parts of the fractures of around 75% of
the overlapping zones, there are variations in the
extension direction (Fig. 9). In these parts, the exten-
sion direction becomes locally perpendicular to the
overlapping curved fractures. Similar local deviations
from the regional extension in overlap zones, indicated
by rotation of stress trajectories (Fig. 9), occur in
photoelastic experiments (Gudmundsson, 1993; Gud-
mundsson et al., 1993). Thus, the extension directions
within the overlapping zones are presumably related to
both local and regional stresses.

For most overlapping normal faults, the fault displa-
cement gradually decreases into the overlapping zone.
Such a decrease in displacement is a common feature
in relay ramps, as described by Peacock and Sanderson
(1996) and Wojtal (1996) and modelled by Willemse et
al. (1996) and Maerten et al. (1999). To estimate the
displacement decrease (d ), with reference to the mean
throw of the normal faults outside the overlap zone
(Fig. 10a), we use the following equation:

d � �D1�D2�=2ÿ �d1� d2� �1�

Fig. 8. (a) De®nition of the component of strike-slip displacement b
(angle between the extension direction and the orthogonal to the

direction of the fracture) along overlapping extensional fractures and

normal faults. (b) Distribution of the maximum values of b
measured in overlapping zones between extensional fractures and

normal faults at Kra¯a and Thingvellir. The mean value is b=308.

Fig. 7. Map view picture of an extensional fracture within an over-

lapping zone. The direction of the fracture is not orthogonal with

regard to the extension direction (indicated by the lack of matching

between asperities on fracture walls). The fracture thus shows a com-

ponent of strike-slip displacement. Mixed-mode displacements such

as this are commonly observed along fractures in overlapping zones.
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where D1 and D2 are the mean displacements of the
two interacting normal faults far from the overlapping
zone and d1 and d2 are the minimum sums of displace-
ments of the faults observed along a cross-section, per-
pendicular to the main fractures, in the overlapping
zone (Fig. 10a). The displacement decrease, d, is pro-
portional to the total length of the normal faults Lt

(Fig. 10b): longer faults show a greater displacement
decrease. The displacement of a normal fault usually
increases with fault length (Gudmundsson, 1992;
Dawers and Anders, 1995). Thus, the d/Lt linear re-
lationship in Fig. 10(b) is partly a consequence of
large normal faults correlating with large displace-
ments and thus greater rates of displacement decrease
in the overlap zone.

The displacement decrease d in the overlap zone is
also proportional to the overstep (S ) between the adja-
cent normal faults (Fig. 10c). For negligible oversteps,
the normal faults do not show a signi®cant displace-

ment decrease in the overlap zone. Thus, the two over-
lapping normal faults show a kinematic behaviour that
approaches that of a single, larger, continuous normal
fault. Numerical models have given similar results
(Willemse et al., 1996). The relationship between d and
S (Fig. 10c) is related to the overstep increasing with
the length of the fault (Figs. 6a and 10b): large faults
have large oversteps and great rates of displacement
decrease.

The relationship between the displacement decrease
d and OL (Fig. 10d) indicates that longer overlaps
have greater d. In turn, OL depends on the maturity
and dimensions of the fault, resulting in a positive or
negative correlation with d. The positive correlation in
Fig. 10(d), however, indicates that fault length has
greater e�ects than maturity (cf. Cartwright et al.,
1995) on the fault displacement variations.

5. Discussion

5.1. Scaling implications

Overlapping zones are common in extensional
domains (Macdonald et al., 1984; Peacock and Sander-
son, 1991; Childs et al., 1995), the largest being the
Overlapping Spreading Centres (OSC) of the mid-
ocean ridges. In Fig. 11 we compare the geometrical
features of the overlapping zones in Iceland with those
of 15 OSC (Lonsdale, 1983; Lonsdale, 1985; Sempere
and Macdonald, 1986; Haymon et al., 1991; Macdo-
nald et al., 1992; Cormier and Macdonald, 1994; Lons-
dale, 1994; Babcock et al., 1998). Our largest example
of an overlapping zone, however, is the South Iceland
Seismic Zone, SISZ (Gudmundsson and Brynjolfsson,
1993; Gudmundsson, 1995; Luxey et al., 1997; Ber-
gerat et al., 1998).

The various geometrical ratios for the Icelandic
overlapping zones are very similar to those of the mid-
ocean ridges (Fig. 11). For example, OSC aspect ratio
distribution closely matches that of the Icelandic data
(Fig. 11a). The OSC and Icelandic data in Fig. 11(c±f)
are consistent with a common best-®t curve and simi-
lar to the one in Fig. 6. Conversely, the OSC aspect
ratio as a function of the L/S ratio (Fig. 11b) is
slightly di�erent from the Icelandic results, primarily
because the OSC data have smaller L/S ratios. Thus,
in comparison with small-scale overlapping zones in
Iceland, overlapping ridges have larger oversteps.

As far as the kinematics of the overlapping zones
are concerned, the best studied case of overlapping
ridges is the SISZ. Its main features are NNE-trending
dextral faults, ENE-trending sinistral faults and NE-
trending normal faults. The overall sense of shear on
these structures depends on the direction of the frac-
tures with regard to the extension direction, which is

Fig. 9. Structural sketch of two interacting extensional fractures at

Thingvellir, based on aerial photographs. The extension direction in

the overlap zone, measured from the matching between wall asperi-

ties, is not parallel to the extension direction outside the overlap

zone. This local extension direction is related to the rotation of the

stress trajectories in the overlap zone (see inset, modi®ed from Gud-

mundsson et al., 1993).
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roughly E±W (Passerini et al., 1997; Bergerat et al.,
1998; Gudmundsson, 2000). Inversions of focal mech-
anisms from the SISZ, however, suggest a local NW±
SE extension superimposed on the regional E±W
extension. Such a local extension may be induced by
the shear stresses imposed by the rift-zone segments
(Angelier et al., 1999). The clear kinematic similarities
with our data suggest that this feature of the SISZ
may constitute a large-scale analogue to the local per-
turbations in the extension direction of the overlapping
zones observed in the ®ssure swarms.

The overall kinematic features of the SISZ thus
show close analogies with the kinematic features of the
collected data. The similarities between the small-scale
data from the ®ssure swarms and the large-scale data
from the overlapping spreading centres and from the
SISZ suggest that the overall architecture of overlap-
ping zones is scale invariant.

5.2. Evolutionary model

Our data suggest an evolutionary model on the for-
mation, growth and coalescence of fractures along
oceanic ridges. Extension fractures, commonly
arranged en eÂ chelon, develop when the tensile stress
across pre-existing columnar joints in the lava piles
reaches the tensile strength simultaneously at many

sites along the rift zone (Gudmundsson, 1987a). Thus,
columnar joints constitute pre-existing weaknesses
where the extensional fractures and, subsequently, nor-
mal faults start to nucleate (Gudmundsson, 1992).

These fractures form the segments of larger frac-
tures. During along-strike propagation of the initial
segments, they may eventually reach a length su�cient
to interact with their neighbouring segments. Our data
(Fig. 6a) suggest that the critical length of the seg-
ments for interaction to occur is approximately an
order of magnitude larger than the oversteps between
fractures; when this occurs, the distance L between the
fractures is less than 1/3 of their length (Fig. 6b).

At the beginning of the interaction process, the frac-
ture segments are characterised by an underlapping
con®guration (Fig. 12a). The propagation and linkage
of the two underlapping ideal cracks are favoured
until their tips pass each other and the cracks become
overlapping (Pollard and Aydin, 1984; Willemse,
1997). The strong tendency for nearby tips of under-
lapping cracks to propagate may explain why under-
lapping segments are so rare (7% of our data; Fig. 3a).

An overlapping zone consists normally of adjacent,
propagating fractures, with an overlapping con®gur-
ation, that become hook-shaped on approaching each
other (Fig. 12b). The hook-shape is a consequence
of a local rotation of the extension direction (Fig. 9;

Fig. 10. (a) De®nition of the decrease in vertical fault displacement d as is commonly observed in overlapping zones between normal faults at

Kra¯a and Thingvellir. The displacement decrease d is proportional to the total length of the normal faults Lt (b), to the overstep S (c) and to

the length of the overlap zone OL (d).
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Gudmundsson, 1993; Gudmundsson et al., 1993). The
degree of curvature of two hook-shaped overlapping
fractures depends partly on the magnitude of the
remote di�erential stress and partly on the fracture
surface roughness (Olson and Pollard, 1989; Renshaw
and Pollard, 1994). In our data, most fractures of the
overlapping zones are curved; straight fractures occur
only in few zones between normal fault pairs in the

Thingvellir ®ssure swarm. The presence of straight (lin-
ear) overlapping structures may suggest great remote
di�erential stress during normal fault propagation, the
control of the asperities of the walls of the normal
faults, or both (Olson and Pollard, 1989; Renshaw and
Pollard, 1994).

The overlapping con®guration of fractures constitu-
tes the mature and most common stage of develop-

Fig. 11. Comparison between the collected geometrical data and the geometrical data relative to Overlapping Spreading Centres (OSC) as

reported in previous works. (a) The aspect ratio distribution of the OSC and Icelandic overlapping zones is reported (see also Fig. 5a). (b) Vari-

ations of the aspect ratio (L/W ) of the Icelandic overlapping zones (black dots, best ®t curve `a') and of the considered OSC (white dots, best ®t

curve `b') as a function of the L/S ratio (see also Fig. 5b). Even though both data sets show equal aspect ratios, the OSC are characterised by

lower L/S ratios. (c) Variation of the overstep S of OSC and Icelandic data as a function of the total length of the structures Lt. The best ®t

curve is relative to the whole data set (see also Fig. 6a). (d) Variation of the length of overlapping zone L of OSC and Icelandic data as a func-

tion of the total length of the structures Lt. The best ®t curve is relative to the whole data set (see also Fig. 6b). (e) Variation of the overlap OL

of OSC and Icelandic data as a function of the length L of the overlap zone. The best-®t curve is relative to the whole data set (see also Fig. 6d).

(f) Variation of the overlap OL of OSC and Iceland data as a function of the overstep S. The best ®t curve is relative to the whole data set (com-

pare with Fig. 6e).
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ment in the linkage process (Figs. 3b and 12b). During
this stage, for a given fracture pair, the overlap OL
progressively increases, approaching the length of the
overlapping zone L (Fig. 6d). The overlapping zone
develops a stable con®guration with preferred geo-
metrical features, which are responsible for the
observed mean OL/S ratio of around 4.9 and a mean
aspect ratio of around 3.5.

When the extensional segments eventually reach the
linkage stage, one segment remains active, the other
becomes abandoned. The result is a single, continuous,
sinuous structure (Figs. 3c and 12c). When approach-
ing this stage, the vertical displacement decrease of a
normal fault in the overlapping zone becomes pro-
gressively reduced and the displacement gradually
becomes nearly equal to that of a single, continuous
normal fault.

Linkage may be reached more rapidly by fractures
that have initial lengths longer (approximately one

order of magnitude; Fig. 6a) than their initial spacing.
By contrast, no overlapping zones have been observed
where the fractures forming the pair are much longer
(more than one order of magnitude; Fig. 6a) than their
spacing. Apparently, these fractures were subject to a
propagation force too great to maintain a stable over-
lapping zone. Transient geometries of this kind may
occur in nature, but would rapidly lead to the propa-
gation of the fractures into a single, large, sinuous
structure. This stage thus depends on the time and the
initial con®guration of the fractures.

This model rests entirely on the Icelandic data, but
yields similar results to models proposed for interact-
ing large ridge segments, OSC (Macdonald and Fox,
1983; Macdonald et al., 1984; Sempere and Macdo-
nald, 1986), suggesting scale independence. Our model
also has close similarities with general models on the
growth of normal faults (Peacock and Sanderson,
1991; Dawers and Anders, 1995; Walsh et al., 1999)

Fig. 12. Evolutionary model of interacting fractures along oceanic ridges. (a) A young overlapping zone is characterised by the interaction of two

underlapping fractures with a length much longer than their overstep and a distance between the fractures less than 1/3 of their length. (b) The

mature stage is characterised by the progressive overlap (OL approaching L ) of hook-shaped fractures, de®ning an overlapping zone with a

mean aspect ratio=3.5 and OL/S ratio=4.9. (c) The senile stage is constituted by the further propagation of one of the fractures and linkage

with the other. This leads to the abandonment of the less-propagated segment and to the development of a single continuous structure. The dis-

placement of the normal faults in the overlapping zone approaches that of a single fault.
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and is consistent with the results from sand-box
models of transfer zones in extensional domains (Aco-
cella et al., 1999). The analogue models show eÂ chelon
normal faults becoming hook-shaped in the transfer
zone; strike-slip faults are present within the transfer
zone with a sense of shear consistent with their trends
with regard to the extension direction.

Furthermore, our results on overlapping zones
between pairs of extension fractures and normal faults
show close similarities to overlapping zones between
pairs of strike-slip faults. A minimum length, at least
one order of magnitude larger than the overstep, is
required for the strike-slip faults to interact (An,
1997). Moreover, the overlapping zones between
strike-slip segments have a mean aspect ratio of
around 3.5 and an OL/S ratio of around 4.7 (Aydin
and Nur, 1982; Aydin and Schultz, 1990), very similar
to our results. The close correspondence between the
architecture of overlapping zones associated with
extension fractures, normal faults and strike-slip faults
at various scales suggests that an essentially uniform
mechanism controls the interaction process in all these
overlapping zones.
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